
FreshAir Sensor LLC 

16 Cavendish Ct  

Lebanon, NH 03766 

ŝŶĨŽ@freshairsensor.com 

Re: FreshAir Sensor Reports as Proof of Smoking Events 

To whom it may concern, 

FreshAir Sensor’s patented sensors are the only technology available that can monitor for and 

specifically detect tobacco smoke and marijuana smoke. FreshAir has 5 patents issued and many more 

pending. 

FreshAir is widely deployed in hotels, apartments, and schools. 

FreshAir’s sensors detect specific molecular components of tobacco smoke and marijuana 

smoke. FreshAir doesn’t send alerts based on candles, incense, dust, steam, or other non-smoking 

sources. A smoking alert from FreshAir scientifically proves that smoking took place in a monitored 

space. 

This page is followed by a series of documents which demonstrate FreshAir Sensor’s deep 

scientific background and demonstrated performance. 

There is a detailed description of how the technology works, which includes the professional 

background of FreshAir’s inventor. There is an excerpt from a court case where FreshAir’s sensors were 

specifically accepted as evidence. Finally there are three peer reviewed scientific articles which describe 

FreshAir’s sensor technology.  

If you have any questions on this technology please contact FreshAir at 

ŝŶĨŽ@freshairsensor.com or call 603.643.7181.  

Sincerely, 

J. J. O’TOOLE III 

President  
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%ULHI�GHVFULSWLRQ�RI�)UHVK$LU�6HQVRU�WHFKQRORJ\�WR�GHWHFW�WREDFFR�DQG�PDULMXDQD�VPRNH�

)UHVK$LU�6HQVRU¶V�GHYLFHV�GHWHFW�VSHFLILF�PROHFXODU�FRPSRQHQWV�RI�WREDFFR�VPRNH�DQG�PDULMXDQD�
VPRNH�ZLWK�SDWHQWHG��SRO\PHU�VHQVRU�WHFKQRORJ\��3RO\6HQV����7KH�GHYLFHV�KDYH�:L�)L�FDSDELOLWLHV�IRU�
UHDO�WLPH�PRQLWRULQJ��HQDEOLQJ�)UHVK$LU¶V�FOLHQWV�WR�PRQLWRU�DQG�GHWHU�VPRNLQJ�LQ�SURKLELWHG�DUHDV��
)UHVK$LU¶V�GHYLFHV�DUH�XQLTXH�DQG�QRW�ZKDW�RQH�FRQVLGHUV�³W\SLFDO´�VPRNH�GHWHFWRUV��VXFK�DV�WKRVH�XVHG�
LQ�DSDUWPHQWV��KRPHV�DQG�KRWHOV�IRU�ILUH�SURWHFWLRQ��7\SLFDO�VPRNH�GHWHFWRUV�DUH�LQGLVFULPLQDWHO\�
WULJJHUHG�E\�DQ\�REVWUXFWLRQ�RI�WKH�EHDP�SDWK�ZLWKLQ�WKH�GHYLFH��DV�VKRZQ�EHORZ��7KDW�REVWUXFWLRQ�PD\�
EH�FDXVHG�E\�D�VLJQLILFDQW�QXPEHU�RI�DQ\�SDUWLFOHV��GXVW��SROOHQ��VPRNH��VWHDP�RU�RWKHU���)RU�H[DPSOH��
ILUH�SURWHFWLRQ�VPRNH�GHWHFWRUV�DUH�WULJJHUHG�E\�VWHDP�DQG�VPRNH�IURP�FRRNLQJ��EXW�)UHVK$LU�VHQVRUV�
DUH�QRW��)UHVK$LU�VHQVRUV�DUH�WULJJHUHG�E\�WKH�SUHVHQFH�RI�PDULMXDQD�RU�WREDFFR�VPRNH��ZKLOH�ILUH�
SURWHFWLRQ�VHQVRUV�W\SLFDOO\�DUH�QRW��)UHVK$LU¶V�VHQVRUV�GHWHFW�DQG�DOORZ�SURSHUW\�PDQDJHUV�WR�UHGXFH�RU�
HOLPLQDWH�WKH�SUHVHQFH�RI�VHFRQGKDQG�VPRNH��WKH�VPRNH�WR�ZKLFK�QRQ�XVHUV�RI�PDULMXDQD�DQG�WREDFFR�
DUH�VXEMHFWHG�ZKHQ�RWKHUV�VPRNH�QHDUE\��

2SHUDWLRQ�RI�D�7\SLFDO�6PRNH�'HWHFWRU�

)UHVK$LU¶V�GHYLFH��ZKLFK�SOXJV�LQWR�D�VWDQGDUG�ZDOO�RXWOHW��LV�WULJJHUHG�RQO\�E\�VPRNH�WKDW�UHVXOWV�IURP�
EXUQLQJ�WREDFFR�RU�PDULMXDQD�LQ�WKH�SURWHFWHG�VSDFH��7KH�VHQVRU�ZLWKLQ�WKH�GHYLFH�FRQWDLQV�UHFHSWRUV�
WKDW�DUH�VHQVLWLYH�RQO\�WR�VSHFLILF�PROHFXODU�FRPSRQHQWV�RI�VXFK�VPRNH��8QOLNH�D�W\SLFDO�VPRNH�GHWHFWRU��
LW�ZLOO�QRW�EH�WULJJHUHG�E\�RWKHU�FRPEXVWLQJ�PDWHULDOV��VXFK�DV�SDSHU��IRRG�RU�LQFHQVH��QRU�ZLOO�LW�EH�
WULJJHUHG�E\�GXVW�RU�VWHDP��2QFH�WULJJHUHG��WKH�)UHVK$LU�GHYLFH�DXWRPDWLFDOO\�VHQGV�DQ�DOHUW�WR�
)UHVK$LU¶V�VHUYHU��7KDW�DOHUW�LQFOXGHV�WKH�GHYLFH¶V�XQLTXH�LGHQWLILHU�DQG�GDWD�FROOHFWHG�LPPHGLDWHO\�EHIRUH�
DQG�GXULQJ�WKH�HYHQW����)UHVK$LU�WKHQ�QRWLILHV�WKH�SURSHUW\�PDQDJHU�RI�WKH�HYHQW�E\�VHQGLQJ�DQ�HOHFWURQLF�
PHVVDJH�WKDW�LGHQWLILHV�WKH�VSHFLILF�GHYLFH�DQG�LQFOXGHV�D�WLPH�VWDPSHG�JUDSK�WKDW�VKRZV�WKH�EXLOGXS�
DQG�GHFD\�RI�WKH�VHQVRU�RXWSXW�WKDW�FRUUHVSRQGV�WR�WKH�VPRNLQJ�YLRODWLRQ��7KH�SURFHVV�LV�VKRZQ�
VFKHPDWLFDOO\�EHORZ��

,I�VXIILFLHQW�SDUWLFOHV�HQWHU��D�W\SLFDO�VPRNH�
GHWHFWRU��OLJKW�IURP�WKH�VRXUFH��$��LV�UHIOHFWHG�
WRZDUG�WKH�SKRWRFHOO��%���DQG�WKH�DODUP�LV�
VRXQGHG��$�ODUJH�QXPEHU�RI�SDUWLFOHV�LV�
UHTXLUHG�WR�WULJJHU�WKH�DODUP��DQG�WKHUH�LV�QR�
ZD\�WR�GHWHUPLQH�WKH�W\SH�RI�SDUWLFOHV�SUHVHQW��
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7KH�VHQVRU�ZLWKLQ�)UHVK$LU¶V�GHYLFH�LV�EDVHG�RQ�SRO\PHU�WKLQ�ILOP�WHFKQRORJ\��7KH�ILOP�FRQWDLQV�VSHFLILF�
ELQGLQJ�VLWHV�ZKLFK�ELQG�RQO\�WKH�WDUJHW�PROHFXOH��WKH�ELQGLQJ�VLWHV�GR�QRW�ELQG�RWKHU�PROHFXOHV��:KHQ�
WKH�WDUJHW�PROHFXOH�LV�ERXQG�WR�WKH�SRO\PHU�ILOP��WKH�HOHFWULFDO�SURSHUWLHV�RI�WKH�ILOP�FKDQJH�LQ�SURSRUWLRQ�
WR�WKH�DPRXQW�RI�WKH�WDUJHW�PROHFXOH�SUHVHQW��7KH�FKDQJHV�LQ�WKH�HOHFWULFDO�SURSHUWLHV�RI�WKH�VHQVRU�DV�
WKH�WDUJHW�PROHFXOH�LV�ERXQG�DUH�SRVLWLYH�HYLGHQFH�RI�WKH�SUHVHQFH�RI�HLWKHU�WREDFFR�RU�PDULMXDQD�VPRNH��
DV�DSSURSULDWH��

'HWHFWLRQ�RI�7DUJHWHG�0ROHFXOHV�DQG�5HMHFWLRQ�RI�8QWDUJHWHG�0ROHFXOHV�

2SHUDWLRQ�RI�)UHVK$LU¶V�'HYLFH��

7KH�SUHVHQFH�RI�RQO\�WREDFFR�RU�PDULMXDQD�VPRNH�WULJJHUV�WKH�VHQVLQJ�GHYLFH�WKDW�DOHUWV�)UHVK$LU�RI�WKH�
LQFLGHQW��)UHVK$LU¶V�FORXG�EDVHG�PRQLWRULQJ�SODWIRUP�WKHQ�SDVVHV�RQ�WKH�WLPH�VWDPSHG�DOHUW�RI�WKH�LQFLGHQW�
WR�WKH�SURSHUW\�PDQDJHU¶V�UHSUHVHQWDWLYH��

%DVLF�)UHVK$LU�6HQVRU�)XQFWLRQDOLW\��

$�SRO\PHU�ILOP�LQ�WKH�)UHVK$LU�GHYLFH�FRQWDLQV�ELQGLQJ�VLWHV�WKDW�DUH�FKHPLFDOO\�DQG�VSDWLDOO\�GHVLJQHG�WR�ELQG�
WKH�WDUJHW�PROHFXOH��LQ�WKH�FXUUHQW�FDVH��VSHFLILF�PROHFXOHV�WKDW�DUH�XQLTXH�FRPSRQHQWV�RI�WREDFFR�DQG�
PDULMXDQD�VPRNH���7KH�VHQVRU�GRHV�QRW�UHVSRQG�WR�RWKHU�VRXUFHV�RI�VPRNH��:KHQ�FRQIURQWHG�ZLWK�D�PL[HG�
VDPSOH�RI�JDVHV��WRS�ILJXUH�EHORZ���RQO\�WKH�WDUJHW�PROHFXOH�HIIHFWLYHO\�ELQGV�WR�WKH�ILOP��3UHVHQFH�RI�WKH�
WDUJHW�PROHFXOH�FKDQJHV�WKH�HOHFWULFDO�SURSHUWLHV��UHVLVWDQFH��RI�WKH�ILOP��7KH�HOHFWULFDO�SURSHUWLHV�RI�WKH�ILOP�
DUH�PHDVXUHG�E\�D�VHW�RI�HOHFWURGHV��$IWHU�WKH�HQYLURQPHQW�LV�FOHDUHG�RI�WKH�WDUJHWHG�PROHFXOH��WKH�VHQVRU�
UHWXUQV�WR�LWV�SUHYLRXV�HOHFWULFDO�EDVHOLQH�DV�VPRNH�IUHH�DLU�LV�GUDZQ�LQWR�WKH�GHYLFH��ERWWRP�ILJXUH�EHORZ��DQG�
PRQLWRULQJ�FRQWLQXHV�IURP�WKH�UH�HVWDEOLVKHG�HOHFWULFDO�EDVHOLQH��
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�
&OHDULQJ�DQG�5HVHW�$IWHU�7DUJHWHG�0ROHFXOH�1R�/RQJHU�3UHVHQW�
�

�������������������� �
�
�
6XPPDU\�RI�([SHUWLVH�DQG�%ULHI�3URIHVVLRQDO�%LRJUDSK\�RI�'U��-�-��%HO%UXQR��
�
'U��%HO%UXQR�LV�RQH�RI�WKH�IRUHPRVW�H[SHUWV�LQ�PROHFXODUO\�LPSULQWHG�SRO\PHU�VHQVRU�WHFKQRORJ\�DQG�WKH�
LQYHQWRU�RI�WKH�WHFKQRORJ\�XVHG�LQ�)UHVK$LU¶V�VHQVRUV���'U��%HO%UXQR�RIIHUV�D����\HDU�FDUHHU�DV�D�
UHVHDUFK�FKHPLVW��,QFOXGHG�LQ�KLV�FDUHHU�DUH�WZR�\HDUV�DV�D�5HVHDUFK�$VVRFLDWH�LQ�WKH�'HSDUWPHQW�RI�
0HFKDQLFDO�	�$HURVSDFH�(QJLQHHULQJ�DW�3ULQFHWRQ�8QLYHUVLW\�����\HDUV�DV�D�3URIHVVRU�RI�&KHPLVWU\�DW�
'DUWPRXWK�&ROOHJH�DQG�IRXU�\HDUV�DV�WKH�&KLHI�7HFKQRORJ\�2IILFHU��&72��DW�)UHVK$LU�6HQVRU��//&��+H�
VSHQW�UHVHDUFK�VDEEDWLFDOV�DW�WKH�,QVWLWXWH�IRU�3K\VLFDO�&KHPLVWU\�RI�WKH�7HFKQLFDO�8QLYHUVLW\�RI�0XQLFK�
DQG�LQ�WKH�'HSDUWPHQW�RI�3K\VLFV�DW�WKH�1RUZHJLDQ�1DWLRQDO�8QLYHUVLW\�RI�6FLHQFH�	�7HFKQRORJ\�LQ�
7URQGKHLP��+LV�WHDFKLQJ�DQG�UHVHDUFK�H[SHUWLVH�OLHV�RQ�WKH�ERXQGDULHV�DPRQJ�&KHPLVWU\��3K\VLFV�DQG�
(QJLQHHULQJ��+H�KDV�SXEOLVKHG�PRUH�WKDQ�����SHHU�UHYLHZHG�PDQXVFULSWV�LQ�VFLHQWLILF�MRXUQDOV�DQG�KROGV�
���SDWHQWV�LQ�WKH�8�6��DQG�(XURSH��+LV�UHVHDUFK�PRVW�UHOHYDQW�WR�)UHVK$LU��VSHFLILFDOO\�RQ�PROHFXODUO\�
LPSULQWHG�SRO\PHUV�DQG�VHQVLQJ�GHYLFHV�FRQVWUXFWHG�IURP�WKRVH�SRO\PHUV��VSDQV�WKH�SDVW����\HDUV��'U��
%HO%UXQR¶V�FRPSOHWH�FXUULFXOXP�YLWDH�LV�DWWDFKHG� �
�
'U��%HO%UXQR�FR�IRXQGHG�)UHVK$LU�LQ������DQG�FXUUHQWO\�VHUYHV�DV�LWV�&72��+H�GLUHFWV�D�UHVHDUFK�DQG�
GHYHORSPHQW�WHDP�FRQVLVWLQJ��DW�WKLV�WLPH��RI�IRXU�FKHPLVWV�DQG�FKHPLFDO�HQJLQHHUV�DQG�IRXU�KDUGZDUH�
DQG�VRIWZDUH�HQJLQHHUV��)UHVK$LU�KDV�D�VFLHQWLILF�DQG�HQJLQHHULQJ�SURJUDP�IRU�WKH�GHYHORSPHQW�RI�
DGGLWLRQDO�VHQVRUV�DQG�GHYLFHV��)UHVK$LU¶V�JRDO�LV�WR�EXLOG�VHQVLQJ�GHYLFHV�WR�SURWHFW�LQGLYLGXDOV�IURP�
H[SRVXUH�WR�KD]DUGRXV�FKHPLFDOV�LQ�VHFRQGKDQG�WREDFFR�DQG�PDULMXDQD�VPRNH��SURYLGH�UHDO�WLPH�
QRWLILFDWLRQ�RI�WKH�SUHVHQFH�RI�WKHVH�SROOXWDQWV�WR�LPSURYH�WKH�ORFDO�HQYLURQPHQW�DQG�PLWLJDWH�KHDOWK�
HIIHFWV��6FLHQWLILF�LQIRUPDWLRQ�DQG�GHWDLOV�RI�WKH�WHVWLQJ�DQG�RSHUDWLRQ�RI�)UHVK$LU¶V�GHYLFHV�DQG�VHQVRUV�
DUH�FRQWDLQHG�LQ�WKH�IROORZLQJ�SDJHV���
�
'HWDLOV�RQ�)UHVK$LU¶V�6HQVRU�DQG�,QYHQWRU�
�
,�� $GGLWLRQDO�LQIRUPDWLRQ�RQ�VHQVRU�FRPSRQHQWV�DQG�RSHUDWLRQ��
$�UHOLDEOH��VHQVLWLYH�DQG�VSHFLILF�VHQVRU�LV�HVVHQWLDO�LQ�D�PRQLWRULQJ�GHYLFH�IRU�WREDFFR�RU�PDULMXDQD�
VPRNH��5HFRUGLQJ�VXFK�H[SRVXUH�LQ�UHDO�WLPH�DOORZV�WKH�GLUHFW�FRQQHFWLRQ�RI�VPRNH�H[SRVXUH�WR�D�
SDUWLFXODU�VPRNLQJ�HYHQW��7KH�VHQVRUV�UHO\�RQ�WKH�SURSHUWLHV�RI�HOHFWULFDOO\�FRQGXFWLYH�SRO\PHU�PDWHULDOV��
7KHVH�SRO\PHUV�KDYH�WKH�HOHFWULFDO�SURSHUWLHV�RI�PHWDOV��EXW�OLNH�DOO�SRO\PHUV��WKH\�FDQ�EH�PROGHG�DQG�
VKDSHG�DV�QHHGHG��,Q�WKH�FDVH�RI�WKH�)UHVK$LU�VHQVRUV��WKH�SRO\PHUV�DUH�SURFHVVHG�LQ�WKH�SUHVHQFH�RI�
WKH�PROHFXOH�WKDW�LV�WKH�VHQVLQJ�WDUJHW�DQG�RQFH�WKHVH�WDUJHW�PROHFXOHV�DUH�UHPRYHG�IURP�WKH�SRO\PHU��D�
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ELQGLQJ�FDYLW\�WKDW�LV�FKHPLFDOO\�DQG�VSDWLDOO\�WXQHG�WR�WKH�PROHFXOH�UHPDLQV���7KLV�ELQGLQJ�FDYLW\�LV�WKHQ�
DEOH�WR�WHPSRUDULO\�FDSWXUH�WKH�WDUJHW�PROHFXOH�UHVXOWLQJ�LQ�D�PHDVXUDEOH�FKDQJH�LQ�WKH�HOHFWULFDO�
SURSHUWLHV�RI�WKH�SRO\PHU��&RQGXFWLYH�SRO\PHUV�DUH�RI�ZLGHVSUHDG�XVH�LQGXVWULDOO\�DV�FRPSRQHQWV�RI�
HOHFWURFKHPLFDO�GHYLFHV��L�H��GHYLFHV�WKDW�FRQYHUW�FKHPLFDO�FKDQJHV�LQWR�HOHFWULFDO�VLJQDOV��DQG�LQ�
DSSOLFDWLRQV�IRU�D�YDULHW\�RI�VHQVLQJ�WDVNV��7KH�VHQVLQJ�DSSOLFDWLRQV�XVH�WKH�SRO\PHUV�LQ�YHU\�WKLQ�ILOPV��
W\SLFDOO\�RI�WKH�RUGHU�RI�QDQRPHWHUV��*HQHUDOO\��WKLQ�ILOP�PDWHULDOV�DUH�XVHG�WR�RSWLPL]H�WKH�QXPEHU�DQG�
DYDLODELOLW\�RI�WDUJHW�PROHFXOH�UHFHSWRU�VLWHV��PLQLPL]H�WKH�GLIIXVLRQ�GLVWDQFH�QHFHVVDU\�IRU�WKH�WDUJHW�
PROHFXOH�WR�WUDYHO�GXULQJ�ELQGLQJ�HYHQWV��DQG�LQFUHDVH�WKH�VHQVLWLYLW\�RI�WKH�VHQVRUV���

�
)UHVK$LU¶V�PHDVXUHPHQWV�XVLQJ�FRQGXFWLYH�SRO\PHU�ILOPV�DUH�SHUIRUPHG�ZLWK�D�SODQDU��FKHPLUHVLVWLYH�
VWUXFWXUH��WKH�VHQVRU�LV�D�FKHPLFDO�UHVLVWRU�LQ�ZKLFK�WKH�YDOXH�RI�WKH�HOHFWULFDO�UHVLVWDQFH�GHSHQGV�RQ�WKH�
FKHPLFDO�VWUXFWXUH�RI�WKH�ILOP��7KLV�VWUXFWXUH�FKDQJHV�WHPSRUDULO\�DV�WKH�WDUJHW�ELQGV�WR�WKH�ILOP��7KH�
DGYDQWDJHV�RI�VXFK�D�VWUXFWXUH�LQFOXGH�WKH�UDSLG�PHDVXUHPHQWV�WKDW�UHSRUW�WKH�SUHVHQFH�RI�VHFRQGKDQG�
VPRNH�IURP�DPELHQW�WREDFFR�RU�PDULMXDQD�LQ�UHDO�WLPH��7KH�VHQVRU�FRQVLVWV�RI�WKH�WZR�GLVWLQFW�
FRPSRQHQWV��WKH�VHQVLQJ�ILOP�DQG�D�VHFRQG��HOHFWURQLF�OD\HU�WKDW�GHWHFWV�WKH�FKDQJHV�LQ�WKH�ILUVW�ILOP��7KH�
VHFRQG�OD\HU�LV�D�FRQGXFWLYH�HOHFWURGH�SDWWHUQHG�LQWR�DQ�LQWHUGLJLWDWHG�JULG��ZKLFK�LV�DFWXDOO\�D�VHULHV�RI�
FRQQHFWHG�HOHFWURGHV�QXPEHULQJ�DV�PDQ\�DV�����SDLUV��,Q�RSHUDWLRQ��WKHVH�HOHFWURGHV�DUH�FRQVWDQWO\�
PRQLWRUHG�IRU�FKDQJHV�E\�WKH�GHYLFH¶V�HOHFWURQLFV���,Q�WULDOV��WKH�VHQVLQJ�ILOP�ZDV�VHQVLWLYH�WR�WKH�QXPEHU�
RI�FLJDUHWWHV�FRQVXPHG��WKH�QXPEHU�RI�VLPXOWDQHRXVO\�VPRNHG�FLJDUHWWHV���GHPRQVWUDWHG�UHFRYHU\�
EHWZHHQ�H[SRVXUHV��WKH�VLJQDO�UHWXUQHG�WR�WKH�EDVHOLQH�EHWZHHQ�VXFFHVVLYH�H[SRVXUHV�WR�WKH�WDUJHW��DQG�
IXQFWLRQHG�LQ�WKH�SUHVHQFH�RI�D�ZLGH�UDQJH�RI�H[SRVXUHV�WR�WREDFFR�DQG�PDULMXDQD�VPRNH�IURP�VLPXODWHG�
OLJKW�VPRNLQJ�WR�KHDY\�VPRNLQJ�HQYLURQPHQWV��
�
)UHVK$LU¶V�VHQVRUV�DUH�VSHFLILFDOO\�DQG�SURSULHWDULO\�WDUJHWHG�WR�SDUWLFXODU�PROHFXODU�FRPSRQHQWV�RI�
WREDFFR�DQG�PDULMXDQD�VPRNH�DQG�KDYH�XQGHUJRQH�H[WHQVLYH�WHVWLQJ�LQ�RXU�ODERUDWRULHV�DQG�RXU�URRP�
VL]HG�WHVWLQJ�IDFLOLW\��0DQ\�WKRXVDQGV�RI�WKHVH�GHYLFHV�DUH�LQ�XVH�DFURVV�1RUWK�$PHULFD��7\SLFDO�VPRNH�
GHWHFWRUV�ZLOO�EH�WULJJHUHG�E\�GXVW��SROOHQ��VPRNH��VWHDP��FRRNLQJ�YDSRUV�RU�RWKHU�W\SHV�RI�SDUWLFOHV��
)UHVK$LU¶V�VHQVRUV�LJQRUH�DOO�RI�WKHVH�VWLPXOL�DQG�UHVSRQG�RQO\�WR�VPRNH�WKDW�FRQWDLQV�WREDFFR�RU�
PDULMXDQD��7KH�VPRNH�LQWHUDFWV�ZLWK�WKH�SRO\PHU�FRDWHG�VHQVRU�GHYHORSHG�LQ�)UHVK$LU¶V�ODERUDWRULHV�DQG�
FKDQJHV�WKH�HOHFWULFDO�SURSHUWLHV�RI�WKH�VHQVRUV�FRQWDLQHG�LQ�WKH�GHYLFH��$IWHU�D�VPRNLQJ�HYHQW��WKH�
DGVRUEHG�PDWHULDO�LV�HYHQWXDOO\�UHPRYHG�IURP�WKH�VHQVRUV�E\�WKH�VPRNH�IUHH�DLU�SDVVLQJ�WKURXJK�WKH�
GHYLFH��DQG�WKH�VHQVRUV�DSSUR[LPDWHO\�UHWXUQ�WR�WKH�HOHFWULFDO�VWDWH��WKH�EDVHOLQH��WKDW�WKH\�UHSRUWHG�SULRU�
WR�WKH�VPRNLQJ�HYHQW��W\SLFDOO\�ZLWKLQ�WKLUW\�PLQXWHV����

7KH�VHQVRUV�ZLOO�RQO\�GHWHFW�DFWLYH�VPRNLQJ�LQ�WKH�VSDFH�LQ�ZKLFK�WKH\�DUH�LQVWDOOHG��WKH\�GR�QRW�GHWHFW�
VPRNH�LQILOWUDWLQJ�IURP�RWKHU�KRWHO�URRPV��DSDUWPHQWV�RU�KDOOZD\V��QRU�ZLOO�WKH\�GHWHFW�WKH�SUHVHQFH�RI�
SUHYLRXV�VPRNLQJ�DFWLYLW\��0RUHRYHU��WKH�RGRU�WKDW�RQH�GHWHFWV�RXWVLGH�RI�WKH�VSDFH�LQ�ZKLFK�WKH�VPRNLQJ�
RFFXUV�LV�QRW�GXH�WR�WKH�WDUJHW�PROHFXOHV���

7KH�GDWD��HOHFWULFDO�SURSHUWLHV��WKH�FKDQJHV�LQ�UHVLVWDQFH�RI�WKH�VHQVRU�DV�D�IXQFWLRQ�RI�WLPH���DUH�
FRQVWDQWO\�PRQLWRUHG��DQG�WKH�GDWD�SRLQWV�DUH�VWRUHG�HYHU\�ILIWHHQ�VHFRQGV�LQ�RQ�ERDUG�IODVK�PHPRU\�DQG�
XSORDGHG�RYHU�:L�)L�WR�)UHVK$LU¶V�FORXG�EDVHG�PRQLWRULQJ�SODWIRUP��'DWD�LV�XSORDGHG�WR�WKH�VHUYHU�HYHU\�
��PLQXWHV��:H�PRQLWRU�WKH�µKHDOWK¶�RI�RXU�GHYLFHV�ZKLFK�LQFOXGHV�WKHLU�EDVHOLQH�YDOXHV��WKH�DJH�RI�WKH�
VHQVRUV�DQG�WKH�QXPEHU�RI�VPRNLQJ�HYHQWV�D�JLYHQ�VHQVRU�KDV�UHSRUWHG��,Q�WKH�DEVHQFH�RI�WKH�WDUJHW�
PROHFXOHV��WKH�HOHFWULFDO�SURSHUWLHV�YDU\�PLOGO\�DQG�DQ�DSSUR[LPDWHO\�FRQVWDQW�EDVHOLQH�LV�REVHUYHG��
:KHQ�WKH�WDUJHW�PROHFXOHV�DUH�SUHVHQW��D�VLJQLILFDQW�FKDQJH�LQ�UHVLVWDQFH�RI�WKH�VHQVRUV�IURP�WKH�
EDVHOLQH�LV�GHWHFWHG�E\�WKH�GHYLFH¶V�ILUPZDUH�DQG�D�PHVVDJH�LV�WUDQVPLWWHG�QRWLI\LQJ�)UHVK$LU¶V�FORXG�
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EDVHG�PRQLWRULQJ�SODWIRUP�DQG�VHQGLQJ�DQ�HPDLO�WR�WKH�SURSHUW\�PDQDJHU�ZLWK�D�6PRNLQJ�$OHUW�LQ�D�
IRUPDW�OLNH�WKDW�VKRZQ�EHORZ���

7KH�SURSHUW\�PDQDJHU�LV�DOVR�DEOH�WR�UHWULHYH�D�JUDSKLFDO�UHSUHVHQWDWLRQ�RI�WKH�FKDQJH�LQ�UHVLVWDQFH�
�LQGLFDWLQJ�VPRNLQJ��ZLWK�D�WLPH�D[LV�VKRZLQJ�WKH�WLPH�RI�WKH�YLRODWLRQ�DQG�WKH�\�D[LV�VKRZLQJ�WKH�
HYROXWLRQ�RI�WKH�VHQVRU�GHWHFWLRQ��$�W\SLFDO�RXWSXW�LV�VKRZQ�LQ�WKH�ILJXUH�EHORZ��7KH�GDWD�LV�DOVR�
DXWRPDWLFDOO\�VWRUHG�LQ�WKH�SURSHUW\�PDQDJHU¶V�DFFRXQW�RQ�)UHVK$LU¶V�PRQLWRULQJ�SODWIRUP�DQG�FDQ�EH�
UHWULHYHG�DW�DQ\�WLPH��

,,� 6FLHQWLILF�YDOLGDWLRQ�RI�WKH�JHQHUDO�SULQFLSOHV�RI�GHWHFWLRQ�DQG�WKH�VSHFLILF�VHQVRU�
7KH�VFLHQWLILF�EDVLV�RI�)UHVK$LU¶V�VHQVLQJ�PHWKRG�ZDV�SHHU�UHYLHZHG�DQG�D�PDQXVFULSW�GHVFULELQJ�WKH
GHYHORSPHQW�RI�WKH�VHQVRU�DSSHDUHG�LQ�D�KLJK�LPSDFW�MRXUQDO�GLUHFWHG�WRZDUGV�UHVHDUFKHUV�DFWLYH�LQ
QLFRWLQH�DQG�WREDFFR�VWXGLHV��³'HWHFWLRQ�RI�VHFRQGKDQG�FLJDUHWWH�VPRNH�YLD�QLFRWLQH�XVLQJ�FRQGXFWLYH
SRO\PHU�ILOPV´�E\�/LX��<���$QWZL�%RDPSRQJ��6���%HO%UXQR��-�-���&UDQH��0�$���7DQVNL��6�(��LQ�1LFRWLQH�	
7REDFFR�5HVHDUFK���������9ROXPH�����SDJHV�����������

7KH�H[SHULPHQWV�GHVFULEHG�LQ�WKLV�PDQXVFULSW�ZHUH�FDUULHG�RXW�LQ�D�GHYLFH�XVHG�LQ�PHGLFDO�UHVHDUFK�WR�
TXDQWLI\�WKH�DPRXQW�RI�QLFRWLQH�LQJHVWHG�E\�PLFH�DQG�RWKHU�DQLPDOV�IURP�FRQWUROOHG�FLJDUHWWH�VPRNH��,W�LV�
D�VWDQGDUG�VPRNLQJ�VLPXODWRU�XVHG�LQ�PHGLFDO�H[SHULPHQWV�DQG�WKH�GHYLFH�RSHUDWHG�ZLWK�NQRZQ�
FRQFHQWUDWLRQV�RI�QLFRWLQH�JHQHUDWHG�IURP�EXUQLQJ�FLJDUHWWHV��([DPSOHV�RI�WKH�FRUUHODWLRQ�RI�VHQVRU�
RXWSXW�ZLWK�QLFRWLQH�OHYHOV�DUH�VKRZQ�EHORZ��0HDVXUHPHQWV�ZHUH�PDGH�DW�FRQFHQWUDWLRQV�QHDU�����SDUWV�
SHU�ELOOLRQ��:LNLSHGLD�GHVFULEHV���SSE�DV�DSSUR[LPDWHO\���VHFRQGV�LQ�D�FHQWXU\����

7\SLFDO�VHQVRU�DOHUW�HPDLO�VHQW�
WR�D�)UHVK$LU�6HQVRU�FOLHQW��
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([DPSOH�RI�JUDSKLFDO�UHSUHVHQWDWLRQ�DYDLODEOH�WR�D�)UHVK$LU�FOLHQW��7KH�UHG�OLQH�UHSRUWV�WKH�SUHVHQFH�RI�
WREDFFR�RU�PDULMXDQD�VPRNH��EHJLQQLQJ�DW�����SP��DV�WKH�GHYLDWLRQ�IURP�WKH�EDVHOLQH�YDOXH��7KH�LGHQWLW\�
RI�WKH�VPRNLQJ�PDWHULDO��WREDFFR�RU�PDULMXDQD��LV�QRW�VSHFLILHG�LQ�WKH�VWRUHG�GDWD�RU�WKH�UHSRUW��$Q�DOHUW�
LV�RQO\�VHQW�ZKHQ�WKH�VLJQDO�PHHWV�D�VWULQJHQW�VHW�RI�FRQGLWLRQV��LQFOXGLQJ�DQ�LQWHQVLW\�WKUHVKROG��

1LFRWLQH�FDOLEUDWLRQ�FXUYH�IRU�)UHVK$LU¶V�VHQVRUV���)LJXUH�EHORZ�ZDV�UHSRUWHG�LQ�WKH�SHHU�
UHYLHZHG�SXEOLFDWLRQ�QRWHG�LQ�WKH�WH[W�DERYH�DQG�SURYLGHV�D�PHDVXUH�RI�WKH�FDSDELOLW\�RI�WKH�
VHQVRUV��
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,,,� 9DOLGDWLRQ�RI�WKH�JHQHUDO�WHFKQLTXH�DSSOLHG�LQ�)UHVK$LU¶V�GHYLFH�
7KH�XVHV�RI�WKLQ�ILOP�FRQGXFWLYH�SRO\PHUV�DQG�PROHFXODUO\�LPSULQWHG�SRO\PHUV��0,3��LQ�D�UDQJH�RI
HOHFWURQLF�GHYLFHV�DUH�PDWXUH��ZHOO�XQGHUVWRRG�WHFKQRORJLHV�WKDW�DUH�H[WHQVLYHO\�UHSUHVHQWHG�LQ�WKH�SHHU�
UHYLHZHG�VFLHQWLILF�OLWHUDWXUH��$�VHDUFK�RI�WKDW�VFLHQWLILF�OLWHUDWXUH�LQGLFDWHV�WKDW�������PDQXVFULSWV
GHVFULELQJ�PROHFXODUO\�LPSULQWHG�SRO\PHU�VHQVRUV�KDYH�EHHQ�SXEOLVKHG�LQ�SHHU�UHYLHZHG�VFLHQWLILF
MRXUQDOV��0RUHRYHU��DQ�DGGLWLRQDO�������SHHU�UHYLHZHG�PDQXVFULSWV�LQYROYLQJ�WKLQ�ILOP�VHQVRUV�KDYH�EHHQ
UHSRUWHG�LQ�WKRVH�KLJK�LPSDFW�MRXUQDOV��)URP�WKH�������SXEOLVKHG�PDQXVFULSWV��VL[�DUWLFOHV�DUH�OLVWHG
EHORZ�WKDW�UHYLHZ�WKH�XVH�RI�WKLQ�ILOPV�DV�VHQVRUV�DQG�SURYLGH�WKH�XVDJH�RI�WKHVH�ILOPV�DV�UHSUHVHQWDWLYH
RI�WKH�PDWXUH�VWDWH�RI�WKH�WHFKQRORJ\��6XEVHTXHQWO\��HOHYHQ�SXEOLVKHG�0,3�PDQXVFULSWV�IURP�WKH
DYDLODEOH�������SHHU�UHYLHZHG�UHSRUWV�DUH�OLVWHG�EHORZ�WR�GHPRQVWUDWH�WKH�ZLGHVSUHDG�DFFHSWDQFH�DQG
PDWXULW\�RI�WKLV�WHFKQRORJ\�

6HOHFWHG�WKLQ�ILOP�VHQVRU�VFLHQWLILF�UHYLHZ�DUWLFOHV��WKHVH�DUWLFOHV�SURYLGH�WKH�VFLHQWLILF�EDVLV�DQG�
DSSOLFDWLRQV�RI�WKLQ�SRO\PHU�ILOPV�DV�VHQVRUV��7KH�JHQHUDO�FDVH�IRU�WKH�XVH�RI�WKLV�WKLQ�ILOP�WHFKQRORJ\�LQ�
VHQVLQJ�LV�VWURQJ�DV�HYLGHQFHG�E\�WKH�QXPEHU�DQG�TXDOLW\�RI�WKH�VFLHQWLILF�UHSRUWV��7KLV�PDWHULDO�LV�YHU\�
WHFKQLFDO��
�� ³&RQGXFWLQJ�SRO\PHU�EDVHG�QDQRELRVHQVRUV´��3DUN��&��6���/HH��&���.ZRQ��2��6���3RO\PHUV�����������

�������������
�� ³6\QWKHVLV�DQG�VHQVLQJ�DSSOLFDWLRQV�RI�SRO\DQLOLQH�QDQRFRPSRVLWHV��D�UHYLHZ´��6HQ��7���0LVKUD��6��

6KLPSL��1��*���56&�$GYDQFHV������������������������
�� ³+LJK�SHUIRUPDQFH�LQWHJUDWHG�ILHOG�HIIHFW�WUDQVLVWRU�EDVHG�VHQVRUV´��$G]KUL��5���0G��0��.���*RSLQDWK�

6� &��%���5XVOLQGD��$��5���)DWKLO��0��)��0���$\XE��5��0���1RU��0��1X]DLKDQ�0���9RRQ��&��+���$QDO\WLFD
&KLPLFD�$FWD�������������������

�� ³*DV�VHQVRUV�EDVHG�RQ�HOHFWURGHSRVLWHG�SRO\PHUV´���/DNDUG��%���&DUTXLJQ\��6���6HJXW��2���3DWRLV��7��
/DNDUG��6���0HWDOV����������������������

�� ³3RO\DQLOLQH�EDVHG�VHQVRUV�IRU�JDV�GHWHFWLRQ´���<DQJ��6���*RQJ��-���2KVDND��7���HG��7UHQGV�LQ
3RO\DQLOLQH�5HVHDUFK�����������������

�� ³&RQGXFWLQJ�SRO\DQLOLQH�QDQRZLUH�DQG�LWV�DSSOLFDWLRQV�LQ�FKHPLUHVLVWLYH�VHQVLQJ´��6RQJ��(���&KRL�
-�:���1DQRPDWHULDOV��������������������

6HOHFWHG�PROHFXODUO\�LPSULQWHG�SRO\PHU�ILOP�VHQVRU�VFLHQWLILF�UHYLHZ�DUWLFOHV��WKH�UDQJH�RI�DSSOLFDWLRQV�RI�
LPSULQWHG�VHQVRUV�LV�YDVW���7KHVH�UHSRUWV�SURYLGH�VRPH�LQGLFDWLRQ�RI�WKH�YDULHG�WDUJHWV�WKDW�FDQ�EH�
VXFFHVVIXOO\�SXUVXHG��$JDLQ��WKHVH�UHSRUWV�DUH�WHFKQLFDO���
�� ³5HFHQW�DGYDQFHV�DQG�IXWXUH�SURVSHFWV�LQ��EDVHG�HOHFWURFKHPLFDO�ELRVHQVRUV´��*XL��5���-LQ��+���*XR�

+���:DQJ��=���%LRVHQVRUV�	�%LRHOHFWURQLFV��������������������
�� ³$�5HYLHZ��(OHFWURFKHPLFDO�6HQVRUV�IRU�'HWHUPLQDWLRQ�RI�%LRPROHFXOHV�'UXJ´��<ROD��0��/���$WDU��1��

&XUUHQW�$QDO\WLFDO�&KHPLVWU\�������������������
�� ³$�5HYLHZ�RQ�6\QWKHWLF�5HFHSWRUV�IRU�%LRSDUWLFOH�'HWHFWLRQ�&UHDWHG�E\�6XUIDFH�,PSULQWLQJ

7HFKQLTXHV�)URP�3ULQFLSOHV�WR�$SSOLFDWLRQV´��(HUVHOV��.���/LHEHU]HLW��3���:DJQHU��3���$&6�6HQVRUV
���������������������

�� ³(YDOXDWLQJ�WKH�SRWHQWLDO�RI�WKHUPDO�UHDG�RXW�WHFKQLTXHV�FRPELQHG�ZLWK�IRU�WKH�VHQVLQJ�RI�ORZ�ZHLJKW
RUJDQLF�PROHFXOHV´��YDQ�*ULQVYHQ��%���%HWOHP��.���&OHLM��7��-���%DQNV��&��(���3HHWHUV��0���-RXUQDO�RI
0ROHFXODU�5HFRJQLWLRQ������������

�� ³$UWLILFLDO�%LRVHQVRUV��+RZ�&DQ�6HQVRUV�0LPLF�%LRUHFRJQLWLRQ"´�&LHSODN��0���.XWQHU��:���7UHQGV�LQ
%LRWHFKQRORJ\���������������������

�� ³0ROHFXODU�,PSULQWLQJ��SHUVSHFWLYHV�DQG�DSSOLFDWLRQV´��&KHQ��/���:DQJ��;���/X��:���:X��;���/L��-��
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&KHPLFDO�6RFLHW\�5HYLHZV������������������������
�� ³0ROHFXODUO\�LPSULQWHG�SRO\PHUV�DV�UHFRJQLWLRQ�PDWHULDOV�IRU�HOHFWURQLF�WRQJXHV´��+X\QK��7��3��

.XWQHU��:���%LRVHQVRUV�	�%LRHOHFWURQLFV���������������������
�� ³0ROHFXODUO\�LPSULQWHG�SRO\PHU�VHQVRUV��UHDOLVLQJ�WKHLU�SRWHQWLDO´��8]XQ��/���7XUQHU��$QWKRQ\�3�

)� %LRVHQVRUV�	�%LRHOHFWURQLFV���������������������
�� ³5HFHQW�,QQRYDWLRQV�RI�(OHFWURFKHPLFDO�6HQVRUV�%DVHG�RQ�(OHFWURSRO\PHUL]DWLRQ�7HFKQLTXH´��3HQJ�

<���6X��+���&XUUHQW�$QDO\WLFDO�&KHPLVWU\���������������������
��� ³7HFKQLTXH�IRU�%LRVHQVLQJ�DQG�'LDJQRVWLFV´��*DMRYLF�(LFKHOPDQQ��1���$WKLNRPUDWWDQDNXO��8��

'HFKWULUDW��'���6FKHOOHU��)��:���6SULQJHU�6HULHV�RQ�&KHPLFDO�6HQVRUV�DQG�%LRVHQVRUV�����������
�$SSOLFDWLRQV�RI�1DQRPDWHULDOV�LQ�6HQVRUV�DQG�'LDJQRVWLFV�����������

��� ³0ROHFXODUO\�LPSULQWHG�SRO\PHUV�IRU�WKH�6HQVLQJ�RI�([SORVLYHV�DQG�&KHPLFDO�:DUIDUH�$JHQWV´�/X��:��
;XH��0���;X��=���'RQJ��;���;XH��)���:DQJ��)���:DQJ��4���0HQJ��=���&XUUHQW�2UJDQLF�&KHPLVWU\��������
����������

,9� 4XDQWLILFDWLRQ�RI�WKH�VPRNLQJ�GDWD�
)UHVK$LU¶V�GHYLFHV�GR�QRW�TXDQWLI\�WKH�DPRXQW�RI�VPRNH�LQ�WKH�SURWHFWHG�VSDFH��)UHVK$LU�RIIHUV�D
³VPRNLQJ�QRW�VPRNLQJ´�W\SH�RI�UHSRUW��)UHVK$LU�KDV��KRZHYHU��FRPSOHWHG�TXDQWLILFDWLRQ�WHVWV��DQG�WKH
GDWD�DUH�LQ�WKH�SHHU�UHYLHZHG�PDQXVFULSW�FLWHG�DERYH��,Q�DGGLWLRQ�WR�LQ�ILHOG�WHVWV��)UHVK$LU�WHVWV�LWV
GHYLFHV�LQ�D�URRP�WKDW�PHDVXUHV�WKH�VL]H�RI�WKH�W\SLFDO�����VTXDUH�IRRW�OLYLQJ�DUHD�RU�KRWHO�URRP
HTXLSSHG�ZLWK�YHQWLODWLRQ�DW�WKH�VWDQGDUG�KRWHO�DLU�WXUQRYHU�UDWH��,Q�WKLV�WHVW�IDFLOLW\��VPRNLQJ�HYHQW�VLJQDOV
DUH�UHOLDEO\�UHFRUGHG�DV�IDU�DV����IHHW�IURP�WKH�VRXUFH�RI�WKH�VPRNLQJ��D�GLVWDQFH�WKDW�UHSUHVHQWV�WKH
PD[LPXP�UDQJH�H[SHFWHG�LQ�WKH�W\SLFDO�URRP�RI�WKH�VL]H�QRWHG��)UHVK$LU�KDV�FRQGXFWHG�PRUH�WKDQ
�������VXFK�WHVWV�LQ�LWV�WHVWLQJ�IDFLOLW\�DQG�LQ�FOLHQWV¶�SURSHUWLHV��6PRNLQJ�D�VLQJOH�FLJDUHWWH�DW�WKLV
GLVWDQFH�UHOLDEO\�DQG�LQHYLWDEO\�WULJJHUV�)UHVK$LU¶V�VHQVRUV�XQGHU�ODUJH�YDULDWLRQV�LQ�HQYLURQPHQWDO
FRQGLWLRQV��6PRNLQJ�LQ�WKHVH�WHVWV�ZDV�PRQLWRUHG�RYHU�D�WHPSHUDWXUH�UDQJH�IURP����)�WR����)�DQG
UHODWLYH�KXPLGLW\�DW�OHYHOV�IURP�����WR�����WR�HQVXUH�WKDW�VXFK�FKDQJHV��SRVVLEOH�LQ�D�KRWHO�URRP�RU�DQ
DSDUWPHQW��GR�QRW�LPSDFW�WKH�PHDVXUHPHQWV��2WKHU�SRWHQWLDO�HQYLURQPHQWDO�LQWHUIHUHQFHV�ZHUH�WHVWHG�
7KHVH�LQFOXGHG�PRUH�WKDQ����FOHDQLQJ�SURGXFWV��EXUQLQJ�FDQGOHV��EXUQLQJ�LQFHQVH��FRRNLQJ�LQ�PLFURZDYH
RYHQV��EXUQLQJ�YDULRXV�SDSHU�SURGXFWV�DQG�RSHQ�IODPHV��7KH�GHYLFHV�ZHUH�VKRZQ�WR�DFFXUDWHO\
GLIIHUHQWLDWH�VPRNLQJ�IURP�DQ\�HQYLURQPHQWDO�HIIHFWV�LQ�WKHVH�WHVWV�

9� 7HVWLQJ�XQGHU�³UHDO�ZRUOG´�FRQGLWLRQV�
7KH�GHYLFH�LV�LQVWDOOHG�E\�WKH�FOLHQW�DQG�)UHVK$LU�PRQLWRUV�UHPRWHO\�WR�FRQILUP�ZKLFK�VLJQDOV�DUH�GXH�WR
VPRNLQJ��7KH�GHYLFH�FDQQRW�EH�LQFRUUHFWO\�LQVWDOOHG��7KH�FOLHQW�LV�JXLGHG�WKURXJK�LQVWDOODWLRQ�E\�WKH
LQVWUXFWLRQV�LQ�WKH�LQVWDOODWLRQ�DSSOLFDWLRQ�RQ�D�PRELOH�GHYLFH��7KH�VHQVRU�UHVSRQGV�WR�LQVWDOODWLRQ
FRPPDQGV�E\�D�VHULHV�RI�GLIIHUHQW�FRORU�/('�IODVKHV��,I�LQVWDOODWLRQ�LV�XQVXFFHVVIXO��ERWK�WKH�GHYLFH�DQG
WKH�DSS�ZLOO�VR�LQGLFDWH�DQG�DVN�WKH�XVHU�WR�UH�LQLWLDOL]H��6LPLODUO\��WKH�EDVHOLQH�VLJQDO�LV�DXWRPDWLFDOO\
FDOFXODWHG�E\�WKH�ILUPZDUH�DQG�WKH�PRQLWRULQJ�VRIWZDUH�HOLPLQDWLQJ�WKH�SRVVLELOLW\�RI�HUURU��KXPDQ�RU
RWKHUZLVH��%DVHG�RQ�WKH�UHVXOWV�IURP�WKH�WHVWLQJ�IDFLOLW\�DQG�FOLHQWV¶�SURSHUWLHV��PLQLPXP�VWDQGDUGV�ZHUH
VHW�IRU�UHSRUWLQJ�DQ�HYHQW�DV�VPRNLQJ��7KRVH�VWDQGDUGV�LQFOXGH��WKH�VLJQDO�H[FHHGLQJ�D�WKUHVKROG�IRU�WKH
WREDFFR�DQG�PDULMXDQD�VLJQDO��WKH�VLJQDO�H[KLELWLQJ�D�ZHOO�GHILQHG�ULVH�WLPH��FRQILUPLQJ�DQ\�FKDQJHV�LQ
HQYLURQPHQWDO�FRQGLWLRQV�RU�VHFRQGDU\�LQGLFDWRUV�DQG�FRQILUPLQJ�WKDW�WKH�VHQVRUV�DUH�IXQFWLRQDO�DQG
ZLWKLQ�RSHUDWLRQDO�OLPLWV��,Q�RUGHU�WR�ILOWHU�RXW�SRWHQWLDO�IDOVH�SRVLWLYHV��)UHVK$LU�KDV�HVWDEOLVKHG�H[WUHPHO\
FRQVHUYDWLYH�FULWHULD�IRU�UHSRUWLQJ�DQ�HYHQW�DV�D�VPRNLQJ�HYHQW�

5HDO�ZRUOG�WHVWLQJ�GDWD�LV�UHODWHG�WR�WKH�RXWFRPHV�UHSRUWHG�WR�XV�E\�FOLHQWV��)UHVK$LU�KDV�FRPSOHWHG�
WKRXVDQGV�RI�WHVWV�LQ�LWV�WHVWLQJ�IDFLOLW\�EXW�DOVR�KDV�FOLHQW�FRQILUPHG�GDWD��7KH�EHVW�GDWD�IURP�FOLHQWV�
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LQYROYHV�FRQILUPDWLRQ�RI�IRUZDUGHG�VPRNLQJ�DOHUWV��)RU�H[DPSOH��RQH�RI�)UHVK$LU¶V�FOLHQWV��D�����URRP�
KRWHO��UHVSRQGV�WR�6PRNLQJ�$OHUWV�E\�LPPHGLDWHO\�NQRFNLQJ�RQ�WKH�GRRU�RI�WKH�URRP�ZKHUH�WKH�YLRODWLRQ�
KDV�RFFXUUHG��,Q�2FWREHU�������)UHVK$LU�GHOLYHUHG����6PRNLQJ�$OHUWV�WR�WKLV�FOLHQW��1HDUO\�DOO�RI�WKH�DOHUWV�
ZHUH�FRQILUPHG�DQG�WKH�KRWHO�RFFXSDQWV�ZHUH�FKDUJHG�D�VPRNLQJ�ILQH�DQG�RU�DVNHG�WR�OHDYH��7KH�
UHPDLQLQJ�DOHUWV�ZHUH�QRW�DFWHG�XSRQ�E\�WKH�KRWHO�VWDII��)UHVK$LU¶V�UDQJH�RI�GDWD�IURP�WHVWLQJ�DQG�GHYLFH�
XVH�LQFOXGHV�RYHU���ELOOLRQ�HOHPHQWV����
�
9,��0DLQWHQDQFH�VWDQGDUGV�FRQILUPLQJ�IXQFWLRQDOLW\��
$V�QRWHG��ZH�VHW�H[WUHPHO\�FRQVHUYDWLYH�FULWHULD�WR�EH�PHW�EHIRUH�DQ\�HYHQW�LV�FRQVLGHUHG�VPRNLQJ�DQG�
DQ�DOHUW�JHQHUDWHG�LQFOXGLQJ�PLQLPXP�FKDQJHV�LQ�WKH�GHWHFWHG�UHVLVWDQFH��7KLV�LV�WR�HQVXUH�WKH�DEVHQFH�
RI�IDOVH�SRVLWLYHV��PRVW�OLNHO\�FUHDWLQJ�D�VPDOO�QXPEHU�RI�IDOVH�QHJDWLYHV���:H�KDYH�WHVWHG�DJDLQVW�D�
UDQJH�RI�SRWHQWLDO�LQWHUIHULQJ�VXEVWDQFHV�E\�UHFRUGLQJ�WKH�EDVHOLQH�VLJQDO�DQG�VSUD\LQJ�ZLSLQJ�ZLWK�WKH�
WKHVH�SRWHQWLDO�LQWHUIHUHQWV��$Q\�VLJQDO�JHQHUDWHG�E\�WKHVH�PDWHULDOV�H[KLELWV�GLIIHUHQW�VLJQDWXUHV�IURP�
WREDFFR�RU�PDULMXDQD��:H�DOVR�LQFOXGH�WHPSHUDWXUH�DQG�KXPLGLW\�VHQVRUV�LQ�WKH�GHYLFH�WR�DFFRXQW�IRU�DQ\�
SRVVLEOH�VLJQDO�GXH�WR�WKHVH�HQYLURQPHQWDO�IDFWRUV�DQG�ZH�LQFOXGH�D�UHOLDEOH�VHFRQGDU\�LQGLFDWRU�RI�
VPRNLQJ�WR�GLVFULPLQDWH�DJDLQVW�DQ\�VSXULRXV�VLJQDO��&KDQJHV�LQ�WHPSHUDWXUH�DQG�RU�KXPLGLW\�FDXVH�
VPDOO��a����FKDQJHV�LQ�WKH�UHVLVWDQFH�RXWSXW�RI�WKH�WREDFFR�PDULMXDQD�VHQVRUV��7R�HQVXUH�WKDW�WKH�
GHYLFH�LV�RSHUDWLQJ�SURSHUO\��ZH�H[DPLQH�WKH�GHYLFH�RXWSXW�RYHU�WKH�SUHYLRXV����KRXUV���7KLV�VPDOO��F\FOLF�
YDULDWLRQ�ZLWK�WKH�WHPSHUDWXUH�LV�DVVXUDQFH�WKDW�WKH�GHYLFH�LV�IXQFWLRQDO�DQG�WKDW�WKH�UHSRUWHG�VLJQDO�LV�
GXH�WR�VPRNLQJ��
�
9,,����'DWD�YDOLGDWLRQ��
)UHVK$LU¶V�LQ�KRXVH�WHVWLQJ��RYHU�PRUH�WKDQ��������WHVWV��GHILQHG�UHVXOWV�WKDW�DUH�FRQVLVWHQW�ZLWK�D�
VPRNLQJ�HYHQW�DQG��WKHUHIRUH��QRW�DWWULEXWDEOH�WR�DQ\�RWKHU�LQWHUSUHWDWLRQ��)UHVK$LU�KDV�WKH�VLJQDWXUHV�RI�
RWKHU�VXEVWDQFHV�WKDW�FRXOG�EH�SUHVHQW�DV�ZHOO�DV�WKH�GDWD�IURP�WKH�DQFLOODU\�VHQVRUV�LQ�LWV�GHYLFH�DQG�
FDQ�GLVWLQJXLVK�QRQ�VPRNLQJ�HYHQWV�IURP�VPRNLQJ�HYHQWV��7KH�GDWD�ZKLFK�LV�VXSSOLHG�WR�WKH�FOLHQW�VKRZV�
WKH�VHQVRU�OHYHOV�IRU�DW�OHDVW�RQH�KRXU�SULRU�WR�WKH�VPRNLQJ�HYHQW��SURYLGLQJ�D�EDVHOLQH�UHVSRQVH�LQ�WKH�
DEVHQFH�RI�VPRNLQJ��,I�UHTXHVWHG��WKH�FOLHQW�ZLOO�EH�VXSSOLHG�ZLWK�VWDQGDUG�HYHQW�FXUYHV�IURP�LQ�KRXVH�
WHVWLQJ�DV�D�FRPSDULVRQ�SRLQW�IRU�D�VPRNLQJ�HYHQW�
�
� �
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&XUULFXOXP�9LWDH�

-26(3+�-��%(/%5812�
���������������
ŝŶĨŽ#IUHVKDLUVHQVRU�FRP

3URIHVVLRQDO�%DFNJURXQG��
������ )RXQGHU�DQG�&KLHI�7HFKQRORJ\�2IILFHU��)UHVK$LU�6HQVRU�//&�
������ 3URIHVVRU��'HSDUWPHQW�RI�&KHPLVWU\��'DUWPRXWK�&ROOHJH�
���������� &KDLU��'HSDUWPHQW�RI�&KHPLVWU\��'DUWPRXWK�&ROOHJH�
���������� $VVRFLDWH�3URIHVVRU��'HSDUWPHQW�RI�&KHPLVWU\��'DUWPRXWK�&ROOHJH�
���������� $VVLVWDQW�3URIHVVRU��'HSDUWPHQW�RI�&KHPLVWU\��'DUWPRXWK�&ROOHJH�
���������� 5HVHDUFK�$VVRFLDWH��'HSDUWPHQW�RI�&KHPLVWU\��3ULQFHWRQ�8QLYHUVLW\�
����� 9LVLWLQJ��/DERUDWRU\��$VWURQRPHU��.LWW�3HDN�1DWLRQDO�2EVHUYDWRU\�

(GXFDWLRQ��
����� 5XWJHUV�8QLYHUVLW\��3K�'��
����� 6HWRQ�+DOO�8QLYHUVLW\��%�6���0DJQD�FXP�ODXGH��

5HVHDUFK�([SHULHQFH��
&XUUHQW� 0DWHULDOV�DQG�6HQVRUV��&RPSXWDWLRQDO�&KHPLVWU\��6XUIDFH�*DV�,QWHUDFWLRQV��7KLQ�)LOP�'HSRVLWLRQ��

0ROHFXODUO\�,PSULQWHG�3RO\PHUV�
���������� &KHPLFDO�'\QDPLFV�RI�5RWDWLRQDO�(QHUJ\�7UDQVIHU�DQG��

/DVHU�6SHFWURVFRS\��ZLWK�3URIHVVRU�+HUVFKHO�5DELW]��3ULQFHWRQ��
���������� 0ROHFXODU�%HDP�6WXGLHV�RI�(OHFWURQLF�(QHUJ\�7UDQVIHU��

EHWZHHQ�$WRPV�DQG�0ROHFXOHV��ZLWK�3URIHVVRU�-RKQ�.UHQRV��5XWJHUV��
���������� $QDO\WLFDO�&KHPLVWU\��5HVHDUFK�&KHPLVW�ZLWK�$PHULFDQ�&\DQDPLG�&R��

$ZDUGV��
�������� 9LVLWLQJ�3URIHVVRU��3K\VLFV�'HSW��1718��7URQGKHLP��12�
����� $UWV�	�6FLHQFHV�*UDGXDWH�)DFXOW\�0HQWRULQJ�$ZDUG�
����� )HOORZ��'DUWPRXWK�+XPDQLWLHV�,QVWLWXWH��(WKLFV�DQG�WKH�,QWHUQHW��
����� $OH[DQGHU�YRQ�+XPEROGW�)HOORZ��7HFKQLVFKH�8QLYHUVLWlW�0�QFKHQ��
����� 'DUWPRXWK�)DFXOW\�)HOORZ�
����� -RKQVRQ�	�-RKQVRQ�)HOORZ�
����� $&6�6XPPHU�)HOORZ�

3URIHVVLRQDO�6RFLHWLHV��
$PHULFDQ�&KHPLFDO�6RFLHW\�
0DWHULDOV�5HVHDUFK�6RFLHW\�
YRQ�+XPEROGW�6RFLHW\�
6RFLHW\�RI�6LJPD�;,�

&XUUHQWO\�$FWLYH�5HVHDUFK��
'HYHORSPHQW�RI�6HQVRUV�
1DQRWHFKQRORJ\�1DQRFKHPLVWU\�
&RPSXWDWLRQDO�6WXGLHV�RI�6XUIDFH�*DV�3URFHVVHV�
6WXGLHV�RI�6HPLFRQGXFWRU�1DQR&OXVWHU�'HSRVLWLRQ�
([SHULPHQWDO�&RPSXWDWLRQDO�6WXGLHV�RI�0ROHFXODU�,PSULQWLQJ�
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6\QHUJLVWLF�$FWLYLWLHV��
6HUYLFH��0HPEHU�RI�(3$�3HHU�&RQVXOWDWLRQ�RQ�0DWHULDOV�&KDUDFWHUL]DWLRQ�RI�1DQRVFDOH�0DWHULDOV��0HPEHU�RI�16)�
5HYLHZ�3DQHO�IRU�*UDGXDWH�)HOORZVKLSV��0HPEHU�RI�'R'�5HYLHZ�3DQHO�IRU�*UDGXDWH�)HOORZVKLSV�
�
0HPEHU�RI�WKH�(GLWRULDO�%RDUG�RI�WKH�MRXUQDO�1DQRPDWHULDOV��([HFXWLYH�(GLWRU�RI�-RXUQDO�RI�%DVLF�	�$SSOLHG�
6FLHQFHV�DQG�$VVRFLDWH�(GLWRU�RI�WKH�MRXUQDO�&KHPLFDO�6HQVRUV�
�
(GXFDWLRQ��'HYHORSPHQW�RI�WKH�0DWHULDOV�3K�'��WUDFN�ZLWKLQ�&KHPLVWU\��3UHVHQWHU�0HQWRU�IRU�ORFDO�VHPLQDU�RQ�
DSSO\LQJ�IRU�16)�*UDGXDWH�)HOORZVKLSV�
�
&RPSXWLQJ�,VVXHV��0HPEHU�RI�WKH�$GYLVRU\�%RDUG�IRU�WKH�,QVWLWXWH�IRU�6HFXULW\�DQG�7HFKQRORJ\�6WXGLHV�������
������WKLV�LV�D�VHSDUDWH��86�IXQGHG�UHVHDUFK�FHQWHU�ORFDWHG�DW�'DUWPRXWK�&ROOHJH��
6FLHQWLILF�(WKLFV��'HYHORSHG�FDVH�EDVHG�FRXUVH�IRU�VXPPHU�5(8�SURJUDP��SDUWLFLSDQW�LQ�WKH�LQFRPLQJ�JUDGXDWH�
VWXGHQW�³(WKLFV�LQ�5HVHDUFK´�WUDLQLQJ��
�
&ROODERUDWRUV��
'DUWPRXWK��6XVDQQH�7DQVNL��0HGLFDO�6FKRRO���0DUGL�&UDQH��0HGLFDO�6FKRRO��
�
([WHUQDO���$VWD�5LFKWHU��7)+�:LOGDX���5RJHU�6PLWK�DQG�6WHYHQ�.HQQ\��/RXJKERURXJK��8.����
6WHIDQ�%URPOH\��%DUFHORQD���8UVXOD�*LEVRQ��7URQGKHLP���6FRWW�:RRGOH\��/RQGRQ��8.��
�
*UDGXDWH�6WXGHQWV�DQG�3RVWGRFWRUDO�$VVRFLDWHV��
3RVWGRFV��SUHYLRXV���=LFKDR�7DQJ��*XDQPLQJ�:DQJ��*XDQGRQJ�=KDQJ�
�
3K�'��*UDGXDWH�6WXGHQWV��FXUUHQW���$O\VRQ�0LFKDHO��+ROJHU�0RXVWDNDV�
�
3K�'��*UDGXDWH�6WXGHQWV��SUHYLRXV���<XDQ�/LX��6DGLN�$QWZL�%RDPSRQJ��$SULO�'DLJOH��6DUD�&DPSEHOO��$QGUHL�
%XUQLQ��(G�6DQYLOOH��.UXP�&KXFKHY��<LQJKXD�6KHQ��(OL]DEHWK�&KULVWRSK\��-LPP\�7XQJ��'DYLG�0RUULVHDX��06���
*HRUJH�5DLFKH��*DU\�6LX]GDN��-LQSHQJ�/Y��=L\L�&KDL��6WHIDQR�3RJJLR�
�
$GYLVRUV��
3K�'��7KHVLV���-RKQ�.UHQRV��5XWJHUV�8QLYHUVLW\��
3RVWGRFWRUDO���+HUVFKHO�5DELW]�DQG�5LFKDUG�0LOHV��3ULQFHWRQ�8QLYHUVLW\��
�
7H[WERRN��
'��:DOODFH�DQG�-�-��%HO%UXQR��7KH�%HOO�7KDW�5LQJV�/LJKW��$Q�,QWURGXFWRU\�7H[W�LQ�4XDQWXP�0HFKDQLFV���:RUOG�
6FLHQWLILF�3XEOLVKLQJ����������
�
3DWHQWV�,VVXHG��
��� -�-��%HO%UXQR��8�-��*LEVRQ��-�(�*��/LSVRQ�DQG�0�1��:\ERXUQH��³0ROHFXODUO\�LPSULQWHG�SRO\PHU�VHQVRU�V\VWHPV�

DQG�UHODWHG�PHWKRGV´��86�3DWHQW�1R�������������0D\������������
��� -�-��%HO%UXQR��³0ROHFXODUO\�LPSULQWHG�SRO\PHUV�IRU�GHWHFWLRQ�RI�FRQWDPLQDQWV´��86�3DWHQW�1R������������

�-DQXDU\�����������
��� =�5��*UHHQKLOO��-�-��%HO%UXQR�DQG�<��$YQLHO��³&RPSRVLWH�PDWHULDO´��86�3DWHQW�1R�������������-XQH������������
��� =�5��*UHHQKLOO��-�-��%HO%UXQR�DQG�<��$YQLHO��³*UDGLHQW�QDQRSDUWLFOH�FDUERQ�DOORWURSH�SRO\PHU�FRPSRVLWH�

PDWHULDO´��86�3DWHQW�1R�������������0D\�����������
��� =�5��*UHHQKLOO��-�-��%HO%UXQR�DQG�<��$YQLHO��³&RPSRVLWH�PDWHULDO´��&DQDGLDQ�3DWHQW�1R�����������0D\����

�������
��� -�-��%HO%UXQR�DQG�0��.HOP��³0ROHFXODUO\�LPSULQWHG�SRO\PHU�IRU�ZLQH��PHWKRG�RI�SUHSDULQJ��DQG�XVH�RI�VDPH´��

86�3DWHQW�1R�������������)HEUXDU\������������
��� =�5��*UHHQKLOO��-�-��%HO%UXQR�DQG�<��$YQLHO��³&RPSRVLWH�PDWHULDO´��,VUDHOL�3DWHQW�1R����������-XO\�����������
��� =�5��*UHHQKLOO�DQG�-�-��%HO%UXQR��³*UDGLHQW�QDQRSDUWLFOH�FDUERQ�DOORWURSH�SRO\PHU�FRPSRVLWH�PDWHULDO³��

(XURSHDQ�3DWHQW�1R��(3���������6HSWHPEHU������������
��� -�-��%HO%UXQR�DQG�6��7DQVNL��³$LUERUQH�FRQWDPLQDQW�VHQVRU�GHYLFH�DQG�PHWKRG�IRU�XVLQJ�WKH�VDPH´�86�3DWHQW�

1R�������������$XJXVW������������
����$��%XUQLQ�DQG�-�-��%HO%UXQR��³(OHFWURQLF�WLPH�RI�IOLJKW�PDVV�VHOHFWRU´��8�6��3DWHQW�1R�������������1RYHPEHU����

�������
����=�5��*UHHQKLOO��-�-��%HO%UXQR�DQG�<��$YQLHO��³&RPSRVLWH�PDWHULDO´��*UHDW�%ULWDLQ�3DWHQW�1R����������

�6HSWHPEHU������������
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��� -�-��%HO%UXQR��³0HWKRGV�IRU�SUHSDUDWLRQ�RI�PROHFXODUO\�LPSULQWHG�SRO\PHUV�IRU�ZLQH�H[WUDFWLRQ´��8�6��3DWHQW�1R�
������������-XQH�����������

��� -�-��%HO%UXQR��³0ROHFXODUO\�LPSULQWHG�SRO\PHU�VHQVRUV´��8�6��3DWHQW�1R��������������-XO\����������
��� $��%DUQHV�DQG�-�-��%HO%UXQR��³)RRG�DOOHUJHQ�GHWHFWLRQ�PHWKRGV�DQG�V\VWHPV�XVLQJ�PROHFXODUO\�LPSULQWHG

SRO\PHUV´��8�6��3DWHQW�1R��������������2FWREHU�����������
��� -�-��%HO%UXQR�DQG�6��(��7DQVNL��³'HYLFHV�IRU�GHWHFWLQJ�DLUERUQH�FRQWDPLQDQWV�DQG�DVVRFLDWHG�PHWKRGV´��8�6�

3DWHQW�1R��������������2FWREHU�����������

3XEOLFDWLRQV��
�� -�-��%HO%UXQR��³&OXVWHUV�DQG�1DQRSDUWLFOHV��7KH�([SHULPHQWDO�&RPSXWDWLRQDO�&RQQHFWLRQ�WR

8QGHUVWDQGLQJ´��,QYLWHG�FKDSWHU�LQ�WKH�PRQRJUDSK��³&RPSXWDWLRQDO�0RGHOOLQJ�RI�1DQRSDUWLFOHV´��HGLWHG
E\�6��%URPOH\�DQG�6��:RRGOH\������������������(OVHYLHU�

�� -�-��%HO%UXQR��³0ROHFXODUO\�,PSULQWHG�3RO\PHU�6HQVRUV³��,QYLWHG�PDQXVFULSW��&KHPLFDO�5HYLHZV����������
�����������

�� -�-��%HO%UXQR��³&RQGXFWLQJ�3RO\PHULF�0DWHULDOV�IRU�6HQVLQJ´��6FLHQFH�$GYDQFHV�7RGD\����������������
������

�� (�$��.DUKX� &�5��,OGVWDG� 6��3RJJLR� 9��)XUWXOD� 1��7ROVWLN� ,�7��6RURNLQD� -�-��%HO%UXQR� DQG�8�-��*LEVRQ�
³9DSRU�GHSRVLWHG�&U�GRSHG�=Q6�WKLQ�ILOPV��WRZDUGV�RSWLFDOO\�SXPSHG�PLG�LQIUDUHG�ZDYHJXLGH�ODVHUV´�2SWLFV
0DWHULDOV�([SUHVV����������������������

�� $��%XUQLQ��6��3RJJLR��-��.LQJ�DQG�-�-��%HO%UXQR��³'LUHFW�JURZWK�E\�DUF�GLVFKDUJH�DQG�FRPSXWDWLRQDO�VWXG\�RI
]LQF�VXOILGH�QDQRWXEHV´�-RXUQDO�RI�0DWHULDOV�6FLHQFH�����������������������

�� 6��3RJJLR��%��:DQJ��8�-��*LEVRQ�DQG�-�-��%HO%UXQR��³3URSHUWLHV�RI�WUDQVLWLRQ�PHWDO�VXEVWLWXWHG�]LQF�VXOILGH
KH[DPHUV�DQG�GRGHFDPHUV´��3K\V��&KHP��&KHP��3K\V��������������������������

�� =��&KDL�DQG�-�-��%HO%UXQR��³7KHUPRFKHPLFDO�VWXG\�RI�DPLQR�DFLG�LPSULQWHG�SRO\PHU�ILOPV´��-��0ROHFXODU
5HFRJQLWLRQ���������������������

8. 1�$��0ROODQG��=��*KDG\DQL��(�$��.DUKX��6���3RJJLR��0��1HPDWROODKL��0��.LOGHPR��7�:��5HHQDDV��-��-�
%HO%UXQR�DQG�8��-��*LEVRQ��³%DQG�HGJH�PRGLILFDWLRQ�DQG�PLG�LQIUDUHG�DEVRUSWLRQ�RI�FR�GHSRVLWHG�)H[=Q��[6
WKLQ�ILOPV´��2SWLFV�0DWHULDOV�([SUHVV����������������������

�� $��%XUQLQ��-�-��%HO%UXQR�DQG�8�-��*LEVRQ��³(YLGHQFH�RI�FKURPLXP�FREDOW�ELQDU\�FOXVWHU�IRUPDWLRQ�E\�SXOVHG
ODVHU�HYDSRUDWLRQ´��,QW��-��0DVV�6SHFWURP�������������������

��� 6��$QWZL�%RDPSRQJ��-�6��3HQJ��-��&DUODQ�DQG�-�-��%HO%UXQR��³$�PROHFXODUO\�LPSULQWHG�IOXRUDO�S�SRO\DQLOLQH
GRXEOH�OD\HU�VHQVRU�V\VWHP�IRU�VHOHFWLYH�VHQVLQJ�RI�IRUPDOGHK\GH´��6HQVRUV�-RXUQDO��,(((��������������
�������

��� -�-��%HO%UXQR��³1DQRPDWHULDOV�LQ�6HQVRUV´��1DQRPDWHULDOV���������������
��� 6DGLN�$QWZL�%RDPSRQJ��.ULVWLQD�0DQL��-HDQ�&DUODQ�DQG�-RVHSK�-��%HO%UXQR��³$�VHOHFWLYH�PROHFXODUO\

LPSULQWHG�SRO\PHU�FDUERQ�QDQRWXEH�VHQVRU�IRU�FRWLQLQH�VHQVLQJ�´-RXUQDO�RI�0ROHFXODU�5HFRJQLWLRQ��������
����������

��� -LQSHQJ�/Y��&KXQGRQJ�/L��DQG�-��-��%HO%UXQR���'HIHFW�HYROXWLRQ�RQ�WKH�RSWLFDO�SURSHUWLHV�RI�+��LPSODQWHG
=Q2�ZKLVNHUV���&U\VW(QJ&RPP����������������������

��� -LQSHQJ�/Y��&KXQGRQJ�/L��DQG�-��-��%HO%UXQR���&KDUDFWHULVWLFV�RI�SRLQW�GHIHFWV�RQ�WKH�RSWLFDO�SURSHUWLHV�RI
=Q2��UHYHDOHG�E\�$O±+�FR�GRSLQJ�DQG�SRVW�DQQHDOLQJ���56&�$GY����������������������

��� 6DGLN�$QWZL‐%RDPSRQJ��<XDQ�/LX��$VWD�5LFKWHU��DQG�-RVHSK�-��%HO%UXQR���(IIHFW�RI�WKH�KRVW�SRO\PHU�RQ�WKH
QDQRPHFKDQLFDO�DQG�PRUSKRORJLFDO�SURSHUWLHV�RI�WHPSODWHG�SRO\PHU�ILOPV���-RXUQDO�RI�$SSOLHG�3RO\PHU
6FLHQFH���������������������

��� 6DGLN�$QWZL�%RDPSRQJ�DQG�-RVHSK�-��%HO%UXQR���'HWHFWLRQ�RI�IRUPDOGHK\GH�YDSRU�XVLQJ�FRQGXFWLYH
SRO\PHU�ILOPV���6HQVRUV�DQG�$FWXDWRUV�%���������������������

��� <��/LX��6��$QWZL�%RDPSRQJ��-�-��%HO%UXQR��0�$��&UDQH�DQG�6�(��7DQVNL��³'HWHFWLRQ�RI�VHFRQGKDQG�FLJDUHWWH
VPRNH�YLD�QLFRWLQH�XVLQJ�FRQGXFWLYH�SRO\PHU�ILOPV´�1LFRWLQH�	�7REDFFR�5HVHDUFK���������GRL�
��������QWU�QWW����

��� 6�:�5��'XQEDU�DQG�-�-��%HO%UXQR��³0ROHFXODUO\�LPSULQWHG�SRO\PHU�FDUERQ�QDQRWXEH�VHQVRU�WDUJHWHG�WR
FRWLQLQH´��&KHPLFDO�6HQVRUV���������������

��� $�'��/HZRF]NR��$�'���-�-��%HO%UXQR�DQG�6�7��%URPOH\���(IIHFW�RI�VSLQ�RUGHULQJ�RQ�VWUXFWXUH�DQG�VWUXFWXUDO
WUDQVLWLRQV�LQ�WKH��0Q6���PDJLF�FOXVWHU���&KHP��3K\V��/HWW������������������

��� $�'��/HZRF]NR�DQG�-�-��%HO%UXQR���,PSDFW�RI�VXUIDFH�VWHSV�DQG�R[\JHQ�SUH�FRYHUDJH�RQ�WKH�DGVRUSWLRQ�RI
PHWK\ODPLQH�RQ�JROG���3K\V��&KHP��&KHP��3K\V������������������

��� *��*LDFRPR��$�'��/HZRF]NR��-�-��%HO%UXQR�DQG�6�7��%URPOH\���,QWHUSOD\�EHWZHHQ�0DJQHWLVP�DQG�0DJLF�
QHVV�LQ�1DQRFOXVWHUV����-��3K\V��&KHP��&�������������������

��� $��'DLJOH�DQG�-�-��%HO%UXQR��³'HQVLW\�)XQFWLRQDO�7KHRU\�6WXG\�RI�WKH�$GVRUSWLRQ�RI�1LWURJHQ�DQG�6XOIXU
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$WRPV�RQ�*ROG���������������DQG�������6XUIDFHV´��-��3K\V��&KHP��&���������������������
����$��'DLJOH�DQG�-�-��%HO%UXQR��³'HQVLW\�IXQFWLRQDO�WKHRU\�VWXG\�RI�WKH�DGVRUSWLRQ�RI�R[\JHQ�DWRPV�RQ�JROG�

�������������DQG�������VXUIDFHV´��6XUIDFH�6FLHQFH�������������������
����$��5LFKWHU�DQG�-�-��%HO%UXQR��³&KDUDFWHUL]DWLRQ�RI�IXQFWLRQDO�VWDWHV�LQ�QLFRWLQH��DQG�FRWLQLQH�LPSULQWHG�

SRO\���YLQ\OSKHQRO��ILOPV�E\�QDQRLQGHQWDWLRQ´��-��$SSOLHG�3RO\PHU�6FLHQFH��������������������
���� -�-��%HO%UXQR��*��=KDQJ�DQG�8�-��*LEVRQ��³&DSDFLWLYH�VHQVLQJ�RI�DPLQR�DFLGV�LQ�PROHFXODUO\�LPSULQWHG�

Q\ORQ�ILOPV´��6HQVRUV�DQG�$FWXDWRUV�%������������������
���� -��-��%HO%UXQR�DQG�$��%XUQLQ��³6PDOO�JHUPDQLXP�VXOILGH�FOXVWHUV��PDVV�VSHFWURPHWU\�DQG�GHQVLW\�IXQFWLRQDO�

FDOFXODWLRQV´��3K\V��&KHP��&KHP��3K\V�������������������
���� -�-��%HO%UXQR��³0ROHFXODUO\�,PSULQWHG�3RO\PHUV��$UWLILFLDO�5HFHSWRUV�ZLWK�:LGH�5DQJLQJ�$SSOLFDWLRQV´��0LFUR�

DQG�1DQRV\VWHPV�����������������
���� -��-��%HO%UXQR��(��6DQYLOOH��$��%XUQLQ��$��.��0XKDQJL�DQG�$��0DO\XWLQ��³6WUXFWXUDO�&DOFXODWLRQV�DQG�
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ABSTRACT

Introduction: The 2006 U.S. Surgeon General’s Report found that there is no safe level of exposure to secondhand smoke 
(SHS). Many smokers attempt to protect others from exposure to SHS; however, it is difficult to assess effectiveness of these 
behavior changes. There is a need for personal monitoring devices that provide real-time SHS exposure data; at present, there is 
no device that measures ambient nicotine levels in real time. The development of such a sensor is the objective of this research.

Methods: A nicotine sensing film comprising the conductive polymer polyaniline was linked with a reporting layer, recording 
changes in chemiresistance due to adsorption of nicotine. Experiments were carried out in a microprocessor-controlled smok-
ing chamber using sidestream smoke from standard reference cigarettes; up to 10 cigarettes were smoked simultaneously. The 
exposure chamber was calibrated for total suspended particle, carbon monoxide, and nicotine concentrations.

Results: We found significant real-time increases in the resistance of films upon exposure to SHS. The sensors were shown to 
be sensitive to the number of cigarettes consumed and ambient nicotine and demonstrated reasonable recovery between measure-
ments. The sensors have sufficient sensitivity to detect off-gassing of nicotine or “thirdhand smoke.”

Conclusions: A sensing element has been developed that can reliably detect secondhand and thirdhand tobacco smoke in real 
time through the adsorption of ambient nicotine vapor. The device was calibrated to the number of smoked cigarettes and to nicotine 
concentration. Development of integrated personal sensors to record exposure to SHS using this technology is currently underway.

INTRODUCTION

There is no safe level of secondhand smoke (SHS) exposure, 
with SHS causing increased risks of cancer, cardiovascular 
disease, and childhood illness (U.S. Department of Health and 
Human Services, 2006). While many smokers believe they are 
taking sufficient steps to eliminate SHS exposure and harm by 
smoking away from nonsmokers (e.g., in other rooms, other 
floors, in front of exhaust fans, out of windows, on balconies/
porches), they do not realize that they continue to expose their 
families. Parents, in particular, desire to protect their vulnerable 
children; however, there is a lack of accurate measurements 
of children’s exposure. Urine, saliva, or serum cotinine levels 
are specific to nicotine exposure (tobacco, tobacco smoke, 
or medicinal nicotine), but there is significant variability in 
cotinine levels across individuals from similar exposure due to 
differences in individual metabolism (see review in Avila-Tang 
et al., 2012). Therefore, a detectable level indicates exposure 
but is difficult to quantify that exposure with precision, and it 
is impossible to detect where or when that exposure occurred 

within the preceding several days. In-home room-level testing 
for tobacco smoke exposure has been conducted using passive 
or active air sampling procedures; however, the devices 
involved tend to be costly (e.g., particulate matter pumps 
with a cost of ~$3000 per unit) or require sending samples to 
a chemistry lab for assay of tobacco-specific components via 
gas chromatography and mass spectrometry (Apelberg et al., 
2012). Unfortunately, particulate matter detection may also be 
affected by other sources including cooking with solid fuels, 
burning candles or incense, or outdoor air pollution (Fernandez 
et  al., 2009; Klepeis, Ott, & Switzer, 2007; Lopez et  al., 
2012). Monitoring of a tobacco-specific vapor such as nicotine 
currently suffers from the lack of a real-time measurement 
(Apelberg et  al., 2012); ambient nicotine measurements are 
typically averaged over a prolonged sampling period of days 
to weeks given low effective sampling rates (Hammond & 
Leaderer, 1987). Thus, methods for detecting “how well” a 
smoker is protecting his/her family are highly problematic.

Previous research efforts have attempted to use feedback on 
child’s cotinine levels as triggers for parental smoking behavior 
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change, with largely disappointing results (Wakefield et  al., 
2002; Wilson, Farber, Knowles, & Lavori, 2011) excepting 
modest effects from a study within a population of children 
with asthma (Wilson et al., 2001). Studies using direct meas-
ures of in-home concentrations of ambient nicotine (Emmons 
et  al., 2001) or PM2.5 have shown better success (Wilson, 
Ritchie, et al., 2013; Wilson, Semple, et al., 2012), suggesting 
that the specificity of the information regarding smoke expo-
sure from within the home may be more persuasive. The ability 
to provide real-time feedback in response to specific smoking 
situations may be even more persuasive to change the behav-
iors of smokers; however, the possibility of such feedback 
has previously not been possible given technological limita-
tions. A reliable sensing element is the first step in developing 
a personal monitoring device for SHS, with the ultimate goal 
of developing a small, affordable, and wearable device that 
records cigarette smoke exposure in real time, allowing the 
direct connection of SHS exposure to a smoking event.

Conductive polymers such as polyaniline (PANi) are of 
great interest as components of electrochemical devices (Lai, 
Tang, et al., 2011; Lai, Zhang, Li, & Gao, 2011; Zhang, Kong, 
Wang, Luo, & Kang, 2009) and as agents for a variety of sens-
ing applications (Gopalan, Lee, Ragupathy, Lee, & Lee,. 2009; 
Srivastava, Kumar, Singh, Singh, & Vijay, 2011; Tran, Nguyen, 
Nguyen, Do, & Nguyen, 2011). As a sensor for nicotine, the 
key element of doped, electrically conductive PANi is the pres-
ence of protonated nitrogen atoms that give up a proton to 
nicotine, a base, which is adsorbed to the film from the nascent 
vapor. Thin film materials can optimize the density and avail-
ability of protonated receptor sites, minimize the diffusion dis-
tance necessary for the nicotine to travel during binding events, 
and increase the responsivity of the sensor when the reporting 
electrode lies beneath the film, as in this research. The vari-
ous techniques for creating these thin films include electropo-
lymerization (Waltman & Bargon, 1986), spin casting (Psuja, 
2007; Yokota, Kitaoka, & Wariishi, 2007), and laser deposition 
(Chrisey et al., 2003; Frycek et al., 2006). Measurement using 
conductive polymer films can be performed either by coating 
the surface of an electrode with the doped polymer and meas-
uring electrical changes with reference to a redox electrode or 
by making a true planar chemiresistive structure. The latter has 
advantages, in that it can be used with a variety of conductive 
polymers, may be designed to create a higher value of resist-
ance, and has the potential for rapid measurements with small, 
personal-sized devices. In this article, we describe the develop-
ment of a planar chemiresistive sensor that reports on exposure 
to SHS from ambient nicotine concentrations in real time. This 
is an important distinction from active or passive time averag-
ing of ambient nicotine or nonspecific PM2.5 measurements, 
in that it allows for demonstration of changes in air nicotine 
from a specific smoking event.

METHODS

Materials

Polyaniline (purchased from Polysciences, Inc.) was used 
as the undoped emeraldine base, with a molecular weight of 
15,000 and a conductivity of 10-10 S/cm. Formic acid (>98%; 
purchased from EMD Chemicals) was used to dissolve the 
polyaniline prior to spin casting and acts as a primary dopant. 

Secondary doping using 1.0 M aqueous HCl (purchased from 
Fisher Scientific) increased the sensitivity of the films. For 
bench laboratory studies, 99% nicotine was used (purchased 
from Alfa-Aesor). All reagents were used as received with-
out any further treatment. The cigarettes used in the smoking 
chamber were filtered University of Kentucky 3RF4 reference 
cigarettes, containing ~0.8 mg of nicotine (Tobacco & Health 
Research Institute).

Fabrication of Conductive Sensors

The sensing assembly consists of the PANi nicotine–sensing 
film and an electronic reporting layer. The reporting layer is an 
electrically conductive electrode patterned into an interdigi-
tated grid with 40 µm fingers and 20 µm spacing, produced 
on prime grade silicon wafers with a 5000-Å oxide layer. The 
chromium layer was patterned by photolithography and sub-
sequently wet etched to produce the final electrodes with a 
total area of 376 mm2, following vapor deposition of 200 Å of 
chromium and a 1000 Å overlay of nickel.

Preparation of PANi Solutions and Films

The sensing concept is based on the production of a conductive 
film that is sensitive to nicotine adsorption, using spin casting 
of PANi from solution for preparing films. The spin casting 
solution was produced from formic acid as a 1% (by weight) 
polymer solution.

An aliquot of 0.5 ml of the PANi polymer solution was 
dropped onto the silicon reporting layer (described above) and 
allowed to spread for 20 s. The spin coater was then brought 
up to 4000 rpm for 30 s. This resulted in deposition of films 
with a typical thickness of approximately 100 nm. Because 
the pKa of formic acid is 3.77 (the amine and imine nitrogen 
atoms have different pKa values), PANi in this solution is 50% 
protonated. To complete the protonation process and increase 
the sensitivity of the film, secondary protonation in 1.0 M HCl 
was employed by dip coating for 30 s.  After this treatment, 
background (washed) resistance values were measured, and 
morphology and roughness were investigated by atomic force 
microscopy using a Pacific Nanotechnology Nano-1 micro-
scope in close contact mode.

Teague Smoking System/Laboratory Exposure System

Sensors were tested using two different controlled environments 
with two different goals: a bench laboratory test measured 
sensitivity to nicotine vapor directly and a smoking machine 
measurement tested the sensitivity to nicotine from SHS as a 
function of the number of cigarettes smoked in the machine. In 
both experimental environments, the change in the resistance 
of the sensor was measured using a multimeter connected to a 
laboratory computer.

The laboratory sample system (lab chamber) consisted of 
a small nylon box, containing spring-mounted electrodes and 
a small (~3 cm3) well filled via a syringe through a septum. 
The sensor assembly was placed on the electrodes above the 
well and a nylon cap attached using a torque wrench to ensure 
reproducible pressure of the sensor against the spring-mounted 
electrodes. Nicotine (1 mL) was injected into the well and the 
response of the sensor recorded. To follow the recovery of 
the sensor after exposure to nicotine, dry nitrogen was passed 
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through the well to evaporate the nicotine. Nicotine was 
injected at different concentrations and resistance recorded 
as a function of time at 22  °C. The vapor-phase concentra-
tion of nicotine was varied by making liquid mixtures of 
nicotine in chloroform. Rault’s Law provides that the vapor 
pressure of each component is determined by the mole frac-
tion in the liquid phase. Our polymer sensor is insensitive to 
chloroform vapor.

The smoking machine experiments were carried out in a 
Teague Enterprises TE-10 smoking system equipped with two 
exposure chambers (Teague Enterprises). The TE-10 smok-
ing system incorporates a microprocessor-controlled smoking 
machine that produces both mainstream and sidestream smoke, 
or sidestream smoke alone, in conjunction with mixing, aging, 
and exposure chambers. Smoke is drawn from the combus-
tion chamber into a mixing chamber and then into exposure 
chambers. Cigarettes are loaded into a wheel, lit, puffed, and 
ejected; the Federal Trade Commission method of puffing is 
used, with a 2 s puff, once per minute, smoked for 8 min each. 
One to 10 cigarettes may be smoked simultaneously. Expended 
cigarettes are automatically ejected and extinguished in a water 
bath. Valves control airflow volume during smoke generation 
and exposure conditions. Valves also permit purging of smoke 
from within the chambers into dedicated ducting that conducts 
all smoke outside the building. All measurements using the 
Teague Enterprises system were made with polymer sensors in 
an exposure chamber, using calibrated operational parameters 
for total suspended particle, carbon monoxide, and nicotine 
concentrations by selected mixing valve settings.

Sensor Response

Measurement of the sensor response to nicotine is accom-
plished through changes in resistance as a function of time. 
The resistance, R, of the polymer sensor was measured using a 
Keithley Model 2100 6 ½ Digit Multimeter. During the meas-
urement, constant current of 1 mA was applied and the volt-
age through the film recorded, providing a resistance value via 
Ohm’s law. Total dissipated power within the sensor was less 
than 0.5 mW. Sensitivity analysis found that four point meas-
urements were unnecessary, thus all of the reported data were 
obtained using two contacts. Data were taken at a rate of 1 
Hz over as long as 9 hr but typically over considerably shorter 
times. The background resistance background was measured 
prior to each exposure (typically 600 Ω); data are reported as 
normalized resistance, referenced to the initial, out-of-chamber 
background value.

The films were exposed to a range of analyte concentrations 
that ensured a challenge to the adsorption process. The results 
indicate that both the change in the resistance value and the rate 
of change in the resistance are proportional to the quantity and 
identity of the analyte adsorbed.

RESULTS

Sensor Morphology

The morphology of the film surface was investigated by atomic 
force microscopy of films produced on both silicon oxide 
and glass under the coating conditions described above. The 
undoped film (prior to treatment with HCl) is rougher than the 

doped material and more irregular with surface defects. The 
doped film is smoother, and the minimal occurrence of surface 
defects provides an ideal material for adsorption of the target 
nicotine molecule from the vapor phase (data not shown).

Changes in Resistance in Response to Adsorbed Nicotine

Sensor functionality depends upon detecting differences in 
electrical resistance as a function of the adsorption of nicotine 
onto the sensor chip. We tested numerous films using pure 
nicotine in the small lab-built chamber and cigarette exposure 
as measured in the Teague smoking system. Data and figures 
presented here are typical of these observations.

Lab Chamber Results

Injection of nicotine into the sample well evoked an immediate 
rise in the measured resistance. The theoretical values of nico-
tine concentration were confirmed experimentally by use of a 
photoionization detector that was sensitive to nicotine but not 
chloroform. (RAE, 2012) The results of these preliminary stud-
ies are shown in Figure 1, where the initial slope upon injection 
of the sample into the chamber is plotted against nicotine con-
centration. Figure 1 also includes a typical plot of the signal for 
pure nicotine vapor as a function of time, postinjection.

The data in Figure 1 provide a calibration of the rate of rela-
tive resistance change as a function of parts per billion (ppb) of 
nicotine in air. The measurements shown were reproducible to 
within 5%. The data are fit via linear regression with a slope of 
1.90 × 10–6 Ωrel s–1 ppb–1 and a correlation coefficient of 0.99. 
The slopes are a preferred measure of the concentration; use 
of absolute resistance changes is problematic since the sensor 
resistance will continually increase if nicotine remains present 
in the ambient atmosphere. This calibration is intended for use 
in reporting sensor data in terms of ppb of nicotine rather than 
as a function of cigarette exposure.

Teague Smoking Machine Results

Figure  2 presents the entire response curve over time in 
response to smoking a single cigarette in the Teague system. 
During the smoking process, sidestream smoke was fed into 
the exposure chamber and the resistance increased as long as 
the smoking continued, indicating continued adsorption of 
nicotine into the film. The signal stopped increasing as the 
cigarette was extinguished and decreased slowly because air 
entering into the exposure chamber from the smoking system 
contained no additional nicotine. After approximately 6 min, 
the chamber was purged with 100% fresh (room) air and the 
sensor resistance dropped to a level approximately 20% above 
the chamber background. The initial slope of the signal was 
determined to be 8.73 × 10–4 Ωrel s–1, indicating, from our cali-
bration curve in Figure 1, a nicotine level of 450 ppb for this 
exposure. The system calibration at the inflow/outflow settings 
of the exposure chamber provides that the dynamic nicotine 
concentration in this situation from the cigarette smoke alone 
is 0.5 ppb. Note that the background reading of the sensor (the 
resistance at the zero time point in the smoking apparatus) 
immediately increases as the film is placed into the exposure 
chamber, indicating a background level of nicotine before 
engaging the smoking apparatus and hence a higher total 
concentration.
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Figure  3 demonstrates a set of sequential exposures in 
the Teague system, using varied numbers of simultaneously 
smoked cigarettes, each followed by a brief fresh air blowout. 
Cigarettes were smoked over a period of 8 min (in a manual 
lighting mode), during which sidestream smoke was mixed with 

an equal volume of fresh air and fed into the exposure chamber. 
Following the extinguishing of the cigarette, fresh air was 
blown into the exposure chamber for a period of 6 min (purge). 
The decrease in resistance during the fresh-air phase shows that 
nicotine is desorbed from the sensor, restoring the resistance to a 

Figure 2. Response of the sensor, in terms of relative resistance, generated from a single cigarette in the Teague system. Note 
that the sensor detects nicotine adsorbed on the walls in the chamber from previous experiments, so-called thirdhand smoke.

Figure 1. Response of the sensor to vapor-phase nicotine from liquid nicotine at 22 °C. Plot of signal as a function of time for 
pure nicotine vapor (inset).
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smaller value. The slopes of the rising signals are also related to 
the number of cigarettes simultaneously consumed. The system 
provides nominal dynamic concentrations of 0.75 ppb and 1.11 
ppb of nicotine from sidestream smoke generated by two and 
three cigarettes, respectively. The initial slopes for the three 
different smoking levels were 9.62 × 10–4 Ωrel s–1 (510 ppb), 
1.63 × 10–3 Ωrel s–1 (1030 ppb), and 1.72 × 10–3 Ωrel s–1 (1,100 
ppb), respectively, during consumption of one, two, and three 
cigarettes. Note the agreement between the slopes in Figures 2 
and 3 for a single cigarette and the measured increases in nicotine 
exposure for multiple cigarette exposure. Sensor fatigue caused 
by the insufficient ‘off time’ to remove nicotine from the sensor 
was observed for the final cycle shown in the figure.

Finally, Figure 4 contains the results from several successive 
runs in which 10 cigarettes (nominally providing 3.16 ppb 
of nicotine) were simultaneously smoked in order to test the 
response and recovery in a heavy smoking situation. The 
sensor background resistance was measured in ambient room 
air prior to insertion in the exposure chamber. After a 6-min 
delay (following cigarette extinguishment), a new burn was 
begun, followed by two additional 10-cigarette exposures. The 
first 10-cigarette burn resulted in a steep increase with a slope 
of 1.91 × 10–3 Ωrel s–1 (1,000 ppb), less than expected based on 
the previous figures but reflecting a saturation of easily reached 
binding sites near the surface of the sensor.

DISCUSSION

This series of experiments demonstrates that a novel sensor based 
on a polyaniline film can detect ambient nicotine levels in real 
time, within two different experimental environments, across a 

wide range of nicotine and sidestream smoke concentrations. 
This is a leap forward in SHS exposure detection technology as 
detection of any level of ambient nicotine is specific to tobacco 
smoke having been present within that space. Previous research 
has demonstrated that exposure to ambient nicotine is correlated 
with exposure to the harmful components of tobacco smoke (see 
Apelberg, 2012 for review). The sensor/chip assembly is particu-
larly innovative, in that it does not require any disassembly of the 
device or transport to a laboratory for subsequent analysis; the 
sensor needs only to be linked to a computer to retrieve the data 
and computationally interpret the normalized relative changes 
in resistance as nicotine exposure in ppb. This information can 
then be provided to the end user. Such information could be used 
to confirm adherence to smoking bans such as in rented motor 
vehicles, hotel rooms, apartment buildings, restaurants, or bars. 
Personal use, as noted above, can provide feedback to smokers 
regarding how well they are achieving true smoke-free environ-
ments for their nonsmoking family members.

Notably, as illustrated in each of the smoking system experi-
ments and conspicuously absent in the lab chamber experiments, 
the background reading of the sensor, or the resistance at the zero 
time point in the smoking apparatus, immediately increases by 
20% as the film is placed into the exposure chamber, indicating a 
background level of nicotine before engaging the smoking appa-
ratus. Using the experiment illustrated in Figure 2 as an example, 
prior to our use for the experiment, the smoking chamber had 
been in constant use for 8 hr and the walls were not cleaned. This 
suggests that the sensor is capable of measuring nicotine outgas-
sing from the enamel covered metal surface of the chamber’s 
interior walls. This tobacco smoke contamination of rooms and 
automobiles, or “thirdhand smoke,” has been described (Sleiman 
et al., 2010) and is currently the topic of a new area of research.

Figure 3. Response of the sensor, in terms of relative resistance, generated from cigarette smoking in the Teague system. The 
plot shows the response to different numbers of cigarettes smoked simultaneously. Clean, smoke-free air was passed through the 
chamber between successive experiments.
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Limitations

This new technology shows substantial promise for quan-
tification of ambient nicotine, and the same sensor can be 
repeatedly used; however, the baseline resistance of the sen-
sor does rise with repeated exposures if the sensor is not in 
a fresh-air environment, allowing nicotine to desorb from 
the sensor. This can be seen in Figure  3, where the fresh-
air phase of the repetitive experiment was not sufficient to 
bring the sensor back to the original baseline. However, the 
final exposure cycle shown in Figure 3, with a longer smoke-
free period, indicates that a return approximately to the origi-
nal baseline is possible. Indeed, a resistance measurement 
made several hours after completing the experiments that 
are shown in the figure resulted in a value nearly equal to 
the initial resistance (data not shown). With these repetitive 
exposures within the smoking chamber, we note simply that 
the first, single cigarette increases the signal by ~60% and a 
second consecutive single cigarette furthers the increase by 
32%. The next sample, involving two cigarettes, resulted in a 
40% signal increase, and the final sample of three cigarettes 
resulted in a 42% increase in resistance. These differences 
in resistance measurements with high-intensity exposures 
are also noted in Figure 4, where the first cigarette burn (of 
10 cigarettes) resulted in substantially lower resistance than 
expected (based on the previous figures), reflecting a satura-
tion of easily reached binding sites near the surface of the 
sensor. Figure  4 also shows that the absence of significant 
recovery time following each 10-cigarette exposure decreases 
the absolute increase in signal (although the third and fourth 
exposures provide similar increases), with measured changes 
in resistance of 110%, 25%, 15%, and 9% with these repeated 
high-intensity exposures. The intention of this particular 
experiment was to saturate the sensor, exposing it to levels of 
tobacco smoke that would unlikely be encountered if used as 

a personal sensing device (given air flow) or even if used as 
a room-level monitor, given the unlikelihood of such intense 
exposure within such a small space. The repeated 10-cigarette 
exposure within the 1 m3 volume of the smoking chamber 
would rival that of the smokiest bar with no ventilation at 
all. Most importantly, this particular experiment indicates that 
the film is sensitive to its environment, even if the ambient 
atmosphere has a remarkably heavy concentration of cigarette 
smoke. The repeated intense exposure/saturation issues will 
be addressed in subsequent refinement of the device, but may 
be addressable with computer algorithms to interpret resist-
ance slopes by time.

Impact

The preceding results and discussion primarily focus on 
changes in the resistance as a function of sensor exposure, 
but we have ascertained and quantified (Figure 1) the rate of 
change (slope) of the resistance with both nicotine concentra-
tion (in the laboratory chamber) and cigarette exposure (in the 
smoking system). This dual calibration allows two ways to pre-
sent exposure data. While in scientific studies one prefers to 
use nicotine concentrations in ppb, the calibration of detector 
response to the number of cigarettes consumed in the smoking 
apparatus provides a useful means of relating SHS exposure to 
smokers and nonsmokers. Relating SHS exposure of a child (or 
other nonsmoker) to “the equivalent of xx cigarettes” provides 
a more striking and readily assimilated message. We hypothe-
size that such a message would have maximum impact, similar 
to the ways in which delivering the PM2.5 levels worked in the 
cited REFRESH study (Wilson, Ritchie, et al., 2013, Wilson, 
Semple, et al., 2012). We should also be able to correlate our 
electronic measurements to others currently in use, such as 
the real-time PM2.5 studies (Semple, Apsley, & MacCalman, 
2012), by a cross calibration.

Figure 4. Response of the sensor, in terms of relative resistance, generated from repetitive smoking of 10 cigarettes in the 
Teague system. The experiment shows that the sensor recovers even in this heavy smoking regime. Note that the sensor again 
detects nicotine adsorbed on the wall in the chamber from previous experiments.
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Future

While the size of the polymer films used in the studies depicted 
above was approximately 1 in.2, the size of the sensing element 
may be reduced to one-half to one-third without compromising 
functionality. This allows for smaller and less obtrusive 
personal sensors. We have explored the application of small, 
restricted instruction set computer processors to handle data 
input, storage, and output and are currently refining appropriate 
candidate electronics. We have developed prototype devices 
that are powered by a small, long-life (rechargeable) battery 
that can operate the sensor for several days if data are stored 
internally and downloaded at the conclusion of a study. The cost 
of the reusable sensing chip (polymer film plus reporting chip) 
is currently of the order of USD 30. We found that the polymer 
may be stripped and recoated for as many as 20 cycles, at which 
time the chip was still functional and testing halted. Recoating 
the interdigitated electrodes with fresh polymer for reuse costs 
pennies for the raw materials. The computer processor is the 
most expensive aspect of a personal sensor. The current cost 
of such devices ranges from USD 25–300, depending upon the 
vendor and required capabilities, which depend on the desired 
use of the device.

CONCLUSIONS

We have demonstrated that a chemiresistor based on a polyani-
line film and interdigitated electrode can provide a real-time 
indication of exposure to secondhand cigarette smoke. The pol-
yaniline film was shown to be sensitive to the number of ciga-
rettes consumed, demonstrated reasonable recovery between 
exposures, and was functional in the presence of a wide range 
of exposures to nicotine and tobacco smoke from simulated 
light-smoking to heavy-smoking environments. The detection 
of nicotine outgassing or “thirdhand smoke” was also demon-
strated to be feasible using the polymer film assembly. These 
results provide the basis for the development of wearable per-
sonal exposure sensors. These exposure sensors can be used to 
detect personal exposures and to detect nicotine in spaces such 
as rooms or cars, providing real-time indications of cigarette 
usage in those environments.
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ABSTRACT: Thin, imprinted poly(4-vinylphenol) (PVP)
films were produced by spin coating using nicotine or its
metabolite, cotinine, as template molecules. The template
molecules were extracted from these films and later
reloaded (or cross-loaded) from solution. Depth sensing
nanoindentation was applied to measure the nanomechan-
ical properties of the imprinted polymer films. Changes in
the nanomechanical properties were correlated to the func-
tional state of the imprinted polymer, allowing identifica-
tion of the films in their ‘‘as produced’’ state, ‘‘template
removed state or ‘‘reloaded’’ state. In addition, the nano-
mechanical properties were capable of identifying which

of the two template molecules were inserted in to a film.
Reinsertion of a template molecule into a ‘‘template
removed’’ film was found to increase the nanohardness
over the values recorded for the ‘‘as produced’’ film. This
behavior was discussed in terms of the hydrogen bonding
characteristics of the materials (through density functional
calculations) and the physical properties of poly(4-vinyl-
phenol) coatings. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 124: 2798–2806, 2012

Key words: molecularly imprinted polymer; nanoindentation;
nanohardness; density functional theory (DFT) calculations

INTRODUCTION

Molecular imprinting is a technique that allows for
the production of molecule specific receptors that
are analogous to biological receptor binding sites
without the cost or environmental sensitivity of the
natural systems.1–5 Molecularly imprinted polymers
(MIPs) may be based on either covalent or noncova-
lent binding between the host polymer and the tar-
get or template molecule. The wet phase inversion
procedure6–9 for preparation of MIPs involves a
polymerized starting material that is dissolved with
the template in a theta solvent. A template-host net-
work is allowed to form in solution and precipitated
by immersion in a nonsolvent. Originally developed
to produce MIP membranes, we have adapted this
procedure to the production of thin, 300 nm to
5 lm, films via spin coating10–12 and hydrogen bond
interactions between the template and host polymer.

Nicotine is a characteristic component of tobacco
smoke, and cotinine is a major metabolite of nicotine

that is detected in the urine of smokers. Other
reports of nicotine MIPs have appeared in the litera-
ture. For example, a nicotine-targeted MIP based on
the synthesis of the polymer from methacrylic acid
monomers has been previously reported.13 In this
report, we describe the production of a poly(4-vinyl-
phenol) (PVP)-based MIP film produced by combin-
ing the phase inversion process with spin coating.
We have previously reported14,15 on the use of depth
sensing nanoindentation16–23 to study the nanome-
chanical properties of MIP films. We have reported
the nanohardness and elastic modulus to be depend-
ent upon the functional state of the MIP. That is,
whether the MIP is in an ‘‘as-produced’’ state, has
had the template molecule removed or has had the
template (or a related molecule) reinserted into the
emptied MIP. In this report, we describe these nano-
mechanical measurements for the nicotine- and coti-
nine-containing MIPs and provide a rationale for the
observed changes in these measurements with
changing functional state.

EXPERIMENTAL

Production of MIP films

Poly(4-vinylphenol) is a less commonly used poly-
mer, but its aromatic nature and hydrogen bonding
potential make PVP an ideal host matrix for MIPs.

Additional Supporting Information may be found in the
online version of this article.
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The PVP films are produced by spin coating; a
simple deposition technique that is sensitive to the
composition and viscosity of the solution and the
rotating speed of the plate.24

Solutions composed of 10 mL of methanol (Acros
Organics; ACS Reagent Grade 99.8%) with 10 wt %
of PVP powder obtained from Polysciences, Inc.
(MW ¼ 22,000; Tg 150"C) and 5 wt % of nicotine
(Sigma-Aldrich; PESTANALVR Analytical Standard)
or cotinine (Sigma; # 98%) were nitrogen purged,
covered, and stirred at room temperature for 24 h.
Control films (NIPs) were similarly produced but
without the nicotine or cotinine. This procedure dif-
fers from the conventional MIP production process
and is related to the so-called phase inversion pro-
duction method. It is a preferred process for film
production, as MIPs produced by the conventional
process would still require later dissolution before
casting. Films were spin cast from these solutions
onto 22-mm-square glass microscope cover slips.
Typically, the slides are cleaned in nitric acid and
then prewashed on the spin coater with spectro-
scopic grade isopropanol and acetone before poly-
mer deposition. The coating solution was dropped
onto a stationary substrate, and the spin coater was
operated at 4000 rpm for 30 s with negligible ramp
up time. The rotation spreads the solution evenly
over the surface and also causes the solvent to evap-

orate leaving a thin film of solid material on the sub-
strate. The concentration of PVP in the casting solu-
tion is the dominant variable for the film thickness,
which increases rapidly with increasing concentra-
tion (solution viscosity), as shown in previous
reports.10 We have not completed a comprehensive
study of film thickness as a function of these param-
eters but have measured the thickness of films made
under the conditions cited here to be typically near
1 lm. Cast films are quite stable and may be stored
for an indefinite time.
The template molecule was removed from the film

by immersion in deionized water for 5 h. Nicotine
(or cotinine) removal was confirmed by FTIR meas-
urements. Template reinsertion (or reinsertion of the
complementary template molecule) was accom-
plished by immersion of the template extracted (or
control) film in a 5 wt % solution of the template
molecule in deionized water for 2.5 h. This reinser-
tion, as with the template removal procedure, is an
equilibrium-controlled process and reinsertion
occurs to # 50% of the initial concentration (via
qualitative FTIR measurements). Additional immer-
sion time was not found to increase the relative
amount of template molecule reinserted into the
film. FTIR spectra were recorded at 1 cm$1 resolu-
tion over the energy range from 4000 to 1000 cm$1.
Typical spectra are shown in Figure 1 for both

Figure 1 Control (dark green), as produced MIP (blue), template extracted MIP (red) and template reinserted MIP (light
green) infrared spectra for (a) nicotine and (b) cotinine templated films. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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templates. In terms of qualitative indications of tem-
plate presence, the band between # 3400 and 2900
cm$1 for the AOH stretch of PVP broadens, and
some of the weak discrete transitions grow in when
hydrogen bonded to nicotine or cotinine. In addi-
tion, at # 1700 cm$1, the presence of the carbonyl
band of cotinine confirms the interaction of that tem-
plate with the polymer in the film. The presence of
either template will result in the observation of a
weak carbon–carbon band at # 1500 cm$1. The
surface topography of the films is characterized by
average roughness measurements, Ra, using scan-
ning force microscopy (SFM). It is defined as the av-
erage deviation of the profile from a mean line or
the average distance from the profile to the mean
line over the length of the assessment. The surface
roughness, Ra, is given by the sum of the absolute
values of all the areas above and below the mean
line divided by the sampling length.

Nanoindentation measurements

All nanoindentation experiments were performed
using the electrostatic transducer of the Hysitron
triboscope in the UBI 1 as described in a previous
publication.25 Briefly, the data consist of a load-dis-
placement curve. For soft samples such as polymers,
the stiffness of the internal springs holding the in-
denter must be subtracted from the applied load to
obtain the sample stiffness. Hardness, H, is calcu-
lated in the now standard format,17 as the applied
load, F, divided by the area, Ac, of the indenter tip
at the contact depth, hc; the area is depth dependent.
The modulus is derived from the slope of the load-
displacement curve upon unloading when the sam-
ple elastically recovers. Investigations are performed
with a blunted 90" diamond cube corner tip. The cal-
ibration of the tip to determine the depth dependent
area function Ac(hc) was obtained with the standard
curve-fitting method using fused quartz with its
known reduced modulus as the reference material.
Additionally, calibration with a sharp silicon grating
was performed.26 Thermal drift is measured and the
effect is compensated in the resulting data. Typical
drift rates range up to 0.5 nm/s. The penetration
depth of the indent should not exceed 30% of the
polymer film thickness to avoid substrate effects.
Our experiments have been performed with penetra-
tion depths less than 30% of the total thickness.

If loading and unloading are repeatedly per-
formed at the same location on the sample surface,
depth dependent mechanical properties are
obtained.15,18,21 Eight cycles of multi-indentation
have been performed to calculate the depth depend-
ent hardness and the indentation modulus, as shown
in Figure 2. As described in previous reports,25 mul-
ticycling means, after loading to a maximum load,

Fmax, the sample is partially unloaded to a minimum
load, Fmin ¼ 0.1 to 0.25 Fmax, required to prevent the
tip from losing contact with the sample and sliding
to a new lateral position. The sample is then
reloaded to the same or an increased maximum load
(Fmax þ DF) and the cycle is repeated. Multicycling
delivers a set of data that includes the entire mate-
rial response. Average values are obtained from sev-
eral measurements at different locations on the same
sample set.

COMPUTATIONAL DETAILS

All optimizations were performed with NWChem, a
Computational Chemistry Package for Parallel Com-
puters, v5.1,27 with no symmetry or geometric con-
straints. The correlation and exchange effects were
calculated using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional28 with the 6-31G* ba-
sis set29 for all atoms. Several initial orientations of
the PVP molecule(s) relative to nicotine or cotinine
were optimized to ensure that the total energy of the
complex was not dependent upon this factor. All
calculations were run in parallel on a Linux cluster
comprised of 94 Quad-Core (2x) AMD Opteron
nodes (752 cpus) and 6 Quad-Core (2x) Intel nodes
(48 cpus). In aggregate, the Linux cluster has 3 tera-
bytes of memory and more than 35 terabytes of disk
space. Geometric structures were visualized using
Avogadro.30

RESULTS AND DISCUSSION

Control PVP and MIP film general features

The structure of the MIP and NIP films depends
upon several factors. These include temperature and
spin casting conditions such as speed and deposition

Figure 2 Load-time function for multi-indents with eight
cycles as used in this study.

2800 RICHTER AND BELBRUNO

Journal of Applied Polymer Science DOI 10.1002/app



time, and the PVP concentration of the solution.
Measured values for surface roughness, Ra, for a 130
lm square measurement area of nicotine films are
presented in Table I. The pure PVP films deposited
from the casting solution containing 10% polymer
have a characteristically smooth morphology. In the
investigations presented in this article, the pure PVP
NIP film has a surface roughness of 11.5 nm. No sig-
nificant morphological features are found in the con-
trol PVP films; i.e., the films are flat. The ‘‘as pro-
duced’’ MIP films containing nicotine template
molecules show a different surface morphology in
comparison to the control films. Surface stripes, rep-
resenting different heights, are the main surface fea-
ture. The surface roughness of this type of sample
was measured to be 69.2 nm. SFM images on the
stripes as shown in Figure 3(a) represent flat areas
with a nanosize ripple structure. Removal of the nic-
otine from the MIP results in a loss of the stripe
morphology and the observation of a number of
pores in the surface, Figure 3(b). The pores are appa-
rently formed during the solidification process of the
polymer films and are caused by the presence of the
template molecules and the porogen solvent during

the film growth process.12 The assumption is that
the pores are present in the ‘‘as produced’’ samples
but lie beneath the stripe morphology. The template
molecules are smaller than the size of the pores
observed in our films. The additional volume of the
measured pores results in part from the geometrical
form of the template molecule, the arrangement of
that molecule within the polymer host, and the
evaporation of the solvent through the solidifying
polymer film. Pores are a desirable property for the
MIPs; they allow for more contact between an ana-
lyte solution and molecular cavities within the bulk
of the film. The surface roughness of the nicotine-
removed MIP is 44.1 nm. Reinsertion of nicotine into
this MIP partially restores the strip morphology but
has minimal effect on the roughness of the surface
(Ra ¼ 33.1). The different film morphology in the
SFM images is characteristic for the presence or
absence of the template molecules.

Nanomechanical properties

The elastic behavior of pure PVP films occurs by
deformation of the polymer molecules and movement
of the chains after the adhesion energy has been over-
come. Contact pressure (hardness) will vary even for
homogeneous matter such as the control sample, as
the deformation starts with purely elastic deforma-
tion, and after yielding, the plastic contributions
increase. Multicycling also allows to study visco-
elasto-plastic properties of the polymer.15

Typical multicycling load-displacement curves for
MIP films with nicotine and cotinine template
molecules in the casting solution for the spin coating
process are shown in Figure 4. From the load-
displacement curves in Figure 4(a), it is clear that the
‘‘as produced’’ nicotine-loaded MIP films, PVP-N for

TABLE I
Measured Surface Roughness Over a 130 3 130 lm

Nicotine Film Sample

Functional statea Ra (nm)

NIP 11.5
As produced 69.2
Template removed 44.1
Template reinserted 33.1

a Functional state definition: PVP-X indicates an ‘‘as
produced’’ MIP where N ¼ nicotine and C ¼ cotinine);
PVP-X-Y indicates a MIP imprinted with X, which is
subsequently removed and Y is inserted from solution.

Figure 3 SFM images of size 4 & 4 lm of (a) an ‘‘as produced’’ nicotine imprinted film and (b) a ‘‘nicotine removed’’
imprinted film. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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example, have average indentation depths of
# 175 nm with a maximum applied load of 300 lN;
removal of the nicotine increases the penetration
depth to nearly 200 nm. Surprisingly, reinsertion of
nicotine reduces the penetration depth to a value
35 nm less than that of the original imprinted film.
Clearly, the reintroduced presence of the template
molecule in the MIP leads to a stiffer film. Analogous

results are obtained for the cotinine-imprinted films.
The assignment of the basis of the change in nanome-
chanical properties to the template is reinforced by
the fact that a MIP with the template removed is less
stiff than a pure PVP film for the same applied load.
The process of reloading nicotine-based PVP-N and
cotinine-based PVP-C with the same or the alternate
template molecule is investigated in more detail and
results are shown in Figure 4(b,c) using a four-cycle
multi-indentation function. Reloading of the molecule
that was not the original template alters the mechani-
cal properties of the functional state. The results indi-
cated that the slightly larger cotinine molecule could
be inserted in the PVP-N system and an increase of
hardness and reduced modulus in comparison to the
as produced PVP-N state and nicotine reloaded PVP-
N-N functional state was observed. This is reflected in
the load-displacement curves in Figure 4(b). On the
other hand, the reloading of the smaller nicotine mol-
ecule into the PVP-C system created a softer material,
Figure 4(c), as the molecular pore is not completely
filled and the hydrogen bonding to the polymer is
altered. The result is that the PVP-C-N functional state
has a lower hardness and a lower reduced modulus
than that of the as produced PVP-C functional state or
that of the nicotine reloaded PVP-N-N film. However,
these values are still larger than those for the as
produced nicotine imprinted PVP-N film.
The nanomechanical behavior of the polymer films

is summarized graphically in Figure 5 and Table II
with the average values of the depth dependent
hardness and indentation modulus and their stand-
ard deviation. Hardness and indentation modulus
values are fairly constant with indentation depth. At
larger depth, a slight increase in both values is no-
ticeable, which indicates contributions from the
harder glass substrate. The hardness of the control
PVP film has a value of 0.38 GPa with an indenta-
tion modulus of 11.7 GPa. MIP films with cotinine,
PVP-C, are stiffer with a hardness value of 0.59 GPa
and an indentation modulus of 14.7 GPa. Nicotine-
imprinted films, PVP-N, are slightly stiffer than the
control film with a hardness value of 0.43 GPa and a
modulus of 11.6 GPa. Extraction of the template
molecules leaves the molecular cavities present in
the polymer matrix, but the space they once occu-
pied is empty. Thus, the network character and,
therefore, the mechanical properties change; see the
load-displacement curves in Figure 4(a). For exam-
ple, the hardness for MIP films with nicotine
extracted yields a smaller value of 0.31 GPa for the
hardness. Reloading nicotine into a nicotine-
imprinted film from which the template has been
removed or cotinine into an extracted cotinine-
imprinted film results in a film with greater nano-
hardness than the original as produced film. The
percentage increase in hardness is greater for the

Figure 4 Load-displacement curves (a) as average values
for nicotine imprinted PVP samples and specific examples
of reloading with the original or alternative template in (b)
nicotine-based PVP-N and (c) cotinine-based PVP-C. PVP-
X indicates an as produced MIP: N ¼ nicotine and C ¼
cotinine); PVP-X-Y indicates a MIP imprinted with X,
which is subsequently removed and Y is inserted from so-
lution. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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reinsertion of nicotine into a nicotine-targeted MIP
than for cotinine into a cotinine-targeted MIP. In
addition, cross reloading, that is nicotine in to an
extracted cotinine-imprinted film or vice versa,
measured hardness is greater than that of an as pro-
duced film for the reloading component. Loading,
extraction and reloading of nicotine or cotinine
in the MIP films are clearly measurable with the
nanoindentation technique. Therefore, the different
functional states can be distinguished by
nanoindentation.

These results support the model of a strongly
hydrogen-bonded network among the polymer
chains via template molecular linkers. In the ideal
case, a molecular cavity with a nicotine template
molecule is formed with two hydrogen bonds that
crosslink two PVP molecules; cotinine has three such
potential hydrogen bonding sites. However, the
imprinting process can be incomplete with fewer
than the maximum number of hydrogen bonds
established. Template molecules can bond to the
polymer molecule at several points along the chain

with efficiencies dependent upon the number and
distribution of template molecules in the MIP film.
From the nanomechanical investigations, it is sug-
gested that hydrogen bonding of the template mole-
cules between the PVP chains: (1) results in a cross-
linking between the chains, (2) separates the PVP
molecules (preventing an easy movement of the
chains), and (3) reduces the adhesion energy
between pure PVP molecules. This may result in
both mechanically stiffer and softer MIP networks.
We suggest two different molecular mechanisms for
the polymer response during an applied external
contact pressure. In pure PVP, the indentation tip
can cause a deformation of the PVP molecules and a
sliding motion between the chains. The molecular
cavities and micropores change the mechanical prop-
erties in two directions compared to pure polymer
films. Filled cavities (template loaded MIP) show an
increase in hardness in comparison to pure PVP
films. This implies that a stiffer molecular network
is established. In MIP films, the chains are fixed by
hydrogen bonds and the sliding motion is inhibited
in general. The filled molecular cavities prevent
strong elastic deformation. Empty cavities, after
extraction of the template, result in a decrease in the
hardness. This could be attributed to the empty MIP
network more easily squeezed together (the empty
cavities act as structural defects), resulting in a lower
hardness in comparison to the pure polymer net-
work. In MIP films, the PVP chains are fixed by the
hydrogen bonds and the formed molecular cavities,
but the deformation around the empty cavities is
flexible (breathing cavities). Therefore, no gliding
motion of the chains occurs. This means, the main
effect for the change of the mechanical properties in
different stages of MIP films originates from the
formed molecular cavities. If they are filled with the
template molecule the material is harder; if the cav-
ities are empty, the compression of the cavities leads
to a much softer material. The elastic compression of
the empty cavities and pores acts in the same

Figure 5 Depth-dependent hardness and reduced elastic
modulus results for various functional states of the
imprinted polymers. PVP-X indicates an ‘‘as produced’’
MIP N ¼ nicotine and C ¼ cotinine); PVP-X-Y indicates a
MIP imprinted with X, which is subsequently removed
and Y is inserted from solution. Legend: l, PVP-N; n,
PVP-NN; ~, PVP-NC and *, PVP-C; h, PVP-CC; ~,
PVP-CN. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

TABLE II
Hardness and Elastic Modulus Values for Nicotine- and

Cotinine-Imprinted PVPs

Template/Functional Statea H (GPa) E (GPa)

PVP-N 0.41 6 0.03 11.1 6 1.89
PVP-N-N 0.58 6 0.04 18.9 6 2.9
PVP-N-C 0.7 6 0.03 20.0 6 2.1
PVP-C 0.59 6 0.03 14.7 6 1.2
PVP-C-C 0.69 6 0.04 15.7 6 1.2
PVP-C-N 0.48 6 0.01 12.6 6 0.6

a Functional state definition: PVP-X indicates an ‘‘as
produced’’ MIP where N ¼ nicotine and C ¼ cotinine);
PVP-X-Y indicates a MIP imprinted with X, which is sub-
sequently removed and Y is inserted from solution.
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direction as the mechanism of deformation and glid-
ing of the PVP chains.

Computational study of hydrogen bonding

Reports in the literature indicate the usefulness of
computational chemistry in selecting a polymer host
for MIP development with a particular target mole-
cule.31 However, computational studies may also be
useful in providing information to understand
experimental MIP results, the task to which we have
applied DFT here. The optimized structures of nico-
tine and cotinine were first obtained for reference
and are shown in Figure 6 with the coordinates
provided in Supporting Information Table I. These
molecules differ only by the addition of a carboxyl
group on the pyrrolidine ring of cotinine. The geom-
etry of the planar pyridine ring, including bond
lengths, in the two molecules is identical and they
differ little in overall size, leading to some expecta-
tion that it would be possible to cross-load MIPs
templated for one or the other of these related mole-
cules. The presence of the oxygen atom in cotinine
results in bond shortening in the pyrrolidine ring,
as well as a further distortion from planarity relative
to the nicotine pyrrolidine ring. The pyrrolidine
nitrogen becomes more sp2-like rather than the

pyramidal angle observed in the nicotine molecule.
As a final reference point, the 4-vinylphenol (4VP)
dimer structure was optimized and was found to
have a hydrogen bond length of 1.876 Å and a
hydrogen bond energy of 0.34 eV. The geometric pa-
rameters of the monomeric 4-vinylphenol molecule
are unchanged in the dimer.
Nicotine has two potential hydrogen binding sites

and cotinine has three such sites. The optimized
structures for the interaction of nicotine with two
monomers and cotinine with three are shown in
Figure 7. In both clusters, the optimized 4-vinylphe-
nol geometry is identical to that of the unbonded

Figure 6 Optimized structures for the cotinine (a) and
nicotine (b) imprint molecules. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 7 Optimized hydrogen bonded structures for (a) a
4VP dimer, (b) a nicotine plus two 4VP molecular cluster,
and (c) a cotinine plus three 4VP molecular cluster. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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molecule and the pyridine ring bond lengths are
unaffected by the hydrogen bond. The hydrogen
bond from 4VP to the pyridine nitrogen in nicotine
has a length of 1.822 Å, whereas that to the pyrroli-
dine nitrogen is 1.788 Å. The CAN bond lengths in
this ring both increase. The total hydrogen bonding
energy is 0.84 eV. In cotinine, only two hydrogen
bonds form. The bond to the pyridine nitrogen has a
length of 1.820 Å and that to the carboxyl-oxygen is
1.784 Å with a total hydrogen bonding energy of
1.00 eV. Attempts to add a third hydrogen bond at
the pyrrolidine nitrogen site fail, as the additional
PVP molecule is repulsed from the ring. The CAN
bond lengths in the pyrrolidine ring both decrease
upon hydrogen bonding. Finally, we note that
attempts to obtain a p-p complex between cotinine
and 4VP indicate that the ring interactions are repul-
sive. Clearly, the DFT calculations indicate that coti-
nine will complex to the PVP host matrix with a
greater binding energy than the nicotine template,
forming a stiffer network, and the experimental
results reflect the results of those calculations.

General discussion

The mechanical properties of the nicotine and coti-
nine templated PVP MIPs differ from the amino acid
samples investigated earlier,14 as in this study, the
matrix with the reinserted template molecules has a
greater hardness compared to the ‘‘as-produced’’
MIP polymer state. The hardness and the reduced
modulus increase dramatically from 0.41 GPa and
11.1 GPa for the ‘‘as-produced’’ state, PVP-N, to
0.58 GPa and 18.9 GPa for the reloaded state, PVP-
N-N. This represents a hardness and modulus
increase of 41 and 70%, respectively. The same
responses are observed for the PVP-C material sys-
tem, although the effect on a percentage basis is less
pronounced. Here, the hardness and the reduced
modulus increase from 0.59 GPa and 14.7 GPa for
the ‘‘as-produced’’ state, PVP-C, to 0.69 GPa and
15.7 GPa for the reloaded state, PVP-C-C. The hard-
ness increases by 17% and the modulus by 7%. The
DFT calculations predicted that the cotinine molecule
would hydrogen bond more strongly with the poly-
mer PVP matrix than the nicotine molecule. There-
fore, the PVP-C MIP would be more stable than the
PVP-N functional state. This is reflected experimen-
tally in a larger hardness and reduced modulus for
the PVP-C ‘‘as-produced’’ system. Reloading of the
complementary molecule results in mechanical prop-
erties approaching those of the as-produced MIP of
the reinserted material; insertion of the cotinine mol-
ecule into the PVP-N template removed MIP results
in an increase of hardness and reduced modulus by
75 and 80%, respectively. Differing geometric param-
eters and bonding generate a strong increase of the

mechanical parameters. On the other hand, the
reloading of the nicotine molecule into the PVP-C
template removed MIP system creates a softer mate-
rial, as the hydrogen bonding of this molecule to the
polymer is weaker than that of the original cotinine
template; the PVP-C-N functional state presents a
19% lower hardness and a 14% lower modulus than
the ‘‘as produced’’ PVP-C state. These values are sim-
ilar to those of the ‘‘as-produced’’ PVP-N system.
The trend is clear; for both systems, we have found
that the reinsertion of the molecule for which the
MIP has been templated makes the material stiffer
than in the ‘‘as-produced’’ state, even though the
extent of reinserted is 50% of the original film con-
tent. This behavior may be attributed to the fact that
reintroduction of the template occurs primarily in
the upper portion of the film and nanoindentation is
sampling exactly this region. The increase in nano-
hardness with reinsertion of the analyte molecule is
unique among the MIPs we have studied. In other
studies, we have found that reinsertion of the analyte
returns the nanomechanical properties to approxi-
mately, but slightly less than, those of the originally
produced MIP.14 The observation here, in a MIP that
is considerably less porous than those for carbohy-
drates or amino acids, may be attributed to shrinkage
of a film from which the template has been extracted
during the aging process. PVP is known to provide
gas-tight coatings in the case of polymer-coated foam
shells.32 In those same studies, the PVP coating was
found to cause a densification of the foam core as the
coating underwent shrinkage. If the bulk of the MIP
film experienced the same shrinkage, in the extracted
state, reinsertion of the template molecule (or the al-
ternative analyte) would result in hydrogen bonding
but not necessarily entirely within the molecular
cavities. The hydrogen bond strengths would not
necessarily differ, but the overall nanomechanical
properties would be altered by these additional, non-
specific hydrogen bonds. As observed experimen-
tally the control films exposed to the same treatment
as the MIPs would not experience this effect, as
the macropores and the molecular cavities were not
present in the NIPs.

CONCLUSIONS

We have measured the nanomechanical properties of
nicotine- and cotinine-imprinted poly(4-vinylphenol)
films using depth sensing nanoindentation. These
measurements have shown that:

• changes in the nanomechanical properties are
correlated to the functional state of the
imprinted polymer, allowing identification of
the films in their ‘‘as produced’’ state, ‘‘template
removed’’ state or ‘‘reloaded’’ state;
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• the nanomechanical properties are capable of
identifying which of the two template mole-
cules, nicotine or cotinine, are inserted into a
film when the templates are cross-introduced
into emptied MIPs;

• the nanomechanical properties reflect the hydro-
gen bonding characteristics of the template mole-
cules as determined through DFT calculations;

• reinsertion of a template molecule into a
‘‘template removed’’ film increases the nano-
hardness over the values recorded for the ‘‘as
produced’’ film as a result of the physical prop-
erties of the polymer.

These results indicate that nanohardness measure-
ments may be used as a reporting tool in the devel-
opment of a new generation of sensors.

J. J. B. acknowledges the support of the Flight Attendants
Medical Research Institute through the Richmond Center for
Excellence of the American Academy of Pediatrics.
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A selective molecularly imprinted polymer-
carbon nanotube sensor for cotinine sensing
Sadik Antwi-Boamponga, Kristina S. Mania, Jean Carlana

and Joseph J. BelBrunoa*

Conductive composite films comprised of single-walled carbon nanotubes coated with molecularly imprinted poly-
4-vinylphenol are produced and characterized using ultraviolet and infrared spectroscopies, confirming the
successful molecular imprinting of the film with cotinine. The electrical resistance of the imprinted film changes
significantly upon binding cotinine, by more than 30 kΩ, while the unimprinted film in comparison elicits little
response. Additionally, once the cotinine template desorbs from the film, the resistance of the imprinted film
returns to a value close to the pre-adsorption baseline. Scanning electron microscopy is used to study the
morphology of the film compared with the unimprinted control, and gas chromatography quantitatively confirms
that the imprinted film selectively detects cotinine while discriminating against the structurally similar alkaloid,
nicotine. Copyright © 2013 John Wiley & Sons, Ltd.

Keywords: molecularly imprinted polymer; conductive sensor; cotinine; carbon nanotube composite; poly-4-vinylphenol;
thin films

INTRODUCTION

Traditionally, the conceptualization, design, and fabrication of
many chemical sensors have relied heavily on the integration
of conductive polymers as an active layer, chief among them,
polyaniline (Collins and Buckley, 1996; Janata and Josowicz,
2003; Virji, et al., 2004). In these sensors, the operating principle
is based on changes in polymer conductivity following chemical
detection of the analyte. Specifically, the conductive polymers
interact with the target molecule through acid–base chemistry
or a redox reaction, modulating the delocalization of π-electrons
along the polymer backbone (Bai and Shi, 2007). The result is a
change in the intrinsic conductivity of the polymer (Lange
et al., 2008; Wan, 2008).
Despite the merits of conductive polymers for sensor develop-

ment, there are also limitations. There are a number of important
analytes with which conductive polymers lack the requisite
chemical functionality to react, yielding only a tepid change in
conductivity. Polyaniline is an illustrative example. Despite the
widely reported sensing ability of polyaniline, the contiguous
nitrogen centers that comprise its π-conjugated polymeric architec-
ture have been found to be chemically unresponsive to a number of
volatile organic compounds (Azim-Araghi and Jafar, 2010).
Lack of reactivity with key molecular species has sparked great

interest in polyaniline functionalization and composite development
(Hong et al., 2004; Wojkiewicz et al., 2011; Carquigny et al., 2012).
Recent fabrication of chemical sensors has focused on developing
molecularly imprinted polymer (MIP)-carbon nanotube (CNT)
composite materials (Chen et al., 2010). This innovative engineering
approach combines the enhanced chemical selectivity of an MIP
with the extraordinary electrical properties of CNTs. Other
researchers have coated the MIP directly onto the walls of
functionalized CNTs, and here, we cite several of the more recent
reports on this technology. Fluoroquinolones were extracted from

eggs using a poly(methacrylic acid) MIP onmagnetic CNTs, and the
magnetic properties were used to isolate the polymers (Xiao et al.,
2013). Chlorpyrifos have been separated from aqueous solutions
using vinyl-functionalized CNTs (Anirudhan and Alexander, 2013),
and a similar separation for ribavirin from solution was shown to
be effective using a polyacrylamide MIP coated onto nanotubes
(Xu and Xu, 2012). Finally, uric acidwas detected by a PMAA coated
CNT MIP (Chen et al., 2010). These are a few of the examples that
demonstrate the utility of CNTs in sensing applications; however,
none of these reports use the CNTs as the reporting agent for a
sensing device.

Integration of the MIP-CNT composite in the sensing platform
achieves two important goals. First, using an MIP maximizes the
efficiency of the chemical detection of the target molecule
because the imprinted polymer is, both chemically and structurally,
imbued with an affinity for the target molecule (BelBruno, 2009;
Haupt, 2010). Second, by coating the nanotubes with the imprinted
polymer, the electrical properties of the nanotubes can be leveraged
to enhance sensor conductivity, because the local conductivity of
the nanotubes scales with analyte adsorption by the MIP.

Sensors fabricated from composite imprinted polymer/CNT
materials provide the opportunity for great flexibility in polymer-
host permutations, and they mitigate the functional strictures
imposed by the use of conductive polymers. Recently, composite
electrochemical sensors have been designed for biological
(Cai et al., 2010), environmental (Huang et al., 2011), and especially
pharmaceutical applications (Xing et al., 2012; Prasad et al., 2013).
Though the detection systems reported in the literature typically
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entail polymer functionalized single or multi wall CNTs, it is also
possible to simply coat the nanotubes with the polymer in solution
and cast the composite solution as a film across electrodes for
chemical sensing (Manivannan et al., 2008). This technique is faster,
simpler, less expensive, and can easily be scaled up.

In this study, we develop a sensitive poly-4-vinylphenol (PVP)
imprinted—single wall nanotube (SWNT) sensor that selectively
and rapidly detects cotinine, the principal metabolite of nicotine.
The molecular structures of PVP, cotinine, and nicotine are shown
in Figure 1. Cotinine is excreted from the body through urine
(Paoletti et al., 1996). Selective detection and quantification of this
biomarker in urine samples are thus an important diagnostic to
monitor an individual’s exposure to secondhand smoke. We have
optimized the molecular detection of cotinine by harnessing the
capacity of the PVP phenolic hydroxyl to hydrogen bond with
the carbonyl moiety on cotinine. Additionally, the chemiresistor
presented in this publication shows that molecular imprinting of
PVP with cotinine yields polymeric scaffolds with cotinine-specific
receptors that can discriminately bind cotinine.

We employ electrical conductivity measurements to show how
the conductivity of our PVP-coated SWNT sensor is tempered by
selective adsorption of cotinine. Ultraviolet (UV) and infrared
(IR) spectroscopies are used to demonstrate the selective adsorp-
tion of cotinine by the imprinted PVP-coated SWNTs layer. Using
gas chromatography (GC), we are able to quantitatively confirm
cotinine imprinting of the composite layer and also establish
the chemical preference of the sensor for cotinine over the
structurally similar alkaloid, nicotine. Scanning electronmicroscopy
is used to morphologically distinguish between the unimprinted
and imprinted nanostructured composite films.

This work contributes to the fundamental knowledge on
molecularly imprinted-CNT composite materials for electrochemical
sensing; by demonstrating the efficacy of the imprinted-PVP/SWNT
sensor for selective cotinine detection, it underscores the promise
of this class of materials in detecting deleterious contaminants,
pollutants, and other important biological molecules.

EXPERIMENTAL DETAILS
Materials

Poly-4-vinylphenol was purchased from Polysciences, Inc. with a
molecular weight of 11,000. (!)-Cotinine (98%) and (S)-(!)-Nicotine
(99%) were both obtained from Alfa Aesar. Methanol, the solvent
used for preparing the composite casting solutions, was procured
from Pharmco-Aaper. The single wall CNTs, which were 0.5–10μm
in length and 0.7–2.5nm in diameter, were supplied by BuckyUSA.
Toluene from Acros Organics was used for preparing cotinine
solutions as well as for the removal of the cotinine template from
the imprinted films. All reagents and materials are used as received
without any further treatment.

Preparation of molecularly imprinted polymer-single wall
nanotube casting solutions

The experimental protocol, beginning with interdigitated electrode
(IDE) production and proceeding through to sample measurement
is shown in Figure 2. A 10% w/v PVP-1% SWNT solution is prepared
by dissolving 1g of PVP and 0.1g of SWNTs in 10ml of methanol.
This solution serves as the control (unimprinted) composite solution.
To make the MIP casting solution, 1g of PVP, 0.1 g of SWNTs, and
0.5g of cotinine are dissolved in 10ml of methanol. All of the solu-
tions are then stirred with a magnetic stirrer overnight. The coating
of the SWNTs by the imprinted and unimprinted PVP is evident by
the complete suspension of the nanotubes in themethanol solution.
The bare nanotubes are hydrophobic and therefore do not suspend
in a polar solvent like methanol. However, when the nanotubes are
mixed with the PVP, the polymer chains become tethered to the
nanotubes, and the interfacial adhesion between polymer and
nanotube yields a hydrophilic material that remains permanently
suspended in methanol.

Figure 1. Molecular structures of (a) poly(4-vinylphenol) (b) cotinine,
and (c) nicotine.

Figure 2. Flow diagram for the preparation of imprinted and control
sensors.
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Fabrication of sensor and conductivity measurement

Silicon substrates thermally oxidized with a 5000Å oxide layer
are used to construct the conductive sensors with the MIP-
coated nanotubes as the active layer that bridges the gap
between the electrodes. The oxide layer isolates the network of
IDEs from the silicon surface and prevents the sensor from
shorting. Chromium was selected to make the interdigitated
microelectrode grid because it adheres well to the silicon surface
and has a high conductivity suitable for our studies. To produce
the IDEs, a 1000Å layer of chromium is deposited onto the
silicon, patterned by conventional photolithography and wet
etched to produce the IDE array that occupies a total area of
376mm2. The final lift off process is performed using acetone
and ample amounts of water. The final product, the interdigi-
tated microelectrode grid shown in Figure 3, comprises 40μm
fingers with 20μm spacing. Not chosen arbitrarily, the finger
dimensions and spacing used for the sensor fabrication are
based on previous work performed in our research group
(Antwi-Boampong and BelBruno, 2013) that showed that such
an IDE configuration eliminates production defects and
optimizes sensor response.
After fabrication, the sensors are cleaned with acetone before

measurements. A 200-μl aliquot of solution is pipetted onto the
electrodes, and the spin coater is accelerated at 1800 rpm for
30 s to produce a film with a thickness of about 300 nm. The spin
coating parameters used are based on previous experiments,
and the thin films produced via this spin coating technique are
characteristically consistent in thickness and uniformity. After
casting the films on the electrodes, the resistance of the films
is measured. The conductive film bridges the gap between the

IDEs, thereby completing the circuit. Resistance readings are
therefore solely the resistance of the spin-cast film. A Keithley
Model 2100 6 ½ Digit Multimeter (Keithley Instruments, Inc.,
Cleveland, OH 44139, USA) is used to measure the resistance of
the composite polymer films. During resistance measurements,
the meter supplies a 1mA current through the film, and from the
resulting voltage, the film resistance is algorithmically calculated
using Ohm’s law. The films do not heat up because the power dis-
sipated through them during measurements is less than 500mW.
All reported data are measured using two contacts instead of four
point measurements because the two-contact method is simple,
straightforward, and suitable for this investigation. Additionally,
the simpler DC measurement is used because there is no signifi-
cant noise interference during the measurements.

The resistance of the MIP-SWNT film is measured directly after
casting, and the reading is recorded as the “as-produced” value.
Next, the cotinine molecule is extracted from the sensor layer by
placing the sensor in 5ml of toluene for an hour. Toluene prefer-
entially extracts cotinine from the matrix without chemically
affecting the PVP. Following cotinine removal from the MIP film,
the sensor is dried with a jet of nitrogen gas, and the resistance
of the sensor is measured again to obtain the “extracted” value
for the MIP. In the final step, the MIP extracted sensor is exposed
to cotinine by placing it in a 5% cotinine in toluene solution for
up to 1 hour. This controlled exposure facilitates the reinsertion
of the template into the cotinine-specific cavities imprinted in
the MIP film. After reinsertion, the sensor is rinsed with toluene
to remove any excess cotinine that could adhere to the sensor.
Then, the sensor is dried with nitrogen gas, and the resistance
of the sample is measured again to yield the value for the
cotinine “reinserted” or measured results for the MIP. The same
protocol for the conductivity measurements detailed previously
is repeated for the unimprinted PVP-coated SWNT (control
sensor). The results for the imprinted and unimprinted sensors
are then compared. Selectivity of the imprinted sensor for cotinine
is studied by exposing the sensor to a 5% nicotine solution.

Spectral characterization of molecularly imprinted polymer-
single wall nanotube coated film

Using UV spectroscopy, the successful cotinine imprinting of the
imprinted PVP-coated nanotube is confirmed. The imprinted and
unimprinted sensors are submerged in two separate 5ml water
vials for an hour, and 1ml of each solution is used for UV
analysis to generate the UV spectra for the control and the
imprinted sensors.

A more extensive chemical characterization of the control and
imprinted sensors is performed using IR spectroscopy. Here, the
composite films are spin cast onto 1-inch square glass slides that
are well-suited for spectroscopic studies of thin films. IR spectros-
copy is utilized to qualitatively confirm the imprinting of the film
with cotinine. The attenuated total reflection IR spectrum of the
MIP layer is measured directly after casting the MIP layer. The
film is then extracted in 5ml of toluene for an hour to remove
the cotinine template from the film, and the IR spectrum is
recorded. Next, the same film is placed in 5ml of a 5% cotinine
in toluene solution to reinsert the template into the film, and
the IR spectrum for the reinserted film is measured. The same
procedure is applied to the control films, and the IR spectra are
measured at each stage—after casting, extraction, and
reinsertion. The spectra for the imprinted and unimprinted layers
at the various stages are compared and contrasted.

Figure 3. Schematic depiction of the lithographically patterned inter-
digitated electrode array: fingers are 40μm with a 20-μm spacing.
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Gas chromatography measurements

Gas chromatography (GC) measurements are performed to quanti-
tatively confirm the imprinting of PVP with cotinine. For cotinine
GC analysis, a Perkin Elmer AutoSystemXL gas chromatographwith
a flame ionization detector (Perkin-Elmer Corp., Waltham, MA
02451, USA) is used, and the GC column is a Supelco Equity 5
column (30m, 0.25μm film thickness, 0.25-mm i.d.). The carrier
gas, helium, is set to a head pressure of 15 psi., and the temperature
program is 90°C (held for 2min), ramping 15°C/min to 180°C (held
for 2min) and then a final ramp of 40°C/min to 280°C (held for
4min). The flame ionization detector temperature is programmed
to 300°C. The standard split/splitless liner is used in the injection
port that is set to 280°C. Sample volumes of 1.6μl are injected with
a split ratio of 30:1. Calibration standards ranging from 17 to
250μg/ml cotinine in toluene along with an internal standard,
quinoline, are used to create a calibration curve with a typical
R2 = 0.997. The instrument is checked daily for calibration using a
midpoint calibration standard. Recalibration is required if the result
deviates more than 10% from actual cotinine concentration. In
addition, the quality of peak shapes, resolution, and retention times
were carefully monitored to ensure that all chromatographies were
within acceptable ranges. The average standard deviation for the
chromatography results reported is 16%.

The amount of cotinine present in the MIP-coated SWNT sensor
is determined by immersing the sensor in toluene solution to fully
extract the cotinine, and an aliquot of the supernatant liquid is GC
analyzed. The as-produced unimprinted sensor is also treated in a
similar fashion and is analyzed. Results from this analysis are indic-
ative of the amount of cotinine imprinted in the composite MIP
sensor. To probe the sensitivity of theMIP-coated SWNT to cotinine
molecules, the control andMIP sensors concomitantly undergo the
extraction procedure in toluene and are reinserted in cotinine solu-
tions as described in the Fabrication of Sensor and Conductivity
Measurement section. Once cotinine reinsertion is completed,
the sensors are soaked in a toluene extraction solution to remove
all bound cotinine molecules from the composite films. Volumetri-
cally equivalent aliquots from the supernatant solution are then
subsequently analyzed via GC to determine how much cotinine
is detected by both control and imprinted sensors during the
reinsertion procedure.

Finally, to establish the selectivity of the MIP-SWNT sensor, the
extracted MIP-coated SWNT sensor is exposed to nicotine
molecules via immersion in a 5% nicotine toluene solution. The
behavior of the sensor during this sustained exposure to nicotine
is a litmus test of sensor selectivity. Given that nicotine is a
chemically and structurally similar alkaloid, it is the best candi-
date to elucidate the sensor selectivity.

Morphological Studies of the molecularly imprinted poly-
mer-single wall nanotube films

An FEI Co. XL-30 ESEM-FEG field emission gun, environmental scan-
ning electronmicroscope (FEI Company, Hillsboro, OR 97124, USA) is
employed to probe the composition and microstructure of the
imprinted and unimprinted composite films. All films are imaged
at equivalent length scales using the secondary electron mode.

RESULTS AND DISCUSSION

The distinct change in the electrical resistance of the polymer-
coated SWNT layer of the sensor device is the physical property

measured to determine the immediate detection of cotinine.
Cotinine adsorption by the active layer alters the conductivity
—and inversely, the resistance—of the sensor, and this resis-
tance variation is analyzed. Conductivity measurements are the
central focus of this work, and the values collated for the
imprinted and unimprinted sensors are compared. On average,
the resistance of the as produced, imprinted sensor containing
cotinine is about 36 kΩ greater than the unimprinted sensor.
Extracting the imprinted sensor yields an average resistance of
6.6 kΩ, and following reinsertion, the average resistance of the
sensor becomes 43.6 kΩ. For example, for a characteristic run,
the absolute resistance of the unimprinted sensor is 4.58 kΩ. In
sharp contrast, the imprinted sensor has a significantly greater
resistance of 47.87 kΩ—a value that exceeds the control sensor’s
resistance by more than 900%. When the cotinine template is
extracted from the imprinted sensor in toluene, its resistance
drops sharply to 6.56 kΩ. It is worth noting that the removal of
the cotinine template from the imprinted sensor essentially
yields an absolute resistance that is barely at variance with the
control sensor. Following reinsertion of cotinine into the imprinted
film, the sensor resistance immediately increases from 6.56 to
46.19 kΩ, a value similar to the resistance of the as-produced MIP
sensor. Conversely (and expectedly), the resistance of the as-
produced unimprinted sensor barely changes after going through
the extraction and cotinine reinsertion procedures. In fact, when
exposed to cotinine, the sensor resistance increased by only
75Ω. This diametric resistive response of the unimprinted and
control layers is in agreement with the transduction mechanism
hypothesized. After exposing the imprinted sensor to 5% nicotine,
the resistance increases slightly from 6.72 to 8.11 kΩ—an insignif-
icant change compared with the sensor response to an equivalent
amount of cotinine.
Most of the previous literature involving MIP-coated CNTs

utilized multiwalled CNTs (MWNTs), but those studies used the
CNTs as a support rather than a reporting agent. MWNTs are
commonly metallic in nature. The conducting property of metal-
lic nanotubes renders them less sensitive when applied as
sensors. SWNTs have been demonstrated to have larger changes
in conductivity, up to three orders of magnitude as compared
with MWNTs, when deployed as sensors (Bandaru, 2007), hence
their application to the problem at hand. SWNT-polymer sensor
devices are acutely sensitive to adsorption of molecules because
any change in the local chemical environment of the coated
nanotubes triggers an appreciable energy level perturbation in
the CNT conduction channel. This electronic tumult—however
subtle—manifests as a detectable change in conductance and
is the output measured to confirm binding of the analyte.
Nanotubes are intrinsically p-type structures, that is, the majority
carriers are holes (Bandaru, 2007). If the nanotubes are brought
into contact with a reducing agent, charge is transferred to the
nanotubes, and the conductance (due to the holes) is decreased.
The MIP-coated PVP nanotube sensor we have developed
functions in this manner, as a p-type semiconducting sensor
device, where the detection of the cotininemolecule with its abun-
dance of π-electrons educes a significant resistance increase. We
postulate the transduction mechanism of our sensor based on a
molecular understanding of the chemical interaction between
the composite polymer layer and the cotinine template. The PVP-
coated MIP layer binds the carbonyl on the cotinine lactam group
as well as the nitrogen of the pyridine ringwith the hydroxyl group
of the polymer to form hydrogen bonds. The proximity of cotinine
and the ensuing chemical interaction with the polymer both
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disrupt the nanotube electronic structure and leads to an influx of
electron density in the CNT conduction pathway that reduces the
CNT charge mobility (Martel et al., 1998; Roman et al., 2004;
Kauffman and Star, 2008).
Ultraviolet and IR spectroscopy studies qualitatively confirm

imprinting, show the nature of the chemical interactions, and
demonstrate the selectivity of the MIP sensor for cotinine. UV

characterization of the control sensor yields a flat spectrum,
while the spectrum for the MIP sensor has the prominent
cotinine peak at 262 nm.

Figure 4 is the juxtaposed UV spectra of the as-produced
control (blue) and MIP (red) layers. The cotinine peak found only
in the MIP spectrum at a notably high absorbance (0.4) indicates
that the film is effectively imprinted with cotinine.

Detailed spectroscopic study of the sensor layers is achieved
by IR spectroscopy. IR spectra for the control, MIP, MIP extracted,
MIP reinserted, and control reinserted samples are generated.
Figure 5 is a juxtaposition of all of the spectra. There is a sharp
absorption band at 1662 cm-1 in the MIP spectrum belonging
to the cotinine C=O vibration stretching that is absent in the
control. Equally important, the occurrence of the cotinine
carbonyl adsorption band in the MIP film at 1662 cm-1 instead
of the 1690 cm-1 peak (Borden et al., 2003) that occurs in neat
cotinine indicates that the cotinine molecule is hydrogen
bonded to the hydroxyl group in the imprinted polymer.
Additional evidence of cotinine bonding in the MIP film is the
presence of the strong carbon—carbon bands at 1510 cm-1.
Extraction of the cotinine template with toluene results in the
disappearance of the cotinine carbonyl band from the MIP
spectrum, while the IR spectrum of the reinserted MIP sensor film
in the cotinine solution shows the reappearance of the carbonyl
peak. In contrast, the IR spectra taken for the control after extraction
and reinsertion show no cotinine peaks similar to the bands
identified in the MIP and reinserted MIP spectra. The absence of
the carbonyl peak in the reinserted control film is evidence that the
MIP-coated SWNT layer selectively adsorbs the cotinine molecules.

These analytical data provide information on the ability of the
MIP to recognize the template. While the exact mechanism of
recognition cannot be stated with absolute certainty, we specu-
late, based on previous imprinting experience and the peaks in
the IR and UV spectra of cotinine in isolated and imprinted
situations, that both hydrogen bonding and shape recognition
occurred. The carbonyl oxygen and pyridyl nitrogen on the
cotinine interacted with the phenolic hydrogen in the polymer
to add a chemical component to the shape-recognition sites in
the MIP. It is this chemical component to the recognition that
allows discrimination of cotinine from nicotine. The template
molecule is a nucleophile, that is, it is relatively electron rich. The
imprinted polymer contains this electron-rich template that, at the
imprint sites, has the ability to add charge to the electrical environ-
ment, increasing the resistance of the semiconducting CNTs.

Gas chromatography data mirror the results obtained for the
conductivity and spectroscopic measurements. A typical chromato-
gram from our cotinine analysis is shown in Figure 6. In addition to

Figure 4. Ultraviolet spectra for control composite film (blue) and
molecularly imprinted polymer-coated nanotube composite film (red).

Figure 5. Infrared spectra of control (green), molecularly imprinted
polymer (MIP) (red), MIP extracted (blue), MIP reinserted (Black), and con-
trol reinserted (purple).

Figure 6. Typical gas chromatographic analysis of cotinine extracted from the sensors.
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confirming the effectiveness of the sensor, the GC results also show
the ability of the sensor to distinguish between cotinine and nicotine
molecules. The GC measurements reveal that the imprinted PVP-
coated SWNTs adsorb 236μg of cotinine, while the control
unimprinted layer binds only 78μg of cotinine—a difference of
more than 200%. When the MIP sensor is applied to nicotine, it
barely detects the nicotine molecules. In fact, while the MIP sensor
detects 236μg of cotinine, it only binds 16μg of nicotine. Evenmore
compelling, when the sensor is applied in a binary solution
containing equal amounts of cotinine and nicotine, the sensor
detects 1033% more cotinine than nicotine. Therefore, using GC,
we were able to establish the sensor sensitivity as well as selectivity
for cotinine detection. It is worth noting that the cotinine-specific
cavities present in the imprinted film are structurally configured to
detect cotinine, and as a result of the shape and chemical recogni-
tion processes, these cavities are able to exclude nicotine, which is
smaller than the cotinine molecule and, lacking the carbonyl group,
would not bind as strongly as the cotinine molecule.
The morphologies of the control, cotinine imprinted, and

cotinine extracted nanotube films shown in Figure 7 are porous
with the CNTs well dispersed in the polymer matrix. In addition
to being porous, the cotinine imprinted film is relatively spongier
than the other films, while the extracted MIP film is contoured by
a network of cracks. Given that the MIP extracted imprinted film
adsorbs significantly more cotinine than the unimprinted film,
the presence of the deep fissures propagating through the MIP
extracted layer indicates that imprinting the film incorporates
nanoscale physico-structural features that facilitate the recogni-
tion and uptake of the analyte. Therefore, the cracks are active
transport channels that minimize diffusional constraints and
enhance template binding by the sensor layer.
On the basis of the electrical response of the sensor and the

chromatographic analysis, the sensor’s detection limit was calcu-
lated to be at least 0.05 ppm of cotinine. While this detection
limit was used to demonstrate the potency of the sensor, we
contend that it is within the realm of possibility for the sensor
to detect significantly lower concentrations of cotinine by
optimizing the active layer’s properties like film thickness and
porosity. This can be achieved by appropriately modifying the
spin casting parameters. To ensure reproducibility, the electrical
measurements were performed in triplicate during experimenta-
tion, and each experiment was performed with a newly fabricated
sensor. The average standard deviation for the sensor’s molecular
recognition of the cotinine template was 2.1%, and the sensor
could be used serially for sensing activity after extracting the
template. Due to the polymeric nature of the active layer, the sensor
has a robust quality that makes it impervious to degradation by
harsh agents or conditions. In addition to its excellent stability,
the sensor layer can easily be regenerated for multiple usage
thereby making it a suitable tool for assaying different samples
without compromising its effectiveness. After production, the
sensor’s signal was measured within a time frame of a week—a
strong indicator of the device’s longevity.

CONCLUSION

In this work, we develop a viable imprinted polymer-based sensor
that exhibits notable sensitivity and selectivity for cotinine detection.
The sensor is a conductive polymeric composite film comprised of
single wall CNTs coated with a cotinine imprinted PVP layer. In order

Figure 7. Scanning electron microscope micrographs of control (a), mo-
lecularly imprinted polymer containing template (b), and molecularly
imprinted polymer extracted (c). All scanning electron microscope im-
ages have the same scales and are processed using the same parameters
with IMAGE J software (Rashand, 2012).
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to quantify the response of the imprinted film, we also synthesize a
control lacking the cotinine imprint.
The imprinted and control films are characterized by electrical

conductivity, GC, and IR spectroscopy. We show that adsorption of
the template molecule cotinine results in a chemical change in the
sensor. In particular, cotinine adsorption generates a resistance
change of more than 30kΩ (900% greater than the control), and
remarkably, the chromatographic results show that the imprinted
layer adsorbs 200% more cotinine than the unimprinted film. We
attribute the sensitivity and selectivity of the sensor to the imprint-
ing of the cotinine molecule, which imbues the sensor with the
ability to discriminately detect cotinine.
The class of molecularly imprinted-CNT nanomaterials studied

here is part of a paradigm shift in the design of high-performing
electrochemical sensors, as they do not rely on conductive
polymers to perform their function. The use of imprinted

polyvinyl-4-phenol-coated SWNTs as a sensing layer in selectively
detecting cotinine shows that this class of composite materials
holds great promise in the development of molecular sensors
that can specifically encode and bind a wide array of molecules.
We measure reproducible changes in nanotube resistance
induced by the chemical interaction between polymer and
analyte. The significant (selective) response of the sensor to the
analyte demonstrates that CNTs are a valuable component that
can be coupled with polymeric materials for sensor fabrication.
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