Biological Trace Element Research (2021) 199:935-943
https://doi.org/10.1007/s12011-020-02234-4

®

A Simple Method to Determine the Fractions of Labile Sheckicr
and Mineral-Bound Microelements in Bone Tissue by Atomic
Absorption Spectrometry

Sergei Danilchenko ' - Yuri Rogulsky' - Aleksandr Kulik' - Aleksei Kalinkevich' @ - Yana Trofimenko" -
Oksana Kalinkevich' - Vadim Chivanov'

Received: 29 January 2020 / Accepted: 3 June 2020 / Published online: 13 June 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

In this work a simple and inexpensive method to assess the concentration ratio of the labile and mineral-bound microelements of
the bone tissue was developed. The approach is based on the separation of the components of bone tissue by their selective
solubility with the subsequent determination of microelements with atomic absorption spectrometry. The total concentrations of
Mg, Zn, Fe, Sr, Al, Cu, and Mn and the concentrations of these elements in aqueous solutions with pH 6.5, 10, and 12 after their
ultrasonically activated interaction with the powder of dried bone were determined. Two quite different bone samples were
analyzed: a cortical fragment of the femur of a mature healthy cow and the spongy part of a human femoral head affected by
osteoporosis. Some common and individual features of the both type of bones in regard to the total concentrations and fractional
distribution of microelements are discussed. The obtained concentrations of the “soluble” fractions of microelements were
critically analyzed taking into account the possible reactions leading to new insoluble phases’ formation in alkaline solutions.
Based on the data obtained, the ability of elements to form labile fractions in the bone tissue could be arranged in the following
descending series: Mg > Zn > Al > Fe > Mn > Cu > Sr.

Keywords Bone tissue - Microelements - Concentration - Localization - Selective solubility - Apatite - Atomic absorption
spectrometry

Introduction
Recent investigations [1-3] and earlier researches [4—6] show

that the principal mineral phase of the mammals’ bone tissue
is a poorly crystalline carbonate-substituted apatite, which al-
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Bone tissue contains several essential microelements that
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of which in the mineral of the normal bone tissue does not
exceed a few hundredth or thousandth parts of percent. The
main microelements of the bone are iron, zinc, strontium, lead,
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The accumulation of biologically significant ions in the
bone mineral is functionally determined, since, in addition to
its mechanical function, the bone serves as a reservoir of ele-
ments circulating in biological fluids. In addition, a bone may
accumulate (partially inactivating) some undesirable elements
which get into an organism from environment. This is possible
due to the tolerance of the apatite structure to isomorphous
substitutions, and it allows forming satisfactorily functional
mineral component of the skeletal tissues under conditions
of wide fluctuations of environmental factors and diet.

In several works [1, 8], the ultrastructural organization of
bone mineral is described as apatite nanocrystals surrounded
by a relatively labile, but structured, hydrate shell containing
various cations and anions. The bone microelements are not
only incorporated in bioapatite and/or adsorbed on the crys-
tallite surface but also might be localized in organic compo-
nents (mainly type I collagen) as well as in biological fluids
and cellular elements of the tissue. Therefore, it is important to
know not only the total concentrations of macro- and micro-
elements in mineralized tissues but also the distribution of
elements in the different parts of a tissue.

Commonly, the elemental composition of mineralized tis-
sues is investigated by electron probe and proton probe X-ray
spectral analysis (EDX and PIXE, respectively) as well as X-
ray fluorescence (XRF) analysis. These methods allow esti-
mating the content of basic elements and major impurities
with concentration not lower than 0.01 wt%. These tech-
niques, however, have relatively high detection limit.
Atomic absorption spectrometry (AAS) and elemental analy-
sis mass spectrometry including inductively coupled plasma
technique (ICP-MS) have much lower detection limit, but
both these methods cannot give information on the localiza-
tion and distribution of the elements in the samples.

In recent years, new cutting-edge techniques based on X-
ray absorption spectroscopy (XAS) has been developed,
namely, the analysis of X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) [9-14] that provide information on the local envi-
ronment of ions. However, the availability of these techniques
is significantly limited by the restricted access to the sources
of high brightness (synchrotron) X-rays. Another drawback is
that only relative differences between the elements’ contents
could be measured, since still there is no suitable reference
material for the calibration of XAS experiment, which would
have allowed obtaining the absolute concentrations of trace
elements in bone or other mineralized biological tissues [12].

There are XAS data about the distribution of Sr** between
bone apatite, hydrated environment, and collagen [9]. The
evidence of the preferential localization of Pb in the Ca®*
positions of the apatite lattice was obtained using the p-
XANES method [12], as well as the information on the chem-
ical status of Zn>* in bones, cartilage, and pathological calci-
fications [13, 14]. When applied to mineralized tissues, XAS
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methods are often used in combination with X-ray fluores-
cence microanalysis (WXRF), X-ray microdiffraction
(uXRD), and other complementary approaches [13].

Hence, it seems reasonable to supplement the aforesaid
approaches with AAS as an accessible and common technique
for the quantitative determination of microelements in combi-
nation with simple methods for the separation of mineralized
tissue components. In this case, the key stage of the analysis is
the preparation of the material. The purpose of this study was
to develop an approach to determine the fractional distribution
of the labile and mineral-bound microelements in bone tissue
using a chemical separation combined with AAS.

Materials and Methods
Sample Selection and Preparation

In bone samples of various origins and biological functions,
essential differences in the concentration and location of mi-
croelements can be observed [15-18]. In this study, we inves-
tigated two extreme cases. The samples were prepared from
(1) the cortical fragment (mid-diaphysis) of the femur of a
mature healthy cow and (2) the spongy part of a human fem-
oral head (from a patient after hip replacement surgery, male,
age 64) affected by osteoporosis (throughout the work
“healthy cortical bone” and “osteoporosis spongy bone,” re-
spectively). The healthy cortical bone specimen (femur of a
mature cow) was obtained from a local butcher (Lanzhou city,
Gansu Province, China) immediately after slaughter. The an-
imal passed a preslaughter veterinary control, and the bone
has been taken after standard laboratory examination of car-
cass meat after slaughter. The human hip joint affected by
osteoporosis was obtained from the Medical Institute of
Sumy State University (Ukraine), where anatomical analysis,
histomorphology, and medical morphometry of it have been
performed. The research was approved by the Ethics
Committee of the Medical Institute of Sumy State University
(protocol #1/1, April 8, 2019).

Preliminary sample preparation included mechanical
cleaning, drying in air at 120 °C for 4 h with slow cooling in
a muffle furnace to room temperature. The spongy bone be-
fore drying was splintered and then washed with chloroform-
methanol 2:1 mixture to remove lipids. After that, the bone
samples (2-3 g) were carefully ground in a porcelain mortar to
get homogenous fine powder. To determine the total concen-
trations of elements by AAS, 0.015 g of the powder was trans-
ferred to a polypropylene tube, where 0.5 ml of concentrated
(56%) nitric acid was added, and after a sample was complete-
ly dissolved, the sample volume was adjusted to 10 ml. The
completeness of the dissolution of the sample was confirmed
by the absence of the Tyndall effect in the resulting solution.
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Sample preparation for measuring the concentrations of
elements in solutions with different pH values (6.5, 10, and
12) included the following procedures: (1) preparing the solu-
tions with pH 12: NaOH, NH4OH, and dilution of the pre-
pared solutions to pH 10 in separate polyethylene tubes
(10 ml); (2) putting 0.1 g of bone powder into test tubes
(5 x 2 pcs.); (3) filling the tubes with 5 ml of various solutions;
(4) ultrasound treatment of the samples (in the tubes) for
10 min at 22 kHz, ~20 W/cm?; and (5) settling the tubes in
a rack for 15-18 h before measuring the concentrations.

The reagents (nitric acid, alkali, and ammonia solution) of
chemically pure grade were used for sample preparation. All
solutions were prepared using bidistilled water with electrical
conductivity not more than 1 puS/cm. To prevent the interac-
tion of reagents with glass, polypropylene chemical vessels
were used. Calibration solutions were prepared from certified
reference samples.

Devices, Methods, and Analytical Conditions

The AAS with electrothermal atomization (KAS 120.1,
“SELMI,” Ukraine) was employed to determine the con-
tent of microelements in bone samples. The analytical
complex consisted of a single-beam spectrophotometer S-
115M equipped with a deuterium corrector of background
absorption and an A-5 electrothermal atomizer with a
closed tubular graphite furnace (analog of Perkin Elmer
HGA-500). The lamps with a hollow cathode served as line
radiation sources. The furnace temperature was pro-
grammed and controlled by a tungsten-rhenium thermo-
couple. The error of measurement of the furnace surface
temperature during atomization did not exceed 5%. The
samples were dosed with an MD-10 manual sampler (20
+0.4 pl). Spectral measurement conditions (wavelength,
width of the spectral slit, lamp current) were standard
[19]. The temperature program of the furnace was selected
and adjusted for each element individually to achieve the
optimal analysis conditions. For the purity of the experi-
ment and the prevention of possible chemical contamina-
tion, no additional spectral buffers and modifiers were
used.

For each measured element, five repetitions were per-
formed, and the results were averaged with the determination
of the standard deviation. The concentrations were
recalculated to the weight of the dried initial sample. The
averaged data are represented in mg/kg of dry weight.

The structural characteristics of the samples were studied
by X-ray diffraction (XRD) using the diffractometer DRON4-
07 (“Burevestnik,” Russia. The Ni-filtered CuK« radiation
(wavelength 0.154 nm) with a conventional Bragg-Brentano
0-20 geometry was used (20 is the Bragg’s angle). The Ca/P
molar ratios in the bones were determined using XRD phase
analysis of annealed bone tissue [20].

Results and Discussion

Before AAS examination, the bone samples (in the powdered
form) were characterized by XRD (Fig. 1). The XRD patterns
of the initial bones have shown the presence of poorly crystal-
line apatite phase. In the annealed samples (at 1000 °C for 3 h),
the phase analysis has revealed the formation of two phase
system: hydroxyapatite (Ca;o(PO4)s(OH),, JCPDS 9-0432)
and [3-tricalcium phosphate (Ca3(PO,),, JCPDS 9-169), which
indicates the Ca deficiency in the initial bioapatite. The results
of XRD quantitative phase analysis and following evaluation of
Ca/P ratio (according to the procedure described in [20, 21])
have shown that the Ca deficiency is more pronounced in the
osteoporosis spongy bone than in the healthy cortical bone. For
the first one, the Ca/P molar ratio was found to be 1.59 while for
the second 1.63 (compared with 1.67 for stoichiometric hy-
droxyapatite). These results fairly well correlate with the data
available from literature about Ca/P ratio for cortical and tra-
becular (spongy) bones obtained by energy dispersive X-ray
spectroscopy [17, 18, 22].

The bulk analysis of chemical composition of bone sam-
ples shows (Fig. 2) that the AAS technique allows reliable
measurement of both the concentrations of macroelements
(Mg) and microelements, including those present in the bone
tissue at the level of ppm (Cu and Mn). The determined ele-
ment concentrations are well consistent with literature data [1,
7, 16, 17]. The increased concentration of Sr in the cortical
bone of cow compared with the osteoporosis spongy bone
illustrates the high susceptibility of bone tissue to adverse
environmental factors, as the first sample originated from
heavily industrialized region. Also, Fig. 2 shows that the total
concentrations of Fe and Cu are noticeably higher in the oste-
oporosis spongy bone compared with the cortical cow bone.
The total concentrations of Mg, Al, Zn, and Mn are nearly
identical in both analyzed specimens of bone. The work [17]
as well indicates an increased content of Fe and Cu in osteo-
porotic bone compared with control, although the reasons for
this are not clarified. They also note that the concentrations of
Fe and A1 may vary widely from one subject to another. The
relatively high content of Al in the samples we studied may be
the consequence of Al accumulation in bones with age.

The labile fraction of trace elements was determined after
the special preparation procedure. The chemical separation of
bone components is based on the fact that calcium apatites of
any origin are practically insoluble in water and alkaline so-
lutions but soluble in acids [7, 23].

A method of the isolation of the original bioapatite crys-
tals from bone tissue by combination of chemical and ul-
trasonic treatment has been suggested in a series of papers
[24-26]. Using transmission electron microscopy [24, 25]
and atomic force microscopy [26], it has been shown that
ultrasonic treatment can separate bioapatite crystals and
non-apatite components.
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The possibility to determine the preferential localization of
Mg, Na, and K in bone apatite has been studied earlier [27, 28]
by using stage heating (from 560 to 720°C) and
ultrasonication of the samples before AAS measurements.

There is also a work in which chemical removal of organic
material with hydrazine was used to determine the preferential
localization of Na and K in bones [29]. Determination of the
ionic composition of the samples prepared that way was done
by secondary ion mass spectrometry (SIMS). As a result, it
was found that it is the organic part that contains the majority
(predominant part) of sodium and potassium of the bone.

Thus, the elements weakly bound to the mineral phase of
the bone readily dissolve in water if pH is in the range of 7-8.
Increasing pH to 10-12 causes the dissolution of the organic
bone tissue portion. At the other hand, at high pH, undesirable
precipitation of phases not present in the original bone mineral
can take place. This impediment was bypassed by analyzing
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the solutions with different pH values (6.5; 10 and 12). In
addition, the ultrasonication was applied to the powdered sam-
ples during chemical treatment as an improvement of the sam-
ple preparation procedure described in [30]. Figure 3 shows
the concentrations of each of the analyzed elements in total
and in water-soluble and alkali-soluble fractions. The reliabil-
ity of the results can be estimated from the Table 1.

The actual detection limits for each element determined
using blank solutions 3-5 times exceeded the data in
Table 1; nevertheless, it does not influence the conclusive
results.

As it can be seen (Fig. 3a), the fraction of soluble Mg is
about 3% of the total content. In alkaline medium Mg dis-
solved significantly less than in water, probably due to the
formation of Mg(OH),. This complicates the estimation of
the location of labile Mg. There are no principal differences
between osteoporotic spongy bone and healthy cortical bone
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Fig. 2 Total concentrations of elements in the samples of osteoporosis
spongy bone and healthy cortical bone

except that the proportion of water-soluble Mg in the first one
is slightly higher (~2.7%) than in the second one (~2.0%).
The total strontium content in the bone sample examined
(Fig. 3b) lies within the concentration range known from the
literature [7] (an order of magnitude less than magnesium).
However, unlike magnesium, almost all strontium is bound to
the crystalline phase, and only very little is in a water-soluble
state. In the osteoporosis spongy bone, the proportion of water-
soluble Sr is significantly higher than in the cortical bone.
Iron in both bone samples (Fig. 3¢) to a much greater extent
than strontium, but less than magnesium, can be in the mobile
(water-soluble and alkali-soluble) state (approximately 1% of
the total content). In the osteoporotic spongy bone, the con-
centration of total Fe and the fraction of mobile Fe are notice-
ably higher in comparison with the cortical bone. It seems
from the diagrams that for both samples, the mobile Fe is
localized more in organic components of tissue than in water.
In aluminum content (Fig. 3d), there are no fundamental
differences between osteoporotic spongy bone and healthy
cortical bone. The mobile fraction of aluminum is quite ap-
preciable in both samples. In spongy osteoporotic bone, the

portion of water-soluble Al is slightly higher than in the cor-
tical bone (approximately 1.2% vs. 0.7% of the total content).

In zinc content (Fig. 3e), there are no noticeable differences
in osteoporotic spongy bone and healthy cortical bone. In the
solutions with high pH values, the measured concentrations of
zinc are noticeably higher, this may be due to the formation of
insoluble Zn(OH), in low pH and neutral solutions. In the
ammonia solutions with pH 12, zinc hydroxide dissolves:

Zn(OH),| + 6NH,* — [Zn(NH;)e]** + 2H,0 + 4H*. The
obtained results show that a significant portion of Zn is asso-
ciated with mineral component of the bone and indicate the
localization of labile Zn predominantly in alkali-soluble or-
ganic components of the bone tissue.

The concentration of Cu for almost all solutions (Fig. 3f)
exceeds a little the detection limit of the AAS method. In the
spongy osteoporotic bone, compared with cortical, the frac-
tion of soluble Cu is much larger, and the concentration of the
total copper is 2.5 times higher. This is quite similar to the
observed distribution of Fe in the investigated samples.
Generally, the obtained data indicate that the predominant
Cu fraction is localized in the mineral component of the bone
tissue.

There are no significant differences in the content of Mn
(Fig. 3g) in spongy osteoporotic bone and cortical bone. The
concentration of Mn in all solutions barely exceeds the limit of
detection for AAS method. This convincingly indicates that
practically all manganese found in the bone tissue is deposited
in the crystalline phase of both bone samples.

The obtained numerical values do not display the complete
picture of the localization of microelements in bone tissue,
providing, however, information about their relative migration
ability in biological tissue, which can be represented by the
following descending series: Mg >Zn > Al > Fe > Mn > Cu >
Sr. Besides, some common and individual features for the
both type of bones can be pointed.

Common Features Among the analyzed elements, Mg and Zn
show the highest ability to form mobile/labile (non-apatite)
fractions in bone tissue. Non-crystalline Zn is located more
in the alkali-soluble organic components of bone than in the
biological liquids. Al and to the less extent Fe may have the
appreciable mobile fractions in bone tissue. Sr, Cu, and Mn
are practically not detected in solutions, i.e., they all are pre-
dominantly localized in the crystalline phase. The total con-
centrations of Mg, Al, Zn, and Mn are nearly identical in the
both analyzed specimens of bone.

Individual Features The total concentrations of Fe and Cu
are noticeably higher in the osteoporosis spongy bone
comparing with the cortical cow bone, while for Sr the
situation is reverse. In the osteoporosis spongy bone, the
proportion of water-soluble (labile) Sr and Mg is higher
than in the cortical bone.
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Fig. 3 (continued)

We realize that these features cannot represent statistically
significant fractionation of microelements in two kinds of
bone species due to limited number of samples.
Nevertheless, the proposed approach allows comparing the
ratio of labile and mineral-bound microelements in bone tissue
of different samples. In summary, our results show that there is
a potential for the development of inexpensive and simple
approach to study the localization and migration ability of
microelements in bone tissue. Such approach could be

employed to study biological effects of mobile ionic species
in normal and pathological bone.

Table 1 Detection limits of elements for KAS 120.1 according to the
technical specifications of the device

Element Mg Sr Fe Al Zn Cu  Mn

Detection limit, mg/kg 0.001 0.05 0.03 0.08 0.0008 0.005 0.001
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