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Tanahashi, M., Miyazawa, K. (2003) Advances in nature-g study of optical systems in living organisms. Mimicking Nature’s methods of biological

Mat. in press, manufacture is proving to be a major step forward in modem technology [1-7]. In general, a

' successful bio-inspired engineering effort includes three key objectives: (i) To search for

smart biological solutions in design, synthesis, and integration of complex materials and
‘ systems; (ii) To learn about their structure, properties, tunability and mechanisms of

formation; (iii) To identify new bio-inspired synthetic strategies and to apply this

i knowledge to the fabrication of novel, superior materials and devices,

| We are interested in discavering natural optical systems, whose hierarchical architecture and

I hybrid character offer outstanding oplical properties and enable multi-faceted roles for these

| units.  Biology provides 2 multitude of varied, new paradigms for the development of

adaptive optical networks. Recently, we have shown that biologically formed optical

| systems are ofien unique in their ability to perform multiple functions — optical and

structural. For example, the study of light-sensitive ophiuroids showed the skeleta] dorsal

am plates of some species not only afford protection 18,91, but also form highly efTicient

) micro-lens arrays [10]. Other research has con
W

centrated on the exceptional fiber-optical

properties of siliceous spicules of certain hexactinellid sponges, whose primary function is

Structural (either skeletal or anchoring) [11-13].

This review describes the design and optical [eatures of the natural ophiuroid micro-lenses,

summarizes their advantageous properties, and shows our first, bio-inspired engineering
efforts in the fabrication of new optical structures,
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2. Structural and Optical Characterization of Biologically Formed Micro-Lenses

Echinodermata, the group of animals incl_uding sea stars and sea urclrlliz‘sj, sl;ol;\:‘il\:lacr;&l;z
levels of photosensitivity. An especially interesting F:xample ]{s ptrtr::;: fed by britlestars
(Ophiurcidea) in the genus Ophiocm.ma, Whlf:h exhibit strong light resp :

generally believed that many ccl_nnodermts
have an extraocular sensitivity to lllghl 1l:al is
supported by unspecialized, “diffuse,” or
dermal receptors [14-16]. The absence _ol‘
specialized “eyes” is nol,_howcvcr, readily
reconciled with such reactions as the col9r—
change and negative phototactic .b‘?haw?r
observed in certain species. The variations in
color and escape mechanisms are most striking
in a britlestar Ophiocoma wendtii (Fig. 1) [17,
18]. The individuals are a fiark brown cul.or
during the day, and are slrlku:lgly banded with
gray and black during the nfghl. It has been
documented that O. wendrii is able to escape
from predatory fish by hiding in coral crevices,
and that it may be able to sense shelter at a
distance [18,19]. Recently, we §uggestcd that
these strong responses to light m1gl!l l?c related
1o the presence of a characlcnstlcd lensar M
extension of the brittlestar skeleton, which may -
constitute an advanced photoreception system ; “—W ﬁ;i{‘\g‘??;‘:"afv
R . R
Echinoderms use calcium carbonate for their gl ‘._“},3‘ _.1
skeleton construction.  Each skeletal elemclnl iomre, B

(ossicle) is a single crystal _of calcite
18.9,20,21}. Unlike biogenic calcite of other N

LY
A f} 3
. LT
phyla or abiologically formed calcite crystals, [ #e¥ P;,';N-i'h;Q #’

Figure I, The same individual ol the
britthestar O, wendris, phu}ugr'.lphcf]
during the day (top) and during the night

o ‘ gt _{‘. o
echinoderm skeletons are comp(_)sed Iof Ia % :ﬂ! ;‘ &", h’i‘g“
4 intricately shaped, three-dimensional, s _" A P
Aiake-erystalline i d eSS N
single-crystalline meshwork with smooth an B AAT

Figure 2, Typical stereom structure in
cchinoderm skeletons. The entine
claboraie mesh is a single calcite crystal.

curved surfaces lacking crystal Ifaces .(SO'
called, stereom) (Fig. 2). In the living am_mal,
the calcite meshwork 1s filled with s_o:'t lissue

- stroma), and the ossicles are . _ :
S?ag;cl:lt'l:?;) one and)olhcr by connective ti§suc and muscle. Everly Jn::hln‘l; E Ii; ;;,1 t;r:lil;gs:rszr\z nllsi
composed of five major ossicles, including two laterat arm f?“‘?l'h Y1ICh Support SV
spines and tentacle scales , one dorsal and one ventral arm plate,
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and enclose 2 large intema] skeletal ossicle
(vertebra) that is adapted for articulation. The
analysis of the ultrastructure of these skeletal
units showed that while the stereom in the
vertebrae, spines, tentacle scales, and ventral
arm plates generally share 2 typical design (Fig.
2), the dorsal arm plates (DAP) and portions of
the lateral arm plates in certain species of
Ophiocoma exhibit an unusuai extension of the
Stereom — a thick, transparent, layer (~ 40 pym
thick} that covers the external surface of the
plate [10,17]. It is composed of a close-set array
of hemispherical calcitic structures (reaching
40-50 pm in diameter) with a characteristic
double-lens design (Fig. 3) [10]. The lenses are
uniform in shape and appear as the scaled

Figure 3 Amray of microlenses on
the surface of the dorsal arm plate in
replicas of each other. The ratio between the 0 wendii,
lens thickness {t) and the lens diameter
micro-lenses was:

(L) estimated for a statistically significant set of

4L = 0.9+ 0.05.

The degree of development of the lensar layer seems to correlate with the photosensitivity
among several ophiocomid brittlestars that were studied. The layer is particularly
pronounced in a highly photosensitive species, Opliiocoma wendtii, and it is absent in the
light indifferent species, Ophiocoma pumila (10,1 7].
The optical properties of the microlens array were tested, using photolithography [10]. In
these experiments, a film of a photosensitive material (posttive photoresist) was illuminated
through the isolated lensar layer (Scheme I). The illumination dose (/) was fixed slightly
below the sensttivity level of the photoresist (/). Asa result, the developed photoresist film

ination dose increased due to the focusing

activity of the lenses, The photoresist was placed at different distances /t from the array. The

photoresist films appeared to be selectively exposed under each micro-lens. Thus, the
lensing cffect was confirmed and mapped, and its quantitative characteristics (such as the
position of the focal plane, d; the coefficient of the intensit

y enhancement by the micro-
lenses, £; the angular selectivity, ¢, the size of the focused beam at the focal plane, ay; etc.)

were experimentally determined from the values of I, L and the sizes of the spots in the
photoresist, a, using basic equations of the geometric optics for a thick lens [22].
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Our analysis showed that the average position of the focal plane :s ]localed ?l th::,j;;l::zg
i ize of the spot in the focal plane a; is ap
= 4=7 uym below the micro-lenses, The size o i
i i i ing light is enhanced at the focal point by :
3 uym. The intensity of the incoming ] b
i I 2 ts presented the first exp
; ular selectivity ¢ is about 10 .T!ICSE resu cpe
tszgidl.rtl‘:ca:lll%t the micro-lens arrays are cffective optical e]e!n‘cnlsrcap::b]e of sfl‘;,al;lzililza:::z
enhancing and guiding the light inside the tissue [10]. Calcitic micro-lenscs o I
structure were also reported in irilobite eyes [23-25].

3. Advantages of the Natural Micro-Lens Design

] i i ] (periments
The optical characteristics of the extemal DAP layer obtmnc_d in thhe 'lmag:lnﬁl;;g;:;r;:gs
showed that britilestar micro-lenses are in many aspecis supent(_)r 1:]0 tlu ::,rsm:bilily c analogy
This bio-optical system presents a speclacular r:xlnmp:)c] of Na
ist ' technological problems. .
histicated solutions even 1o complex " : o
i;[; have identified a number of unique, advanmgcousdplropcnlll::sl;md ?cersolﬁg :;r:;ff;gs fo
i i icrole i Id be emulated in syntheticm :
the brittlestar mictolenses, which cou lated ir
" a) High fll factor lens array with characteristic micron-scale porous structure
vi ine lenses
b} Individually addressed cryst_a]lme s
c)} Wide range transmission adjustment using plgmer!l rearrangement
d) Characteristic lens geometry that minimizes sp_herlcal .abcrrauqn o
¢) Fracture toughness due to the formation of‘an inorganic-organic ccmtlplolD .
f) Crystallographic orientation along the optical axis of the lens crysta

birefringence

1) Angular selectivity _ -
ﬁ) Cross-talk suppression by pigment distnbution in pores .
¥
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i)  Potential wavelength selectivity due to the pigment involvement
J)  Potential refractive index modification by gradient of specialized intracrystalline
biomolecules
The importance of these properties in the improvement of the optical performance of
micro-lenses is detailed below.

3.1. SIGNAL RECEPTION

It has been shown that the remarkable focusing properties of the bio-micro-lenses are used
by the brittlestars in their natural habitat for survival purposes [18). In a scries of
transmission electron microscopy (TEM) studies, Hendler and Byme have identificd neural
bundles under the lenses, and suggested these to act as primary photoreceptors in the light
signal detection [17]. This hypothesis was further confirmed in our lithographic experiments
[10). The nerve bundles are positioned in the pores of the stereom at the distance of about 5
pm from the iens, which corresponds well to the location of the experimentally identified
focal point d. Moreover, the diameter of the nerve fibers correlates with the size a, of the
focused beam in the focal plane,

Thercfore, the arrays of lenses appear to form a sophisticated optical device, in which
cach component (a single micro-lens) is individually addressed by the detector positioned at
the focal point of the lens. Due to the observed angular selectivity of these lenses and their
different orientation, such device could act as a compound eye [26] that provides a wide
field of view due 1o the non-planar arrangement of the lenses, which can be tuncd on
demand when the arm moves. The ways in which the signals detected by each receptor are
processed and integrated remains unknown, and worthy of further investigation.

3.2. TRANSMISSION TUNABILITY

One of the most noticeable reactions to light in certain species of ophiocomid brittlestars is
diurnal color change (Fig. 1) [18]. The change from a dark color during the day to a light
color at night cannot be explained by camouflage, as has been shown experimentally [18].
Hendler and Byme have shown that the channels in stereom contain chromatophore cells
filled with pigment granules [17]. They proved that the diumal color change is caused by
the migration of these cells. The light microscopic sections of DAPs prepared from night
and day samples showed that during the day, pigment-filled processes of the chromatophore
beneath the epidermis cover the lenses. During the night the chromatophores withdraw into
the stereom channels surrounding the lenses, decper within the DAP. As a result, the
intensity of light reaching the receptors is regulated by chromatophores depending on the
illumination conditions; a function performed by an iris in a human cye. Similar process is
utilized in so-called “transition” sunglasses. The behavior of Q. wendni suggests that the
transmitted light signal is tuned to match the sensitivity level of the neural bundle and 1o
oplimize the reception [18].

The intensity-adjustment function of the chromatophore cells as well as the involvement of
the sub-lens nerve bundles in photoreception (as opposed to a “diffuse” dermal reception),
were corroborated by neurophysiological [27-28] data. Cobb and Hendler studied the
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I ! i to light stimuli by direct recording from the nervc_cord in brittlestar
;cr?r(;l?;‘)?.flger‘\‘rgzgt:;st;olﬁg oslsllighl-agapted, darkrbrown pigmenfcd bnttlestu;slhhas:i:):uc:
monitored afier the chemical disruption (by brleachmg) of s,uc:c:esswedl_z:iyt:rsl ?csuﬁ A an;
The removal of epidermal layer only (bleaching for less than 10_5) i n;h Tesyle B on
change in the response compared to untreated, control specllmc'l"lst.he ir;ncm ol

hotareceplion by epithelial cells was ruled oul. Thctremova‘ 0 ) pig cul
{,blcaching for ~30 s) caused an approximately teln-fo{.ld tm:r::;::iol: :mt:i r;zp?‘rslznglassﬁs“
“ON" fiming the involvement of pigment in photore _ _
I'Slfti,o:.o"l"he dis’r:uplion of the sub-lens layer (bleaching for >415 l';-1) rg:;uslt;lc-ielgl ::op 22,(:;;
responses, consistent with the suggestion that the sub-lens neural bundle

photoreceptors (Fig. 4).

Figrre -4, 1_elt: Schematic presentation of the structure uflhll.' Lg:d;r:l; nn:li dL:T_‘;::;E;:gI:;]\; :;w
- plgmes » epidermis (L), epithedial ecils {EC) and nerve s
snses (1), pigment {P). cuticle of the cpidermis (L).q.p] cellsdl e b
;;:l?:::.f] )I{';gil'. Recordings of the nervous response (ngh]l_). Ibl-ngll. arr;mls L;[:::::.:& -,Il-.:!::::, o ]:Ir
i 3 semt “Light *OFFF™” 3 = to light ina control, ' L
e arrows represent “Light “OFIF™", ) Response onirol, i :
; ‘[.3..::11-:; treated fmi"f-l 0s. b) Response 1o hght when the anm was bieached Ic;r 30 5. ) Respoense 1o
v light when the arm was bleached for =45 s. Adapled from [27].

In technical terms, the brittlestar micro-lenses is a turllagle oplica: dt;v:i::iattl'ixg; ‘;;:Lt:—gfn;
! issi ili hieved by controlled transport of r -
wide-range trapsmission tunability ac ) e Mcide the
i [ [ [ the chromatocyle pigment may c |
intracellular particles. Other functions o ., o
] | aperture tunability; waveleng i
hragm action, and therefore, numerica ¢ :
?r:iilrll)imiﬂon of the “cross-talk” between the lenses, and therefore, the improved angular

selectivity.
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3.3. ABERRATIONS

In an ideal lens, all rays of light would converge to I l I ' L1
the same point in the focal plane, forming a clear hJ m Im

image (Fig. 5}. The influences that cause different
rays to focus to different points in real optical
systems arc called aberrations [22]. For a most
common lens type, i.e. for lenses made with
spherical surfaces, rays that are parallel to the pasaxial
optic axis but at different distances from the lens focus ray focus
center do not converge on the same point. Rays
that strike the outer edges of the lens are focused

marginal
riy.focus

Figure 5. Ray (racing in an ideal,

closer to the lens than rays that strike the inner thin lens (lefl) and in a spherical,
portions of the lens (Fig. 5). This effect, called thick lens (right) lf.mlillustmlf:s the
spherical aberration, results in a considerable e LS I TS

image  blurring and  presents a  serious I L

I
technological problem in lens fabrication. o i

For a thick calcitic lens that has the size of the
brittlestar micro-lenses and is formed by two
spherical surfaces, the expected value of the light
enhancement factor at the distance 4 from the lens
would be £, = 3-4. The experimental value of E
determined in the lithographic experiments was 15
times higher than the latter [10]. Therefore, the
brittlestar micro-lenses must be significantly
compensated for spherical aberration. Indeed, a
close examination of the design of the brittlestar
micro-lenses showed that they have a very
peculiar shape. Only the top surface is spherical.
The bottom surface has a characteristic aspherical

Figure 6. Cross-section ol the
brittlestar lens, showing its

form. The calcuiated shape of the ideal calcitic doublet structure delineated by
lens that is totally compensated for spherical one spherical and one aspherical
aberration appeared to completely coincide with L U

he sh f the biol Fiz. 6) [101. M superimpased with the calculated
the shape of the io-lens (Fig. 6} [10]. oreaver, profile of an ideal lens that is
the presence of pigment-filled chromatophores in compensated for spherical
the pores around the lenses would presumably aberration (white contour). The
block the light striking the outer portion of the miitEh I stk ng,

lens, thus improving the operational size of the lens (L,).

Technological ways to minimize spherical aberration include: (i) the use of lens doublets
mnstead of the single lens; (ii) bending one lens of the doublet into its best, aspherical
(usually parabolic) form; (iii) the use of screens that disable the most problematic, exterior
portions of the lens; and (iv) the vse of high-index materials. Brittlestars seem to employ all
of the above four approaches in their lens design. As a result, a remarkable level of




158

compensation for spherical aberration is achicved and significantly enhanced light
converges into one point where the photoreceptor is positioned.

34.BIREFRINGENCE

Birefringence is the division of light into two components, which is found in materials that
have two different indices of refraction in different crystallographic directions [22]. It is
observed in crystals that have a crystallographic axis of higher symmetry, so-called uniaxial
crystals. The direction of the axis of higher symmetry is optically unique, in that the
propagation of light in this direction is independent of its polarization. This direction is
called the optic axis of the material. Light propagating in any other direction will split into
two beams that travel at different

[A k !] onientation 10601] orientation
specds.
Caleite is the classical example of a i
doubly refracting material.  lis che
birefringence is extremely large, with m
indices of refraction of 1.66 and 1.48 =

along the optic axis and in the
perpendicular direction, respectively.
The use of calcite in the construction
of optical lenses s, therefore,
disadvantageous, as it will result in the
formation of two images, unless the
crystal is precisely oriented in the
direction of the optical axis (Fig. 7a).
Amazingly, in the brittlestar dorsal
arr plate, it is indeed the case - the
optical axis of the constituent calcite is
oricnted parallel to the lens axis and
perpendicular to the plate surface (Fig.
7b). Since only the light striking the
array perpendicular to the plate surface
is effectively detected (rays striking

Figure 7. a) Schematice illustration of
birefringence in caleite crystals. Double image is
formed when the erystal is oriented in the general,

th k 1) cnvsiafographic direction, One image is
Tormed whea the crysial is orfiented inthe | (01]

the surface at an angle are stopped by
pigment), the mnegative effect of
birefringence is corrected and the
receplor receives one clear signal.

direction, i e. along the oplicul axis. b) Decoration
of the DAP with synthelic caleite erystals that grow
epitaxially on the surface, The experiment
visualizes the erystallographic oricatation of the
biogenic subsirate. The overgrown caleite crystals
and therefore the lenses are oricnted in the aptic
axis direction.
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3.5. MECHANICAL PROPERTIES

E:‘l:;ee :s I:i}g’l'i;:;]]l:y‘::fed in cl:(chinodenns for structural purposes [6,8,9]. This material is
. rittle: cracks propagate easily along the {104} ¢l ig. 8,
left). Organisms have evalved isti : e e 5
] several sophisticated means to reinf is intrinsj
brittle material for skeleton co: i e
- m: nstruction. To that end, living organisms commonl
" } 1 " empl
ic::‘ﬁzal::.;slll;cl)ﬁﬁznl;caicr):’npo;sl(e Istru;turzs [8.9]. Addadi and Weiner suggested that spgcialil;;ly
_ molecules found inside biogenic calcite crystals of di igin are
involved in the control of their mechani i T These mseramnn o
anical properties [6,8,30,31], Th
are often adsorbed onto selective ¢ i "in the cn b o e
i ‘ rystallographic planes in the tal
that in echinoderm calcite, the i i T oract i o
5 intracrystalline macromolecules int i i
crysallographic. plones ae I : eract specifically with
: proximately parallel to the optic axis [6,8,30-32]. Positi
/ ; ,0,3U-32]. Posit
oblique to the cleavage planes (the oplic axis forms an angle of about 45° wilh]lhe c]lczl:\)fg;:

planes), these macromelecules provid : . - j
and  de f_lccling . advancliang“ e an effective crack-stopping mechanism by abserbing
cracks (Fig. 8, right). Such reverse Purs sldte Wogenie calde

fiber-reinforced composite {104} § = macumelccids 104
f:xhibils reduced  brittleness, Nz ead

increased plasticity, and fracture

toughness [6,31]. e

As a result, the ossicles and

associated micro-lenses formed by

brittlestars  are mechanically
strong. It is also conceivable that
mtracrystalline  macromolecules
are involved in the regulation of

the refractive index of calcite, thus further reducing the aberrations in the lens

Frgurf' 8 Schcm-alic presentation of the crack-arresting
fitnction (3!'5|1ecaﬁc intrcrystalline macromolecules in
biogenic calcites. See text for details,

:l: s;u:ar;ar’y_r, pholtosens'i'live brittlestars are impressively armed for light sensing. They form
0i ncarly perfect optical lenses that are mic i i '
. ] ron scale, lightweight hani
strong, aberration-free, birefrin indivi sed g
L , gence-free, individually-add d; i
focusing effect, signal enh intensi jostmens Fandite s e
. ancement, intensity adjustment ! ivi
photochromic activity. To i okt crctas o
- Together with neural receptors and intrask
fomic . : eletal chromatophore
l(l;fvS:nmlcm ltpses form an cffccltwe optical device that may function as a compouﬁd e 2'
ol ianpprogl_}?lc neural mlegratlonr, each DAP would have an effective visual field of -uIyO“;
ying a different part of the object space [26]. Since O, wendtii has a large number of

differently oriented DAPs, i i
( I 5, it could potentially extract a ' i
information about its environment. { Formaiitle smownt of visual

4. Bio-Inspired Engincering

For i
cons:z:cggmo?e of advancmg the state-of-the-art optical technology striving towards the
n ol a new generation of open space devices with variable field of view, tunable
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transmission, wavelength selectivity, etc., the brittlestar micro-lens arrays represent an
inspirational example. We believe that the above biological principles, il understood
correctly and creatively applied in technology, could well revolutionize our ability to make
wnable, lightweight, porous micro-lens arrays for a wide variety of applications.

The following fabrication strategies were inspired by the principles involved in the
formation of echinoderm calcitic siructures.

4.1. IN VITRO NANOTECHNOLOGY EXPERIMENTS INVOLVING AMORPHOUS
CALCIUM CARBONATE

A fascinating feature of echinederm skeleton is that it is a multifunctional material
composed of large single crystals with finely-tuned shape, micro-ornamentation,
crystallographic orientation, and composition [8,9,20,21]. Single crystals with controlled
micro-pattern are widely used in technology as components of various electronic, optical
and sensory devices [33,34]. Their fabrication is, however, a complex, multistep process
that could be potentially improved by learning from nature and introducing biological
crystal growth techniques,
We have approached the mechanisms of the shape regulation in echinoderm calcite in the
study of sea urchin larval spicules [35,36]). We have shown that the formation of final
erystalline structures occurs through the transformation from the transient amorphous
calcium carbonate (ACC) phase (Fig. 9).
For the purposes of bio-inspired crystal engineering, we identified two major elements of
the Tarval spicule formation and used them in our synthetic effort:
(i) Amorphous calcium carbomate stabilized by specialized macromolecules is
deposited in a preformed space and adopls its shape;
(1} Otiented nucleation then occurs at a well-defined, chemically modified
intraceliular site and the crystallization front propagates through the amorphous
phase, resulting in the formation of a single crystal with controlled orientation and

predetermined microstructure.

Figure 9. Sea urchin Paracentrotus lividus laeval spicule (25 h embryo).
Triradiate spicule is first deposited in an ACC form wilhin a membrane-
deliseated compariment. inside a syncitium formed by spectalized mesodennal
cells, Within 20 b, an oriented calcite with the crystallographic e-axes parallel
to the three radii nucleates (see a rhombohedral-shaped crystal at the center).
The subsequent amomphous-le-crystalline transition results in the formation ofa
single erystal of the predetermined triradiate shape and crystallographic
orientation [35].

——————
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"1;"hle l(.: rC;;'::IJ;roed N:l:]c_'le?irion of Calcite Controlled by Organically Modified Surfaces
graphically oriented growth of calcite is com in bi i i
[6.8.2035375 1 s oy o ‘ nmon in biological environments
,33, y believed that crystal nucleation is templated b i
. aw m
l11111:l:cfri:(;n'n ?F vmlaslcles: syncitia, and cells, which are usually “primed”pwilh spgcia‘l:iI:ebdm::isdlig
. ;;03;(;11 't;:she(::ls:[r"; ?Sp, GI[Iu, Sclr], Thr, often sulfonated or phophor,ylalcd)
-30,32,37), rol of crystallographic orientation is achieved by st i
;coglmtlon at the organic-morganic interface, conceivably by virtue of a m)zrltchell‘;ct’fv}:::[:lufhal
]nn;c urc;_; of the organic sur:face fmd that of a particular crystal plane [3,6,38] ‘
nu.:ll:;; ;0 orl: to mimic lhe blologlcal process of oriented crystallization, we templated calcite
S n by constructing specially-designed organic surfaces. Self-assembled monola
s) of alkanethiols terminated in functional groups -
that have a direct biological relevance (CO-, SO,,

POy, OM) were used as substrates for calcium
carbonate deposition [38,39]. We showed that such
templates induced a remarkable level of control of
crystallographic orientation of calcite crystals. The
crlys.lallographic orientations of the crystals were
d!slmct and homogeneous for each surface. but
different on different surfaces. An even higher le:.'el of

Figure 10, Oriented nucleation

conirol was achieved in the expeti ] i

ieropattened Sapr. T Perl.men[s tmvolving of an array of calcite crystals
eror 1. By adjusting the geomelry templated by a patterned

an suzes_of the features in the SAM pattern, the organic substrate, Istunds of

c;ncen[rauon of the solution, and the functionality of S(CliaheC Ol SAM

| e surface of the SA_M, we could fabricate arrays of C:;IEE:(;: ;:iu?\n ::I%ﬁ‘:r:nﬂi')u .:fm

oriented crystals with the controlled density of 1012] direetion.

nucleation in defined locations (Fig. 10) [7].

:i.l.l .S;:abr'li:atlion of Amorphous Calcium Carbonate
morphous calcium carbonate (ACC) is highl ili
. r : ghly unstable. If not stabilized, thi g
Z‘:)l:.ﬂ); ':rail:lsfg;'n;s u.llo]crystallme[polymorphs [41-44]. The formation of ACC ,is I:(s)\fc}:f::s:
! oogical sysiems [35,36,45,46]. We have shown that bi ic is
_ cm: 46]. iogen
:l:;l::‘hmz:i t;Jyh :Slchanf of Zpeczallzed macromolecules rich in hydroxyamino %citli: 2](;5“:5
male, phate and polysaccharides [45, 46]. These : S
the biological ACC tissue and introd in additive intd smtpmated wojercted from
iolo, uced as an additive i i
frtl):utlon bu;duced the formation of stabilized ACC in m’l“: 110 st calam carbonate
¢ stabilization of ACC can also be achieved usi . i
of . ‘ sing surface-mediated proc
;is‘;lillllj_f; sl;s;v that siﬁgmﬁcalntly disordered organic substrates bearing phosphatré angslijssrog;;-
» suppress the nucleation of calcite and induce the i
layer from highly saturated soluti BT ormenic epatle ACC
ons [47]. Such disordered orpani
gencrated using a mixture of alkanethiols of diff e ionaltd s pOuLr
: t lengths, functionali i
Ot and! Gl st ¢ tfferent lengths, lonalized with PO,
d ; pported on metal substrates (we will refer to thi ’
i i : gre : ) this surface
ACC-inducing”). The difference in the length of the carbon chain in the thiol nfglu?(:su:g
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prevents the formation of an ordered interfacial layer, and therefore, the formation of
ordered nucleation sites. The deposited ACC layer is stabilized for 1-2 hrs and then
transforms into a polycrystalline film.

When the substrate is
engineered in such a way that
ordered SAMs that induce
oricnied calcite nucleation are
pattemed intoe the ACC-
inducing  background, the
formation of the ACC layer is
followed by the contrplled
oriecnted nucleation at the

o ™4

defined locations Df: the SAM Figure 11, Surface-induced formation of ACC () and its
and the transformation of the transformation into an array of oriented ¢alcite crystals (b)
pallcmed ACC layer into an Scale baes are 100 pm and 10 pm, respectively. An ACC-

inducing surface was patterned with a square atray of 1 pm
dots ol HS(C11,) PO, serving as nucleation sites. The ¢
axes of the crstals form a constant angle of -20° with U
surlface normal, as expected for the onerted growth of calciie
an a PO-teeminated SAM

array of oriented calcite
crystals (Fig. 11).

4.1.3. Fabrication of Large Single Calcite Crystals with Conirolled Micropattern and
Orientation
The above studies show that ACC may be successfully used as the transient phase for calcite
crystallization in an antificial system. Moreover, if nucleation sites are imprinted onto the
ACC-inducing surface, the ACC transforms into oriented crystals whose orientation is
controlled by the nucleating region of the template.
In our new approach to the fabrication of micropatterncd single crystals, we apply the
biomineralization principles summarized in Chapter 4.1; that is, the use of the controlled
amorphous-to-crystalline transition initiated at a well-defined nucleation site and taking
place within an omate reaction volume that determines the shape of the mincral [47). Figure
12 outlines the experimental procedure. An arbitrary photoresist micropatiern {usually an
array of isolated posts with feature sizes <10 pm) was formed on a glass slide using rouline
photolithographic procedures. The micropatterned substrate was primed with a disordered
phosphate-, methyl- and hydroxy-terminated monolayer that induces the formation of
amorphous CaCO;. One nanoregion of the SAM of HS(CH-),A (A = OH, CO-H) serving as
calcite nucleation sitc was integrated into each template (Fig. 12a). When placed in a
supersaturated solution of calcium carbonate, these orgamically modiflied templates induced
the deposition of a micropatierned ACC mesh in the interstices of the framework. Onented
nucleation of calcite then occurred at the SAM nanoregion, followed by the propagation of
the crystallization front through the ACC film (Fig. 12b).

Tigtre 12, a)-b) Schemat . i i
(?{,rzl:ftllr.. I:j]»h! Schematic presentation of the fabrication procedure of micropatiemed crystals
ce lext for details). e) Magnified scanning electron micrograph of the resulting crystal, showing

ils microstruciure ange-are: issi iffracti
crostruciure. Inset ‘I.ugc-.xrm transmission eleciron diffraction, confiming that the section is
a single crystal of caleite oriented along the optic axis,

T.hjs new blrn-mspil:cd crystal engincering strategy made it possible, for the first time, t
directly fabricate millimeter-size single crystals with a predetermined ,sub-IO-micmn ::t' ;
3nd cpnlf:nlled cryslallogrnphic orientation (Fig. 12c). We showed that in addition tl:)ather'n
shapmg function and the control of the ACC formation and nucleation, organic fllr
modified 3D1lemp!a_lcs act as the stress release sites as well as discharge sum, s fc,:r st
water and impurities during crystallization [47]. The described mecharlljism 5? C?lfz
aylfmrpholus-l(?-crystall_mc transil?on may bave direct biological relevance and important
generic implications in the fabrication of defect-free, micropatterned crystalli i
for a wide variety of applications. sine maerials
;l;];:cc'iﬁ:égg rcuf‘; fl:Il11c?sc jynlhelll(c calcite crystals is ren}arkzllb]y similar to the perforated stereom
Sruepure of ¢ inoderm s clelz?I ele_ments ~ their biological analogs. We are currently
ploring the ways o synthesize single crystalline micro-lens arrays using the above
strategy. Towards this goal, we are creating the micropatterned frameworks f\=:vilh the ?c‘;;

surfaces bearing arrays of concav i
irluces & y! € structures that will define the shape and the curvature of

4.2. FABRICATION OF TUNABLE POROUS MIC
RO-LENS
INTERFERENCE LITHOGRAPHY AR RICALIE

An mlcr_esling feature of the brittlestar micro-lens arrays is the presence of
?‘:;::(:iundlrgl the lcns?s.h We discussed in Chapter 3.2 that these pgres are imp(:Jr(l):li
inctional elements of the biological optical i
pigment that regulates the illumingation d]:Jse re:c?l'nﬁ;‘ll?: Ileh:sy G
We have developed a novel, simple approach that uses multi-beam interference lithograph
to create porous hexagonal micro-lens (1-8 um in diameter) arrays from ph lb o
Imzltcrmls [48]. In ourlcxpcrimenls, we used a continuous wave diode-pumped 20?iccl’ rsctsalft:
dasc:r to photopolymerize a negative tone resist SUS. The optics setup was similar to that
escribed by Turberfield er al. [49]. The physical basis for the process is detailed below.

When the interference light is transferred into a negative tone photoresists during exposure

:-lelj":nOdlc pattern of slroqgly and weakly exposed regions is generated. The highly exposed
" 1;I.lons “z;re then pc_)lymenzed and the unexposed regions are dissolved away to revea) the
cl(:) ::.lo :Zn r:hf: (i;lfferﬁn::g bcltween the adjacent strongly and weakly exposed regions is
crtain threshold value, the gradual change in the intensit i
3 h ' 1 ¥ between the reg
produces the lens-like topography in the photoresist film combined with holes, .
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The appearance of thus synthesiz?:d m?cro-lcns arrays (Fig.
13) is strikingly similar to their biological prototype shpx_vn
in Fig. 3. The lens size, shape, symmetry and connectivity
are comtrolled by beam wave vectors and their
polarizations; while the pore size is adjusted by lgser
intensity, exposure time ar_ld the concentration or:" a
photosynthesizer in the resist. We showc?d tt_lat 1 ';lie
synthetic micro-lenses are capable of focusing light. The

incorporation of holes in the lens array pl:ovide_s means for Rrcdyu T Wit

the transport of photoradialion-absorbmg_ liquids and, amay with intcgrated

therefore, for tramsmission and numerical aperture pores fabricated by mudti-
1

ivi beam lithography.
unability and wavelength selectivity. am lithography

5. Conclusion

Multidisciplinary groups involving materials scientists, chegnisls, physicnsls_, blolcf)_glsllsb:;rll;
together trying to understand the mechanisms controllmg_lhe formalpn of elal e
stfuctures of biological minerals. We believe that further studies .Of. blolgglca] s;;st::msmrcs
i [ i volved their sophisticated optical struc
increase our understanding of how ofganisms ¢ cd " s
i i ill provide additional materials concep | d
for survival and adaptation and wi 1 tion i deaign
i i i0logi inciples will improve our current capa
solutions. Ultimately, these biological princip : . bilit
fabricate optical elements and contribute to the construction of novel, adaptive, micro-scale

optical devices.
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Whitesides, S. Yang, D. R. Hamann, M. Megens for tlieir contribution to this work.
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