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origamiFISH allows universal, label-free, single molecule visualization 
of DNA origami nanodevices across biological samples

Wendy Xueyi Wang1, Travis R. Douglas1, Haiwang Zhang2,3,4,5, Afrin Bhattacharya6,7, 
Meghan Rothenbroker1, Zhengping Jia4,5, Julien Muffat4,7, Yun Li6,7 and Leo Y. T. Chou1#

Structural DNA nanotechnology enables user-prescribed design of DNA nanostructures (DNs) 
for biological applications, but how DN design determines their bio-distribution and cellular 
interactions remain poorly understood. One challenge is that current methods for tracking DN 
fates in situ, including fluorescent-dye labeling, suffer from low sensitivity and dye-induced 
artifacts. Here we present origamiFISH, a label-free and universal method for single-molecule 
fluorescence detection of DNA origami nanostructures in cells and tissues. origamiFISH targets 
pan-DN scaffold sequences with hybridization chain reaction (HCR) probes to achieve thousand-
fold signal amplification. We identify cell-type and shape-specific spatiotemporal uptake patterns 
within 1 minute of uptake and at picomolar DN concentrations, 10,000x lower than field standards. 
We additionally optimized compatibility with immunofluorescence and tissue clearing to visualize 
DN distribution within tissue cryo/vibratome-sections, slice cultures, and whole-mount organoids. 
Together, origamiFISH enables faithful mapping of DN interactions across subcellular and tissue 
barriers for guiding the development of DN-based therapeutics.
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'1$�RULJDPL�QDQRVWUXFWXUHV��'1V��HQDEOH�UDSLG�SURWRW\SLQJ�RI�KLJKO\�PRQRGLVSHUVH�DQG�XVHU�SUHVFULEHG�QDQRVFDOH�
GHYLFHV� �'H\�HW�DO���������+RQJ�HW�DO���������5RWKHPXQG��������7VHQJ�HW�DO����������&RPELQLQJ�FRPSDWLELOLW\� IRU�
PDFURPROHFXOH� GHFRUDWLRQV� �L�H�� SURWHLQV�� DQWLERGLHV�� QXFOHLF� DFLGV�� VPDOO� PROHFXOHV� HWF��� ZLWK� QDQRPHWHU�VFDOH�
precision of spatial arrangements and densities, DNs represent an attractive model for use in diverse applications 
VXFK�DV�GUXJ�GHOLYHU\��'RXJODV�HW�DO���������/L�HW�DO���������=KDQJ�HW�DO����������YDFFLQHV��/LX�HW�DO���������9HQH]LDQR�
HW�DO����������ELRVHQVRUV��+DQ�HW�DO���������+XDQJ�HW�DO���������.RVXUL�HW�DO���������.X]X\D�HW�DO����������������RU�
DV�VSDWLDO�RUJDQL]HUV�IRU�ELRPROHFXOHV��%HUJHU�HW�DO���������'RQJ�HW�DO���������+DZNHV�HW�DO���������+HOOPHLHU�HW�DO���
������.HUQ�HW�DO���������9HQH]LDQR�HW�DO����������0DQ\�RI�WKHVH�XVHV�UHTXLUH�FRQWUROOLQJ�WKH�FHOO�XSWDNH�RU�VXEFHOOXODU�
ORFDOL]DWLRQ�SDWWHUQV�RI�'1V��VXFK�DV�FHOO�W\SH�DQG�RUJDQHOOH�VSHFL¿F�GUXJ�GHOLYHU\�RU�FHOO�VXUIDFH�GLVSOD\�IRU�UHFHSWRU�
RUJDQL]DWLRQ��1RWDEO\�KRZHYHU��QR�H[LVWLQJ�LPDJLQJ�PHWKRG�DOORZV�IRU�LQ�VLWX�GHWHFWLRQ�RI�QDWLYH��XQPRGL¿HG�'1V��)LHOG�
standards for DN imaging consist of transmission electron microscopy (TEM) and atomic force microscopy (AFM) for 
VWUXFWXUDO�LPDJLQJ��%HUWRVLQ�HW�DO���������(QGR�DQG�6XJL\DPD��������+HOPLJ�HW�DO���������.DELUL�HW�DO���������6LOYHVWHU�HW�
DO����������RU�LQ�YLYR�RSWLFDO�LPDJLQJ�IRU�JURVV�RUJDQ��DQG�DQLPDO�OHYHO�DVVHVVPHQWV��3RQQXVZDP\�HW�DO���������=KDQJ�
HW�DO����������$OWHUQDWLYHO\��ÀXRUHVFHQFH�LPDJLQJ�RI�'1V�FDQ�EH�DFKLHYHG�WKURXJK�ÀXRURSKRUH�WDJJLQJ�XVLQJ�VKRUW��
FRPSOHPHQWDU\�VWUDQGV�RI�'1$��ZKLFK�KDV�EHHQ�XVHIXO�IRU�DVVHVVLQJ�WKH�WHPSRUDO�GLVWULEXWLRQ�SUR¿OHV�RI�'1�XSWDNH�
ZLWKLQ�FHOOV��%DVWLQJV�HW�DO���������/LDQJ�HW�DO���������:DQJ�HW�DO����������+RZHYHU��G\H�ODEHOLQJ�RI�'1V�LV�FKDOOHQJHG�
E\�D�QXPEHU�RI�SUDFWLFDO�DQG�GHVLJQ�FRQVLGHUDWLRQV�����PRXQWLQJ�HYLGHQFH�VXJJHVWV�WKDW�ÀXRUHVFHQFH�VLJQDOV�DULVLQJ�
IURP�'1�WDJJHG�G\HV�GR�QRW� IDLWKIXOO\�UHÀHFW� WKH�SUHVHQFH�RI� LQWDFW�'1V��DQG�PD\� LQVWHDG�DULVH�IURP�GLVVRFLDWHG�
G\HV�RU�GHJUDGDWLRQ�SURGXFWV��*UHHQ�HW�DO���������.RJD�HW�DO���������/DFURL[�HW�DO�������������ÀXRUHVFHQW�G\HV�KDYH�
EHHQ�VKRZQ�WR�LQWHUDFW�ZLWK�ELRPROHFXOHV��FHOOV�DQG�WLVVXHV��OHDGLQJ�WR�DOWHUHG�FHOO�XSWDNH�RU�ELRGLVWULEXWLRQ�RI�WDJJHG�
VSHFLHV��+HGHJDDUG�HW�DO���������+XJKHV�HW�DO���������.RJD�HW�DO���������=DFKDULDV�HW�DO�������������ÀXRUHVFHQW�G\HV�
DUH�SURQH�WR�VHTXHQFH��S+�RU�526�GHSHQGHQW�TXHQFKLQJ��&KHQ�HW�DO���������.UHWVFK\�HW�DO���������6ULVDQWLWKDP�HW�
DO���������=KHQJ�HW�DO�������������G\H�WDJJLQJ�RI�'1V�UHTXLUHV�GHVLJQ�DQG�YDOLGDWLRQV�RQ�D�VWUXFWXUH�E\�VWUXFWXUH�EDVLV��
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ZKLFK�LV�WLPH�DQG�FRVW�OLPLWLQJ��HVSHFLDOO\�IRU�ODUJH�VFDOH�DVVD\V��DQG����LPDJLQJ�RI�G\H�ODEHOHG�'1V�LV�FRQVWUDLQHG�E\�
WKH�QXPEHU�RI�ÀXRUHVFHQW�WDJV�LQWURGXFHG��WKXV�OLPLWLQJ�VHQVLWLYLW\�IRU�in vivo�DSSOLFDWLRQV��7DNHQ�WRJHWKHU��D�SUDFWLFDO�
PHWKRG�WR�IDLWKIXOO\�YLVXDOL]H�QRQ�ODEHOHG�'1V�ZLOO�HQDEOH�QHZ�LQVLJKWV�IRU�WKH�GHVLJQ�DQG�YDOLGDWLRQ�RI�'1$�EDVHG�
QDQRGHYLFHV�IRU�ELRORJLFDO�DSSOLFDWLRQV��

+HUH�ZH�LQWURGXFH�RULJDPL),6+��D�PHWKRG�IRU�XQLYHUVDO�DQG�VHQVLWLYH�GHWHFWLRQ�RI�'1$�RULJDPL�QDQRVWUXFWXUHV�LQ�
FHOOV�DQG�LQ�WLVVXHV��)LJ������7KURXJK�WDUJHWHG�LPDJLQJ�RI�FRQVHUYHG�UHJLRQV�RI�WKH�0��PS���EDFWHULRSKDJH�EDVHG�
VFDIIROG�VHTXHQFH��ZKLFK�DSSHDUV�LQ�WKH�YDVW�PDMRULW\�RI�H[LVWLQJ�'1$�RULJDPL�GHVLJQV��'H\�HW�DO���������5RWKHPXQG��
������� RULJDPL),6+� DOORZV� IRU� XQLYHUVDO� GHWHFWLRQ� RI� '1V� ZLWKRXW� WKH� QHHG� IRU� VWUXFWXUH�VSHFL¿F� PRGL¿FDWLRQV�
(Fig. 1a-d���$GGLWLRQDOO\��E\�LQFRUSRUDWLQJ�DQ�LQ�VLWX�DPSOL¿FDWLRQ�VWHS�WKURXJK�K\EULGL]DWLRQ�FKDLQ�UHDFWLRQ��&KRL�HW�
DO����������������RULJDPL),6+�DOORZV�IRU�VHQVLWLYH�GHWHFWLRQ�RI�VLQJOH�QDQRGHYLFHV�DFURVV�D�YDULHW\�RI�PLFURVFRS\�
PRGDOLWLHV��L�H��HSLÀXRUHVFHQFH��VOLGH�VFDQQHU��FRQIRFDO��DQG�OLJKW�VKHHW�PLFURVFRS\���UHPRYLQJ�WKH�HQWU\�EDUULHU�IRU�
'1�LPDJLQJ��:H�¿UVW�GHPRQVWUDWH�WKDW�RULJDPL),6+�KDV�WKH�VHQVLWLYLW\�WR�GHWHFW�'1�XSWDNH�E\�FHOOV�XQGHU�SLFRPRODU�
FRQFHQWUDWLRQV�� 6HFRQG�� ZH� VKRZ� WKDW� RULJDPL),6+� SHUIRUPV� UREXVWO\� DFURVV� D� YDULHW\� RI� '1� VKDSHV� DQG� FHOO�
OLQHV�ZLWKRXW�DGGLWLRQDO�SDUDPHWHU�PRGL¿FDWLRQV�RU�RSWLPL]DWLRQV�� UHYHDOLQJ�FHOO�W\SH�DQG�VWUXFWXUH�VSHFL¿F�XSWDNH�
SDWWHUQV��7KLUG��ZH�FKDUW� WKH�WUDMHFWRU\�RI�'1�XSWDNH�WR� LGHQWLI\�VKDSH�VSHFL¿F�G\QDPLFV�ZLWKLQ� WKH�¿UVW�PLQXWH�RI�
XSWDNH�� )RXUWK�� ZH� GHPRQVWUDWH� WKDW� RULJDPL),6+� LV� FRPSDWLEOH� ZLWK� LPPXQRKLVWRFKHPLVWU\� IRU� FRORFDOL]DWLRQ� RI�
'1V�ZLWK� FHOO�W\SH�DQG�RUJDQHOOH�VSHFL¿F�PDUNHU� FRPELQDWLRQV��)LQDOO\��ZH�H[WHQG�RULJDPL),6+� WR� YDULRXV� WLVVXH�
PRGHOV��LQFOXGLQJ��'�VOLFH�FXOWXUHV�RI�WKH�PRXVH�EUDLQ��FU\RVHFWLRQV�RI�PRXVH�O\PSK�QRGHV��DQG��'�ZKROH�PRXQWV�RI�
KXPDQ�EUDLQ�RUJDQRLGV��,Q�VXPPDU\��E\�GHFRXSOLQJ�'1�LPDJLQJ�VHQVLWLYLW\�IURP�WKHLU�GHJUHH�RI�ODEHOLQJ��RULJDPL),6+�
HQDEOHV�GHHSHU�DQG� IDLWKIXO�SUR¿OLQJ�RI�'1�ELRGLVWULEXWLRQ��ZKLFK�ZH�HQYLVLRQ� WR�EH�XVHIXO� IRU�XQGHUVWDQGLQJ� WKHLU�
GHVLJQ�UXOHV�DQG�WUDQVODWLRQDO�FKDUDFWHUL]DWLRQ�IRU�ELRPHGLFDO�DSSOLFDWLRQV��

Development and validation of origamiFISH imaging
RULJDPL),6+�WDNHV�DGYDQWDJH�RI�WKH�SUHVHQFH�RI�D�ORQJ��FLUFXODU�VFDIIROG�'1$�VHTXHQFH�WKDW�LV�SUHVHQW�ZLWKLQ�'1$�
origami nanostructures (Fig. 1a) (Seeman and Sleiman, 2017; Tseng et al., 2022). In nearly all cases, DN scaffolds are 
GHULYHG�IURP�WKH������QW�JHQRPH�RI�0��PS���EDFWHULRSKDJH��ZLWK�YDULDQWV�FRQWDLQLQJ�HLWKHU�VHTXHQFH�LQVHUWLRQV��H�J��
S������S������S������S������RU�GHOHWLRQV��H�J��S�������7R�DOORZ�IRU�VWUXFWXUH�DJQRVWLF�WDUJHWLQJ�RI�'1V��ZH�GHVLJQHG�
RULJDPL),6+�SUREHV�E\�WLOLQJ�DORQJ�WKH�FRQVHUYHG�SRUWLRQ�RI�WKH�0��PS���JHQRPH��Fig. 1b-d; Supplementary Fig. 
1���3UREHV�ZHUH�GHVLJQHG�IROORZLQJ�SXEOLVKHG�JXLGHOLQHV�IRU�51$�VLQJOH�PROHFXOH�ÀXRUHVFHQFH�in situ�K\EULGL]DWLRQ�
�VP),6+���(QJ�HW�DO���������5DM�HW�DO����������7KH�ZRUNÀRZ�IRU�RULJDPL),6+�LV�GHSLFWHG�LQ�Fig. 1��$V�LQ�51$�VP),6+��
ZH�¿UVW�HQVXUHG�VDPSOH�LQWHJULW\�WKURXJK�SDUDIRUPDOGHK\GH��3)$��¿[DWLRQ�WR�FURVVOLQN�HQGRJHQRXV�DQG�H[RJHQRXV�
ELRPROHFXOHV�WR�WKHLU�LQ�VLWX�HQYLURQPHQWV��DQG�HWKDQRO�EDVHG�PHPEUDQH�SHUPHDELOL]DWLRQ�WR�DOORZ�SUREH�HQWU\��Fig. 
1b���7R�H[SRVH�LQWDFW�GRXEOH�VWUDQGHG�'1V�IRU�ELQGLQJ�E\�RULJDPL),6+�SUREHV��ZH�LPSOHPHQWHG�D�KHDW�DQG�IRUPDPLGH�
GHQDWXUDWLRQ�VWHS��ZKHUHE\�VKRUW�VV'1$�VWDSOH�VWUDQGV�DUH�UHOHDVHG�IURP�WKHLU�VFDIIROG�FRXQWHUSDUWV��Fig. 1c). To 
HQDEOH�VHQVLWLYH�GHWHFWLRQ�RI�VLQJOH�'1V��ZH�IXUWKHU�XWLOL]HG�K\EULGL]DWLRQ�FKDLQ�UHDFWLRQ��+&5��VLJQDO�DPSOL¿FDWLRQ�
FKHPLVWU\��DV�KDV�EHHQ�SUHYLRXVO\�GHPRQVWUDWHG�IRU�VLQJOH�PROHFXOH�51$�GHWHFWLRQ��&KRL�HW�DO����������������+&5�
DOORZV� IRU� LVRWKHUPDO�DQG�HQ]\PH�IUHH�DPSOL¿FDWLRQ�RI�ÀXRUHVFHQW�'1$�SRO\PHUV�� IROORZLQJ� UHFRJQLWLRQ�RI� WDUJHW�
GHSHQGHQW�LQLWLDWRU�VHTXHQFHV��Fig. 1c, d���%\�WHWKHULQJ�D�+&5�LQLWLDWRU�WR�HDFK�'1�WDUJHWLQJ�SUREH��RULJDPL),6+�FDQ�
WKHRUHWLFDOO\�DFKLHYH�WKH�HTXLYDOHQW�RI�!�����ÀXRURSKRUHV�SHU�'1��PDNLQJ�LW�IHDVLEOH�WR�GHWHFW�VLQJOH�'1V�LQ�ELRORJLFDO�
VDPSOHV�XVLQJ�FRQYHQWLRQDO�ÀXRUHVFHQW�PLFURVFRSHV� �&KRL�HW�DO���������������7VXQHRND�DQG�)XQDWR���������7KH�
FRPSOHWH�RULJDPL),6+�SURWRFRO�FDQ�EH�FRPSOHWHG�ZLWKLQ���GD\��ZLWK�a����KRXUV�RI�KDQGV�RQ�WLPH��Fig. 1e). 

:H�¿UVW�LPSOHPHQWHG�RULJDPL),6+�LQ�5$:������PDFURSKDJH�FHOOV��D�ZLGHO\�XWLOL]HG�FHOO�OLQH�ZLWKLQ�WKH�'1$�RULJDPL�
¿HOG�ZLWK�KLJK�'1�XSWDNH�FDSDFLW\� �.HUQ�HW�DO���������/LX�HW�DO���������0DH]DZD�HW�DO���������=HQJ�HW�DO����������
)ROORZLQJ�RXU�RULJDPL),6+�SURWRFRO��'1V�DSSHDU�DV�EULJKW��GLVWLQFW�ÀXRUHVFHQW�SXQFWD��RU�³VSRWV´��ZLWKLQ�HDFK�FHOO�
(Fig. 1f���7R�DQDO\]H�WKHVH�VSRWV�DQG�TXDQWLI\�WKH�XSWDNH�SDWWHUQ�RI�'1V��ZH�HVWDEOLVKHG�DQ�LPDJH�DQDO\VLV�SLSHOLQH�
ZLWKLQ� WKH� %LWSODQH� ,PDULV� VRIWZDUH� ZKLFK� SHUIRUPV� VHPL�DXWRPDWHG� FHOO� VHJPHQWDWLRQ�� VSRW� GHWHFWLRQ�� DQG� VSRW�
TXDQWL¿FDWLRQV� �Fig. 1f���7KLV�DOORZHG�XV� WR�H[WUDFW�TXDQWLWDWLYH� IHDWXUHV�RI�'1�XSWDNH�ZLWK� VLQJOH�FHOO� UHVROXWLRQ��
LQFOXGLQJ� WKH�QXPEHU�RI�'1�VSRWV�SHU�FHOO�� VL]H�DQG� LQWHQVLW\�RI� VSRWV��DQG�GLIIHUHQWLDO�'1� ORFDOL]DWLRQ�ZLWKLQ� WKH�
cytoplasm versus nucleus (Fig. 1g��� ,QLWLDO� RULJDPL),6+�H[SHULPHQWV� UHYHDOHG� D� KLJK� GHJUHH� RI� YDULDELOLW\� LQ�'1�
XSWDNH�DW�WKH�VLQJOH�FHOO�DQG�VLQJOH�PROHFXOH�OHYHO�HYHQ�ZLWKLQ�WKH�VDPH�VDPSOH��Fig. 1g). 

7R�RSWLPL]H�RULJDPL),6+��ZH�¿UVW�WHVWHG�WZR�SUREH�GHVLJQ�VWUDWHJLHV��Fig. 2a). We designed 25 single stranded DNA 
SUREHV��+&5�Y�����ZKLFK�VSDQ�D�WRWDO�RI����QW��&KRL�HW�DO����������DQG����VSOLW�LQLWLDWRU�SUREHV��+&5�Y�����ZKLFK�
VSDQ�D�WRWDO�RI�����QW�DORQJ�WKH�0��PS���EDVHG�VFDIIROG�VHTXHQFH��Supplementary Fig. 1���&KRL�HW�DO����������
$OWKRXJK�ERWK�VLQJOH�DQG�VSOLW�LQLWLDWRU�SUREHV�SURGXFHG�D�UREXVW�VLJQDO��ZH�REVHUYHG�WKDW�RULJDPL),6+�EDFNJURXQG�
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Fig. 1  Overview of origamiFISH protocol and analyses. a�'1V�DUH�LQWURGXFHG�WR�FHOOV��WLVVXH�VOLFHV��RU�RUJDQRLGV�LQ�����RU���ZHOO�SODWHV��'1V�
DUH�IROGHG�IROORZLQJ�VWDQGDUG�'1$�RULJDPL�IROGLQJ�SURWRFROV��ZKHUHE\�WKH�0��PS���GHULYHG�VFDIIROG�DQG�VWUXFWXUH�VSHFL¿F�VWDSOHV�VWUDQGV�DUH�
WKHUPR�DQQHDOHG�LQ�WKH�SUHVHQFH�RI�0J&O2. b�6DPSOHV�FRPSULVLQJ�HLWKHU�FHOOV�RQ�FRYHUVOLSV��WLVVXH�VOLFHV��RU�ZKROH�PRXQWV�DUH�VXEMHFWHG�WR�WKH�
IROORZLQJ�SURFHGXUHV�IRU�VDPSOH�SUHSDUDWLRQ��VDPSOHV�ZHUH�¿[HG�LQ����SDUDIRUPDOGHK\GH�IRU�FURVVOLQNLQJ�RI�'1V�DQG�HQGRJHQRXV�PDFURPROH�
FXOHV�LQ�WKHLU�LQ�VLWX�ORFDWLRQV��IROORZHG�E\�PHPEUDQH�SHUPHDELOL]DWLRQ�LQ�����HWKDQRO�WR�HQDEOH�SUREH�HQWU\��c�'1V�ZHUH�GHQDWXUHG�WR�GLVVRFLDWH�
VFDIIROG�DQG�VWDSOH�VWUDQGV�XQGHU�KHDW�DQG�IRUPDPLGH�FRQGLWLRQV��RULJDPL),6+�SUREHV�ZHUH�VXEVHTXHQWO\�DSSOLHG�RYHUQLJKW�WR�DOORZ�ELQGLQJ�WR�WKH�
XQLYHUVDO�0��PS���EDVHG�VFDIIROG��+\EULGL]DWLRQ�FKDLQ�UHDFWLRQ��+&5��KDLUSLQV�ZHUH�LQWURGXFHG�QH[W�WR�IRU�VLJQDO�DPSOL¿FDWLRQ��d Fluorescence 
LPDJLQJ�RI�RULJDPL),6+�VWDLQHG�VDPSOHV�ZLWK�VLQJOH�FHOO��VLQJOH�PROHFXOH�UHVROXWLRQ��e�RYHUYLHZ�RI� WKH�RULJDPL),6+�SURWRFRO� WLPHOLQH�� ,Q� WRWDO��
RULJDPL),6+�FDQ�EH�FRPSOHWHG�LQ���GD\�ZLWK�EHWZHHQ�����KRXUV�RI�KDQGV�RQ�WLPH��f 'DWD�DQDO\VLV�RYHUYLHZ��1XFOHL�DQG�FHOO�VHJPHQWDWLRQ�LV�SHU�
IRUPHG�LQ�%LWSODQH�,PDULV��IROORZHG�E\�VSRW�DQG�VXUIDFH�UHFRQVWUXFWLRQV�WR�DOORZ�VLQJOH�FHOO�PHDVXUHPHQWV�RI�RULJDPL),6+�VLJQDO��6FDOH�EDUV�DUH�
����P�LQ�WKH�WRS�SDQHOV�DQG����P�LQ�WKH�ERWWRP�SDQHOV��g�'RW�SORWV�RI�H[DPSOH�GDWD�GLVWULEXWLRQ�LQ�5$:������FHOOV�IROORZLQJ����PLQXWH�'1�EDUUHO�
XSWDNH��([DPSOH�LPDJHV�GHPRQVWUDWH�WKH�YDULDELOLW\�LQ�ERWK�'1�VSRWV�SHU�FHOO�DQG�YROXPH�RI�VSRWV��ZKLFK�DUH�UREXVWO\�UHDG�RXW�XVLQJ�RULJDPL),6+���

Wang et al., 2022 3DJH���RI���

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 22, 2022. ; https://doi.org/10.1101/2022.09.19.508533doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.19.508533
http://creativecommons.org/licenses/by-nc/4.0/


ÀXRUHVFHQFH�ZDV�YLVLEO\�UHGXFHG�ZLWKLQ�QHJDWLYH�QR�'1�FRQWUROV��ZKHQ�SUREHG�XVLQJ�VSOLW�LQLWLDWRU�SUREHV��Fig. 2a), 
FRQVLVWHQW�ZLWK�SXEOLVKHG�¿QGLQJV�IRU�51$�WDUJHWV��&KRL�HW�DO����������:H�WKHUHIRUH�SURFHHGHG�ZLWK�XVLQJ�WKH�VSOLW�
LQLWLDWRU�RULJDPL),6+�SUREH�VHW�IRU�WKH�UHPDLQGHU�RI�WKLV�VWXG\��ZKLFK�ZDV�DGGLWLRQDOO\�FRQ¿UPHG�WR�EH�UHOLDEOH�DFURVV�
a variety of imaging modalities (Supplementary Fig. 2).  

,W�KDV�SUHYLRXVO\�EHHQ�GHPRQVWUDWHG�WKDW�VP),6+�SURWRFROV�FDQ�EH�VKRUWHQHG�IURP�RQH�GD\�WR����PLQXWHV�XVLQJ�D�
FRPELQDWLRQ�RI�PHWKDQRO�VDPSOH�¿[DWLRQ�DQG�XOWUD�KLJK�SUREH�FRQFHQWUDWLRQV��6KDIIHU�HW�DO����������7R�WHVW�ZKHWKHU�
RULJDPL),6+�FDQ�EH�VLPLODUO\�DFFHOHUDWHG��ZH�HVWDEOLVKHG�SURWRFROV�IRU�7XUER�RULJDPL),6+��ZKLFK�HQDEOHV�HQG�WR�
HQG�RULJDPL),6+�LQ���KRXU��Fig. 2b; Supplementary Fig. 3���7XUER�RULJDPL),6+�SURGXFHG�EULJKW�DQG�GLVWLQFW�SXQFWD�
LQ�FHOOV�ZKLFK�DUH�GHSHQGHQW�RQ�PHWKDQRO�¿[DWLRQ��DQG�GLVSOD\HG�VLPLODU�VXEFHOOXODU�ORFDOL]DWLRQ�SDWWHUQV�FRPSDUHG�
WR�RULJDPL),6+��Supplementary Fig. 3���:H�QRWH�WKDW�7XUER�RULJDPL),6+�UHVXOWV�LQ�YLVLEO\�UHGXFHG�SXQFWD�QXPEHUV�
FRPSDUHG�WR�RULJDPL),6+��VXJJHVWLQJ�VDFUL¿FHG�GHWHFWLRQ�VHQVLWLYLW\��+RZHYHU��ZH�HQYLVLRQ�WKDW�7XUER�RULJDPL),6+�
ZLOO� RIIHU� XQLTXH�DGYDQWDJHV� IRU� UDSLG� DQG� ODUJH�VFDOH� SURWRW\SLQJ� RI�'1V� IRU� FHOOXODU� DSSOLFDWLRQV�ZKLFK�PD\�EH�
GLI¿FXOW�ZLWK�PRUH� WLPH�FRQVXPLQJ�SURWRFROV��7RJHWKHU��RULJDPL),6+�HQDEOHV� UREXVW��TXDQWLWDWLYH�DQG�KLJK�TXDOLW\�
LPDJLQJ�RI�'1�ELRGLVWULEXWLRQ�ZLWK�VLQJOH�FHOO�DQG�VLQJOH�PROHFXOH�UHVROXWLRQ�LQ�VLWX�

Sensitive detection of picomolar ranges in DN concentrations
:LWK�WKH�RSWLPL]HG�SURWRFRO��ZH�QH[W�LQYHVWLJDWHG�WKH�GHWHFWLRQ�VHQVLWLYLW\�RI�RULJDPL),6+��7\SLFDO�'1�FRQFHQWUDWLRQV�
XVHG� IRU� FHOOXODU�XSWDNH�DVVD\V� UDQJH�EHWZHHQ���Q0� WR����Q0� �/DFURL[�HW�DO��� ������3RQQXVZDP\�HW�DO���������
5DMZDU�HW�DO���������:DQJ�HW�DO����������ZKHUHDV�VLQJOH�PROHFXOH�VHQVLWLYLW\�LV�ZHOO�HVWDEOLVKHG�IRU�VP),6+��5DM�HW�
DO����������7R�GHWHUPLQH�LI�WKHVH�KLJK�XSWDNH�FRQFHQWUDWLRQV�ZHUH�QHFHVVLWDWHG�E\�WKH�OLPLWHG�EULJKWQHVV�RI�VWDQGDUG�
G\H� ODEHOLQJ�DSSURDFKHV��ZH�VRXJKW� WR�FRPSDUH�VLJQDOV�DULVLQJ� IURP�RULJDPL),6+�DQG�&\��G\H� ODEHOV�ZLWKLQ� WKH�
VDPH� VDPSOH��7R� WKLV� HQG��ZH� GHVLJQHG� D�&\��ODEHOHG�'1� UHFWDQJOH�� GHFRUDWHG�ZLWK� ���&\�� G\HV� RQ� RQH� VLGH�
(Fig. 2c���:H� WHVWHG�D�VSHFWUXP�RI�&\���'1�FRQFHQWUDWLRQV� LQ�5$:������FHOOV�� UDQJLQJ� IURP���SLFRPRODU� WR����
nanomolar (Fig. 2d; Supplementary Fig. 6a���3ULRU� WR� WKH� FHOO� H[SHULPHQWV��'1V�ZHUH� FRDWHG�ZLWK� WKH�SRO\PHU�
ROLJRO\VLQH�SRO\�HWK\OHQH�JO\FRO�������1�3�UDWLR��KHUHDIWHU�.10�3(*��DV�SUHYLRXVO\�GHPRQVWUDWHG��WR�SUHYHQW�GLJHVWLRQ�
E\�QXFOHDVHV�DV�D�FRQIRXQGLQJ�IDFWRU��Supplementary Fig. 4, 5���3RQQXVZDP\�HW�DO����������%RWK�RULJDPL),6+�DQG�
&\��G\HV�JHQHUDOO\�UHFDSLWXODWHG�WKH�JUDGLHQW�RI�FRQFHQWUDWLRQV�DV�H[SHFWHG��ZLWK�WKH�QXPEHU�RI�'1�VSRWV�LQFUHDVLQJ�
ZLWK�'1�FRQFHQWUDWLRQ��Fig. 2e, inset���+RZHYHU��RULJDPL),6+�GHWHFWHG�VLJQL¿FDQWO\�PRUH�'1�VSRWV�SHU�FHOO�FRPSDUHG�
WR�&\���DFURVV�DOO�FRQFHQWUDWLRQV�DQDO\]HG��Fig. 2d, e; Supplementary Fig. 6a, b���7KLV� LV�SDUWLFXODUO\�VWULNLQJ�DW�
ORZHU�XSWDNH�FRQFHQWUDWLRQV��ZKHUH�RULJDPL),6+�GHWHFWHG�D�PHDQ�RI��������������V�H�P��'1�VSRWV�SHU�FHOO�IROORZLQJ�
�S0�XSWDNH��FRPSDUHG� WR�D�PHDQ�RI������ ���������VSRWV�GHWHFWHG�E\�&\�� �Fig. 2e). Additionally, the mean spot 
LQWHQVLW\�IRU�RULJDPL),6+�ZLWK��S0�'1�XSWDNH�ZDV�����WLPHV�KLJKHU�FRPSDUHG�WR�&\��LQWHQVLW\�LQ�WKH���Q0�XSWDNH�
condition (Fig. 2f���S0�RULJDPL),6+�����������������Q0�&\���������������V�H�P�����ELW�LPDJH���%RWK�RULJDPL),6+�
DQG�&\��VLJQDOV�GHPRQVWUDWH�VDWXUDWLRQ�SDVW��Q0�'1�XSWDNH��Supplementary Fig. 6c���$OWKRXJK�ZH�FDQQRW�GLUHFWO\�
FRUUHODWH�VLJQDO� LQWHQVLW\�RI� WKH� WZR� LPDJLQJ�DSSURDFKHV�GXH� WR� LQKHUHQW�GLIIHUHQFHV� LQ�G\H�FKDUDFWHULVWLFV�� WKHVH�
UHVXOWV�VWURQJO\�VXJJHVW�WKDW�RULJDPL),6+�LV�RUGHUV�RI�PDJQLWXGH�PRUH�VHQVLWLYH�FRPSDUHG�WR�WUDGLWLRQDO�G\H�ODEHOLQJ�
VWUDWHJLHV��:H�QRWH�WKDW�RXU�H[SHULPHQWV�DGGLWLRQDOO\�LQFRUSRUDWHG�D�VKRUWHU�WKDQ�UHFRPPHQGHG�+&5�DPSOL¿FDWLRQ�
WLPH�RI�WKUHH�KRXUV��&KRL�HW�DO����������������&RQVHTXHQWO\��RXU�UHVXOWV�UHSUHVHQW�WKH�ORZHU�GHWHFWLRQ�UDQJH�RI�ZKDW�LV�
WHFKQLFDOO\�SRVVLEOH�ZLWK�WKH�+&5�DSSURDFK��:H�PDLQWDLQHG�D�VKRUW�DPSOL¿FDWLRQ�WLPH�WR�OLPLW�VSRW�VL]HV�IRU�RSWLPL]HG�
LPDJH�DQDO\VHV��DQG�WR�VKRUWHQ�WKH�H[SHULPHQWDO�WLPHOLQH��+RZHYHU��RULJDPL),6+�VLJQDOV�FDQ�EH�IXUWKHU�HQKDQFHG�E\�
LQFUHDVLQJ�+&5�KDLUSLQ�FRQFHQWUDWLRQ�RU�DPSOL¿FDWLRQ�WLPH���

:H�QH[W�DQDO\]HG�WKH�FRORFDOL]DWLRQ�EHWZHHQ�RULJDPL),6+�DQG�&\��VLJQDOV�DV�D�IXQFWLRQ�RI�'1�XSWDNH�FRQFHQWUDWLRQ��
:H�REVHUYHG�QHDU������FRORFDOL]DWLRQ�DW�'1�FRQFHQWUDWLRQV�UDQJLQJ�IURP����Q0�GRZQ�WR�����S0��EXW�D�VWULNLQJ�ORVV�
RI�FRORFDOL]DWLRQ�DW�'1�FRQFHQWUDWLRQV�EHORZ�����S0��Fig. 2g, h���)ROORZLQJ��S0�XSWDNH��ZH�QRWHG�PDQ\�LQVWDQFHV�RI�
ERWK�RULJDPL),6+��&\���DQG�&\���RULJDPL),6+��VSRWV��Fig. 2h; Supplementary Fig. 7). We reasoned that although 
WKH�ODFN�RI�&\��VLJQDO�LQ�RULJDPL),6+��VSRWV�FRXOG�EH�GXH�WR�GLIIHUHQFHV�LQ�ÀXRUHVFHQFH�GHWHFWLRQ�VHQVLWLYLW\�RI�WKH�WZR�
PHWKRGV��WKH�SUHVHQFH�RI�&\���VSRWV�ZLWKRXW�RULJDPL),6+�VLJQDO�ZDV�PRUH�SHUSOH[LQJ��VXJJHVWLQJ�WKH�GLVVRFLDWLRQ�RI�
'1�VFDIIROG��WDUJHWHG�E\�RULJDPL),6+��DQG�&\���VWDSOHV�VWUDQGV��7R�DVVD\�WKLV�SRVVLELOLW\��ZH�GLIIHUHQWLDOO\�TXDQWL¿HG�
WKH�SURSRUWLRQ�RI�&\���VSRWV�ZKLFK�ZHUH�SRVLWLYH�RU�QHJDWLYH�IRU�RULJDPL),6+��,QWHUHVWLQJO\��ZH�IRXQG�WKDW�WKH�PDMRULW\�
RI�&\���VSRWV�ZHUH�QHJDWLYH�IRU�RULJDPL),6+�VLJQDOV�IROORZLQJ��S0�XSWDNH��Fig. 2g). These results suggest that, 
XQGHU�WKHVH�GLOXWH�FRQGLWLRQV��HLWKHU�'1�GHJUDGDWLRQ�RI�&\��VWDSOH�GLVVRFLDWLRQ��RU�ERWK��LV�GHWHFWDEOH�ZLWKLQ�WKH�¿UVW�
���PLQXWHV�RI�FHOO�XSWDNH��GHVSLWH�SURWHFWLYH�.10�3(*�FRDWLQJV��:H�FDQQRW�H[FOXGH�WKH�SRVVLELOLW\�RI�'1�GHJUDGDWLRQ�
DW�KLJKHU�FRQFHQWUDWLRQV�DV�WKH�UHVFXH�LQ�FRORFDOL]DWLRQ�UDWHV�PD\�EH�ELDVHG�E\�VLJQDO�DFFXPXODWLRQ�ZLWKLQ�HQGRVRPDO�
FRPSDUWPHQWV��1HYHUWKHOHVV�� WKHVH� UHVXOWV�KDYH� LPSOLFDWLRQV� IRU� WKH�VWDELOLW\�RI�'1V�XQGHU�GLOXWH�FRQFHQWUDWLRQV��
VXFK�DV�IROORZLQJ�WKHLU�in vivo�DGPLQLVWUDWLRQ�DQG�GLVWULEXWLRQ�WR�WDUJHW�WLVVXHV�RI�LQWHUHVW��2XU�¿QGLQJV�FDXWLRQ�FDUHIXO�
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Fig. 2  origamiFISH enables highly sensitive imaging of DNA origami nanostructures in situ. a &RPSDULVRQ�RI�+&5�YHUVLRQ���VLQJOH�VWUDQGHG�
'1$��VV'1$��SUREHV�DQG�+&5�YHUVLRQ���VSOLW�LQLWLDWRU�SUREHV��&KRL�HW�DO����������������$�VFKHPDWLF�RI�WKH�JHQHUDO�SUREH�GHVLJQ�VWUDWHJ\�LV�VKRZQ��
ZLWK�WKH�'1�VFDIIROG�WDUJHW�LQ�JUD\�DQG�FRPSOHPHQWDU\�RULJDPL),6+�SUREHV�LQ�SLQN��$OWKRXJK�ERWK�+&5�Y��DQG�Y��SUREHV�SURGXFH�D�UREXVW�VLJQDO��
VSOLW�LQLWLDWRU�SUREHV�VLJQL¿FDQWO\�GLPLQLVK�EDFNJURXQG�VWDLQLQJ�LQ�QHJDWLYH�QR�'1�FRQWURO�VDPSOHV��b�5HSUHVHQWDWLYH�LPDJH�RI�WXUER�RULJDPL),6+��
,PDJH�VKRZV�5$:������FHOOV�IROORZLQJ����PLQXWH�'1�UHFWDQJOH�XSWDNH�LQ��a, b). c Schematic of Cy3+ DN rectangle. 12 Cy3 dyes are tethered 
WR�HDFK�'1�UHFWDQJOH�RQ�RQH�VLGH�WKURXJK�FRPSOHPHQWDU\�'1$�KDQGOH�DQWL�KDQGOH�FKHPLVWU\��d�,PDJHV�RI�5$:������FHOOV�IROORZLQJ����PLQXWH�
XSWDNH�RI�&\���'1$�RULJDPL�UHFWDQJOH�DW�YDULRXV�FRQFHQWUDWLRQV��Top��UHSUHVHQWDWLYH�PHUJHG�LPDJHV�ZLWK�'$3,��F\DQ���RULJDPL),6+��\HOORZ���
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VWXG\�GHVLJQ�DQG�FKDUDFWHUL]DWLRQV�RI�'1�VWDELOLW\� IRU� in vitro and in vivo�DSSOLFDWLRQV�� ,W�KDV�EHHQ�SURSRVHG� WKDW�
VWUDWHJLHV�VXFK�DV�JOXWDUDOGHK\GH�FURVV�OLQNLQJ�RI�ROLJRO\VLQH�FRDWLQJV�FDQ�DGGLWLRQDOO\�LQFUHDVH�'1�VWDELOLW\�a����IROG�
XQGHU�KLJK�'1DVH�FRQFHQWUDWLRQV��$QDVWDVVDFRV�HW�DO����������6LPLODUO\��89�LQGXFHG�SRLQW�ZHOGLQJ�RI�'1$�VWUDQGV�
ZLWKLQ�'1V�KDV�DOVR�EHHQ�GHYHORSHG��*HUOLQJ�HW�DO����������%\�GHPRQVWUDWLQJ�WKH�XWLOLW\�RI�RULJDPL),6+�LQ�GHWHFWLQJ�
'1�LQWHJULW\�XQGHU�FHOOXODU�FRQGLWLRQV��ZH�HQYLVLRQ�LW�ZLOO�FRPSOHPHQW�RWKHU�DVVD\V��VXFK�DV�WKRVH�EDVHG�RQ�)|UVWHU�
UHVRQDQFH�HQHUJ\�WUDQVIHU��)5(7���3RQQXVZDP\�HW�DO���������RU�7(0��:DQJ�HW�DO����������LQ�HYDOXDWLQJ�YDULRXV�'1�
VWDELOL]DWLRQ�VWUDWHJLHV�XQGHU�ELRORJLFDO�HQYLURQPHQWV��

3UR¿OLQJ�RI�FHOO�W\SH�DQG�VKDSH�VSHFL¿F�'1�XSWDNH�SDWWHUQV
:H�QH[W�DVNHG�ZKHWKHU�RULJDPL),6+�FDQ�EH�XVHG�WR�LQWHUURJDWH�'1�VSHFL¿F�XSWDNH�SDWWHUQV�DFURVV�GLIIHUHQW�VKDSHV�
�UHFWDQJOH��EDUUHO��DQG�ORQJ�URG���DQG�FHOO�OLQHV��5$:������PDFURSKDJHV�DQG�+(.����HPEU\RQLF�NLGQH\�FHOOV���:H�
selected shapes spanning one or more dimensions, including representative 1D (long rod), 2D (rectangle) and 3D 
�EDUUHO��'1V��WR�LGHQWLI\�GHVLJQ�SDUDPHWHUV�IRU�LQIRUPLQJ�IXWXUH�VWXGLHV�RI�'1�ELRORJ\��Fig. 3a���'1V�ZHUH�V\QWKHVL]HG�
DQG�FKDUDFWHUL]HG�E\�7(0�DQG�DJDURVH�JHO�HOHFWURSKRUHVLV��Supplementary Fig. 4, 5���:H�SHUIRUPHG�'1�XSWDNH�
LQ�FHOO�FXOWXUH�PHGLD�FRQWDLQLQJ��Q0�'1�FRQFHQWUDWLRQV�WR�HQVXUH�VXI¿FLHQWO\�TXDQWL¿DEOH�VLJQDOV�XQGHU�ORZ�XSWDNH�
FRQGLWLRQV��5$:������FHOOV�GLVSOD\HG�VLJQL¿FDQWO\�HQKDQFHG�XSWDNH�HI¿FLHQF\�DFURVV�'1V�FRPSDUHG� WR�+(.����
FHOOV��FRQVLVWHQW�ZLWK� WKHLU� UROH�DV�SKDJRF\WHV� �Fig. 3b, c���$GGLWLRQDOO\��ZH�REVHUYHG�'1�VKDSH�VSHFL¿F� UXOHV� IRU�
FHOOXODU�XSWDNH��$OWKRXJK�WKH�WKHRUHWLFDO�VXUIDFH�DUHD�IRU�'1�UHFWDQJOHV�����[���QP��a�����QP���DQG�EDUUHOV�����
[���QP��a�����QP���DUH�FRPSDUDEOH��ZH�REVHUYHG�VLJQL¿FDQWO\� LQFUHDVHG� OHYHOV�RI�'1�XSWDNH� IRU� UHFWDQJOHV� LQ�
5$:������ FHOOV�� 7KLV� WUHQG�ZDV� UHYHUVHG� LQ�+(.���� FHOOV�� ZKHUH�'1� EDUUHOV� GLVSOD\HG� D� VOLJKW�� EXW� VLJQL¿FDQW�
LQFUHDVH� LQ�XSWDNH�HI¿FLHQF\��%\�FRQWUDVW�� XSWDNH�RI�'1� ORQJ� URGV�ZDV�PXFK�GHFUHDVHG� LQ�ERWK�5$:������DQG�
+(.����FHOOV��Fig. 3c���$V�ORQJ�URGV�DUH�����QP�LQ�OHQJWK��WKLV�LV�OLNHO\�GXH�WR�LQFUHDVHG�HQHUJ\�FRVWV�WR�LQYDJLQDWH�
DQG�HQJXOI�ORQJHU�'1V�ZLWK�KLJKHU�DVSHFW�UDWLRV��%DVWLQJV�HW�DO���������&KDPSLRQ�DQG�0LWUDJRWUL���������7RJHWKHU��
WKHVH�UHVXOWV�GHPRQVWUDWH�WKH�XVH�RI�RULJDPL),6+�IRU�HQDEOLQJ�ODEHO�IUHH�'1�LPDJLQJ�DFURVV�FHOO�OLQHV�DQG�'1�VKDSHV�
ZLWKRXW�DGGLWLRQDO�RSWLPL]DWLRQV��RULJDPL),6+�LGHQWL¿HV�ERWK�VKDSH�DQG�FHOO�W\SH�VSHFL¿F�XSWDNH�G\QDPLFV��9DULDELOLW\�
LQ�XSWDNH� WUHQGV�EHWZHHQ�FHOO�W\SHV�DGGLWLRQDOO\�VXJJHVW� WKDW�'1V�PD\� OLNHO\�HQJDJH�FHOO�W\SH�GHSHQGHQW�XSWDNH�
PHFKDQLVPV�DQG�SDWKZD\V���

RULJDPL),6+�UHYHDOV�'1�VKDSH�VSHFL¿F�XSWDNH�WUDMHFWRULHV�ZLWKLQ���PLQXWH�RI�XSWDNH
&HOOXODU�HQJXOIPHQW�DQG�HQGRF\WRVLV�RI�IRUHLJQ�QDQRSDUWLFOHV�RFFXU�RQ�WKH�RUGHU�RI�PLQXWHV��0lJHU�HW�DO����������EXW�
SDVW�VWXGLHV�RI�'1�XSWDNH�KDYH�PRVWO\�IRFXVHG�RQ�ORQJHU�WHUP�DVVD\V��RYHU�WKH�FRXUVH�RI�KRXUV�RU�GD\V��%DVWLQJV�
HW�DO���������3RQQXVZDP\�HW�DO����������2QH�VWXG\�ZKLFK�YLVXDOL]HG�'1�XSWDNH�RYHU���GD\V�IRXQG�QHJOLJLEOH�XSWDNH�
��PLQXWHV�SRVW�'1�LQWURGXFWLRQ��GHVSLWH�D�����Q0�FRQFHQWUDWLRQ��:DQJ�HW�DO����������:H�ZRQGHUHG� LI� WKH� ODFN�RI�
VKRUW�WLPH�VFDOH�DVVD\V�XVLQJ�G\H�ODEHOHG�'1V�PD\�EH�GXH�WR�UHTXLUHPHQWV�IRU�VLJQDO�DFFXPXODWLRQ�ZLWKLQ�HQGRF\WLF�
FRPSDUWPHQWV�� DQG� LI� RULJDPL),6+�PD\�RIIHU� WKH�VHQVLWLYLW\�QHFHVVDU\� IRU�SURELQJ� WKH�HDUO\�SKDVH�RI�'1�XSWDNH�
ELRORJ\��7R�WKLV�HQG��ZH�SHUIRUPHG�WLPH�FRXUVH�DVVD\V�IRU�DOO�WKUHH�'1�VKDSHV��RYHU�WKH�FRXUVH�RI����PLQXWHV��������
����DQG����PLQXWHV���,Q�WKLV�VHW�RI�H[SHULPHQWV��ZH�DGGWLRQDOO\�LQWURGXFHG�'1V�DW����Q0�FRQFHQWUDWLRQ�WR�KLJKOLJKW�WKH�
GHWHFWLRQ�VHQVLWLYLW\�RI�RULJDPL),6+��

RULJDPL),6+�GHWHFWHG�DPSOH�DFFXPXODWLRQ�RI�'1�VLJQDO�IROORZLQJ�MXVW���PLQXWH�RI�XSWDNH��Fig. 3d���7KH�QXPEHU�RI�
RULJDPL),6+��'1�VSRWV�LQFUHDVHG�ZLWK�XSWDNH�WLPH�DFURVV�DOO�VKDSHV�DQDO\]HG�DV�H[SHFWHG��Fig. 3e; Supplementary 
Fig. 8���$GGLWLRQDOO\��'1�VSRWV�GLVSOD\HG�FRUUHVSRQGLQJ�LQFUHDVHV�LQ�VL]H��VXJJHVWLQJ�DFFXPXODWLRQ�ZLWKLQ�HQGRVRPDO�
RU� O\VRVRPDO� FRPSDUWPHQWV�� ,QWULJXLQJO\�� ZH� QRWHG� WKDW� RULJDPL),6+� VLJQDO� DSSHDUHG� WR� EH� ODUJHO\� PHPEUDQH�
ORFDOL]HG�DW�HDUO\�WLPH�SRLQWV��L�H����DQG���PLQXWH���IROORZHG�E\�JUDGXDOO\�LQFUHDVLQJ�QXPEHUV�RI�LQWHUQDOL]HG��F\WRVRO�
ORFDOL]HG�VSRWV�DV�XSWDNH�SURJUHVVHG��Fig. 3d, e���7R�REWDLQ�D�TXDQWLWDWLYH�UHDGRXW�IRU�WKHVH�VSDWLRWHPSRUDO�WUHQGV��
ZH�LPSOHPHQWHG�DQ�LPDJH�DQDO\VLV�SLSHOLQH�WR�GLIIHUHQWLDOO\�TXDQWLI\�WKH�QXPEHU�RI�PHPEUDQH��DQG�F\WRVRO�ORFDOL]HG�
spots at the single cell level (Supplementary Fig. 8a��VHH�PHWKRGV���1XPEHU�RI�PHPEUDQH�ORFDOL]HG�VSRWV�ZHUH�
REWDLQHG�E\�SUR[\�IURP�TXDQWL¿FDWLRQV�RI� WKH�QXPEHU�RI�RULJDPL),6+�VSRWV�ZKLFK� ORFDOL]HG�WR�FHOO�ERXQGDULHV��DV�
VHJPHQWHG�E\�FHOOXODU�DXWRÀXRUHVFHQFH��:H�REVHUYHG�KLJKO\�G\QDPLF��VKDSH�VSHFL¿F�GLIIHUHQFHV�LQ�'1�LQWHUQDOL]DWLRQ�

and Cy3 (magenta). Bottom��]RRPHG�LQ�YLHZV�RI�VLQJOH�FHOOV�IURP�WKH�WRS�SDQHO��e�'RW�SORW�VKRZLQJ�TXDQWL¿FDWLRQV�RI�VLQJOH�FHOO�RULJDPL),6+�
�WHDO��DQG�&\���SLQN��VSRW�FRXQWV�DFURVV�FRQFHQWUDWLRQ�JUDGLHQWV��(DFK�FRORUHG�GRW�UHSUHVHQWV�TXDQWL¿FDWLRQV�IURP�D�VLQJOH�FHOO��DQG�HDFK�JUD\�
GRW�UHSUHVHQWV�FXPXODWLYH�DYHUDJH�IRU�HDFK�ELRORJLFDO�UHSOLFDWH��RULJDPL),6+�UHVXOWHG�LQ�VLJQL¿FDQWO\�LQFUHDVHG�VSRW�FRXQWV�IRU�DOO�FRQGLWLRQV��


S�
���������0HDQV�RI�WZR�JURXSV�ZHUH�FRPSDUHG�XVLQJ�WKH�0DQQ�:KLWQH\�WZR�WDLOHG�QRQ�SDUDPHWULF�WHVW��f�'RW�SORW�TXDQWL¿FDWLRQV�IRU�RULJDPL),6+�
DQG�&\��VLJQDO�DFURVV�FRQFHQWUDWLRQV�����ELW�LPDJH���*UD\�GRWV�UHSUHVHQW�DYHUDJH�VSRW�LQWHQVLW\�SHU�FHOO��&RORUHG�GRWV�UHSUHVHQW�DYHUDJH�LQWHQVLW\�
IRU�HDFK�ELRORJLFDO�UHSOLFDWH��g�3HUFHQW�FRORFDOL]DWLRQ�UDWHV�EHWZHHQ�RULJDPL),6+��DQG�&\���VSRWV�DFURVV�FRQFHQWUDWLRQV��3RVLWLYH�FRORFDOL]DWLRQ�
�F\DQ�EDUV��UHSUHVHQW�&\���VSRWV�ZKLFK�DUH�DGGLWLRQDOO\�SRVLWLYH�IRU�RULJDPL),6+��1HJDWLYH�FRORFDOL]DWLRQ��JUD\�QHJDWLYH�VSDFH��UHSUHVHQW�&\���
VSRWV�ZKLFK�DUH�QHJDWLYH�IRU�RULJDPL),6+��h�5HSUHVHQWDWLYH�LPDJHV�DW��S0�DQG���Q0��UHVSHFWLYHO\��([DPSOHV�RI�ERWK�&\���RULJDPL),6+��DQG�
RULJDPL),6+��&\���VSRWV�DUH�REVHUYHG�DW��S0��EXW�QRW���Q0��6FDOH�EDUV�DUH�����P�LQ�DOO�SDQHOV�H[FHSW��h���ZKLFK�LV����P�
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NLQHWLFV�DV�VRRQ�DV���PLQXWH�IROORZLQJ�XSWDNH��Fig. 3e���,PSRUWDQWO\��WKHVH�HDUO\�GLIIHUHQFHV�LQ�VKDSH�VSHFL¿F�XSWDNH�
GLG�QRW�PDWFK�SHUIHFWO\�ZLWK�WUHQGV�REVHUYHG�DW�ODWHU�WLPH�SRLQWV��)RU�LQVWDQFH��'1�EDUUHOV�GLVSOD\HG�WKH�ORZHVW�UDWH�
RI�XSWDNH�ZLWKLQ�WKH�¿UVW�PLQXWH��Fig. 3e; Supplementary Fig. 8b���6SHFL¿FDOO\��ZH�REVHUYHG�D�PHDQ�RI��������������
V�H�P��F\WRVROLF�RULJDPL),6+�VSRWV�IRU�'1�UHFWDQJOHV��FRPSDUHG�WR�D�PHDQ�RI���������������IRU�EDUUHOV�DQG���������
0.05) for long rods (Fig. 3e���7KLV�UHVXOW�VXJJHVWV�WKDW�EDUUHO�LQWHUQDOL]DWLRQ�PD\�EH�UDWH�OLPLWLQJ�ZLWKLQ�WKH�¿UVW�PLQXWH�
RI�'1�LQWURGXFWLRQ��+RZHYHU��EHWZHHQ���WR���PLQXWHV��WKH�QXPEHU�RI�LQWHUQDOL]HG�EDUUHO�VSRWV�GLVSOD\HG�D������IROG�
LQFUHDVH�WR�������������VSRWV�SHU�FHOO��FRPSDUHG�ZLWK�����IROG���������������VSRWV�DW���PLQ��IRU�UHFWDQJOHV�DQG������
IROG��������������VSRWV��IRU�ORQJ�URGV��,QFUHDVHV�LQ�F\WRVROLF�VSRWV�DSSHDU�WR�EH�ODUJHO\�LQGHSHQGHQW�RI�PHPEUDQH�
ORFDOL]DWLRQ�� DV� WKH� QXPEHU� RI�PHPEUDQH�ORFDOL]HG� VSRWV� DUH� UHODWLYHO\� VWDEOH� WKURXJKRXW� WKH� IXOO� ���PLQXWH� WLPH�
course (Supplementary Fig. 8c���:H�DGGLWLRQDOO\�REVHUYHG�WKDW�PHPEUDQH�DGVRUSWLRQ�LV�VWUXFWXUH�VSHFL¿F��ZLWK�'1�
UHFWDQJOHV�DQG�EDUUHOV�DFFXPXODWLQJ�VLJQL¿FDQW�PHPEUDQH�VWDLQLQJ�ZLWKLQ�WKH�¿UVW�PLQXWH�RI�XSWDNH��Supplementary 
Fig. 8b, c���%\�FRQWUDVW��ZH�GLG�QRW�REVHUYH�VLJQL¿FDQW�PHPEUDQH�ORFDOL]HG�VWDLQLQJ�LQ�'1�ORQJ�URG�VDPSOHV�DW�DQ\�
WLPH�SRLQW��7KHVH�UHVXOWV�SURYLGH�D�JOLPSVH�LQWR�D�QRYHO��HDUO\�SKDVH�RI�'1�XSWDNH�ELRORJ\�DQG�VKDSH�GHSHQGHQW�
LQWUDFHOOXODU�WUDI¿FNLQJ��DQG�SURYLGH�FRUUHVSRQGLQJ�WRROV�IRU�HOXFLGDWLQJ�GRZQVWUHDP�PHFKDQLVPV�LQ�IXWXUH�VWXGLHV��

Fig. 3  origamiFISH reveals cell-type, shape, and time-dependent uptake patterns of DNs. a Schematic of DN shapes used in this study. DN 
EDUUHO��WHDO�����î���QP���UHFWDQJOH��SLQN�����î���QP��DQG�URG��JUHHQ������î��QP��DUH�IROGHG�IROORZLQJ�VWDQGDUG�'1$�RULJDPL�WKHUPR�DQQHDOLQJ�
SURWRFROV�DV�RXWOLQHG�LQ�WKH�PHWKRGV�VHFWLRQ��7UDQVPLVVLRQ�HOHFWURQ�PLFURJUDSKV�RI�WKH�UHVSHFWLYH�VKDSHV�DUH�VKRZQ�LQ�WKH�ERWWRP�SDQHO��6FDOH�
EDU� LV���QP��b�5HSUHVHQWDWLYH�RULJDPL),6+�LPDJHV�IROORZLQJ�'1�XSWDNH�RI� WKUHH�VKDSHV�DQG�WZR�FHOO� OLQHV��c�%R[�SORW�TXDQWL¿FDWLRQV�IRU� WKH�
QXPEHU�RI�RULJDPL),6+�VSRWV�DFURVV�VKDSHV��UHFWDQJOH��SLQN�EDUV��%DUUHO��WHDO�EDUV��/RQJ�URG��JUHHQ�EDUV��DQG�FHOO�OLQHV��1HJDWLYH�QR�'1�FRQWURO�
TXDQWL¿FDWLRQV�DUH�VKRZQ�LQ�WKH�¿UVW�EDU������/LQHV�LQ�ER[�SORWV�GHQRWH���WK�SHUFHQWLOH��PHGLDQ�DQG���WK�SHUFHQWLOH�UHVSHFWLYHO\��:KLVNHUV�UHSUHVHQW�
��WK�DQG���WK�SHUFHQWLOH���d�'\QDPLFV�RI�WKH�¿UVW����PLQXWHV�RI�'1�XSWDNH��6KRZQ�DUH�UHSUHVHQWDWLYH�LPDJHV�RI�EDUUHO�XSWDNH��Top��5DZ�LPDJHV�
IRU�WKH�UHVSHFWLYH�WLPHSRLQWV��&HOO�ERXQGDULHV�DV�GHWHUPLQHG�E\�FHOOXODU�DXWRÀXRUHVFHQFH�DUH�RXWOLQHG�ZLWK�GDVKHG�ZKLWH�OLQHV��Bottom��5HQGHU�RI�
VSRW�ORFDOL]DWLRQV��ZLWK�PHPEUDQH�ORFDOL]HG�VSRWV�DORQJ�WKH�ERXQGDU\�RI�FHOO�PHPEUDQH�VKRZQ�LQ�UHG�DQG�F\WRVROLFDOO\�ORFDOL]HG�VSRWV�VKRZQ�LQ�
\HOORZ��5DZ�LPDJHV�DUH�PD[LPXP�SURMHFWLRQV�RI���]�SODQHV��ZKLOH�UHQGHUV�DUH�FUHDWHG�XVLQJ���]�SODQH�WR�GH�FURZG�GHQVH�UHJLRQV��6FDOH�EDUV�DUH�
5µm in (b, d). e�%R[�SORW�TXDQWL¿FDWLRQV�IRU�WKH�QXPEHU�RI�VSRWV�SHU�FHOO��top) and spot area (bottom��DFURVV�VKDSHV�DQG�XSWDNH�WLPHV��
S�������
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origamiFISH is compatible with immunohistochemistry across 2D and 3D tissue models
'HYHORSLQJ�'1V�IRU�ELRORJLFDO�DSSOLFDWLRQV�UHTXLUHV�YLVXDOL]LQJ�WKHLU�XSWDNH�DQG�GLVWULEXWLRQ�SDWWHUQV�ZLWKLQ�WKH�FRQWH[W�
of the surrounding cellular and tissue environment. For instance, cancer or immune cell targeted therapeutics need 
WR�PDNH�WKHLU�ZD\�WRZDUGV�WKHLU�UHVSHFWLYH�WDUJHW�FHOO�W\SHV��2Q�D�¿QHU�VFDOH��HQGRVRPDO�RU�PHPEUDQH�WDUJHWHG�'1V�
DGGLWLRQDOO\�QHHG� WR� UHDFK� WKHLU� UHVSHFWLYH�VXEFHOOXODU� FRPSDUWPHQWV��3URWHLQ� ODEHOLQJ�XVLQJ� LPPXQRÀXRUHVFHQFH�
LV� FRPPRQO\� XVHG� IRU� ODEHOLQJ� RI� FHOO�W\SH� DQG� RUJDQHOOH�VSHFL¿F� PDUNHUV�� 7KHUHIRUH�� ZH� QH[W� WHVWHG� ZKHWKHU�
RULJDPL),6+�FDQ�EH�FRPELQHG�ZLWK�DQWLERG\�DVVLVWHG�LPPXQRODEHOLQJ�IRU�FRORFDOL]LQJ�'1V�ZLWK�SURWHLQV�DFURVV�FHOO�
and tissue models (Fig. 4a). 

,W�KDV�SUHYLRXVO\�EHHQ�VKRZQ� WKDW� WKH�YDVW�PDMRULW\�RI�QDQRSDUWLFOHV� ORFDOL]H� WR�/DPS��� O\VRVRPHV�DV� WKHLU�¿QDO�
GHVWLQDWLRQ�ZLWKLQ�FHOOV��6KDSHUR�HW�DO����������&RQVHTXHQWO\��WDUJHWLQJ�RI�HQGR�O\VRVRPDO�UHFHSWRUV�LV�HPHUJLQJ�DV�
DQ�LPSRUWDQW�VWUDWHJ\�LQ�QDQRSDUWLFOH�EDVHG�WKHUDSHXWLFV��&RPEHUODWR�HW�DO���������7VHQJ�HW�DO����������7R�YLVXDOL]H�
LI�'1V�VLPLODUO\�WUDI¿F�WR�O\VRVRPDO�FRPSDUWPHQWV��ZH�FR�VWDLQHG�RULJDPL),6+�ZLWK�/DPS��DQWLERGLHV�IROORZLQJ����
PLQXWH�XSWDNH�RI�'1�UHFWDQJOHV� LQ�5$:������FHOOV��6LPLODU� WR�VLOLFD�DQG�JROG�QDQRSDUWLFOHV��ZH�REVHUYHG�D�KLJK�
GHJUHH�RI�FRORFDOL]DWLRQ�EHWZHHQ�RULJDPL),6+�DQG�/DPS��SXQFWD��FRQ¿UPLQJ�WKH�O\VRVRPDO�IDWH�IRU�'1V��Fig. 4b). 
:H�DGGLWLRQDOO\�FR�VWDLQHG�VLPLODU�VDPSOHV�IRU�SKRVSKRKLVWRQH�+���3++����D�PDUNHU�IRU�PLWRWLF�FHOOV�LQ�WKH�ODWH�*��
DQG�0�SKDVH�RI�WKH�FHOO�F\FOH��+HQG]HO�HW�DO����������WR�DVN�LI�FHOOV�LQ�YDU\LQJ�VWDJHV�RI�GLYLVLRQ�GLVSOD\�GLIIHUHQWLDO�
'1�OHYHOV��:H�REVHUYHG�WKDW�KLJK�3++��H[SUHVVLRQ�W\SLFDOO\�FRUUHODWHG�ZLWK�ORZHU�'1�XSWDNH��VXJJHVWLQJ�SRWHQWLDO�
FHOO�F\FOH�GHSHQGHQW�XSWDNH�PHFKDQLVPV��Fig. 4c���/DVWO\��WKH�WLPH�FRXUVH�VWXG\�RI�'1�XSWDNH�SURPSWHG�XV�WR�DVN�LI�
DQWLERG\�DVVLVWHG�DPSOL¿FDWLRQ�RI�ÀXRUHVFHQW�SURWHLQV�FRXOG�EH�FRPELQHG�ZLWK�WUDQVIHFWLRQ�RI�FRPSDUWPHQW�VSHFL¿F�
SODVPLGV�WR�LPSURYH�FHOO�DQG�PHPEUDQH�VHJPHQWDWLRQ�IRU�RULJDPL),6+�LPDJH�DQDO\VLV��:H�UHDVRQHG�WKDW�D�VSDUVH�
F\WRVRO� RU�PHPEUDQH�PDUNHU�ZRXOG� VXEVWDQWLDOO\� LPSURYH� DFFXUDF\� RI� VLQJOH� FHOO� VHJPHQWDWLRQ��7R� WKLV� HQG��ZH�
WUDQVIHFWHG�5$:������FHOOV�ZLWK�/LIH$FW�*)3�SODVPLG� IRU�ZKROH�FHOO� ODEHOLQJ�SULRU� WR�SHUIRUPLQJ�'1�XSWDNH� �Fig. 
4d���$OWKRXJK�QDWLYH�*)3�ÀXRUHVFHQFH�GLPLQLVKHG� IROORZLQJ�RULJDPL),6+��ZH�GHPRQVWUDWH� WKDW�DPSOL¿FDWLRQ�ZLWK�
*)3�DQWLERG\�HQDEOHV�WUDQVIHFWLRQ�EDVHG�FHOO�VHJPHQWDWLRQ��7RJHWKHU��WKHVH�UHVXOWV�GHPRQVWUDWH�WKH�FRPSDWLELOLW\�
EHWZHHQ�RULJDPL),6+�DQG�LPPXQRKLVWRFKHPLVWU\��

:H�QH[W�DVNHG�ZKHWKHU�RULJDPL),6+�FRXOG�EH�XVHG� WR� LQWHUURJDWH�'1�ELRORJ\� LQ� WLVVXH��7R�RXU�NQRZOHGJH�� WKHUH�
DUH�QR�H[LVWLQJ�VWXGLHV�RQ� WKH�FKDUDFWHUL]DWLRQ�RI�FHOO�W\SH�VSHFL¿F�'1�XSWDNH� in vivo. One challenge is the poor 
VHQVLWLYLW\� RI� G\H� ODEHOV� DV� WKHUH� LV� D� OLPLWHG� QXPEHU� RI� G\HV� WKDW� FDQ� EH� WDJJHG� RQWR� HDFK�'1� �W\SLFDOO\� ��� WR�
�����7KLV� LV�DGGLWLRQDOO\�FRPSOLFDWHG�E\� ORZ�'1�FRQFHQWUDWLRQV� LQ� WDUJHW� WLVVXHV�IROORZLQJ�WKHLU� in vivo�GLVWULEXWLRQ��
)XUWKHUPRUH��WDJJHG�G\H�VSHFLHV�FDQ�LQWHUDFW�QRQVSHFL¿FDOO\�ZLWK�HQGRJHQRXV�ELRPROHFXOHV��DQG�GLVVRFLDWH�IURP�
DNs in vivo� �+XJKHV�HW�DO���������/DFURL[�HW�DO����������:H�¿UVW�H[WHQGHG�'1�XSWDNH�DQG�RULJDPL),6+�WR�PRXVH�
GUDLQLQJ�O\PSK�QRGHV��DQ�LPPXQH�RUJDQ�LPSRUWDQW�IRU�VHTXHVWUDWLRQ�RI�DQWLJHQV�IROORZLQJ�YDFFLQDWLRQ��DQG�D�NH\�VLWH�
RI�LQWHUHVW�IRU�QDQRYDFFLQHV��/LX�HW�DO���������=KDQJ�HW�DO����������:H�SHUIRUPHG�LQWUDPXVFXODU�LQMHFWLRQ�RI�'1�EDUUHOV�
LQ�&��%/���PLFH��DQG�KDUYHVWHG�WKH�LQJXLQDO�O\PSK�QRGHV��/1V����KRXUV�SRVW�LQMHFWLRQ��)ROORZLQJ�SRVW�¿[DWLRQ��/1V�
ZHUH�VHFWLRQHG�RQ�D�YLEUDWRPH�WR�SUHSDUH�����P�WLVVXH�VHFWLRQV��:H�SHUIRUPHG�RULJDPL),6+�RQ�IUHH�ÀRDWLQJ�/1�
VHFWLRQV�IROORZLQJ�RXU�RSWLPL]HG�SURWRFRO��ZLWK�WKH�IROORZLQJ�DGDSWDWLRQV�����'1�GHQDWXUDWLRQ�ZDV�SHUIRUPHG�DW����&�
IRU����PLQXWHV�WR�DFFRXQW�IRU�SRWHQWLDO�ORVV�RI�IRUPDPLGH�SHQHWUDWLRQ�����+&5�DPSOL¿FDWLRQ�ZDV�SHUIRUPHG�RYHUQLJKW�
WR�HQVXUH�VXI¿FLHQW�VLJQDO�DPSOL¿FDWLRQ�LQ�WLVVXH�VOLFHV��RULJDPL),6+�UHYHDOHG�UHJLRQ�DQG�FHOO�W\SH�VSHFL¿F�UXOHV�WR�
'1�XSWDNH�LQ�/1V��:H�QRWHG�WKDW�FHOOV�ZLWK�KLJK�'1�XSWDNH��KHUHDIWHU�RULJDPL),6++,*+��ZHUH�GLVWULEXWHG�WKURXJKRXW�
WKH�/1��EXW�ZHUH�KLJKO\�HQULFKHG�DURXQG�%�FHOO�IROOLFOHV��Fig. 5a���6SHFL¿FDOO\��ZH�REVHUYHG�WKDW�'1V�ZHUH�WDNHQ�XS�
E\� ODUJH�QXPEHUV�RI�FHOOV�DURXQG�WKH�IROOLFOH�SHULSKHU\��FRQVLVWHQWO\�GLVSOD\LQJ� ODUJH�VRPD�PRUSKRORJLHV��Fig. 5a, 
inset i���)HZHU�QXPEHUV�RI�VPDOO�RULJDPL),6++,*+�FHOOV�ZHUH�DGGLWLRQDOO\�SUHVHQW�ZLWKLQ�WKH�%�FHOO�IROOLFOHV��Fig. 5a, 
inset ii���7R�GHWHUPLQH� LI� WKH� ODUJH�FHOOV�DURXQG� WKH� IROOLFOH�SHULSKHU\�ZHUH�PDFURSKDJHV��ZH�FR�VWDLQHG�/1V�ZLWK�
)�����DQG�RULJDPL),6+��Fig. 5b���:H�FRQ¿UPHG�WKDW�WKH�PDMRULW\�RI�RULJDPL),6++,*+�FHOOV�ZHUH�)������PDFURSKDJHV��
+RZHYHU��ZH�QRWHG�WKDW�RQO\�D�VXEVHW�RI�)������FHOOV�ZHUH�DGGLWLRQDOO\�RULJDPL),6+���VXJJHVWLQJ�VXEW\SH�VSHFL¿F�
GLIIHUHQFHV� LQ�'1�XSWDNH�FDSDFLW\�ZLWKLQ�/1�PDFURSKDJHV��/DVWO\��ZH�QRWHG�H[DPSOHV�RI�RULJDPL),6++,*+��)������
FHOOV��VXJJHVWLQJ�WKDW�'1V�DUH�VHTXHVWHUHG�E\�PXOWLSOH�FHOO�SRSXODWLRQV�ZLWKLQ�/1V��Fig. 5b���IXWXUH�ZRUN�ZLOO�HOXFLGDWH�
WKH�GLYHUVLW\�RI�WKHVH�FHOOXODU�UHSHUWRLUHV��7RJHWKHU��WKHVH�UHVXOWV�GHPRQVWUDWH�WKH�GLVWULEXWLRQ�SDWWHUQ�RI�'1�WDUJHWLQJ�
WR�/1V��DQG�H[WHQG�GXDO�RULJDPL),6+�DQG�SURWHLQ�LPDJLQJ�WR�PRXVH�WLVVXH�

:H�QH[W�YDOLGDWHG�RULJDPL),6+�IRU�WKH�PRXVH�EUDLQ�DQG�KXPDQ�EUDLQ�RUJDQRLGV�GXH�WR�D�IHZ�FRQVLGHUDWLRQV��)LUVW��WKH�
EUDLQ�LV�UHFRJQL]HG�DV�RQH�RI�WKH�PRVW�FKDOOHQJLQJ�WLVVXH�PRGHOV�IRU�ÀXRUHVFHQFH�LPDJLQJ��GXH�WR�LWV�KLJK�IDW�FRQWHQW��
WLVVXH�DXWRÀXRUHVFHQFH�DQG�H[WHQVLYH�QHXULWH�QHWZRUNV��6FKQHOO�HW�DO����������:H�UHDVRQHG�WKDW�DOWKRXJK�LW�ZDV�QRW�
IHDVLEOH�WR�YDOLGDWH�RULJDPL),6+�DFURVV�DOO�WLVVXH�V\VWHPV��DSSURDFKLQJ�D�FKDOOHQJLQJ�PRGHO�DV�SURRI�RI�FRQFHSW�PD\�
UHYHDO�DUHDV�ZKLFK�UHTXLUH�DGGLWLRQDO�SURWRFRO�RSWLPL]DWLRQV��)XUWKHUPRUH��SUHYLRXV�VWXGLHV�KDYH�SUHVHQWHG�HYLGHQFH�
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Fig. 4  origamiFISH is compatible with immunohistochemistry. a :RUNÀRZ�RYHUYLHZ�IRU�FRPELQLQJ�RULJDPL),6+�DQG�SURWHLQ�LPPXQRVWDLQLQJ��
,PPXQRVWDLQLQJ�XVLQJ�DQWLERGLHV�RI�FKRLFH�LV�SHUIRUPHG�¿UVW��IROORZHG�E\�ZDVKHV�DQG�RULJDPL),6+��b�RULJDPL),6+��JUHHQ��DQG�/DPS���PDJHQWD��
FR�VWDLQ�LQ�5$:������FHOOV�IROORZLQJ����PLQXWHV�RI�'1�UHFWDQJOH�XSWDNH��+LJK�GHJUHH�RI�FRORFDOL]DWLRQ�LV�REVHUYHG�EHWZHHQ�RULJDPL),6+�DQG�
/DPS���O\VRVRPHV��c�RULJDPL),6+��JUHHQ��DQG�3++���PDJHQWD��FR�VWDLQHG�LQ�5$:������FHOOV� IROORZLQJ����PLQXWHV�RI�'1�UHFWDQJOH�XSWDNH��
3++���PLWRWLF�FHOOV�GLVSOD\�YLVLEO\�IHZHU�RULJDPL),6+�VSRWV� d�RULJDPL),6+��PDJHQWD��DQG�*)3��F\DQ��FR�VWDLQHG�LQ�5$:������FHOOV�WUDQVIHFWHG�
ZLWK�/LIH$FW�*)3�SODVPLGV��1DWLYH�*)3�ÀXRUHVFHQFH�LV�DGGLWLRQDOO\�FRPSDUHG�ZLWK�DQWLERG\�DPSOL¿HG�*)3�VLJQDO��6FDOH�EDUV�DUH����P��
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Fig. 5  origamiFISH is robust across tissue models. a RULJDPL),6+��PDJHQWD��'1�EDUUHOV��ODEHOV�VXEVHWV�RI�FHOOV�LQ�WKH�PRXVH�O\PSK�QRGH��
Left��UHSUHVHQWDWLYH�YLHZ�RI�D�%�FHOO�IROOLFOH�ZLWKLQ�WKH�O\PSK�QRGH��RULJDPL),6++,*+�FHOOV�ZLWK�ODUJH�VRPD�PRUSKRORJ\�DUH�HQULFKHG�DURXQG�WKH�
SHULSKHU\�RI�WKH�%�FHOO�IROOLFOH��DQG�DUH�DGGLWLRQDOO\�VKRZQ�LQ�WKH�\HOORZ�LQVHW��i���6PDOOHU�QXPEHUV�RI�RULJDPL),6++,*+�FHOOV�DUH�DGGLWLRQDOO\�REVHUYHG�
ZLWKLQ�%�FHOO�IROOLFOHV�DQG�DUH�DGGLWLRQDOO\�VKRZQ�LQ�WKH�JUHHQ�LQVHW��ii). b�'XDO�RULJDPL),6+��PDJHQWD��DQG�,+&�LGHQWL¿HV�'1V�LQ�)�������\HOORZ��
PDFURSKDJHV��<HOORZ�DUURZV�GHQRWH�)������PDFURSKDJHV�ZKLFK�DUH�QHJDWLYH�IRU�RULJDPL),6+��:KLWH�DUURZV�GHQRWH�RULJDPL),6+��FHOOV�ZKLFK�
DUH�)�������:KLWH�DUURZKHDGV�GHQRWH�FHOOV�GRXEOH�SRVLWLYH�IRU�RULJDPL),6+�DQG�)������c�5HSUHVHQWDWLYH�LPDJHV�RI�WKH�FHUHEUDO�FRUWH[��top) and 
FHUHEHOOXP��bottom��IROORZLQJ����PLQXWH�'1�EDUUHO�XSWDNH��$�VXEVHW�RI�FHOOV�LQ�ERWK�EUDLQ�UHJLRQV�DUH�KLJK�IRU�RULJDPL),6+��RUDQJH���d�:RUNÀRZ�
IRU�ZKROH�PRXQW�RUJDQRLG�'1�XSWDNH�DQG�LPDJLQJ��&HUHEUDO�RUJDQRLGV�DUH�LQGXFHG�IURP�KXPDQ�L36&�FHOOV�IROORZLQJ�HVWDEOLVKHG�SURWRFROV��$W�
DURXQG����ZHHNV�RI�DJH��'1�EDUUHOV�ZHUH�LQWURGXFHG�IRU���KRXUV��RULJDPL),6+�ZDV�SHUIRUPHG�ZLWK�LQWHJUDWHG�WLVVXH�FOHDULQJ�LQ�ZKROH�RUJDQRLGV�
�a���PP�LQ�GLDPHWHU���$JDURVH�HPEHGGHG�RUJDQRLGV�DUH�LPDJHG�RQ�D�OLJKWVKHHW�PLFURVFRSH��e�5HSUHVHQWDWLYH�OLJKWVKHHW�SHUVSHFWLYH�YLHZV�RI�
ZKROH�FHUHEUDO�RUJDQRLGV��RULJDPL),6+��PDJHQWD���'$3,��F\DQ���%R[�UHSUHVHQWV�LPDJH�ERXQGDULHV��7ZR�SHUVSHFWLYH�YLHZV�DUH�VKRZQ�RQ�WKH�OHIW�
DQG�ULJKW�RI�WKH�VDPH�RUJDQRLG��RULJDPL),6+�VLJQDO�LV�HQULFKHG�ZLWKLQ�WKH�VXUIDFH�RI�WKH�RUJDQRLG��f�/HIW��UHSUHVHQWDWLYH�OLJKVKHHW�LPDJH�SODQHV�
from (e���&HOOV�ZLWK�KLJK�'1�XSWDNH�DUH�GHQRWHG�ZLWK�ZKLWH�DUURZV��5LJKW��5HSUHVHQWDWLYH�FRQIRFDO�LPDJH�SODQHV��6FDOH�EDUV�DUH������P�LQ��a), 
500 µm in (a��ZKROH�/1�LQVHW��������P�LQ��b; top), 10 µm in (b��ERWWRP�������P�LQ��e, f).
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IRU�FKDUJH�VHOHFWLYH�QDQRSDUWLFOH�XSWDNH�E\�QHXURQDO�SRSXODWLRQV��'DQWH�HW�DO����������$V�LQKHUHQWO\�FKDUJHG�HQWLWLHV��
'1$�EDVHG�QDQRSDUWLFOHV�PD\�RIIHU�D�XQLTXHO\�DWWUDFWLYH�WRROER[�IRU� WDUJHWHG�GHOLYHU\� WR� WKH�EUDLQ��$V�D�¿UVW�VWHS�
WRZDUGV�WKLV�ORQJ�WHUP�JRDO��ZH�DLPHG�WR�YDOLGDWH�RULJDPL),6+�LQ�WKH�QHUYRXV�V\VWHP��7R�WKLV�HQG��ZH�LQWURGXFHG�'1�
EDUUHOV�WR�DFXWHO\�SUHSDUHG�OLYH�VOLFHV�RI�WKH�PRXVH�EUDLQ�RYHU�WKH�FRXUVH�RI����PLQXWHV�WR�SUREH�XSWDNH�VSHFL¿FLW\�LQ�
FHOOV�RI�WKH�FHUHEUDO�FRUWH[�DQG�FHUHEHOOXP��Fig. 5c���,Q�ERWK�UHJLRQV��ZH�REVHUYHG�VSDUVH�EXW�GLVWLQFW�'1�XSWDNH�LQ�
VPDOO�SRSXODWLRQV�RI�FHOOV��UHYHDOLQJ�'1�XSWDNH�SDWWHUQV�ZLWKLQ�WKH�QHUYRXV�V\VWHP��)XWXUH�VWXGLHV�ZLOO�H[DPLQH�WKH�
FHOO�W\SHV�UHVSRQVLEOH�IRU�'1�XSWDNH��

)LQDOO\�� ZH� DSSOLHG� RULJDPL),6+� WRZDUGV� ZKROH�PRXQW� SUHSDUDWLRQV� RI� KXPDQ� EUDLQ� RUJDQRLGV� �Fig. 5d��� 7KUHH�
GLPHQVLRQDO�KXPDQ�L36&�GHULYHG�RUJDQRLG�PRGHOV�KDYH�HPHUJHG�DV�D�WUDFWDEOH�PRGHO�V\VWHP�IRU�DGGUHVVLQJ�GLYHUVH�
TXHVWLRQV�LQ�QHXUR�DQG�FDQFHU�ELRORJ\��.LP�HW�DO����������:H�UHDVRQHG�WKDW�RUJDQRLGV�FDQ�VLPLODUO\�HQDEOH�WKH�GHVLJQ�
RI�KLJK�WKURXJKSXW�DVVD\V�IRU�YDOLGDWLQJ�WKHUDSHXWLF�'1V�LQ�D�KXPDQL]HG�PRGHO��$GGLWLRQDOO\��ZH�DLPHG�WR�H[WHQG�
RULJDPL),6+�WRZDUGV�LQWDFW��'�WLVVXHV�DV�DQRWKHU�GHPRQVWUDWLRQ�RI�LWV�YHUVDWLOLW\��DQG�WR�DVVD\�'1�VSDWLDO�GLVWULEXWLRQ��
DFFHVVLELOLW\��DQG�SHQHWUDWLRQ�LQ�QRQ�YDVFXODUL]HG�WLVVXH�V\VWHPV��7RZDUGV�WKLV�HQG��ZH�LQWURGXFHG�'1�EDUUHOV�WR����
ZHHN�ROG�FRUWLFDO�EUDLQ�RUJDQRLGV��D�PDWXULW\�VWDJH�FRQWDLQLQJ�GLYHUVH�QHXURQV�DQG�QHXUDO�SUHFXUVRUV�� LQ�DGGLWLRQ�
WR�VPDOOHU�QXPEHUV�RI�DVWURF\WHV��3DúFD�HW�DO����������)ROORZLQJ���KRXU�XSWDNH��RUJDQRLGV�ZHUH�SRVW¿[HG�SULRU�WR�
XQGHUJRLQJ�D�PRGL¿HG���GD\�RULJDPL),6+�SURWRFRO�ZLWK�LQWHJUDWHG�WLVVXH�FOHDULQJ�WR�HQDEOH�ZKROH�RUJDQRLG�LPDJLQJ�
RQ�D�OLJKWVKHHW�PLFURVFRSH��VHH�PHWKRGV���RULJDPL),6+�UHYHDOHG�VSDWLDO�GLVWULEXWLRQ�SDWWHUQV�RI�'1V�ZLWKLQ�WKH�LQWDFW�
organoid (Fig. 5e���:H�REVHUYHG�KLJK�'1�XSWDNH�E\�VHOHFW�FHOOV�HQULFKHG�ZLWKLQ�WKH�RXWHUPRVW�����P�RI�WKH�RUJDQRLG�
surface (Fig. 5f���7R�HQVXUH�WKDW�WKH�UHVWULFWLRQ�RI�'1�XSWDNH�WR�FHOOV�ZLWKLQ�WKH�RUJDQRLG�SHULSKHU\�ZDV�QRW�GXH�WR�
WKH� ODFN�RI�SUREH�SHQHWUDWLRQ� LQ�ZKROH�PRXQW�SUHSDUDWLRQV��ZH�FRQ¿UPHG�WKHVH�UHVXOWV�XVLQJ�FRQIRFDO� LPDJLQJ�RI�
RUJDQRLG�FU\RVHFWLRQV��ZKLFK�GHPRQVWUDWHG�VLPLODU�OLPLWDWLRQV�LQ�'1�SHQHWUDWLRQ��Fig. 5f���7KHVH�UHVXOWV�FRUURERUDWH�
SUHYLRXV�REVHUYDWLRQV�RI�'1�DFFHVVLELOLW\�DQG�SHQHWUDWLRQ�OLPLWV�ZLWKLQ�FDQFHU�VSKHURLGV��:DQJ�HW�DO�������D���DQG�
SURPSW�WKH�QHHG�IRU�PRUH�GHWDLOHG�FKDUDFWHUL]DWLRQV�RI�'1�GHVLJQ�UXOHV�IRU�UHDFKLQJ�GHHSHU�WLVVXH�UHJLRQV�ZLWKLQ�
SRRUO\� YDVFXODUL]HG�RUJDQRLG�� VSKHURLG�� DQG� WXPRU�PRGHOV��7DNHQ� WRJHWKHU�� RXU� UHVXOWV� GHPRQVWUDWH� WKH�XWLOLW\� RI�
RULJDPL),6+� LQ�FDSWXULQJ� WKH� IDLWKIXO� ORFDOL]DWLRQ�SDWWHUQV�RI�'1V�ZLWKLQ� LQWDFW� WLVVXH�V\VWHPV��DQG�RIIHU�D� WRRO� IRU�
FKDUDFWHUL]LQJ�'1�GHVLJQ�SDUDPHWHUV�IRU�UHDFKLQJ�GHHS�WLVVXH�UHJLRQV��$GGLWLRQDOO\��WKHVH�UHVXOWV�GHPRQVWUDWH�WKH�
FRPSDWLELOLW\�RI�RULJDPL),6+�WR�SUREH�'1�XSWDNH�DFURVV�GLYHUVH�WLVVXH�V\VWHPV��
 
Conclusions
,Q� VXPPDU\�� ZH� SUHVHQW� RULJDPL),6+� DV� D� QRYHO� LPDJLQJ� DSSURDFK� IRU� ODEHO�IUHH� YLVXDOL]DWLRQ� RI� '1$� RULJDPL�
nanostructures in situ��:H�GHPRQVWUDWH�WKH�XWLOLW\�DQG�VHQVLWLYLW\�RI�RULJDPL),6+�DFURVV�PXOWLSOH�FHOO�OLQHV�DQG�WLVVXH�
PRGHOV�LQ�GHWHFWLQJ�����FHOO�XSWDNH�XQGHU�SLFRPRODU�FRQFHQWUDWLRQV�RI�'1V�����GLIIHUHQFHV�LQ�'1�DQG�ÀXRURSKRUH�WDJ�
ORFDOL]DWLRQ�����VKDSH�DQG�FHOO�W\SH�VSHFL¿F�UXOHV�LQ�'1�XSWDNH�����HDUO\�SKDVHV�RI�'1�XSWDNH�G\QDPLFV��DV�VRRQ�DV�
��PLQXWH�IROORZLQJ�XSWDNH��DQG����'1�SUR¿OLQJ�LQ�ZKROH�PRXQW�SUHSDUDWLRQV��$V�ZLWK�DQ\�WHFKQRORJ\��WKHUH�DUH�VRPH�
OLPLWDWLRQV��)LUVW��SHUIRUPLQJ�RULJDPL),6+�UHTXLUHV�VDPSOH�¿[DWLRQ�DQG�WKHUHIRUH�FDQQRW�EH�FRPELQHG�ZLWK�OLYH�FHOO�
REVHUYDWLRQV�DQG�WUDFNLQJ�RI�'1�XSWDNH��6HFRQG��ZKLOH�RULJDPL),6+�PRUH�IDLWKIXOO\�PDSV�'1�ORFDOL]DWLRQ�LQ�ELRORJLFDO�
WLVVXHV� FRPSDUHG� WR� G\H�ODEHOLQJ�� DQG� SURYLGHV� HYLGHQFH� IRU� '1� GHJUDGDWLRQ� XQGHU� SLFRPRODU� FRQFHQWUDWLRQV��
GLVFULPLQDWLQJ� EHWZHHQ� IXOO\� DQG� SDUWLDOO\� LQWDFW� '1V� ZLWK� VLQJOH�PROHFXOH� UHVROXWLRQ� ZLOO� UHTXLUH� IXUWKHU� SURWRFRO�
GHYHORSPHQWV��7KLUG��ZH�KDYH�RQO\�YDOLGDWHG�RULJDPL),6+�SUREHV�IRU�WDUJHWLQJ�WKH�FRPPRQ�0��PS���EDVHG�VFDIIROGV��
7R�DGGLWLRQDOO\�HQDEOH�RULJDPL),6+�IRU�QRQ�0��PS���VFDIIROG�RULJDPL�DQG�QRQ�RULJDPL�EDVHG�'1$�QDQRVWUXFWXUHV�
LQ� WKH� IXWXUH��ZH� LQFOXGH�D� OLVW� RI� SUREH�GHVLJQ� FRQVLGHUDWLRQV� LQ� WKH�0HWKRGV� VHFWLRQ��$GGLWLRQDOO\��ZH�QRWH� WKDW�
PXOWLSOH[HG�RULJDPL),6+�LPDJLQJ�VKRXOG�EH�IHDVLEOH�ZLWK�VHTXHQFH�EDUFRGHG�'1V��ZKLFK�LV�DQ�H[FLWLQJ�SURVSHFW�IRU�
HQDEOLQJ�GLUHFW�KHDG�WR�KHDG�FRPSDULVRQV�EHWZHHQ�PXOWLSOH�'1�GHVLJQV�LQ�WKH�VDPH�ELRORJLFDO�VDPSOH�IRU�ORZHULQJ�
YDULDELOLW\��7RJHWKHU��ZH�EHOLHYH�RULJDPL),6+�ZLOO� HQDEOH�GLVFRYHU\�RI� QRYHO�'1�ELRORJ\�DQG�GHVLJQ�SULQFLSOHV� IRU�
eventual translation into clinically relevant nanomedicines or cellular devices. 
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Methods
DNA nanostructure synthesis
$OO�VWUXFWXUHV�ZHUH�IROGHG�DFFRUGLQJ�WR�SXEOLVKHG�SURWRFROV��%DVWLQJV�HW�DO����������XVLQJ�D�7KHUPR)LVKHU�3UR)OH[�
3&5�V\VWHP��VV'1$�VWDSOHV�VWUDQGV�ZHUH�SXUFKDVHG�IURP�,'7��6WUXFWXUHV�ZHUH�KHOG�DW��Û&�IROORZLQJ�IROGLQJ��XQWLO�
SXUL¿FDWLRQ���
 
%DUUHO�����Q0�RI�S�����VV'1$�VFDIIROG��*XLOG�%LRVFLHQFHV��'���������P/�����ZDV�WKHUPR�UDPSHG�LQ���[�H[FHVV�RI�
VV'1$�VWDSOHV�VWUDQGV����Û&�IRU����PLQXWHV���������Û&�IRU����PLQ�DQG����VHFRQGV�SHU�Û&�����KRXUV�LQ�WRWDO���5HDFWLRQ�
IROGLQJ�EXIIHU�FRQWDLQHG��[�PRGL¿HG�7(�EXIIHU���P0�7ULV���P0�('7$�S+���ZLWK���P0�0J&O����

5RG�� ��� Q0� RI� S����� VV'1$� VFDIIROG�ZDV� WKHUPR�UDPSHG� LQ� ��[� H[FHVV� RI� VV'1$� VWDSOHV� VWUDQGV�� ��Û&� IRU� ��
PLQXWHV���������Û&�UDPS�RYHU����KRXUV�LQ�WRWDO��5HDFWLRQ�IROGLQJ�EXIIHU�FRQWDLQHG��[�PRGL¿HG�7(�EXIIHU���P0�7ULV��
�P0�('7$�S+���ZLWK��P0�0J&O���

5HFWDQJOH�����Q0�RI�0��PS���VV'1$�VFDIIROG��%D\RX�%LRODEV��3������ZDV�WKHUPR�UDPSHG�LQ���[�H[FHVV�RI�VV'1$�
VWDSOHV�VWUDQGV����Û&�IRU��PLQ�������Û&�IRU������PLQXWHV�SHU�Û&����KRXUV�LQ�WRWDO���5HDFWLRQ�IROGLQJ�EXIIHU�FRQWDLQHG�
�[�PRGL¿HG�7(�EXIIHU� ��� Q0�7ULV�� �P0�('7$�S+���ZLWK� ����P0�0J&O���&\��ODEHOHG� UHFWDQJOHV�ZHUH�PDGH�E\�
LQFXEDWLQJ�F\���DQWL�KDQGOHV��***$7$$*77*$77*&$*$*&��&\�6S���ZLWK�IROGHG�VWUXFWXUHV�IRU���KRXU�DW�URRP�
WHPSHUDWXUH��IROORZLQJ�D�¿UVW�URXQG�RI�3(*�SXUL¿FDWLRQ��

1DQRVWUXFWXUH�SXUL¿FDWLRQ
%DUUHO�����Q0�RI�'1�%DUUHO�ZDV�LQFXEDWHG������YROXPH��ZLWK��;�3(*�VWRFN��Z�Z�������3RO\HWK\OHQH�JO\FRO������
�%LRVKRS��&DW�3(*�������;�7(�EXIIHU�����P0�1D&O��DQG���P0�0J&O���6DPSOH�ZDV�LQFXEDWHG�DW�URRP�WHPSHUDWXUH�
IRU� ���PLQV�� 6DPSOH� ZDV� SUHFLSLWDWHG� YLD� FHQWULIXJDWLRQ� DW� ������J� IRU� ���PLQV� DW� ��Û&�� 6XSHUQDWDQW� ZDV� WKHQ�
UHPRYHG�ZLWK�D�SLSHWWH��6DPSOH�ZDV�WKHQ�UH�VSXQ�DW�������J�IRU���PLQV�DW���Û&��DQG�DQ\�UHVLGXDO�VXSHUQDWDQW�ZDV�
UHPRYHG�ZLWK�D�SLSHWWH��3HOOHWHG�RULJDPL�ZDV�UHVXVSHQGHG�LQ�����YROXPH�RI�WKH�RULJLQDO�FUXGH�VDPSOH��PL[HG��DQG�
LQFXEDWHG�LQ�D�WKHUPRVKDNHU�LQ��[�IROGLQJ�EXIIHU��+HDWLQJ�WKHUPRVKDNHU�7KHUPR0L[HU��)�VHULHV�0RGHO�)�����DW���Û&�
DW�����530�IRU����PLQV�WR�DLG�UHVXVSHQVLRQ��

5RG�����Q0�RI�'1�URG�ZDV�LQFXEDWHG������YROXPH��ZLWK��;�3(*�VWRFN��Z�Z�������3RO\HWK\OHQH�JO\FRO��������;�
7(�EXIIHU�����P0�1D&O��DQG���P0�0J&O���6DPSOH�ZDV�LQFXEDWHG�DW�URRP�WHPSHUDWXUH�IRU����PLQV��6DPSOH�ZDV�
SUHFLSLWDWHG�YLD�FHQWULIXJDWLRQ�DW�������J�IRU����PLQV�DW���Û&��6XSHUQDWDQW�ZDV�WKHQ�UHPRYHG�ZLWK�D�SLSHWWH��6DPSOH�
ZDV�WKHQ�UH�VSXQ�DW�������J�IRU���PLQV�DW���Û&��DQG�DQ\�UHVLGXDO�VXSHUQDWDQW�ZDV�UHPRYHG�ZLWK�D�SLSHWWH��3HOOHWHG�
RULJDPL�ZDV�UHVXVSHQGHG�LQ�����YROXPH�RI�WKH�RULJLQDO�FUXGH�VDPSOH��PL[HG��DQG�LQFXEDWHG�LQ�D�WKHUPRVKDNHU�DW���Û&�
DW�����530�IRU����PLQV�WR�DLG�UHVXVSHQVLRQ��

5HFWDQJOH�����Q0�RI�'1�UHFWDQJOH�ZDV�LQFXEDWHG������YROXPH��ZLWK��;�3(*�VWRFN��Z�Z�������3RO\HWK\OHQH�JO\FRO�
����� �%LRVKRS��&DW�3(*�������;�7(�EXIIHU�����P0�1D&O��DQG�����P0�0J&O���6DPSOH�ZDV� LQFXEDWHG�DW� URRP�
WHPSHUDWXUH� IRU����PLQV��6DPSOH�ZDV�SUHFLSLWDWHG�YLD�FHQWULIXJDWLRQ�DW�������J� IRU����PLQV�DW��Û&��6XSHUQDWDQW�
ZDV�WKHQ�UHPRYHG�ZLWK�D�SLSHWWH��6DPSOH�ZDV�UH�VSXQ�DW�������J�IRU���PLQV�DW��Û&��DQG�DQ\�UHVLGXDO�VXSHUQDWDQW�
ZDV� UHPRYHG�ZLWK� D� SLSHWWH�� 3HOOHWHG� RULJDPL� ZDV� UHVXVSHQGHG� LQ� ���WK� YROXPH� RI� FUXGH� VDPSOH� LQWURGXFHG� WR�
SUHFLSLWDWLRQ�UHDFWLRQ��DQG�LQFXEDWHG�LQ�D�WKHUPRVKDNHU�DW���Û&�DW�����530�IRU����PLQV�WR�DLG�LQ�UHVXVSHQVLRQ��&\��
ODEHOHG�UHFWDQJOHV�ZHUH�DGGLWLRQDOO\�SXUL¿HG�WZLFH�XVLQJ�WKH�VDPH�SURWRFRO�IROORZLQJ�&\��ODEHOLQJ�

$OO�SXUL¿FDWLRQV�ZHUH�UHSHDWHG�WZLFH�SULRU� WR�FHOO�XSWDNH�H[SHULPHQWV� WR�HQVXUH�H[FHVV�VWDSOHV�DUH�UHPRYHG��DQG�
WKH�¿QDO�SXUL¿HG�VWUXFWXUHV�DUH�FRQ¿UPHG�RQ�D����DJDURVH�JHO�WR�HQVXUH�SXULW\��&RQFHQWUDWLRQ�RI�WKH�VDPSOH�ZDV�
REWDLQHG�XVLQJ�D�QDQRGURS��7KHUPR�6FLHQWL¿F��1DQR'URS��2QH�0LFURYROXPH�89�9LV�6SHFWURSKRWRPHWHU���

Agarose gel electrophoresis
7R�SUHSDUH����DJDURVH�JHO�����J�RI�DJDURVH��)URJJD%LR��&DW�$����ZDV��DGGHG�WR�����P/����;�7%(�DQG�PLFURZDYHG�
XQWLO� GLVVROYHG��$IWHU� FRROLQJ�����P/�RI��0�0J&O��DQG��X/�RI�6\EU�6DIH� �,QYLWURJHQ��6�������ZHUH�DGGHG� WR� WKH�
VROXWLRQ�DQG�WKH�JHO�ZDV�FDVW��$OO�JHOV�ZHUH�UXQ�DW���9�IRU��K�RQ�LFH��

Negative stain transmission electron microscopy
'1�RULJDPL�VDPSOHV�ZHUH�GLOXWHG�WR�D�¿QDO�FRQFHQWUDWLRQ�RI���Q0�LQ��;�IROGLQJ�EXIIHU���;�7(�EXIIHU�ZLWK����������P0�
0J&O��GHSHQGLQJ�RQ�VWUXFWXUH��������/�RI��Q0�'1�RULJDPL�VDPSOH�ZDV�ORDGHG�RQWR�D�SODVPD�FOHDQHG��FDUERQ�FRDWHG��
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����PHVK�7HG�3HOOD�IRUPYDU�VWDELOL]HG�ZLWK�FDUERQ�WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\�JULG�������QP�WKLFNQHVV���6)5��
&DW��������)���6DPSOH�ZDV�OHIW�WR�UHVW�RQ�JULG�IRU�����PLQV��WKHQ�ZLFNHG�DZD\�ZLWK�¿OWHU�SDSHU��ZDVKHG�ZLWK��;�IROGLQJ�
EXIIHU��DQG�WKHQ�VWDLQHG�IRU����VHFRQGV�ZLWK����XUDQ\O�DFHWDWH��6DPSOHV�ZHUH�LPDJHG�RQ�D�7DORV�/���&�7(0��

Coating with oligolysine-PEG
:LWKLQ���GD\�RI�3(*�SXUL¿FDWLRQ��'1V�ZHUH�LQFXEDWHG�IRU����PLQV�DW�URRP�WHPSHUDWXUH�ZLWK�PHWKR[\�SRO\�HWK\OHQH�
JO\FRO��EORFN�SRO\�/�O\VLQH�K\GURFKORULGH��P3(*�.�E�3/.&����$ODPDQGD�SRO\PHUV��&DW�����.&������7KH�VDPSOHV�
ZHUH�FRDWHG�DW�D�UDWLR�RI������1�3��UDWLR�RI�QLWURJHQ�LQ�DPLQHV���SKRVSKDWHV�LQ�'1$���&HOO�XSWDNH�H[SHULPHQWV�ZHUH�
SHUIRUPHG����PLQXWHV�IROORZLQJ�ROLJRO\VLQH�3(*�FRDWLQJ��

Serum degradation assay
'1V�ZHUH�IROGHG�DQG�SXUL¿HG�DV�SUHYLRXVO\�GHVFULEHG�DQG�UHVXVSHQGHG�LQ��;�)%�VXFK�WKDW�WKH�VWUXFWXUHV�KDG�D�¿QDO�
FRQFHQWUDWLRQ�RI����Q0���X/�RI���Q0�'1V�ZHUH�DGGHG�WR���X/�'0(0�������)%6�DQG�LQFXEDWHG�DW����&�IRU���KRXUV�
RU��X/�RI���Q0�ZDV�DGGHG�WR���X/��[)%�IRU�QRQ�VHUXP�FRQWURO��6DPSOHV�ZHUH�UXQ�RQ�D����DJDURVH�JHO�RQ�LFH��

PDL coverslip treatment 
&RYHUVOLSV� ZHUH� 3'/� IXQFWLRQDOL]HG� XS� WR� �� ZHHNV� SULRU� WR� XVH�� ��� PP� ����� FRYHUVOLSV� �)LVKHU� 6FLHQWL¿F� FDW��
1&��������� ZHUH� FOHDQHG� ZLWK� �0� +&O� DW� 57� RYHUQLJKW�� DQG� ZDVKHG� H[WHQVLYHO\� ZLWK� ZDWHU� WR� QHXWUDOL]H� S+��
&RYHUVOLSV�ZHUH�VXEPHUJHG�LQ�����PJ�P/�3'/��6LJPD��FDW��3�������0*��RYHUQLJKW�DW�57��&RYHUVOLSV�ZHUH�ZDVKHG�
�[�ZLWK�7&�JUDGH�ZDWHU��DQG�VWRUHG�LQ�ZDWHU�XQWLO�XVH�DW���&��

Cell uptake experiments
)RU� FHOOXODU�XSWDNH��5$:������RU�+(.����FHOOV�ZHUH�VHHGHG�DW�D�GHQVLW\�RI���������RU���������FHOOV�SHU�ZHOO��
UHVSHFWLYHO\�� LQWR� ��� ZHOO� SODWHV� FRQWDLQLQJ� 3'/�WUHDWHG� ������ ��PP� FRYHUVOLSV�� '1� VDPSOHV� ZHUH� SUHSDUHG� E\�
GLOXWLQJ�WKHP�WR�WKHLU�UHVSHFWLYH� OLVWHG�FRQFHQWUDWLRQV� LQ�D�WRWDO�YROXPH�RI������/�'0(0�FRPSOHWH�PHGLD��'0(0�
VXSSOHPHQWHG�ZLWK�����)%6�DQG����SHQQ�VWUHS���8SWDNH�RFFXUUHG�DW���Û&�����&22. 

Probe design
3UREH�VHTXHQFHV�XVHG�LQ�WKLV�VWXG\�DUH�SURYLGHG�LQ�Supplementary File 1��3UREHV�ZHUH�GHVLJQHG�LQ�KRXVH�XVLQJ�WKH�
IROORZLQJ�SDUDPHWHUV��������QW��+&5�Y�����RU��[����QW��+&5�Y�����WDUJHW�UHJLRQ�����QR�PRUH�WKDQ����QW�FURVV�ELQGLQJ�WR�
DQ\�RII�WDUJHWV�LQ�WKH�PRXVH�DQG�KXPDQ�WUDQVFULSWRPHV�IRU�HDFK����QW�WDUJHW�UHJLRQ�����0HOWLQJ�WHPSHUDWXUH�EHWZHHQ�
��������Û&��DQG����QR�PRUH�WKDQ���FRQVHFXWLYH�EDVHV�ZKLFK�DUH�LGHQWLFDO��L�H��SUREHV�ZKLFK�FRQWDLQ�VHTXHQFHV�$$$$��
7777��&&&&��****�ZHUH�UHPRYHG���:H�QRWH�WKDW�VLPLODU�GHVLJQ�SDUDPHWHUV�FDQ�HDVLO\�EH�XVHG�WR�JHQHUDWH�DGGLWLRQDO�
RULJDPL),6+� SUREHV� WRZDUGV� QRQ�0��PS���EDVHG� VFDIIROG� VHTXHQFHV��$OWKRXJK� SUREH� GHVLJQ� LV� FKDOOHQJHG� IRU�
VKRUWHU�VHTXHQFHV�DV�VLJQDO�VHQVLWLYLW\� LV�DVVLVWHG�E\� LQFUHDVHG�SUREH�FRXQWV��RULJDPL),6+� LV� UREXVW�DQG�FDQ�EH�
SHUIRUPHG�ZLWK�DV�OLWWOH�DV���SUREH�SDLUV��XQSXEOLVKHG�GDWD���

origamiFISH
)ROORZLQJ�'1�XSWDNH��FHOOV�ZHUH�¿[HG�ZLWK����3)$�IRU����PLQ�DW�57��IROORZHG�E\���[����PLQ�ZDVKHV�ZLWK��[�3%6��
6DPSOHV�ZHUH�SHUPHDELOL]HG�ZLWK�����HWKDQRO�HLWKHU�IRU���KRXU�DW�57�RU�VWRUHG�IRU�XS�WR�RQH�\HDU�LQ�����HWKDQRO�DW�
���Û&��VHDOHG�ZLWK�SDUD¿OP�WR�SUHYHQW�HYDSRUDWLRQ�����
 
)ROORZLQJ�SHUPHDELOL]DWLRQ��VDPSOHV�ZHUH�DOORZHG�WR�GU\�FRPSOHWHO\�DQG�SODFHG��FHOO�VLGH�GRZQ��RQWR������/�RI�����
IRUPDPLGH�K\EULGL]DWLRQ�EXIIHU��PROHFXODU�LQVWUXPHQWV���'1�GHQDWXUDWLRQ�RFFXUUHG�DW����Û&�IRU�������PLQXWHV�RQ�D�
KRW�SODWH����Q0�SUREH�K\EULGL]DWLRQ�EXIIHU�ZDV�SUHSDUHG�LQ�K\EULGL]DWLRQ�EXIIHU��6DPSOHV�ZHUH�DOORZHG�WR�K\EULGL]H�
RYHUQLJKW�DW���Û&�LQ�D�KXPLGL¿HG�FKDPEHU��L�H��H[WUD�ZHOOV�LQ����ZHOO�SODWH�ZHUH�¿OOHG�ZLWK�ZDWHU����[�ZDVKHV�ZHUH�
SHUIRUPHG�LQ�ZDVK�EXIIHU��PROHFXODU� LQVWUXPHQWV��DW���Û&��IROORZHG�E\��[�ULQVHV�LQ��[�66&7�������7ULWRQ�;�LQ��[�
66&��DW�57���
 
+&5�KDLUSLQV�ZHUH�SUHSDUHG�E\�KHDWLQJ�WR����&�IRU����VHFRQGV��DQG�DOORZHG�WR�FRRO�WR�URRP�WHPSHUDWXUH�VORZO\�RYHU�
���PLQXWHV�WR�IRUP�PHWDVWDEOH�KDLUSLQV��$PSOL¿FDWLRQ�VROXWLRQV�ZHUH�SUHSDUHG�E\�PL[LQJ���ȝ/�RI�+��DQG���ȝ/�RI�+��
KDLUSLQ�LQ�����ȝ/�RI�DPSOL¿FDWLRQ�EXIIHU�IRU�HDFK�VDPSOH��0ROHFXODU�,QVWUXPHQWV���:DVKHG�VDPSOHV�ZHUH�SUH�DPSOL¿HG�
LQ�����ȝ/�RI�DPSOL¿FDWLRQ�EXIIHU�IRU�DURXQG���PLQXWH��DQG�DPSOL¿HG�LQ�����ȝ/�RI�KDLUSLQ�VROXWLRQ�IRU���KRXUV�DW�57�LQ�
WKH�GDUN��)ROORZLQJ�DPSOL¿FDWLRQ��VDPSOHV�ZHUH�ZDVKHG���[�LQ��;�66&��VWDLQHG�ZLWK��������'$3,��7KHUPR)LVKHU��IRU�
���PLQXWHV�DW�57��DQG�PRXQWHG�LQ�)OXRURPRXQW�*��6RXWKHUQ�%LRWHFK��

RULJDPL),6+� IRU� O\PSK� QRGHV� �/1V�� DQG� EUDLQ� VOLFHV� ZHUH� SHUIRUPHG� ZLWK� WKH� IROORZLQJ� PRGL¿FDWLRQV�� 6DPSOH�
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SHUPHDELOL]DWLRQ�RFFXUUHG�DW���&�RYHUQLJKW�E\�VXEPHUJLQJ�WLVVXH�VHFWLRQV�LQ�LFH�FROG�����HWKDQRO�DV�IUHH�ÀRDWLQJ�
VHFWLRQV� LQ�D����ZHOO�SODWH� �RU� LQ�D�FRSOLQ� MDU� IRU�/1�FU\RVHFWLRQV�RQ�VOLGHV���)ROORZLQJ�SHUPHDELOL]DWLRQ��VHFWLRQV�
ZHUH�ULQVHG��[�LQ��[�3%6�WR�UHPRYH�WUDFHV�RI�HWKDQRO��7KLV�LV�LPSRUWDQW�DV�HWKDQRO�SUHFLSLWDWHV�ZLWK�WKH�RULJDPL),6+�
K\EULGL]DWLRQ�EXIIHU��'1�GHQDWXUDWLRQ�RFFXUUHG�DW����&�IRU����PLQXWHV�RQ�D�KRW�SODWH�� IROORZHG�E\�K\EULGL]DWLRQ� LQ�
�Q0�SUREH�VROXWLRQ�DW����&�LQ�D�KXPLGL¿HG�FKDPEHU��+&5�KDLUSLQ�DPSOL¿FDWLRQ�RFFXUUHG�DW�57�RYHUQLJKW�RQ�D�URFNHU��
9LEUDWRPH�VHFWLRQV�ZHUH�PRXQWHG�RQWR�VOLGHV�XVLQJ�D�SDLQW�EUXVK��

RULJDPL),6+�IRU�ZKROH�PRXQW�RUJDQRLGV�ZHUH�SHUIRUPHG�ZLWK�WKH�IROORZLQJ�PRGL¿FDWLRQV��DGDSWHG�IURP�SUHYLRXVO\�
SXEOLVKHG� ($6,�),6+� �:DQJ� HW� DO��� ����E�� DQG� &/$5,7<� SURWRFROV� �6KDK� HW� DO��� �������:KROH� RUJDQRLGV� ZHUH�
SHUPHDELOL]HG�ZLWK�����HWKDQRO�IRU�DW�OHDVW���GD\V�LQ�D����ZHOO�SODWH�DW���&��)ROORZLQJ�SHUPHDELOL]DWLRQ��RUJDQRLGV�
ZHUH�VXEMHFWHG�WR�'1�GHQDWXUDWLRQ� LQ�K\EULGL]DWLRQ�EXIIHU�DW����&�IRU����PLQXWHV��)ROORZLQJ��[�ULQVHV� LQ��[�3%6��
RUJDQRLGV�ZHUH�LQFXEDWHG�LQ�0236�EXIIHU��%LRVKRS����P0��S+������IRU����PLQXWHV��'1V�DQG�HQGRJHQRXV�QXFOHLF�
DFLGV�ZHUH�FRYDOHQWO\�WHWKHUHG�WR�0HOSKD;�E\�LQFXEDWLQJ�RUJDQRLGV�RYHUQLJKW�DW����&�LQ�0236�EXIIHU�VXSSOHPHQWHG�
ZLWK���PJ�/�0HOSKD;�DQG�����PJ�P/�$FU\OR\O�;��6(�������/���0HOSKD;�DQG�$FU\OR\O�;�6(�ZHUH�SUHSDUHG�DV�SUHYLRXVO\�
GHVFULEHG��:DQJ�HW�DO�������E���7KH�QH[W�GD\��RUJDQRLGV�ZHUH�ULQVHG�LQ��[�3%6��

���DFU\ODPLGH�VROXWLRQ�ZDV�SUHSDUHG�IRU�VDPSOH�FOHDULQJ�FRQWDLQLQJ�����Y�Y�������DFU\ODPLGH�ELV�DFU\ODPLGH����Q0�
7ULV�+&O�S+����DQG����0�1D&O��7KH�DFU\ODPLGH�VROXWLRQ�ZDV�GHJDVVHG�IRU����PLQXWHV�RQ� LFH�XVLQJ�QLWURJHQ�JDV��
2UJDQRLGV�ZHUH�DFFOLPDWHG�WR�WKH�DFU\ODPLGH�VROXWLRQ�IRU����PLQXWHV�RQ�LFH�������Z�Y��DPPRQLXP�SHUVXOIDWH��$36��
ZDV�IUHVKO\�SUHSDUHG�DQG�NHSW�RQ�LFH�XQWLO�XVH��$����K\GURJHO�VROXWLRQ�ZDV�SUHSDUHG�E\�PL[LQJ�WKH����DFU\ODPLGH�
VROXWLRQ�ZLWK�������$36�DQG�������7(0('��2UJDQRLGV�ZHUH�LQWURGXFHG�WR����K\GURJHO�VROXWLRQ�DQG�LPPHGLDWHO\�
SXOOHG� LQWR� D� OLJKWVKHHW� FDSLOODU\� IRU� JHOODWLRQ�� &DSLOODULHV� FRQWDLQLQJ� WKH� RUJDQRLG�JHO� VROXWLRQ� ZHUH� DOORZHG� WR�
SRO\PHUL]H�IRU���KRXUV�DW����&�LQ�D�KXPLGL¿HG�LQFXEDWRU��

&OHDULQJ�EXIIHU�ZDV�SUHSDUHG�E\�PL[LQJ�������SURWHLQDVH�.����P0�7ULV�+&O�S+�����P0�('7$�������7ULWRQ�;�����Q0�
1D&O��DQG����6'6��)ROORZLQJ�JHOODWLRQ��RUJDQRLG�JHOV�ZHUH�FDUHIXOO\�WULPPHG�DQG�ZDVKHG�LQ��;�66&7�������7ULWRQ�;���
66&7�ZDV�WKHQ�UHSODFHG�E\�WKH�FOHDULQJ�EXIIHU��DQG�VDPSOHV�ZHUH�DOORZHG�WR�FOHDU�IRU���GD\V����&�ZLWK�URFNLQJ������
530���$IWHU�FOHDULQJ��VDPSOHV�ZHUH�ZDVKHG���[�LQ��;�66&7�SULRU�WR�SUREH�K\EULGL]DWLRQ�DQG�DPSOL¿FDWLRQ�

)RU�K\EULGL]DWLRQ��RUJDQRLG�JHOV�ZHUH�¿UVW�HTXLOLEUDWHG� LQ�K\EULGL]DWLRQ�EXIIHU� IRU����PLQXWHV�DW����&�� IROORZHG�E\�
RYHUQLJKW� K\EULGL]DWLRQ� DW� ���&� LQ� �Q0� SUREH� VROXWLRQ� LQ� K\EULGL]DWLRQ� EXIIHU�� 7KH� QH[W� GD\�� RUJDQRLG�JHOV� ZHUH�
ZDVKHG�LQ�ZDVK�EXIIHU��[����PLQXWHV�DW����&��IROORZHG�E\��[����PLQXWH�ZDVKHV�ZLWK��[�66&7��$PSOL¿FDWLRQ�RFFXUUHG�
DW�57�RYHUQLJKW��IROORZHG�E\��[����PLQXWH�ZDVKHV�ZLWK��[�66&7��DQG�VWDLQLQJ�LQ��������'$3,�VROXWLRQ�IRU���KRXUV��
2UJDQRLG�JHOV�ZHUH�WDNHQ�GLUHFWO\�WR�OLJKWVKHHW�LPDJLQJ��

Cellular transfections
+(.���� FHOOV� ZHUH� WUDQVIHFWHG� ZLWK� OLSRIHFWDPLQH� ������ DQG� 5$:������ FHOOV� ZHUH� WUDQVIHFWHG� ZLWK� )XJHQH� ���
IROORZLQJ�SXEOLVKHU¶V�SURWRFROV��$OO�SODVPLGV�ZHUH�LQWURGXFHG�DW�����UDWLR����

Immunostaining 
&HOOV��,PPXQRVWDLQLQJ�ZDV�SHUIRUPHG�IROORZLQJ�SXEOLVKHG�SURWRFROV��:DQJ�DQG�/HIHEYUH���������%ULHÀ\��FHOOV�ZHUH�
EORFNHG�LQ�EORFNLQJ�EXIIHU�����1'6�LQ������3%67��IRU���KRXU�DW�57��3ULPDU\�LQFXEDWLRQ�RFFXUHG�DW��Û&�RYHUQLJKW��
)ROORZLQJ� �[� ���PLQXWH� ����� 3%67�ZDVKHV�� VDPSOHV� ZHUH� LQFXEDWHG� IRU� �� KRXUV� DW� 57� ZLWK� DOH[D�FRQMXJDWHG�
VHFRQGDU\�DQWLERGLHV� �,QYLWURJHQ�RU� -DFNVRQ� ,PPXQR5HVHDUFK���6DPSOHV�ZHUH�PRXQWHG�RQWR�JODVV� VOLGHV�XVLQJ�
Fluoromount G (Southern Biotech). 

7LVVXH��,PPXQRVWDLQLQJ�RI�WLVVXH�VOLFHV�ZHUH�SHUIRUPHG�IROORZLQJ�SURWRFRO�DERYH��ZLWK�D�IHZ�PRGL¿FDWLRQV��3ULPDU\�
LQFXEDWLRQ�RFFXUUHG�DW��Û&�IRU���QLJKWV��6DPSOHV�ZHUH�LQFXEDWHG�LQ�VHFRQGDU\�DQWLERGLHV�IRU���������KRXUV�DW�57��

RULJDPL),6+�ZDV�SHUIRUPHG�LPPHGLDWHO\�IROORZLQJ�LPPXQRVWDLQLQJ��$QWLERGLHV�DQG�FRQFHQWUDWLRQV�XVHG�LQ�WKLV�VWXG\�
ZHUH�DV� IROORZV��������� UDW�DQWL�/$03�� �'6+%���'�%���������� UDEELW�DQWL�3++�� �0LOOLSRUH�6LJPD��FDW�����������
������UDW�DQWL�)������7KHUPR)LVKHU��FDW���������������1XFOHL�ZHUH�ODEHOHG�XVLQJ�'$3,�DW��������LQ��[�66&7�IRU����
PLQXWHV�DW�57���

Turbo origamiFISH
7KH�VWDQGDUG�RULJDPL),6+�SURWRFRO�ZDV�IROORZHG��ZLWK�WKH�IROORZLQJ�PRGL¿FDWLRQV�����FHOOV�ZHUH�¿[HG�DQG�SHUPHDELOL]HG�
LQ������PHWKDQRO�IRU����PLQ�DW����Û&�����3UREH�K\EULGL]DWLRQ�RFFXUUHG�DW����0�IRU���PLQXWHV�����DOO�ZDVKHV�ZHUH�
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VKRUWHQHG�WR���PLQ�HDFK�����+&5�DPSOL¿FDWLRQ�RFFXUUHG�IRU����PLQ�DW�57��

Confocal microscopy
,PDJHV�ZHUH�DFTXLUHG�RQ�D�/HLFD�63��VFDQQLQJ�FRQIRFDO�PLFURVFRSH��XVLQJ�D���;�RLO�REMHFWLYH��1$� �������XVLQJ�D�
WXQDEOH�ZKLWH�OLJKW�ODVHU��=�VWDFNV�ZHUH�FROOHFWHG�ZLWK�D�����ȝP�VWHS�VL]H�WKURXJKRXW�WKH�GHSWK�RI�WKH�FHOOV��5$:������
FHOOV�ZHUH�LPDJHG�XVLQJ�����[�PDJQL¿FDWLRQ��+(.����FHOOV�ZHUH�LPDJHG�XVLQJ��[�PDJQL¿FDWLRQ��/DVHU�SRZHU�DQG�
JDLQ�XVHG�ZHUH��$OH[D�����������������&\��$OH[D�����������������$OH[D�����������������,PDJHV�RI�WLVVXH�VOLFHV�
ZHUH�DFTXLUHG�ZLWK�RSWLPL]HG� ODVHU�SRZHUV�XVLQJ� WKH�=�FRPSHQVDWLRQ� IHDWXUH� WKURXJKRXW� WKH�GHSWK�RI� WKH� WLVVXH��
$OO�LPDJHV�ZHUH�HLWKHU�DFTXLUHG�ZLWK�WKH�/HLFD�/LJKWHQLQJ�PRGXOH�IRU�LQWHJUDWHG�LPDJH�GHFRQYROXWLRQ�DW�WKH�WLPH�RI�
LPDJLQJ��RU�GHFRQYROYHG�XVLQJ�+X\JHQV�GHFRQYROXWLRQ����

Lightsheet microscopy
���ORZ�PHOWLQJ�SRLQW��/03��DJDURVH�ZDV�PDGH�LQ�ZDWHU��DQG�VWRUHG�DW�57�XQWLO�XVH��&HUHEUDO�RUJDQRLGV�ZHUH�FOHDUHG�
DQG�PRXQWHG�LQ����/03�DJDURVH��7KH�DJDURVH�VROXWLRQ�FRQWDLQLQJ�RUJDQRLG�ZDV�SXOOHG�LQWR�D�JODVV�FDSLOODU\�WXEH��
DOORZHG�WR�FRRO��DQG�VXEPHUJHG�LQWR�LPDJLQJ�VROXWLRQ�LQ�WKH�LPDJLQJ�FKDPEHU�RQ�D�=HLVV�/LJKWVKHHW�=��PLFURVFRSH��
7KH�DJDURVH�HPEHGGHG�RUJDQRLG�ZDV�SOXQJHG�RXW�RI�WKH�FDSLOODU\�WXEH�GLUHFWO\�LQWR�WKH�LPDJLQJ�EXIIHU��,PDJHV�ZHUH�
DFTXLUHG�XVLQJ�D���;��1$� ������REMHFWLYH�ZLWK�GXDO�VLGH�LOOXPLQDWLRQ��ZLWK�����P�VWHS�VL]HV�WKURXJKRXW�WKH�GHSWK�RI�
WKH�RUJDQRLG��,PDJHV�ZHUH�PHUJHG�DQG�SURFHVVHG�LQ�%LWSODQH�,PDULV��

Mouse strains
:LOG�W\SH�&���%�-�PLFH�XVHG�LQ�WKLV�VWXG\�ZHUH�SXUFKDVHG�IURP�-DFNVRQ�/DERUDWRULHV�RU�&KDUOHV�5LYHU�/DERUDWRULHV��
$OO�H[SHULPHQWV�ZHUH�FDUULHG�RXW� LQ�DFFRUGDQFH�ZLWK� WKH�&DQDGLDQ�&RXQFLO�RQ�$QLPDO�&DUH�JXLGHOLQHV� IRU�XVH�RI�
DQLPDOV�LQ�UHVHDUFK�DQG�ODERUDWRU\�DQLPDO�FDUH�XQGHU�SURWRFROV�DSSURYHG�E\�WKH�/DERUDWRU\�$QLPDO�6HUYLFHV�$QLPDO�
&DUH�&RPPLWWHH� DW� WKH�+RVSLWDO� IRU� 6LFN� &KLOGUHQ� �7RURQWR�� &DQDGD�� DQG� WKH�'LYLVLRQ� RI� &RPSDUDWLYH�0HGLFLQH�
(Toronto, Canada).  

Live brain slice uptake
0LFH�ZHUH�VDFUL¿FHG�DQG�PRXVH�EUDLQV�ZHUH�TXLFNO\�UHPRYHG�DQG�LPPHUVHG�LQ�LFH�FROG�VOLFLQJ�VROXWLRQ�VDWXUDWHG�ZLWK�
����22�DQG����&22�FRQWDLQLQJ����P0�VXFURVH�����P0�1D&O�����P0�.&O�����P0�0J62����P0�1D+�32�����P0�
1D+&2�������P0�&D&O���DQG���P0�'�JOXFRVH��
�����P�VDJLWWDO�VOLFHV�ZHUH�REWDLQHG�XVLQJ�D�YLEUDWRPH��97����V��/HLFD���6OLFHV�ZHUH�UHFRYHUHG�DW���Û&�IRU����PLQ�WR�
��KRXU�DQG�WKHQ�VWRUHG�DW�57��LQ�DUWL¿FLDO�FHUHEUDO�VSLQDO�ÀXLG��D&6)��VDWXUDWHG�ZLWK�����22�DQG����&22 containing: 
���P0�1D&O�����P0�.&O�����P0�0J624�����P0�1D+2324����P0�1D+&23, 2.0mM CaCl2��DQG���P0�'�JOXFRVH��
6OLFHV�ZHUH�WUDQVIHUUHG�WR�D���ZHOO�SODWH��LQ�D&6)��IRU�XSWDNH�LQ��Q0�'1�EDUUHOV��ZKLOH�PDLQWDLQLQJ�FRQVWDQW�EXEEOLQJ�
ZLWK�����22�DQG����&22��6OLFHV�ZHUH�¿[HG�LQ����3)$�SRVW�XSWDNH�RYHUQLJKW�DW��Û&�SULRU�WR�RULJDPL),6+�

Cortical organoid generation and DN uptake
+XPDQ�L36&�OLQH�3*3&��������3HUVRQDO�*HQRPH�3URMHFW�&DQDGD��ZDV�FXOWXUHG�RQ�0DWULJHO�FRDWHG�SODWHV�LQ�P7H65�
3OXV�PHGLXP� �67(0&(//� 7HFKQRORJLHV� ������� DQG� SDVVDJHG� ZLWK� 5H/H65� �67(0&(//� 7HFKQRORJLHV� �������
HYHU\�����GD\V��&HOOV�ZHUH�URXWLQHO\�WHVWHG�IRU�P\FRSODVPD�QHJDWLYLW\�

&RUWLFDO�RUJDQRLGV�ZHUH�JHQHUDWHG�IURP�WKH�3*3&�������KL36&�OLQH�DV�SUHYLRXVO\�GHVFULEHG��3DúFD�HW�DO����������ZLWK�
PRGL¿FDWLRQV��%ULHÀ\��KL36&V�ZHUH�GLVVRFLDWHG�LQWR�VLQJOH�FHOOV�XVLQJ�$FFXWDVH��67(0&(//�WHFKQRORJLHV���������2Q�
'D\�����������FHOOV�ZHUH�DJJUHJDWHG�LQ�HDFK�ZHOO�RI�D�3ULPH6XUIDFH�9�ERWWRP����ZHOO�3ODWH��6�%LR��WR�IRUP�HPEU\RLG�
ERGLHV��(%V���LQ�P7H65�3OXV�PHGLXP�FRQWDLQLQJ�52&.�LQKLELWRU�<���������X0���IRU�WKH�¿UVW����KRXUV��)URP�'D\������
(%V�ZHUH�IHG�ZLWK�(VVHQWLDO���PHGLXP��7KHUPR�)LVKHU�6FLHQWL¿F�$���������FRQWDLQLQJ����X0�GRUVRPRUSKLQ��7RFULV��
DQG���X0�6%���������7RFULV���)URP�'D\V�������PHGLXP�ZDV�FKDQJHG�WR�1*'�PHGLXP��1HXUR�JOLDO�GLIIHUHQWLDWLRQ�
PHGLXP��VXSSOHPHQWHG�ZLWK���QJ�P/�(*)��3HSURWHFK��DQG���QJ�P/�)*)���7KHUPR���)URP�'D\V��������PHGLXP�
ZDV�FKDQJHG�WR�1*'�PHGLXP�VXSSOHPHQWHG�ZLWK���QJ�P/��%'1)��3HSURWHFK��DQG���QJ�P/�17����3HSURWHFK���)URP�
'D\����RQZDUGV��RUJDQRLGV�ZHUH�JURZQ�LQ�RQO\�1*'�PHGLXP��

1*'�ZDV�SUHSDUHG�DV�SUHYLRXVO\�GHVFULEHG��/L�HW�DO��������������P/�RI����[�1*'�FRQVLVWV�RI�����P/�RI�1HXUREDVDO�
�7KHUPR����P/�RI�*HP���9LW$�����;��*HPLQL�%LRSURGXFWV������P/�RI�1HXURSOH[�1������;��*HPLQL�%LRSURGXFWV����P/�
RI����P0�S\UXYDWH���P/�RI�*OXWDPD[���P/�RI�3HQ�6WUHS����P/�RI��0�RI�1D&O���J�RI�$OEXPD[�,������J�RI�%LRWLQ����PJ�
RI�/DFWLF�DFLG��DQG����PJ�RI�$VFRUELF�$FLG�

���ZHHN�ROG�RUJDQRLGV�ZHUH�VXEMHFWHG�WR�'1�XSWDNH�WKURXJK�LQWURGXFWLRQ�RI��Q0�'1�EDUUHOV�LQ�����/�RI�1*'��8SWDNH�
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RFFXUUHG�DW���Û&�XQGHU����&22��)ROORZLQJ�XSWDNH��'1V�ZHUH�SRVW�¿[HG�LQ����3%6�IRU���KRXUV�DW�57��IROORZHG�E\�
RULJDPL),6+��

/\PSK�QRGH��/1��LQMHFWLRQ�DQG�FROOHFWLRQ
'1�EDUUHOV�ZHUH�LQWURGXFHG�LQWUDPXVFXODUO\�IROORZLQJ�SXEOLVKHG�SURWRFROV��5H]HQGH�HW�DO����������)RXU�KRXUV�IROORZLQJ�
XSWDNH�� WKH� LQJXLQDO� O\PSK�QRGHV�ZHUH�GLVVHFWHG�DQG�¿[HG�RYHUQLJKW� LQ����3)$�RYHUQLJKW�DW��Û&��)L[HG�/1V�DUH�
ZDVKHG� LQ��[�3%6��� WLPHV� IRU����PLQXWHV�HDFK��/1V�ZHUH�VHFWLRQHG�RQ�D�YLEUDWRPH� �/HLFD��DW������P��SULRU� WR�
RULJDPL),6+�DQG�LPPXQRVWDLQLQJ�DV�IUHH�ÀRDWLQJ�VHFWLRQV�LQ�D����ZHOO�SODWH��

Image analysis
,PDJH�SURFHVVLQJ�DQG�DQDO\VHV�ZHUH�SHUIRUPHG�LQ�%LWSODQH�,PDULV��Y��������DQG�),-,��'DWD�DQDO\VLV�DQG�YLVXDOL]DWLRQ�
ZHUH�SHUIRUPHG�LQ�*UDSKSDG�3ULVP��YHUVLRQ����RU�XVLQJ�WKH�6HDERUQ�OLEUDU\�LQ�S\WKRQ��

,PDJHV� ZHUH� SUHSURFHVVHG� LQ� ),-,� E\� SHUIRUPLQJ� WKH� IROORZLQJ� RSHUDWLRQV� WR� JHQHUDWH� DQ� DGGLWLRQDO�� V\QWKHWLF�
DXWRÀXRUHVFHQFH�FKDQQHO�IRU�FHOO�VHJPHQWDWLRQ�����RULJDPL),6+�FKDQQHO�ZDV�JDXVVLDQ�EOXUUHG�ZLWK�VLJPD� �������
RULJDPL),6+�FKDQQHO�ZDV�PHGLDQ�¿OWHUHG�ZLWK�UDGLXV� �������LPDJH�FDOFXODWRU�ZDV�XVHG�WR�DGG�WKH�RULJDPL),6+�DQG�
'$3,�FKDQQHOV�����$GGHG�FKDQQHO�ZDV�JDXVVLDQ�EOXUUHG�ZLWK�VLJPD� ����

,PDJHV�ZHUH�LPSRUWHG�LQWR�%LWSODQH�,PDULV�IRU�GRZQVWUHDP�DQDO\VHV�XVLQJ�WKH�FHOO�PRGXOH�IRU�VLQJOH�FHOO�VSRW�FRXQWV�
DQG� GLIIHUHQWLDO� ORFDOL]DWLRQ� WR� WKH� F\WRSODVP� DQG� QXFOHXV�� DQG� WKH� VXUIDFHV� PRGXOH� IRU� VSRW� YROXPH� DQDO\VHV��
3DUDPHWHUV�ZHUH�RSWLPL]HG�IRU�HDFK�H[SHULPHQW�DQG�PDLQWDLQHG�IRU�DOO�VDPSOHV�ZLWKLQ�WKH�H[SHULPHQW��
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Supplementary Fig. 1  Probe design overview. ���VSOLW�LQLWLDWRU�SUREH�SDLUV�ELQG�WR�WKH�0��PS���VFDIIROG�XVHG�WR�JHQHUDWH�'1�UHFWDQJOHV��left). 
7KH�¿UVW�KDOI�RI�WKH�SUREH�SDLU��$��LV�KLJKOLJKWHG�LQ�F\DQ��7KH�VHFRQG�KDOI�RI�WKH�SUREH�SDLU��%��LV�KLJKOLJKWHG�LQ�OLJKW�EOXH��%LQGLQJ�VLWHV�IRU�SUREHV���
DQG����DUH�QRW�SUHVHQW�ZLWKLQ�WKH�0��PS���VFDIIROG�����6SOLW�LQLWLDWRU�SUREH�SDLUV�ELQG�WR�WKH�S�����VFDIIROG�XVHG�WR�JHQHUDWH�'1�EDUUHOV�DQG�ORQJ�
URGV��ULJKW���3UREHV���DQG����DUH�XQLTXH�WR�WKH�S�����VFDIIROG�DQG�FRUUHVSRQGLQJO\�KLJKOLJKWHG�LQ�UHG�RUDQJH��
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6XSSOHPHQWDU\�)LJ�����RULJDPL),6+�SHUIRUPV�UREXVWO\�DFURVV�ÀXRUHVFHQFH�LPDJLQJ�SODWIRUPV��D�DXWRPDWHG�VOLGH�VFDQQHU����[�RLO�REMHFWLYH��
HQDEOHV�ODUJH�VFDOH��KLJK�WKURXJKSXW�LPDJLQJ�RI�RULJDPL),6+�VWDLQLQJ��b�ZLGH¿HOG�ÀXRUHVFHQFH�PLFURVFRSH��(FKR�5HYROYH����[�DLU�REMHFWLYH���c 
,PDJH�REWDLQHG�RQ�HSLÀXRUHVFHQFH�H\HSLHFH�SKRQH�PRXQW����[�RLO�REMHFWLYH���H[WUDFHOOXODU�SXQFWDWH�VWDLQLQJ�UHSUHVHQWV�QHJDWLYHO\�FKDUJHG�'1V�
ORFDOL]HG�WR�SRVLWLYHO\�FKDUJHG�3'/�WUHDWHG�FRYHUVOLSV��ZKLFK�DUH�UHPRYHG�WKURXJK�FRQIRFDOLW\�RQ�FRQIRFDO�VHWXSV��
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6XSSOHPHQWDU\�)LJ�����7XUER�RULJDPL),6+�LV�GHSHQGHQW�RQ�PHWKDQRO�¿[DWLRQ�DQG�DOORZV�IRU�UDSLG�SURWRW\SLQJ�RI�'1V��7XUER�RULJDPL),6+�
VKRUWHQV� �� GD\� RULJDPL),6+�SURWRFRO� WR� �� KRXU� �HQG�WR�HQG���7XUER�RULJDPL),6+� LV� GHSHQGHQW� RQ�PHWKDQRO� ¿[DWLRQ�� VLPLODU� WR�51$�VP),6+�
�6KDIIHU�HW�DO����������*O\R[\O�¿[DWLRQ��5LFKWHU�HW�DO���(0%2��������ZDV�LQFOXGHG�DV�DQ�DOWHUQDWLYH�WHVW�WR�3)$�¿[DWLRQ��EXW�ZKLFK�DOVR�GLG�QRW�UHVXOW�
LQ�SRVLWLYH�7XUER�RULJDPL),6+�VWDLQLQJ��
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Supplementary Fig. 4  Negative stain TEM images of three DN shapes used in this study. 8QFRDWHG�'1V�DUH�VKRZQ�LQ�WKH�WRS�SDQHO��'1V�
UHWDLQ�VKDSH�VSHFL¿F�FKDUDFWHULVWLFV�IROORZLQJ�.10�3(*�FRDWLQJ��bottom���6FDOH�EDUV�DUH�����QP�
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Supplementary Fig. 5  Characterization of DN integrity under cellular conditions. a 1HJDWLYH�VWDLQ�7(0�LPDJHV�RI�.���3(*�FRDWHG�VWUXFWXUHV�
IROORZLQJ���KRXU�LQFXEDWLRQ�XQGHU�VHUXP�FRQGLWLRQV��'0(0�������)%6���6FDOH�EDUV�DUH�����QP��0RVW�VWUXFWXUHV�UHWDLQHG�WKHLU�VKDSH�IROORZLQJ�
VHUXP�LQFXEDWLRQ��DOWKRXJK�D�VXEVHW�RI�'1�UHFWDQJOHV�DSSHDU�WR�KDYH�GHJUDGHG��b�(IIHFW�RI�.���3(*�FRDWLQJ�DQG�VHUXP�LQFXEDWLRQ����KRXUV��RQ�
'1V��DV�DVVHVVHG�WKURXJK�DJDURVH�JHO�HOHFWURSKRUHVLV��&RDWHG������.10�3(*�FRDWHG�VWUXFWXUHV��VHUXP��VHUXP�LQFXEDWHG�RYHU���KRXUV��/��ODGGHU��
S������S�����VFDIIROG�DORQH��0��PS����0��PS���VFDIIROG�DORQH��7KH�PDMRU�'1�EDQG�LV�UHWDLQHG�IRU�DOO�'1�VWUXFWXUHV�IROORZLQJ�VHUXP�LQFXEDWLRQ��
*HOV�ZHUH�UXQ�IRU���KRXUV�RQ�LFH��
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Supplementary Fig. 6  origamiFISH is more sensitive compared to dye labels across concentration gradient. a 5HSUHVHQWDWLYH�LPDJHV�
IRU�RULJDPL),6+��\HOORZ��DQG�&\���PDJHQWD��DFURVV�DOO�FRQFHQWUDWLRQV�DQDO\]HG��b�&RUUHODWLRQ�EHWZHHQ�WKH�QXPEHU�RI�RULJDPL),6+�VSRWV�SHU�
FHOO� �[��DQG� WKH�QXPEHU�RI�&\��VSRWV�SHU�FHOO� �\���'DVKHG� OLQH�UHSUHVHQW�GDWD�GLVWULEXWLRQ� IRU�HTXDO�VHQVLWLYLW\�EHWZHHQ�RULJDPL),6+�DQG�&\���
'DWD�SRLQWV�ZKLFK�IDOO�EHORZ�WKH�OLQH�LQGLFDWH�KLJKHU�RULJDPL),6+�VHQVLWLYLW\��'DWD�SRLQWV�ZKLFK�IDOO�DERYH�WKH�OLQH�LQGLFDWH�KLJKHU�&\��VHQVLWLYLW\��
RULJDPL),6+�GHPRQVWUDWH�VXSHULRU�VHQVLWLYLW\�DW�DOO�FRQFHQWUDWLRQV��c�WKH�QXPEHU�RI�RULJDPL),6+��OHIW��DQG�&\���ULJKW��VSRWV�SORWWHG�DJDLQVW�XSWDNH�
FRQFHQWUDWLRQ��%RWK�GHPRQVWUDWH�D�GRVH�UHVSRQVH�UHODWLRQVKLS�EHWZHHQ�XSWDNH�FRQFHQWUDWLRQ�DQG�VSRW�QXPEHU��6LJQDO�VDWXUDWLRQ�LV�REVHUYHG�SDVW�
WKH��Q0�FRQFHQWUDWLRQ�IRU�ERWK�RULJDPL),6+�DQG�&\���
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Supplementary Fig. 7   origamiFISH and Cy3 dye labels do not colocalize following low concentration DN uptake. $GGLWLRQDO�H[DPSOH�
LPDJHV�RI�&\���RULJDPL),6+��DQG�RULJDPL),6+��&\���VSRWV�IROORZLQJ��S0�'1�XSWDNH��
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Supplementary Fig. 8   Summary of DN internalization dynamics and analyses pipeline. a &HOO�PDVNV�ZHUH�FUHDWHG�XVLQJ�WKH�FRPELQHG�
FHOOXODU�DXWRÀXRUHVFHQFH�IURP�WKH�RULJDPL),6+�DQG�'$3,�FKDQQHOV��6LJQDO�DGGLWLRQ�DQG�EOXUULQJ�ZDV�XVHG�WR�FUHDWH�D�FHOOXODU�PDVN�FKDQQHO��
ZKLFK�ZDV�XWLOL]HG�WR�JHQHUDWH�FHOO�PHPEUDQH�VXUIDFHV�IRU�DQDO\VHV��0HPEUDQH�VSRWV�ZHUH�FKDUDFWHUL]HG�DV�VSRWV�ZKLFK�IDOO�DORQJ�WKH�ERXQGDU\�
RI�WKH�FHOO�PDVN�FKDQQHO��&\WRVROLF�VSRWV�ZHUH�FKDUDFWHUL]HG�DV�VSRWV�ZKLFK�IDOO�LQVLGH�WKH�FHOO�PDVN��b�5HSUHVHQWDWLYH�LPDJHV�IRU�WKUHH�VKDSHV�DW�
IRXU�XSWDNH�WLPH�SRLQWV��c�OHIW��1XPEHU�RI�PHPEUDQH�ORFDOL]HG�VSRWV�TXDQWL¿HG�IRU�'1�UHFWDQJOHV�DQG�EDUUHOV�DUH�UHODWLYHO\�FRQVLVWHQW�DFURVV�WKH�
WLPH�FRXUVH��VXJJHVWLQJ�HDUO\�DGVRUSWLRQ�RQWR�WKH�FHOO�PHPEUDQH���right��RULJDPL),6+�VSRW�LQWHQVLW\�LQFUHDVHV�RYHU�WKH�XSWDNH�WLPHFRXUVH�IRU�DOO�
WKUHH�'1�VWUXFWXUHV��DV�H[SHFWHG��d�7KH�QXPEHU�RI�VSRWV�SHU�FHOO�LQFUHDVHV�ZLWK�XSWDNH�IRU�DOO�WKUHH�VWUXFWXUHV��
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