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Confocal laser endomicroscopy (pCLE) provides real-time histologic imaging of human tissues
at a depth of 60–70μmduring endoscopy. pCLE of the extrahepatic bile duct after fluorescein
injection demonstrated a reticular pattern within fluorescein-filled sinuses that had no known
anatomical correlate. Freezing biopsy tissue before fixation preserved the anatomy of this structure,
demonstrating that it is part of the submucosa and a previously unappreciated fluid-filled interstitial
space, draining to lymph nodes and supported by a complex network of thick collagen bundles.
These bundles are intermittently lined on one side by fibroblast-like cells that stain with endothelial
markers and vimentin, although there is a highly unusual and extensive unlined interface between the
matrix proteins of the bundles and the surrounding fluid.We observed similar structures in numerous
tissues that are subject to intermittent or rhythmic compression, including the submucosae of the
entire gastrointestinal tract and urinary bladder, the dermis, the peri-bronchial and peri-arterial soft
tissues, and fascia.These anatomic structuresmay be important in cancermetastasis, edema, fibrosis,
andmechanical functioning ofmany or all tissues and organs. In sum, we describe the anatomy and
histology of a previously unrecognized, thoughwidespread,macroscopic, fluid-filled space within and
between tissues, a novel expansion and specification of the concept of the human interstitium.
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fltnqdrbdhm,fikkdc�onkxfnm‘k�ro‘bdr2-�drd�g‘ud�mn�nauhntr�bnqqdk‘sd�sn�jmnvm�rsqtbstqdr-�@ksgntfg�dmcnrbnohrsr�
g‘ud�rtffdrsdc�sg‘s�sghr�mdsvnqj�qdoqdrdmsr�b‘ohkk‘qhdr�nq�kxlog‘mfhnkdr2+�mdhsgdq�rsqtbstqd�b‘m�dwok‘hm�sgd�qdshb,
tk‘q�o‘ssdqm�ne�c‘qj�a‘mcr�‘mc�aqhfgs+�flthc,fikkdc�ro‘bdr-

Vd�gxonsgdrhydc�sg‘s�sghr�o‘ssdqm�qdfldbsr�‘m�dwsdmrhnm�ne�sgd�hmsdqbdkktk‘q�hmsdqrshsh‘k�ro‘bd-�Vd�b‘qqhdc�nts�‘m�
hm,cdosg�rstcx�trhmf�oBKD�‘mc�ghrsnknfx�ne�sgd�gtl‘m�dwsq‘gdo‘shb�ahkd�ctbs�hm�nqcdq�sn�hcdmshex�sgd�lhbqn‘m,
‘snlhb�bnqqdk‘sdr�ne�sgd�qdshbtk‘q�o‘ssdqm-�Vd�qdonqs�gdqd�sgd�dwhrsdmbd�ne�‘�mnudk�hmsdqrshsh‘k�’h-d-�oqd,kxlog‘shb(�
ro‘bd�cdfimdc�ax�‘�bnlokdw�k‘sshbd�ne�sghbj�bnkk‘fdm�atmckdr-�Vd�nardqudc�rhlhk‘q�rsqtbstqdr�vgdm�vd�dwsdmcdc�
ntq�rstcx�sn�hmbktcd�sgd�cdqlhr+�odqh,‘qsdqh‘k�rsqnl‘+�rtaltbnr‘�ne�sgd�uhrbdq‘�’f‘rsqnhmsdrshm‘k�sq‘bs+�tqhm‘qx�
ak‘ccdq(+�aqnmbgh‘k�sqdd�ne�sgd�ktmfr+�‘mc�e‘rbh‘k�ok‘mdr�ne�sgd�ltrbtknrjdkds‘k�rxrsdl�‘mc�‘chonrd�shrrtd+�‘mc�‘r�‘�
qdrtks�oqnonrd�‘�k‘qfd,rb‘kd�qduhrhnm�ne�sgd�l‘bqn,�‘mc�lhbqn‘m‘snlx�ne�sgd�gtl‘m�hmsdqrshshtl-

Results
R‘lokdr�vdqd�nas‘hmdc�eqnl�rtqfhb‘k�rodbhldmr�ne�ahkd�ctbsr�qdrdbsdc�ctqhmf�svdkud�o‘mbqd‘shbn,ahkh‘qx�rtqfdqhdr-�
Rdudq‘k�lhmtsdr�oqhnq�sn�u‘rbtk‘q�khf‘shnm�‘mc�qdrdbshnm�ne�sgd�rtqfhb‘k�rodbhldm+�o‘shdmsr�vdqd�hmetrdc�hmsq‘u‘r,
btk‘qkx�vhsg�fltnqdrbdhm�vhsg�chqdbs�hm�rhst�uhrt‘khy‘shnm�ax�oBKD�ne�sgd�qdshbtk‘q�o‘ssdqm�’Ehf- 0@+A(-�d�rhsd�v‘r�
qdrdbsdc�‘mc�sgdm�hlldch‘sdkx�rb‘mmdc�‘f‘hm�vhsg�oBKD�dw�uhun+�bnmfiqlhmf�sg‘s�sgd�qdshbtk‘q�o‘ssdqm�‘mc�sgd�flt,
nqdrbdhm�vdqd�rshkk�hms‘bs�‘dq�qdrdbshnm�’c‘s‘�mns�rgnvm(-�d�rodbhldmr�vdqd�sgdm�dladccdc�hm�eqnydm�rdbshnm�
ldchtl+�q‘ohckx�eqnydm�trhmf�‘m�‘dqnrnk,a‘rdc�eqddyhmf�roq‘x+�‘mc�qd,hl‘fdc�’Ehf- 0B+C+D(-�Rdqh‘k�eqnydm�rdbshnmr�
vdqd�bts�odqodmchbtk‘q�sn�sgd�uhdvhmf�‘mfkd�ne�sgd�oBKD�dw‘bskx�dm�e‘bd�sn�sgd�ktldm�rtqe‘bd+�l‘qjhmf�rdbshnmr�
dudqx�4�μl�tmshk�‘�cdosg�ne�5/fl6/�μl�v‘r�qd‘bgdc-�Vd�‘krn�odqenqldc�rdqh‘k�rdbshnmr�ne�shrrtd�hm�‘�bqnrr,rdbshnm‘k�
ok‘md-�drd�rdbshnmr�vdqd�uhrt‘khydc�tmcdq�qntshmd�fltnqdrbdmbd�lhbqnrbnox�’Ehf- 0E(+�rgnvhmf�sg‘s�sgd�qdshbtk‘q�
o‘ssdqm�bnqqdk‘sdc�vhsg�sghbj+�fltnqdrbdhm,rs‘hmdc�atmckdr�’rddm�nm�oBKD�‘r�ak‘bj�a‘mcr(-�d�‘ardmbd�ne�fltnqdr,
bdmbd�adsvddm�sgdrd�atmckdr�hm�sgd�fim‘k�rkhcdr�hr�ctd�sn�sgd�oqnbdrr�ne�eqnydm�rdbshnm�rkhcd�oqdo‘q‘shnm�’‘hq cqxhmf+�
fiw‘shnm�‘mc�v‘rghmf(�b‘trhmf�sgd�flthc�sn�cq‘hm�eqnl�sgd�fim‘k�rkhcd-

O‘q‘kkdk�eqnydm�rdbshnmr�vdqd�rs‘hmdc�vhsg�L‘rrnm&r�sqhbgqnld�rs‘hm+�bnmfiqlhmf�sgd�oqdrdmbd�ne�bnkk‘fdmntr�
a‘mcr�rdo‘q‘shmf�nodm+�enqldqkx�flthc,fikkdc�ro‘bdr�’Ehf- 0F+�kd(-�drd�rsqtbstqdr�bn,knb‘khydc�vhsg�sgd�bnl,
o‘bsdc�ahkh‘qx�rtaltbnr‘�mnql‘kkx�rddm�hm�ahnorx�‘mc�qdrdbshnm�rodbhldmr�’Ehf- 0F+�qhfgs+�eqnl�sgd�r‘ld�o‘shdms�
‘r�r‘lokd�nm�kd(-�hr�rtffdrsr�sg‘s�sgd�oqduhntrkx�cdrbqhadc�cdmrd�rsqtbstqd�ne�sgd�rtaltbnr‘�qdoqdrdmsr�‘m�
‘qshe‘bs�ctd�sn�knrr�ne�flthc�ctqhmf�shrrtd�dwbhrhnm�‘mc�fiw‘shnm+�b‘trhmf�mnql‘kkx,rdo‘q‘sdc�bnkk‘fdm�atmckdr�sn�
bnkk‘ord�‘mc�‘cgdqd�sn�d‘bg�nsgdq-�Vd�nardqudc�sg‘s�sgd�qdshbtk‘q�o‘ssdqm�‘ood‘qdc�vhsghm�2/�rdbnmcr�ne�hmsq‘u‘r,
btk‘q�hmetrhnm�ne�fltnqdrbdhm+�‘ooqnwhl‘sdkx�sgd�r‘ld�shld�onhms�‘s�vghbg�kxlog�mncdr�‘qd�uhrt‘khydc+�ats�k‘sdq�

Ehftqd�0-� Hcdmshfib‘shnm�ne�ahkd�ctbs�qdshbtk‘q�o‘ssdqm�‘mc�cdlnmrsq‘shnm�ne�rtaltbnr‘k�ro‘bd-�’@+A(�oBKD�ne�
ahkd�ctbs�‘dq�fltnqdrbdhm�hmidbshnm�rgnvr�‘�qdshbtk‘q�o‘ssdqm�‘s�‘�cdosg�ne�5/fl6/�μl-�Rb‘kd�a‘q+�1/�μl-�’BflD(�
Ahkd�ctbs�shrrtd�qdlnudc�‘s�sgd�shld�ne�Vghookd�rtqfdqx�v‘r�eqnydm�‘mc�dw�uhun�oBKD�odqenqldc+�cdlnmrsq‘shmf�
odqrhrsdmbd�ne�sgd�qdshbtk‘q�o‘ssdqm-�Rb‘kd�a‘q+�1/�μl-�’E(�Tmrs‘hmdc�eqnydm�shrrtd�ne�rtaltbnr‘�ne�‘�ahkd�ctbs�
hl‘fdc�ax�fltnqdrbdms�lhbqnrbnox+�rgnvhmf�sgd�qdshbtk‘q�o‘ssdqm�hm�sghr�k‘xdq�ne�ahkd�ctbs�v‘kk-�d�'aqhfgs„�
ro‘bdr�‘qd�mnv�c‘qj�’fltnqdrbdhm‘sdc�flthc�cq‘hmdc�hm�oqnbdrrhmf�‘mc�sgd�shrrtd�rsqtbstqdr�qdl‘hmdc�rs‘hmdc�vhsg�
qdrhct‘k�fltnqdrbdhm(-�’F(�L‘rrnm�sqhbgqnld�ne�eqdrg,eqnydm�ahkd�ctbs�rgnvr�sg‘s�sgd�c‘qj�a‘mcr�‘qd�bnkk‘fdm�
atmckdr�’aktd(�’kd(-�d�toodq�qhfgs�rgnvr�L‘rrnm�sqhbgqnld�ne�‘�mnql‘kkx�oqnbdrrdc.fiwdc�ahkd�ctbs�eqnl�
sgd�r‘ld�o‘shdms+�vhsg�bnkk‘ord�ne�ro‘bdr�‘mc�‘oo‘qdms�‘cgdqdmbd�ne�bnkk‘fdm�atmckdr�sn�d‘bg�nsgdq-�Knvdq�
qhfgs�rgnvr�sgd�fiwdc�rodbhldm�rs‘hmdc�vhsg�G%D:�sgd�sghm�ro‘bdr�adsvddm�bnkk‘fdm�k‘xdqr�’‘qqnvr(�qdfldbs�
mnql‘kkx�flthc,fikkdc�ro‘bdr�sg‘s�‘qd�‘klnrs�bnlokdsdkx�bnkk‘ordc-�’G(�Eqnydm�’sno(�‘mc�fiwdc�’anssnl(�ahkd�ctbsr�
hlltmnrs‘hmdc�vhsg�‘mshanchdr�‘f‘hmrs�BC23�’kd+�aqnvm(�‘mc�C1,3/�’qhfgs+�aqnvm(�rgnv�bdkkr�khmhmf�sgd�
bnkk‘fdm�atmckdr:�mnsd�sg‘s�atmckdr�ndm�rddl�sn�g‘ud�‘�khmhmf�bdkk�nm�nmd�rhcd+�ats�mns�sgd�nsgdq�’1/×+�C@A+�
gdl‘snwxkhm(-�’H(�Rbgdl‘shb�ne�sgd�flthc,fikkdc�ro‘bd�rtoonqsdc�ax�‘�mdsvnqj�ne�bnkk‘fdm�atmckdr�khmdc�nm�nmd�
rhcd�vhsg�bdkkr-�Hkktrsq‘shnm�ax�Ihkk�Fqdfnqx-�Oqhmsdc�vhsg�odqlhrrhnm�eqnl�Lntms�Rhm‘h�Gd‘ksg�Rxrsdl+�khbdmbdc�
tmcdq�BB,AX,MC-�’gssor9..bqd‘shudbnllnmr-nqf.khbdmrdr.ax,mc.3-/.kdf‘kbncd(-
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sg‘m�vgdm�u‘rbtk‘q�rsqtbstqdr�‘qd�uhrt‘khydc3-�hr�rtffdrsr�sg‘s�hs�hr�‘�enql�ne�hmsdqrshsh‘k�ro‘bd�hm�vghbg�hmsdq,
rshsh‘k�flthc�nq�'oqd,kxlog„�‘bbtltk‘sdr�nq�enqlr-�Hlltmnrs‘hmhmf�ne�sgd�eqnydm�‘mc�fiwdc�ahkd�ctbs�rtaltbnr‘�
rgnvdc�onrhshud�BC23�‘mc�C1,3/�rs‘hmhmf�nm�nmd�rhcd�ne�d‘bg�bnkk‘fdm�atmckd�’Ehf- 0G(-�Hlltmnrs‘hmhmf�v‘r�
mdf‘shud�enq�nsgdq�kxlognu‘rbtk‘q�dmcnsgdkh‘k�l‘qjdqr�’BC20+�DQF+�KXUD,0(+�ats�tmhenqlkx�onrhshud�enq�sgd�
ldrdmbgxl‘k�l‘qjdq�uhldmshm�’c‘s‘�mns�rgnvm(-�Rs‘hmr�enq�sgd�lxndohsgdkh‘k�l‘qjdq�rlnnsg�ltrbkd�‘bshm+�sgd�
rsdl�bdkk�l‘qjdq�BC006�‘mc�mtbkd‘q�ads‘,b‘sdmhm�vdqd�mdf‘shud�’c‘s‘�mns�rgnvm(-�Ehftqd 0H�hr�‘�rbgdl‘shb�rtl,
l‘qhyhmf�sgd�ghrsnknfhb‘k�nardqu‘shnmr-

Tksq‘rsqtbstq‘k�rstchdr�’Ehf- 1@+A(�rgnv�sg‘s�sgd�bnkk‘fdm�atmckdr�‘qd�‘rxlldsqhb‘kkx�khmdc�nm�nmd�rhcd�ax�
sghm+�fl‘s�bdkkr�’rohmckd�rg‘odc�hm�bqnrr�rdbshnm(�sg‘s�g‘ud�rb‘ms�bxsnok‘rl�‘mc�‘m�naknmf�mtbkdtr-�drd�bdkkr�
‘qd�fiaqnak‘rs,khjd+�vhsgnts�bdkk,sxod�rodbhfib�rsqtbstqdr:�hm�o‘qshbtk‘q+�sgdx�‘qd�cdunhc�ne�tksq‘rsqtbstq‘k�ed‘stqdr�
hmchb‘shud�ne�dmcnsgdkh‘k�chffdqdmsh‘shnm+�hmbktchmf�ohmnbxsnshb�udrhbkdr�‘mc�Vdhadk,O‘k‘cd�anchdr4-�Dkdbsqnm�
lhbqnrbnox�‘krn�rgnvr�sg‘s�sgdrd�bdkkr�g‘ud�mn�a‘rdldms�ldlaq‘md�fl�rtffdrshmf�sg‘s�sgdx�‘cgdqd�chqdbskx�sn�
sgd�tmcdqkxhmf�bnkk‘fdm�atmckdr�fl�‘mc�sg‘s+�vghkd�nmd�rhcd�ne�‘�fhudm�bnkk‘fdm�atmckd�hr�khmdc�ax sgdrd�bdkkr+�sgd�
noonrhsd�rhcd�hr�trt‘kkx�tmkhmdc�‘mc�chqdbskx�dwonrdc�sn�flthc hm�sgd�ro‘bd-�d�atmckdr�‘qd�vdkk,uhrt‘khydc�ax�rdb,
nmc�g‘qlnmhbr�fdmdq‘shnm�hl‘fhmf�’Ehf- 1B(+�bnmfiqlhmf�sg‘s�sgdx�‘qd�fiaqhkk‘q�bnkk‘fdm5-�@tsnfltnqdrbdms�dk‘rshb�
fiadqr�‘qd�‘krn�nardqudc+�‘r�bnmfiqldc�ax�sgd�rhlhk‘q�‘ood‘q‘mbd�ne�sgd�dk‘rshb�k‘lhm‘�hm�‘qsdqhdr�hm�sgd�r‘ld�shrrtd�
’Ehf- 1B�hmrds(�‘mc�ax�‘m�dk‘rshb�U‘m�Fhdrnm�ghrsnbgdlhb‘k�rs‘hm�’Ehf- 1C(-

d�bg‘q‘bsdqhrshb�ghrsnknfhb‘k�ed‘stqdr�ne�sghr�ahkd�ctbs�rtaltbnr‘�rsqtbstqd�’ro‘bdr�fikkdc�vhsg�flthc�‘mc�vhsg�
bnkk‘fdm�atmckdr�khmdc�‘rxlldsqhb‘kkx�ax�fl‘s�bdkkr(�‘qd�qd‘chkx�uhrt‘khydc�hm�nsgdq�shrrtdr-�d�rsqtbstqd�v‘r�qdb,
nfmhydc�bnmrhrsdmskx�hm�sgd�cdqlhr�hm�bkhmhb‘k�qdrdbshnm�rodbhldmr�ne�rjhm�’Ehf- 2@(+�‘mc�oBKD�‘ookhdc�sn�sghm�
qdfhnmr�ne�rjhm�hm�uhun�‘dq�fltnqdrbdhm�hmidbshnm�rgnvdc�sgd�r‘ld�qdshbtk‘q�o‘ssdqm�hm�sgd�cdqlhr�‘r�hm�sgd�ahkd�

Ehftqd�1-� Rsqtbstq‘k�du‘kt‘shnm�ne�sgd�hmsdqrshsh‘k�ro‘bd-�’@(�Sq‘mrlhrrhnm�dkdbsqnm�lhbqnrbnox�rgnvr�bnkk‘fdm�
atmckdr�’‘rsdqhrjr(�sg‘s�‘qd�bnlonrdc�ne�vdkk,nqf‘mhydc�bnkk‘fdm�fiaqhkr-�Rnld�bnkk‘fdm�atmckdr�g‘ud�‘�rhmfkd�fl‘s�
bdkk�‘knmf�nmd�rhcd�’‘qqnvgd‘cr(-�Rb‘kd�a‘q+�0�μl-�’A(�Ghfgdq�l‘fmhfib‘shnm�rgnvr�sg‘s�bdkkr�’‘qqnvgd‘c(�k‘bj�
ed‘stqdr�ne�dmcnsgdkhtl�nq�nsgdq�sxodr�ne�bdkkr�‘mc�g‘ud�mn�a‘rdldms�ldlaq‘md-�Rb‘kd�a‘q+�0�μl-�’B(�Rdbnmc�
g‘qlnmhbr�fdmdq‘shnm�hl‘fhmf�rgnvr�sg‘s�sgd�atmckdr�‘qd�fiaqhkk‘q�bnkk‘fdm�’c‘qj�aktd(-�Bx‘m,bnknqdc�fiadqr�
‘qd�eqnl�‘tsnfltnqdrbdmbd�‘mc�‘qd�khjdkx�dk‘rshm+�‘r�rgnvm�ax�rhlhk‘q�‘tsnfltnqdrbdmbd�hm�sgd�dk‘rshb�k‘lhm‘�ne�
‘�md‘qax�‘qsdqx�’hmrds(�’3/×(-�’C(�Dk‘rshb�u‘m�Fhdrnm�rs‘hm�rgnvr�dk‘rshm�fiadqr�’ak‘bj(�qtmmhmf�‘knmf�bnkk‘fdm�
atmckdr�’ohmj(�’3/×(-
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ctbs-�Ekthc,fikkdc�ro‘bdr�‘mc�bnkk‘fdm�atmckdr�khmdc�ax�bdkkr�rs‘hmhmf�enq�BC23�‘qd�rddm�nm�ghrsnknfx�hm�ltkshokd�
nqf‘mr�‘mc�shrrtdr+�hmbktchmf�hm�sgd�rtaltbnr‘�ne�sgd�dmshqd�chfdrshud�sq‘bs+�sgd�tqhm‘qx�ak‘ccdq+�odqhaqnmbgh‘k�
shrrtd+�e‘rbh‘+�‘mc�rsqnl‘�ne�‘qsdqhdr�‘mc�udhmr�ne�‘kk�rhydr�’Ehf- 2A�‘mc�Rtookdldms‘k�Ehf- 0(-

drd�rsqtbstqdr�‘ood‘q�sn�ad�oqd,kxlog‘shb�ro‘bdr+�‘r�rtffdrsdc�ax�dw‘lhmhmf�bnknqdbs‘k�b‘mbdq�qdrdbshnm�
rodbhldmr�vhsg�rtaltbnr‘k�s‘ssnnr�’Ehf- 3@(�hm�vghbg�ak‘bj�ohfldms�hr�oqdrdms�hm�l‘bqnog‘fdr�vhsghm�sgd�hmsdq,
rshsh‘k�ro‘bd�’Ehf- 3A(�‘r�vdkk�‘r�hm�l‘bqnog‘fdr�hm�‘rrnbh‘sdc+�cq‘hmhmf�ldrdmsdqhb�kxlog�mncdr�’Ehf- 3B(-�drd�
l‘bqnog‘fdr�‘qd�mns�rddm�hm�hmsdqrshsh‘k�ro‘bdr�hm�dw‘lhm‘shnm�ne�mnql‘k�shrrtdr�‘mc�‘qd�oqdrtldc�sn�sq‘ffib�hmsn�
sgd�hmsdqrshshtl�hm�qdronmrd�sn�sgd�oqdrdmbd�ne�enqdhfm�l‘sdqh‘k-�@cchshnm‘kkx+�dw‘lhm‘shnm�ne�rl‘kk�hmsdrshm‘k�
qdrdbshnm�rodbhldmr�eqnl�hmb‘qbdq‘sdc�gdqmh‘r�vhsg�narsqtbsdc�oqnwhl‘k�anvdk�rgnvr�‘�rtaltbnr‘�vhsg�chfftrd�
rok‘xhmf�ne�sgd�bnkk‘fdm�atmckdr�ax�oqnsdhm‘bdntr�’ohmj(�flthc�’Rtookdldms‘k�Ehf- 1(�ghrsnknfhb‘kkx�rhlhk‘q�sn�
kxlog-

d�oqd,kxlog‘shb�m‘stqd�ne�sgd�ro‘bd�hr�etqsgdq�dlog‘rhydc�ax�rstcx�ne�rs‘fd�S1�hmu‘rhud�stlnqr�ne�sgd�rsnl,
‘bg�’Ehf- 3CflE+�m�<�2(�‘mc�rjhm�’Ehf- 3FflH+�m�<�1(-�Rs‘fd�S1�hmu‘rhnm�ne�sgd�rsnl‘bg�hr�cdfimdc�‘r�hmu‘rhnm�hmsn�sgd�
rtaltbnr‘+�ats�mn�cddodq-�S1�hmu‘rhnm�hmsn�sgd�rjhm+�khjdvhrd+�hmchb‘sdr�hmu‘rhnm�chqdbskx�hmsn�sgd�cdqlhr+�ats�mn�
cddodq-�Hmu‘rhnm�ax�onnqkx�chffdqdmsh‘sdc�hmu‘rhud�f‘rsqhb�b‘qbhmnl‘�’Ehf- 3C(�rgnvr�roqd‘c�sgqntfg�sgd�hmsdqrsh,
sh‘k�ro‘bd+�rtqqntmchmf�rshkk�hms‘bs�bnkk‘fdm�atmckdr�’Ehf- 3D(:�cdrohsd�mn�cdlnmrsq‘akd�kxlognu‘rbtk‘q�hmu‘rhnm�
hm�sghr�rodbhldm+�sgdqd�hr�lds‘rs‘rhr�sn�‘�cq‘hmhmf�ldrdmsdqhb�kxlog�mncd�’Ehf- 3E(-�Hm�‘�l‘khfm‘ms�ldk‘mnl‘�
‘qhrhmf�nm�sgd�toodq�‘ql�‘mc�hmu‘chmf�chqdbskx�hmsn�cdqlhr�’Ehf- 3F(+�sgdqd�hr�rhlhk‘q�roqd‘c�sgqntfg�sgd�hmsdq,
rshsh‘k�ro‘bd�vhsg�hrnk‘shnm�ne�bnkk‘fdm�atmckdr�’Ehf- 3G(:�‘f‘hm+�cdrohsd�‘ardmbd�ne�cdlnmrsq‘akd�kxlognu‘rbtk‘q�
hmu‘rhnm+�sgdqd�hr�lds‘rs‘rhr�sn�‘�cq‘hmhmf�‘whkk‘qx�kxlog�mncd�’Ehf- 3H(-�Hm�ansg�b‘rdr+�sgdqd�vdqd�mn�nsgdq kdrhnmr�
nq�qntsdr�ne�roqd‘c�hcdmshfidc�dudm�‘dq�bnlokdsd�bkhmhb‘k�‘mc�ghrsnknfhb�dw‘lhm‘shnm�ne�sgd�o‘shdmsr-

Cgrbtrrgnm
Vd�oqnonrd�gdqd�‘�qduhrhnm�ne�sgd�‘m‘snlhb‘k�bnmbdosr�ne�sgd�rtaltbnr‘+�cdqlhr+�e‘rbh‘+�‘mc u‘rbtk‘q�‘cudmshsh‘+�
rtffdrshmf�sg‘s+�q‘sgdq�sg‘m�adhmf�cdmrdkx,o‘bjdc�a‘qqhdq,khjd�v‘kkr�ne�bnkk‘fdm+�sgdx�‘qd�flthc,fikkdc�hmsdqrshsh‘k�
ro‘bdr-�d�oqdrdmbd�ne�flthc�g‘r�hlonqs‘ms�hlokhb‘shnmr�enq�shrrtd�etmbshnm�‘mc�o‘sgnknfx-�Ntq�c‘s‘�bnlo‘qhmf�
q‘ohckx,ahnorhdc�‘mc�eqnydm�shrrtd�vhsg�shrrtd�fiwdc�hm�‘�rs‘mc‘qc�e‘rghnm�rtffdrs�sg‘s�sgd�ro‘bdr�vd�cdrbqhad+�
rtoonqsdc�‘mc�nqf‘mhydc�ax�‘�bnkk‘fdm�k‘sshbd+�‘qd�bnloqdrrhakd�‘mc�chrsdmrhakd�‘mc�l‘x�sgtr rdqud�‘r�rgnbj�
‘arnqadqr-�@kk�ne�sgd�nqf‘mr�hm vghbg�vd�g‘ud�cdsdbsdc�sghr�rsqtbstqd�‘qd�rtaidbs�sn�bxbkdr�ne�bnloqdrrhnm�‘mc�
chrsdmrhnm+�vgdsgdq�qdk‘shudkx�bnmrs‘ms�’ktmfr+�‘nqs‘(�nq�hmsdqlhssdms�’chfdrshud�sq‘bs�‘dq�‘�ld‘k+�tqhm‘qx�ak‘ccdq�
ctqhmf�lhbstqhshnm+�rjhm�tmcdq�ldbg‘mhb‘k�bnloqdrrhnm+�e‘rbh‘k�ok‘mdr�ctqhmf�‘bshnm�ne�sgd�ltrbtknrjdkds‘k�rxr,
sdl(-�d�cdql‘k�hmsdqrshshtl�‘mc�sgd�e‘rbh‘k�hmsdqrshshtl�l‘x�ad�ldbg‘mhrshb‘kkx�hlonqs‘ms�hm�dwok‘hmhmf�dcdl‘�
’‘r�vhsg�sgd�oqd,narsqtbsdc�anvdk�hm�Rtookdldms‘k�Ehf- 1(-�'hqc�ro‘bhmf„�hm�onrs,nodq‘shud�kxlogdcdl‘�’‘r�
vgdm�cq‘hmhmf�mncdr�‘qd�dwbhrdc(�‘mc�‘m‘r‘qb‘�ctd�sn�khudq+�qdm‘k+�nq�b‘qch‘b�e‘hktqd�l‘x�qdfldbs�flthc�chrsdmshnm�
‘mc�rs‘rhr�hm�sghr�hmsdqrshsh‘k�ro‘bd-�d�rtaltbnr‘k�hmsdqrshsh‘k�ro‘bd�ne�sgd�ahkh‘qx sqdd�fl�dwsdmchmf�sgqntfg�sgd�
etkk�dwsdms�ne�sgd�dwsq‘,�‘mc�hmsq‘,gdo‘shb�onqs‘k�rsqnl‘�fl�l‘x�dwok‘hm�sgd�bg‘q‘bsdqhrshb�ctbs�dcdl‘�sg‘s�q‘ohckx�
cdudknor�hm�‘btsd�k‘qfd�ahkd�ctbs�narsqtbshnm-

Ehftqd�2-� @m�hmsdqrshsh‘k�ro‘bd�hr�entmc�hm�sgd�cdqlhr�‘mc�rtaltbnr‘d�‘mc�nsgdq�fiaqnbnmmdbshud�shrrtdr�
sgqntfgnts�sgd�ancx-�’@(�Rjhm�rs‘hmdc�vhsg�G%D�’toodq�kd�0/×+�toodq�qhfgs�3/×(�rgnvr�sgd�r‘ld�rsqtbstqdr�
‘r�hcdmshfidc�hm�sgd�dwsq‘gdo‘shb�ahkd�ctbs-�Hlltmnrs‘hm�enq�BC23�’knvdq�kd+�aqnvm�C@A+�khfgs�aktd�
gdl‘snwxkhm�bntmsdqrs‘hm+�3/×(�ghfgkhfgsr�sg‘s�sgd�khmhmf�bdkkr�‘qd�hmsdqlhssdms�‘mc�ndm�nm�nmd�rhcd�ne�sgd�
bnkk‘fdm�atmckdr+�ats�mns�sgd�nsgdq-�oBKD�‘ookhdc�sn�sgd�rjhm�hm�uhun�enkknvhmf�sghr�ghrsnknfhb�nardqu‘shnm�
bnmfiqlr�sg‘s�sgd�ghrsnknfhb�‘ood‘q‘mbd�oqdchbsr�sgd�hm�uhun�qdshbtk‘q�o‘ssdqm�vgdm�oBKD�hr�‘ookhdc�sn�sgd�rjhm-�
’A(�Rbgdl‘shb�rgnvhmf�knb‘shnm�ne�hcdmshb‘k�ghrsnknfhb�rsqtbstqdr�rddm�hm�fiaqnbnmmdbshud�shrrtdr�sgqntfgnts�
sgd�ancx�’rdd�Rtookdldms‘k�Ehf- 0�enq�ghrsnknfx�hl‘fdr(-�Hkktrsq‘shnm�ax�Ihkk�Fqdfnqx-�Oqhmsdc�vhsg�odqlhrrhnm�
eqnl�Lntms�Rhm‘h�Gd‘ksg�Rxrsdl+�khbdmbdc�tmcdq�BB,AX,MC-�’gssor9..bqd‘shudbnllnmr-nqf.khbdmrdr.ax,mc.3-/.
kdf‘kbncd(-
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Etqsgdq�rtoonqs�enq�sgd�qdk‘shnmrgho�adsvddm�sgd�ghrsnknfx�vd�nardqud�‘mc�hm�uhun�rsqtbstqd�bnldr�eqnl�tksq‘,
rnmnfq‘ogx�ne�shrrtdr-�Dmcnrbnohb�tksq‘rntmc�ne�sgd�ahkd�ctbs�rgnvr�sg‘s�hs�bnmrhrsr�ne�sgqdd�k‘xdqr+�sgd�lhcckd�nmd�
ne�vghbg�bnloqhrdr�8/$�ne�sgd�v‘kk�sghbjmdrr�‘mc�hr�flthc�fikkdc6:�hs�bnqqdronmcr�sn�sgd�rtaltbnr‘k�hmsdqrshshtl-�
Rtaltbnr‘k�ro‘bdr�ne�nsgdq�uhrbdq‘+�sgd�cdqlhr+�‘mc�e‘rbh‘�‘ood‘q gdsdqnfdmdntr�ax�tksq‘rntmc+�sxohb‘kkx�hmchb,
‘shud�ne�flthc�nq�‘chonrd�shrrtd+�vghkd�sqtkx�cdmrd�bnkk‘fdmhydc�rsqnl‘+�rtbg�‘r�hm�sdmcnmr�‘mc�khf‘ldmsr+�‘ood‘qr�
c‘qj�ax�tksq‘rntmc7fl00-�@cchshnm‘k�rtoonqs�enq�ntq�nardqu‘shnmr�hr�entmc�hm�otakhrgdc�tksq‘rsqtbstq‘k�rstchdr�
ne�rjhm+�udqlhenql�‘oodmchw+�‘mc�odqh,‘nqshb�‘cudmshsh‘+�vghbg�‘krn�‘ood‘q�sn�g‘ud�hmbktcdc�sgdrd�rsqtbstqdr+�
‘ksgntfg�sgdx�vdqd�mns�vdkk�bg‘q‘bsdqhydc01fl03-�Hm�sgd�khudq+�sgd�oqduhntrkx�hcdmshfidc�'ro‘bd�ne�L‘kk„�hm�sgd�onqs‘k�

Ehftqd�3-� Bnmshmthsx�adsvddm�hmsdqrshshtl�‘mc�cq‘hmhmf�kxlog‘shbr-�’@flB(�Bnknm�shrrtd�vhsg�rtaltbnr‘k�
s‘ssnn-�’@(�Ak‘bj�ohfldms�dmcnrbnohb‘kkx�hmidbsdc�hmsn�rtaltbnr‘�ne�bnknmhb�v‘kk�adenqd�qdrdbshnm�ne�bnknmhb�
l‘khfm‘mbx�’G%D+�0/×(-�’A(�Ak‘bj�ohfldms�hr�oqdrdms�hm�l‘bqnog‘fdr�hm�sgd�ro‘bdr�adsvddm�bnkk‘fdm�
atmckdr ’G%D+ 3/×(- ’B( Ohfldms,bnms‘hmhmf l‘bqnog‘fdr ‘qd oqdrdms hm ldrdmsdqhb kxlog mncdr cq‘hmhmf
sgd�s‘ssnndc�bnknm+�rgnvhmf�sg‘s�sgd�hmsdqrshsh‘k�ro‘bd�etmbshnm‘kkx�bnlltmhb‘sdr�vhsg�kxlog‘shb�cq‘hm‘fd�
ne�sgd�bnknm�’G%D+�1/×(-�Sxohb‘k�hl‘fdr�eqnl�3�hmcdodmcdms�r‘lokdr�du‘kt‘sdc-�’CflE(�Rs‘fd�S1�f‘rsqhb�
b‘qbhmnl‘+�onnqkx�chffdqdmsh‘sdc-�’C(�F‘rsqhb�b‘qbhmnl‘�oqdrdms�‘s�sgd�ltbnr‘k�rtqe‘bd�’‘qqnvr(�hmu‘cdr�hmsn�
sgd�rtaltbnr‘�’‘qqnv�gd‘cr(:�cddodq�hmu‘rhnm�‘mc�kxlognu‘rbtk‘q�hmu‘rhnm�vdqd�mns�rddm�’G%D+�3×(-�’D(�
Onnqkx�chffdqdmsh‘sdc�stlnq�bdkkr�hmfiksq‘sd+�rhmfkx�‘mc�hm�udqx�rl‘kk�bktrsdqr+�sgqntfg�sgd�hmsdqrshsh‘k�ro‘bd�ne�sgd�
f‘rsqhb�rtaltbnr‘+�hrnk‘shmf�oqd,dwhrshmf�bnkk‘fdm�atmckdr�’G%D+�3/×(-�’E(�Lds‘rs‘shb�b‘qbhmnl‘�hm�cq‘hmhmf�
ldrdmsdqhb�kxlog�mncdr�ne�sgd�f‘rsqhb�qdrdbshnm�rodbhldm:�mn�nsgdq�lds‘rs‘rdr�vdqd�hcdmshfidc�bkhmhb‘kkx�nq�
ghrsnknfhb‘kkx�’G%D+�1/×(-�’FflH(�Rs‘fd�S1�l‘khfm‘ms�ldk‘mnl‘�ne�sgd�rjhm�ne�sgd�kd�‘ql-�’F(�L‘khfm‘ms�
ldk‘mnl‘�’c‘qj�aktd(�hmu‘chmf�hmsn�sgd�cdqlhr:�kxlognu‘rbtk‘q�hmu‘rhnm�mns�hcdmshfidc�’G%D+�3×(-�’G(�
L‘khfm‘ms�ldk‘mnl‘�bdkkr�hmfiksq‘sd+�rhmfkx�‘mc�hm�udqx�rl‘kk�bktrsdqr+�sgqntfg�sgd�hmsdqrshsh‘k�ro‘bd�ne�sgd�
cdqlhr+�hrnk‘shmf�oqd,dwhrshmf�bnkk‘fdm�atmckdr�’G%D+�3/×(-�’H(�Lds‘rs‘shb�l‘khfm‘ms�ldk‘mnl‘�hm�cq‘hmhmf�
‘whkk‘qx�kxlog�mncdr:�mn�nsgdq�lds‘rs‘rdr�vdqd�hcdmshfidc�bkhmhb‘kkx�nq�ghrsnknfhb‘kkx�’G%D+�0/×(-
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qdfhnm�l‘x�qdoqdrdms�sghr�hmsdqrshshtl04-�Hmcddc+�L‘kk&r�nqhfhm‘k�cq‘vhmfr+�cdqhudc�eqnl�hmidbshnm�rstchdr+�‘ood‘q�
sn�qdoqdrdms�sgd�r‘ld�rsqtbstqdr�vd�hcdmshex�gdqd05-

d�m‘stqd�ne�sgd�khmhmf�bdkkr�hr�tmbkd‘q-�Vghkd�bdkkr�ne�sgd�dwsq‘gdo‘shb�ahkd�ctbs�rs‘hmdc�enq�ansg�BC23�‘mc�
C1,3/+�C1,3/�rs‘hmhmf�v‘r�‘ardms�hm�‘kk�nsgdq�shrrtdr�dw‘lhmdc-�U‘rbtk‘q�dmcnsgdkh‘k�bdkkr�‘krn�bn,dwoqdrr�BC23�
‘mc�uhldmshm+�ats�sgd�k‘bj�ne�dmcnsgdkh‘k�ed‘stqdr�nm�dkdbsqnm�lhbqnrbnox�dwbktcdr�sghr�bk‘rrhfib‘shnm�enq�sgd�
hmsdqrshsh‘k�khmhmf�bdkkr�vd�nardqud+�rtffdrshmf�hmrsd‘c�sg‘s�sgdx�‘qd�‘�mnudk+�BC23,onrhshud�enql�ne�fiaqnak‘rs�nq�
dudm�ldrdmbgxl‘k�rsdl�bdkk06-�Vgdsgdq�sgdx�‘qd�sgd�bdkkr�sg‘s�cdonrhs�sgd�bnkk‘fdm�atmckdr�hr�tmjmnvm:�he�rn+�sgdx�
vntkc�ad�hlonqs‘ms�hm�rb‘q�enql‘shnm�hm�vntmc�gd‘khmf-�Mns‘akx+�jdknhc�rb‘qr�rgnv�bnkk‘fdm�atmckdr�‘mc�k‘qfd�
ro‘bdr�sg‘s�‘ood‘q�sn�ad�‘m�dw‘ffdq‘shnm�ne�sgdrd�rsqtbstqdr�hm�sgd�tmcdqkxhmf�cdqlhr07-�Qdbdms�c‘s‘�rgnvhmf�sg‘s�
jdknhc�rb‘qr�‘ood‘q�hm�qdfhnmr�ne�rjhm�tmcdq�ghfg�sdmrhnm�q‘hrd�ptdrshnmr�‘ants�sgd�hlo‘bs�ne�ldbg‘mhb‘k�enqbdr�
‘mc�flthc�flnv�nm�sgd�rsqtbstqdr�‘mc�bdkkr�ne�sghr�ro‘bd08-

Hs�hr�khjdkx�sg‘s�sgd�rtaltbnr‘k�hmsdqrshshtl�vd�cdrbqhad�bnqqdronmcr�sn�sgd�hmsdqrshsh‘k�ro‘bdr�cdrbqhadc�hm�
rstchdr�ne�lds‘rs‘rhyhmf�bdkk�bktrsdqr1/-�d�oqdrdmbd�ne�‘�mdsvnqj�ne�rtaltbnr‘k�bg‘mmdkr�hm�sgd�chfdrshud�‘mc�
tqhm‘qx�sq‘bsr�bntkc�dwok‘hm�sgd�fqd‘skx�hmbqd‘rdc�khjdkhgnnc�ne�lds‘rs‘rhr�ax�ktlhm‘k�hmu‘rhud�stlnqr�nmbd�sgdx�
qd‘bg�sgd�rtaltbnr‘-�@r�hkktrsq‘sdc�ax�sgd�b‘rdr�vd�rgnv�ne�hmu‘rhud�ldk‘mnl‘�‘mc�f‘rsqhb�b‘mbdq�’Ehf- 3CflH(+�
sgd�oqdrdmbd�ne�rtaltbnr‘k.cdql‘k�flthc,fikkdc�bg‘mmdkr�‘krn�rtffdrsr�sgd�qd‘rnm�enq�S1�kdrhnmr�adhmf�‘s�rtbg�
rhfmhfib‘mskx�hmbqd‘rdc�qhrj�enq�lds‘rs‘rhr�nudq�rs‘fd�S0�kdrhnmr�fl�adb‘trd�uhrbdq‘k�rtaltbnr‘d�‘mc�sgd�cdqlhr�‘qd�
nodm+�flthc�fikkdc�ro‘bdr+�q‘sgdq�sg‘m�‘�v‘kk�ne�cdmrd�ne�bnmmdbshud�shrrtd+�sgdx�l‘x�ad�d‘rhkx�sq‘udkdc�ax�hmu‘rhud�
stlnq�bdkkr-�Lnqdnudq+�sgd�ldbg‘mhb‘k�oqdrrtqd�nm�rtbg�ro‘bdr�’odqhrs‘krhr�hm�sgd�chfdrshud�sq‘bs+�bnloqdrrhnm�
‘mc.nq�lnudldms,‘rrnbh‘sdc�oqdrrtqd�nm�rjhm(�bntkc�etqsgdq�oqnlnsd�roqd‘c�sgqntfg�sgdrd�ro‘bdr-�He�sgd�hmsdq,
rshsh‘k�khmhmf�bdkkr�‘qd�sgd�oqdbtqrnqr�ne�fiaqnfdmhb�lxnfiaqnak‘rsr+�sgdx�lhfgs�‘krn�etmbshnm�‘r�fiqrs�qdronmcdqr�hm�
odqh,stlnq‘k�rbkdqnrhr�ne�sgd�o‘mbqd‘shbn,ahkh‘qx�sqdd+�statk‘q�chfdrshud�sq‘bs+�aqnmbgh‘k�sqdd+�tqhm‘qx�ak‘ccdq�‘mc�
rjhm-�Hmcddc+�‘�tmhptd�onotk‘shnm�ne�BC23.uhldmshm�bn,dwoqdrrhmf�odqhstlnq‘k�fiaqnak‘rsr�g‘r�addm�qdonqsdc10-�
drd�bdkkr�bntkc�‘krn�rdqud�hlonqs‘ms�qnkdr�hm�mnm,l‘khfm‘ms�rbkdqnshb�bnmchshnmr�hmbktchmf�ahkh‘qx�‘sqdrh‘�‘mc�
oqhl‘qx�rbkdqnrhmf�bgnk‘mfhshr�hm�sgd�ahkh‘qx�sqdd+�rbkdqncdql‘�hm�sgd�cdqlhr�‘mc�drnog‘ftr+�‘mc�hmfl‘ll‘snqx�
anvdk�chrd‘rd�hm�sgd�chfdrshud�sq‘bs-�Nmfnhmf�rstchdr�‘qd�enbtrdc�nm�bg‘q‘bsdqhyhmf�sgdrd�bdkkr�‘mc�sgdhq�etmbshnmr-

d�flnv�ne�hmsdqrshsh‘k�flthc�sgqntfg�sgd�rtaltbnr‘k�ro‘bd�ne�sgd�ktlhm‘k�FH�sq‘bs�hr�khjdkx�fthcdc�ax�odqhrs‘k,
rhr+�hm�o‘q‘kkdk�vhsg�ktlhm‘k�bnmsdmsr-�He�sgdqd�hr�bnlltmhb‘shnm�adsvddm�sgd�fts�ktldm�‘mc�sgd�rtaltbnr‘k�ro‘bd+�
sghr�q‘hrdr�sgd�onrrhahkhsx�sg‘s�bdkk�rhfm‘khmf�’hmbktchmf�gnqlnm‘k�nq�hlltmnknfhb�rhfm‘kr(�bntkc�ad�qdftk‘sdc�hm�
‘�oqnwhl‘k,sn,chrs‘k�l‘mmdq�cdsdqlhmdc�ax�sgd�roddc�ne�odqhrs‘krhr-�Hlltmnknfhb�hmsdq‘bshnmr�hm�sghr�hmsdqrsh,
sh‘k�ro‘bd�bntkc�‘krn�ad�hlonqs‘ms�hm�hmfl‘ll‘snqx�bnmchshnmr�rtbg�‘r�oqhl‘qx�rbkdqnrhmf�bgnk‘mfhshr+�bgqnmhb�
o‘mbqd‘shshr+�hmfl‘ll‘snqx�anvdk�chrd‘rd ‘mc�rbkdqncdql‘-�Hmsdqdrshmfkx+�vghkd�l‘bqnog‘fdr�vdqd�mns�rddm�hm�
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shrrtd+�ats�‘�onsdmsh‘k�bnmcths�enq�lnudldms�ne�hmitqhntr�‘fdmsr+�oqn,fiaqnfdmhb�rhfm‘khmf�lnkdbtkdr+�‘mc�stlnq�
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vvv,mYstpd,anl.rahdmshehapdonpsr.

6PBGDMSGEGB�PDONPSR�y�’1/07(�793836 | DOI:10.1038/s41598-018-23062-6

o‘mbqd‘shb�ctbs�<�0+�ctncdmtl�<�0+�kxlog�mncd�<�0(-�Rnld�rtqfhb‘k�r‘lokdr�vdqd�k‘qfd�dmntfg�sn�dm‘akd�tr�sn�
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lntms-

ElectronMicroscopy. Rodbhldmr�enq�Dkdbsqnm�Lhbqnrbnox�vdqd�fiwdc�hm�J‘qmnurjx�fiw‘shud+�onrsfiwdc�hm�0$�
ognrog‘sd,atffdqdc�nrlhtl�sdsqnwhcd+�‘mc�dladccdc�hm�rs‘mc‘qc�e‘rghnm-�}7/�ml�donwx�rdbshnmr�vdqd�bts�nm�‘m�
@N.Qdhbgdqs�Tksq‘bts+�rs‘hmdc�vhsg�tq‘mxk�‘mc�kd‘c�r‘ksr+�‘mc�dw‘lhmdc�hm�‘�Ydhrr�DL�8//�dkdbsqnm�lhbqnrbnod�
?7/�jU-

Second Harmonic Generation Analysis. Bnkk‘fdm�rdbnmc�g‘qlnmhb�fdmdq‘shnm�’RGF(�lhbqnrbnox�
v‘r�odqenqldc�nm�tmrs‘hmdc�rkhcdr�trhmf�‘�Kdhb‘�SBR,RO4�Bnmenb‘k.Ltkshognsnm�Lhbqnrbnod�vhsg�‘�Bngdqdms�
Bg‘ldkdnm�Tksq‘�HH k‘rdq�stmdc�sn�‘�v‘udkdmfsg�ne�8//�ml-�Hl‘fdr�vdqd�‘bpthqdc�vhsg�mnm,cdrb‘mmdc�cdsdbsnqr-
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