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A B S T R A C T

A technique to determine the molar concentration of elements in ex vivo tissue sections by Particle Induced
X-ray Emission (PIXE) has been developed. The method is based on simultaneous off-axis scanning transmission
ion microscopy (OA-STIM) and Elastic Backscattering Spectrometry (EBS) measurement of the sample thickness
and major element (H, C, N, O) composition. The method was applied to determine the molarity of localised
Ca concentration hot-spots in the outer epithelium tissue of nasal mucosa of a rhesus macaque subject infected
with simian immunodeficiency virus (SIV). The results show Ca sequestration in concentration hot-spots and
outer epithelial tissue that significantly exceeded the Ca concentration in the surrounding tissues. This may
originate from mineralisation and/or Ca enhancement in goblet cells.
1. Introduction

Of the 92 naturally occurring elements, 23 are life elements which
are physiologically important [1,2]. In humans [3], major life elements
(H, C, N, O) make up 96 mass %, lesser life elements (Na, Mg, Si, P, S,
Cl, K, Ca, Fe and I) < 3.9 mass % and trace elements (F, Si, V, Cr, Mn,
Co, Ni, Cu, Zn, As, Se, Br and Mo) < 10 mass ppm. Meaningful physi-
ological concentrations of substances in the life sciences are generally
expressed in terms of molarity for in vivo tissue. Typically, the levels
range from pmol dm−3 to tens of mmol dm−3. The trace elements such
as Fe, Cr, Mn, Cu and Zn are often incorporated in proteins where they
determine the shape and hence the functional behaviour of the protein.

1.1. Ca in biological tissue

The life element investigated here is Ca, which has a remarkably
wide range of concentrations in biological matter. This ranges from a
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total Ca intracellular level of ∼100 nmol. dm−3 [4] to ∼9.7 mol. dm−3

calculated from ICRU tissue composition data [5] for cortical bone
tissue. From Ref. [6] the calculated total molarity of Ca in blood and
a representative soft tissue (tongue) was 0.64 and 0.14 mmol. dm−3,
respectively. At the intracellular level about half is present as Ca2+ and
the rest is bound in proteins [4]. Bound Ca can be deposited in the
inter-cellular matrix as mineralisation. e.g. as calcium hydroxyapatite,
Ca10(PO4)6(OH)2 in bone tissue. Cellular regulatory systems maintain
homeostasis between bound-Ca and Ca2+ [3,7–10]. Ca2+ participates in
a number of inter- and intra-cellular signalling processes. For example
it acts as a signal substance for apoptosis, muscle contraction, hormone
release, inflammation, immune system response and, of particular rel-
evance here, the release of mucus from granuallae in the goblet cells
of mucosa [11,12]. It follows from its importance as a signal substance
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that local Ca element concentrations in tissues may be altered as a re-
sult of infection, inflammation and tissue remodelling (as for Cu [13]).
This is likely to be particularly true of mucosal tissues because this is
the site of the immune system’s first line of defence against infection.

Our interest in spatial perturbation of trace element concentrations
stems from work by one of us (FV) on Simian Immunodeficiency
Virus (SIV) which is used as a model for HIV-research. This study
used positron emission tomography (PET) imaging with immunological
markers labelled with 64Cu to show that SIV is localised in different
rgans in the body as the infection develops [14]. It is then interesting
o see if we could use trace elements measured using PIXE with a MeV
on microprobe to extend this down to the tissue elemental level.

.2. Ion beam analysis of biological tissue

Particle Induced X-ray Emission (PIXE) using a MeV ion microprobe
s well suited to simultaneously measure low concentrations of trace
ife elements [2]. As noted above, bound Ca in tissues can be deposited
y calcification. Conventional histological stains for calcification (von
ossa and Alizarin Red S [15] are not Ca-specific but stain by pigment
eposition in response to a number of different mineralisations. Analy-
is with a MeV ion microprobe using PIXE has the advantage that not
nly is the measurement Ca-specific, but also colocalisation of other
lements like Mg, Si, Fe and P can provide even more specific detail on
he calcifying mineralisation.

In ion beam analysis the elemental contents are expressed in terms
f basic units of atoms per unit area. For PIXE where the major element
ontent and thickness of the sample is known, the standard software
nalysis codes use tabulated data and generally express the elemental
ontent as a dry mass ppm ratio. This parameter is of limited biological
ignificance since it is poorly representative of in vivo tissue. Here we
eport development of a procedure to determine the elemental molarity
n tissue sections of ex vivo tissue which is a biologically more pertinent
uantity than the elemental dry mass ppm ratio.

Reported work in the literature used the on-axis (Direct-STIM)/off-
xis Scanning Transmission Ion Micoscopy (STIM) approach to assign
thickness in terms of mass per unit area without knowledge of major

lement composition [16,17]. This is inadequate for quantitative bio-
ogical analysis because the stopping is governed in biological samples
y the major element composition. For example, significant changes
n major element composition can be seen in Fig. 2 of [18] where
omparing the contrast seen in the on-axis (energy loss) and off-axis (H-
ap) images reveals that significant quantities of hydrogen was present

ven in regions with low-energy loss. The major elements (H, C, N and
) in biological samples contribute leading terms to the ion energy loss
s well as the absorption of X-rays in the sample, both of which are
ey parameters in PIXE analysis. It follows that in order to make accurate
eterminations of the content of lesser- and trace-elements by PIXE in dry
issue samples both the thickness and major element composition must be
etermined.

Another consideration is water loss. In vivo human tissues contain
5–80 mass % water [3]. Consequently, the degree of water loss
ill significantly influence the major element composition of the dry

issue as illustrated in Fig. 1 which is based on data from Ref. [6].
urthermore, the amount of water lost may depend on the particular
ype of tissue. It turns out that for determining the molarity from
he PIXE data analysis requires the major elemental composition and
hickness of the dry tissue as well as the thickness of the ex vivo tissue
ection. Cast in this way, the determination of the measured molarity
s independent of the amount of water and other major elements lost
uring lyophilization of the ex vivo tissue.

Measurement of H and other light element contents of aerosols
eposited on a hydrogen-free substrate of uniform thickness, such as
TFE can be carried out by broad-beam Proton Emission Scattering
nalysis (PESA). Off-axis Scattering Transmission Ion Microscopy (OA-
TIM) is similar to PESA [19–21], but adapted to the case where the
153

hickness and composition varies over the sample.
The present work is based on the use of OA-STIM and Elastic
Backscattering Spectrometry (EBS) to measure the major element (C, H,
N and O) composition and tissue section areal density simultaneously
with PIXE measurements of Ca. Combining the Ca to matrix dry mass
ratio from PIXE and the areal density and composition from EBS/OA-
STIM data yielded the mass density of Ca in the film. This was then
scaled according to the microtome slice thickness to obtain a molarity
for Ca that corresponded to the ex vivo tissue.

2. Experimental

2.1. Microprobe analysis

Analysis was carried out at the Louisiana Accelerator Center [22]
using a microprobe set-up with 2 MeV H+ ions. This employed a con-
ventional Oxford quadrupole triplet configuration lens system which
allowed focusing the beam to a spot size of 1–2 μm on the sample. The
sample was mounted on a motorised X–Y–Z stage. The configuration is
shown in Fig. 2. The X-ray detector is internally collimated to 50 mm2

active area and the detector window is 12.5 μm of Be and a 62.5 μm
Mylar®filter. The off-axis STIM detector was operated without a stop-
ping foil. A conventional Oxford Microbeams OMDAQ data acquisition
system was employed using a OM-1000e interface. The magnetic scan-
ning was driven by Kepco BOP 100-4 programmable power supplies.
This set-up allowed the OA-STIM, PIXE and EBS spectral data to be
collected simultaneously into a sequential event mode data file. The
image data was collected with 512 pixels × 512 pixels resolution. Sup-
plementary measurements were conducted at the MeV Ion Microprobe
Facility at the Tandem Laboratory, Uppsala University [23].

The energy calibration of the X-ray detector was determined using
a thick Au sample using PIXE to produce Au L𝛾1 (13.382 keV) and M𝛼
(2.123 keV) characteristic X-rays. The EBS detector was calibrated from
the position of the high energy edge using the same Au sample and the
narrow 16O EBS backscattered ion peak from the thin Pioloform region
(discussed below). The peak from H in the same Pioloform film was
used for a single point calibration of the off-axis STIM detector with
linearity controlled using a pulser. The MeV ion microprobe scan size
was calibrated using copper electron microscope grids with a pitch that
had been calibrated using a scanning electron microscope against a wire
of precisely known thickness.

2.2. Spectrum and elemental map data analysis procedure

The GeoPIXE code [24–26] was used to process the event mode data
files to produce EBS and ERDA energy spectra from specific regions
of interest in the sample images as well as PIXE elemental maps for
the different elements in the sample. This code was used because
the background-free Direct Analysis fitting facilitated separation of
elemental maps from the overlapped PIXE signals from K K𝛽 and Ca K𝛼
characteristic X-rays. This is important for biomedical samples because
both K and Ca are lesser elements that have characteristic X-rays with
energies that partially overlap.

The EBS and OA-STIM energy spectra corresponding to the different
tissue regions of the sample were analysed using a purpose-built Python
fitting programme. Using this code the position of the high energy
edge and area of the OA-STIM H-signal were measured. The code
was also used to measure surface edge heights corresponding to C, N
and O in the EBS spectrum. This was done by non-linear fitting the
sum of functions representing the contributions to the EBS signals for
each element. These functions were the product of cerf(𝑥1) and erf(𝑥2)
functions with a trapezoid representing an edge height and slope. The
edge heights, edge positions 𝑥1 and 𝑥2, edge widths and slopes were

fitting parameters.
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Fig. 1. Calculated major element composition against percentage of mass-loss in dehydration. The in vivo tissue composition was taken from Ref. [6] and converted to mass %.
Fig. 2. Schematic illustration of the microprobe setup at the Louisiana Accelerator Center.
t

.3. Tissue preparation

For this study ex vivo nasal mucosa samples were taken during
ecropsy of a rhesus macaque (Macaca mulatta) subject. This animal
ad been used in another study that was approved by the Institutional
nimal Care and Use Committee (IACUC) of the University of Louisiana
t Lafayette. (No approval was required for this study as the samples
ere taken post-mortem.) The subject was a 9 year old male that had
een infected for a period of 4 years with Simian Immunodeficiency
irus (SIV) (SIVmac239). As the goal of the study was to determine

he element distributions in the tissues, care was taken not to introduce
oreign elements during preparation. For this reason chemical fixing
as not used [27]. The animal was euthanised using an approved
ethod [28] by pentobarbital injection. The samples were taken at
ecropsy and wiped with clean tissue paper during grossing to re-
ove extraneous fluids without water rinsing. Subsequently they were
154

mbedded in Optimal Cutting Compound (OCT) [29] and frozen by
cooling to −80 ◦C. The samples were sectioned in a cryomicrotome and
he 10 μm film transferred to supporting Pioloform® films supported

on 5/16" stainless steel washers. The Pioloform films were prepared
following Ren’s protocol [30] by dipping clean microscope slides in a
solution of Pioloform in chloroform and floating the film off on the
surface of deionised water. Subsequently, the Pioloform films were
picked up on the washer.

3. Formalism

Quantitative interpretation of OA-STIM energy spectra is more intri-
cate than conventional stopper-foil, glancing angle ToF-E ERDA [31,32]
and EBS [32,33] energy spectra. This originates from the transmission
geometry. Moreover, where the projectile and target atoms are the
same (e.g., p–p, 4He – 4He scattering) the cross sections are non-
Rutherford. For brevity and completeness only a brief description is

given here.
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Fig. 3. OA-STIM scattering geometry.

3.1. Off-axis STIM

For the geometry illustrated in Fig. 3, where 𝐾 is the kinematic
factor and 𝜖𝑖𝑛 the stopping cross section along the inward path in a
thin sample is:

𝐸1 = 𝐾𝐸0 −𝑁𝑡
(

𝐾𝜖𝑖𝑛
)

(1)

and,

𝐸2 = 𝐾𝐸0 −𝑁𝑡
( 𝜖𝑜𝑢𝑡
cos 𝜃

)

(2)

Then, the stopping cross section factors [𝜖] are given by,

𝛥𝐸1 = 𝐸1 −𝐾𝐸0 = 𝑁𝑡 [𝜖]1 = −𝑁𝑡
(

𝐾𝜖𝑖𝑛
)

(3)

𝛥𝐸2 = 𝐸1 −𝐾𝐸0 = 𝑁𝑡 [𝜖]2 = −𝑁𝑡
( 𝜖𝑜𝑢𝑡
cos 𝜃

)

. (4)

The subscripts 1 and 2 refer to scattering from the faces of the samples
on which the ion beam respectively egresses and impinges (Fig. 3).
For Bethe-like stopping above the stopping maximum, 𝛥𝐸1 ≤ 𝛥𝐸2,
because 𝐾 and cos 𝜃 are both < 1. The implication is that, unlike the
glancing angle ERDA and EBS cases; (i) the high energy edge in the
OA-STIM energy corresponds to the exit surface of the sample, (ii)
both the front and back surface energies move to lower energies with
increasing sample thickness 𝑁𝑡 and (iii) As 𝑁𝑡 increases the difference
in edge energies 𝛥𝐸1 − 𝛥𝐸2 is a fraction (< 1) of 𝛥𝐸1. Note that (ii)
and (iii) imply that, unlike EBS and ERDA, both the position and shape
of the OA-STIM peak are influenced by sample thickness variations.
Thickness variations in our biological samples therefore confounded the
quantitative analysis of the OA-STIM hydrogen signal. Notwithstanding
this, it was found that the areal density of H could be obtained from
the yield under the H-peak in the OAS signal and the thickness of the
dry tissue film could be measured using Eq. (3) from the energy shift
of the high energy edge of the H signal.

3.2. Major element atomic compositions and thickness

The underlying idea in the measurement of the major element
composition of the dry tissue film was to determine the elemental
contents from the edge heights corresponding to H, C, N and O using
a modified version of the standard EBS formalism [32,33].

It is straightforward to use the standard EBS formalism [32,33] to
determine the relative contents of C, N and O from the surface edge
155
Fig. 4. PIXE X-ray spectrum from tissue region 4 (laminar propria) measured
with 2 MeV protons. Key: green: measured spectrum, red: fitted spectrum, purple:
background.

heights in the backscattered spectrum, even though the differential
cross-sections are non-Rutherford [34–36]. In this way the ratios of
the number of nitrogen and oxygen to carbon atoms 𝑛𝑁∕𝑛𝐶 and 𝑛𝑂∕𝑛𝐶
can be determined. This used the differential scattering cross-sections
from SigmaCalc [37,38] and the molecular stopping cross-sections from
DPASS [39,40] in conjunction with Bragg’s rule.

Similar to the EBS case [33], the H to C atomic ratio was obtained
from,
𝑛𝐻
𝑛𝐶

=
𝑌𝐻𝐸𝑐ℎ [𝜖]𝐻
ℎ𝐶𝛥𝐸1 [𝜖]𝐶 𝛶

, (5)

where, the subscript H denotes parameters pertaining to the OA-STIM
measurement of H and subscript C denotes parameters for backscat-
tering of carbon. 𝑌𝐻 is the area under the OA-STIM H peak. (A small
correction for H yield from the supporting Pioloform film was applied
to 𝑌𝐻 by subtracting the yield from the Airway region (where no
tissue is present) scaled according to the number of pixels in the two
areas.) ℎ𝐶 is the surface edge height of the backscattered carbon signal.
𝐸𝑐ℎ is the energy per channel in the backscattering spectrum. The [𝜖]
terms are the stopping cross-section factors for OA-STIM (e.g. Eq. (3))
and backscattering [33], respectively. The parameter, 𝛶 accounts for
the non-Rutherford scattering cross-sections, for forward scattering of
protons from H and backscattering of protons from C [34,43] as well
as the subtended solid angle ratio for the OA-STIM and backscattering
detectors. Here, 𝜂 was determined according to,

𝛶 =
𝑌𝐻0

𝑌𝐶0

𝑛𝐶0

𝑛𝐻0

. (6)

𝑌𝐻0
was the OA-STIM H yield, 𝑌𝐶0

the backscattered yield for p–C
scattering for a thin standard (∼500 nm Pioloform) with a known H
to C ratio (𝑛𝐻0

∕𝑛𝐶0
) [44]. The standard should be sufficiently thin

that the H and C signals are sharp peaks. This approach, which is
similar to the PESA case, has the advantage that it does not require
a priori knowledge of the scattering cross-sections nor measurement of
the detector solid angle ratio.



Nuclear Inst. and Methods in Physics Research, B 539 (2023) 152–161H.J. Whitlow et al.
Fig. 5. Normalised PIXE images; (a) P, (b) S, (c) Ca and (d) Cl. Key: AW: airway, OE: outer epithelium, IE: inner epithelium, BM: basal membrane, LP: laminar propria. The
histological tissue identification is based on [41,42]. Note: the images have been contrast-normalised to improve visibility. The colour pallet in (b) denotes the contrast normalised
relative X-ray yield.
3.3. Calculation of molarity

The major element composition and film thickness were used as
input data in the analysis of the PIXE spectra using GeoPIXE to obtain
the dry mass ratio 𝑀𝑖∕𝑀𝑚𝑎𝑡𝑟𝑖𝑥, where 𝑀𝑖 is the mass of the element in
question (Ca). The average atomic mass of the matrix is 𝑀𝑚𝑎𝑡𝑟𝑖𝑥. This is
calculated from the major element composition determined by EBS and
OA-STIM, as described above. Combining this with the areal density of
the tissue section (𝑁𝑡) from 𝛥𝐸1 and the thickness 𝑇 of the ex vivo
tissue section gives 𝑥 the number of moles per unit volume.

𝑥 =
(

𝑀𝑖
𝑀𝑚𝑎𝑡𝑟𝑖𝑥

)(

𝑀𝑚𝑎𝑡𝑟𝑖𝑥
𝑇𝐴𝑖

)

. (7)

This can be expressed as a molarity by scaling to a volume of 1 dm3.

4. Results and discussion

A PIXE X-ray spectrum from the region of the tissue section that
corresponded to the laminar propria is shown in Fig. 4. This showed
that X-ray signal from life elements P, S, Cl, K, Ca Cr, Fe, Co, Ni, Cu
and Zn were observed. No disturbing background from other elements
was observed. Fig. 5 shows the P, S, Ca and Cl PIXE elemental maps
from the nasal mucosa section. The other PIXE elemental maps were
156
unremarkable. The different tissue regions have been identified in
Fig. 5(d) based on Refs. [41,42]. Comparison of Fig. 5(a) and (b)
showed that P and S in the epithelial region exhibited two layers. A
150–200 μm thick inner epithelium layer where P is enhanced that is
visible in Fig. 5(a) and a 40–60 μm thick outer epithelium layer with
enhanced S seen in Fig. 5(b). Significant local enhancement of Ca was
observed in circular concentration ‘‘hot-spots’’ of 20–50 μm within the
outer epithelium region. (Lower part of Fig. 5(c).) It was remarkable
that the Ca signal in the ‘‘hot-spots’’ significantly exceeded that of the
surrounding tissues.

4.1. Determination of the Ca molarity

To determine the Ca molarity in the hot-spots and surrounding
tissues, spatial regions of interest were defined based on the PIXE
elemental maps. These regions were used to delineate the different
types of tissue in Fig. 5(d). These regions were (i) the airway, (ii)
outer epithelium with Ca hotspots, (ii) outer epithelium without Ca
hotspots, inner epithelium, (iii) basal membrane (iv) lamina proria and
(v) four Ca hot-spots (Ca HS 1 – Ca HS 4). The total hydrogen yield
map from OA-STIM is shown in Fig. 6(a) with tissue regions shown
in Fig. 6(b). Fig. 7 shows the normalised hydrogen OA-STIM energy
spectra corresponding to the different tissue regions identified in Fig. 6.
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Fig. 6. (a) Total hydrogen grey scale yield map from OA-STIM. (b) Regions correspond-
ing to different tissue types. Key: 0: Airway; 1: outer epithelium, 2: inner epithelium,
3: basal membrane, 4: laminar propria.

As noted above, energy shifts and energy broadening associated with
sample thickness variations within each analysed region confounded
the OA-STIM analysis. Therefore 𝛥𝐸1 was used to determine the section
thickness because comparing Eqs. (3) and (4) showed that this parame-
ter was the least susceptible to roughness and thickness variations. The
total H yield 𝑌𝐻 for each tissue region was taken to be the yield under
the H-peak after subtracting a small correction for the yield from the
Piolofrom supporting film. A similar small correction was applied to the
energy loss 𝛥𝐸1 (Section 3.1). 𝛥𝐸1 was determined from the energy
displacement of the high energy side of the H peaks at 50% height,
(Fig. 7).

The relative C, N and O contents in the tissue section were then
determined from the EBS spectra for each region by fitting the high
energy edges corresponding to the C, N and O surfaces. The result of
such a fit is illustrated in Fig. 8. The factor 𝜂 (Section 3.2) was deter-
mined using the Pioloform in the airway region (See Fig. 5(d)) where
no tissue was present as an internal standard with composition 31.52
at.% C, 57.88 at.% H and 10.60 at.% O. The 2 MeV proton fluence
of 3.8×1014 protons cm−2 was expected to introduce an insignificant
157
Table 1
Dry major element composition and counting statistical uncertainties for the different
tissue regions in Fig. 5.

Tissue H at.% C at.% N at.% O at.% t/(μm)

AW 58.16 32.64 9.20 0.172 ± 0.002
OE 67.77 ± 5.56 18.70 ± 1.95 5.11 ± 1.21 8.42 ± 1.21 5.40 ± 0.11
IE 65.55 ± 2.64 21.06 ± 1.07 5.28 ± 0.64 8.11 ± 0.64 2.83 ± 0.06
BM 64.52 ± 3.42 19.67 ± 1.33 8.40 ± 0.79 7.42 ± 0.79 3.83 ± 0.08
LP 55.22 ±2.93± 29.00 ± 1.97 5.97 ± 0.70 9.82 ± 0.70 2.70 ± 0.05

Mean 63.26 ± 1.66 22.11 ± 0.69 6.19 ± 0.35 8.44 ± 0.35 4.91 ± 0.05

composition change in the internal standard [44]. This was confirmed
in supplementary measurements with 2 MeV protons using the Uppsala
Microprobe Facility [23]. The PEG (polyethylene glycol) and the water
content of OCT compound [29] was assumed to have been lost during
drying and vacuum pumping.

The dry tissue major element compositions and thickness were then
calculated for each tissue region. The major element composition was
used to convert the energy loss into a thickness by iteration. The
usual zero-order assumption for EBS that the ratio of the stopping
cross sections [𝜖]𝑖 ∕ [𝜖]𝑗 ≈ 1 was not applicable when determining the
𝑛𝐻∕𝑛𝐶 using Eq. (5). Instead, the zero-order stopping cross sections for
hydrogen were based on a hydrogen atomic content of 55.93 at.%)
which was calculated for small intestine tissue [6] with 70 mass %
water loss. Table 1 and Fig. 9 present the dry tissue data after the
second iteration. The geometric thickness was calculated assuming a
dry tissue density of 1.361 × 103 kg m−3. (This value corresponded to
rat heart tissue [45]. The densities of ex-vivo human soft-tissues [6] are
within ∼5% that of rat heart tissue suggesting this value of dry tissue
density will be close to that for soft tissues in general.)

The data in Fig. 9 and Table 1 showed that the atomic contents of
H, C, N and O varied from one tissue region to another. The error bars
represent statistical counting uncertainties. The differences in thickness
in Table 1 are likely caused by variations in dehydration properties
associated with the different tissue types present in Fig. 5(d).

The major element and thickness data in Table 1 were subsequently
used as matrix data for each tissue region in GeoPIXE and used to
determine the mass density of Ca in the ex vivo tissue. The Ca hot-spot
regions had a geometric size that was too small (20–50 μm) to produce
statistically reliable matrix compositions. In this case, the matrix was
taken to correspond to a large area of outer epithelium tissue without
Ca hot-spots. Even in the Ca hot spots the Ca concentration was so small
that it did not significantly influence the stopping cross section factors.
Subsequently, for each of the regions, (including the Ca hotspots) the
Ca molarity was determined using Eq. (7). The results are presented in
Fig. 10.

4.2. Measurement uncertainties

The stochastic uncertainties in the major element composition ( Ta-
ble 1) and Ca molarity (Fig. 10) measurements originate from statistical
counting errors in the PIXE, EBS, OA-STIM measurements, 𝛶 (Eq. (6),
Section 3.2), and an estimated ±2 % uncertainty in determining 𝛥𝐸1.
The ratio of the stopping cross section factors also introduces variation
originating from the compositional uncertainty. In the case of the Ca
molarity, an additional source of stochastic uncertainty is variations
in the local thickness of the frozen tissue section. These variations
were taken to be ± 10% of the film thickness. The counting statistical
uncertainties were taken from the fitting codes and the uncertainties in
Table 1 and the error bars in Fig. 10 were ascertained using standard
error propagation formulae.

Systematic uncertainties originate from; (i) stopping cross sections,
(ii) deviations from Bragg’s rule in (i), (iii) uncertainties in the EBS
scattering cross sections (iv) uncertainty in the tissue section thickness
and (v) the dry tissue density. (i) The DPASS stopping cross section
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Fig. 7. Normalised hydrogen OA-STIM energy spectra for the different tissue regions delineated in Fig. 6(b).
Fig. 8. EBS energy spectra from the lamina propria region. The blue and red lines correspond to the raw experimental and fit used to determine the surface edge heights.
predictor values [39,40,46] were used which are presumed to have
negligible departure from the true value. (ii) The stopping cross sections
for biological targets may exhibit small departures from Bragg’s rule
(≲2 %) because their average atomic number is small. The effects of
(i) and (ii) will be small on the composition and molarity since they
enter into the calculations as ratios of stopping cross section factors
(e.g. in Eq. (5)). (iii) The p–C, p–N and p–O backscattering cross
sections from SigmaCalc [37,38] represent an empirical prediction.
Comparison of SigmaCalc cross sections with published experimental
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data suggests the uncertainties are a few % for 2 MeV protons. The
systematic uncertainty in the mean frozen section thickness (iii) is
governed by the cryomicrotome design and precision. For modern
rotary cryomicrotomes the slice thickness accuracy is better than 5%.
The resulting molarity uncertainty is smaller than the stochastic un-
certainties in Fig. 10. (iv) The dry tissue density is an ill-determined
quantity with little published data. Although, for convenience, it was
used in the input data for the PIXE data analysis, the value did not
influence Ca to matrix dry mass ratio nor the areal density and hence
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Fig. 9. Major element composition of dry nasal mucosa tissue. The error bars denote counting statistical uncertainties.
Fig. 10. Ca molarities for ex vivo nasal mucosa for different tissue regions and four Ca hot-spots (Ca HS 1 to Ca HS 4). The uncertainties represent the stochastic statistical
uncertainties combined. (See text.)
did not affect the measured molarity (Eq. (7)). However, the dry tissue
density did contribute a systematic uncertainty to the measured dry
tissue section thickness of Table 1. A further uncertainty originates
from geometric thickness variations in the dry tissue film due to dif-
ferential stresses during lyophilisation that result from differences in
tissue morphology. Regions with enhanced thickness due to localised
curling of the dry tissue would have both an increased thickness and an
unchanged hydrogen atomic fraction (from Eqs. (3),(5) and (7)). While
such an enhancement was observed in the PIXE map for S it was not
observed for P (Fig. 5(a)) and hence thickness variation due to curling
159

could be ruled out.
4.3. Sequestration of Ca

The measurement method is completely blind to the oxidation state
of Ca and measures the total Ca concentration. Bearing in mind that, as
noted in the introduction, under normal homeostasis conditions there
is a dynamic equilibrium between the bound Ca and Ca2+. The total
Ca concentration must then exceed that of Ca2+. Ca2+ is an important
signal substance that is implicated in the release of mucus from goblet
cells [12,18,47], contraction of muscles and cilli, apotosis, functions
in the brain, transport of nerve impulses, as well as inflammation and
activation of the immune system. Normal physiological levels for Ca2+
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under homoeostasis conditions lie in the range 0.3–2 mmol. dm−3 [7–
9,11,48,49]. Soft tissues are not generally specialised in storage of Ca in
mineralisations but will store Ca by binding to proteins. Consequently,
the measured levels of total Ca in the different tissue regions can be
considered unremarkable.

The enhanced Ca in the hot spots seen in the inner epithelium
(Fig. 5) are ∼2–25 times greater than that of the surrounding outer
epithelial tissue (Fig. 10) which is itself elevated ∼2 times above inner
epithelium and other tissues. The total Ca levels, at least for, Ca HS 2,
3 and 4 lie in the range 200–400 mmol dm−3. While the Ca molarity
in the hot spots is clearly elevated, it is far below that of the level
corresponding to the Ca molarity for bone tissue (∼9.7 mol. dm−3,
derived from the ICRU composition data [5] for human cortical bone).
Although the concentration of sequestered Ca in mineralisations need
not be as high as for bone tissue, if it were the result of deposition
of calcium hydroxyapatite, P with Ca would be colocalised in the hot
spots. Reference to Fig. 5 showed this is not the case. Deposition of
airborne calcium bearing particulate matter on the outer epithelium
cannot be entirely excluded but can be considered unlikely. The sub-
ject was kept in a strictly controlled ABSL-2 environment and was
fed standard monkey chow which is enriched in calcium and other
minerals. Nasal ingestion of food would give rise to concentration hot-
spots for the other enriched elements, which was not observed. The
elevated concentration of Ca in the hots spots and outer epithelium
could be associated with a high density of goblet cells. The goblet
cells produce mucus, which is composed of 90–95 mass % water with
mucus glycoproteins as the other major constituent which gives mucus
its visco-elastic character [12]. This composition is believed to be
optimal for removal of particles and debris [47]. Goblet cells contain
granules of highly compressed (100–200 fold) mucins [12] containing
large numbers of Ca2+ ions. (Loss of these ions by out-diffusion when
exposed to the low ∼6 mmol. dm−3 intracellular Ca concentration
leads to a rapid release of expanded mucin molecules by Coulombic
expansion [12].) Such a high degree of volume compression of Ca-
loaded mucins in the granules of goblet cells could account for similar
localised total Ca molarities to that observed in the hot spots as well as
in the outer epithelium.

Like Ca, the PIXE signals for S is enhanced in the outer epithelium
(Fig. 5(b)), whereas P (Fig. 5(a)) is enhanced in both the inner and
outer epithelium. We previously observed a similar differentiation of P
and S in the outer villi of jejunum tissue of a SIV infected macaque [27].
It is notable glycoproteins contain little or no S in their structure.
Hence, the S enhancement seen in the outer epithelium (Fig. 5(b)) is
unlikely to be associated with mucus glycoproteins in the granules of
goblet cells (Fig. 1 of Ref. [12]). On the other hand, in the epithelium
the columnar cells with cilia are rich in structural proteins such as
tubulins and dyneins [3] that might contribute to an enhanced S
content.

5. Conclusions

Simultaneous Off-Axis Scanning Transmission Ion Microscopy (OA-
STIM), Particle Induced X-ray Emission (PIXE) and Elastic Backscat-
tering Spectrometry (EBS) have been employed to determine the Ca
molarity for ex-vivo nasal mucosa tissue from tissue sections. High Ca
concentrations in hot-spots were observed in the outer epithelium with
Ca concentrations that significantly exceeded the levels in surrounding
tissues. The Ca concentrations that were within the normal physiolog-
ical range for Ca. The sequestration of Ca in concentrated hotspots is
unlikely to be of environmental origin and more likely due to either
calcification in the outer epithelial tissue or Ca sequestration by goblet
cells of condensed mucins.
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