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In this research, electrochemical methods are used to synthesize the inorganic fraction of 

bone, hydroxyapatite, for application in biological implants and as a calibration material for 

elemental analysis in human bone.   

Optimal conditions of electrochemically deposited uniform apatite coatings on stainless 

steel were investigated.  Apatite is a ceramic with many different phases and compositions that 

have beneficial characteristics for biomedical applications.  Of those phases hydroxyapatite (HA) 

is the most biocompatible and is the primary constituent of the inorganic material in bones.  HA 

coatings on metals and metal alloys have the ability to bridge the growth between human tissues 

and implant interface, where the metal provides the strength and HA provides the needed 

bioactivity.  The calcium apatites were electrochemically deposited using a modified simulated 

body fluid adjusted to pH 4-10, for 1-3 hours at varying temperature of 25-65°C while 

maintaining cathodic potentials of -1.0 to -1.5V.  It was observed that the composition and 

morphology of HA coatings change during deposition by the concentration of counter ions in 

solution, pH, temperature, applied potential, and post-sintering.  The coatings were characterized 

by powder x-ray diffraction, Fourier transform infrared spectroscopy, and scanning electron 

microscopy.  The precipitated powders from the experiment were also characterized, with results 

showing similarities to biological apatite. 

There is a need for quantitative elemental analysis of calcified biological matrices such as 

bone and teeth; however there are no suitable calibration materials commercially available for 



quantitative analysis.  Matrix-matched standards are electrochemically synthesized for LA-ICP-

MS analysis of human bone.  The synthetic bioapatite is produced via a hydrothermal 

electrochemical process using a simulated body fluid solution to form hydroxyapatite.  

Additional bioapatite standards are synthesized containing trace amounts of metals.  The x-ray 

diffraction of the synthesized standards shows an increase in cell volume for the crystal structure 

from 0.534 to 0.542 nm3 with the substitution of metals into the crystal structure.  The analyte 

concentration and recoveries for the synthesized standards and reference materials were 

determined by ICP-MS with % RSD below 6.3% and limits of detection below 1.2 ng/mL for 

trace metals.  The electrochemically synthesized bioapatite was also compared to standard 

reference materials with X-ray diffraction, FTIR, and Raman spectroscopy.  Optimum laser 

ablation parameters were determined for the standards and human bone.  The synthesized 

standards were homogeneous and the reproducibility for the isotope concentrations determined 

by LA-ICP-MS was between 3-10 % compared to 10-35% for SRM 1486 Bone Meal and SRM 

1486 Bone Ash. 

A quantitative method has been developed for 2D mapping using LA-ICP-MS and the 

matrix-matched standards of metal-doped biopaptite to characterize metal concentrations in 

human bone. Laser ablation parameters for the method are refined resulting in concentration 

(ug/g) contour map measurements for each isotope measured in the human bone. Essential and 

non-essential metals, Al, Ca, Cu, Fe, Pb, and Zn are quantitatively mapped using these 

parameters. Limit of detection for the metals in the bone range from 0.001 to 0.08 ug/g. The LA-

ICP-MS analysis method developed proves to be a straightforward and simple method for 

quantitative analysis of human bone. 
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CHAPTER 1  

INTRODUCTION 

1. Introduction 

1.1. Hydroxyapatite 

Hydroxyapatite (HA) is a calcium apatite mineral that can be found throughout nature but 

is primarily known as the inorganic matrix in bone.  The formula for HA is Ca10(PO4)6(OH)2 

with a Ca/P ratio of 1.67.  The mineral has a hexagonal crystal structure, belongs to the P63/m 

space group, and has unit cell dimensions of a = b = 9.432 Å and c = 6.881 Å as determined by 

Posner et al. [1, 2].  A representation of the crystal structure calculated by Hughes et al. is in 

Figure 1.1 [3]. Hydroxyapatite has drawn much interest because of its biological importance in 

bone and teeth.  HA is ideal for biomaterial applications because of the materials excellent 

biocompatibility, bioactivity, and osteoconductivity [4, 5].  Several important chemical, physical, 

and mechanical properties of HA are listed in Table 1.1.  HA is a very thermally stable material 

with a decomposition temperature above 1200 °C.  A major disadvantage of the material is its 

poor mechanical properties; therefore it is unsuitable for load bearing applications.   

Various methods have been used to synthesize HA such as, solid-state reaction [6], 

precipitation [7], hydrothermal [8], sol-gel [9] and electrochemical [10].  For this research an 

electrochemical method was used to synthesize HA powders and HA coated substrates.  

Depending on the application pure stoichiometric HA is not always desired, instead a mixture of 

calcium phosphate phases like, octacalcium phosphate (OCP, Ca8H2(PO4)6·5H2O), tricalcium 

phosphate (TCP, Ca3(PO4)2), brushite (DCPD, CaHPO4·2H2O) and carbonated HA (CHA, Ca10-

x(PO4)6-x(OH)2-x(CO3)x) are needed to improve bioactivity.  In biomaterials these phase mixtures 

are less crystalline and transform to adapt to surrounding tissues by dissolution to form bone 
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[11].  The mixture of phases lowers the decomposition point and calcium deficient HA is 

typically observed with a Ca/P ratio of less than 1.67.  Several analytical characterization 

methods including powder X-ray diffraction (XRD), Fourier transform infrared spectroscopy 

(FTIR), Raman spectroscopy, and scanning electron microscopy (SEM) were used to 

characterize and determine the phase, composition, and surface morphology of the synthesized 

HA.   

Table 1.1: Basic chemical, physical, and mechanical properties of HA [2, 3]. 

Property Description 

Color White 

Density 3.147 g/cm3 

Molecular Weight 1004.64 g/mol 

Hardness 5.0 Mohs 

Decomposition Point 1300°C 

Cleavage Poor 

Acidity Weak base 

Solubility Product 2.34 x 10-59 

Refractive Index 1.632 – 1.646 (visible) 

Specific Heat 0.2 kcal/kg °C 

Relative Dielectric Constant 7.4 

Ca/P ratio 1.67 

Lattice Parameters 
a = b = 9.432Å;  c = 6.881Å 

a/c = 1.371                                                                                                                                                         

Cell Volume 530.14 
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Figure 1.1: Crystal structure of hydroxyapatite A) view from top B) side view.  The diffraction 
data was provided by American Mineralogist Crystal Structure Database then the crystal 
structure was reconstructed in VESTA software [3]. 
 

1.2. Significance of the Study 

The aim of this research addresses 1) the understanding and improvement of 

electrochemically deposited hydroxyapatite (HA) coated substrates for implant use and 2) the 

A 
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development of matrix-matched HA calibration standards to analyze trace metals in bone and 

bone-like materials with laser ablation inductively coupled plasma mass spectrometry (LA-ICP-

MS).  The goal of this research was to synthesize HA in a similar manner as the biological 

deposition of HA in the body by incorporating simulated body fluid salts to the synthetic 

solution.  Electrochemistry and hydrothermal methods were used to accelerate HA deposition 

and powder formation.      

HA is one of few materials to be classified as bioactive, or in other words it has the 

ability to support bone ingrowth [12].  Therefore the most common applications for synthetic HA 

are in biomedical devices and bone fillers.  Synthetic HA is often easier to modify with the 

incorporation of organic materials like, polymers, or small concentrations of essential metal ions 

into the HA to improve bioactive properties for biomaterials like bone cement [13, 14], tissue 

engineering [15], and implant coatings [16, 17].  Of these materials HA coated implants are of 

the most interest and is an area of investigation in this research project.  Previous research found 

a formula for a simulated body fluid that would electrochemically produce HA coatings and 

powder precipitate [18, 19].   

Bones consists of an organic and inorganic matrix, with the organic portion primarily 

composed of collagen fibers and proteins while the inorganic portion is mostly made up of the 

mineral HA.  The primary function of the inorganic matrix is to protect bone cells by storing 

calcium salts dispersed within the organic matrix.  However HA in bone and teeth is amorphous 

and can undergo ion exchange with surrounding species.  This has been observed by the apparent 

changes in the Ca/P ratio from 1.67 for pure HA to a ratio range of 1.3 to 2 in bone; therefore it 

would be more appropriate to refer to HA in bone and teeth as biological apatite, or bioapatite 

[20, 21].  An idea of general chemical compositions of bone and teeth is shown in Table 1.2.   
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Table 1.2: Typical chemical composition, crystallographic, and mechanical properties found in 
bone and teeth, as compared to synthetic HA [25, 26]. 
 
Compostition Hydroxyapatie Bone Enamel Dentin 

Calcium [wt%][b] 39.6 34.8 36.5 35.1 

Phosphorus (as P) [wt%][b] 18.5 15.2 17.7 16.9 

Ca/P (molar ratio)[b] 1.67 1.71 1.63 1.61 

Sodium[wt%][b] - 0.9 0.5 0.6 

Magnesium [wt%][b] - 0.72 0.44 1.23 

Potassium [wt%][b] - 0.03 0.08 0.05 

Carbonate (as CO3
2-)[wt%][b] - 7.4 3.5 5.6 

Fluoride [wt%][b] - 0.03 0.01 0.06 

Chloride [wt%][b] - 0.13 0.30 0.01 

Pyrophosphate (as P2O7
4) [wt%][c] - 0.07 0.022 0.10 

Total inorganic [wt%][c] 100 65 97 70 

Total organic [wt%][c] - 25 1.5 20 

Water [wt%][c] - 10 1.5 10 

a axis [Å][d] 9.432 9.41 9.441 9.421 

c axis [Å][d] 6.881 6.89 6.880 6.887 

Crystalline index (HA = 100) 100 33-37 70-75 33-37 

Typical crystal sizes [nm] 200-600 50 x 25 x 4 100 X 50 X 50 µm 35 x 25 x 4 

Ignition products (800 °C) HA HA + CaO β-TCP +HA β-TCP +HA 

Elasticity modulus (GPa) 10 0.34-13.8 80 15 

Compressive strength (MPa) 100 150 10 100 

[a] Because of the considerable variation found in biological samples, typical values given in these cases 
[b] Ashed samples 
[c] Unashed samples 
[d] Lattice parameter: ± 0.003Å 
 
 

Besides calcium and phosphates, bioapatite (BA) stores and releases several mineral 

species like Na+, Mg2+, K+, CO3
2-, F-, and Cl-.  In order to account for substitutions and 
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vacancies, a general formula has been proposed [22-24],  

Ca10-xMx[(PO4)6-y(X)y][(OH)2-z+n(Y)z], 

where M represents cations like, Na+, K+, Mg2+, and Sr2+, that can exchange with Ca2+ or cause 

vacancies. Y are anionic species like CO3
2-, SO4

3-, VO4
3-, and AsO4

3- that can replace PO4
3- and 

X represents anions, typically halides, that can exchange with OH-, for example F- is a common 

replacement in teeth.  The composition of bioapatite is often dependent on the biochemical 

activity onset by factors such as, mobility, age, diet, and disease.  In order to determine the role 

physiological materials and environmental constraints have on the structure and composition of 

bone, it is important in biological and medical studies to understand structural and chemical 

transformations of bioapatite.   

One of the major problems for elemental mass spectrometry analysis of bone is the lack 

of appropriate calibration materials.  The use of laboratory synthesized standards for biological 

materials are needed for direct solid analysis [27] and Posner concluded that the ion exchange 

and absorption properties of synthetic HA was similar to the HA in bone mineral [22].  Synthetic 

bioapatite was synthesized electrochemically and a series of calibration materials were 

developed by doping increasing concentrations of metals for an external calibration method.  For 

this research study we use analytical techniques; X-ray diffraction, Fourier transform infrared 

spectroscopy, and Raman spectroscopy to observe the calcium apatite phase and crystal structure 

in the synthetic HA and bone, and inductively coupled mass spectrometry (ICP-MS) to 

determine the elemental composition  and concentration of trace metal species in bone.  
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1.3. Analytical Characterization Techniques 

1.3.1. Powder X-ray Diffraction  

Powder X-ray diffraction (XRD) is a rapid analytical technique used to characterize 

crystalline material by determining phase composition, unit cell dimensions, and sample purity.  

An X-ray diffractometer, like most analytical instruments, consists of 3 major components; 1) an 

energy source, 2) sample holder, and 3) a detector, as shown in Figure 1.2.  X-rays are generated 

by a cathode ray tube that uses high voltage to heat a filament that produces electrons, which are 

accelerated toward a metal anode.  The collision of electrons with the metal anode produces ~1% 

x-rays which are guided toward the sample with filters and monochromators.  The incident x-

rays impinge onto the sample to produce constructive interference and scatter x-rays (Figure 1.3) 

to produce a characteristic X-ray diffraction pattern for a sample.  A goniometer with the X-ray 

source on one arm and a detector on the other rotates around the sample at an angle of 2θ, to 

collect a diffraction pattern of counts per second vs. 2θ in degrees.  Bragg’s Law (Equation 1.1) 

is used to relate the wavelength (λ) from the electromagnetic radiation to diffraction angle (θ) 

and lattice spacing (d).  

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃)      (Equation 1.1) 

The wavelength is specific to the type of anode material used and in this case the 

instrument used a copper anode as the radiation source.  The energy used to measure the samples 

was CuKα radiation, where λ = 0.15418 nm.  Therefore when a sample is scanned through a 

range of 2θ angles all possible diffraction peaks should appear (unless preferred orientation 

occurs) which can be converted into d-spacing using Bragg’s Law to identify a material [28].  
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Figure 1.2: Schematic of an X-ray diffractometer. 

 
XRD is a powerful tool mostly applied in areas of geology, material science and 

environmental science.  For this research XRD was used to determine the crystal structure, phase 

composition and crystallite size of synthetic and biological hydroxyapatite.  The crystal structure 

and phase composition were determined by comparing the d-spacing of the major peaks in HA to 

the standard reference patterns, also known as powder diffraction file (PDF), from databases 

provided by the International Centre for Diffraction Data (ICDD) and the Joint Committee on 

Powder Diffraction Standards (JCPDS).   
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Figure 1.3: Diagram of X-ray beams and characteristic X-ray scattering on a sample. 

 
Rietveld refinement was performed to determine the crystallite sizes in the 

electrochemically synthesized calcium apatite samples.  This technique takes an experimental 

XRD diffraction pattern and fits it to a standard reference pattern to separate and define 

overlapping peaks.  A.C. Tas et al. was the first to utilize Rietveld refinement to determine the 

crystallite size of HA powder sinter at 1200 ºC, which was 102 nm [29].  When a material is in 

the nanometer range the diffractions peaks are broad and have low intensity, such is the case for 

biological apatite.  The major peaks in HA are close to each other, within a 5° 2θ range, therefore 

overlapping of the peaks will occur, as is the case in this study.  Rietveld refinement calculates 

the full-width at half maximum (FWHM) for the simulated pattern, to be used in the Scherrer 

equation or a more accurate method, Williamson-Hall analysis to calculate crystallite size.  Note 

it is very important the correct standard pattern is chosen or the refinement will not accurately 

determine FWHM [30].  
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The Scherrer equation (Equation 1.2) was derived as an expression for peak broadening 

due to small crystallite size, where λ is the x-ray wavelength, θ is the Bragg angle, L is the 

crystallite size, B is FWHM in 2θ, and k is the Scherrer constant.  The k constant can vary 

between 0.8 to 1.8, and 0.9 it typically used for spherical crystal shape morphology, however the 

HA synthesized in this research is rectangular or needle-like.  The k constant is difficult to 

calculate but was determined to be 1.4 for rectangular morphology.  The Scherrer method is an 

estimation and not as accurate as Williamson-Hall analysis, which considers instrument 

broadening as a factor.      

𝐿 = 𝑘𝜆
𝐵𝑐𝑜𝑠(𝜃)

                   (Equation 1.2) 

 Williamson-Hall analysis is a derivation of the Scherrer equation, where the instrument 

broadening is determined by a crystalline standard and then subtracted from the crystallite size 

broadening to equal Br.  The intercept (kλ/L) from the plot of Brcos(θ) vs. sin(θ) is used to 

calculate the crystallite size, L, and the slope is lattice strain [28].  These two methods were used 

to calculate and compare crystallite sizes of the synthetic HA to human bone.       

 

1.3.2. Scanning Electron Microscopy 

  Scanning electron microscopy (SEM) is a powerful microscope technique used to 

examine the morphology of a conducting surface.  It uses a high-energy electron beam to scan 

across the surface of a sample to provide an image in the nanometer to micrometer range.  The 

SEM uses an energy range between 0.5 and 50 keV, with magnification range from 30x to 

300,000x.  A schematic of the instrumentation used in SEM is presented in Figure 1.4.  SEM has 

two different types of radiation; 1) primary backscattering electrons and 2) secondary electrons.  

Backscattered electrons, the most common, provide information and a visualization of the 
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composition and topography of a specimen, and the secondary electron radiation show field of 

depth, or surface topography.  The signals provided from both types of radiation are translated 

into images in the CRT to provide information on the morphology, surface topography, and 

composition of the specimen’s surface.  However in order to obtain an image using SEM the 

specimen must be conducting, if not the specimen can be coated with a thin layer of conducting 

material such as, carbon or silver paste or a gold alloy sputtered layer.  Y. Hong et al reviewed 

different morphologies of HA powder and determined that changes in topography, from 

spherical to needles to flower shapes, depended on the route the HA was synthesized [31].  In 

this project SEM is utilized to capture an image of the morphology of electrochemically 

synthesized HA and to observe the surface of bone. 

 
Figure 1.4: Instrumental schematic of a scanning electron microscope. 

 11 



1.3.3. Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a vibrational spectroscopy technique 

that measures the absorption of infrared (IR) energy in organic and inorganic species.  The 

vibrational modes in chemical bonds have measurable frequencies in the IR light region, so IR 

absorption bands can be used to identify a molecular component in a material and also provide 

information on chemical bonding.  The IR region in the electromagnetic spectrum is between 10 

and 14,000 cm-1, but can be divided into the IR regions of far, 10 – 400 cm-1, mid, 400 – 4000 

cm-1, and near, 4000 – 14,000 cm-1, where most of the FTIR experiments carried out in this study 

were in the mid-IR region. 

. 

 
 

Figure 1.5: Instrument diagram of FTIR spectrometer. 
 

In a FTIR spectrometer, IR radiation is directed by use of mirrors and filters through a 

sample then to a detector, where Fourier transform algorithm is used to convert the signal into 

absorption or transmittance spectrum.  A schematic of an FTIR spectrometer is shown in Figure 
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1.5.  A FTIR spectrum is recorded in percent transmittance (Equation 1.3), or absorption 

(Equation 1.4) versus wavenumber.  Transmittance or absorption is determined by the following 

equations, 

 %𝑇 =  𝐼
𝐼0

         (Equation 1.3) 

 𝐴 =  −𝑙𝑜𝑔10(𝑇)      (Equation 1.4) 

where %T is the percent transmittance, I0 is incident light intensity, I is the transmitted light 

intensity, and A is absorbance [32].   

 FTIR spectra are used to identify functional groups and purity in a material.  In this 

research FTIR is used to determine the presence of phosphate (PO4
3-), carbonates (CO3

2-), and 

hydroxyl (OH-) group in the electrochemically synthesize HA and human bone.  M.A. Walters et 

al. found the organic matrix in bone interferes with the IR signal of the HA in the inorganic 

matrix, therefore Raman spectroscopy is needed to complement FTIR spectra in bone analysis 

[33]. 

 

1.3.4. Raman Spectroscopy 

 Raman spectroscopy provides information on vibrational, rotational, and other lower 

frequency molecular transitions.  Raman spectroscopy is complementary to IR spectroscopy, but 

not all molecules that are IR active are also Raman active due to selections rules that dictate 

which vibrational modes can be probed in Raman.  Raman uses inelastic light scattering of 

monochromatic light to measure the change in photon frequency upon interaction with the 

sample.  The Raman effect is known as the up or down shift in frequency compared to the 

original excitation frequency when a photon is reemitted.   
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 Figure 1.6: Instrument diagram of a Raman spectrometer. 
 

A Raman dispersive spectrometer typically consists of four major component; 1) laser 

excitation source, 2) sample illumination system such as a microscope, 3) wavelength selector 

like filters and monochromaters, and 4) PMT or CCD detector.  A Raman spectrophotometer 

schematic is presented in Figure 1.6.  A laser beam source is focused onto a sample using a 

microscope where scattered light is collect with a lens and sent through several interference 

filters and optical gratings to obtain a Raman spectrum of a sample.  A dipole moment (P) of the 

equation,  

  𝑃 =  𝛼𝐸       (Equation 1.5) 

where α is the molecular polarizability and E is the electric field vector, is introduced to a sample 

cause a deformation to the molecular which then begins to vibrate at characteristic frequencies.  
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There are three different type of frequency shifts that are caused by nuclear displacement and the 

oscillating dipole to emit light.  Rayleigh scattering occurs when a non-Raman active molecule 

absorbs light at the same frequency as the excitation source.  Stokes shift occurs when the light 

emitted by a Raman active molecule begins at a basic vibrational state then part of the energy is 

transferred into a Raman active mode where the scattered light is reduced to a lower frequency.  

An Anti-Stokes shift is the opposite of Stokes where an excess of energy is release causing an 

increase in the scattered light frequency.  A major advantage of Raman spectroscopy is the 

sensitivity improvement with an increase in laser technology the wavelength of laser sources are 

getting better and more selective [32].  For this research project, Raman spectroscopy was used 

to measure vibrational modes not seen in IR spectroscopy of carbonates and phosphates in the 

electrochemically synthesized HA and in bone material.      

 

1.3.5. Laser Ablation Inductively Coupled Plasma Mass Spectrometry 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is an atomic 

absorption technique orthogonal to a mass spectrometer. This analytical technique is useful in 

determining the elemental and isotopic concentration of metals, metalloids, and select non-

metals on a solid surface.  A high energy UV laser ablation (LA) system, shown in Figure 1.7, 

ablates a sample’s surface at sizes ranging from 2 microns to 1200 microns.  Nd:YAG lasers are 

the most widely used laser source for LA-ICP-MS.  The ablated material is then swept from the 

sample cell directly into the plasma of the ICP-MS by an inert carrier gas, typically He gas. The 

ablated material is then ionized similarly to any liquid sample aerosol. The ions are extracted 

from the plasma and passed into the mass spectrometer, where they are separated by their atomic 

mass-to-charge ratio by a mass analyzer.  Some advantages of this technique are direct solid 
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sampling, simultaneous multi-element analysis, part per trillion detection limits, and μm spatial 

resolution.  

 
 

Figure 1.7: Diagram of a laser ablation system designed to couple to an ICP-MS. 
 

One major drawback from ICP-MS is spectral interferences from the sample matrix or 

plasma gas, which often limits the capability to obtain accurate elemental analysis. The most 

common type of interferences are associated with argon plasma gas interactions with either 

matrix components or oxygen from the surrounding air.  In this study we observe the 

concentration trends of Al, Ca, Cu, Fe, Ni, Zn, and Pb elements in a cross section of bone using 

LA-ICP-MS.  For this group of elements the mostly likely spectral interferences from the argon 

plasma gas is 40Ar for 40Ca.  The isotope 40 is the highest in abundance for both Ar and Ca 

therefore 43Ca is observed instead.  A cool plasma method can be used to reduce argon based 

spectral interferences by lowering the temperature, but is only affective for a small group of 

elements.   
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However, 43Ca also has an interference from 27Al16O as a consequence of matrix effects 

and the readily formation of oxides, hydroxides, hydrides, and doubly charged species in the 

plasma.  Matrix effects for first row transition metals, like Cu, Fe, and Zn, are a common 

problem in high calcium matrices due to spectral interferences from CaO, CaOH, and POOH 

species.  A collision reaction interface (CRI) is an improvement from the cool plasma technique 

and is more useful in reducing interferences from the matrix and plasma gas [34].  A CRI is a 

cell between the plasma source and mass analyzer that introduces a secondary gas, H2, that 

collides and reacts to enable ion-molecule reactions to convert matrix and spectral interferences 

into non-interfering species.  Hydrogen gas is preferred for laser ablation applications because it 

has low reactivity, light mass, and has shown to maintain sensitivity while reducing interferences 

[35].  The CRI is an advantage to ICP-MS because it has increased the range of materials studied 

using ICP-MS, improved quantitative analysis applications, and is now commonly included with 

ICP-MS instruments.  An ICP-MS schematic is shown below in Figure 1.8.   

A major disadvantage in quantitative methods using LA-ICP-MS for biological studies is 

the lack of matrix-match calibrations studies.  In this project a calibration material was 

electrochemically synthesized to quantitatively determine the concentration of metal isotopes in 

the inorganic bone matrix.  An external calibration method was developed and a quantitative 

mapping technique was used to visualize trace elements in bone. 
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Figure 1.8: Instrumental schematic of a quadrupole inductively couple mass spectrometer. 
 

1.4. Chapter Summaries 

 Chapter 2 examines the electrochemical properties of the simulated body fluid solution 

that is used as the electrolytic solution to electrochemically deposit and synthesize 

hydroxyapatite.  In this chapter we examine electrochemical behavior of the solution by using 

voltammetry to find the best parameters to deposit HA. 

 Chapter 3 involves the electrochemical deposition of hydroxyapatite on a stainless steel 

surface.  The results from chapter 3 are examines by characterizing composition and phase of the 

apatite coated on the substrate using XRD, FTIR and SEM.  Biocorrosion is also considered by 

looking at changing the substrate to other metallic surfaces to determine the resistance of the 

coating in a concentrated salt solution. 

 Chapter 4 uses the powder precipitated from the electrochemical deposition of HA as a 

calibration material for LA-ICP-MS.  In this chapter we compare our synthetic calibration 
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material to the standard reference materials from the National Institute of Standards and 

Technology, NIST Bone Meal 1486 and Bone Ash 1400.  A series of metal doped calibration 

standards were prepared for an external calibration method to determine the trace metal 

concentration in bone.  XRD, FTIR, and Raman spectroscopy were used to confirm the synthetic 

HA was the same has the HA in bone. 

 In chapter 5, the calibration materials are used to quantitatively map trace elements in 

human bone.  LA-ICP-MS was used as the analytical technique to plot 2D images of elemental 

concentrations in a cross-section of bone.  Essential and non-essential trace metals were analyzed 

and the concentration trends matched those found in literature.  This method is important for 

future studies in bone related diseases. 
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CHAPTER 2 

ELECTROCHEMICAL STUDY OF MODIFIED HANK’S SIMULATED BODY FLUID AS 

AN ELECTROLYTIC SOLUTION 

2.1. Introduction 

Hydroxyapatite (HA) deposition from calcium and phosphate salts has been performed 

several times and is a well know mechanism. Deposited HA coatings on materials are popular in 

the implant industry because of their high biocompatibility and similarity to natural bone [1].  

However biological apatites , or bioapatites, not only contain Ca and P but also small amounts of 

other constituents such as, Na+, K+, Mg2+, CO3
2-, Cl-, and F- [2].  Therefore in this research we 

choose to synthesize HA coatings and powders from a synthetic simulated body fluid using a 

hydrothermal electrochemical deposition method.   

Simulated body fluids (SBF) are metastable buffer solutions similar in ion concentration 

to the inorganic constituents in human blood plasma.  Kokubo et al. [3] was the first to deposit 

bone-like apatite on a glass-ceramic surface by soaking it in a SBF solution and letting it grow 

over months.  Since, others common SBF solutions have been used or formulated to synthesize 

biomimetic forms of calcium apatite coatings and powders [3, 7 - 9].  A list of common SBF 

solutions, including the modified Hank’s solution used in this study, and their ion concentrations 

are listed in Table 2.1.   

Electrochemical deposition of HA has many advantages including 1) low cost, 2) simple 

experimental setup, 3) ability to coat complex shaped substrates, and 5) ability to control 

thickness, morphology, and chemical composition.  In order to determine the optimal 

electrochemical deposition parameters, we first perform a series of electrochemical experiments 
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to analyze the electrochemical behavior of the substrate the HA is to be deposited and the SBF 

solution.   

Table 2.1: Most common simulated body fluid solutions and ionic concentrations (mM) found in 
literature. 
 

Ions Human 
Plasma Ringer[4] Earle’s[5] Hank’s[6] Kokubo[3] Tas[7] Bigi[8] Present 

Work 

Na+ 142.0 130.0 143.5 142.1 142.0 142.0 141.5 142.0 

K+ 5.0 4.0 5.37 5.33 5.0 5.0 5.0 5.0 

Ca2+ 2.5 1.4 1.8 1.26 2.5 2.5 2.5 1.9 – 41.9 

Mg2+ 1.5 - 0.8 0.9 1.5 1.5 1.5 1.5 

Cl- 103.0 109.0 123.5 146.8 147.8 125.0 124.5 146.8 

HCO3
- 27 - 26.2 4.2 4.2 27.0 27.0 4.2 

HPO4
2- 1.0 - 1.0 0.78 1.0 1.0 1.0 1.0 – 25.0 

SO4
2- 0.5 - 0.8 0.41 0.5 0.5 0.5 0.5 

Ca/P 
ratio 2.5 - 1.8 1.62 2.5 2.5 2.5 1.9-1.7 

Buffer - - - - TRIS TRIS HEPES - 

pH 7.4 6.5 7.2-7.6 6.7-6.9 7.25-7.4 7.4 7.4 7.4 - 8 

 
 

M. Shirkhazadeh et al., in the early 1990s found the electrochemical deposition of HA 

from an aqueous solution containing a stoichiometric ratio of calcium and dibasic phosphate salts 

occurred by a local pH increase at the electrode surface by the following reactions [10, 11]: 

 2𝐻+  + 2𝑒−  ⇌  𝐻2       (Equation 2.1) 

 2𝐻2𝑂 + 2𝑒−  ⇌  𝐻2  + 2𝑂𝐻−     (Equation 2.2) 

 2𝐻𝑃𝑂42− +  4𝑒−  ⇌ 𝐻2 +  2𝑃𝑂43−     (Equation 2.3) 

 or 
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 𝐻𝑃𝑂42− +  𝑂𝐻−  ⇌ 𝐻2𝑂 +  𝑃𝑂43−     (Equation 2.4) 

The excess OH- ions combine with the Ca2+ and PO4
3- ions in solution to cathodically 

deposit HA and other forms of calcium apatite on the electrode surface by the following 

reactions [10 - 12]:  

 10𝐶𝑎2+ +  6𝑃𝑂43− +  2𝑂𝐻−  ⇌ 𝐶𝑎10(𝑃𝑂4)6(𝑂𝐻)2   (Equation 2.5) 

 3𝐶𝑎2+ +  2𝑃𝑂43− +  𝑛𝐻2𝑂 ⇌ 𝐶𝑎3(𝑃𝑂4)2  ∙ 𝑛𝐻2𝑂   (Equation 2.6) 

 8𝐶𝑎2+ +  6𝐻𝑃𝑂42− +  5𝐻2𝑂 ⇌ 𝐶𝑎8𝐻2(𝑃𝑂4)6  ∙ 5𝐻2𝑂 + 𝐻+ (Equation 2.7) 

 𝐶𝑎2+ +  𝐻𝑃𝑂42− +  2𝐻2𝑂 ⇌ 𝐶𝑎𝐻𝑃𝑂4  +  2𝐻2𝑂   (Equation 2.8) 

Depending on synthetic conditions like, temperature and pH, the result of other 

calcium/phosphate products like, brushite (Equation 2.8), tricalcium phosphate (TCP, Equation 

2.6), and octacalcium phosphate (OCP, Equation 2.7) can all form precipitate along with 

hydroxyapatite (HA, Equation 2.5).  A Ca to P concentration ratio of 1.67 in solution will lead to 

the formation of pure HA.  

In this study we adopted a weak basic modified SBF (modified Hank’s solution) as our 

electrolytic solution.  The electrochemical reaction that occurs between the electrode surface and 

SBF solution to form HA has not been investigated.  In the 1990’s, Ban and Maruno reportedly 

used a SBF similar to human blood plasma as an electrolytic solution to electro-deposit calcium 

phosphates, however their SBF was lacking Mg2+ and CO3
- ions to avoid the formation of 

Mg(OH)2 and CaCO3 [13, 14].  Without the presence of Mg2+, the solution was unable to 

transform OCP into HA during electrodeposition [15, 16].  The CO3
- ions are needed to form 

carbonate hydroxyapatite (CHA, Ca10(PO4)3(CO3)3(OH)2), which is even more bioactive in the 

body than HA.  Our previous studies found the components needed in our electrolytic solution by 

modifying Hank’s Solution [17].  Electrochemical studies were performed on the adopted SBF 
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solution, using surgical stainless steel as the working electrode, to determine optimal parameters 

needed to electrochemically deposit HA on the electrode surface.  The mechanism of HA 

deposition from the SBF solution was also investigated. 

 

2.2. Experimental 

2.2.1. Preparation of Metal Substrate 

Type 316L stainless steel electrodes were cut into 10 x 10 mm squares.  A copper wire 

lead was pasted to one-side of the square with silver conducting paste.  The electrode was then 

mounted in epoxy and allowed to harden over night.  The electrodes were polished with SiC grit 

paper, from 420 to 1000 grain size, and then polished to a mirror finish with 6 to 1µm Alumina 

powder on a soft cloth.  The electrodes were washed thoroughly with deionized water, rinsed, 

ultra-sonicated, degreased with acetone, and air dried. 

 

2.2.2. Preparation of Simulated Body Fluid 

The chemicals used to prepare modified Hank’s simulated body fluid (SBF), NaCl, 

NaHCO3, KCl, K2HPO4, MgCl2·6H2O, CaCl2·2H2O, and NaSO4, were all ACS grade and 

purchased from Alfa Aesar (Ward Hill, MA, USA). 

The SBF was prepared by dissolving the quantities described in Figure 2.1 of the above 

chemicals in 18mΩ Millipore water.  A flow chart in Figure 2.1 describes the process by which 

the electrochemical synthesis of HA occurred.  This particular SBF was prepared in this manner 

to avoid precipitation of CaCO3 and was degassed with N2 gas for 10 – 15 minutes before each 

experiment.  Ohtsuki et al described the preparation steps of SBF as important because it is a 

metastable buffer solution and any inconsistencies in preparation will affect the phase, purity, 
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and stability of the HA synthesized [18].  The pH was adjusted before heating the solution with 

0.1M HCl and 0.1M NaOH.  A series of electrochemical experiments were performed on the 

SBF at a pH range of 4 – 10, a temperature range of 25 – 65 ºC, a Ca2+
 concentration range of 1.9 

to 41.9 mM and dibasic hydrogen phosphate salt, HPO4
2-, concentration range of 1.0 to 25.0 

mM.  

 
 
Figure 2.1: Flow chart of electrochemical synthesis of hydroxyapatite coatings and powders 
from modified Hank’s simulated body fluid. 
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2.2.3. Electrochemical Study 

2.2.3.1. Cyclic Voltammetry 

Cyclic voltammetry is a potential sweep method that measures the current (I) while a 

range of potentials (E) are applied to a system over a varied time in a cyclic manner, resulting in 

a triangular waveform, displayed in Figure 2.2A.  CV is a valuable tool used to show the redox 

behavior of an analyte, and the shape of a cyclic voltammogram can help describe the 

mechanism of a reaction.  A cyclic voltammogram of a classic reversible reaction is shown in 

Figure 2.2B.  The anodic peak potential (Epa) and the cathodic peak potential (Epc) from the 

voltammogram can be used to calculate the formal potential (Eo’) for a reversible reaction using 

the equation below: 

 𝐸𝑜′  =  𝐸𝑝𝑎 +𝐸𝑝𝑐
2

        (Equation 2.9) 

In this study CVs are used as a tool to help determine at what potential hydroxyapatite is 

most likely to deposit on the working electrode surface and help determine the mechanism.  

Electrochemical deposition is a type of electrolysis used to deposit a solid onto a conducting 

surface.  The total charge (coulombs) consumed in a reaction of known chemistry and 

stoichiometry can be used to determine the amount of species electrolyzed at the surface [19].  

For a reversible system, the Randles-Sevcik equation, shown in Equation 2.10, calculates the 

peak current (ip) with the consideration of such variables as, number of electrons transferred (n), 

the electrode area (A), diffusion coefficient (D), scan rate (v), and the bulk concentration of the 

species (C).  It is important to generate an optimal amount of current through a system in order 

for a species to be drawn to the electrode surface and adhere.   

𝑖𝑝  = (2.687 ×  105)𝑛3 2� 𝑣1 2� 𝐷1
2� 𝐴𝐶     (Equation 2.10) 
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Figure 2.2: A) Triangular waveform for a CV cycle and B) an example of a classic cyclic 
voltammogram for a reversible reaction [2]. 

 

CV experiments were performed on a Pine Research Instrumentation WaveNow USB 

Potentiostat/Galvanostat.  A 3-electrode setup, as displayed in Figure 2.3, was used for all CV 

experiments. The working electrode (WE) was the epoxy mounted 316L stainless steel electrode, 

platinum wire was used as the counter electrode (CE) and a saturated calomel reference electrode 

B) 
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(RE, SCE, 0.241V vs. SHE) was the reference electrode.  Scan rate studies were held between 50 

– 250 mV/s, while the pH of the SBF solution was carried out from 4 – 10.  CVs were plotted as 

current vs. potential.   

 
 Figure 2.3: Jacketed electrochemical cell and a 3-electrode electrochemical experiment setup. 
 

2.2.3.2. Rotating Disc Electrode Voltammetry (RDE) 

Rotating disc electrode voltammetry is also a type of potential sweep method that is used 

to introduce convection (or stirring) to the electrochemical cell, and in this case to study the 

effects of stirring during electrochemical deposition.  A mechanical rotator is attached to the 

working electrode by a metal conducting shaft and used to rotate the electrode at a fixed speed 

(rpm), as shown in Figure 2.4A.  It is important the forced convection introduced to the 

experiment is laminar and not turbulent in order to be predicted mathematically, therefore the 

cell apparatus and experimental conditions are designed so the solution flow is homogeneous.  
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Rotating the working electrode consistently drags new material to the surface of the electrode to 

react.      

Typically RDE uses linear sweep voltammetry to measures the change in current over a 

range of applied potentials at different rotation rates.  The purpose behind RDE is to control the 

flux of material introduced to the surface with rotation.  The concept is to increase flux of 

material to the electrode surface by increasing the rotation rate, hence decreasing the distance 

and time the material takes to diffuse from the surface before being removed by convection.  

However the current is limited once the surface reaches equilibrium causing a plateau, also 

known as limiting current (iL) (Figure 2.4B).  The Levich equation (Equation 2.11) follows the 

relationship between the current and rotation rate by plotting the iL vs. the square root of the 

rotation rate (ω) [19]. 

𝑖𝐿  = 0.62𝑛𝐹𝐴𝐶𝐷2
3� 𝑣−1 6� 𝜔1/2        (Equation 2.11) 

The other variables in the Levich are the number of electrons transferred (n), the 

electrode area (A), diffusion coefficient (D), scan rate (v), the bulk concentration of the species 

(C), and Faraday’s constant (F).  The Levich plot will be linear if the reaction is reversible. 

RDE experiments were performed on a Pine Research Instrumentation WaveNow USB 

Potentiostat/Galvanostat coupled to a Pine Modulated Speed Rotator with CE Mark.  A 3-

electrode setup in a jacketed rotating electrode cell, as presented in Figure 2.4A, was used for all 

RDE experiments.  The WE was purchased from Pine Research Instruments (Durham, NC, 

USA) and was a 316L stainless steel electrode mounted in chemically resistant Teflon and 

attached to a metal shaft, also known as E2 Series Fast Speed RDE.  The CE was platinum wire 

and the RE was a SCE placed in a bridge tube.  The temperature was varied from 25 to 65 ºC and 
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the rotation rate was studied between 500 to 2500 rpm.  RDE experiments were plotted as 

current vs. potential. 

 
 
 

 
 
Figure 2.4: A) RDE experiment setup and B) an example of a classic limiting current trend in a 
RDE voltammogram. 

A) 

B) 
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2.2.2.3. Electrochemical Deposition 

Electrochemical deposition of HA coatings were performed cathodically using an EG&G 

Princeton Applied Research (PAR) model 273A potentiostat/galvanostat.  Cathodic polarization 

curves were used to investigate the mechanism of deposition of the electrode surface.  The WE 

was the epoxy mounted 316L stainless steel; the CE was platinum mesh, and the RE was a SCE. 

The setup of the electrochemical cell for all depositions was the same as used for CV 

experiments (Figure 2.2).  Applied voltage was adopted in the range of -1.1 to -1.8 V, pH value 

from 4-10, and deposition temperatures of 25-70°C.  Each deposition occurred within 1-3 hours.  

The precipitate from the suspension was centrifuged, washed, dried, and then supplied for 

characterization.   

 

2.3. Results and Discussion 

2.3.1. Cyclic Voltammetry 

Cyclic voltammetry was used to help determine optimal condition to electrochemically 

deposit HA from an SBF solution onto a stainless steel substrate.  Applied potential and 

electrolytic solution pH were the two parameters this technique was used to optimize.  Also the 

mechanism of which the HA coatings are deposited was investigated with CVs.  A series of scan 

rate studies from 50 to 250 mV/s were performed at room temperature in modified Hank’s SBF 

solution adjusted to pH of 4, 6, 8, and 10 with 0.1M HCl and 01.M NaOH.  The pH of the 

solution is 8 after it is completely dissolved but the pH drops over time and precipitate falls out 

of solution after several day of sitting.  Therefore we predict chemical and electrochemical 

reactions are occurring simultaneously in our system, which can be confirmed by CV scan rate 

studies. 
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All CVs were sweep from open current potential (OCP), about 0 V, to -1.5V then to 1.0V 

and back to OCP.  The anodic and cathodic potential and current peaks found in each CV scan 

are reported in Table 2 and 3.  For pH 4, the cyclic voltammogram in Figure 2.5 has no peaks at 

50 mV/s, but an anodic and cathodic peak is shown as the scan rate increases.  The peak 

potentials have little deviation as the scan rate increase, but the current, which should increase 

with the scan rate, instead decreases from 100 to 150 mV/s than increases from 150 to 250 mV/s.  

The CVs performed at 50 mV/s all show no cathodic peak.  The cyclic voltammograms at pH 6, 

in Figure 2.6, have an increasing anodic peak as the scan rate increases and the anodic potential 

shifts from -0.87 V at 50 mV/s to -0.71 V at 250mV/s.  The cathodic peak is very small 

compared to the anodic and the current increases in the positive direction, from -0.1036 to 

0.0035 mA, with scan rate.  At pH 8, in Figure 2.7 and 2.8, the CVs present two anodic and two 

cathodic peaks (E1 and E2).  For the anodic peaks, the current increases for both with scan rate 

and the potential for E1 remains the same but E2 has a small shift, -0.58 to -0.56 V.  The E1 and 

E2 cathodic potential peaks both shift by about -40 mV and as expected the current increases with 

scan rate for both, but the cathodic E2 generated the most current.  Randles-Sevcik plots of 

current vs. (scan rate)1/2  was performed on the E1 and E2 peaks and the anodic peak currents (ipa) 

and cathodic peak currents (ipc) all show linearity with R2 = 0.98-0.99, displayed in Figure 2.12.  

This indicates at each potential the species being oxidized or reduced is reversible, however 

possibly a chemical reaction in the system is causing the peak potentials to shift.  The CVs for 

pH 10, displayed in Figure 2.9, had an opposite trend to the CVs in pH 4, and only has one 

anodic peak that shifts +20mV while the current goes up and down, due to the present chemical 

reaction caused  the rapid amount of precipitation formed in solution.                               
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Table 2.2: Anodic potential and current peak results from the CV studies performed at scan rates 
of 50, 100, 150, 200, and 250 mV/s for pH 4, 6,8, and 10. 
 

 
50 mV/s 100 mV/s 150 mV/s 200mV/s 250 mV/s 

Epa (V) Ipa (µA) Epa (V) Ipa (µA) Epa (V) Ipa (µA) Epa (V) Ipa (µA) Epa (V) Ipa (µA) 

pH 4 - - -0.7541 0.3545 -0.7785 0.2715 -0.7535 0.2959 -0.7439 0.3191 

pH 6 -0.8787 0.2471 -0.7886 1.081 -0.7434 1.441 -0.7239 1.519 -0.7141 1.639 

pH 8 (E1) -0.6989 39.84 -0.6936 61.82 -0.6834 80.16 -0.6838 96.295 -0.6838 111.0 

pH 8 (E2) -0.5888 30.43 -0.5839 43.28 -0.5784 54.14 -0.5738 63.20 -0.5687 71.62 

pH 10 -0.8637 0.4005 -0.7240 1.003 -0.7036 1.071 -0.6839 0.3677 -0.6885 1.751 

 
 

Table 2.3: Cathodic potential and current peak results from the CV studies performed at scan 
rates of 50, 100, 150, 200, and 250 mV/s for pH 4, 6,8, and 10. 
 

 
50 mV/s 100 mV/s 150 mV/s 200mV/s 250 mV/s 

Epc (V) Ipc (µA) Epc (V) Ipc (µA) Epc (V) Ipc (µA) Epc (V) Ipc (µA) Epc (V) Ipc (µA) 

pH 4 - - -0.4440 -0.0376 -0.4442 -0.0306 -0.4541 -0.0534 -0.4640 -0.0691 

pH 6 - - -0.4291 -0.1036 -0.4293 -0.0534 -0.4291 -0.0039 -0.4293 0.0035 

pH 8 (E1) - - -0.7243 -15.631 -0.7443 -35.24 -0.7544 -54.80 -0.7641 -76.05 

pH 8 (E2) - - -0.3544 -79.40 -0.3795 -113.8 -0.3896 -145.6 -0.3994 -174.7 

 
 

Overall the current produced in the cathodic region had an increasing trend as such, pH 

4< pH 6< pH 10< pH 8, where the maximum current was about -3.5 mA at -1.5 V (Figure 2.10).  

For electrodeposition of hydroxyapatite, the goal is to increase the OH- species in solution to 

cathodically generate basic conditions at the electrode surface.     
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Figure 2.5: Cyclic voltammogram of the SBF solution adjusted to pH 4 and performed at scan  
rates 50, 100, 150, 200, and 250 mV/s. 
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Figure 2.6: Cyclic voltammogram of the SBF solution adjusted to pH 6 and performed at scan 
rates 50, 100, 150, 200, and 250 mV/s. 
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Figure 2.7: Cyclic voltammogram of the SBF solution adjusted to pH 8 and performed at scan  

rates 50, 100, 150, 200, and 250 mV/s. 
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Figure 2.8: Cyclic voltammetry of scan rate study of SBF solution at pH 8. 
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Figure 2.9: Cyclic voltammogram of the SBF solution adjusted to pH 10 and performed at scan  

rates 50, 100, 150, 200, and 250 mV/s. 
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Figure 2.10: Cyclic voltammograms at different pH 4, 6, 8, and10 at a scan rate of 150 mV/s. 
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Also a series of CVs were recorded to study the effect of increasing the concentration of 

calcium and phosphate salts in the SBF (Figure 2.11), where Conc 1 (1.9 mM Ca2+ to 1.0 mM 

HPO4
2-), Conc 2 (6.9 mM Ca2+ to 4.0 mM HPO4

2-), Conc 3 (11.9 mM Ca2+ to 7.0 mM HPO4
2-), 

Conc 4 (21.9 mM Ca2+ to 13.0 mM HPO4
2-), and Conc 5 (41.9 mM Ca2+ to 25.0 mM HPO4

2-).  

As the concentration of the calcium and phosphate salts increased the amount of precipitate also 

increased.  HA nucleation on the electrode surface is shown in the CV for conc 2 and conc 3 with 

crossovers, or an overlapping, at -1.1 V.  At concentrations 1, 4, and 5 there are no crossovers in 

the CVs which indicates mass transport is probably only a secondary factor in electrodeposition 

of HA and process is most likely controlled kinetically by charge transfer [20]. 
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Figure 2.11: Cyclic voltammograms of increasing Ca2+ and HPO4

3- ionic concentration from 
conc 1 to conc 5 all at a scan rate of 150 mV/s. 
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Figure 2.12: Randle-Sevcik plots for the anodic peaks A) Eap1 and B) Eap2 and the cathodic 
peaks C) Ecp1 and D) Ecp2 from the pH 8 CV in Figure 2.8. 
 

2.3.2. Rotating Disc Electrode 

 Rotating disc electrode experiments were used to study the role temperature has on the 

electrochemical deposition of HA, and to our knowledge RDE has never been performed on a 

stainless electrode in an SBF solution.  Modified Hank’s solution at pH 8 was used in all RDE 

experiments and three different temperatures, 25, 45, and 65 ºC, were studied.  The potential was 

sweep from OCP to -1.5 V at a scan rate of 25 mV/s and rotation speeds of 500, 1000, 1500, 

2000, and 2500 rpm.  The RDE results, presented in Figures 2.13 – 2.15, all show the limiting 

current going close to zero.  The Levich plots (Figure 2.16) for each temperature series are 
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relatively flat, which indicates the current is not dependent on the rotation rate and not under 

diffusion control [21].  However the current increases by 1 µA as the temperature increases 

which is also true in the voltammograms, where the current at -1.5 V is increasing, -4.5 mA < -

5.5 mA < -8.5 mA, for 25, 45, and 65 ºC, repectively.  The results are in agreement with cyclic 

voltammetry that deposition is not kinetically controlled by mass transport, and the cathodic 

generation of current increases with temperature.   
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Figure 2.13: RDE voltammogram of rotation rate study for SBF solution of pH 8 at 25 ºC. 
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Figure 2.14: RDE voltammogram of rotation rate study for SBF solution of pH 8 at 45 ºC. 
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Figure 2.15: RDE voltammogram of rotation rate study for SBF solution of pH 8 at 65 ºC. 
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Figure 2.16: Levich plots from RDE voltammograms of SBF solution at pH 8 and 25 – 65 ºC. 
 
 
2.3.3. Electrochemical Deposition Mechanism 

 The cathodic polarization curve is a linear potential sweep method and is a plot of 

potential vs. log of the current.  The current was measured as the potential was sweep from 0 to -

1.5 V.  The curves in Figure 2.17 show at pH 4 and 6 there are 3 regions of cathodic reactions, 4 

for pH 8 and only 2 for pH 10.  At pH 8 and 10 the 1st region (0 to -0.3 V) is the cathodic 

(reduction) reaction of H2O into OH- and H2 and at pH 4 and 6 this occurs at approximately -

0.38V.  The 2nd region (-0.55 to -0.8 V) of pH 4 and 6 is the decomposition of phosphoric acid 

into phosphate ions.  The 2nd region (-0.3 to -0.6 V) in the curve for pH 8 is the formation of H2 

gas and the interaction of iron in the substrate to form more OH-
 and the 3rd region (-0.6 to -0.8 

V) is the decomposition of HPO4
2- into PO4

3-.  The last region (-0.8 to -1.5 V) at each pH is the 
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nucleation of apatite on the electrode surface.  In this reaction there are several chemical and 

electrochemical reactions occurring to form apatite at the surface of the electrodes.   
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Figure 2.17: Cathodic polarization curve of the stainless steel electrode in the SBF solution. 

 

From experiments performed in this study and the other nucleation studies performed by 

others [12, 20, 22 - 24], the following reactions occur electrochemically cathodically; 

First is the hydrothermal and cathodic generation of OH- species at the electrode surface.  

 𝑂2  + 2𝐻2𝑂 + 4𝑒−  ⇌ 4𝑂𝐻−      (Equation 2.12)  

 2𝐻+ +  2𝑒−  ⇌ 𝐻2       (Equation 2.13) 

 2𝐻2𝑂 + 2𝑒−  ⇌  𝐻2 +  2𝑂𝐻−     (Equation 2.14) 

 𝑀𝑥𝑂𝑥 +  𝑋𝐻2𝑂 + 𝑋𝑒−  ⇌ 𝑀(𝑂𝐻)𝑥 +  𝑋𝑂𝐻−   (Equation 2.15) 
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Decomposition of hydrogen phosphate into PO3
4- ions, the occurrence of Equation 2.16 depends 

on the pH of the solution.    

 2𝐻2𝑃𝑂4− +  2𝑒−  ⇌ 2𝐻𝑃𝑂42− +  𝐻2     (Equation 2.16) 

 2𝐻𝑃𝑂42− +  2𝑒−  ⇌ 2𝑃𝑂43− +  𝐻2     (Equation 2.17) 

or 

 𝐻𝑃𝑂42− +  𝑂𝐻−  ⇌ 𝑃𝑂43− +  𝐻2𝑂     (Equation 2.18) 

The PO3
4- and OH- species in solution chemically react with the Ca2+ in solution to form 

anyone of the products in Equations 2.5 – 2.8, which is depending on the Ca/P.  The M in 

Equation 2.15 represents the reduction of metals within the stainless steel electrode to form 

additional hydroxides at the surface.   Electrochemical depositions were performed at all four pH 

values and characterizations of the coatings are described in the Chapter 3.   

 

2.4. Chapter Conclusions 

 In this chapter, electrochemical experiments were performed to find the optimal 

parameters to electrochemically deposit hydroxyapatite.  Cyclic voltammetry and rotating disc 

electrode voltammetry show that the electrochemical deposition of HA is controlled by electron 

transfer and is not diffusion controlled.  Also the results show the modified Hank’s SBF at pH 8 

and an increase in deposition temperature at 65 ºC will generate enough current to cathodically 

deposit HA at potentials of -1.0 to -1.5 V on a stainless steel substrate.  
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CHAPTER 3 

ELECTROCHEMICAL CATHODIC DEPOSITION OF APATITE COATINGS ON 

METALLIC SUBSTRATES 

3.1. Introduction 

There is much interest in improving several aspects of medical devices, especially those 

used in orthopedic applications.  The main goals of this area are to lower processing cost, 

improve bioactivity, and increase material longevity. One area this can be achieved is in 

biocompatible ceramic coated metallic implants [1].  One of the major concerns with current 

implants is after a certain number of years the implant begins to corrode and degrade from metal 

to metal surface interaction causing dangerous toxic levels of metals in the body [2-4].  

Hydroxyapatite, HA is biocompatible, bioactive, the primary constituent of the inorganic matrix 

in bones, and currently used in bone cement [5], tissue engineering [6], and as a coating for bone 

and tooth implants [7].  However, HA itself has very poor mechanical properties, so it is not 

strong enough to bear loads of weight for long periods of time [3].  A solution to this problem is 

to deposit an HA coating onto the surface of the metal implant, such as surgical stainless steel or 

titanium alloy.  HA coatings on metallic substrates bridge the growth between human tissues and 

implant, where the metal provides the load bearing strength and HA provides the much needed 

bioactivity.   

Several methods, such as plasma spraying [8, 9], pulse laser deposition [10], sol-gel [11], 

electrophoretic deposition [7], and electrochemical deposition [12, 13], have been used in the 

fabrication of apatite coated metals.  Plasma spray is currently the most studied and used method 

in industry because of its approval by the Food and Drug Administration, FDA [14].  Some 

disadvantages for plasma spraying include high equipment cost, non-uniform coatings on 
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complex shapes, and high processing temperatures, which can cause pre-mature degradation of 

the HA coating and production of impurities [15].  Electrochemical deposition is the least 

examined method in the literature, therefore in this research the optimal conditions of 

electrochemically depositing uniform apatite coatings on metallic substrates was investigated.   

The electrochemical deposition method provides many advantages including lower production 

costs, uniform coatings on complex shapes, and better overall experimental control [16, 17].  

However, electrochemical deposition has disadvantages as well, such as, the need for high 

sintering temperature during post treatment, which can cause the deterioration of the metal 

substrate, degradation of HA, and cracking of the coating [16].  

 Another major concern with HA coated implants is the need to determine the appropriate 

Ca/P ratio, which determines the apatite phase and morphology needed in order for the implant 

coating to be successful.  The correct composition and morphology is still being debated and not 

yet known completely with the exception being HA is known to be the major phase but some 

insist a percentage of tricalcium phosphate (TCP) aids in improving bioactivity of the coating 

[18-20].  The composition of apatite phases and morphology must be compatible for the tissue to 

adhere and the bone material to grow properly.  If it fails to match, the coating will degrade and 

lose its purpose.  Electrochemical deposition allows for control and manipulation of the Ca/P 

ratio and morphology.  HA has a Ca/P ratio of 1.67 and any ratio greater or less has present other 

phases of apatite such as brushite (CaPO3(OH)2H2O), octacalcium phosphate 

(Ca8H2(PO4)65H2O, OCP), tricalcium phosphate (Ca3(PO4)2, TCP), or others that are not as 

biocompatible.  However if these impurities are in the HA coating their degradation may be 

beneficial by assisting the HA to adhere to the surrounding tissues quicker; therefore, improving 

the implant acceptance rate, increasing the healing time, reducing corrosion occurrence, 
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improving the longevity of the implant and reducing tissue damage and inflammation.  It was 

found that a small amount of impurity, such as tricalcium phosphate, improves the adhesion of 

the implant to the surrounding tissues; however the optimal percent is still being studied and 

debated in the literature [21].  The percent of impurity necessary to improve the application of 

the implant is controllable through electrochemical deposition unlike other methods.  In this 

study we examined the experimental parameters that affect the electrochemical deposition of 

hydroxyapatite and the usefulness of the coating by finding the corrosion potential and corrosion 

current.  

In electrochemical deposition there are several factors or conditions that need to be 

considered, such as, pH, deposition temperature, solution composition, and applied voltage.  

Each of these factors affects the purity, cyrstallinity, stoichiometry, morphology, and the overall 

functionality of the coatings.   Many solutions and parameters have been explored for direct 

electrodeposition: (1) acidic solution (pH< 5) [22, 23], (2) basic solution (pH> 9) [24], (3) 

modified stimulated body fluid (SBF) (pH= 7.2~7.6) [25-27]. 

Table 3.1: Chemical components of the modified Hank’s simulated body fluid and 
electrochemical bath. 
 

Solution 1 Solution 2 

Chemical Amount (g/L) Chemical Amount (g/L) 

NaCl 8.0 K2HPO4 0.17 

KCl 0.22 Na2SO4 0.07 

MgCl2 · 6H2O 0.31 NaHCO3 0.35 

CaCl2 · 2H2O 0.28  
 

 
In this study we use a modified Hank’s solution of pH 8 as our electrolytic solution, as 

discussed in the previous chapter.  In the 1990’s, Ban and Maruno developed a SBF similar to 
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human blood plasma as an electrolytic solution to electrochemically deposit calcium phosphates, 

however their SBF was lacking Mg2+ and CO3
- ions to avoid the formation of Mg(OH)2 and 

CaCO3 [25, 26].  Without the presence of Mg2+, the solution was unable to transform 

octacalcium phosphate into hydroxyapatite during electrodeposition [25].  The CO3
- ions are 

needed to adjust the pH and form carbonate hydroxyapatite (CHA, Ca10(PO4)3(CO3)3(OH)2), 

which is even more biocompatible in the body than pure HA.  Previous research found the 

necessary components needed in our electrolytic solution by modifying Hank’s SBF solution 

[27].  In this chapter, HA coatings were electrochemical deposited onto metallic substrates while 

studying the effect of changes in deposition conditions, such as pH, deposition temperature, and 

substrate.   

Table 3.2: Ion concentrations of simulated body fluid and human plasma. 

Ion Modified Hank’s (mM) Human plasma (mM) 

Na+ 142.2 142.0 

K+ 5.0 5.0 

Mg2+ 1.5 1.5 

Ca2+ 1.9 2.5 

Cl- 146.8 103.0 

HPO4
2- 1.0 1.0 

SO4
2- 0.5 0.5 

HCO3
- 4.2 27.0 

 
 
 

3.2. Experiment 

3.2.1. Electrochemical Deposition  

The electrodeposition of HA coatings were performed cathodically using an EG&G 

Princeton Applied Research (PAR) model 273A potentiostat/galvanostat.  The working 
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electrodes (WE, Stainless Steel (SS), Copper (Cu), and Titanium (Ti)) were first polished to a 

mirror finish before each deposition in order to obtain adhesive uniform films.  The stainless 

steel and copper electrodes (30 x 10mm size samples) were polished with 420 to 800 grit SiC 

paper followed by 1 micron alumina powder to obtain a mirror finish.  The titanium and titanium 

alloy (Ti6Al4V) were polished with 800 grit SiC paper and then 1 micron diamond suspension.  

The electrodes were rinsed thoroughly with deionized water, ultrasonicated for 15 minutes in an 

acetone-water mixture to degrease, rinsed with 18 mΩ Millipore water, and air dried. 

Platinum mesh was used as the counter electrode (CE) and a saturated calomel reference 

electrode (RE, 0.241 V vs SHE) as the reference electrode.  The setup of the electrochemical cell 

for all depositions is shown in Figure 3.1.   

 
 

Figure 3.1: Electrochemical deposition cell apparatus. 
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The electrolytic solution was composed of modified simulated body fluid; also known as a 

modified Hank’s Solution.  The chemical components and weighed amounts are described in 

Table 3.1, while the ionic concentrations are listed in Table 3.2 along with ionic concentrations 

in human plasma as a comparison.  The pH was adjusted with 1 M hydrochloric acid and 1M 

sodium hydroxide.  Applied voltage was adopted in the range of -1.1 to -1.8 V, pH value from 4-

10, and deposition temperatures of 25-70°C.  Each deposition occurred within 1-3 hours.  The 

precipitate from the suspension was centrifuged, washed, dried, and then supplied for 

characterization. 

Table 3.3: Electrochemical Deposition Conditions 

Electrolytic Solution Simulated Body Fluid 

pH 4-10 

Applied Potential -1.3 V 

Deposition Temperature 65-70 °C 

Deposition Time 3 Hours 

 

 
 

3.2.2. Characterization 

3.2.2.1. XRD 

The structure and phase composition of the hydroxyapatite coatings and powder were 

identified by powder x-ray diffraction (XRD, Siemens D500 diffractometer) using Cu Kα 

radiation (wavelength = 0.15405 nm).  The tube source was operated at 35 kV and 24 mA.  The 

XRD scan range was 10-70o 2θ with a 0.05o step size and 1 sec dwell time.   

 

 51 



3.2.2.2. FTIR Spectroscopy 

A Perkin Elmer Spectrum One FT-IR Spectrophotometer (Waltham, MA, USA) with an 

attenuated total reflectance attachment equipped with a Perkin Elmer Universal diamond ATR 

top plate was use to analyze the composition of the coating.  The ATR crystal was cleaned with 

isopropyl alcohol than a background spectrum was collected.  The coatings on each of the 

samples were scrapped off the substrate and the powder was place over the crystal area with the 

pressure arm placed over the sample.  Force was applied to the sample by pushing it into the 

crystal surface.  Each sample was scanned at wavenumber range of 4000 – 450 cm-1. 

 
 
3.2.2.3. SEM 

Scanning electron microscopy (SEM, FEI Quanta 200) was operated at 25 kV under high 

vacuum, spot size of 4.0, and ETD detector for imaging and EDAX detector for element 

determination.   

 

3.2.3. Film Performance and Adhesion 

Linear polarization method and Tafel plots were used to measure corrosion.  After 

deposition of the hydroxyapatite films the coated substrates were transferred to a new cell for 

testing.  Performed in a 4-hole corrosion cell in a 0.1 M NaCl solution and scanned to ±20 mV 

from the open potential current (OCP). 

Corrosion is a natural occurrence that happens when a chemical or electrochemical 

reaction destroys a metallic species.  Corrosion typically consists of a set of redox reactions, 

where the metal is oxidized at anodic sites (Equation 3.1) and hydrogen is reduced at cathodic 

sites (Equation 3.2).   
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𝑀 ⇌ 𝑀2+ + 2𝑒−       (Equation 3.1) 

2𝐻+ + 2𝑒−  ⇌  𝐻2       (Equation 3.2) 

Most corrosion in nature occurs electrochemically, so the most useful technique to study 

corrosion behavior of a metal in a specific environment is via electrochemical methods, like 

linear polarization and Tafel methods [28, 29].  

Linear polarization technique uses a ±20mV potential range to measure the applied 

current density were it is linear to the electrode potential, as shown in Figure 3.2A.  The slope of 

the linear polarization curve is equal to the polarization resistance (Rp = ΔE/Δi) and is controlled 

by the corrosion potential (icorr) if an overvoltage reference point is used as the corrosion 

potential (Ecorr), as displayed in Figure 3.2B.  This technique uses Equation 3.3 to approximate 

corrosion rates or changes in corrosion rates in system where there is little or no knowledge of 

the electrode-kinetic parameters. 

𝑖𝑐𝑜𝑟𝑟 =  0.026
𝑅𝑝

        (Equation 3.3) 

The advantages this technique offers are; instantaneous corrosion rates, rapid rate measurements 

without the corrosion potentials disturbing the system, accurately measures very low corrosion 

rates (important is industries measuring trace impurities and contaminants), and sensitive enough 

to measure corrosion rates of structures that cannot be visually inspected. 
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Figure 3.2: Linear polarization curve used to A) measure polarization resistance and B) applied 
current for corrosion measurements. 
 
 

Tafel method uses the data generated from linear polarization by plotting the potential 

against the log of the current.  A Tafel plot consists of an anodic and cathodic polarization 

curves, as shown in Figure 3.3, and the corrosion rate (Ecorr and icorr) is determined at the 

intersection of the extrapolated curves (dotted lines).  The corrosion potential represents the point 

when the rate of hydrogen evolution equals the rate of metal dissolution in terms of applied 
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current.  The advantages of Tafel plots are similar to linear polarization, rapid accurate 

measurements, a sensitive technique, and a direct correlation of the measured corrosion current 

to corrosion rate. 
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Figure 3.3: Tafel method uses an extrapolation method the plot is used to determine corrosion 
rates. 
 
 
3.3. Results and Discussion 

3.3.1. Electrochemical Deposition 

 The electrochemically depositions of apatite coatings were carried out under various 

conditions using the modified SBF solution as the electrolytic bath.  A 30 x 10 mm metal strip 

was used for each experiment but only 20 x 10 mm of the strip was is solution.  Each coating 

was dually deposited on both sides of the strip with a total deposition area of 400mm2, and also 

each coating was electrochemically deposited until the charge reached 30-35 C.  There are 

several variables in electrochemical deposition and in this study we observed the change in 

applied potential, temperature, and pH of the solution.  As for applied potential, the potential 

needs to be negatively greater than -1.0V in order to cathodically generate enough hydroxides at 
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the electrode surface to form a coating, as discussed in the previous chapter.  Increasing the 

negative potential from -1.1V to -1.8V also increases the current and affects the quality of the 

coating.  At a potential greater than -1.5V the coating is non-adhesive and the substrate begins to 

degrade.  At -1.3V the current density starts at approximately 35 mA/cm2, then once the surface 

is covered by the coating, it drops down to approximately 5 mA/cm2 and under hydrothermal 

conditions, at temperature of 65°C, the electrode surface obtains a charge of 30 C within 2 to 3 

hours.   

Increasing the temperature during deposition from room temperature to 70°C improves 

the adhesion and reduces deposition time.  At room temperature the coating can take up to 48 

hours to form on the substrate as opposed to 3 hours at 70°C.  The temperature can be increased 

further to improve the crystallinity of the apatite but is restricted due to instability of the 

reference electrode at temperatures above 85°C; however post-sintering is still necessary to 

achieve the correct apatite phase.  The adhesion improves because the hydrothermal process is 

also aiding in supplying hydroxide species to the electrode surface to form an HA coating.  pH is 

the most interesting variable because it affects the actual end product of the coating.  The 

composition and morphology of the apatite coating is most influenced by the pH of the 

electrolytic bath and was examined by XRD, FTIR, and SEM.  The composition and phase of the 

coating is important when determining the effectiveness of the coating and when trying to obtain 

a pure HA coating. 

 
 
3.3.2. XRD 

XRD was performed on each sample then each peak was matched to the proper PDF 

indexed from the JCPDS cards in the ICDDs database of standard XRD patterns.  Figures 3.4 
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thru 3.7 show the XRD patterns of “green” electrochemically deposited apatite coatings under 

the conditions described in Table 3.3 at pH 4, 6, 8 and 10, respectively.  “Green” describes the 

coatings as not being through any post treatment, such as sintering.  Coatings produced under  

conditions, Eapp = -1.3V and 65°C were uniform and adherent to the substrate even after several 

rinses with deionized water.  The “green” coatings processed in electrolytic baths of pH 4, 6, 8, 

and 10 all showed similarly sharp peaks for 2-Theta at approximately 18.5, 38.0, 50.8, 58.7, and 

64.8°, XRD peak assignments are listed in Table 3.4.  The peak at approximately 18.5 is a 

mixture of the (001) from Ca(OH)2 and Mg(OH)2, which match the XRD patterns from PDFs 

#04-0733 and #07-239.  The peaks at about 38.0, 50.8, and 58.7 represent the (101), (102), and 

(110), respectively, for Mg(OH)2, while the two most intense peaks at 44.5 and 64.8 are 

associated with the stainless steel substrate.  In Figure 3.4 (pH 4) and 3.7 (pH 10) the Mg(OH)2 

peaks have a higher intensity compared to the films deposited at pH 6 (Figure 3.5) and pH 8 

(Figure 3.6).  In the region from 25-35° in Figures 3.4 and 3.6 an amorphous peak is obvious, 

and weak in Figures 3.5 and 3.7. This region is where most reflections for apatite will appear and 

is examined more closely in Figure 3.8.  At pH 8 and 10 (Figure 3.8C and D) the small peak at 

about 29.3° matches the (041) of brushite (CaPO3(OH)2H2O),  from PDF #09-0077.  The XRD 

results show the initial deposition parameters produced films mainly consisting of Ca(OH)2 and 

Mg(OH)2.  
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Figure 3.4: XRD pattern of green apatite electrochemically deposited on stainless steel 316L at -
1.3V, 65°C, and pH 4. The symbols represent ● - amorphous region, CH – calcium hydroxide, 
MH – magnesium hydroxide, and S the substrate. 
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Figure 3.5:  XRD pattern of green apatite electrochemically deposited on stainless steel 316L at 
-1.3V, 65°C, and pH 6. The symbols represent ● - amorphous region, CH – calcium hydroxide, 
MH – magnesium hydroxide, and S the substrate. 
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Figure 3.6: XRD pattern of green apatite electrochemically deposited on stainless steel 316L at -
1.3V, 65°C, and pH 8. The symbols represent ● - amorphous region, CH – calcium hydroxide, 
MH – magnesium hydroxide, and S the substrate. 
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Figure 3.7: XRD pattern of green apatite electrochemically deposited on stainless steel 316L at -
1.3V, 65°C, and pH 10. The symbols represent ● - amorphous region, CH – calcium hydroxide, 
MH – magnesium hydroxide, and S the substrate. 
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Figure 3.8: XRD pattern from 20-40 2-Theta of green deposits performed at A) pH 4, B) pH 6, 
C) pH 8 and D) pH 10. The symbols represent CH – calcium hydroxide, MH – magnesium 
hydroxide, and B - brushite. 
 
Table 3.4: Peaks Assignments from XRD results for green films 

Peak Assignments pH 4 pH 6 pH 8 pH 10 

Ca(OH)2/Mg(OH)2 (001) 18.5000 18.5017 18.6017 18.5017 

Brushite (041) - - 29.4539 29.4038 

Amorphous Peak 32.8546 - 32.05441 - 

MgOH (101) 37.9559 38.0056 38.05561 38.05561 

Substrate 44.5069 44.5069 44.4569 44.5569 

MgOH(102) 50.7582 50.7582 50.8082 50.7582 

MgOH (110) 58.6597 58.6597 58.7097 58.7097 

Substrate 64.8110 64.8110 64.8110 64.8610 
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After deposition, the films were sintered at 600 °C in air for 1 hour.  Optimal sintering 

conditions were determined in previous research by Yuan and Golden [27].  Figures 3.9 thru 3.12 

are the XRD patterns for the post-sintered coated substrates.  In all of the patterns, the Ca(OH)2 

and Mg(OH)2 peaks disappear. The substrate peaks are still at approximately 44.6 and 64.8°, but 

have small secondary peaks show up about 42.9 and 62.2°.  These two new substrate peaks 

correspond to the oxidation peaks of the substrate and specifically the iron oxide form know as 

magnetite (Fe3O4), which corresponds to PDF #19-0629.  Yu and Kwak noted the spontaneous 

formation of magnetite improves mechanical properties with uniform morphology, high specific 

surface area, narrow particle distribution, and capability to decompose CO2 [30].  The 

amorphous region between 20-40° transformed into crystalline peaks for the post-sintered 

coatings produced at pH 4, 6, and 8, as better displayed in Figure 3.13.  However at pH 10 only 

substrate peaks are present, as shown in Figure 3.12, even though an opaque film was visible on 

the substrate.  Further studies using FTIR spectroscopy were performed in order to determine to 

composition of the coating at pH 10.   
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Figure 3.9: XRD pattern of apatite electrochemically deposited on stainless steel 316L at -1.3V, 
65°C, pH 4, and sintered at 600 °C. The symbols represent * - hydroxyapatite, ■ – tricalcium 
phosphate, and S the substrate. 
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Figure 3.10: XRD pattern of apatite electrochemically deposited on stainless steel 316L at -
1.3V, 65°C, pH 6, and sintered at 600 °C. The symbols represent * - hydroxyapatite, ■ – 
tricalcium phosphate, and S the substrate. 
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Figure 3.11: XRD pattern of apatite electrochemically deposited on stainless steel 316L at -
1.3V, 65°C, pH 8, and sintered at 600 °C. The symbols represent * - hydroxyapatite, ■ – 
tricalcium phosphate, and S the substrate. 
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Figure 3.12: XRD pattern of apatite electrochemically deposited on stainless steel 316L at -
1.3V, 65°C, pH 10, and sintered at 600 °C. The symbols represent * - hydroxyapatite, ■ – 
tricalcium phosphate, and S the substrate. 
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Figure 3.13: XRD pattern from 20-40 2-Theta of post-sintered apatite deposits performed at A) 
pH 4, B) pH 6, C) pH 8 and D) pH 10. The symbols represent * - hydroxyapatite, ■ – tricalcium 
phosphate, and S the substrate. 
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Table 3.5: XRD peaks assignments for films sintered at 600 °C. 

Peak Assignments pH 4 pH 6 pH 8 pH 10 

TCP (110) 17.0514 17.1014 - - 

HA (002) 26.0032 25.9532 25.9531 - 

HA (102) 28.1536 - - - 

HA (102) & (210) - 28.5537 - - 

TCP (300) 29.9539 - - - 

TCP (0 2 10) 31.2542 31.4043 - - 

HA (211) - 31.8044 31.9344 - 

HA (112) - - 32.5045 - 

HA (300) 32.7045 32.9046 32.8546 - 

TCP (220) 34.6549 34.8049 - - 

TCP (2 1 10) 35.5551 - - - 

Substrate  43.0566 43.0566 42.7565 42.9066 

Substrate 44.6069 44.6069 44.6069 44.6069 

HA (004) 53.4086 - - - 

Substrate 62.5105 61.8604 62.3104 62.2104 

Substrate 64.9109 64.9109 64.8109 64.9109 

 
 

The following XRD patterns for HA in the JCPDS database, PDFs #09-0432, #55-0592, 

#01-075-9526, and #01-074-9780, and for TCP, PDF #09-0169, were referenced to identify the 

peaks in the region of 15-40° in each pattern, detailed peak assignments are listed in Table 3.5.  
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The (002) and (300) HA peaks in the XRD pattern for pH 4, 6, and 8 were used to calculate d-

spacing and unit cell dimensions, in order to compare and select the best composition for the HA 

synthesized in this study, results are shown in Table 3.6.  In Figures 3.9, the pH 4 coating shows 

a mixture of HA and TCP, where the TCP peaks are higher in intensity and more peaks are 

present than HA.  As for the pH 6 coating (Figure 3.10) a mixture of HA and TCP is also 

present, but the peaks are equally present and the intensities are similar, which is better observed 

in Figure 3.13B.  The pH 8 coating, shown in Figure 3.11, only consists of HA phase, where the 

broad peaks from 31-34° are the signature (211), (112), and (003) HA peaks and are the most 

intense non-substrate peaks.   

Table 3.6: Crystallographic properties for the HA phase in the apatite coated substrates 

 pH 4  pH 6 pH 8 

JCPDS PDF # 01-074-9780 55-0592  
01-075-9526 

55-0592 
09-0432 

d-spacing (002) (nm) 0.1757 0.1701 0.1701 

d-spacing (300) (nm) 0.1426 0.1418 0.1420 

a (nm) 0.9478 0.9422 0.9435 

c (nm) 0.6848 0.6861 0.6861 

a/c 1.3841 1.3733 1.3752 

Volume (nm3) 0.5378 0.5275 0.5289 

 
 

Other studies of observing the effect of changes in temperature and applied potential 

were performed and it was determined that these two factor only affected the quality of the 

coating and deposition time.  Increasing the temperature and the applied potential reduced the 
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deposition time needed to produce a good coating and as discussed in the previous chapter 

increases the rate of transforming brushite to hydroxyapatite.  However neither of those factors 

affects apatite phases present in the coatings like changes in pH.  The XRD patterns show the 

percentage of other phases like TCP in a HA coating is dependent on the pH of the electrolytic 

plating solution.   

 
 
3.3.3. FTIR 

FTIR spectroscopy was used to observe absorbance bands associated to the molecular 

vibrations of phosphates, carbonates, and hydroxyls in the apatite coatings.  To reduce the 

substrate signal and enhance the coating signal, FTIR spectra were collected by scrapping off the 

coating of the substrate.  Similarly to XRD, FTIR was used to determine the effect of changing 

the pH of the electrolytic bath but analyzing the non-metal components instead within the apatite 

coatings and to confirm the presence of phosphate and hydroxyl groups.  Peak assignments for 

the FTIR vibrational bands in each sample are presented in Table 3.7.   

Figures 3.14–3.17 present the FTIR spectra of the post-sintered coatings 

electrochemically deposited at pH 4, 6, 8, and 10.  The carbonyl and carbonate stretches at 

~1650, 1415-1470, and 860-875 cm-1 are from the carbon char on the surface of stainless steel 

substrate that was scrapped off the electrode along with the powder film.  The broad O-H stretch 

associated with H2O absorption in the range of 3000 - 3600 cm-1 is present in each sample.  The 

strongest IR bands were in the range of 500 - 2000 cm-1, which is the region for the vibrational 

modes of carbonate and phosphate, as shown in Figure 3.18.  For pH 4, 6, and 8, the strongest 

bands in each spectra is between ~1000-1150 cm-1 and ~530-650 cm-1 and is attributed to 

asymmetrical and symmetrical stretching vibrational modes in PO4
3-.  Phosphate as four possible 
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vibrational modes in FTIR analysis and only two were observed at pH 4 and 6; however, all four 

modes were observed at pH 8.  In Figure 3.18D, the spectrum for pH 10, only contains the 

presence of three CO3
2- absorption bands at 1434, 1081, and 860 cm-1 and an O-H bending 

vibration at 684, however no phosphate peaks.  This pattern in the FTIR spectrum is typical of 

hydrated amorphous calcium carbonate and magnesium carbonate [31, 32], which the amorphous 

character is confirmed by the lack of coating peaks in the XRD pattern of the post-sintered pH 10 

coating. The differences in chemical composition and Ca/P ratio between HA and TCP cannot be 

determined from FTIR, but does confirm the presence of hydroxyl and phosphate groups in the 

coatings.  The FTIR results are consistent with the XRD results. 
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Figure 3.14: FTIR spectrum of apatite electrochemically deposited on stainless steel 316L at -
1.3V, 65°C, pH 4, and sintered at 600 °C 
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Figure 3.15: FTIR spectrum of apatite electrochemically deposited on stainless steel 316L at -
1.3V, 65°C, pH 6, and sintered at 600 °C 
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Figure 3.16: FTIR spectrum of apatite electrochemically deposited on stainless steel 316L at -
1.3V, 65°C, pH 8, and sintered at 600 °C 
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Figure 3.17: FTIR spectrum of apatite electrochemically deposited on stainless steel 316L at -
1.3V, 65°C, pH 10, and sintered at 600 °C 
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Figure 3.18: FTIR spectra of post-sintered apatite deposits performed at A) pH 4, B) pH 6, C) 
pH 8 and D) pH 10. 
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Table 3.7: FTIR peak assignments for the film coatings. 

Peak Assignments pH 4 pH 6 pH 8 pH 10 

O-H Stretch 3374 3374 3377 3369 

C=O Stretch (substrate) - 1657 1647 1642 

ν3 CO3
2-  (substrate) 1463 1438 1417 1434 

ν1 CO3
2- (substrate) 1112 - - 1081 

ν3 PO4
3- 1025 1036 1027 - 

ν1 PO4
3- - - 964 - 

ν2 CO3
2-  (substrate) - 868 872 860 

O-H librations - - 686 684 

ν4 PO4
3- 593 

554 565 600 
563 - 

ν2 PO4
3- - - 522 - 

 

3.3.4. SEM 

The SEM micrographs, in Figure 3.19, of the apatite coated substrates show a change in 

morphology as the pH increases.  The pH 4 coating (Figure 3.19A) looks like clouds with no 

distinctive shape and is less dense than the other coatings.  From pH 6 to pH 8 (Figure 3.19B and 

C) the crystals begin to take shape going from rod-like to ribbon-like and begins to look similar 

to porous bone.  Hydroxyapatite has several different morphologies, depending on the synthetic 

route, therefore this method and simulated body fluid formula produces ribbon-like crystals with 

crystallite size in the nanometer range.  The SEM picture of the coating at pH 10 (Figure 3.19D) 

is like a dense layer of pressed powder and at lower magnification is nanometer sized spherical 
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particles, which is in agreement with amorphous magnesium stabilized calcium carbonate [33].  

The SEM results agree with the XRD and FTIR analyses.   

 

 
 

 

A 
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Figure 3.19: SEM micrograph of apatite coated stainless steel 316L electrochemically deposited 
in electrolytic solution of A) pH 4, B) pH 6, C) pH 8, and D) pH 10 at temperature of 65ºC and 
Eapp of -1.3 V. 
 
 
 
3.3.5. Film Performance and Adhesion 

Linear polarization and Tafel plots were used to measure the effectiveness of the coated 

substrate towards corrosion and compared to the bare substrates. Corrosion measurements for 

bioimplants is often overlooked with most studies focused on mechanical and tribological 

D 

C 
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properties, but are important due to the high concentrations of free salts available in the body.  

Corrosion of an implant is attributed to changes in physiological pH, often imposed by 

imbalances in the biological system, and causing an acceleration of wear [34].     

Hydroxyapatite was electrochemically deposited on three different substrates, stainless 

steel (SS), copper (Cu), and titanium (Ti), and XRD was used to confirm the presence of purely 

HA in the coatings.  Stainless steel and titanium are the most often selected materials used in 

orthopedic applications because of their inertness in biological conditions; however copper is one 

of the most susceptible metals in corrosion due to its susceptibility to oxidize to copper oxides 

but HA coated Cu is known to have high antimicrobial activity [35].  Corrosion potentials (Ecorr) 

and currents (Icorr) of the uncoated substrates and the HA coated substrates are displayed in Table 

3.8.  The goal is to improve upon the substrates corrosion resistance by negatively increasing 

Ecorr and reducing Icorr values.  

The linear polarization and Tafel plots for uncoated SS and HA coated SS is presented in 

Figure 3.20.  In Figure 3.20A the linear polarization results show the HA coating significantly 

improves cathodic resistance of the SS because the open circuit potential (OCP) shifts from 

0.05V to -0.23V and the current range increases from 0.225 µA to 0.70 µA.  The Tafel plots in 

Figure 3.20B agree, where the Ecorr and Icorr improved and the corrosion resistance (Ecorr/Icorr) 

doubled in the negative direction for the HA coated SS.  The HA coated Cu (Figure 3.21) had a 

similar trend to SS, but the OCP only shifted negatively by 0.02V.  Linear polarization (Figure 

3.21A) show the uncoated Cu has a steeper slope compared to the coated, hence an increased 

current range from 6.56µA for the uncoated Cu to 31.83 µA for the HA coated Cu.  The Tafel 

plot for HA coated Cu (Figure 3.21B) exhibits a small change in Ecorr by 20mV, but the Icorr 

improved from 10-6 to 10-7 therefore improving corrosion resistance by a factor of 4.  The linear 
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polarization and Tafel plots for HA coated Ti (Figure 3.22) show an opposite trend to SS and Cu.  

The linear polarization curves (Figure 3.22A) show the OCP increased by 80mV, however the 

current range still showed an improvement from the uncoated Ti.  As for the Tafel plots (Figure 

3.22B), Ecorr increased to more positive, Icorr increased by a factor of 4.5, and the corrosion 

resistance was poorer by 10 fold for the HA coated Ti compared to the uncoated Ti.   

Table 3.8: Corrosion potentials and currents calculated from the linear polarization and Tafel 
plots. 

Substrate Open Circuit 
Potential (OCP) (V) Ecorr (V) Icorr (mA) Corrosion 

Resistance (E/I) 

SS 0.05 0.039 3.0 x 10-8 1.3 x 106 

HA coated SS -0.23 -0.228 8.6 x 10-8 -2.65 x 106 

Ti -0.21 -0.222 1.8 x 10-8 -1.23 x 107 

HA coated Ti -0.13 -0.145 8.2 x 10-8 -1.77 x 106 

Cu -0.13 -0.136 2.6 x 10-6 -5.23 x 104 

HA coated Cu -0.15 -0.150 7.4 x 10-7 -2.03 x 105 

 
 

Overall apatite coatings increased anticorrosion for only SS and Cu metals with the 

coating on SS showing the most effectiveness.  This could be because HA has better adhesion 

and readily deposits to the SS because of the various metallic components that make up SS, 

compared to Ti.  Ti generally requires more pretreatment and adhesion is one of the biggest 

challenges in depositing HA onto Ti.  Increasing the resistivity and current range is important to 

improving the materials corrosion resistance towards crevice and pitting corrosion. 
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Figure 3.20: A) Linear polarization and B) Tafel plots of the uncoated and hydroxyapatite 
coated stainless steel 316L (SS) were used to measure the resistivity (V/mA) and corrosion 
potentials and currents. 
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Figure 3.21: A) Linear polarization and B) Tafel plots of the uncoated and hydroxyapatite 
coated copper metal (Cu) were used to measure the resistivity (V/mA) and corrosion potentials 
and currents. 
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Figure 3.22: A) Linear polarization and B) Tafel plots of the uncoated and hydroxyapatite 
coated titanium metal (Ti) were used to measure the resistivity (V/mA) and corrosion potentials 
and currents. 
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3.4. Chapter Conclusions 

In this study we found changing the deposition temperature and applied potential affects 

the speed at which the deposition occurs, for example a deposit at room temperature and -1.3 V 

takes days in order to obtain a deposit of 1 mm thickness as opposed to 3 hours at 65ºC and -

1.3V.  Also X-ray diffraction patterns of depositions at higher temperatures, show sharper 

crystalline peaks compared to room temperature deposits, the peaks are more amorphous.  

Increased applied potentials improve adhesion and coating uniformity, but if increased too much 

the coating deposits unevenly and flake off.  One of the most important parameters in this study 

was found to be pH, because it affects the morphology and Ca/P ratio of the apatite, in other 

word it controls the biocompatibility of the apatite coating.  Therefore by increasing the 

deposition temperature, applied potential and the pH of the electrolytic solution, we are able to 

obtain a good uniform adhesive coating with a high % of hydroxyapatite and minimum 

impurities.  With the corrosion studies, we were able to show surgical stainless steel benefits the 

most from the hydroxyapatite coating by improving the metals corrosion potential by 500% 

compared to titanium and copper.  
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CHAPTER 4 

ELECTROCHEMICAL SYNTHESIS OF MATRIX-MATCHING CALIBRATION 

MATERIALS FOR HUMAN BONE AND TRACE METAL ANALYSIS 

4.1. Introduction 

Bones consists of organic and inorganic matrix, with the organic portion primarily 

composed of collagen fibers and proteins while the inorganic portion is mostly made up of the 

mineral hydroxyapatite.  The primary function of the inorganic matrix is to protect bone cells by 

storing calcium salts dispersed within the organic matrix.  Hydroxyapatite (HA) has the formula, 

Ca10(PO4)6(OH)2, however HA in bone and teeth is amorphous and can undergo ion exchange 

with surrounding species.   This has been observed by the apparent changes in the Ca/P ratio 

from 1.67 for pure HA to a range of 1.3 to 2 in bone; therefore it is appropriate to refer to HA in 

bone and teeth as biological apatite, or bioapatite [1, 2].  Besides calcium and phosphates, 

bioapatite (BA) stores and releases several mineral species like Na+, Mg2+, K+, CO3
2-, F-, and Cl-.  

In order to account for substitutions and vacancies, a general formula has been proposed [3-5], 

Ca10-xMx[(PO4)6-y(X)y][(OH)2-z+n(Y)z] or (Ca, M)10(PO4, X)6(OH, Y)2, where M represents 

cations like, Na+, K+, Mg2+, and Sr2+, that can exchange with Ca2+ or cause vacancies, Y 

represents anionic species like CO3
2-, SO4

3-, VO4
3-, and AsO4

3- that can replace PO4
3-, and X 

represents anions, typically halides, that can exchange with OH-.  The composition of bioapatite 

is often dependent on the biochemical activity affected by factors such as, mobility, age, diet, 

and disease.  In order to determine the role physiological and environmental conditions have on 

the composition of bone, it is important in biological and medical studies to understand structural 

and chemical transformations of bioapatite.  Sensitive analytical techniques are needed to study 
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the composition change of BA caused by substitution of cations, anions, and trace metals into the 

crystal structure. 

Recent advances in applications for laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) have made this a preferred technique for trace metal analysis due to 

its high sensitivity, micron-size spatial resolution, and direct solid sampling abilities.  LA-ICP-

MS has drawn much attention from biological and environmental communities because of its 

capability to determine multiple elements and their isotopes in a material simultaneously with 

little to no sample preparation [6].  One major drawback of LA-ICP-MS is spectral interferences 

and matrix effects that originate at the laser ablation phenomena of elemental fractionation.  

Optimum instrument parameters for a specific matrix can be used to reduce most spectral 

interferences by introducing uniform particle size distributions to the ICP [7].  Kroslakova el at., 

who studied mass load induced matrix effects with LA-ICP-MS, concluded the best solution to 

avoid matrix effects in high Ca matrices, like bone, is to use a matrix-matched standard that 

ablates similarly to the sample [8].  For accurate quantitative analysis it is important to use the 

same laser ablation conditions for standard and sample, as well to have a matrix-matched 

calibration material that is homogeneous and contains a known concentration of the analyte of 

interest.   

 Currently the National Institute of Standards and Technology (NIST) offers two animal-

based standard reference materials (SRM) for bone, Bone Ash 1400 and Bone Meal 1486, that 

are both ground animal byproducts.  One major problem with the SRMs is they are only certified 

for elements Ca, P, Fe, Mg, K, Zn, Sr, and Pb, although the certificate of analysis does list some 

non-certified elements, but as observed in an inter-lab study by T.A. Hinner el at. there are more 

elements of interest and isotopes in the SRMs than described by the certificate [9].  NIST Bone 
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Ash 1400 is less often utilized as a calibration material for bone and teeth analysis because 

analytes of interest are typically several orders of magnitude lower in concentration than actual 

bone samples, due to the dry ash processing at 1100°C [10].  Bone Meal 1486 is boiled and 

contains a higher organic content [11].  It is a suitable matrix for some studies involving modern 

bone however it is heterogeneous and is not suitable for direct solid sampling with LA-ICP-MS.  

In many cases the SRMs available for a specific biological systems are not applicable to the 

analytical technique in use, therefore it is common in atomic spectrometry for researchers to 

produce their own calibration material suitable to the investigation [12].  Several different 

calibration strategies for bone tissue analysis have been employed to reduce matrix effects and 

spectral interferences, for example, a non-matrix matched calibration method using NIST glass 

as the SRM [13], a one-point calibration method with NIST Bone Meal 1486 and Bone Ash 1400 

[14], and multi-level and multi-element calibration method with synthetic HA spiked with 

elements of interest [15-17].  A major concern with spiking HA is the metals will simply absorb 

to the surface of the powder and not incorporate into the HA crystal structure, similarly to 

bioapatite.  Thus far the development of a multi-level series of co-precipitated synthetically 

doped HA by Ugarte el at. has offered the most improved analytical performance with a %RSD 

below 15% for most metals.  Also that study demonstrated that a matrix-matched calibration 

method offered more accurate and precise results than a nonmatrix-matched calibration method 

[17].   

In this study a hydrothermal electrochemical synthetic method is used to induce the 

synthesis of bioapatite from simulated body fluid to produce an appropriate standard for bone 

analysis.  The main inorganic phase in skeletal remains is HA, however it is important to 

recognize there are other naturally occurring inorganic constitutes that contribute to the crystal 

 83 



structure of the bone mineral and these should be accounted for as much as possible in order to 

develop a better calibration material for spectroscopic studies.  This standard can be used for a 

multi-level and multi-elemental calibration procedure for use in human bone analysis and thus 

improve the homogeneity of the matrix [18] and metal incorporation into the crystal structure.  

The simulated body fluid deposition solution was doped with two different levels of metal 

concentrations, similarly to the process described by Webster et al., but using an electrochemical 

synthetic route instead [19].  The electrochemically synthesized bioapatite (ECS BA) and doped 

BA as well as the SRMs, NIST Bone Ash 1400 and Bone Meal 1486, are compared to an adult 

human bone using FTIR, Raman, XRD, and LA-ICP-MS techniques. The calibration procedure 

is important in order to use LA-ICP-MS in future studies to accurately determine the spatial 

distribution of trace elements in bone. 

 

4.2. Experimental 

4.2.1. Materials  

All chemicals and reagents used to synthesize BA were purchased from Fisher Scientific 

(Pittsburg, PA, USA).  Standard reference materials (SRMs), Bone Ash 1400 and Bone Meal 

1486 were purchased from the National Institute of Standards and Technology (Gaithersburg, 

MD, USA).  Human bone samples were provided by the Department of Forensic and 

Investigative Genetics at the University of North Texas Health Science Center at Fort Worth, 

Texas (UNTHSC). These samples were taken from a femur midshaft, harvested from an 

unembalmed cadaver who was donated to the Willed Body Program at UNTHSC [20]. Bone 

samples were prepared using the recommended best-practices of the Scientific Working Group 

 84 



on Forensic Anthropology and the DNA Commission of the International Society for Forensic 

Genetics (SWGANTH) [21, 22]. 

 

4.2.2. Electrochemical Synthesis of BA 

The electrochemical synthesis of BA was performed cathodically using an EG&G PAR 

Model 273A potentiostat/galvanostat.  The working electrode (WE, Stainless Steel Type 316L 

(SS) was polished to a mirror finish, rinsed and ultrasonicated before each experiment.  Platinum 

mesh was used as the counter electrode (CE) and a saturated calomel reference electrode (RE, 

0.241 V vs SHE) as the reference electrode.  The electrolytic solution was a simulated body fluid 

(SBF) similar to the solution used for electrochemical deposition of HA films by Yuan and 

Golden [23].  HA was synthesized by first preparing two separate solutions, compositions listed 

in Table 4.1.  Solution 1 consisted of NaCl, KCl, MgCl2 • 6H2O, CaCl2 • 2H2O, and Ca(NO3)2 • 

4H2O all dissolved in 500 mL of 18mΩ Millipore water.  Solution 2 was NaHCO3, K2HPO4, 

Na2SO4, and (NH4)2HPO4 dissolved in 500 mL of 18mΩ Millipore water.  The SBF solution was 

formulated similarly to the salt solution in human plasma, comparison in Table 4.2.  The pH of 

each solution was adjusted to a pH of 8 with 1 M hydrochloric acid and sodium hydroxide as 

needed.  The temperature of Solution 1 was brought up to 65°C using a jacketed electrochemical 

cell and then Solution 2 was slowly added to Solution 1.  The electrodes were placed into the 

solution and a potential of -1.3V was applied to the system while the temperature was keep at 

65°C with solution stirring.  Each synthesis was completed in 3 hours.  The precipitate was 

centrifuged and washed with Millipore water twice before the powder was collected and sintered 

at 400 °C for an hour in air atmosphere.  The powder collected, to be referred as 
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electrochemically-synthesized bioapatite (ECS BA), was ground in a mortar and pestle to ensure 

homogeneity.   

Table 4.1: Chemical composition of simulated body fluid. 

Solution 1 Solution 2 

Chemical Amount (g/L) Chemical Amount (g/L) 

NaCl 8.0 K2HPO4 0.17 

KCl 0.22 (NH4)2HPO4 1.58 

MgCl2 · 6H2O 0.31 Na2SO4 0.07 

CaCl2 · 2H2O 0.28 NaHCO3 0.35 

Ca(NO3)2 · 4H2O 4.72   
 
 
Table 4.2: Ion concentrations of simulated body fluid and human plasma. 

Ion Modified Hank’s 
(mM) 

Human plasma 
(mM) 

Na+ 142.2 142.0 

K+ 5.0 5.0 

Mg2+ 1.5 1.5 

Ca2+ 21.9 2.5 

NH4
+ 24.0 - 

Cl- 146.8 103.0 

HPO4
2- 13.0 1.0 

NO3
- 40.0 - 

SO4
2- 0.5 0.5 

HCO3
- 4.2 27.0 

 
 

Two levels of doped ECS BA were also synthesized using trace amounts of metals.  An 

ICP-MS multi-element standard purchased from High Purity Standards (Charleston, SC, USA) 

was used as the dopant.  For the first level dopant, 0.1% of 100 μg/mL ICP-MS-68B-A solution 
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A, which contains 48 elements stored in 4% nitric acid, was added to the electrolytic solution 

after Solution 1 and 2 were thoroughly mixed then the potential was applied to the solution.  The 

precipitate was centrifuged, washed, collected, and sintered at 400 °C for an hour.  The final 

product was electrochemically synthesized 0.1% metal doped BA (referred to as ECS BA M1).  

The second level was doped with 1% of 100 μg/mL ICP-MS-68B-A solution A and the same 

procedure as described above was used to produce a electrochemically synthesized 1% metal 

doped BA (ECS BA M2).  A third level was doped with 10% of 100 μg/mL ICP-MS-68B-A 

solution A and the same procedure as described above was used to produce a electrochemically 

synthesized 10% metal doped BA (ECS BA M3).  All of the ECS BA’s crystal structures were 

confirmed using XRD.    

 
 
4.2.3. Solution ICP-MS Analysis of Calibration Materials 

Elemental analysis of the calibration materials was performed in solution mode ICP-MS 

to determine the concentration of analytes, listed in Table 4.3, for the NIST Bone Ash 1400, 

NIST Bone Meal 1486, ECS BA, and doped ECS BAs.  UNTHSC also provided 6 unknown 

human bone samples that were pulverized into a fine powder and examined for metal 

concentration ranges.  The 6 unknown human bone samples were only used to compare the 

concentration ranges to the calibration materials, the cadaver bone was only used for the 

spectroscopy and LA-ICP-MS studies.  

The isotopes chosen for each element have the least matrix and spectral interferences.  

For example, 40Ca is the most abundant isotope for calcium but has interferences from the 

plasma gas 40Ar+ that prevents an accurate measurement of 40Ca, therefore 43Ca and 44Ca 

isotopes were chosen and sufficiently abundant to be measured with high precision.  ICP-MS 
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measurements were performed on a Bruker aurora M90 ICP-MS System with Autosampler 

(Bremen, Germany).  For sample digestion a simple acid digestion was used.  Approximately 

100 mg of each sample was weighted out into a polypropylene test tube, dissolved to a clear 

solution with the addition of 2 mL of ultra-pure concentrated HNO3, and diluted with 100g of 

1% HNO3.  The unknown human bone samples were examined using the same method as the 

calibration materials, but the tubes were placed in a 100 °C water bath for 1 hour to ensure 

complete digestion of the organic matrices.  For major and trace metal analysis, dilution factors 

vary between 20 and 100.  All samples were measured in triplicates for statistical analysis.  

 
Table 4.3: Laser ablation and ICP-MS parameters. 

Laser Ablation ICP-MS 

Laser ESI NWR-213 ICP-MS Bruker aurora M90 
Laser 
Wavelength 213 nm Rf Power 1.4 kW 

Pulse Duration 4 ns Nebulizer Micromist concentric (quartz) 

Energy Output 75% Plasma Flow 17 L min-1 

Rep Rate 10 Hz Nebulizer Flow 0.95 L min-1 

Spot Size 40 µm Auxiliary Flow 1.65 L min-1 

Fluence ~18 J/cm2 Scan Mode Peak Hopping 

He gas flow 1.00 L/min Dwell Time 20 ms 

  Scans per Rep 35 
  Reps per Sample 5 
  Isotopes 7Li, 9Be, 11B, 23Na, 24Mg, 27Al, 31P, 

39K, 43Ca, 44Ca, 51V, 53Cr, 55Mn, 
57Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 
75As, 78Se, 85Rb, 88Sr, 111Cd, 115In, 
133Cs, 137Ba, 139La, 140Ce, 153Eu, 
205Tl, 208Pb, 209Bi, 232Th, 238U 
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4.2.4. Characterization 

4.2.4.1. XRD 

The crystal structure, phase, and composition of NIST Bone Meal 1486, NIST Bone Ash 

1400, ECS BAs, and Femur Bone were identified by powder x-ray diffraction (XRD, Siemens 

D500 diffractometer) using Cu Kα radiation (wavelength, λ = 0.15405 nm).  The tube source was 

operated at 35 kV and 24 mA.  The XRD scan range was 20° to 70° for 2θ at 0.05° step size and 

1 sec dwell time at 25°C. 

 
 
4.2.4.2. FTIR 

Perkin Elmer Spectrum One FT-IR Spectrophotometer (Waltham, MA, USA) was use to 

analyze the composition of the calibration materials and human bone.  KBr pressed pellets were 

used as the background.  The samples were mixed and ground to ensure homogeneity with KBr 

for a 1:100 sample to KBr ratio then pressed in an 8 mm FTIR pellet die. Each sample was 

scanned at wavenumber range of 4000 – 450 cm-1. 

 
 
4.2.4.3. Raman 

A Jobin Yvon Horiba T64000 Triple Grating Raman Spectrometer (Edison, NJ, USA) 

with an Olympus BX40 Optical Microscope (Tokyo, Japan) and fitted with a 532nm laser source 

was used for Raman spectroscopy experiments to confirm the phosphate and carbonate phase of 

each calibration material and compare to human bone. 

 

4.2.4.4. Laser Ablation ICP-MS 

LA-ICP-MS measurements were performed using an ESI NWR-213 Laser Ablation 
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System (Fremont, CA) coupled to a Bruker aurora M90 ICP-MS System (Bremen, Germany).  

Laser ablation parameters are described in Table 4.3.  The calibration materials were ground for 

homogeneous distribution and pressed into 13 mm diameter pellets for LA-ICP-MS analysis.  A 

femur bone obtained from a cadaver was cut into 1-inch sections to fit in the laser chamber. 

Optimum laser ablation conditions were found for the pressed pellets and bone samples and kept 

the same throughout the study.  ICP-MS spectra of signal intensity vs. scan time were also 

examined to determine the best ablation patterns, spot size, and fluence needed for the best 

transient signal.   The isotopes 43Ca, 57Fe, 208Pb, 63Cu, 60Ni, 66Zn, and 27Al were simultaneously 

detected. 

 
 
4.2.4.5. SEM 

Scanning electron microscopy (SEM, FEI Quanta 200) was operated at 25 kV under high 

vacuum, spot size of 4.0, and ETD detector for imaging and EDAX detector for element 

determination.  The bone specimen was sputtered with a thin layer of Au-Pd alloy to improve the 

conductivity of the bone surface to obtain an image.  SEM was used to observe the quality of the 

ablation craters created by the laser phenomena on the surface of the bone.    

 

4.3. Results and Discussion 

4.3.1 Electrochemical Synthesis of BA 

The synthesis of the bioapatite (BA) standards was done using a simulated body fluid 

solution, which contained ion concentrations similar to human plasma.  An addition of Ca and P 

species into the SBF increases the rate of precipitation to result in a variation of Ca/P ratios and 

thus the formation of amorphous calcium apatite [24].  Various calcium phosphate phases can be 

 90 



precipitated depending on the stoichiometric ratio of Ca2+ and PO4
3- species in solution forming 

an amorphous calcium apatite with several intermediate phases such as, brushite, tricalcium 

phosphate and octacalcium phosphate.  The electrolytic solution we used to prepare the 

bioapatite standards is listed in Table 4.1 with the ion concentrations in the simulated body fluid 

compared to those in human plasma.  The SBF ion values are similar to human plasma except 

with a higher calcium and monohydrogen phosphate ion concnentration to increase the rate of 

formation of the BA powder.  The combined electrochemical and hydrothermal method provides 

cathodic regeneration of OH- to transform the amorphous calcium apatite to the HA phase.  A 

hydrothermal electrochemical synthesis is used because it is a simple process to control the 

composition and morphology of the product [25].  Ban and Maruno confirmed a similar method 

as extremely useful to produce homogenous hydroxyapatite crystals [26].  Also unlike elemental 

spiking of HA, where the foreign species could simply adsorb on the surface of the powder, this 

method promotes substitution or ion exchanges with surrounding ionic species that integrate into 

the HA crystal structure.  XRD was used to confirm the apatite phase in the ECS BA, ECS BA 

M1, ECS BA M2 and ECS BA M3 as HA.   The unit cell volume for the ECS BA was measured 

with XRD as 0.534 nm3, and increased to 0.542 nm3 for ECS BA M3, showing incorporation of 

the metal ions into the crystal structure [19].   

 
 
4.3.2. Element Recovery from Calibration Standards with Solution ICP-MS 

Elemental analysis was performed with ICP-MS to determine isotopic concentrations in 

NIST Bone Ash 1400, NIST Bone Meal 1486, ECS BA, ECS BA M1, ECS BA M2, and ECS 

BA M3.  All samples were measured in triplicates for reproducibility (%RSD) below 7.1% for 

all metals and limits of detection (LOD) below 1.6ng/mL for most metals except for Ca, P, Na, 
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Mg and Fe, which were more abundant than others in each sample.  Results for 43Ca, 44Ca, 31P, 

and Ca/P ratios for each isotope are presented in Table 4.4.  Each sample had a ratio in the range 

of 1.5-1.9 for 43Ca/31P and 1.6-2.0 for 44Ca/31P, all within the same range as human bone, 1.5-2.0.  

The NIST SRMs are only certified for elemental concentration and not isotopic, which would be 

useful for environmental and archeological studies; however the Ca/P ratios for Bone Ash 1400 

and Bone Meal 1486 are as predicted.  As for the electrochemically synthesized calibration 

materials the Ca/P ratio decreased for ECS BA M1 to ECS BA M3 because of an increase in 

Ca2+ and PO4
3- substitutions with other metal ions and oxyanions, which corresponds to the XRD 

and vibrational spectroscopy results.    

Isotopic concentrations of minor and trace elements were also monitored in the same 

manner as above to assess the recovery of the metals in the electrochemically synthesized 

products and to compare to the NIST SRMs and human bones, with results displayed as ppb 

(µg/g) in Table 4.5A-E and have been organized according to metal groups in the periodic table.  

Isotopic concentrations for Na, Mg, K and Fe were the second most abundant group of elements 

in NIST Bone Ash 1400 and Bone Meal 1486 and human bones.  The ECS materials followed 

suit with Na, Mg, K and Fe because these are chemical components of the simulated body fluid, 

except Fe which was available through the stainless steel working electrode that is composed of 

66-71% Fe.  Even though there is a high concentration Fe in the ECS materials there is still a 

linear increase in the concentration of Fe from ECS BA to ECS BA M3.  The concentration of 

Na and K were higher in the ECS materials than the NIST SRMs.  This could be due to 

insufficient washing and could be improved by introducing an extra rinse step to the synthesis; 

however these salts do not affect the LA-ICP-MS results.   
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Al, Ba, Sr, Tl, and Zn isotopes were the third most abundant group of elements in the 

NIST Bone Ash and Bone Meat 1486, but only Sr and Zn isotopes were third most for the human 

bones.  The rest of the isotopes measured were in smaller trace amount, except Be, Cd, Co, Se, 

and V were all below detection limits in all the bones samples and the NIST SRMs.  The 

concentrations for Ba, Sr and Tl isotopes were significantly higher in the NIST SRMs compared 

to the human bones.  Other notable differences between the NIST SRMs and the human bone 

samples include; NIST Bone Ash 1400 had greater concentrations in Li, Cs, Mg, Fe, B, Bi, and 

all of the rare earth isotopes, and NIST Bone Meal 1486 had a lower concentration in K  isotope.  

The concentration ranges found in the unknown human bone samples are better compared to 

NIST Bone Meal 1486 than NIST Bone Ash 1400 for the NIST SRMs.  Note the original 

condition of the 6 pulverized human bone samples is unknown, as well as their exposure to any 

harsh environments. 

As for the ECS materials, the recovery of most elements was efficient enough for a 

precise signal, so as the percent dopant increased the percent recovery increased linearly.  For 

example, the percent recovery for Pb in ECS BA M1 was 7.3% and for ECS BA M3 was 73%.  

Arsenic had the worst recovery percentage of 1.9% for the doped BA while the heavier elements 

(i.e. La, Ce, Pb, Bi, Th, and U) had the best recovery of 65-74%.  For majority of the trace 

elements, the concentration ranges found in the human bones were within the range of the ECS 

BAs (from ECS BA to ECS BA M3). XRD, FTIR, and Raman spectroscopy were used to 

confirm the crystallinity, composition, and phase of the apatite in the NIST SRMs and the ECS 

materials.  
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Table 4.4: Percent concentration (%) of Ca and P isotopes in adult human bone, NIST Bone Ash 1400, NIST Bone Meal 1486, ECS 
BA, and ECS doped BAs sample and their respective Ca/P ratios. 
 

Isotope Human 
Bone  

Bone Ash 
1400 

Bone Meal 
1486 ECS BA ECS BA M1 ECS BA 

M2 
ECS BA 

M3 
LOD 

(ng/mL) %RSD 

43Ca 18.79 – 20.74 31.24  21.16  28.66 31.09 28.95 23.60 56.4 1.51 

44Ca 20.17 – 21.92 33.31  22.72 30.53  33.13 30.87 25.22 55.8 1.13 

31P 10.21 – 12.73 19.47  12.66 16.18 15.89 15.64 14.94 297 4.21 

Ratio  
(43Ca/31P) 1.592 – 1.841 1.60 1.67 1.77 1.96 1.85 1.57 - - 

Ratio  
(44Ca/31P) 1.678 – 1.975 1.71 1.80 1.89 2.08 1.97 1.69 - - 

 

Table 4.5: Minor and trace elemental analysis of adult human bone, NIST Bone Ash 1400, NIST Bone Meal 1486, ECS BA, ECS BA 
M1, ECS BA M2, ECS BA M3, and ECS BA M4 in concentration units of µg/g.  Tables are divided into metals group based on the 
periodic table A) alkali metals, B) alkali earth metals, C) transition metals, D) P block metals, and E) rare earth metals. 
 
A) Alkali Metals 

Isotope Human Bone  Bone Ash 1400 Bone Meal 1486 ECS BA ECS BA M1 ECS BA M2 ECS BA M3 LOD %RSD 

7Li <LOD 10.23 3.70 9.30 18.54 24.35 56.46 0.08 3.02 

23Na 7184 – 10703 8700 6977 10164 12763 5651 36841 36.6 3.40 

39K 1612 – 3485 1250 429 2706 2913 2498 5128 0.15 3.23 

85Rb 0.052 – 0.209 0.154 0.109 0.087 0.124 0.226 2.46 0.01 3.38 

133Cs 0.045 - 0.063 0.127 0.090 <LOD 0.078 0.233 3.018 0.01 2.08 
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B) Alkali Earth Metals 

Isotope Human 
Bone  Bone Ash 1400 Bone Meal 1486 ECS BA ECS BA M1 ECS BA M2 ECS BA M3 LOD %RSD 

9Be <LOD <LOD <LOD <LOD 1.195 12.81 268 0.15 5.28 

24Mg 3370 - 3810 7230 4804 1782 1940 1647 1689 1.13 3.72 

88Sr 48.87 – 155 248 272 24.16 28.34 46.64 151 0.38 5.39 

137Ba 1.375 – 8.01 240 302 <LOD 1.22 20.88 552 0.097 5.32 

 
C) Transition Metals 

Isotope Human 
Bone  

Bone Ash 
1400 

Bone Meal 
1486 ECS BA ECS BA M1 ECS BA 

M2 
ECS BA 

M3 LOD %RSD 

51V <LOD <LOD <LOD <LOD <LOD 67.95 978 1.56 5.43 

53Cr 2.090 - 14.90 2.93 1.13 3.70 9.48 83.71 1748 0.21 5.71 

55Mn 0.118 - 0.264 0.859 <LOD <LOD 0.208 5.55 887 0.013 5.26 

57Fe 1943 – 2187 3413 2246 2846 3049 3034 3926 16.58 1.64 

59Co <LOD <LOD <LOD 0.108 5.93 66.09 320 0.36 5.11 

60Ni 13.53 - 41.40 18.14 8.29 27.17 19.13 42.24 184 0.39 5.04 

63Cu 0.190 – 0.442 <LOD <LOD <LOD 0.405 9.62 1742 0.19 5.08 

66Zn 70.46 – 302.3 158 127 15.37 45.43 69.62 1762 1.04 2.84 

111Cd <LOD <LOD <LOD <LOD <LOD 67.78 1504 0.14 5.12 
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D) P Block Metals 

Isotope Human 
Bone  

Bone Ash 
1400 

Bone Meal 
1486 ECS BA ECS BA M1 ECS BA 

M2 
ECS BA 

M3 LOD %RSD 

11B 2.394 - 31.59 75.24 32.12 24.84 24.79 16.43 36.73 0.13 3.37 

27Al 0.876 – 511.9 393 29.56 <LOD <LOD 68.18 1865 0.04 4.40 

69Ga <LOD 0.982 1.12 <LOD 1.21 12.82 247 0.01 5.70 

75As 0.676 – 2.007 2.75 1.24 1.23 1.28 3.69 38.38 0.44 4.55 

78Se <LOD <LOD <LOD <LOD <LOD 0.132 10.17 0.19 7.11 

115In <LOD 0.049 <LOD <LOD 1.09 11.51 1450 0.015 6.02 

205Tl <LOD 373 61.92 <LOD <LOD 41.93 464 0.01 4.63 

208Pb 0.407 – 1.630 1.77 0.763 1.98 2.30 14.64 1447 0.01 5.12 

209Bi <LOD 4.12 0.466 <LOD 7.62 75.42 1319 0.11 4.80 

 
E) Rare Earth Metals 

Isotope Human 
Bone  

Bone Ash 
1400 

Bone Meal 
1486 ECS BA ECS BA M1 ECS BA 

M2 
ECS BA 

M3 LOD %RSD 

139La 0.137 – 0.170 0.283 0.145 0.139 1.37 12.29 1323 0.0566 5.68 

140Ce 0.072 – 1.132 0.151 0.124 1.39 1.73 11.92 1479 0.01 6.01 

153Eu 0.181 – 0.205 0.297 0.199 0.186 1.41 12.15 1325 0.07 4.63 

232Th 0.055 – 0.927 1.519 0.335 0.165 1.37 13.27 1456 0.001 6.33 

238U 0.175 – 0.205 0.310 0.188 0.183 1.49 13.00 1312 0.007 4.24 
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4.3.3. XRD 

Powder XRD was used to investigate and compare the crystal structure and phase 

composition of the NIST SRMs and ECS materials to adult human bone.  Figure 4.1 shows the 

XRD patterns of NIST Bone Ash 1400, NIST Bone Meal 1486, ECS BA, and an adult human 

bone sample.  The XRD pattern for human bone has broad amorphous peaks, which correspond 

to reflections for HA and carbonated HA.  Rietveld refinement on XRD patterns for bone 

performed by Handschin and Stern has shown that the broad peaks between 27-37° is a mixture 

of HA and carbonated HA [27].  XRD analysis confirms HA as the primary phase for each 

sample, with the highest peak intensity for all samples around 31.8° [28, 29].  As for the 

calibration materials, NIST Bone Meal 1486 and the ECS BA patterns have similar peaks and 

peak shapes that are lower in intensity and crystallinity, similarly to amorphous bone.  The XRD 

pattern for Bone Ash is single phase HA and shows higher crystallinity with larger crystal size, 

as indicated by higher intensities and sharper peaks.  The 2θ values for major peaks between 20-

40° for each sample are listed in Table 4.6 with corresponding reflections from the JCPDS 

database PDFs for HA (#55-0592 and #09-0432) and carbonated-HA (#19-0272).   

Based on the XRD patterns, the ECS BA materials are good calibration materials for 

bones because they have similar inorganic phase and crystallinity.  For the ECS doped materials 

in Figure 4.2, the patterns showed no significant differences, confirming the BA was doped with 

just enough metal not to disrupt the HA crystal structure, however a change in cell volume, 0.534 

nm3 for ECS BA to 0.542 nm3 for ECS BA M3, was observed indicating the presence of dopants.  

In addition, the crystallite sizes were calculated from the XRD data with Reitveld, Scherrer, and 

Williamson-Hall analysis.  An example William-Hall plot for ECS BA is shown in Figure 4.3.  

The intercept (k/L) from the plot of Brcos(θ)/λ vs. sin(θ)/λ is used to calculate the crystallite size, 
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L and the k constant is equal to 1.35 for needle shape crystals.  The crystallographic results from 

the XRD patterns in Figure 4.1 and 4.2 are listed in Table 4.7.  The values for the NIST Bone 

Meal 1486, ECS BA, ECS BA M1, ECS BA M2 and ECS BA M3 were 30.34, 21.03, 23.15, 

27.95, and 43.81 nm, respectively.  The crystallite size of NIST Bone Ash 1400 was too large 

(um range) to be calculated using x-ray diffraction.  The increase in crystallite size from ECS 

BA<ECS BA M1<ECS BA M2<ECS BA M3 is due to increasing dopants that promote growth 

and crystallinity within the crystal lattice of hydroxyapatite.  H.E. Lundager Madsen found some 

foreign metals promote crystal growth by nucleation, for example Pb2+ promotes nucleation in 

the form of Pb5OH(PO4)3, an isomorph to HA [39].     

The ECS BA were sintered for an extra hour at 800°C to increase crystallite size, peak 

resolution and signal to define the major peaks between 20-40° 2-theta.  The XRD patterns in 

Figure 4.4 show HA as the main phase, but the (211) peak at ~31.7°, which is typically the 100% 

intense peak for pure HA, is 65% and the peak at 32.2° is the most intense.  This peak is a 

mixture of hydroxyapatite, chlorapatite (Cl-HA, Ca5(PO4)3Cl), and carbonatehydroxyapatite 

(CHA, Ca10(PO4)3(CO3)3(OH)2).  The Tas group found this was common when HA was 

synthesized from a simulated body fluid because of the high concentration of K+, Na+, Mg2+, and 

Cl- available to participate in the chemical formation of calcium apatite [30, 31].  As the metal 

dopant concentration increases in the ECS materials the number of the chlorapatite peaks 

increases, as shown in Table 4.8.  It is difficult to conclude the same for CHA due to the overlap 

with the HA peaks in XRD, but the ICP-MS results show a decrease in 31P concentration (Table 

4.4) from ECS BA to ECS BA M3, and also FTIR and Raman spectra show a growing carbonate 

peak from ECS BA to ECS BA M3.  
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Figure 4.1: XRD patterns of A) Adult human bone, B) ECS BA, C) NIST Bone Meal 1486, and 
D) NIST Bone Ash 1400. 
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Figure 4.2: XRD patterns of A) ECS BA, B) ECS BA M1, C) ECS BA M2, and D) ECS BA 
M3. 
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Figure 4.3: An example of a Williamson-Hall plot from the FWHM determined by Rietveld 
refinement for ECS BA. 
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Table 4.6: Assignment of Miller indices from the JCPDS database PDFs #55-0592, #09-0432, #01-074-9780, #01-075-9526, and #19-
0272 for XRD peaks in the patterns for adult human bone, NIST Bone Ash 1400, NIST Bone Meal 1486, ECS BA, ECS BA M1, ECS 
BA M2 and ECS BA M3. 
 
Peak 
Assignments Adult Human Bone Bone Ash 1400 Bone Meal 1486 ECS BA ECS BA 

M1 
ECS BA 

M2 
ECS BA 

M3 

HA (200) - 21.7523 - - - - - 

HA (111) - 22.8026  22.9006 22.9006 22.8506 22.8006 

HA (002) 25.6011 25.8032 25.8532 25.9512 26.0012 26.0512 26.0512 

HA (102) - 28.1036   28.3017 28.2517  

HA (210) 28.8518 28.9038 28.8037 28.5517 28.7518 28.7518 28.6517 

HA (211) - 31.7043 31.8045 31.4023 31.7524 31.7023 31.6523 

HA (112) 32.0524 32.1544 32.1044 32.1524 32.2525 32.2024 32.3525 

HA (300) 32.7525 32.8546 32.8046 32.4525 32.7025 - 32.6525 

CHA (300) 33.3026 - - - - - - 

HA (202) - 34.0048 33.8548 33.8528 34.0528 33.9027 33.9028 

HA (301) - 35.4551 35.6051 35.003 - - 34.803 

HA (212) - 39.1558 - 39.2038 39.2038 39.1538 - 

HA (310) 39.7039 39.756 39.856 - 39.5039 39.8040 39.5039 
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Table 4.7: Crystallographic properties calculated from the XRD patterns in Figure 4.1 and Figure 4.2. 

Sample a (nm) c (nm) a/c volume 
(nm3) 

Scherrer  
L (nm) 

Williamson-Hall  
L (nm) 

ECS BA 0.9488 0.685 1.385 0.534 18.78 21.03 

ECS BA M1 0.9484 0.685 1.384 0.534 23.78 23.15 

ECS BA M2 0.9503 0.684 1.389 0.535 24.45 27.95 

ECS BA M3 0.9576 0.682 1.404 0.542 20.84 43.81 

NIST Bone Ash 1400 0.9456 0.689 1.372 0.533 > 1 µm > 1 µm  

NIST Bone Meal 1486 0.9479 0.689 1.376 0.536 31.01 30.34 
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Figure 4.4: XRD pattens of A) ECS BA, B) ECS BA M1, C) ECS BA M2, and D) ECS BA M3 
post-sintered at 800°C for 1hour. 
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Table 4.8: Assignment of Miller indices from the JCPDS database PDFs #55-0592, #09-0432, 
#01-074-9780, and #01-072-1243, #27-0074, and #19-0272 for XRD peaks in the patterns for 
ECS BA, ECS BA M1, ECS BA M2, and ECS BA M3 sintered at 800°C for 1hr. 
 

Peak Assignments ECS BA ECS BA M1 ECS BA M2 ECS BA M3 

Cl-HA (111) - - 22.6525 22.6025 

HA (111) 23.1026 23.0526 23.1026 23.0526 

Cl-HA (201) - - - 25.0530 

HA (002) 26.1532 26.1532 26.1532 26.1532 

Cl-HA (201) - - - 27.9036 

HA (210) &(102) 28.3536 28.3037 28.3043 28.4037 

Cl-HA (211) 31.3042 31.3043 31.3043 31.3543 

HA (211) 31.7543 31.7543 31.8543 - 

CHA & HA (112)/Cl-HA (300) 32.2044 32.2544 32.2544 32.2544 

HA (300) 33.0546 33.0546 33.0546 33.0546 

CHA (300) 33.6541 33.6047 33.6047 33.6547 

HA (202) 34.0048 34.0548 34.0048 34.0548 

HA (212) 39.0558 39.0558 39.0058 39.0558 

 
 
 
4.3.4. FTIR 

Vibrational spectroscopy techniques, FTIR and Raman, were used to observe absorbance 

bands associated to the molecular vibrations of phosphates, carbonates, and hydroxyls in the 

electrosynthesized BA.  The FTIR spectra, Figure 4.4, of adult human bone, NIST SRMs, and 

ECS BA all exhibit typical characteristic bands due to the HA phase in bone [32, 33].  Peak 

assignments for the IR vibrational bands in each sample are presented in Table 4.9.  Figure 4.5 

shows the ECS BA is comparable to the NIST SRMs and has the same major vibrational modes 
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related to the inorganic matrix of bone.  Figure 4.6 confirms the phosphate and hydroxyl group 

are not affected by the increase in metal doping and remain comparable to adult human bone.   

The strongest bands in all spectra are attributed to all four possible vibrational modes in 

phosphate with strong bands between ~1000-1150 cm-1 and ~510-650 cm-1, and two weaker 

bands at ~960 cm-1 and ~475 cm-1.  They correspond to asymmetrical stretching, symmetrical 

stretching, and bending vibrations for PO4
3-.  A broad band associated with H2O absorption in 

the range of 3000-3600 cm-1 is only present in human bone, NIST Bone Meal 1486, and the ECS 

materials spectrums.  Since Bone Ash is dry ashed at 1100 °C, most of the water is removed and 

leaves only a weak sharp band at ~3570 cm-1, representative of a OH- band.  Another hydroxyl 

related band at ~1675 cm-1 is an H-O-H bending stretch and as predicted not present for Bone 

Ash.   
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Figure 4.5: FTIR spectra of A) adult human bone, B) ECS BA, C) NIST Bone Meal 1486, and 
D) NIST Bone Ash 1400. 
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 Figure 4.6: FTIR spectra of A) ECS BA, B) ECS BA M1, C) ECS BA M2, and D) ECS BA 
M3. 

 

Molecular vibrations for carbonates are more complex because there are A- (CO3
2- 

substitution for OH-), B- (CO3
2- substitution for PO4

3-), and AB-type carbonates and the bands 

shift slightly depending on the type available. [1, 4]  There are 4 vibrational modes, however 

only 3 can be observed with FTIR and the last one can be seen in Raman spectroscopy.  A 

significant carbonate band is present at ~870 cm-1 for the human bone, bone meal, and ECS BA 

standards.  This corresponds to B-type substitution, or CO3
2- for the PO4

3- site.  This peak 

increases in intensity as the dopant concentration increases for the ECS materials, which is in 

agreement with the XRD and ICP-MS results.  The bone ash 1400 SRM has a very small 880 
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cm-1 band, corresponding to an A-type substitution of CO3
2- at the OH- site.  The carbonate 

stretching modes in the 1375-1510 cm-1 range are only visible for human bone and the NIST 

SRMs and not for the ECS standards.  There is a sharp O-H peak at ~1385 cm-1 before the 

carbonate region for the ECS materials and the NIST SRMs that is associated with hydrogen 

defects from the hydrothermal process used during the electrochemical synthesis and the heating 

of the SRMs during processing [34].   

As for human bone and Bone Meal 1486 the biggest differences from the other materials 

are the bands related to the organic matrix in bone.  The bands at ~1559, 2920, 2850, and 1654 

cm-1 are associated to the C-H, N-H, and C=O vibrational modes in amino acids.  FTIR confirms 

the presence of phosphate and hydroxyl groups in the ECS materials is similar to that in adult 

human bone, therefore confirming the inorganic matrix compatibility.   
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Table 4. 9: Assignment of FTIR bands from the spectra of adult human bone, NIST Bone Ash 1400, NIST Bone Meal 1486, ECS BA, 
ECS BA M1, ECS BA M2, and ECS BA M3. 
 

Peak Assignments Adult Human 
Bone 

Bone Ash 
1400 

Bone Meal 
1486 

ECS 
BA 

ECS BA 
M1 

ECS BA 
M2 

ECS BA 
M3 

O-H stretch 3329 3571 3420 3435 3435 3445 3435 

C-H &N-H stretch 
3085  -     
2974 - 2921 - - - - 
2882  2852     

C-C stretch - - 1754 - - - - 
C=O stretch 1667 - 1651 - - - - 
O-H bending - - - 1639 1638 1638 1638 

AB-type ν3 CO3
2- 

1553 1551 1551 - - - - 
1452 1460 1459     

B-type ν3 CO3
2- 1416 - 1417 - - - - 

O-H (from hydrogen defects) - 1384 1377 1385 1385 1385 1385 
C-H bending 1242 - 1250 - - - - 

ν3 PO4
3- 

1104 1091 1090 1090 1090 1089 1087 
1030 1047 1034 1035 1035 1035 1034 

ν1 PO4
3- 960 962 962 961 961 961 961 

B-type ν2 CO3
2- 872 - 872 872 868 868 869 

A-type ν2 CO3
2- - 880 - - - - - 

B-type ν4 CO3
2- - - 725 734 734 - - 

O-H librations 
667 667 668 667 - - - 

 633      

ν4 PO4
3- 

603 603 604 605 605 604 604 
562 571 564 564 563 563 563 

ν2 PO4
3- 472 475 476 475 474 473 473 
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4.3.5. Raman 

FTIR and Raman spectroscopy are similar techniques that offer similar information on 

the composition.  Raman spectroscopy enhances the signal of non-hydrated related species by 

weakening the adsorption of overlapping water bands with Raman scattering.  In Raman the 

objective is to reduce the water related signals, like hydroxyls groups, from FTIR to solely 

observe phosphates and carbonates and determine how they affect the composition of BA.   

The Raman spectra, Figure 4.7, of adult human bone, NIST SRMs, and ECS BA all 

exhibit typical characteristic bands associated to the phosphate groups from the HA phase in 

bone [32, 33, 34]. Peak assignments for the vibrational bands in each sample are presented in 

Table 4.10.  The most intense band for all samples is the symmetrical stretching for P-O at 960 

cm-1.  The phosphate bands for BA are the most intense with bands at ~430 and 590 cm-1 for O-

P-O bending and an asymmetrical stretch in the range of 1000-1060 cm-1.  Two vibrational 

modes for carbonate can be observed, where the intensity depends on the type of carbonate 

substitution.  For the NIST SRMs and adult human bone there is a B-type C-O stretch for 

carbonate at ~1072 cm-1 and this band increases in presence for the metal doped ECS materials 

(Figure 4.8), which is in agreement with ICP-MS, XRD, and FTIR results.  Bone Ash has 

another carbonate band but is A-type at 647 cm-1.  In Raman, line broadening and a red shift are 

related to the incorporation of foreign ions in the crystal structure for BA [33].  This can be 

observed for the ECS materials in Figure 4.8, where there is band broadening and red shift for a 

the phosphate band at 1050 cm-1 for ECS BA to a single broader band at 1032 cm-1 for ECS BA 

M3.   
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Figure 4.7: Raman spectra are of A) adult human bone, B) ECS BA, C) NIST Bone Meal 1486, 
and D) NIST Bone Ash 1400. 
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Figure 4.8: Raman spectra are of A) ECS BA, B) ECS BA M1, C) ECS BA M2, and D) ECS 
BA M3. 
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For human bone and NIST Bone Meal1486 the bands related to the organic matrix are at 

~860 cm-1, associated to the C-C stretch from amino acids, and at ~1245 and 1450 cm-1 for the 

C-H and N-H stretch from the amides in collagen.  These two analytical techniques show the 

organic matrix of bone does not interfere with signal produced for the inorganic fraction so it is 

not necessary to compensate for the organic matrix in our calibration standard.  The increase in 

carbonation in the ECS materials increases the likeness of the synthetic material to bone. 

Table 4.10: Assignment of Raman bands from the spectra of adult human bone and compared to 
NIST Bone Ash 1400, NIST Bone Meal 1486, ECS BA, and ECS BA M1. 

Peak 
Assignment 

Adult 
Human 

Bone 

Bone 
Ash 1400 

Bone 
Meal 
1486 

ECS 
BA 

ECS 
BA M1 

ECS 
BA M2 

ECS 
BA M3 

ν2 PO4
3- 431 431 430 427 430 430 430 

ν4 PO4
3- 

585 589 595 588 589 589 586 
610 607 612 - 606 615 616 

P-OH stretch 865 - 839 - - - 812 

ν1 PO4
3- 960 961 962 960 960 960 961 

ν1 HPO4
2- 1001 - - 1001 - - - 

ν3 PO4
3- 

- 1028 - 1031 1027 - 1032 
1040 1045 1045 1050 1045 1040 - 

B-type ν1 
CO3

2- 1069 1072 1073 - 1071 1074 1076 

Amide (III) 
C-H bending 

1244  1222     
1269 - 1253 - - - - 
1275  1300     
1451  1447     

 
 

4.3.6. Transient Signals Measured by LA-ICP-MS 

 The calibration materials, all in powder form, were pressed into pellets.  The 

homogeneity of each pellet was examined with LA-ICP-MS by ablating five different areas on 

the pellet surface using the conditions listed in Table 4.3.  Figure 4.9A-B shows an SEM of the 
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A 

B 

laser ablation spot on the surface of bone using the conditions as listed in the table.  The laser 

ablation conditions used created nicely round consistent ablation pits and were used throughout 

the study for the calibration material as well as to improve precision and accurate result.  

Reproducibility, %RSD, for isotopes 27Al, 43Ca, 57Fe, 60Ni, 63Cu, 66Zn, and 208Pb is reported for 

NIST Bone Ash 1400, NIST Bone Meal 1486, ECS BA and ECS BA M1 in Table 4.11.  The 

reproducibility for Bone Ash and Bone Meal was between 10-35 % for each metal.  NIST Bone 

Ash 1400 performance decreases for most trace metal because these are below limits of 

detection.  For NIST Bone Meal 1486, most of the isotopes analyzed had sufficient signal but 

because the material is heterogeneous the reproducibility is poor.  Reproducibility was 

significantly improved with a %RSD below 10% for ECS BA and below 5% for ECS BA M1.   

 
 

 
 

Figure 4.9: SEM micrograph of laser ablation pattern A) grid of spots and B) a 40 µm ablation 
pit on bone surface. 

 113 



Table 4.11: Laser ablation reproducibility (%RSD) of NIST Bone Ash 1400, NIST Bone Meal 
1486, ECS BA, and ECS BA M1 from LA-ICP-MS.  

 Reproducibility %RSD (n=9) 

Isotope Bone Ash 1400 Bone Meal 1486 ECS BA ECS BA M1 
27Al 29.54 10.06 7.65 3.67 
43Ca 34.30 13.09 7.93 5.21 
57Fe 29.32 15.24 7.96 3.24 
60Ni 25.46 16.07 9.74 4.77 
63Cu 9.45 20.78 5.01 4.81 
66Zn 31.02 18.29 8.38 3.61 
208Pb 17.96 22.78 3.58 4.01 
 

 
Transients measured with LA-ICP-MS for 43Ca, 66Zn, and 208Pb isotopes, displayed in 

Figure 4.10 – 4.12, were examined to determine matrix compatibility of the calibration materials 

to human bone and to improve calibration procedures for quantitative imaging applications.  

Imaging with LA-ICP-MS is important for elemental distribution studies and improvement of 

lateral resolution on heterogeneous materials [36, 37].  Transients for an adult human bone 

sample are compared to the NIST SRMs and ECS materials.  All transients were normalized 

between 0 and 1 for better comparison.  Calcium was chosen because it is the most abundant 

element in bone and offers insight into whether the calibration material fraction ablates similarly 

to adult human bone.  In Figure 4.10, the 43Ca transients for the ECS materials and NIST Bone 

Ash 1400 are similar to adult human bone while NIST Bone Meal 1486 is not similar and the 

signal never reduces back down to the baseline like the others, which causes an increase in error.  

The transients for Zn and Pb were chosen because 66Zn is an example of a minor element and 

208Pb is available in trace amount in bone [38].  In Figure 4.11, the transients of the ECS 

materials and NIST Bone Meal 1486 are comparable to adult human bone for 66Zn, but the signal 
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for NIST Bone Ash 1400 was poor even though the amount of zinc is more as reported in the 

certificate of analysis.  The trend for the 208Pb transients, Figure 4.12, was similar to 66Zn.  The 

signals of the ECS materials were more consistent and stable then either NIST SRMs.  Similar 

results were obtained for other isotopes, such as 57Fe, 63Cu, 60Ni, and 27Al.  The LA-ICP-MS 

results show that the electrochemical synthesized bioapatities offers better homogeneity and 

signal stability than the NIST SRMs for analysis of the inorganic matrix in human bone.  The 

laser ablation conditions show ideal stable transient signals for the calibration materials as well 

as the bone over a longer scan period, as displayed in Figure 4.13.   

 

4.4. Chapter Conclusions 

A good matrix matched standard has been synthesized for human bone analysis using a 

hydrothermal electrochemical technique.  The bioapatite matrix produced gives a homogeneous 

solid calibration standard which can be used to analyze metal concentrations in bone.  

Reproducibility in LA-ICP-MS was significantly improved over available SRMs Bone Ash and 

Bone Meal with a %RSD below 10% for ECS BA and below 5% for ECS BA M1.  The LA-ICP-

MS results show that the electrochemical synthesized bioapatities offers better homogeneity and 

signal stability than the NIST SRMs for analysis of the inorganic matrix in human bone.  These 

standards can be used for future 2D quantitative imaging studies of human bone with LA-ICP-

MS. 
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Figure 4.10: Transient signals for 43Ca measured by LA-ICP-MS for a) adult human bone, b) 
ECS BA, c) ECS BA M1, d) NIST Bone Ash 1400, and e) NIST Bone Meal 1486 samples. 
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Figure 4.11: Transient signals for 66Zn measured by LA-ICP-MS for a) adult human bone, b) 
ECS BA, c) ECS BA M1, d) NIST Bone Ash 1400, and e) NIST Bone Meal 1486 samples. 
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Figure 4.12: Transient signals for 208Pb measured by LA-ICP-MS for a) adult human bone, b) 
ECS BA, c) ECS BA M1, d) NIST Bone Ash 1400, and e) NIST Bone Meal 1486 samples. 
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Figure 4.13: Transient signals for isotopes 43Ca, 23Na, 66Zn, and 208Pb measured by LA-ICP-MS 
for adult human bone. Each signal (peak) represents a 40µm spot size with 10µm gap between 
each ablation spot. 
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CHAPTER 5 

QUANTITATIVE ELEMENTAL MAPPING OF ESSENTIAL AND NON-ESSENTIAL 

METAL ISOTOPES IN HUMAN BONE USING LA-ICP-MS 

5.1. Introduction 

 There is an increasing interest in trace element analysis in several industries due to an 

increase in simplicity and sensitivity of analytical tools such as laser ablation inductively coupled 

plasma mass spectrometry (LA-ICP-MS).  The advantages of LA-ICP-MS include, no sample 

preparation, quick analysis turnaround, simultaneous multi-element detection, simple data 

interpretation, and part per trillion (ppt) detection limits, all make this an attractive technique. 

Trace element analysis in biology has become of high interest over the past decade because of 

the recognition of physiological importance these trace elements play in biological systems.  An 

increase in knowledge in this area would benefit research in medicine, archeology, and forensics.  

This research is the beginning to understanding the relationship between trace metals and bone.  

For medical studies this would help in understanding the origins to bone diseases like, 

osteoporosis.  For archeological studies this would help in providing information about 

environmental changes, migration patterns, and metal exposures.  In forensics this would be a 

discriminatory tool used to help solve problems in DNA extraction failure.  In this study we 

devise an analytical method using LA-ICP-MS to quantitatively determine the concentration of 

select essential and non-essential elements in human bone.   

The inorganic matrix of bone and teeth, primarily composed of the mineral 

hydroxyapatite (HA), protect the body’s cellular functions and provide strength to the skeletal 

system by storing and releasing calcified mineral salts.  HA, Ca10(PO4)6(OH)2, as a bioceramic 

undergoes several ion exchanges, substitutions, and vacancies in bone and teeth due to changes 
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in age, diet, mobility, disease, and environmental pollution [1].  In bones it is normal for Ca2+ 

ions to exchange with other cationic metals, the PO4
3- ions typically exchange with CO3

2- but can 

also exchange with metal oxyanions, like VO4
3- and AsO4

3-, and OH- ions can be replaced by Cl- 

and F- [1-3].  For bone minerals, the most common cationic substitutions reported into the crystal 

structure are Na+, K+, Fe2+, Zn2+, Mg2+, and Sr2+ [2]. Other elemental components may have 

limited substitution into the hydroxapatite structure. Posner determined that synthetic HA ion 

exchange acts similar to biological apatite [3]. In order to determine the role physiological and 

environmental conditions have on the composition of bone, it is important in biological and 

medical studies to understand structural and chemical transformations of HA. 

Several factors such as calcium deficiencies, bone diseases, and fractures can lead to an 

increase in bone resorption and an uptake of metals [4-5].  But humans also have nutritional 

requirements for metals, such as, Ca, Cu, Fe, K, Mg, and Zn, known as essential metals [6].  The 

concentration of these metals are maintained within homeostatic limits to prevent them from 

acting as toxic agents; however certain circumstances may cause a deficiency resulting in 

negative health consequences.  Excess levels may be achieved though ingestion of contaminated 

food or water, or exposure to industrial sources or medical illness such as hypercalcemia caused 

by an overactive parathyroid gland.  Due to our inherent requirements, natural mechanisms exist 

for uptake of these metals through the bodies’ metabolic system and excesses are processed 

through and stored in the body [7].  For example, there exist extensive storage systems for Fe 

due to the requirement for it in the production of red blood cells by bone marrow [7].  Trace 

elements such as Cu and Zn are necessary to develop normal human skeletons [8], and an 

imbalance of the Cu/Zn ratio is associated with a decrease in the growth of the human body [9].  
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There are also non-essential metals found in humans such as, Al, As, Ni, Hg, and Pb, 

with no known natural biological functions and no nutritional requirements.  Elevated 

concentrations of non-essential metals can negatively affect several organ systems when 

interacting with calcium, iron, and zinc [10].  Industrial contamination of the environment 

includes biologically available forms of these metals and higher than naturally present levels of 

Pb.  These metals are ingested through contaminated food or water and can be inhaled from 

breathing contaminated air.  Both Al and Pb can decrease the absorption of calcium through the 

GI route and are stored in the skeleton, following exposure imparing bone formation [5].  Al 

contributes to osteomalacia, despite accumulating in bone and skeletal stores, and Pb can 

remobilize during periods of bone remodeling or age-related osteoporosis, causing internal 

exposure [7].  Typical concentrations reported throughout the literature for several essential and 

non-essential metals in different human bones are listed in Table 5.1.  

 
Table 5.1: Properties of essential and non-essential metals analyzed in this study 

 Atomic 
Radius (Å) 

Ionic Radius 
(Å) 

Levels In 
Human 

Bone (μg/g) 

Recommended 
Daily Intake * 

(mg/day) 

Tolerable 
Upper Intake 

Levels* 
(mg/day) 

Al 1.82 0.535 4 – 27 - - 

Ca 2.23 0.99 170000 1000 – 1300 2000 – 3000 

Fe 1.72 0.645 3 – 380 7 – 18 40 – 45 

Cu 1.57 0.73 1 – 26 0.7 – 0.9 5 – 10 

Zn 1.53 0.74 75 – 170 8 – 11 23 – 40 

Pb 1.81 1.19 3.6 – 30 - - 

* Food and Nutrition Board, Institute of Medicine, National Academies, Dietary Reference 
Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and Fluoride (1997); Dietary 
Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, 
Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc (2001)  
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LA-ICP-MS has drawn much attention from biological and environmental communities 

because of its capability to determine multiple elements and their isotopes in a material 

simultaneously [11].  In addition, imaging or element distribution (mapping) is of interest in 

medical, geological [12], anthropological and biological disciplines [13].  Mass spectrometry 

imaging offers a visual map of an analytes quantitative distribution in heterogeneous samples 

[13, 14].  Single or multiple elements can be spatially resolved over an area of sample with laser 

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) obtaining much more 

reliable information as well as quantifiable data [15].  Mass spectrometry imaging of biological 

samples obtained from LA-ICP-MS provides quantitative data for ultra-trace to major elements 

with minimal sample preparation [16].  Spatial distribution can be assessed because the integrity 

of the sample is maintained; sample homogenization and/or acid digestion is not necessary. 

However, standardization with a matrix matched material to the sample is imperative for analysis 

due to ablation phenomena and laser surface interactions.  There are several reviews on LA-ICP-

MS elemental imaging of soft biological tissues and it was Becker et al who first determined the 

need to improve quantitative techniques in LA-ICP-MS and the lack of commercially available 

calibration materials for biological tissues [15-17].   

A major drawback of LA-ICP-MS is the spectral interferences and matrix effects that 

originate at the laser ablation phenomena of elemental fractionation.  Kuhn and Gunther 

concluded that incomplete vaporization of large particles in the ICP-MS plasma was the primary 

source of the observed elemental fractionation of their experiment [18].  Optimum instrument 

parameters for a specific matrix can be used to reduce most spectral interferences by introducing 

uniform particle size distributions to the ICP [19].  Gaboardi and Humayun found uncertainties 

in reported reference material concentrations are the greatest obstacle in accuracy of LA-ICP-MS 
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measurement [20].  Kroslakova el at., who studied mass load induced matrix effects with LA-

ICP-MS, concluded the best solution to avoid matrix effects in high Ca matrices, like bone, is to 

use a matrix-matched standard that ablates similarly to the sample [21].   

For accurate quantitative analysis it is important to use the same laser ablation conditions 

for standard and sample, as well to have a matrix-matched calibration material that is 

homogeneous and contains a known concentration of the analyte of interest.  Matching sample 

matrix is important to avoid different interactions of the laser at the surface of the sample versus 

the standard material used to quantify results [16, 22], such as reflectivity thermal conductivity, 

density composition and surface characteristics of a sample versus matrix. Standards are 

subjected to qualitative and quantitative method validation techniques to determine if the 

material chosen for the matrix allows the same ablation phenomena to take place, in other words, 

the environment around the metals is similar in both the standard and sample allowing 

introduction into the plasma in the same manner that the sample is assayed. For this reason, the 

matrix of a standard reference material is crucial and must be completely characterized for 

accurate quantification.   

Hard calcified biological samples, such as human teeth [23-27], fish spine [28, 29] and 

tortoise shell [31] have been analyzed with laser ablation ICP-MS.  The growth bands, laminae 

and rings of the biological systems store pollutants and describe metal exposure from the 

elemental distribution [30]. Tuna vertebrae provide a historic record of past and recent exposure 

to trace metals and are a subject of study because they are easy to extract and the target of 

important fisheries in both developed and developing countries.  In the analysis of tuna fish 

dorsal spines cross-sections Ugarte et. al quantification was facilitated by means of synthesized 

matrix matched standard of metal enriched hydroxyl apatite because suitable standard reference 
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materials (SRM’s) were not available.  The standards were found to be homogeneous and 

provided a linear calibration (correlation coefficients were better than 0.991 for most of the 

analytes), as well as provide limits of detection between 1.4 ng/g for cadmium and 751 ng/g for 

aluminum [28].  Seltzera and Berry used a laser ablation ICP-MS analysis method applicable for 

semi-quantitative determination of elemental concentrations using sulfur, a keratin matrix 

element, as an internal standard for testing of tortoise shells [31].  Hare et al employed LA-ICP-

MS to analyze and construct mm-scale maps of the trace elements and display the heterogeneity 

of trace elements throughout the human tooth structure that correspond to specific structural and 

developmental features of teeth [23].  For this study we focus on the interaction of the following 

essential and non-essential metals, Al, Ca, Cu, Fe, Pb, and Zn, in adult human bone by using LA-

ICP-MS to produce 2D quantitative maps of the metals.  We determine the metal concentrations 

within the bone using matrix-matched laboratory standards developed in our lab. 

 

5.2. Experimental 

5.2.1. Sample Preparation 

Human bone samples were provided by the Department of Forensic and Investigative 

Genetics at the University of North Texas Health Science Center at Fort Worth (UNTHSC).  

These samples were taken from femur midshaft, harvested from an unembalmed cadaver who 

was donated to the Willed Body Program at UNTHSC.  Bone samples were prepared using the 

recommended best-practices of the Scientific Working Group on Forensic Anthropology and the 

DNA Commission of the International Society for Forensic Genetics (SWGANTH, Prinz) [32, 

33].  Removal of soft tissues (muscle and bone marrow) was completed using tools made of 

wood and nylon; metal instruments were used only to separate muscle attachments at the bone 
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surface, when necessary.  Bone shafts were rinsed with water and allowed to air dry overnight. A 

Dremel 8200 rotary tool with model 545 diamond-coated cutting wheels (Dremel, Racine, WI) 

was used for cutting (sampling) of the bone; these cutting wheels were selected as an alternative 

to the standard cutting wheels, made of aluminum oxide, to avoid possible transfer between the 

cutting wheels and the samples.  Cleaned and cut bone samples were stored in brown paper bags, 

prior to quantitative analyses.  A micrograph of the bone is shown Figure 5.1. 

 

 
 

Figure 5.1: Micrograph of human adult bone used for LA-ICP-MS study. 

  

5.2.2. Calibration Materials 

Calibration materials were electrochemically synthesized from a simulated body fluid 

containing similar constituents and concentrations has human plasma. The synthetic method is 

described in the previous chapter [34].  An external calibration method was chosen using 3 levels 

of metal-doped bioapatite as the standards for trace metal analysis. The calibration materials 

were ground for homogeneous distribution and pressed into 13 mm diameter pellets for the laser 
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ablation cell.  For the unknown, a femur bone obtained from a cadaver was cut into 1-inch 

sections to fit in the laser chamber. 

 
 
5.2.3. LA-ICP-MS 

LA-ICP-MS measurements were performed using an ESI NWR-213 Laser Ablation 

System (Fremont, CA) coupled to a Bruker aurora M90 ICP-MS System (Bremen, Germany). 

Optimum laser ablation conditions were found for the pressed pellets and bone samples and kept 

the same throughout the study.  The signal transient from the ICP-MS spectra of intensity vs. 

scan time was also examined to determine the best ablation patterns, spot size, and fluence 

needed for the best transient signal. Laser ablation parameters are listed in Table 5.2. The 

isotopes 27Al, 43Ca, 57Fe, 63Cu, 66Zn, and 208Pb and were simultaneously detected. For 

quantitative analysis the area under the curve of the transient signal was used to calculate the 

concentration of each isotope in the bone.   

Table 5.2: Laser Ablation and ICP-MS instrument operating conditions. 

Laser Ablation ICP-MS 
Laser ESI NWR-213 ICP-MS Bruker aurora M90 
Laser 
Wavelength 213 nm Rf Power 1.4 kW 

Pulse Duration 4 ns Nebulizer Micromist concentric (quartz) 
Energy Output 70% Plasma Flow 17 L min-1 
Rep Rate 10 Hz Nebulizer Flow 0.95 L min-1 
Spot Size 40 µm Auxiliary Flow 1.65 L min-1 
Fluence ~18 J/cm2 Scan Mode Peak Hopping 
He gas flow 1.00 L/min Dwell Time 20 ms 
  Scans per Rep 35 
  Reps per Sample 5 
  Isotopes 27Al, 31P, 43Ca, 57Fe, 60Ni, 63Cu, 

66Zn, 208Pb 
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5.3. Results and Discussion 

5.3.1. LA-ICP-MS 

Bone has a rough uneven surface therefore a major drawback to using a laser ablation 

technique on this type of material is the irregularity of the surface may interfere with laser 

ablation efficiency and particle size distribution.  Most studies for biological calcified materials 

in forensic and archeological sciences have focused primarily on teeth and shells due to the 

better discrepancies between layers, smoother surfaces, and less problematic laser ablation 

interferences [28, 23-27].  Line or raster scan patterns are the most common laser ablation 

patterns due to better aerosol transfer to the ICP-MS, limits of detection, and higher signal counts 

[35-37].  Solid samples are typically laser ablated as a raster pattern with each spot generating a 

2D map of an elements concentration (ug/g).  The transient signals in Figure 5.2 are from a raster 

scan and has good laser response time with an immediate increase in signal at about 12 seconds 

and an obvious wash-out signal, where the laser shuts off, at about 70 seconds.  This indicates 

the laser parameters are sufficient for this material, however the transient signal from the 

ablation sequence is noisy and non-linear, and the exponential decay of wash-out signal is noisy.  

The SEM micrograph in Figure 5.3 shows a clean ablation pattern with little to no splash on the 

edge of the ablation lines and distinctive ripples with no apparent damage to the adjacent surface.  

Therefore the small craters and surface debris on the heterogeneous bone surface is suspect to 

cause the inconsistency of the transient signal and noisy washout.   

Another concern with line scans, especially on lighter, softer materials like ceramics, is 

the likelihood of re-deposition of lose powder onto the ablation path causing re-sampling of the 

ablated material [38].  This problem was encountered for the electrochemically-synthesized 

powder pressed calibration materials, where the transient signal was even noisier and there were 
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several instrument spikes throughout the transient.  Figure 5.4 is the signal transient for a grid of 

spots ablation pattern.  Each peak represents a 40 μm spot on the bone surface.  A SEM 

micrograph of an ablation pit using the conditions listed in Table 5.2 is shown in Figure 5.5.  The 

ablation pit has a well-defined round shape and minimal splash around the edges.  In addition, 

the powder pressed calibration materials gave clean laser ablation spots with known unwanted 

signal spikes.  A grid of spots pattern was utilized throughout this study instead of a line scan 

due to signal stability, even though the signal was a magnitude less.  
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Figure 5.2: LA-ICP-MS transient of raster ablation pattern for 27Al, 57Fe, 60Ni, 63Cu, 66Zn, and 
208Pb on the surface of human bone. 
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Figure 5.3: SEM micrograph of a raster pattern laser ablated into the surface of human bone 
using an ESI NWR-213 laser system.  
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Figure 5.4: LA-ICP-MS transient of a grid of spot ablation pattern for 27Al, 57Fe, 60Ni, 63Cu, 
66Zn, and 208Pb on the surface of an adult human bone. 
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Figure 5.5: SEM micrograph of a grid of spots pattern etched into the surface of human bone 
using an ESI NWR-213 laser system.  
 

5.3.2. Calibration Procedure 

 Well-characterized matrix-matched standards were synthesized using a unique 

electrochemical method, as previously described [34], with defined concentrations of Al, Fe, Cu, 

Zn, and Pb doped into the standards.  An external calibration method used where 4 standards 
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were prepared with 4 different levels of added metal concentrations, 0, 0.05, 0.500, 5.00 μg/g, 

respectively.  The homogeneous prepared standards were pressed into pellets and analyzed using 

LA-ICP-MS; note the instrument conditions used were the same for the powder pressed 

calibration materials and the adult human bone.  Each standard was ablated several times using a 

grid of spots pattern and each spot produced a peak in the spectra.  The area under each peak was 

used to produce an external calibration curve for each element, and then the curve was used to 

calculate the concentration in each ablation spot on the surface of the bone.  The linear 

calibration curves for 27Al, 57Fe, 63Cu, 66Zn, and 208Pb, shown in Figure 5.6, all yielded a 

correlation coefficient, R2, of 0.9995, 0.9995, 0.9966, 0.9975, and 0.9985, respectively.  

5.3.3. Quantitative Mapping 

A rectangular section of the femur bone, measuring approximately 1.5 x 2.4 mm2 was 

ablated from the cortical bone down to the trabecular bone to quantitatively map the elemental 

distribution of essential metals, 43Ca, 57Fe, 63Cu, and 66Zn, shown in Figure 5.8A-D, and non-

essential metals 27Al and 208Pb, shown in Figure 5.9A-B, with LA-ICP-MS.  A micrograph of the 

area of interest on the bone section is displayed in Figure 5.1 and as well as a polarized 

micrograph of the ablation spots on the area in Figure 5.7.  This section was chosen because the 

density of the bone decreases from the cortical bone (outer thicker layer of the bone) to the 

trabecular bone (inner porous layer of the bone), therefore an obvious trend was observed in the 

2D map of 43Ca, where the concentration decreases from about 42 μg/g in the cortical area to 0.1 

μg/g in the trabecular area. A heterogeneous distribution for all elements was observed as 

expected. The % RSD for each element was than 10%.  Statistical analyses of the elemental 

concentrations in the quantitative maps are listed in Table 5.3.  The limits of detection (LOD) for 

Al, Fe, and Cu isotopes were greater than the minimum concentration found.  This is to be 

 134 



expected because the bone, assumed to be from a previously healthy donor, was not exposed to 

any harsh environments and these trace elements not expected to be in each spot of the bone.      
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Figure 5.6: Calibration curve of 27Al, 57Fe, 63Cu, 66Zn, and 208Pb from hydrothermal 
electrochemical synthesized matrix-matched standards for human bone. 

 
 

 Table 5.3: Statistical analysis of elemental concentration from the 2D quantitative maps. 

Element Min (µg/g) Max(µg/g) Median (µg/g) Mean (µg/g) LOD 
(µg/g) Ca correlation 

27Al 0.0033 0.4731 0.0458 0.0579 0.0455 0.1213 
43Ca 0.1066 42.1454 18.4975 17.8507 0.0788 1 
57Fe 0.0267 0.3775 0.0550 0.0647 0.0497 0.4232 
63Zn 0.1107 2.2254 0.6012 0.6208 0.0097 0.65102 
66Cu 0.0049 0.1511 0.0211 0.0288 0.0053 0.2067 
208Pb 0.0035 0.2177 0.0235 0.0268 0.0012 0.2221 

 

For the essential trace metals, the elemental distribution varied for all 3 metals observed. 

The two-dimensional quantitative map for 57Fe, in Figure 5.8B, has a reverse trend compared to 

43Ca.  The concentration increased from an average of 0.065 μg/g in the cortical area to a 

maximum of 0.377 μg/g in the trabecular area.  The trabecular bone structure is designed to 
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house blood veins, which is where red blood cells made of hemoglobin flow through.  In the 

micrographs a bloodstain can be seen over the trabecular area and is where all the 57Fe has 

conglomerate, as demonstrated in the graph.  As for 63Cu, 2D quantitative map in Figure 5.8C 

does not have a trend, but rather a random pattern.  For sporadic areas the highest concentration 

was found to be 0.151 μg/g while the average over the area was approximately 0.029 μg/g.  

Copper is associated with improving bone health by speeding up the recovery of a bone fracture 

and in some cases osteoporosis, often Cu-deficiency diagnosis is related to poor bone health [39].  

Like Cu, Zn is related to bone health and repair, but has a bigger role in bone than Cu. A 2D map 

of 66Zn displayed in Figure 5.8D has a trend similar to 43Ca, where the concentration is higher in 

the cortical region with a maximum concentration of 2.225 μg/g and decreases toward the 

trabecular region with a minimum concentration of 0.111 μg/g. Zinc is essential in bone 

formation and mineralization and has shown to deplete with age, especially in women, therefore 

zinc-deficiency is often related to skeletal abnormalities and osteoporosis [40]. 

 
 
Figure 5.7: Micrograph of the ablated section of the bone used in the 2D quantitative elemental 
mapping studies.   
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The elemental distribution for both non-essential trace metals observed, 27Al and 208Pb, 

the 2D quantitative maps, Figure 5.9A & B respectively show no preference to an area of the 

bone and was in random spots.  The maximum concentration of 27Al was 0.473 μg/g in one area 

while the average concentration was approximately 0.58 μg/g.  Similarly to 27Al, 208Pb had a 

maximum concentration of 0.220 μg/g in one small section, but the average concentration was 

below 0.30 μg/g.  In general the human body is an efficient, well-organized system that works 

well to self-remove any excessive or non-essential metals therefore no drastic contamination was 

observed in this cadaver bone; however higher concentrations would be seen if the bone itself 

where openly exposed to an environment, where the homeostatic limit could not be maintained.  
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Figure 5.8:  Quantitative 2D map of the concentration of essential metal isotopes, A) 43Ca, B) 
57Fe, C) 63Cu, and D) 66Zn, from the laser ablated section of the human adult bone pictured in 
Figure 5.7 and analyzed by LA-ICP-MS.  
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Figure 5.9:  Quantitative 2D map of the concentration of non-essential metal isotopes, A) 27Al 
and B) 208Pb from the laser ablated section of the human adult bone pictured in Figure 5.7 and 
analyzed by LA-ICP-MS. 
 
 
 
5.3.4. Correlation between Trace Metals and Calcium 

 In environmental and geological chemistry elemental correlations are used to analyze the 

origin of change in the crystal structure of geological materials, and H.A.O. Wang et al described 

it as an important technique to support 2D imaging results [41].  Similarly can be said of bone 

since the inorganic matrix is a bioceramic where essential and nonessential metals may interact 

with each other affecting bioaccumulation and toxic uptake.  Figure 5.10A-E presents the 

elemental correlation of Ca to Fe, Cu, Zn, Al, and Pb isotopes using the concentrations for each 

spot found using LA-ICP-MS as scatter points.  Of all the metals analyzed, Zn was the element 

with a positive correlation to Ca, which shows a positive linear regresstion, as shown in Figure 

5.10C.  Zn is an essential metal important in bone growth and healing.  Webster et al reported an 
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increase in osteoblast activity and calcium deposition with Zn-doped HA [42].  The Ca has a 

negative correlation to the other essential metals because of randomly scattered patterns, Fe and 

Ca, however for Fe if the scatter points are separated by cortical and trabecular regions, then the 

trabecular region as a positive correlation to Ca has confirmed by the 2D map of 57Fe.  The 

nonessential metals, Al and Pb, also have a negative correlation with Ca in bone.  The U.S. 

Geological Survey performed metal uptake studies at physiological conditions on different forms 

of biological apatite and reported 0.001wt% of Al, 0.01wt% of Fe, and 0.0002 – 0.0007wt% of 

Cu [26].  This bone was not exposed to any exterior or harsh environments therefore the 

elemental correlations can only describe the natural affinity of specific elements to HA and that 

have biological importance like bone repair. 
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Figure 5.10: Scatter plots of trace metal to calcium correlations were plotted for essential metals, 
A) 43Ca vs. 57Fe, B) 43Ca vs. 63Cu, and C) 43Ca vs. 66Zn, and non-essential metals, D) 43Ca vs. 
27Al, and E) 43Ca vs. 208Pb. 
 

 145 



5.4. Chapter Conclusion 

A matrix-matched calibration method for LA-ICP-MS was used to quantitatively map the 

spatial distribution of essential and non-essential trace metals in bone.  Based on these results 

medicinal, forensic, and environmental scientists will be able to use this quantitative method and 

matrix-matched standards for metal speciation and bone analysis.  Elemental concentration 

trends shown in the 2D maps for the cross-section of bone (cortical bone to trabecular bone) 

were consistent with previously reported studies.  This method offers a different perspective to 

physiological investigations and the potential to further studies in the uptake of trace metals 

during different developmental changes in bone and has a bio-maker to monitor environmental 

changes.  
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