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Anomalous small-angle X-ray scattering (ASAXS) and resonant soft X-ray
scattering (RSoXS) are two related techniques that can enable element-specific
structural information to be obtained. The development of iron-fortified milk
products can greatly benefit from such techniques, allowing the structure of iron
and other minerals (such as native calcium) within the casein micelle to be
determined. Each method has advantages and disadvantages: for ASAXS, the
sample preparation is straightforward, but the signal is relatively low and
information about the structure of Ca is difficult to access. RSoXS can be used
to study both Ca and Fe, and the element-specific signals observed are
proportionally much higher; however, the measurements are challenging due
to the difficulty of precise control of the solution thickness using currently
available vacuum-compatible liquid cells. Nevertheless, complementary results
from both techniques indicate Fe is co-located with Ca, i.e. within the colloidal
calcium phosphate nanoclusters that are present within native casein micelles
in milk.

1. Introduction

Milk and milk products (e.g. yoghurt, cheese) are used glob-
ally as important food systems for delivering dietary calcium
and other minerals. Calcium is present in relatively high
concentrations in milk through being encapsulated in casein
micelles: approximately spherical protein aggregates several
hundred nanometres in size. Within the micelles, calcium binds
with phosphate and other counterions to phosphoserine
(SerP) groups on the casein proteins. The inorganic species
form small clusters 2-3 nm in size, termed colloidal calcium
phosphate (CCP) (Dalgleish, 2011).

CCP can also incorporate other divalent species such as Fe,
Cu, Zn and Mg when they are added to milk (Philippe et al.,
2005). Iron is a vital mineral that can be incorporated into
CCP, resulting in easily digestible dairy products that could
help mitigate iron-deficiency disorders such as anaemia
(Raouche et al., 2009). Fe binds to the SerP sites (Gaucheron,
2000) with greater affinity than Ca (Philippe et al., 2005), but
does not cause the micelle size to change significantly
(Gaucheron et al., 1997). It is therefore expected that Fe is
localized at the CCP particles.

Elemental analysis reveals that over 98% of the added Fe is
bound within the casein micelles (Philippe et al., 2005). To
investigate the location of Fe within the micelle, structural
analysis methods specific to Fe, and ideally also Ca, are
required. X-ray absorption near-edge spectroscopy (XANES)
has previously been used to obtain short-range structural
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information about calcium in native milk, and showed that it is
similar to brushite (Holt et al., 1982). However, the structural
information offered by X-ray absorption spectroscopy is
limited to the immediate co-ordination sphere [in the case of
XANES; extended X-ray absorption fine structure (EXAFS)
may provide information out to the second and third nearest
neighbours in a well ordered system, but no such results have
been reported in the literature for Ca or other species in milk].

In small-angle neutron scattering (SANS), contrast varia-
tion has been used for many years to investigate the structure
of casein micelles in milk (Stothart & Cebula, 1982; Hansen et
al., 1996; Holt et al., 2003; De Kruif et al., 2012; De Kruif, 2014;
Bouchoux et al., 2015). In this technique, the milk is recon-
stituted in a mixed H,O/D,O solvent, where the H,O/D,0O
ratio is chosen to have a neutron scattering length that
matches that of one part of the system, e.g. protein. Since the
scattering intensity from each component is proportional to
the square of the scattering length contrast, that component is
rendered invisible to neutrons. Measurements performed at
the protein match point (corresponding to approximately 40%
D,0) show a feature presumed to correspond to CCP (Holt et
al.,2003; De Kruif et al., 2012; De Kruif, 2014; Bouchoux et al.,
2015). However, this assignment can only be inferred; the
measurement is not specific to calcium per se.

An analogous technique using X-rays can provide element-
specific structural information. Here, contrast variation is
provided through changing the incident X-ray wavelength (or
photon energy) and comparing measurements made in the
vicinity of an absorption edge of the element of interest. In the
hard X-ray region (E > 4 keV) the technique is commonly
called anomalous small-angle X-ray scattering (ASAXS),
while in the soft X-ray region (E < 4 keV) it is called resonant
soft X-ray scattering (RSoXS), since in this energy range the
scattering angles are no longer ‘small’ due to the longer
wavelength. The atomic scattering factor for X-rays can be
written as f(q, E) = fo(q) + f'(E) +if "(E), where f; is the
(energy-independent) normal scattering, roughly proportional
to the number of electrons; f'(E) is the atomic dispersion term
and f”(FE) is the atomic absorption term. Near an absorption
edge, f'(E) and f”(E) vary significantly. The difference in
overall scattering intensity is therefore related to objects
containing the target element.

In our earlier work, RSoXS measurements of native cow
milk at the Ca L, ;-edge enabled a positive identification of the
CCP signal (Ingham et al., 2015, 2016). The CCP scattering
feature was found to have a different shape and position to
most other reports based on SAXS data, but was consistent
with SANS results. The discrepancy with the SAXS data can
be ascribed to a misinterpretation by other authors as to the
identity of the main feature at higher g. This feature is
commonly attributed to the CCP form factor; however, it is
much more likely to be scattering due to local density fluc-
tuations in the protein structure (De Kruif et al, 2012;
De Kruif, 2014; Ingham ef al, 2016). Here we show the
application of RSoXS to iron-fortified cow milk (with 10 or
20 mM added Fe?*) at both the Ca and Fe L,3-edges and
compare the results with ASAXS at the Fe K-edge, to obtain

structural information about both Ca and Fe in iron-fortified
milk and to demonstrate the applicability and limitations of
the two techniques.

2. Experimental
2.1. Preparation of milk solutions

Cow skim milk powder was obtained from Fonterra Co-
operative (purchased from Milligans Food Group Ltd,
Oamaru, New Zealand) and was reconstituted in MilliQ water
in a 3.5 wt% protein concentration (1:10 total weight) with
0.2 wt% sodium azide. 0.2 M FeSO, was added to milk at 4°C
to give an overall Fe** concentration of 10 or 20 mM, and the
pH was readjusted to 6.7 using 0.5 M NaOH solution.

2.2. Anomalous small-angle X-ray scattering (ASAXS)

Small-angle X-ray scattering (SAXS) measurements were
performed at the Australian Synchrotron SAXS beamline
(Kirby et al, 2013) at two X-ray energies near the Fe K-edge:
7000 eV  (off-resonance) and 7107 eV (on-resonance).
Samples were measured at a temperature of 4°C using a
flowing capillary setup, with twenty 1s exposures being
collected using a Pilatus 1M detector, summed and radially
averaged. The capillary was 2 mm in diameter. Water back-
grounds were collected in the same capillary before and after
each measurement to check for radiation-induced fouling of
the walls; no significant fouling was observed. Due to the high
accuracy of the scattering intensity values required and the
possibility of the scattering being time-dependent (Ingham
et al., 2016), four measurements were performed for each
sample: two at 7107 eV, one at 7000 eV, followed by an addi-
tional measurement at 7107 eV. The averaged data at 7107 eV
were interpolated in time, point-by-point, to provide a pattern
corresponding to the exact time when the 7000 eV measure-
ment was made. The difference between the first and last
measurements collected at 7107 eV was around 3-4%, which,
for the 10 mM sample, is comparable with the differences
between the 7000 eV measurement and the time-interpolated
7107 eV measurement (4-5%). The energy range of the
Australian Synchrotron SAXS beamline does not extend to
the Ca K-edge (4080 eV).

2.3. Resonant soft X-ray scattering (RSoXS)

RSo0XS measurements were performed at beamline 11.0.1.2
at the Advanced Light Source, Lawrence Berkeley National
Laboratory, USA (Gann et al., 2012) over two energy ranges:
347-355 eV in 0.2 eV steps, encompassing the Ca L, and L;
absorption edges; and 705-715 eV in 0.5 eV steps, covering
the Fe L, and L; absorption edges. Measurement times varied
between 1 and 10 s depending on X-ray energy and sample
thickness. The scattered X-rays were collected using a CCD
detector. To reduce scattering and absorption of the X-rays by
air, the entire sample and detector arrangement was housed in
a high-vacuum chamber. The liquid samples were mounted by
sandwiching a small drop between two silicon nitride windows,
which were then sealed with epoxy. Each window was 1 mm x
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1 mm in size and 100 nm thick, with a 1 pm SU-8 spacer
deposited on one of the window frames. Samples were
mounted and transported on a chilled aluminium block. The
sample holder on the beamline was chilled to 5°C during the
vacuum pump-down and measurements.

2.4. Data analysis

The scattering equation involves the atomic scattering term
|f(g, E)|*, which shows negligible energy-dependence far from
an absorption edge, but near an edge the dispersion and
absorption terms become significant. For a material
comprising two kinds of scattering objects, one consisting of
the resonant element and the other not, the scattering pattern
from the former can be isolated from the resonant component.
Using the notation of Ballauff & Jusufi (2006), the intensity is

Ii(q, E) = Fy(q)* + 2F,(q) v(q) f(E)
+v(@)’[f(E) + f(E)]. 1)

where F,(g) is the non-resonant scattering amplitude (i.e. total
scattering from non-resonant objects, plus non-resonant scat-
tering from the resonant objects), v(g) is the scattering
amplitude from the resonant objects, and f'(E) and f”(E) are
the atomic dispersion and absorption terms (Ballauff & Jusufi,
2006), tabulated by Henke ef al. (1993). This expression is
completely general and applies to both hard and soft X-ray
resonance effects.

The first term, Fo(q)z, is the non-resonant scattering inten-
sity. The difference in intensity between measurements
performed at two energies comprises the last term,
v(q)’[f'(E)* + f"(E)*], which is purely resonant scattering, and
the central term, 2F,(q) v(q) f'(E), which is mixed. The mixed
term can be isolated by measuring the scattering intensity at
at least one additional energy below the absorption edge, and
knowing or measuring f'(E) and f”(E). These can be obtained
experimentally from X-ray absorption spectroscopy
measurements, since f”(E) is the absorption, and applying a
Kramers—Kronig transformation to obtain f'(E) (Stuhrmann,

2007). However, in practise it is not always possible to perform
these measurements. In cases where the scattering feature
involving the target species is located in a g-range sufficiently
far removed from other non-resonant scattering features,
qualitative information about the resonant scattering feature
(position and shape, but not absolute intensity) can be
obtained by simply taking the difference pattern between two
measurements performed at different energies below the
absorption edge (Vogtt et al., 2013). This has been demon-
strated for systems such as small metal nanoparticles attached
to support materials having a much larger particle or pore size
(Vogtt et al.,2013; Yu et al., 2009; Jeng et al., 2007; Brumberger
et al., 2005).

Given that the exact composition of CCP is unknown (being
an amorphous collection of calcium, phosphate, citrate and
other ionic species), it is not possible for us to obtain fully
quantitative information in the milk system. Since the focus of
the work is on the location of the iron, qualitative structural
information is sufficient. The two main scattering objects in
the system are the CCP particles and the casein micelles, which
are sufficiently different in size. Therefore, we used the
simplified analysis method by subtracting one dataset from
another (with both datasets normalized to the incident beam
intensity). At the Fe K-edge, the scattering intensity decreases
slightly, so the difference pattern was obtained from
I(q, 7000 eV) — I(q, 7107 eV). At the Ca and Fe L-edges, the
scattering intensity increases, with maxima at 349.2 eV (Ca)
and 708 eV (Fe), so the difference patterns were obtained
from I(q, 349.2 eV) — I(q, 347 eV) for Ca and I(q, 708 eV) —
I(q,706 eV) for Fe.

3. Results
3.1. ASAXS

The off-resonance (normal) SAXS curves for milk with
10 mM and 20 mM Fe** added are shown in Fig. 1, together
with the anomalous signal, obtained by subtracting the on-
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Figure 1

Normal (off-resonance) scattering (black lines) and anomalous scattering component (red lines) near the Fe K-edge for milk to which FeSO, was added
in concentrations of (a) 0 mM, (b) 10 mM, (c) 20 mM. The dashed blue lines in (b) and (c) are given as guides to the eye, highlighting the deviation of the
anomalous scattering at ¢ = 0.035 A~", corresponding to CCP. The inset in (a) shows the difference intensity on a linear scale, demonstrating negligible

difference between the on- and off-resonance scattering.
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resonance SAXS from the off-resonance SAXS. For compar-
ison, data from the same measurements are shown for native
milk (i.e. no Fe** added); as expected, no anomalous signal
was detected. For the milk with Fe?* added, both the normal
and difference curves [I(g, 7000 eV) — I(q,7107 eV)] are
similar for the two concentrations. The normal curves show
four regions, described in our earlier work (Ingham et al.,
2016) as follows: low g, corresponding to scattering from the
overall micelle; a shoulder centred around ¢ = 0.01 A’l,
corresponding to internal structures within the micelle
[‘incompressible regions’ divided by water channels
(Bouchoux et al., 2015)]; a small feature around g = 0.035 A_l,
corresponding to the CCP separation; and a slightly more
pronounced feature around g = 0.08 A, corresponding to
protein inhomogeneities (De Kruif et al, 2012). The anom-
alous components (difference curves) show power-law scat-
tering, arising from the micelle, and a feature centred around
q =0.035 A", Blue dashed lines in Fig. 1 help to illustrate the
magnitude of this feature. The signal for the 20 mM Fe milk
sample is approximately double that of the 10 mM, and is
more evident than the corresponding feature in the normal
scattering curve in both cases. In addition, the feature located
at g = 0.08 A~'in the normal scattering is not evident in the
difference curves, although given the large uncertainties its
absence is inconclusive. It should also be noted that the
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difference curves in Fig. 1 have not been scaled; the resonant
component is approximately an order of magnitude smaller
than the normal scattering. This is reflected by the propor-
tionally larger error bars shown on the difference data curves.

3.2. RSoXS

In contrast to the ASAXS data, where the magnitude of the
resonant signal is 10% or less of the normal signal, and the
total intensity decreases approaching the absorption edge,
RSo0XS data show a significant enhancement by up to ten-fold
at the absorption edge. Scattering patterns collected at
selected energies are shown in Fig. 2 for milk samples
prepared in the same way (10 mM and 20 mM Fe** added to
milk). At the Ca L, 3-edge the signal at g = 0.035 A~'increases
dramatically (Figs. 2a, 2d). At the Fe L, ;-edge the increase is
small, on top of a large background (Figs. 2b, 2¢) but has the
characteristic appearance of Fe** (Koehl et al., 2013).

The anomalous contribution is estimated by subtracting the
off-resonance SAXS data from the on-resonance. This was
performed for data collected at both the Ca and Fe edges
[Z(q,349.2eV) — I(q,347eV) for Ca and I(q,708 eV) —
I(q, 706 eV) for Fe], and is shown in Fig. 3, along with Ca edge
data for native milk (Ingham et al., 2015). For the milk with
10 mM added Fe?*, the curves have virtually identical shapes

e
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Resonant soft X-ray scattering data for milk to which FeSO, was added in concentrations of 10 mM (left) and 20 mM (right). Also shown are plots of the
intensity at ¢ = 0.035 A~ at energies spanning the Ca L, ;-edge (a, d) and the Fe L,s-edge (b, e). The raw data (c, f) are shown for selected energies

as labelled.
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Figure 3
RSoXS difference plots (on-resonance minus off-resonance) at the Ca
and Fe L,;-edges of cow milk with 0, 10 and 20 mM Fe** added.

at both the Ca and Fe edges. They are also similar to the native
milk in shape and position of the main features. In our earlier
work on native milk, the Ca resonant feature was fitted to
a population of spheres with hard sphere structure factor,
representing the CCP particles within the casein micelle
(Ingham et al., 2015). Since the 10 mM data at both the Ca and
Fe edges have the same shape, we can conclude that the Fe is
co-located with the Ca at the CCP particles.

For the 20 mM data, the corresponding feature occurs at the
same g value as the native and 10 mM samples for the Ca edge,
while at the Fe edge it occurs at slightly lower g, which would
normally be interpreted as the Fe-containing objects being
further apart at the higher concentration. However, this is not
possible if in fact the Fe is co-located with Ca at the CCP
particles. It must be noted that, particularly at the Fe L-edge,
there can be considerable variation in the magnitude and
shape of the resonant scattering feature. This will be discussed
shortly; the data shown in Fig. 3 have been selected based on
their scattering to fluorescence ratio being closest to optimum.

4. Discussion

In the soft X-ray region, absorption, scattering and fluores-
cence occur from virtually all elements present in the system.
The cross-sections (i.e. relative probabilities) of these are
tabulated (Henke et al., 1993; Hubbell et al., 1975, 1982). The
probability that a fluorescence photon will be emitted is the
product of the photon absorption cross-section t and the
fluorescence yield wy (the probability that a fluorescence
photon, rather than an Auger electron, will be emitted).
wy values are also tabulated (Krause, 1979). There is little
difference in the scattering cross-sections between the Ca and
Fe L-edges (350 eV and 710 eV); however, there are signifi-

cant differences in the absorption, particularly for oxygen,
which has an absorption edge at 540 eV. We hypothesize that
the increased background in the Fe data (Fig. 2) is primarily
due to fluorescence from the oxygen present in the water
molecules, and that this is significant compared with the
resonant signal.

The incident, scattered and fluorescence photons can all
be absorbed by the sample. Assuming no double scattering
events, for a section of sample of thickness dt, this can be
expressed as

dl =1, exp(—a()t){ls(q, E) exp[—a(,(ts - [)]
+ Ix(q, E) exp[—ocf(tS — t)]} dt
where I is the incident beam intensity, ¢, is the total sample
thickness, o, is the absorption length of photons of incident
energy E,, Is(q, E) is the scattering intensity, Ix(q, E) is the
fluorescence intensity, and o; is the absorption length of

photons of the fluorescence energy E;.
The total signal is then

= / I exp(—ay){I5(q, E) exp[—a(t, — 1)]

+ Ix(q, E) exp[—otf(tS — t)]} dt
which becomes
I =1,I4(q, E) t,exp(—ayt,)

exp(—aty) — exp(eyty)

+I()IF(‘1, E)
o — &y

@

Since each element has a different characteristic fluorescence
energy, o; will be different for each. The fluorescence inten-
sities must therefore be scaled according to the number of
atoms present and the second term is replaced by a sum over
each species,

exp(—ay £) — exp (af,i ts)

Qpi — %

Ie(q, E) = 1)) ¢; Is(q, E) 3)
In equation (3), c; is the atomic fraction of element i and
I;(E) &« twg;. The absorption length o is given by «a =
2r.A/Am, f"(E), where r, is the radius of the electron (2.82 x
107" cm), A is the X-ray wavelength, A is the number of
atomic mass units, 72, is the atomic mass unit (1.661 x 107 g)
and f”(E) is the resonant atomic absorption term (Attwood,
1999).

Tables SI-SVI of the supporting information give the
calculation of relative fluorescence signals for a 1 pm-thick
milk solution sample containing 10 mM Fe, sandwiched
between two 100 nm-thick silicon nitride windows, and
measured at the Ca and Fe L,;-edges. In our measurements,
the actual solution thickness could not be accurately
controlled and was likely to have been in the range 1-5 pm.

The calculated fluorescence signals at the Ca and Fe edges
are shown as a function of solution thickness in Fig. 4. Since
the fluorescence at the Fe edge arises mainly from oxygen
atoms present in the water molecules, the Fe concentration
makes little difference. The fluorescence at the Fe edge is
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Figure 4
Calculated fluorescence intensity as a function of solution thickness for
milk solutions with 10 mM Fe, sandwiched between two 100 nm-thick
silicon nitride windows, in the vicinity of the Ca L, ;-edge at 350 eV and
the Fe L, ;-edge at 710 eV.

unchanged from the native system. However, at the Fe edge,
the shape and intensity of the resonant curves is highly vari-
able (blue lines). Only two of the resonant curves show a clear
resonant feature at g = 0.035 A samples 4 and 8. These two
samples have the lowest intensity in their respective normal
scattering plots (green lines), indicating they are likely the
thinnest. The other normal scattering curves plateau at high q.
This behaviour is symptomatic of a fluorescence signal, which
is largely independent of scattering angle. Sample 6, for
example, plateaus at a high value and shows a low signal in the
difference plot with significant noise. These results demon-
strate that, if the sample is too thick, not only the intensity but
also the shape of the resonant component of the scattering
curve may be compromised. Fewer repeats were performed on
the 20 mM Fe solution than the 10 mM Fe solution; the data
shown in Figs. 2 and 3 may have been affected by thickness
effects.

The experimental results are consistent with the theoretical
predictions in that at the Ca edge the fluorescence is relatively

20-25 times that at the Ca edge for sl
solution thicknesses in the 1-5 pm range. )
The optimum solution thickness for 5 0L .
minimizing the fluorescence at the Fe 2 K
edge is <2 pm. ; oF

These effects are evident in our = ol
experimental results. At the Ca edge, the
resonant scattering is clearly observed 10
in almost every instance, reaching a 10¢L
maximum of around ten times the non- ) i
resonant scattering intensity at g = § 10°F
0.035 A~'. The fluorescence signal is g 102; 1
relatively minor in comparison. If we = i
estimate the fluorescence signal to be = 10'f 1
around half that of the non-resonant D:
scattering at the Ca edge, then at the Fe b
edge this would rise to ten times the non- = 10°F 2 E
resonant scattering and be on par with § ol i ]
the resonant scattering signal. 5

During our experiments, measure- s 102 I ]
ments of the 10 mM Fe-added milk = E >
sample were repeated numerous times, o0 | ¥ | m‘i
with each one mounted between new 0ol : : f | ; | W
windows. Eight of these measurements .‘at ) F 7 8 ——
the Ca and Fe L,;-edges are shown in - LY F\ E 4 \ —— Ca difference
Fig. 5 for both the resonant component § 103; 1 *EiﬁﬁfSiﬁZZ"”
(difference plot) and the normal/ g g
off-resonance scattering. (Sample 4 was 2 10tk * E
chosen as the clearest result, displayed in G ;
Figs. 2 and 3.) There is a high degree o n H ;
of wvariability between the various 100l . ,
measurements. At the Ca edge, most of 001 o1
the curves exhibit a resonant feature at . a (A7) q [A7]

Figure 5

g = 0.035 A~ (red lines in Fig. 5). The
consistency of this feature allows us to be
confident that the Ca within the CCP is

Off-resonance and difference plots at the Ca and Fe edges for eight different samples of milk to
which 10 mM Fe was added, showing variability between measurements of the same sample in
different cells (i.e. different solution thicknesses).
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low and there is a reasonably wide range of solution thick-
nesses where the magnitude of the resonant scattering signal
(taking absorption into account) is acceptable. This range is
much narrower at the Fe edge due to increased fluorescence,
primarily from oxygen atoms present in the water, which
makes up about 90% by weight.

There is limited scope for optimizing the ratio of resonant
scattering to fluorescence at the Fe edge, since to reduce the
fluorescence by using thinner samples would also cause a
reduction in the scattering intensity due to there being fewer
scattering objects in the beam path.

5. Conclusions

ASAXS and RSoXS both show resonance signals at the Fe K-
edge and L-edge, respectively, for Fe fortified milk. RSoXS
has the additional advantage of being able to probe for Ca,
which is not easily accessible in the ASAXS energy range. The
results showed that, for 10 mM added Fe, the Fe and Ca
signals were similar, indicating that both are co-located in the
same structures. For 20 mM added Fe, the RSoXS feature at
the Ca edge was unchanged while at the Fe edge the feature
had moved to lower q. However, it is unclear whether this is a
larger spacing of Fe-containing scattering objects or an arte-
fact of solution thickness.

The effect of solution thickness on the fluorescence signal
(taking absorption by the solution into account) is described
for X-ray energies probed by RSoXS. Fluorescence is signifi-
cant, particularly above the oxygen edge. At the Fe edge the
optimal solution thickness is less than 2 pm. This requires
careful control over the solution thickness for these
measurements. Future work will focus on combining Ca L-
edge RSoXS results with Fe K-edge ASAXS, as these appear
to be the most reliable.
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