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Liv ing or gan isms form com plex min er al ized com pos ite
ma te ri als that per form a va ri ety of es sen tial func tions,
rang ing from struc tural sup port and me chan i cal strength, to 
op ti cal, mag netic or sens ing ca pa bil i ties. This re mark able
di ver sity in func tion al ity is ac com plished from a rel a tively
nar row range of con stit u ent in or ganic ma te ri als via hi er ar -
chi cal min eral-or ganic func tional ar chi tec tures. There fore,
these struc tures rou tinely serve as a source of in spi ra tion
for sci en tists and en gi neers. The con trol over biomineral
shape, at all hi er ar chi cal lev els, is a key as pect of struc -
ture-to-func tion re la tion ship in bi o log i cal ma te ri als. Al -
though many stud ies have em pha sized the crit i cal role of
bi o log i cal reg u la tion dur ing biomineral for ma tion, the
phys i cal con straints gov ern ing the growth pro cess of nat u -
rally oc cur ring ar chi tec tures and de ter min ing the form of
biomineral build ing blocks are not un der stood.

In this talk, I will ad dress the fun da men tal ques tion of
how na ture takes ad van tage of ther mo dy namic prin ci ples

to gen er ate com plex morphologies. I will high light two
struc tures where, us ing syn chro tron based X-ray anal y sis
and im ag ing tech niques, it was shown that the micro -
structure for ma tion pro cess dur ing biomineralization is an -
a lyt i cally de fined and can be quan ti ta tively de scribed both
in time and in space. The struc tures are the pris matic layer
in the shell of a bi valve mol lusc Pinna nobilis [1] and the
an chor spicule of a glass sponge Monorhaphis chuni [2, 3].
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A full-field Hard X-ray Mi cro scope (HXRM) has been
con structed at ESRF ID06 for the study of polycrystalline
ma te ri als. Used in dark-field mode, the Bragg dif fracted
beam pro duced by a given grain is se lected and mag ni fied
us ing a stack of Be com pound re frac tive lenses. The re sult -
ing im age, a real space pro jec tion of the grain, is cap tured
by an im ag ing de tec tor. Cou pled to a high-pre ci sion
goniometer, this per mits char ac teri sa tion of ori en ta tion and 
mosaicity with a real space res o lu tion of 100 nm and an gu -
lar res o lu tion of 10 mrad. Strain within a grain can be mea -
sured with a res o lu tion of 10-5. A sin gle pro jec tion can be
re corded in one sec ond, and mosaicity maps can be re -
corded in a few hours, pro vid ing the pos si bil ity for stud ies
of dy nam ics. The mi cro scope has so far been used for char -

ac teri sa tion of metal and ferro elec tric sam ples, and work is
un der way to ex pand the tech nique to new ar eas.

One such ex am ple is the study of biominerals, bi o log i -
cal hi er ar chi cal ma te ri als com bin ing an or ganic tem plate
with a min eral struc tural com po nent. Biominerals ex hibit a
wide va ri ety of func tions, with forms which are con trolled
by the an i mal’s phys i ol ogy. Their microstructure is of ten
tai lored to pro vide par tic u lar ma te rial prop er ties, mak ing
them in ter est ing as nat u ral mod els for the inspiration of
new engineered materials.

We will show re sults from our ini tial ex am i na tions of
pearl, bi valve shell, and fish oto liths, high light ing some of
the chal lenges in their anal y sis and the po ten tial of
dark-field HXRM to re veal struc tures on scales from



micrometric to nanometric in these and other com plex
polycrystalline materials.
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Iron is a pri mary com po nent of fun da men tal pro cesses
which can be come toxic when pres ent in ex cess. In hu man
flu ids, free iron is main tained at 10-18M con cen tra tion
thanks to sev eral pro teins as lactoferrin (Lf) in se cre tions
and transferrin in blood. The al tered iron bal ance fa vors
bac te rial in fec tion and the re lated in flam ma tory re sponse
as oc curs in cys tic fi bro sis [1, 2]. There fore, it is of great
im por tance to pro vide quan ti ta tive map ping of iron con -
cen tra tion at high spa tial res o lu tion. Here we stud ied hu -
man phagocytic cells un stimu lat ed or stim u lated with
bac te rial lipopolysaccharide (LPS) or/and Lf to map the
intracellular den sity and iron con cen tra tion. For this aim,
X-ray flu o res cence mi cros copy (XRFM), atomic force mi -
cros copy (AFM) and phase con trast im ag ing were com -
bined, as pre vi ously dem on strated [3, 4]. To de ter mine the
con cen tra tion map, we nor mal ized the flu o res cence in ten -
sity with the vol ume of the il lu mi nated re gion Fig.1. The
vol ume of freeze-dried cells has been ob tained by AFM
with lat eral res o lu tion of 100 nm. The XRFM and phase
con trast mea sure ments have been car ried out at the
beamline ID16A-NI at ESRF, with spa tial res o lu tion of

100 nm and 50 nm, re spec tively. More over, we de ter mined
the weight frac tion dis tri bu tion map, nor mal iz ing the flu o -
res cence in ten sity with the pro jected den sity ob tained by
phase con trast im ag ing Fig.2 [5]. In deed, we ob tained the
den sity dis tri bu tion Fig.3 by nor mal iz ing phase re con struc -
tion maps with AFM data. Sim i lar eval u a tions were car ried 
out for Lf- and LPS plus Lf-treated cells. We also car ried
out nanotomography mea sure ments, to ob tain the three-di -
men sional den sity dis tri bu tion Fig.4. In for ma tion about the 
elec tron den sity com bined with the av er age den sity of the
sam ple al lows to cal cu late its thick ness, value which can be 
com pared with al ter na tive tech niques AFM. The
nanotomography is of par a mount im por tance to reach the
vol u met ric in for ma tion in frozen-hy drated cells be cause
AFM can not be used since frozen hy drated cells are stored
in liq uid nitrogen.
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Fig ure 1. A dark-field im age of an ar agon ite fi bre from a
fish otolith shows its growth from left to right in se quen -

tial lay ers, each com posed of mul ti ple crys tal line units.
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Fig ure 1. Iron con cen tra tion map of cell treated with LPS. Fig ure 2. Iron Weight frac tion dis tri bu tion map of cell
treated with LPS.

Fig ure 3. Den sity dis tri bu tion map of cell treated with LPS. Fig ure 4.  Electron den sity map of cell
treated with LPS + Lf.
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In this work we pres ent the ac tual sta tus of the de vel op ment 
of Bragg Mag ni fier Mi cro scope based on in-line Ger ma -
nium crys tals [1, 2] with the fo cus on the im proved phase
re trieval al go rithm. This im ag ing sys tem is us ing asym met -
ric Bragg re flec tions to geo met ri cally mag nify X-ray beam
up to 250 times and the beam is di rectly de tected by sin gle
pho ton count ing de tec tor. We per formed suc cess ful test ing 
of this im ag ing sys tem at Di a mond Light Source I13 and
B16 and at Spring 8 ra di a tion fa cil i ties and ap plied it for
full field, sin gle dis tance, ho lo graphic im ag ing of bi o log i -
cal sam ples. The im proved phase re trieval al go rithm [3]
takes ad van tage from the com bi na tion of the mod i fied
shrink-wrap al go rithm for phase ob jects, ro bust un wrap -

ping al go rithm as well as other rea son able con straints ap -
plied to the wavefield at the ob ject and the de tec tor plane.
The spa tial res o lu tion, achieved af ter suc cess ful phase re -
trieval of re corded ho lo grams (Fig. 1), was ~300 nm and
the ac qui si tion time for one frame at ID13 was 0.3s, which
can be still min i mized to mil li sec ond re gion. In dif frac tion
lim ited sources the through put of the de vice will be max i -
mized due to match ing di ver gences, which will bring ad di -
tional ex po sure time de crease. Ac cord ing to achieved state
of the de vel op ment: high res o lu tion, short ac qui si tion time, 
sin gle dis tance phase re trieval, we pro pose this sys tem for
in-vivo 2D/3D quan ti ta tive im ag ing of bi o log i cal sam ples
such as cells or small an i mals. In this work we will sum ma -
rize re cent state of the de vel op ment, in tro duce sin gle dis -
tance phase re trieval method and dem on strate it on
suc cess ful 3D re con struc tion of bi o log i cal or gan ism
(Tardigrade).
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Fig ure 1. Mea sured ho lo grams of X-radia X-50-30-20 test pat tern
a) and Tardigrade (wa ter bear) c) and the cor re spond ing re trieved
phase maps b), d) re cov ered by sin gle dis tance phase re trieval al go -
rithm [3]. Spa tial res o lu tion achieved was about 300 nm. 


