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1. Description and Functional Significance  of Melanin 
and Melanosomes 1 

!

1.1 Introduction to Melanin and Melanosomes 
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1.2 The Structure of Melanin  

M./ !&)0#$/U%(%/+!),!0 /$'*%*+!.'>/! +)!,'2!.%*5/2/5 !'!5/('%$/5!;*5/2+('*5%*E! ), !

(./%2!0)$/&;$'2!+(2;&(;2/ +!P-2)('C!K__IW!\()!'*5!S'<'0'(+;C!IJJa R9!!T%2+(C!(./!.%E.!

0)$/&;$'2!N/%E.(! #%E0/*(+!'2/ !>%2(;'$$4!%*+)$;6$/!%*!0)+(!'$$!+)$>/*(+C!2/+;$(%*E!%*!

5%,,%&;$(%/+!),!%+)$'(%)*!),!(./! 0/$'*%*+ !%*!#;2/!,)20!'*5! ;(%$%O'(%)*!),!&)00)*!

&.'2'&(/2%O'(%)*!(/&.*%G;/+9!!B/&)*5C!(./!#%E0/*(+!'2/!'0)2#.);+!'*5! #'2(%&;$'(/!%*!

*'(;2/9!!"*5!(.%25$4C!(./+/! #%E0/*(+!'2/ !./(/2)E/*/);+ !'*5 !'2/! 0'5/!;#!),! 0%U(;2/+!),!

0)2/!)2!$/++!+%0%$'2!#)$40/2+!&)0#2%+/5!),!5%,,/2/*(!0)*)0/2 !;*%(+!$%*</5!(.2);E.!



!

!a!

*)*.452)$4O'6$/!6)*5+ 9!!M)!&%2&;0>/*(!(./+/! )6+('&$/+!'*5!#2)6/!(./!0)$/& ;$'2!

&)0#)+%(%)*+!),!(./!#%E0/*( C!#)N/2,;$!'*5!%*,)20'(%>/!'##2)'&./+!N/2/!5/>/$)#/5! (.'(!

N/ 2/!6'+/5!)*!(./!)U%5'(%>/!'*5!2/5;&(%>/!5 /E2'5'(%)*!),!(./!#%E0/*(+C! ,)$$)N/5!64!

%5/*(%,%&'(%)*!'*5!G;'*(%,%&'(%)*!),!(./!0)$/&;$'2!0'2</2+!#2)5;&/5 !P-'*%OO%!'*5!

8%&)$';+C!K_]IW!T'(()2;++)!/(!'$9C!K_aYW!L/*'(.'*!'*5!S4$/2C!K_YJ W!-2)('C!K__YW!\()!'*5!

S'<'0'(+;C!IJJa R9!!M./+/!0'2</2+! N/2/ !,;2(./2 !G;'*(%('(%>/$4!2/$'(/5!()!(./!#2/+/*&/!),!

+#/&%,%&!&./0%&'$!0)%/(%/+!#2/+/*(!%*!(./!)2%E%*'$!#%E0/*(9!!!

B.)+;</!\()! 2/,%*/5!0'*4!),!(./+/!'*'$4(%&'$!'##2)'&./+ !P\()!/(!'$9C!IJJJW!

S'<'0'(+;!'*5!\()C!IJJI RC!'*5!.%+!0/(.)5+!'2/!&;22/*($4! /0#$)4/5 !()!5/2%>/!0)$/&;$'2!

%*,)20'(%)*!'6);(!0/$'*%*+ !,2)0!5%,,/2/*(! (%++;/+9!M./!#422)$/!;*%(+C!#422)$/QI QZQ] Q

(2%&'26)U4$%&!'&%5!P-M:"R!'*5!#422)$/QICZQ5%&'26)U4$%&!'&%5!P-7:"RC!5/2%>/5!,2)0!(./!

)U%5'(%)*!#2)5;&(+!),!/;0/$'*%* C!'2/!2);(%*/$4!;+/5!()!%*,/2!(./!2/$'(%>/!&)*(2%6;(%)*+!),!

(./!+#/&%,%&!0)$/&;$'2!0)*)0/2+!7V\:"! '*5!7V\ C!2/+#/&(%>/$4C!()!(./!/;0/$'*%*!

#%E0/*(!P-%'((/$$%!/(!'$9C!K_aIW!L/*'(.'*!'*5!S4$/2C!K_YJ W!\()!'*5!T;b%('C!K_Y]W!

S'<'0'(+;!'*5!\()C!IJJI R9!!"55%(%)*'$$4C!(./! XQ'0%*) QZQ.452)U4#./*4$'$'*%*/!PX Q"V-R!

5/E2'5'(%)*!#2)5;&(!5/2%>/5!,2)0!(./! 2/5;&(%>/!.452)$4+%+!),!#./)0/$'*%*!N%(.!

.452%)5%&!'&%5!%+!2);(%*/$4!;+/5!()!%*,/2!(./!2/$'(%>/!&)*(2%6;(%)*+!),!#./)0/$'*%* !P\()!

'*5!A%06)NC!K_YZW!S'<'0'(+;!'*5!\()C!IJJI R9!!\*!+.)2(C!(./ +/!'##2)'&./+!G;'*(%,4 !

+(2;&(;2'$!%*,)20'(%)*!2/E'25%*E!'R!(./!2/$'(%>/!'0);*(+!),!/;0/$'*%*!'*5!#./)0/$'*%*!

#2/+/*(!%*!'!+'0#$/!),!#%E0/*(!'*5!6R!(./!2/$'(%>/!'0);*(+!),!7V\!'*5!7V\:"!#2/+/*(!



!

!̂!

%*!/;0/$'*%*9 !!"$(.);E.!(./+/!0/(.)5+!,'%$!()!#2)>%5/!%*,)20'(%)*! )*!(./!&./0%&'$!

&)**/&(%>%(4!6/(N//*!(./!0)$/&;$'2!0)*)0/2+C!(./!'6%$%(4!()!5/(/20%*/!(./!2/$'(%>/!

&)*(2%6;(%)*+!),!(./!0)$/&;$'2!0)*)0/2+!()!(./!)>/2'$$!'2&.%(/&(;2/!),!(./!#%E0/*(!

#$'4+!'*!%0#)2('*(!2)$/!%*!5/>/$)#%*E!+(2;&(;2/k,;*&(%)*!0)5/$+!,)2!0/$'*% *9!!

1.3 Physicochemical Properties and Biological Functions of 
Melanin 
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1.3.1 Melanin as a Photoprotector  
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1.3.2 Melanin as a Photosensitizer  
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2. Applications of Photoemission Electron 
Microscopy  to Pigment Research 1 

!

2.1 Introduction to PEEM 
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shape of the biomolecule. If the incident photon energy used to
generate the photoelectrons is near the sample’s photoioniza-
tion threshold, then the emitted electrons will possess a low
kinetic energy. The large accelerating potential enables these
electrons to be collected with a minimum loss of lateral
resolution—the electrons are emitted at various angles for a
curved substrate and would then tend to spread laterally (3).
However, the situation is certainly more complicated by a
complex three-dimensional surface, which will present topo-
graphic contrast as the trajectories of the emitted electrons are
influenced by the high electric field of the specimen (48).
Spreading or bunching of the electrons can also occur from the
topographical electric field variations. As a result, the image
may have darker or brighter regions according to the topo-
graphic features of the sample. An aperture located in the lens
column is used to prevent deflected electrons from reaching the
detection area. Deflection of the electrons typically occurs
from the sides of a protrusion whereas the electrons arising
from surrounding flat regions and the top regions of protru-
sions pass through the electron-optics system undeflected.
Thus, the top regions of protrusions and surrounding flat areas
appear brighter whereas the sides of protrusions are darker.

Finally, a two-dimensional image detection (the CCD serves
as a two-dimensional image plane, with each pixel having the
same area) creates a nonlinear distance scale for the image of a
three-dimensional object. Consider the projection image of a
sphere (Fig. 4a). The region of a curved three-dimensional
surface imaged onto an individual pixel increases with the

angle from the surface normal. Therefore, a curved three-
dimensional shape will affect the resolution achieved by the
instrument. With increasing angle from the surface normal, the
photoejected electrons will initially have increased velocity
projections in the plane of the substrate, and therefore will fan
out as they undergo different degrees of curvature to be
accelerated toward the lens column. As a result, if the
accelerating potential is reduced, the size of the image will
increase. Figure 4b displays the length of the long axis of the
image of a !150 nm spherical Sepiaeumelanin granule (recall
that spherical structures appear as ellipsoids) with respect to
the accelerating voltage. A linear dependence is observed for
the acceleration potential examined. Nepijko et al. (47) devel-
oped a theoretical analysis of such an experiment and provided
functional relationships for determining the actual size of the
three-dimensional spherical particle from such data.

All of the above-mentioned spatial considerations are
important when imaging samples with significant structure,
as is the case with biological specimens. The interpretation of
the generated images may be more complicated than what one
would expect with flat surfaces as in surface and materials
sciences because the resulting image is dependent on the
morphology and topography of the specimen. While a
challenge to disentangle these features, it also presents the
opportunity and potential power of PEEM to biological
systems; the data will reflect the three-dimensional properties
of the system being imaged.

POLARIZATION DEPENDENCE
OF THE SIGNAL

As a consequence of the PEEM geometry the photon beam
used to illuminate the sample must come in at a high incident
angle (!77! from the surface normal). This angle of incidence
is critical because for many materials it is quite close to
Brewster’s angle. Recall that Brewster’s angle is defined as the
angle, measured from the surface normal, at which s-polarized
light is reflected and p-polarized light is absorbed (49). (The
direction of polarization is perpendicular and parallel to the
plane of incidence for s- and p-polarized light, respectively.)
Considering the PEEM geometry the incident plane is
described by the propagation direction of the incident photon
beam and the surface normal. Due to the high incident angle of
the light source, the linearly polarized vectors are oriented in a
plane that is tilted 13! from the surface normal. Therefore
under PEEM geometry, s-polarized light is parallel to the
plane of the substrate, whereas p-polarized light is 13! from the
surface normal, as shown in Fig. 5.

PEEM imaging requires a conductive substrate for contin-
ual electron replenishment during photoemission. Most of the
conductive substrates are reflective and reflect light from the
incident photon beam. For a biological specimen characterized
with a curved three-dimensional geometry, the total electric
field at the sample surface will not just include the incoming
light but also include the light that is reflected off the substrate
(Fig. 6a). A curved biological specimen is susceptible to this
interaction because the reflected beam is able to strike the
surface along the curved region. However, a disk or a box-like
structure has vertical edges that block the whole object from
this reflection (Fig. 6b), whereas a film covers the substrate
and prevents it entirely. It is important to understand this

Figure 4. (a) A three-dimensional sphere projected onto a two-
dimensional surface. (b) A plot showing the dependence of the image
diameter of a !150 nm Sepia eumelanin granule on the accelerating
potential of the instrument.
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(2'*+,/22/5!;*5/2! =Ve !%*()!(./!-113!&.'06/2!,)2!5'('!&)$$/&(%)*9! !M)!/*+;2/ !'!$'2E/!

+'0#$%*EC!(./!%*+(2;0/*('$!,%/$5!),!>%/N!N'+!+/(!'(!]J!r09 !!"$$!%0'E/+!N/2/!&'#(;2/5!

N%(.!'!7e: QKZKI!3!5%E%('$!&'0/2'!,2)0!7e:!:)0#'*4C!\*&9!P";+(%*C!MnR9!!M./!5%E%('$!

&'0/2'!2/+)$;(%)*!N'+!KZJJ!t!KJZJ!#%U/$+!t!KI!6%(+9!!"&G;%+%(%)*!(%0/+!N/2/!_!+/&9!

2.3.2 Excitation  Source  

M./ !+#)*('*/);+!/0%++%)*!0)5/!),!(./!7;</!=e Q,2//!/$/&(2)*!$'+/2!PT1DR!N'+!

;+/5!()!'&G;%2/!(.2/+.)$5+9!!7/('%$+!),!(./!7;</!T1D!.'>/!6//*!5/+&2%6/5!/$+/N./2/!

P"5/!/(!'$9C!K__YR9!!M./!T1D!N'+!(;*/5!(.2);E.!(./!+#/&(2'$!2'*E/!,2)0!IXJ!()!ZKJ!*0!

P]9K^!h!X9JJ!/eR!%*!]!*0!%*&2/0/*(+9!!

2.3.3 Measurement Procedure  

M./!0/'+; 2/5!62%E.(*/++!),!(./! 0/$' *) +)0/!N%(.%*!(./! #.)()/$/&(2)*!%0'E/! N' +!

('</*!()!6/!#2)#)2(%)*'$!()!(./!#.)()&;22/*(!'+!(./!/0%++%)*!&;22/*(!&'**)(!6/!'&&/++/5!

%*!'!+('*5'25!-1139! !"*!%0'E/!N' +!)6('%*/5!,)2!/'&.!N'>/$/*E(.!'*5! (./!

0/$'*)+)0/[+ !%*(/E2'(/5!62%E.(*/++C!0C!N' +!0/'+;2/5!64!'!+;00'(%)*!),!'$$!),!(./!#%U/$!

E2'4!+&'$/!5/#(.+!%*!(./!+/$/&(/5!2/E%)*9!!M./!0%*%0;0!'*5!0'U%0;0!E2'4!+&'$/!>'$;/+!

'2/!2/E'25/5!'+!6$'&<!)2!N.%(/!+'(;2'(/5C!2/+#/&(%>/$49!!\0'E/+!N%(.!'!$'2E/!,2'&(%)*!),!

(./!#%U/$!&);*(+!$)&'(/5!'(!(./+/!>'$;/+!2/+;$(!%*!'!$)++!),!(./!%*,)20'(%)*!2/E'25%*E!(./!

62%E.(*/++!),!'!0/$'*)+)0/ !'*5!(./!#.)()/$/&(2 )*!&;22/*(!%+!*)!$)*E/2!#2)#)2 (%)*'$!()!



!
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(./!%*(/E2'(/5!62%E.(*/++9!!M)!/*+;2/!(./!%*(/*+%(4!.%+()E2'0!),!(./!%0'E/!+#'**/5!'!

5%+(2%6;(%)*!'&2)++!(./!#%U/$!E2'4!+&'$/!5/#(.+!'*5 !'>)%5/5 !6$'&<!'*5!N.%(/!+'(;2'(%)*C!

(./!>)$('E/! )*!(./!0;$(%&.'**/$!#$'(/!'*5 !(./!+),(N' 2/!E'%*!),!(./!%0'E%*E!#2)E2'0! N' +!

'5b;+(/59!! !

-2%)2!()!'*'$4+%+!),!(./!(.2/+.)$5!&;2>/+C!+('*5'25!5'('!&)22/&(%)*+! N / 2/!*//5/5!

,)2 !(./!)6('%*/5!0/'+;2/0/*(+ 9!!M./!%*(/E2'(/5!62%E.(*/++!N' +!&)22/&(/5!,)2!(./!

+),(N'2/!E'%*!'5b;+(0/*(!(.2);E.!(./!/G;'(%)*? !

gain(db) = 20log10 G. !! ! ! ! PKR!

M)!&'$%62'(/!,)2!(./!0;$(%&.'**/$!#$'(/!>)$('E/ !&.'*E/ +!)*! 0C!-113!%0'E/+! N/ 2/!

&)$$/&(/5!'(!,%U/5!N'>/$/*E(. !'*5!+),(N'2/!E'%*+C!6;(!N%(.!5%,,/2/*(!>)$('E/+9!!M./!

&)22/&(%)*!,'&()2!N' +!#2)>%5/5!64!(./! 2'(%)!),! 0!6/(N//*!(./! (N)! %0'E/+9!!"$+) C!6/&';+/!

), !'6 +)2#(%)*!'*5!(./!5/#/*5/*&/!),!(./!%*&%5/*(!T1D!#)N/2!)*!(./!&;22/*(!%*!(./!T1D!

+()2'E/!2%*EC!(./!#.)()*! ,$;U!),!(./!%*&%5/*(!N'>/$/*E(.!&.'*E/ 5!'+! )*/!+&'* */5 !

(.2);E.!(./!=e!2/E%)* 9!!M.%+!N'+ !0/'+;2/ 5!'*5!&)0#/*+'(/ 5!,)2 !N%(.!/'&.!/U#/2%0/*( 9!!

M)!)6('%*!(./!#.)()%)*%O'(%)*!#)(/*(%'$!),!(./!+'0#$/C!(.2/+.)$5!&;2>/+! N/ 2/!

,;*&(%)*'$$4!,%(!N%(.!/'2$4!(./)2/(%&'$!0)5/$+!#2)#)+/5!()!/U#$'%*!#.)()/$/&(2%&!&;2>/+9!!

\*!K_ZKC!T)N$/2!5/+&2%6/5!(./!#.)()/$/&(2%&!&;2>/!),!+)$%5!0/('$$%&!+;2,'&/+!N%(.!'*!

/U#2/++%)*!(.'(!N' +!'!,;*&(%)*!),!(/0#/2'(;2/!'*5!(./!,2/G;/*&4!),!(./!%*&%5/*(!$%E.( !

PT)N$/2C!K_ZKR9!!M./!%*(/E2'(/5!62%E.(*/++!),!(./!+'0#$/C!0C!#2)#)2(%)*'$!()!(./!



!
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#.)()&;22/*(C! 1C!%+!%*!#2)#)2(%)*!()!(./!#2)5;&(!),!(./!+G;'2/!),!(./!(/0#/2'(;2/!),!(./!

+'0#$/C!<C!'*5!'!,;*&(%)*! ;=5>!E%>/*!64?!

S ! I(! 0 " hv)1/2 ! T 2 f hv " !
kBT

#

$
%

&

'
( !C!N./2/ ! ! ! PI R!

! f (u) = eu !
e2u

22
+

e3u

32
! ..., !!!!!!!!!!!!!!!!!!!!!!!!!!!(u ! 0) !! ! ! !!!!!!!!!!!

!!!!!!!!!!=
! 2

6
+
u2

2
! e! u !

e! 2u

22
+
e! 3u

32
! ...

"

#
$

%

&
' , !!(u ! 0) 9!!! ! ! !!!!!!!!!!!!!!!

\*!(./!'6)>/!/U#2/++%)*+C! ! 0 %+!(./!(.2/+.)$5!#)(/*(%'$!'*5! ! !%+!(./!(./20%)*%&!N)2<!

,;*&(%)*!P! = !0 !"
* C!N./2/!u!v!%+!(./!/*/2E4!),!(./!.%E./+(!)&&;#%/5!0)$/&;$'2!)26%('$R9!!

M.;+C!(./! +;2,'&/!#.)()%) *%O'(%)*!(.2/+.)$5!#)(/*(%'$+!),!0/$'*)+)0/+!P5%+&;++/5!%*!

>8031*)+$R!N/2/!5/(/20%*/5!',(/2 !,;*&(%)*'$$4!,%((%*E!(./!(.2/+.)$5!&;2>/+!),!0?<@!>+9!

%A?B+<9!!M.%+!(/ &.*%G;/!%+!(./!+'0/!;+/5!#2/>%);+$4! ()!5/(/20%*/!(./!#.)()%)*%O'(%)*!

(.2/+.)$5!#)(/*(%'$+!),! /;0/$'*%*!'*5!#./)0/$'*%*! PB'0)<.>'$)>!/(!'$9C!IJJX W!

B'0)<.>'$)>!/(!'$9C!IJJ] W!L;+.!/(!'$9C!IJJaW!V)*E!/(!'$ 9C!IJJaW!f/!/(!'$9C!IJJa W!H'2E;%$)!/(!

'$9C!IJJR̂!'*5!N .%$/!(./ +/!#.)()%)*%O'(%)*!(.2/+.)$5!#)(/*(%'$ +!'2/!)6('%*/5!%*!%+)$'(%)*!

'*5!;*5/2! =Ve !N%(.!-113C!2/0'2<'6$/!&)*+%+(/*&4!.'+!6//*!)6+/2>/5!N% (.!2/+#/&(!()!

.)N!(./!0/$'*)+)0/+!6/.'>/!;*5/2!#.4+%)$)E%&'$$4!2/$/>'*(!&)*5%(%)*+! Pf/!/(!'$9C!IJJa R9!



!
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2.4 Determination of Absorption Coefficients3 

M./!#2)&/5;2/!,)2!;+%*E!(./ !-113 !()!5%2/&($4!'*5!G;'*(%('(%>/$4!5/(/20%*/!

'6+)2#(%)*!&)/,,%&%/*(+!,)2!+%*E$/!%*('&(!0/$'*)+)0/+ !%+!/+('6$%+./5!./2/%* 9!

2.4.1 Substrate Preparation   

MN)!5%,,/2/*(!+;6+(2'(/+!N/2/!;(%$%O/5!%*!(./!'6+)2#(%)*!&)/,,%&%/*(!&'$&;$'(%)*9!!

M%('*%;0!+;6+(2'(/+!N/2/!;+/5!%*!'!+%*E$/!N'>/$/*E(.!P ! !c!IXX!*0R!'*'$4+%+9!!M./+/!

+;6+(2'(/+!N/2/!#2/#'2/5!,2)0!N',/2+!),! !KJJ"Q)2%/*(/5!+%$%&)*!P-Q(4#/C!LQ5)#/5RC!

#;2&.'+/5!,2)0!e"!B/0%&)*5;&()2C!\*&9!PT2/5/2%&<+6;2EC!e"R9!!M./+/!N',/2+!N/2/!

&$/'>/5!()! +G;'2/!2/E%)*+!),!'##2)U%0'(/$4!K!&0 I !'*5!(./*!&$/'*/5!;+%*E!'!+%0#$/!

+)$>/*(!#2)&/5;2/9! !B#/&%,%&'$$4C!N',/2+!N/2/!'55/5C!%*!+;6+/G;/*(!+(/#+C!()!'!

(2%&.$)2)/(.4$/*/!6'(.C!'*!'&/()*/!6'(.C!'*5!'!0/(.'*)$!6'(.!,)2!]!0%*!/'&.9! !M./!N',/2+!

N/2/!(./*!#$'&/5!) *!$/*+!#'#/2!%*!'!+(/2%$/!-/(2%!5%+.!'*5!52%/5!N%(.!'!+(/'54!,$)N!),!

*%(2)E/*!E'+9!!!"#$%&'%()*#+$*,-$'.$(*&'"$%/*&$%$*,0'#$(*&1#+*'*#+1.*21*"1-3*45678!! R!

;+%*E!(./!g;2(!A9!D/+</2!-e7!^]!1 Q6/'0!'*5!M./20'$!3/('$!1>'#)2'()2!P-%((+6;2E.C!

-"R9!

B;6+(2'(/+!#2/# '2/5!,2)0!'!N',/2!),!* Q(4#/!XV QB%:C!#;2&.'+/5!,2)0!:2//C!\*&9!

P7;2.'0C!8:R !N/2/!;+/5!()!5/(/20%*/ !N'>/$/*E(.!5/#/*5/*( !'6+)2#(%)*!&)/,,%&%/*(+!

'*5!'2/!(./!#2/5)0%*'(/! +;6+(2'(/!;+/5!%*! (./!+(;5%/+!2/#)2(/5!%*!>8031*); !#+'*5! ?9!!M./!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

Z!F/#2)5;&/5!%*!#'2(!,2)0?!-/$/+C!79!89!'*5!B%0)*C!A9!79!PIJKJR!$%646.%)*"#$%6467368"C!@F?!I^_QIYKC!7`\?!
KJ9KKKK!w!b9K^]KQKJ_^9IJJ_9JJa]a9UW!'*5!-/$/+C!79!89!'*5!B%0)*C!A9!79!PIJKJR!!"#$%&'"#(%)*"#+C!!!# ?!
_a^^Q_aYZC!7`\?!!KJ9KJIKkb#KJIaJZ6W!'*5!-/$/+C!79!89W!D%*C!19W!S'<'0'(+;C!g9W!\()C!B9!'*5!B%0)*C!A9!79!
!"#$%&'"#(%)*"#C)44"C!! ?!IZ_KQIZ_]C!7`\?! KJ9KJIKkbOKJJ^IJ.9!



!
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N',/2!N'+!&./0)0/&.'*%&' $$4!#)$%+./5!64!8`e"B\:!PD/!L);2E/( Q5; QD'&C!T2'*&/R!'*5!

&$/'>/5!()!+G;'2/!2/E%)*+!),!K!&0 I !64!"0/2%&'*!-2/&%+%)*!7%&%*EC!\*&9!PB'*!A)+/C!:"R9!!

\*5%>%5;'$!+;6+(2'(/+!N/2/!(./*!+;6b/&(/5!()! (./!+'0/ !+%0#$/!+)$>/*(!&$/'*%*E!#2)&/++!

5/+&2%6/5!,)2!(./!M%!N',/2+9!!B%0%$'2!()!(./!#.)()%)*%O'(%)*!(.2/+.)$5!+'0#$/!

#2/#'2'(%)*C!%+)$'(/5!0/$'*)+)0/+!N/2/!+;+#/*5/5!%*!'!8'*)#;2/!N'(/2!+)$;(%)*!'*5!

5/#)+%(/5!)*!(./!+;6+(2'(/ +!%*!J9]rD!'$%G;)(+!%00/5 %'(/$4!#2%)2!()!/U#/2%0/*('(%)*9!!M./!

+'0#$/+!N/2/!'%2 Q52%/5!Ps!ZJ!0%*R!N%(.!0%*%0'$!/U#)+;2/!()!=e !$%E.(!'*5!+;6+/G;/*($4!

(2'*+,/22/5!;*5/2! =Ve !%*()!(./!-113!&.'06/2!,)2!5'('!&)$$/&(%)*9! !M)!/*+;2/!'!$'2E/!

+'0#$%*EC!0/$'*)+)0/+!N/2/!%0'E/5!'(!,%/$5+!),!>%/N!),!K]J!r09 !

2.4.2 Excitation Source  

"*!%*(2'&'>%(4!5);6$/5!"2 x!%)*!&)*(%*;); +!N'>/! $'+/2!N'+!;+/5!()!%$$;0%*'(/!(./!

+'0#$/!'(!y!c!IXX!*0!,)2! #2/$%0%*'24!%*>/+(%E'(%)*+!)*!M%!'*5!$'(/2!,)2!#;2#)+/+!),!

,%*5%*E!'*5!,)&;+%*E!(./!+'0#$/!#2%)2!()!N'>/$/*E(.!+&'*+! )*!B%:!N%(.!(./!(;*'6$/!$'+/2!

+);2&/9!!D'+/2!/U&%('(%)*!;(%$%O/5!,)2!(./!N '>/$/*E(.!5/#/*5/*(! '6+)2#(%)*!/U#/2%0/*(+!

N'+!#2)>%5/5!64!'!+)$%5Q+('(/!(;*'6$/!*'*)+/&)*5!$'+/2!+4+(/0!,2)0!`#)(/<C!\*&9!

P:'2$+6'5C!:"R9!!7'('!N'+!&)$$/&(/5!'(!(./!,)$$)N%*E!N'>/$/*E(.+ ?!IXX!*0!P]9JY!/eRC!I]^!

*0!PX9YI!/eRC!I^J!*0!PX9]_!/eRC!IYJ!*0!PX9XZ!/eRC!I_J!*0!PX9IY!/eRC!ZJJ!*0!PX9KZ!/eR!'*5!

ZKJ!*0!PX9JJ!/eR9!!M./!#)$'2%O'(%)*!),!(./!$%E.(!N'+!#'2'$$/$!()!(./!#$'*/!),!%*&%5/*&/9!!M)!

'> )%5!*)(/5!+#'&/ Q&.'2E/!/,,/&(+! PL;&<'*%/!/(!'$9C!IJJ_R!'*5!#.4+%&'$!5%+2;#(%)*!),!(./!

0/$'*)+)0/+! PH$%&<0'*!/(!'$9C!K__aR!2/+;$(%*E!,2)0!#;$+/5!$'+/2!+);2&/+C!'!*/;(2'$!



!
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5/*+%(4!,%$(/2!N'+!%*+/2(/5!%*!(./!6/'0!#'(.!()!2/5;&/!(./!'>/2'E/!$'+/2!#)N/29! !M./!

0'U%0;0!#;$+/!/*/2E4C!',(/2!(./!*/;(2'$! 5/*+%(4!,%$(/2C!N'+!'(!0)+(!KI!0Ak&0I !,)2!y!c!

IXX!*0!'*5!5/&2/'+/5!'(!$)*E/2!N'>/$/*E(.+9!M./!0'U%0;0!#;$+/!/*/2E4!;+/5!./2/%*!%+!

s!KJz!),!(./!#2/>%);+$4!&'$&;$'(/5!#.)()5%+2;#(%)*!(.2/+.)$5!),!K]Z9a!0Ak&0 I !,)2!

0/$'*)+)0/+! PH$%&<0'*!/(!'$9C!K__aR9!!"(!/'&.!N'>/$/*E(.C!$'+/2!#)N/2!'*5!)#(%&'$!

'$%E*0/*(!N/2/!)#(%0%O/5!#2%)2!()!'&G;%+%(%)*!),!(./!5%E%('$!%0'E/9!!"$$!%0'E/+!N/2/!

&'#(;2/5!N%(.!'!&))$/5!7e: QK]JJ!3!5%E%('$!&'0/2'!,2)0!7e :!:)0#'*4C!\*&9!P";+(%*C!

MnR!N%(.!'!2/+)$;(%)*!),!KZ_I!U!KJXJ!#%U/$+!U!KI!6%(+9!"+!'!2/+;$(!),!>'2%/5!$'+/2!#)N/2!

'&2)++!N'>/$/*E(.+C!(./!'&G;%+%(%)*!(%0/+!N/2/!]C!^C!KXC!IYC!XIC!]J!'*5!]J!0%*!,)2!y!c!IXXC!

I]^C!I^JC!IYJC!I_JC!ZJJ!'*5!ZKJ!*0C!2/+#/&(%>/$49!

2.4.3 Measurement Procedure   

T)2!2/'+)*+!#2)>%5/5!6/$)NC!(./!M%!'*5!B%:!+;6+(2'(/+!N/2/! #;2#)+/$4!;(%$%O/5!'+!

(./%2!N)2<!,;*&(%)*+!'2/ !$)N/2!%*!/*/2E4!(.'*! (.'(!),! (./!'++)&%'(/5 !%*&%5/*(!$%E.(!'(!(./!

+%*E$/!N'>/$/*E(.! y !c!IXX!*0!'*5! (.2);E.!(./!=e!N'>/$/*E(.+!/ U'0%*/5!P]9J^!/e!'(!

IXX!*0!'*5!X9JJ!/e!'(!ZKJ!*0R 9!!"+!'!2/+;$(C!'(!+.)2(/2!N'>/$/*E(.+C! 6)(.!(./! +;6+(2'(/!

+;2,'&/!'*5!(./!0/$'*)+)0/+!/0%(!/$/&(2) *+!'*5!'2/!%0'E/5!64!(./!0%&2) +&)#/9!!M./!

0/$'*)+)0/+!.'>/!'!.%E./2!/,,%&%/*&4!,)2!%)*%O'(%)* !P/$/&(2)*+!#/2!'2/'R!(.'*!(./!

+;6+(2'(/ !'*5!'2/! +;6+/G;/*($4! /'+%$4!5%+(%*E;%+./5!%*!(./!%0'E/ 9!!

M./!'##2)'& .! ,)2!5/(/20%*%*E!(./!'6+)2#(%)*!&)/,,%&%/*(+!%+!+.)N*!+&./0'(%&'$$4!

%*!%&'()*+#9!!"+!#2/>%);+$4!5/+&2%6/5C!$'+/2!$%E.(!N'+!,)&;+/5!)*!(./!+'0#$/!'(!'!.%E.! ! !
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%&'()*+#,++BG3*)&<*6109+'*5<*1):+75)+ABBC+57+;&6'9*+<*9065;5<*;=+
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! !
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h!  

Side View 

SiC  

Surface 
Normal 

Melanosome 

Shadow 
"  

h!  

Top View 

SiC 

Melanosome 
Shadow 

!!!!!!!!! !!!!!+ + +++++++D'+/2!/U&%('(%)*!
.%(+!(./!0/$'*)+)0/!'(!'*!'*E$/!),!%*&%5/*&/!),!'##2)U%0'(/$4!^^p!N%(.!2/+#/&(!()!(./!
+;2,'&/!*)20'$9!!D%E.(!%+!'((/*;'(/5!'*5!'!+.'5)N!%+!E/*/2'(/5!)*!(./!,'2!+%5/!),!(./!
0/$'*)+)0/9 !
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'*E$/!),!%*&%5/*&/!Po!^^p!N%(.!2/+#/&(!()!(./!+;2,'&/!*)20'$R9!!"+!$%E.(!(2'>/$+!(.2);E.!(./!

0/$'*)+)0/C!'6+)2#(%)*!'((/*;'(/+!%(+!%*(/*+%(4C!&';+%*E!'!2/5;&(%)*!%*!(./!

#.)()/0%++%)*!),!(./!+;6+(2'(/!%00/5%'(/$4!6/.%*5!(./!0/$'*)+)0/C!'*5!'!+.'5)N!%+!

>%+;'$%O/5!'+!'!2/+;$(9!!V)N/>/2C!'+!+%0;$'(/5!%*!%&'()*+?C!%$$;0%*'(%)*!),!'*!/$$%#+)%5'$!

)6b/&(!N%(.!5%0/*+%)*+!&)0#'2'6$/!()!'!0/$'*)+)0/!#2)5;&/+!+%E*%,%&'*(!+&'((/ 2%*E!),!

(./!/$/&(2%&!,%/$59!!:)*+/G;/*($4C!(./!'6+)2#(%>/!#2)#/2(%/+!),!(./!0/$'*)+)0/+C!N.%&.!

'2/!0'*%,/+(/5!64!&.'*E/+!%*!(./!%0'E/!%*(/*+%(4!),!(./! +;6+(2'(/ C!'2/!5/(/20%*/5!,2)0!

(./!2/E%)*!),!(./!+;6+(2'(/!%00/5%'(/$4!6/.%*5!(./!0/$'*)+)0/!(.'(!%+!>)%5 !),!

+%E*%,%&'*(!+&'((/2%*E!&)*(2%6;(%)*+9!!!!

L/&';+/!(./!0)$/&;$'2!+(2;&(;2/!),!0/$'*%*!%+!*)(!<*)N* C!#%E0/*(!'6+)2#(%)*!
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3. Structural and Morphological Analysis of Human 
Iridal Stroma Melanosomes 1 

!

3.1 Introduction 
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3.2 Materials and Methods 
3.2.1 Sample Isolation  
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3.2.2 Scanning Electron Microscopy  

3/$'*)+)0/+!N/2/!+;+ #/*5/5!%*!'!N'(/2!+;+#/*+%)*!'*5!52)##/5!)*()!,2/+.$4!

&$/'>/5!0%&'!+$%5/+!%*!I!rD!'$%G;)(+9!!M./!+$%5/+!N/2/!(./*!0);*(/5!)*!+('%*$/++!+(//$!

#/E+!N%(.!5);6$/!+(%&<!('#/!'*5!'%2Q52%/5!%*!(./!5'2<9!!M./!0);*(/5!+'0#$/+ !N/2/!

&)'(/5!N%(.!";k-5!;*5/2!'2E)*!#$'+0'!,)2!I!0%*!'(!K]!0"!;+%*E!'!V;00/2!e!+#;((/2!

&)'(/2!P"*'(/&.C!B#2%*E,%/$5C!e"R9!!"!-.%$%#+!nDZJ!1B13!PT1\!&)0#'*4C!V%$$+6)2)C!`FR!

/G;%##/5!N%(.!'!6'&<+&'((/2%*E!+/&)*5'24!/$/&(2)*!5/(/&()2!N'+!;+/5!()!/U'0%*/!(./!

+'0#$/+ !%*!.%E.!>'&;;0!0)5/9! !3;$(%#$/!B13!%0'E/+!N/2/!& '#(;2/5!'(!0'E*%,%&'(%)*+!

),!KJCJJJt!,)2!/'&.!),!(./!5%,,/2/*(!+'0#$/+9!:'2/!N'+!('</*!()!/*+;2/!(.'(!/'&.!%0'E/!

&)$$/&(/5!&)>/2/5!'!&)0#$/(/$4!5%,,/2/*(!+;2,'&/!'2/'9! !M./!5%0/*+%)*+!),!(./!

0/$'*)+)0/ +!&'#(;2/5!%*!(./!B13!%0'E/+!N/2/!0/'+;2/5!;+%*E!B&'*5%;0!\0'E%*E!

B),(N'2/!P`$40#;+!B),(!\0'E/!B)$;(%)*+C!D'</N))5C!:`R9! !T)2!/'&.!+'0#$/C!)>/2!K]JJ!

E2'*;$/+!N/2/!0/'+;2/5!,2)0!a!()!KX!%0'E/+!('</*!'(!KJ CJJJt!0'E*%,%&'(%)*9!!M./!

.%+()E2'0+!),!(./!$/*E(.+!) ,!(./!+.)2(!'*5!$)*E!'U/+!),!(./!0/'+;2/5!0/$'*)+)0/+!N/2/!

#$)((/5!'*5!,%(!()!'!+%*E$/!H';++%'*!,;*&(%)*9!

3.2.3 Free Electron Laser-Photoemission Electron Microscopy  
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3.2.4 Atomic Force Microscopy  
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3.3 Results and Discussion 
3.3.1 Shape and Size Analysis of Iridal Stroma Melanosomes  
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software (WaveMetrics, Lake Oswego, OR) was used to fit the
normalized data.

Atomic Force Microscopy. A water suspension of iridal
stroma melanosomes was pipetted in 0.5 µL aliquots onto freshly
cleaved mica and allowed to air-dry in the dark. The instrument
and method of imaging has been previously described in detail.32

Briefly, AFM height and phase images were collected with a
NanoScope IIIa BioScope AFM (Digital Instruments, Santa
Barbara, CA) operated in tapping mode. The AFM head was
mounted on a Zeiss (Thornwood, NY) Axiovert S100 TV
inverted optical microscope, allowing visual observation of the
sample.

Results

Shape and Size Analysis of Iridal Stroma Melanosomes.
SEM imaging was used to analyze the morphology of blue- green
and dark brown iridal stroma melanosomes from donors of age
66 and 14, respectively (Figure 1). The shape and size observed
in the analysis revealed a consistent morphological distribution
across samples regardless of their respective age or iris color
origins. The long and short axes of the melanosmes were
measured from these images, and the resulting histograms were
fit to a single Gaussian function (Figure 2). The outcomes of
the fitting are given in Table 1. The morphology revealed for
these iridal stroma melanosomes by SEM is in agreement with
previously reported morphological results on iridal stroma
melanosomes by transmission electron microscopy (TEM).33,34

Surface Photoionization Potentials of Iridal Stroma Mel-
anosomes.The surface composition of melanosomes isolated
from iridal stroma tissue was examined using FEL-PEEM.
Melanosomes isolated from dark brown and blue- green irides
were analyzed. The integrated intensity (S) of the PEEM images
was determined as a function of the excitation wavelength

generated by the FEL. The data acquired from individual
melanosomes identified in the PEEM images were best fit by a
single-component equation (eq 1), resulting in a photoionization
threshold of 4.9 ( 0.2 eV (253 nm) for both colored iridal
stroma melanosomes (Figure 3). The threshold potential for
pheomelanin from red hair melanosomes was determined to be
3.8 ( 0.2 eV (326 nm).20 Eumelanosomes exhibit threshold
potentials from 4.4 to 4.8 (( 0.2) eV depending on their source
(sepia. human hair, bovine, and human RPE).14,17,20,25,26 We were
unable to obtain images for either dark brown or blue- green
iridal stroma melanosomes for wavelengths of light lower than
the upper end of the range of threshold values for eumelanic
samples, clearly indicating the absence of pheomelanin on, or
near, the surface of the melanosome.

Morphological Surface Organization of Iridal Stroma
Melanosomes.AFM imaging was used to analyze the mor-
phological organization of iridal stroma melanosomes. Figure
4 reveals the height and phase AFM images for dark brown
iridal stroma melanosomes. In these images, a substructure of
the melanosome is observed. The melanosome appears to be
comprised of a smaller substructure. Such building blocks have
been previously reported on several naturally occurring pig-
ments, melanin isolated from the ink sac of the cuttlefish Sepia
ofÞcinalis,32 melanosomes isolated from human black and red
hair,35 melanosomes isolated from bovine eyes,28 and melano-
somes isolated from the retinal pigment epithelium in human
eyes.36

Discussion

Shape and Size Analysis of Iridal Stroma Melanosomes.
During the sample preparation, the iridal pigment epithelium
(IPE) is carefully removed from the posterior surface of the
iris. However, complete dissection of the IPE is nearly impos-
sible to achieve, and the anterior IPE remains tightly bound to
the iris tissue.27 As a consequence, melanosomes isolated from
this “IPE-scraped” iris tissue comprise those from anterior IPE
and iridal stroma. Morphologically, the IPE melanosomes are
spherical, with an average diameter of 1.02 µm, whereas the
iridal stroma melanosomes are smaller, ovoid-shaped organelles
with width and length dimensions of 0.25 and 0.64 µm,

Figure 1. SEM images of (A) dark brown iris melanosomes and (B)
blue- green iris melanosomes.

Figure 2. The resulting histograms for the length and width of dark
brown iris melanosomes (A, B) and blue- green iris melanosomes (C,
D). As shown, the distribution of lengths of the long and short axes
are represented by single Gaussian distributions.

TABLE 1: Summary of the Size Analysis of the
Melanosomes Isolated from Human Iridesa

iris color length/nm width/nm

dark brown 560 (140) 260 (80)
blue- green 540 (160) 250 (70)

a The error in measuring the dimension is <5%. The histograms
of the lengths of both the long and short axes were fit to a single
Gaussian function. The peak of the distribution is tabulated. The
half-width of the distribution is given in parentheses.

Figure 3. Wavelength-dependent FEL-PEEM data plotted and fit
according to eq 1 for (A) dark brown iridal stroma melanosomes and
(B) blue- green iridal stroma melanosomes.
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\(!%+!%*(/2/+(%*E!()!&)*+%5/2!(./!#)(/*(%'$!%0#$%&'(%)*+!),!(./+/!,%*5%*E+9!!S.%$/!

)&;$'2!0/$'*)+)0/+ !.'>/! 6//*!(. /!,)&;+ !./2/%* C!%(!.'+!#2/>%);+$4!6//* !/+('6$%+./5!(.'(!'!

+%0%$'2!/*&'#+;$'(%)*!),!#./)0/$'*%*!64!/;0/$'*%*!#%E0/*(+!%+!&.'2'&(/2%+(%&!),!(./!

*/;2)0/$'*%*!E2'*;$/+!%+)$'(/5!,2)0!>'2%);+!2/E%)*+!),!(./!.;0'*!62'%* !PL;+.!/(!'$9C!

IJJa W!\()C!IJJaW!L;+.!/(!'$9C!IJJ_R9!!M.%+!+;EE/+(+!(.'(!(./!+(2;&(;2/!),!0/$'*) +)0/+!

&)*( '%*%*E!6)(.!&$'++/+!),!#%E0/*(+!0'4!+.'2/!'!&)00)*!+(2;&(;2'$!0)2#.)$)E4C!

%*5/#/*5/*(!),!(%++;/!(4#/9! !"!2/&/*(!+(;54!)*!(./!/;0/$'*%*!'*5!#./)0/$'*%*!&)*(/*(!

%*!;>/'$!0/$'*)0'!&/$$+!,);*5!(.'(!0/$'*)0'!&/$$+!.'>/!'!>/24!$)N! /;0/$'*%*!&)*(/*(!

'*5!/;0/$'*%* ?#./)0/$'*%*!2'(%)C!+%E*%,%&'*($4!$)N/2!(.'*!(.'(!,2)0!*)20'$!

0/$'*)&4(/+9! !M./+/!5 %,,/2/*&/+!$%</$4!2/*5/2!0/$'*)0 '!&/$$+!0)2/!+;+&/#(%6$/!()!

0; ('E/*%&!/,,/&(+!),!=e!2'5%'(%)*!'*5!)U%5'(%>/!+(2/++!'*5!0'4!/*.'*&/!(./%2!

#2)$%,/2'(%)*C!(./2/64!'&&/$/2'(%*E!(./!#2)E2/++%)*!),!0/$'*)0'! PV;!/(!'$9C!IJJ_R9!!

1#%5/0%)$)E%&'$!+(;5%/+!%*5%&'(/!(.'(!(./!%*&%5/*&/!),!&;('*/);+!0/$'*)0'!%*!

%*5%>%5;'$+!N%(.!$%E.(Q&)$)2/5!+<%*!%+!E2/'(/2!(.'*!(.'(!,2)0!%*5%>%5;'$+!N%(.!5'2<Q!
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&)$)2/5!+<%*9!M./!2/$'(%>/!2%+<!),!N.%(/k6$'&<!>'2%/+!,2)0!KI9a!() !K^9K!%*!5%,,/2/*(!2/#)2(+!

P8/;E;(!/(!'$9C!K__XW!:2/++!'*5!V)$$4C!K__ Ŵ!M+'%!/(!'$9C!IJJ]R9!!B(;5%/+!),!/;0/$'*%*!'*5!

#./)0/$'*%*!&)*(/*(!),!/#%5/20'$!0/$'*)&4(/+!,2)0!5%,,/2/*(!5)* )2+!%*5%&'(/!(.'(!(./!

/;0/$'*%*? #./)0/$'*%*!2'(%)!&)22/$'(/+!N%(.!(./!&)$)2!),!(./!+<%*!'*5!(./!/(.*%&!

6'&<E2);*5!),!(./!5)*)2+9! !3/$'*)&4(/+!,2)0!5'2< Q&)$)2/5!+<%*!'*5!",2%&'*Q!"0/2%&'*!

5)*)2+!.'>/!'!E2/'(/2!'0);*(!),!/;0/$'*% *!'*5!'!.%E.!2'(%)!),!/;0/$'*%*? #./)0/$'*%*!

'+!&)0#'2/5!()!(.'(!N%(.!$%E.( /2Q&)$)2/5!+<%*!'*5!:';&'+%'*! PS'<'0'(+;!/(!'$9C!IJJa R9!!\,!

(./!0/$'*)+)0/+!%*!;>/'$!0/$'*)0'!&/$$+!'*5!/#%5/20'$! 0/$'*)&4(/+!.'>/!'!+%0%$'2!

+(2;&(;2/!'+!(.'(!%*!%2%5'$!0/$'*)&4(/+!0/$'*)+)0/+C!(./!5%,,/2/*(!%*&%5/*&/!),!&;('*/);+!

0/$'*)0'!%*!%*5%>%5;'$+!N%(.!>'2%);+!&)$)2/5!+<%*+!'*5!(./!#2)E2/++!),!;>/'$!

0/$'*)0'!&);$5!6/!/U#$'%*/5C!'(!$/'+(!#'2($4C!64!(./!+(2;&(;2/ !),!0/$'*)+)0/+!'*5!(./!

5%,,/2/*(!(.%&<*/++/+!),!/;0/$'*%&!&)'(+9!

3.4 Conclusions 

M./!+;2,'&/!#)(/*(%'$+!),!%2%5'$!+(2)0'!0/$'*)+)0/+!,2)0!.;0'*!5'2<!62)N*!

'*5!6$;/ QE2//*!%2%5/+!.'>/!6//*!+(;5%/5!N%(.!T1DQ-113C!'*5!,;2(./2!'*'$4+%+!),!(./!

+;2,'&/!0)2#.)$)E4!N'+!#2)6/5!N%(.!"T39! !"$$!0/$'*)+)0/+!+.)N!#;2/!/;0/$'*%*!)*!

(./%2!+;2,'&/+C!%*5/#/*5/*( !),!(./%2!2/+#/&(%>/!/;0/$'*%*?#./)0/$'*%*!2'(%)+9! !M./+/!

2/+;$(+!#2)>%5/!>/24!+(2)*E!/>%5/*&/!,)2!(./!&'+%*E!0)5/$!%*!(./!.;0'*!%2%5/+!'*5!%0#$4!

(.'(!(./!+0'$$/2!+;6+(2;&(;2/+!'$$!.'>/!/;0/$'*%*!&)'(+!),!>'24%*E!(.%&<*/++9! !M.%+!2/+;$(!

#2)>%5/+!*/N!%*+%E.(+!%*()!(./!0)$/&;$'2!0/&.'*%+0+!;*5/2$4%*E!(./!/#%5/0%)$)E4!),!
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;>/'$!0/$'*)0'9! !"+ !(./!2/'&(%>/!#./)0/$'*%*!%+!/*&'+/5!64!(./!#.)()#2)(/&(%>/!

/;0/$'*%*C!5/E2'5'(%)*!),!(./!/;0/$'*%&!/U(/2%)2!%+!*/&/++'24!()!/U#)+/!(./!#2) Q)U%5'*(C!

#.)()2/'&(%>/!#2)#/2(%/+!),!(./!#./)0/$'*%&!&)2/9! !7/E2'5'(%)*!),!(./!/;0/$'*%&!+;2,'&/!

&'*!6/!'&.%/>/5!(.2);E.!+/>/2'$!#2)&/++/+ !P#.)()6$/'&.%*EC!)U%5'(%)*RC!6;(!/U#)+;2/!),!

(./!#./)0/$'*%&!&)2/!N%$$!2/+;$(!0)2/!G;%&<$4!%*!$%E.(/2Q&)$)2/5!%2%5/+!N%(.!(.%**/2!

/;0/$'*%&!+./$$+9!!M./+/!2/+;$(+!'2/!&)*+%+(/*(!N%(.!(./!/#%5/0%)$)E%&'$!+(;5%/+C!N.%&.!

+.)N!(.'(!(./!%*&%5/*&/!),!;>/'$!0/$'*)0'+!%+!E2/'(/2!%*!:';&'+%'*!'*5!%*!/4/+!N%(.!

$%E.(Q&)$)2/5!%2%5/+9!!T;2(./2!+(;5%/+!'2/!*//5/5C!.)N/>/2C!()!&)*,%20!(. '(!(./!);(/2!

#2)(/&(%>/!$'4/2!(.%*+!N%(.!(./!$%E.(/*%*E!),!(./!&)$)2!),!(./!%2%+9!

!
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4. Ultraviolet Absorption Coefficients of Bovine 
Ocular M elanosomes Containing Eumelanin 1 

!

4.1 Introduction 

M./!/;0/$'*%*!&)*('%*/5!N%(.%*!&;('*/);+!'*5!)&;$'2!0 /$'*)+)0/+! .'+ !6//*!

%5/*(%,%/5!'+!.'>%*E!'!>'2%/(4!),!,;*&(%)*+C!6;( !%(!%+!(./!2)$/!),!#.)()#2)(/&(%)*! (.'(!%+!

),(/*!(./!0)+(!&%(/5 !Pg)$$%'+!/(!'$9C!K__KW!B'2*'C!K__IW!3/2/5%(.!'*5!B'2*'C!IJJa R9!!:/*(2'$!

()!;*5/2+('*5%*E!(./!#.)()&./0%&'$!#2)#/2(%/+!),! /; 0/$'*)+)0/+ C!0/$'*)+)0/+!

#2/5)0%*'(/$4!&)0#2%+/5!),!/;0/$'*%*C!%+!'!5%2/&(!0/'+;2/0/*(!'*5!(.)2);E.!

5/+&2%#(%)*!),!(./%2!'6+)2#(%)*!&)/,,%&%/*(+9!!S%(.%*!5'2<$4!&)$)2/5!0'00'$%'*!/4/+C!

/;0/$'*)+)0 /+!'2/!&)*('%*/5!%*! +/>/2'$ !$'4/2+!),!#%E0/*(/5!(%++;/+C!%*&$;5%*E!(./!

&.)2)%5C!%2%+!'*5!F-1!P724b'!/(!'$9C!K_^_W!D%;!/(!'$9C!IJJ]6W!V;!/(!'$9C!IJJ_R9!!"+!5%+&;++/5!

%*!>8031*)+!C!(./+/!(%++;/+!'2/!),!>'24%*E!/0624)*%&!)2%E%*?!F-1!&/$$+!'2/!5/2%>/5!,2)0!

(./!);(/2!*/;2)/&()5/20'$!+./'(.!),!(./!/4/&;#!'*5!(./!;>/'$!0/$'*)&4(/+!'2/! ),!*/;2'$ !

&2/+(!)2%E%*C!(./!+'0/!/0624)*%&!)2%E%*!'+!&;('*/);+!0/$'*)&4(/+! P8)25$;*5C!K_Y_W!

B&.2'/20/4/2!'*5!V/%0'**C!K___ W!L;0+(/5!'*5!L'2*+('6$/C!IJJJ W!L)%++4!'*5!V)2*4'<C!

IJJa R9!!T;2(./20)2/C!+(;5%/+!),!(./! /;0/$'*%* !%+)$'(/5!,2)0!(./+/!5%,,/2/*(!(%++;/+!%*!

6)>%*/!/4/+! 5%+#$'4!'!2'*E/!),!7V\:"k7V\ !0)*)0/2 !2'(%)+!PD%;!/(!'$9C!IJJ]6R9!!M.;+C!

6)>%*/!/4/+!#2)>%5/!'!;*%G;/!+4+(/0!,)2!/U'0%*%*E!.)N!(./!'6+)2#(%)*!&)/,,%&%/*(+!),!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

K!F/#2)5;&/5!%*!#'2(!,2)0?!-/$/+C!79!89W!D%*C!19W!S'<'0'(+;C!g9W!\()C!B9!'*5!B%0)*C!A9!79!!"#$%&'"#(%)*"#C)44C!! ?!
IZ_KQIZ_]C!7`\?! KJ9KJIKkbOKJJ^IJ.!
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/;0/$'*)+)0/+!>'24!,)2!5%,,/2%*E!0)$/&;$'2!&)0#)+%(%)*!'*5!/0624)*%&!)2%E%*!()!

;$(%0'(/$4!#2)>%5/!%*+%E.(!%*()!(./!0'&2)+&)#%&!6%)$)E%&'$!,;*&(%)*!),!#.)()#2)(/&(%)*9!!!

"##2)'&./+!()!5'(/!,)2!5/(/2 0%*%*E!(./!)#(%&'$!#2)#/2(%/+!),!%*('&(!0/$'*)+)0/+!

%*>)$>/!%*5%2/&(!0/'+;2/0/*(+!'*5!2/G;%2/!'+ +;0#(%)*+!'6);(!(./!(./20)54*'0%&!

#2)#/2(%/+!),!(./!%*('&(!)2E'*/$$/! PA'&G;/+!'*5!3&";$%,,/C!K__KW!A'&G;/+!/(!'$9C!K__aW!

B(2';++!/(!'$9C!K__Ŵ!L2%*<0'**!/(!'$9C!IJJJW!H$%&<0'*!/(!'$9C!IJJKW!8/;0'**!'*5!

L2%*<0'**C!IJJ] R9!!F/&'$$!P>8031*)+"RC!(./!'6+)2#(%)*!&)/,,%&%/*(+!),!0/$'*)+)0/+! '2/!

2/#)2(/5!'+! ! .C!%*!;*%(+!),!%*>/2+/!$/*E(.C!'+!(./!$'&<!),!<*)N$/5E/!),!(./!0/$'*%*!

+(2;&(;2/!#2/>/*(+!&'$&;$'(%)*!),!(./!&)*&/*(2'(%)*! . 9!!A'&G;/+!/(!'$9!;(%$%O/5!(./!%*5%2/&(!

(/&.*%G;/!),! /U#$)+%>/!>'#)2%O'(%)*!()!&'$&;$'(/!%*(/2*'$!'6+)2#(%)*!&)/,,%&%/*(+!),!

+/>/2'$!(4#/+!),!0/$'*)+)0/+9! !\* !(.%+!0/(.)5 C!(./!'6+)2#(%)*!&)/,,%&%/*(!%+!5/5;&/5!

,2)0!'++;0/5!(./20)54*'0%&!#2)#/2(%/+!),!(./!0/$'*)+)0/!'*5!(./!(.2/+.) $5!

(/0#/2'(;2/!0/'+;2/5!',(/2!./'(%*E!N%(.! '!#;$+/5!$'+/2 !32#'3459!!S.%$/!0)+(!),!(.%+!N)2<!

.'+!6//* !,)&;+/5!%*!(./!0%5 Q>%+%6$/!N'>/$/*E(.!2'*E/C!'!E/*/2'$! N'>/$/*E(. Q5/#/*5/*(!

'6+)2#(%)*!&)/,,%&%/*(!%+!#2/5%&(/5!6'+/5!)*!(./!+&'$%*E!),!'*!%*!>%>)!+#/&(2)#.)()0/(/2!

0/'+;2/0/*(!),!&;('*/);+!0/ $'*%*!()!(./!'&G;%2/5!5'('! PA'&G;/+!'*5!3&";$%,,/C!K__KW!

A'&G;/+!/(!'$9C!K__aR9!!"+!'!2/+;$(C!(./!5/(/20%*/5!N'>/$/*E(. Q5/#/*5/*(!'6+)2#(%)*!

&)/,,%&%/*(!,)2!&;('*/);+! 0/$'*)+)0/+!%+!#2/5%&(/5!()!6/! ! c(" nm )=1.70 ! 1012 " " 3.48cm" 1C!

N.%$/!(.'(!,)2! F-1!0/$'*)+)0/+ !%+!#2/5%&(/5!()!6/!oZ9YQ,)$5!E2/'(/29!!!
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7/+#%(/!(./!&)*+ %5/2'6$/!/,,)2(!5%2/&(/5!()!5/(/20%*%*E!(./!'6+)2#(%)*!&)/,,%&%/*(!

),!0/$'*)+)0/+C!(./!2/+;$( +!5)!*)(!5%2/&($4!2/,$/&(!(./!'6+)2#(%)*!&)/,,%&%/*(!),!'!+%*E$/!

%*('&(!0/$'*)+)0/9 !!V)N/>/2C!' !*)>/$!'##$%&'(%)*!),!(./! -113 !/*'6$/+ !(./!5%2/&(!

0/'+;2/0/*(!),!(./ !'6+)2#(%)*!&)/,,%&%/*(+!),!%*('&(!*'(;2'$!0 /$'*)+)0/+ !P>8031*)+"K9!!

M.;+C!%*!'*!/,,)2(!()! ,;$$4!/U'0%*/! (./!#.)()&./0%&'$!#2)#/2(%/+ !),! /;0/$'*)+)0/+ C!(./!

-113!(/&.*%G;/! %+!/0#$)4/5!()!0/'+;2/!(./!'6+)2#(%)*!+#/&(2'!),!+%*E$/C!%*('&(!*'(;2'$!

/;0/$'*)+)0/+!),!>'24%*E! 7V\:"?7V\!2'(%)+ !'*5!/0624)*%&!)2%E%*!)>/2!(./!+#/&(2'$!

2'*E/!,2)0! IXX!*0!()!ZKJ!*0 !() !G;'*(%('(%>/$4!#2)6/!(./ !2/$'(%)*+.%#!6/(N//*!(./!

'6+)2#(%)*!&)/,,%&%/*(+!'*5!#%E0/*(!>'2%'(%)*+9!!!

4.2 Materials and Methods 
4.2.1 Sample Isolation  

7/('%$+!),!(./!%+)$'(%)*!),!(./!+(;5%/5!0/$ '*)+)0/+!,2)0!6)>%*/!F-1!&/$$+!'*5!

6)>%*/!%2%+!'*5!&.)2)%5!(%++;/+!N/2/!#2/>%);+$4!#;6$%+./5!'$)*E! N%(.!(./%2!&./0%&'$!

'*'$4+/+ !PD%;!/(!'$9C!IJJ]6R9!!L2%/,$4C!0'(;2/!P€!I!4/'2+!)$5R!'*5!*/N6)2*!Ps!K!N//<R!

6)>%*/!/4/+!N/2/!)6('%*/5!,2)0!"*%0'$!M/&.*)$)E4C!\*&9!PM4$/2C!MnR9!!7%++/&(%)*!),!(./!

/4/+!)&&;22/5!%00/5%'(/$4!;#)*!2/&/%#(! N%(.!'!#2)&/5;2/!5/+&2%6/5!64!L);$()*!/(!'$9!

PL);$()*!/(!'$9C!K__JR9!!M.2);E.!(.%+!#2)&/5;2/C!/'&.!/4/!N'+!./0%+/&(/5!'(!(./!/G;'( )2!

'*5!+/#'2'(/5!%*()!(./!'*(/2%)2!'*5!#)+(/2%)2!/4/&;#+9!!",(/2!2/0)>%*E!(./!$/*+!'*5!

>%(2/);+!6)54!,2)0!(./!'*(/2%)2!+/E0/*(C!(./!%2%+!'*5!&%$$%'24!6)54!N/2/!('</*!);(!'*5!

(/0#)2'2%$4!+()2/5!%*!7;$6/&&)[+!#.)+#.'(/!6;,,/2/5!+'$%*/!N%(.);(!&'$&%;0!'*5!
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0'E */+%;0!P-LB"R9!!B%0%$'2$4C!(./!>%(2/);+!6)54!'*5!*/;2'$!2/(%*'!N/2/!2/0)>/5!,2)0!

(./!#)+(/2%)2!+/E0/*(!'*5!(./!F-1!&/$$+!N/2/!(./*!+&2'#/5!),,!(./!L2;&.[+!0/062'*/!

'*5!(/0#)2'2%$4!+()2/5!%*!-LB"9!!T)$$)N%*E!(.%+!2/0)>'$C!(./!&.)2)%5!0/062'*/!N'+!

$%,(/5!'*5!+/#'2'(/5!,2)0!(./!*)* Q#%E0/*(/5!+&$/2'!'*5!'$+)!(/0#)2'2%$4!+()2/5!%*!

-LB"9!! M%++;/+!,2)0!(./!(N)!5%,,/2/*(!'E/!E2);#+!N/2/!#))$/5!,2)0!IJ Q]J!%*5%>%5;'$!

/4/+9!!M./!+'0#$/+!N/2/!+()2/5!'(! Q̂Jp!;*(%$!,;2(./2!;+/9!!!

"+!5/+&2%6/5!PD%;!/(!'$9C!IJJ]6RC!(./!F-1!0/$ '*)+)0/+!N/2/!/U(2'&(/5!N%(.!(./!

#2)&/5;2/!5/+&2%6/5!64!L);$()*!/(!'$9 C!6;(!N%(.!+)0/!0)5%,%&'(%)*+!PL);$()*!/(!'$9C!K__JR9!!

M./!F-1!&/$$!+;+#/*+%)*!N'+!.)0)E/*%O/5!;+%*E!'!M/,$)*k E$'++!.)0)E/*%O/2!'*5!N'+ !

+;6+/G;/*($4! &/*(2%,;E/5!'(!aJ!E!'(!a}:!,)2!a!0%* 9!!M./!2/+;$(%*E!+;#/2*'('*( !N'+!

&)$$/&(/5!'*5!( ./! #/$$/(!N'+!2/ Q.)0 ) E/*%O/5!'*5! &/*(2%,;E/59!!!M./ !+;#/2*'('*(+! ,2)0!

6)(.!#2)&/++/+! N/2/! +;6+/G;/*($4! &)06%*/5!'*5!&/*( 2%,;E/5!'(!ZJJJ!E!'(!a}:!,)2!a!0 %*9!!

M./! 0/$'*)+)0/+ !N/2/!2/ Q+;+#/*5/5!'*5!+;6b/&(/5!()!(./!,)$$)N%*E!#;2%,%&'(%)*!

#2)&/5;2/+9!!T%2+(C!0/$'*)+)0/+!N/2/!N'+./5! %*!(2%#$%&'(/!N%(.!-LB"! ;+%*E!

&/*(2%,;E'(%)*!'(!IJJJ!E!'(!a}:!,)2!KJ!0%*9! !B/&)*5C!(./! 2/+;$(%*E!0/$'*)+)0/+!N/2/!

+;6b/&(/5!()!'!+%0#$%,%/5!5%+&)*(%*;);+!+;&2)+/!E2'5%/*(!&/*(2%,;E'(%)*!N%(.!I9J!3!'*5!

K9X!3!+;&2)+/!,)2!K!.!'(!X}:!'(!ZIJJ!E9! !M.%25C!(./!2/+;$(%*E!#/$$/(!N'+!N'+./5!,%>/!(%0/+!

N%(.!#;2/!N'(/2!'*5! $4)#.%$%O/5!',(/2!6/%*E!2/Q+;+#/*5/5!%* !N'(/29! !
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M./!+;00'2%O/5 !/*O40'(%&!/U(2'&(%)*!;+/5!()!%+)$'(/!(./!%2%5'$!+(2)0'!

0/$'*)+)0/+!,2)0!(./!%2%+!(%++;/! 5/+&2%6/5!%*!>8031*)+$!%+!(./!+'0/!#2)&/5;2/!(.'(! N'+!

;(%$%O/5!,)2 !0/$'*)+)0/!%+)$'(%)*!,2)0!6)>%*/!%2%+!'*5!&.)2)%5!(%++;/+!PD%;!/(!'$9C!IJJ]6R9!!

4.2.2 Photoemission Electron Microscopic Analysis  

M./! =e!'6+)2#(%)*!&)/,,%&%/*(+!),!(./!+'0#$/+!N/2/! G;'*(%,%/5!N%(.!(./!+'0/!

#2)&/5;2/+!'+!5/+&2%6/5!%*!>8031*)+"9!

4.3 Results  

%&'()*+!! !+.)N+!2/#2/+/*('(%>/!-113!%0'E/+ !),!6)>%*/!)&;$'2!0/$'*)+)0/+! )*!

M%!+;6+(2'(/+ !'(! ! !c!IXX!*0!'(!]J!r0!,%/$5+!),!>%/N 9!!"(!(. %+!/U&%('(%)*!N'>/$/*E(.C!6)(.!
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+%.4,)!/:!(0,!=>?!%'*!=>?@A!,G(&'3(&/'!3/,::&3&,'()!%)!2/4.*! 0%+,!5,,'!,G1,3(,*!&:!(0,! !
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4.5 Conclusions  
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5. The Ultraviolet Absorption Coefficients of Human 
Iridal Stroma Melanosomes 1 

!

5.1 Introduction  

$%&'()&*+*,&-.+!'./.!0*1!23(.+!)(+.4*).5!/6(!)*7/!-*))*4!&4/1.*-2+.1!

).+&,4.4/!/2)*1!&4!62).4!.'2+/75!72,,(7/7!.! +&48!9(/:((4!&4-&'(4-(!.4'!/6(!1 (+./&3(!

-*4-(4/1./&*47!*0!%6(*)(+.4&4 !;<.8.)./72!(/!.+=5!>??# @!A2!(/!.+=5!>??"B=!!C6&7!

*97(13./&*4!&7!-*47&7/(4/!:&/6!7/2'&(7!/6./!&4'&-./(!/6./!%6(*)(+.4&4!&7!)*1(!%1* D

*E&'.4/!/ 6.4!(2)(+.4&4! ;F6('(8(+!(/!.+=5!GH#"@!A.17.4I&!(/!.+=5!GH"?@!J(17.'!(/!.+=5!GH"K@!

C.8(2-6&!(/!.+=5!>??L@!M(!(/!.+=5!>??N@!M(!(/!.+=5!>??"B=!!A*:(3(15!9(-.27(!%6(*)(+.4&4!&7!

4./21.++I!(4-.7('!9I!/6(!%6*/*%1*/(-/&3(!(2)(+.4&4 !;!"#$%&'() B5!(E%*721(!*0!/6(!

%&,)(4/!&7!4(-(77.1I!/*!&4'2-(!*E&'./&3(!7/1(77=!!O4(!)(-6.4&7)!9I!:6&-6!/6&7!-*2+'!

*--21!&7!/61*2,6!*E&'./&3(!'.).,(!/*!/6(!)(+.4*7*)(!*3(1!/&)(5!(E%*7&4,!*1!1(+(.7&4, !

/6(!%6*/*/*E&-!%&,)(4/=!!P(-.27(!/6(!*2/(1!(2)(+.4&4!+.I(1!9(-*)(7!/6&4 4(1!:&/6!

&4-1(.7&4,!%6(*)(+.4&4!-*4/(4/ 5!72-6!.!)*'(+!*0!Q'.).,( D&4'2-('R!(E%*721(!*0!

%6(*)(+.4&4!&7!-*47&7/(4/!:&/6!/6(!(%&'()&*+*,&-.+!*97(13./&*47=!!P2/!*/6(1!%1*%(1/&(7!
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(%&'()&*+*,&-.+!'./.=!! C6275!&/!&7!*0!&4/(1(7/!/*!.+7*!-*47&'(1! :6(/6(1! */6(1! %6*/*%6I7&-.+!
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9-&!$&4.'(0&!&:'(/,'(%/!,%&33(,(&/'*!! *!%3!&+6&4./(/!./7!#-&%6&4./(/!()!/&,&)).$1!
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(/)%4+<4&*!-&'&$%2&/&%+)!./7!7(33(,+4'!'%!()%4.'&!(/!#+$&!3%$6?!-.)!#$&,4+7&7!7&'.(4&7!

,-.$.,'&$(@.'(%/!%3!'-&($!6.,$%6%4&,+4.$!)'$+,'+$&!>A$%'.*!BCCD?8!!E)!.!$&)+4'!%3!'-&)&!

7(33(,+4'(&)*!)'+7(&)!%/!.<)%$#'(%/!#$%#&$'(&)!%3!'-&!#(26&/')!.$&!+)+.441!,%/7+,'&7!%/!

)1/'-&'(,!6%7&4!)1)'&6)!7())%40&7!%$!)+)#&/7&7!(/!<+33&$!)%4+'(%/)!'-.'!6(6(,!

#-1)(%4%2(,.4!,%/7('(%/)!>F.$/.!./7!F5.$'@*!DGGH?8!!9-&!.<)%$#'(%/)!&:-(<('&7!<1! '-&!

)1/'-&'(,!6&4./(/)!.$&!/%$6.4(@&7! 3%$!,%/,&/'$.'(%/!./7!&:'(/,'(%/!,%&33(,(&/')! .$&!

&:#$&))&7!(/!'&$6)!%3!,6 IB>62J6K?IB*!+/(')! ,%66%/41!+)&7!<&,.+)&!%3!'-&!4.,L!%3!

6%4&,+4.$!)'$+,'+$&!(/3%$6.'(%/!&0&/!(/!)%4+<4&!)1/'-&'(,)8!!9-+)*!'-&!.<)%$#'(%/!

#$%#&$'(&)!%3!/.'+$.4!&+6&4./(/!./7!#-&%6&4./(/!,%/'.(/&7!(/!(/'.,'!6&4./%)%6&)!-.0&!

$&6.(/&7!&4+)(0&8!
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%3!'-&!.<)%$#'(%/!#$%#&$'(&)!%3!6&4./(/)!5('-(/!(/'.,'!6&4./%)%6&) *!*+,-.&%'C8!!O/!'-()!

,-.#'&$*!'-&!3($)'!6&.)+$&6&/' ) !%3!'-&!.<)%$#'(%/!,%&33(,(&/')*!! ! *!%3!(/'.,'!($(7.4!)'$%6.!
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*+$9;'!EF+G+6+$'@!&$!+,7H!055IJ!B9$%!'969,+*!'9K&!+-:!6;*(%;,;.= H!!"#$%&'() 7!!L%&69)+,!

:&.*+:+$9;-!+-+,='&'! *&C&+,!&@6&,+-9-D(%&;6&,+-9-!*+$9;'!;>!417"!+-:!473!>;*!

6&,+-;';6&'!(*&'&-$!9-!:+*G!A*;B-!+-:!A,@& M.*&&-!%@6+-!9*9:&'H!*&'(&)$9C&,=H!+-:!

$%&*&>;*&H!$%9'!'9-.,&!-+$@*+,!'='$&6!&-+A,&'!+!'='$&6+$9)!+((*;+)%!>;*!:&$&*69-9-.!%;B!

$%&!+A';*($9;-!);&>>9)9&-$!)%+-.&'!B9$%!C+*=9-.!(9.6&-$!);6(;'9$9;-7 !!8%&!&<(&*96&-$+,!

'(&)$*+!6&+'@*&:!B9$%9-!+*&!);6(+*&:!B9$%!A;$%!$%&!&<$9-)$9;-!);&>>9)9&-$!'(&)$*+!

;A$+9-&:!;-!';,@A,&!'=-$%&$9)!6;:&,!'='$&6'!+-:!$%&!6;-;6&*9)!(*&)@*';*'!$;!&+)%!

(9.6&-$7 !!N;:&,9-.!$%&!(9.6&-$!9-!$&*6'!;>!$%&!)@**&-$,=!G-;B-!6;-;6&*9)!

)%*;6;(%;*&'!&-+A,&'! $%&!6&+'@*&:!!)!$;!A&!'@*C&=&:!9-!@-9$'!;>!NM4)6 M4!9-'$&+:!;>!!!!!

)6 M4H!(*;C9:9-.!;((;*$@-9$9&'!$;!);6(+*&!&<$9-)$9;-!);&>>9)9&-$'!(&*!6;-;6&*7!! !!!!!

5.2 Materials and Methods  

5.2.1 Sample Isolation  

8%&!9';,+$&:!9*9:+,!'$*;6+!6&,+-;';6&'!>*;6!:9>>&*&-$!);,;*&:!9*9'!$9''@& ' !@'&:!

$;!:&$&*69-&!$%&!'9K&!:9'$*9A@$9;-'!+-:!'@*>+)&!(%;$;9;-9K+$9;-!(;$&-$9+,'!9-!!"#$%&'() H!

+*&!$%&!'+6&!'+6(,&'!@'&:!9-!$%9'!)%+($&*7!!O&$+9,'!;>!$%&9*!&-K=6+$9)!&<$*+)$9;-!B&*&!

:&')*9A&:! 9-!!"#$%&' () 7!
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5.2.2 Photoemission Electron Microscopic Analysis  

$%&!'(!)*+,-./0,1!2,&33020&1/+!,3!/%&!+)4.5&+!6&-&!78)1/030&9!60/%!/%&!+)4&!

.-,2&98-&+!)+!9&+2-0*&9!01!!"#$%&'() :!

5.3 Results and Discussion  

;84)1!0-09)5!+/-,4)!4&5)1,+,4&+!0+,5)/&9!3-,4!9033&-&1/!2,5,-&9!0-0+&+!6&-&!

04)<&9!60/%!=>>?!/,!90-&2/5@!78)1/03@!)*+,-./0,1!2,&33020&1/+!,3!/%&!&84&5)101!)19!

.%&,4&5)101!.0<4&1/+!01!/%&!+.&2/-)5!-)1<&!A!B!CDD!E!FG#!14:!!*+,-'&(./ !+%,6+!)2780-&9!

=>>?!04)<&+!3,-!9)-H!*-,61!0-09)5!+/-,4)!4&5)1,+,4&+! ,1!I0J! )/!A!B!CDD!14!KLM!)19!
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