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ABBREVIATIONS AND DEFINITIONS

ACP — amorphous calcium phosphate

AHCA — agglomerative hierarchical cluster analysis

CACP — amorphous calcium phosphate containing carbonate ions
CaP — calcium phosphates

CCP — calcium phosphate containing carbonate ions

CI — crystallinity index

DHCA - distributed hierarchical cluster analysis

DoE — design of experiments

DSC — differential scanning calorimetry

DTA — differential thermal analysis

FSD —Fourier self-deconvolution

FTIR —Fourier Transform Infrared Spectroscopy

FTIR ATR — Fourier Transform Infrared Attenuated Total Reflection Spectroscopy
FTIR DRIFT — Diffuse Reflectance Infrared Fourier Transform Spectroscopy
FTIR KBr — Fourier Transform Infrared Transmission Spectroscopy, pressed in a KBr tablet
FTIR PAS — Fourier Transform Infrared Photoacoustic spectroscopy
HAp — hydroxyapatite

HCA — hierarchical cluster analysis

HPLC — high performance liquid chromatography

ICP — inductively coupled plasma spectrometry

IS — infrared radiation

KM - Kubelka-Munk units

MS — mass spectrometry

PAT — process analytical technology

PC — principal component

PCA — principal component analysis

PKK — Pearson correlation coefficient

QbD — quality by design

SEM — scanning electron microscopy

SF — separation factor

TCP - tricalcium phosphate

TG — thermogravimetry

TTCP — tetracalcium phosphate

TXRF - total reflection X-ray fluorescence

XRD — powder X-ray diffractometry



GENERAL CHARACTERISTICS OF THE WORK

Introduction

Extensive research on hydroxyapatite and other calcium phosphates in the field of
biomaterials has been taking place for over 50 years. However, only in the last 10 years
there has been wider understanding of the influence of the structure of apatites on the
biocompatibility of the material. Therefore, great attention is paid to the modification of
existing materials, the creation of new materials and comprehensive characterization.

Insufficient attention is still being paid to the convenient and efficient characterization
of the structure and quality of nanosized calcium phosphates. With the development of
spectroscopic analytical methods and IT technologies, it is possible to obtain more accurate
data on synthesized material. For instance, Fourier Transform Infrared Spectroscopy (FTIR)
techniques, which can provide not only qualitative, but also quantitative information about
a sample in a very short time, combined with statistical methods, provide a convenient
graphical and visual representation of the data. Although over the past 20 years the usage
of statistical methods in the analysis of spectroscopic data has increased more than 10 times
(number of article on the usage of statistical methods in FTIR spectroscopy indexed
in SCOPUS database in 1996 was 20, but in 2016 it was 232), however, it has been
unreasonably forgotten in studies of calcium phosphates. Possibly the lack of the quality of
the spectra does not allow to use it.

The results of the doctoral dissertation substantiate the high potential of data multi-
factorial analysis in both calcium phosphate production and research process, as it allows
more detailed analysis of the obtained data and prediction of physico-chemical properties
of the material.

In this work, an innovative FTIR cantilever-enhanced photoacoustic spectroscopy
(PAS) method has been used, which was first used in spectroscopic studies of both calcium
phosphates and bacteria. Cantilever-enhanced photoacoustic detectors developed and
patented by GASERA Ltd. are used to develop completely new analytical methods in a
number of innovative EU-funded projects (such as IRON, HORIZON 2020 EU-PROJECT,
and DOGGIE and CUSTUM).

Aim of the Doctoral Thesis

To develop the control methods of the process of nanostructured hydroxyapatite
synthesis using innovative FTIR spectrometry and statistical data processing methods,
providing high payout efficiency and wide application capability.

Tasks of the Doctoral Thesis

1. To carry out systematic studies on the application of FTIR spectroscopic and multi-
factor data analysis for nanostructured calcium phosphates.

2. To evaluate the effect of drying conditions on the structure of calcium phosphate
compared to the results obtained by the FTIR with the results of XRD and TG and
give recommendations on optimal drying conditions for the synthesis of amorphous
or microcrystalline substances.

3. To evaluate the benefits of using the FTIR spectroscopy method, the purity of
calcium phosphate, the degree of crystallinity and structures (e.g., PO, A, B-type
CO;>A, B-type) for simultaneous control.
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4. To evaluate the potential of using the FTIR PAS method for kinetic control of the
chemical or physical process, for control of calcium phosphate contamination, for
studies of surface and microsamples and biological activity.

Theses to be Defended

The FTIR method is an effective method for controlling the result of the synthesis
of nanosized calcium phosphates, which provides comprehensive characterization of the
material, providing new research and process control capabilities.

FTIR spectroscopic methods together with methods of statistical data analysis provide
high-performance data processing and automation capabilities.

FTIR PAS provides new non-destructive possibilities for surface studies of pressed/
moulded or 3D-printed nano-sized calcium phosphate, which are not possible with
previously used FTIR sampling techniques (ATR, DRIFT, KBr).

Scientific Novelty

The developed FTIR spectroscopic data processing model provides efficient data
processing, replacing other physico-chemical methods for determining key quality
parameters and providing more information at a shorter analysis time.

For the first time, the FTIR PAS method has been developed, which allows simultaneous
investigation of both the surface of calcium phosphate and microbiological samples on it.

For the first time, systematic and complex studies and evaluations of the relationships
between the nanosized calcium phosphate spectra of different degrees of crystallinity
obtained by different FTIR methods were conducted including the innovative cantilever-
enhanced FTIR PAS in the studies.

For the first time, based on the FTIR and XRD spectra of calcium phosphates of varying
degrees of crystallinity, the statistical model of the main components (PCA) was developed,
which allows us to evaluate the degree of crystallinity and particle size of unknown CaP.

For the first time, an optimized method for determining the degree of crystallinity
(index) of calcium phosphates is proposed, complementing the existing method with the
peak deconvolution of the FTIR spectrum.

Practical Significance

The research results provide an opportunity to comprehensively and with payout
efficiency control the process of amorphous and microcrystalline HAP synthesis, control
the conformity of the result of synthesis with the set objectives, determining the degree of
crystallinity of the material obtained at the same time, contamination with the raw materials
of the synthesis and drying process, avoiding time-consuming analytical steps or expensive
additional equipment. The proposed methodology reduces the cost of control and provides
extensive information on the qualitative parameters of nano-sized calcium phosphates.
The results of the work prove the new possibilities of PAS FTIR providing more research
opportunities.



Approbation of the Results

The scientific achievements and main results of the doctoral thesis have been reflected

in 7 full-text scientific publications and reported at 17 international scientific conferences
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LITERATURE REVIEW

Modern production process. With the development of technology and communication,
not only the technological process and capabilities change, but also the communication
between the producer and the consumer is changing. A modern production process
determines that:

1. the manufacturer (the offer) must anticipate the consumer’s (demand) needs;

2. the quality is a key parameter that determines market success and creates

communication between the supplier and the consumer [1].

The production process of the 21st century is based on an evidence-based quality control
not only at the very end of the process, it is integrated into products by designing the quality
in the production process — Quality by Design (QbD). The process analytical technology
(PAT) is a technology that ensures the “translation” of the designed quality (QbD) in the
real production process [2].

The PAT technology is not limited to the use of one device only [3]. This technology
covers a variety of “tools” such as, multidimensional statistical analysis for data collection,
processing and visualization, product quality assessment, continuous improvement of the
production process and knowledge management (Fig. 1).
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Fig. 1 The PAT toolbox [3]

The essential “tools” for online research (on-line) are:

a) spectroscopic methods or sensors for characterization of the material or substance;

b) smart sensors that measure production parameters.

The information provided by these sensors is used to create mathematical models.
This is proof that the quality of the production process is determined not only by modern
equipment but also by mathematical models and algorithms [4]. However, in order for such
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a system to be managed not only by narrow-sector specialists but also by manufacturers,
the analytical control (PAT) of the process must meet the following requirements:
user-friendliness; unified documentation and traceability; no non-proprietary solution;
standardized interface; neglectable matrixeffects and interferences; appropriate accuracy;
customized asset management functions; compliance with security (explosion proof, safe)
requirements; robustness and industrial applicability; low maintenance costs; availability
and long-term stability[5].

The use of Fourier Transform Infrared (FTIR) spectroscopy.

Different methods, such as FTIR, XRD, Raman, etc. were used for the study and
characterization of calcium phosphates. FTIR is a method that has been widely used in
calcium phosphates research since the sixties of the 20th century [6], [7] and can be used
for both qualitative and quantitative analysis [8].

The most commonly mentioned advantages of the FTIR method directly for calcium
phosphates research are the following: the method is sensitive and non-destructive or
only slightly damages the sample; it does not require sample preparation or it is minimal;
small sample quantities are necessary for measuring [9]. Several FTIR sampling methods
were evaluated in this work, with the highest emphasis on the usage of FTIR PAS and
FTIR DRIFT. The advantages of both methods are the following: no sample preparation
is needed; there is no contamination of the sample; there are small sample quantities; high
sensitivity and the surface can also be measured with the PAS method.

Photoacoustic Spectroscopy (PAS). Photoacoustic spectroscopy is based on the
photoacoustic effect, which was discovered in 1880 by scientist A. G. Bell. If the substance
is irradiated with a pulsating light, the substance emits acoustic waves that have the same
frequency as the pulsating light. In subsequent experiments, he added a hearing tube and
fixed sounds [10]. A. G. Bell’s initial works encouraged such scientists and researchers as
Roentgen, Tyndall and Price to do the research in the field of photoacoustic spectroscopy.

In this work, the innovative cantilever — enhanced PAS was used. In 2003, the silicon
console, invented by J. Kaupinen’s group, replaced the less sensitive microphone membrane.
In addition, the movement of the console could be read with both the optical beam deviation
and the interferometer. The J. Kaupinen’s group chose the interferometric reading because
it offered a larger dynamic range (Fig. 2) [11].
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radiation Laser
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Fig. 2. The principal scheme of PAS with the cantilever-enhanced detector.



Calcium phosphate biomaterials. It is possible to design and synthesize bone or
tissue-like materials by imitating nature. These smart materials can be used to develop
innovative third-generation biomaterials [12]. Biomaterials or biocompatible materials are
mainly biomimetic materials that can not only interact with biomaterials (for example,
tissues, bones) but also imitate or even improve their functions [13]. The structure of
mammalian bones and teeth is often compared to the structure of apatites, as evidenced
by the use of diffractograms of mineral hydroxyapatite and by analyzing the ratio of
calcium and phosphorus in apatite [14]. The stoichiometric calcium hydroxyapatite (HAp),
Ca,(PO,)s(OH), is considered as an idealized bone and dental inorganic composition model
[7]. Studies have emphasized that natural and synthetic apatites, however, differ substantially
from the idealized HAp model not only by structure, composition, degree of ordering and
particle size, but also by physical and chemical properties [15]. Therefore, in this work, as
an inorganic bone composition model, amorphous calcium phosphate (ACP) and ACP and
HAp compounds containing carbonate ions, which by composition and properties are more
intrinsic to the inorganic part of the bone than pure hydroxyapatite, are mainly considered.

During the synthesis and production of calcium phosphates, drying is an integral part of
the production process as synthesis, since drying affects the size, crystallinity, composition,
structure and phase purity of the filtered particles. The most commonly used drying
conditions are lyophilization (—50 °C, vacuum, 48—72 h) [16], and air drying at various
temperatures such as room temperature [17], 70-90 °C, 15-24 h [18], 100—150 °C, 24-48 h
[19] or rinsing of precipitates with an organic solvent: alcohol or acetone, followed by
drying at > 100 °C [20]. The drying process also significantly affects the composition of the
physically and chemically bound water in calcium phosphate. Therefore, in this work, the
effect of the drying process on the amorphous and microcrystalline structure using not only
FTIR methods but also DTG and MS are studied.

Spectrum processing and multidimensional statistical analysis. FTIR spectroscopy,
in conjunction with multidimensional analysis, offers a very wide scope for both calcium
phosphate and in vitro studies. Nowadays, data processing is usually carried out using
computer based technologies and ready-made software. The main tasks of the author are:
1) to select the method most suitable for the research and the corresponding program or
programs; and 2) to evaluate, correctly explain and interpret the results. The FTIR spectrum
processing is essential, which can be divided into two stages:

e pre-processing of the spectra (background correction, spectrum alignment,
normalization) needed to improve the appearance of spectra and increase spectrum
interpretation and analysis;

e spectrum processing (derivation, deconvolution, and Fourier self-deconvolution)
required to mathematically improve resolution when equipment options are already
exhausted [21].

The main tasks of the multidimensional analysis are the following:

1) description of data and modeling of the structure of general data matrix;

2) discrimination, classification and grouping of data to divide all data into two or more
groups (objects);

3) regression and forecasting; a method that binds two variables by quantifying them
with each other [22].
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FTIR spectra can be represented in the form of a data matrix, where the columns
represent wavelengths (variables), but the rows represent observations (spectra). This means
that each spectrum can be represented as a row of numbers in the matrix [23]. This work
examines the unsupervised method of multidimensional analysis. Its task is to look for
correlations in large data sets and in unmatched data matrices without the need for standard
samples [24]. The unsupervised data processing method can be used for model creation
and as a pre-processing for supervised data analysis [22]. Unsupervised methods are, for
instance, the analysis of key components in PCA, hierarchical cluster analysis, HCA and
Pearson correlation coefficient analysis in PKK [25].
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EXPERIMENTAL PART

The scheme of the doctoral thesis is shown in Fig 3.

The main research method in this work is the Fourier Transform Infrared Spectroscopy.
Four FTIR sampling methods were used to study the synthesized and natural calcium
phosphates: console type PAS, DRIFT, ATR and FTIR-KBr. The experimental part
deals with evaluation and validation of the resolution of FTIR methods. A precision and
repeatability test was performed.

Other research methods used in the work are:

» X-ray diffractometry (XRD) to judge the qualitative and quantitative composition of
phases, product crystallinity and particle size; the Profex3.10.2 program for Rietveld
analysis was used;

» thermogravimetry (TG/DTA) for the determination of chemically and physically
bound water and for the determination of the composition and purity of the substance;

» scanning electron microscopy (SEM) for the surface analysis of pressed calcium
phosphate, the analysis of the microbiological sample and the evaluation of Ca/P
quantitative composition;

* mass spectroscopy for determination of purity of synthesized and dried under different
conditions calcium phosphate, analysis of thermal stability and determination of
molar mass of impurities.

Importance of Statistical

Methods for Advantages of Using

Effective Differentiation of
FTIR Methods

1

FTIR PAS and FTIR DRIFT

Development of the Model Characterization of Process
1 1
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calcium phosphates material )
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Application of Deconvolution
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Deconvolution model

Assessment and Application
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Preparation of Dried Calcium
Phosphate Samples

Thermokinetic investigation

Fig. 3. The scheme of the doctoral thesis.
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The following substances and materials have been selected for calcium phosphate
biomaterials:

e as an inorganic form of bone, amorphous calcium phosphate (ACP) and HAp
compounds containg carbonate ions, which by composition and properties are more
intrinsic to the inorganic part of the bone than pure hydroxyapatite, are considered;
samples have been synthesized with varying degrees of crystallinity (amorphous,
microcrystalline, crystalline) and particle size (1 nm — 70 nm);

+ contemporary and archeological human bones (Mesolithic Age, Neolithic Age,
15%-16"; Institute of History of Latvia);

» synthetic calcium phosphate in conjunction with a microbiological sample — in vitro
studies.

The chemical precipitation method was used to obtain synthetic samples. Modified

E. Hayek and M. Jarcho methods were used in this work, which C. Rey several times
has described in his works [16], in order to obtain nanosized compounds for amorphous
compounds.

The following commercial and freeware computer programs were tried out and
information was gathered for FTIR spectrum processing and digital conversion: SpekWin32
1.72, SpectraGryph 1.06, MagicPlot Student 2.5.1, Grams/Al, Origin 10, Simca 14. The
spectra were processed by background correction, spectrum alignment, normalization,
Fourier self-deconvolution (FSD), and the second derivative.

Data statistical analysis was performed using computer programs Origin 10, Simca 14,
Statistica 10.0.
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RESULTS AND DISCUSSION

1. Development and Assessment of the Comparison Model of FTIR
Methods for Nanosized Calcium Phosphate Research.

1.1. Development of the Model for the Mutual Qualitative and Quantitative

Comparison of Different FTIR Methods

One of the important tasks of FTIR was to find out if and how the FTIR spectra taken
with 4 different sampling methods (PAS, DRIFT, ATR and KBr) can be compared if
carbonate ions containing CP with varying degrees of crystallinity and crystalline size were
used: P-1, amorphous powder substance, particle size <Inm; P-2, microcrystalline material,
particle size ~ 10 nm; P-3, microcrystalline material, particle size ~ 20 nm; P-4, crystalline
material, particle size ~ 70 nm. At the beginning of the study, a work plan was developed
that included the process and the expected results (Fig. 4).

STAGE

SPECTRAL
RECORDING

M

vV

SPECTRAL
PREPROCESSING

M
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SPECTRAL
ANALYSIS

PROCESS

Method

Sample

Validation

Preprocessing

Processing

Program

Qualitative analysis

Quantitative analysis

RESULT

Method: KBr, ATR, DRIFT, PAS

Sample: amorphous,
crystalline, poorly crystalline

Precision test,
Accuracy test

Baseline correction, smoothing,
normalization, digital "translation"

Second derivative spectra, FSD

SpectraGryph, Origin, Grams,
Simca, u.c.

[

Identification of functional groups

Spectral analysis
Full spectra
Significant parts of spectra

Fig. 4 The work plan for comparing different FTIR methods
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1.2. Qualitative Analysis of FTIR Spectra

All the received spectra were initially compared qualitatively (Fig. 5). As the spectral
absorption area of the ATR method is narrower than other methods, all the sampling
methods were then compared in the 5284000 cm™! area. Spectral “noises” were observed
in both the ATR and PAS spectra in the 1950— 2450 cm ! area. However, these “noises” did
not affect the qualitative analysis of the FTIR spectra of HAP because they were located
outside the analytically significant area of functional groups. All the FTIR spectra were
distributed and observed in four areas (Fig. 6): F1_528 — 700; F2_800 — 1200, F3 1350 —
1800; F4_3450 — 3950. The main results are summarized in Table 1.
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Fig. 5. FTIR spectra of four sampling methods for samples of different degrees of
crystallinity and size: a) P-1-CCP particle size < 1 nm; b) P-2-CCP particle size ~ 10 nm;
c¢) P-3-CCP particle size ~ 20 nm, d) P-4 — CCP particle size ~ 70 nm.

* Particle size determined by XRD and program Profex3.10.2.

Visually all four FTIR sampling methods describe the spectra similarly, but there are
several differences in the ATR spectra:
1) in the carbonate ion region, the spectra have a much lower absorption rate;
2) there are no visible absorption lines in the spectral area of 2450-3950 cm™' of the
OH group for the microcrystalline samples;
3) crystalline samples have very weak absorption lines in the spectral area of
2450-3950 cm™' of the OH- group;
4) For the amorphous and microcrystalline samples, the ATR method exhibits a very
weak absorption of H,O in the spectral area of ~ 2450-3950 cm™.
Differences in ATR spectra are significant in the interpretation of calcium phosphate
spectra. They indicate weak sensitivity of the method in the areas concerned. This method
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Table 1

Qualitative detection of functional groups with FTIR samples of varying degrees of

crystallinity
Spectral Functional P-1 P-2 P-3 P-4
arga om! FOuDS Amorphous | Microcrystalline | Microcrystalline | Crystalline
? group < Inm ~10 nm ~20 nm ~70 nm
v, PO,/ | KBr, DRIFT, KBr, DRIFT, KBr, DRIFT, KBr, DRIFT,
Fl PAS, ATR PAS, ATR PAS, ATR PAS, ATR
450-780 Ol KBr, DRIFT, KBr, DRIFT, KBr, DRIFT, KBr, DRIFT,
PAS, ATR PAS, ATR PAS, ATR PAS, ATR
F2 vy, v; PO, | KBr, DRIFT, KBr, DRIFT, KBr, DRIFT, KBr, DRIFT,
800-1200 v, COs> PAS, ATR PAS, ATR PAS, ATR PAS, ATR
v; CO;?
3 A, B. non— KBr, DRIFT, KBr, DRIFT, PAS, KBr, DRIFT, KBr, DRIFT,
1350-1800 apatitic; PAS, ATR (W) PAS, PAS,
ponC’ ATR (w)* v ATR (v.w.)** | ATR (v.w.)
oL KBr, DRIFT, KBr, DRIFT, PAS, KBr, DRIFT, KBr, DRIFT,
PAS, ATR (n.0)) PAS, PAS,
P4 ATR (n.o.) o ATR (n.o.)** ATR (v. w.)
KBr (w)
~2450 — )
450 -3950 H,0 KBr, DRIFT, KBr, DRIFT, PAS, KBr, DRIFT, DRIFT (w),
PAS, ATR (n.o.) PAS, PAS (w), ATR
ATR (n. 0.) h ATR (n.o.) (n o’)

* w — weak, ** v.w. — very weak, *** n.o. — not observed

is not applicable to the characterization of the crystallinity of calcium phosphates and the
quantitative characterization of carbonate ions, which may lead to false conclusions.

1.3. Quantitative (statistical) Analysis of the FTIR Spectra

Combining the FTIR methods with multidimensional statistical analysis, quantitative
data and conclusions about the effect of spectrum processing on the obtained results were
obtained; all FTIR spectra were analyzed both in their full length FULL (528-4000 cm™)
and in constrained areas: CUT (528-700 cm™ (v, PO,*, OH"), 800-1200 cm™' (v, and v,
PO, v, CO,™), 1350-1800 cm™ (v CO4> A, B, non—apatitic; OH")), and in certain areas
of the functional groups F1, F2, F3, F4 (areas of the functional groups see Fig. 5).

Various spectrum processing methods were evaluated: baseline correction (L),
normalization (N) and background correction (F), and Fourier self-deconvolution method
(FSD). The 2nd derivative (2DER) was applied to the processed spectra. The study compared
the processed spectra with and without the 2nd order derivative. The samples were coded
according to the processing methods: Processing FN, Processing FNL, Processing FNL
FSD, Processing FN _2DER, Processing FNL 2DER, Processing FNL FSD 2DER.

The following statistical methods were used in the work: Pearson Correlation Coefficients
(PKK), Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA).

For PKK calculations, spectra were compared to FTIR KBr, because it is the most
commonly used method for both qualitative and quantitative studies of calcium phosphates
and is considered to be the most appropriate measure [6], [7]. All the correlations obtained
are reliable if | #|> Foos24- FOr PCA analysis, the largest variances were shown by the first
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two components (PC1 and PC2), so their variances and cumulative dispersion are discussed
in the following chapters. All component calculation methods have a confidence level of
95 %. The formation of clusters was depicted in diagrams and dendograms. The Ward’s
Principle of Similarity and the Euclidean Distance Method were used in the preparation of
the dendrograms.

Full Spectrum Area — FULL (528-4000 cm™).

Pearson coefficients. The ATR method shows a 3040 % lower PKK values (0.508
against DRIFT, 0.642 against KBr, 0.688 against PAS) than DRIFT or PAS against KBr. The
correlation coefficients are < 0.750 (| rl > Tos.0524), Which indicates a moderate correlation.
The values of the Pearson coefficients for the ATR spectra of amorphous samples P-1
depend on the spectrum processing method. They are slightly lower than for the crystalline
samples. The derivatives of the spectra show a sharp decline in PKK values. For instance,
Processing FNL 2DER (< 0.550) and with Processing FNL _FSD 2DER (< 0.300), which
indicates a very weak correlation but opens the way for differentiation of samples.

The value of the Pearson coefficient for the ATR spectra of crystalline samples P-4 does
not depend on the spectrum processing method, since very similar values of the Pearson
correlation coefficient for all processing methods are presented. The Pearson correlation
coefficients are > 0.750 (| rl> Toos24), Which indicates a close correlation. The derived
spectra of crystalline samples also show a decrease in PKK values. However, this drop is
similar to all processing methods.

In the analysis of the Principal Components, PC variances are influenced by the spectrum
processing method.

For non-derived processed spectra, PC1 variances are greater than those processed with
2nd order derivatives. For derived spectra, the effect of the PC1 variance reduces, but the
impact of PC2 and each subsequent PC increases; the cumulative values for the sum of
PC1 and PC2 decrease, indicating the effect of the next major component, such as PC3,
PC4. This opens the way for differentiation of more similar spectra, for less the analytically
insignificant part (background, “noises”) of the spectrum is taken into account. The total
cumulative dispersion is formed by 90 % when two main components are created for non-
derivative spectra and in some cases even 5—7 clusters for derived spectra (see Table 2).

Table 2

Variances and cumulative dispersion of major components by the modes of spectrum
processing in the area FULL (528-4000 cm™)

Mode of spectrum processing Variances of‘;’Cl and PC2, Tot.al culflulal:ive
A dispersion, %
Processing_ FN PC1(68.4) + PC2 (16.4) 84.8
Processing FNL PC1(88.8) + PC2 (4.0) 92.9
Processing FNL FSD PC1(86.7) + PC2 (5.0) 91.8
Processing FNL 2DER PC1(58.7) + PC2 (21.0) 79.7
Processing 2DER PC1(50.6) + PC2 (14.4) 65.0
Processing FNL FSD 2DER PC1(58.5) + PC2 (12.8) 713

* confidence level 95 %
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Cluster analysis using 2D diagrams. The spectra selection used is homogencous, the
probability of cluster formation is influenced by the spectrum processing method (Fig. 6).
For the ATR method, the location of samples in clusters is significantly different from the
location for the other three FTIR methods, often outside the range of significance of 95 %
or joins other clusters, or forms separate clusters for the ATR method. This leads to the
conclusion that cluster formation is not affected by the choice of the FTIR method, except
when choosing the ATR method (for instance, Fig. 6b, 6¢). For non-derived processed
spectra, regardless of the type of spectrum processing, a clear cluster formation is not
observed (e.g., Fig. 6a).

The derived spectra show a pronounced formation of 2-3 clusters (see Fig. 6b, 6¢)
according to the degree of crystallization and particle size.
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Fig. 6. Cluster formation for processed spectra by 4 FTIR methods in the full spectrum
area depending on the processing method: a) Processing FNL; b) Processing
FNL 2DER; ¢) Processing FNL FSD 2DER.

» The crystalline P-4 sample cluster is most evident in all cases considered. This leads

to the conclusion that the degree of crystallization plays a crucial role in cluster
formation and its effect on the form of a spectrum is sufficient to be used for research.
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* A common cluster of microcrystalline samples P-2 and P-3. Since the particle size of
the sample is very similar, it is possible to divide these samples into separate clusters
only if the spectrum is processed by Processing FNL FSD 2DER or, in the statistical
analysis, only 3 spectra of FTIR methods (KBr, DRIFT and PAS, excluding significantly
different ATR) are used, or only areas of separate functional groups (Fig. 7a).

The cluster of the amorphous sample P-1 overlaps with the clusters of microcrystalline
samples P-2 and P-3 on several occasions (for instance, Fig. 6b, 6¢). However, it is possible
to isolate this cluster, if the spectrum is processed by Processing FNL FSD 2DER and
only spectra processed by 3 FTIR methods (KBr, DRIFT and PAS) are used in the statistical
analysis (Fig. 7a).
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Fig. 7. a) Cluster formation for the spectra processed by three FTIR methods in the
full spectrum area with Processing FNL FSD 2DER; b) HCA analysis for the spectra
processed by three FTIR methods in the full spectrum area with Processing FNL
FSD 2DER.

In the cluster analysis, using dendrograms, the clusters are most clearly formed for the
processed derived spectra (for instance, Fig. 7a), similarly to the methods discussed above.
The analysis shows that the greatest influence on cluster formation is not the choice of the
FTIR method, but the degree of crystallinity of the sample and the size of the particles. This
is most accurately indicated in diagrams without the ATR method (for instance, Fig. 7b).

Narrowing the research areas, leaving only analytically significant areas, for instance, F1
(528 -700 cm™ (v, PO,*, OH"), F2 800 — 1200 cm™ (v, and v;PO*, v, CO;>), F3 1350 -
1800 cm™ (v; CO;> A, B, non—apatitic OH") the following information was obtained.
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Pearson coefficients. PKK increases by about 20-30 %. It is > 0.850 (| rl> ¥0.05:24)-
The correlation is very close. The highest correlation coefficients (> 0.920), irrespective
of the degree of crystallization and the processing of spectra, are shown by the carbonate
area: 1350-1800 cm™ (v; CO,* A, B, non-apatitic; OH"). For the derived spectra of the
amorphous samples, the values of PKK decrease by 40-50 %, while for the crystalline
ones only about 20 %. The low values of PKK for amorphous and microcrystalline samples
enable the samples to be differentiated.

Analysis of main components. A significant decrease of the PCI variance and an increase
of the effect of subsequent components PC2, etc. are observed for the processed spectra by
the second order derivative (see Table 3).

Table 3

Variances and cumulative dispersion of the main components by the modes of spectrum
processing in the area of F3_1350 — 1800 cm™ (v; CO;> A, B, non-apatitic; OH")

Mode of spectrum processing Variances of PC1 and PC2, % T?lti::):;l:;:)l:?&ve
Processing FN PC1(93.1) + PC2 (4.8) 97.9
Processing FNL PC1(97.1) + PC2 (14.5) 98.6
Processing FNL FSD PC1(96.6) + PC2 (14.7) 98.0
Processing FN_2DER PCI1(55.6) + PC2 (21.8) 77.4
Processing 2DER PC1(46.8) + PC2 (21.2) 67.9
Processing FNL FSD 2DER PCI1(50.7) + PC2 (22.3) 73.0

* confidence level 95 %

The 2D diagram of cluster analysis and the dendrogram for the three FTIR methods
demonstrate (Fig. 8a, 8b) that the main effect in cluster formation is directly the particle
size and degree of crystallinity.

a) For amorphous and microcrystalline samples, the method of spectrum processing
plays an important role in differentiating samples. It is best to differentiate the
processed spectra with the 2nd order derivative.

b) The higher the degree of crystallinity of the sample, the more similar are the
spectra of all four methods, and less results are affected by the method of spectrum
processing.

Conclusions

1. The Pearson coefficients, analysis of the main components and analysis of clusters
confirm the results obtained by analyzing qualitatively the spectra of 4 FTIR sampling
methods for samples of varying degrees of crystallinity.

2. The values of PKK for the ATR method and the location in clusters differ significantly
from other FTIR methods.

3. The methods of FTIR DRIFT, PAS and KBr show a close correlation, therefore it can be
concluded that the choice of method has little effect on the differentiation of nanosized
calcium phosphates.

4. The method of spectrum processing influences the possibility of sample differentiation:
clusters are most clearly formed by derivatizing the processed spectra.
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Fig. 8. a) Cluster formation for the processed spectra by three FTIR methods: in the

area of '3 1350-1800 with Processing FNL FSD 2DER; b) Cluster formation for

the processed spectra by the three FTIR methods: in the area of F3 1350—1800 with
Processing FNL FSD 2DER.

5. Most importantly, the degree of crystallization and the particle size affect the differentia-
tion of the samples: the clusters are most clearly formed by narrowing spectral areas of
the processed derived spectrum to the areas of functional groups.

The information obtained in the study can be used for the development of a research
model and for differentiation of unknown samples.
To summarize the information obtained, a scheme was developed for choosing FTIR

methods and spectrum processing and analyzing, which shows the main steps from taking a

FTIR spectrum to the conclusion (see Appendix 1).

1.4. Model Assessment and Usage Options

Development of the model. The closest correlations were observed by classifying the
samples according to the degree of crystallization of the substance and the particle size.
Therefore, when approbating the model, it was assumed that the visual interpretation of
FTIR spectra allows us to predict the result to be achieved, as there is a strong correlation
between the spectral visual image in the area of 450750 cm™ (v, PO,*-, OH"), visualization
of crystallite dimensions and data in the 2D PC1, PC2 diagrams, and the cluster HCA
dendrograms (Fig. 9).

24



1.

Amorphous samples with the particle size < 5 nm have one wide spike in the area of
(v4 PO,*) and they will form a common cluster in the PC and HCA diagrams.
Microcrystalline samples with the particle size of 5 nm to 30 nm have two bands
in the area of (v, PO,*) and they will form a common cluster in the PC and HCA
diagrams.

Crystalline samples of the particle size > 30 nm have three bands in the area of (v,
PO,*) and they will form a common cluster in the PCA and HCA diagrams.

Assessment of the model. The standard substances of calcium phosphate with varying
degrees of crystallinity and particle size were used: amorphous (~ 1 nm), microcrystalline
(10 nm) and two crystalline samples (60 nm and 70 nm).

To increase the number of measurements, 10 samples of nanosized calcium
phosphate powder containing carbonate ions with varying degrees of crystallization
and particle size were selected.

The method of the work was FTIR-DRIFT and for comparison — XRD and Rietveld
analysis.

The method for spectrum processing was Processing FNL 2DER.

Model analysis. The assumption about sample placement in clusters was confirmed,
because samples created clusters with standards at the marked points.
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Fig. 9. Relationships of FTIR visual interpretation and statistical analysis for determining

the crystallinity and particle size of calcium phosphate.

For the processed spectra in the full spectrum area 3 clusters were formed according to

the particle size and crystallinity (Fig. 10a). The obtained data were confirmed by the HCA
dendrogram (Fig. 10b), since it was evident that two distinct clusters were formed: one for
completely crystalline samples and the other for amorphous and microcrystalline samples,
which in turn formed two less different clusters.
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Fig. 10. Approbation of the model in the full spectrum area for samples of different
degrees of crystallinity and particle size: a) 2D diagram with PC1 and PC2; b) HCA.

The sample of the particle size 71 is located in a common cluster with the samples of
the particle size greater than 30 nm. It can be seen that the samples of particle size greater
than or equal to 70 nm could form a separate cluster, but studies in this direction were not
continued.

Continuing assessment of the model in selected areas of functional groups, it showed
that clusters were formed in all analytically significant areas of calcium phosphate: 450—
700 cm™! (v, PO, OH"), 800-880 (v; CO;*), 900-1200 cm™* (v, v; PO,*), 13501800 cm!
(v; COy* A, B, non-apatitic; OH") (Fig. 11).

Judging by 2D diagrams, the cluster is most clearly expressed in the areas of F1
450-700 cm™ (v, PO, OH) and F4 1350-1800 cm™ (v; CO4> A, B, non-apatitic; OH"),
which are also most often used to determine the degree of crystallinity and composition of
the sample.

In the dendrograms of the areas of F1 450-700 cm™ (v, PO,*, OH") and F3 900-
1200 cm™ (v, v, PO,>), it can be observed that the samples of > 70 nm can form a separate
cluster. Similarly, in dendrograms of functional groups, it can be observed that it is possible
to differentiate between amorphous and microcrystalline samples (Fig. 11).

Conclusions

Approbation of the model confirms that the developed model, which includes the
selection of samples of varying degrees of crystallinity and sizes up to 100 nm, and the
spectrum processing method with the 2nd derivative, can be successfully used:
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Fig. 11. Cluster formation in separate functional groups: a) 800-880 (v; CO;>);
b) 1350-1800 cm™' (v; CO,* A, B, non-apatitic; OHY); ¢) 450-700 cm™ (v, PO,*, OH");
d) 900-1200 cm™ (v, v; PO).

1) for approximate evaluation of crystalline size and degree of crystallization
(amorphous, microcrystalline, crystalline) in the sample, without using XRD and
Rietveld methods;

2) by the visual image of the FTIR spectrum in the area of 450-700 cm™' (v, PO,
OH"), it is possible to predict the position of the sample in the cluster and crystallite
parameters (size and degree of crystallinity);

3) the PC and HCA analysis helps to confirm or rule out assumptions and evaluate the
effects of factors on cluster formation.

2. Thermokinetic Studies of Nanosized Calcium Phosphate

In order to subject the substance to the effects of temperature, it is necessary to obtain
information on its thermal stability. In the process of production, calcium phosphates
undergo heat treatment several times by drying, calcining and sintering. Temperature affects
calcium phosphates, both their phase and degree of crystallinity, and particle size may
change. Similarly, the effect of temperature on amorphous calcium phosphates containing
carbonate ions is observed in the following FTIR spectral areas: 400-700 cm™ (v, PO,*,
OH"), 800-950 cm™ (v, CO;*), 1350-1800 cm™ (v; COs> A, B, non-apatitic; OH") and
3450-3950 cm™ (H,O; OH").
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2.1. Optimization of Drying Process Control

The main task was to study both the stability of the amorphous phase and change of
physically and chemically bound water in the process of drying. The FTIR DRIFT, FTIR
PAS and DTA / TG mehods were used to study the process.

First, the drying process of a freshly filtered ACP was studied using FTIR spectroscopy.
FTIR spectroscopy allows to observe vibrations of the O-H bond that depend on the strength
and length of the hydrogen bond, measurement temperature, and other factors.

When taking FTIR PAS spectra for filtered precipitate (see Fig. 12), significant changes
in the FTIR spectrum are already seen in the early hours. In the first hours, the main changes
occur in the spectral areas of 3450-3950 cm™' (H,O; OH") and 1640 cm™! and only after
24 h, in the spectrum it is possible to observe a spike formation characteristic of apatite in
the area of 400-700 cm™ (v, PO, OH") and 1350-1800 cm™ (v; CO,> A, B, non-apatitic).

2200

3800 2200 3800 ' 2200
Fig. 12. CACP drying kinetics, drying in air
* The FTIR PAS method was used to measure kinetics

More detailed information on changes in water and OH groups can be obtained by
deconvolution of the spectral area from 2200 to 3800 cm'. Comparing the given areas, one
can see a change of the form at the time (Fig. 12).
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When deconvulating it is possible to find out four water-specific bands at 3020, 3272,
3488 and 3622 cm™! that are initially visible, which over time “shift”, blend in and form the
H,0O / OH absorption lines characteristic of the amorphous calcium phosphate (Fig. 12).
Rapid changes in the FTIR spectrum indicate that initially a large amount of water is only
physically absorbed on the surface and large amount of energy is not required to remove it.

In this work, the ACP containing carbonate ions were studied, which were dried under
various conditions: lyophilized, 25 °C, 50 °C, 80 °C, ethanol/25 °C, acetone/25 °C, 120 °C
and 130 °C and retained the amorphous or microcrystalline structure after drying.
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Fig. 13. The FTIR DRIFT spectra of dried CACP: a) in the full spectral area;
b) in the area of 38002000 cm.

In the FTIR PAS spectra, in the area of 2400-4000 cm', decreasing absorption
intensities could be observed depending on the drying temperature (Fig. 13). The correlation
was observed — the higher the drying temperature, the lower was the intensity of the bonds.
Different intensities were also observed for the air-dried samples — if the sample was washed
with an organic solvent (ethanol or acetone) before drying, the intensities were higher than
that of the normal air-dried sample. The observed changes were related to the desorption of
physically bound and bound water during the drying process.

The TG / DTA method was chosen as the main method in the study because FTIR and
XRD methods did not give answers to two questions.

1. Are there any significant differences between differently dried amorphous samples?
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2. Under which drying conditions, CACP loses physically bound water, but still

preserves chemically bound water?

Looking at the thermograms of dried samples under different conditions in the range
of 25 °C to 1000 °C, one exothermic area and one endothermic area are visible for all
samples. Further in the work, only the endothermic peak will be considered, because it is
related to the main water loss in the samples of calcium phosphate (Fig. 14a).
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Fig. 14. DTA of calcium phosphate: a) the endothermic bands for differently dried
samples. The heating rate in both figures is 10 oC/min; b) The Arrhenius plots for
amorphous calcium phosphate, where B is the drying rate, but T, is the minimal
temperature determined by DTA at the minimum of the endothermic plot.

In the temperature range from 25 °C to 150 °C, for the samples dried at 25 °C, 50 °C,
80 °C, ethanol / 25 °C, acetone / 25 °C, the endothermic peak is expressed, for the liofilized
sample it is weaker. But at 120 °C and 130 °C endothermic bands are not practically
observed, except for the sample at 120 °C and the heating rate of 40 °C / min. In the DTA
thermograms for differently dried samples at the same TG loading rate of 10 °C / min., there
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are different temperatures at the endothermic peak. For instance, 25 °C (7,,,= 714 °C),
50 °C (T = 105£5°C), 80 °C (T, = 12245 °C), ethanol/25 °C (T, = 103+5 °C),
acetone/25 °C (T,,;,,= 105+5 °C).

For physically and chemically bound water analysis, activation energy and critical
temperatures were calculated by Ozawa-Flynn-Wall and Kissinger methods and Arrhenius
graphs were plotted (Fig. 14b). Each graph consists of two straight lines (bottom line — the
gradient of the physically sorbed water, and the upper line — the gradient of the chemically
sorbed water) that intersect at the point of inflection. At the point of inflection, the critical
temperature can be determined when the physically sorbed water is released and chemically
sorbed water begins to release.

Although for all the samples studied, the visual FTIR spectra and diffractograms were
very similar, calculations showed different values of critical temperatures of activation
energy of the samples for the release of physically and chemically bound water (Table 4).

For the air-dried samples (both usually dried and solvent-treated), 7., and E, show
lower values than the lyophilized and treated at 50 °C to 80 °C samples, which shows a
higher stability of these samples in the subsequent storage (Table 4).

Table 4
The critical temperatures and values of activation energy of dried amorphous samples
Parameters Air Lyophilization 50 °C 80 °C Etl:;:ml/ Aczgine/
T, °C 643 86+4 103+4 | 12445 91+4 845
E, (phys.), kJ/mol 34+1 5942 49+2 57+2 38+1 41+1
E,(chem.) kJ/mol 5442 100+4 9244 120+5 57+2 5742

When analyzing the TG graphs, the samples show different mass losses at the end of the
heating process at 1200 °C. Differences in mass loss can be observed at the very beginning
of the heating process (Fig. 15).
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Fig. 15. TG graphs for differently dried amorphous calcium phosphates.

The main differences for all samples in the mass loss were observed before and after 7,
(see Table 5). Up to 200 °C, the greatest loss of mass was for the samples treated with an
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organic solvent. This could be explained by solvent contamination not only on the surface
of the sample but also in the structure and by the trend of hydrophilic solvents to create
azeotropic mixtures which, when heated, are released at higher temperatures than of pure
solvents.

Mass spectrometry was used to demonstrate the presence of solvents. The mass spectra
clearly showed (Fig. 16) that when drying the sample at the room temperature it is not
possible to get rid of organic solvents ethanol and acetone.

All the studied samples showed similar mass losses at the temperature of 200-650 °C,
which could be explained by the fact that only chemically sorbed water has remained in all
the studied samples and the basic structure is similar in all the samples. Differences in mass
loss at 650 °C can be explained by the different location of carbonate ions in the structure
of calcium phosphate. The location of carbonate ions in the structure under the influence of
temperature is described in the next chapter.

Table 5

Mass loss at different temperatures for dried amorphous samples

Para- Air LyOp.hlll- 50 °C 80 °C Ethz?nol/ Acetlone/ 120 °C 130 °C
meters zation air air
Am %,
T 1.5+0.2 2.6+0.3 71404 | 6.2+04 | 8.0+0.4 | 4.7+0.3 | 3.2+0.3 | 2.4+0.3
crit
Am %,
T 9.6+0.5 6.7+0.4 8.2+0.4 | 4.3+0.3 | 14.0+0.6 | 15.7+£0.7 | 4.4+0.3 | 2.6+0.3
crit-200
Am %,
T 4.1+0.3 4.6+0.3 5.0£0.3 | 4.7+0.3 | 5.740.3 | 5.4+0.3 | 5.4+0.3 | 5.0+0.3
200-600
Am %,
T 0.24+0.05 0.2+0.05 |0.3+0.05 [ 0.2+0.05| 0.5+£0.1 | 0.5+£0.1 | 0.4+0.1 | 0.4+0.1
600650
Am %,
3.4+0,3 1.0£0.1 0.8+0.1 | 0.7+0.1 | 2.1+0.2 | 1.6+0.2 | 2.1£0.2 | 2.1+£0.2

T650—1000

0,
?m %, 17.6+0.9 14.3+0.7 [19.8+1.0| 15.3+0.8 | 27.3+1.3 | 25.6£1.3 | 14.7+0.8 | 11.9+0.6
20-1000
Conclusions

1. The drying technology of the substances has a critical effect on the structure of the
substance and the degree of moisture.

2. The usage of organic solvents in the drying process of substances is not desirable, as
solvents are thus involved in the structure and may affect their usage for biomedical
purposes.

3. Evaporation of water from the samples is observed up to 600 °C, indicating its close
binding with the structure of the substance;
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Fig. 16. The mass spectra for the samples washed with a) ethanol and b) acetone.

4. The release of CO, and H,O is observed throughout the drying process, even up to
600 °C, indicating a change in the structure of the substance rather than a simple loss of
moisture, as it was previously thought to be a sequential process for the release of H,O

and CO.,.
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2.2. Changes in Content of Carbonate Ions Due to Temperature

The area of carbonate ions was studied because their composition and location may
change in the structure of calcium phosphate due to temperature: A-type CO;>, B-type
CO4> or non-apatitic CO,> (see Table 6). The aim of the study: using deconvolution to
analyze how the location of carbonate ions changes in the structure during the drying and

calcining process.
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In this chapter, the FTIR DRIFT spectral areas of carbonate ions were studied (see
Fig. 17): 800-950 cm™ (v, CO5*) and 1350-1800 cm™ (v CO;> A, B, non-apatitic, OH").
Two samples were selected from the series with different degrees of crystallinity, particle
size and the content of carbonate ions obtained by drying and heating the samples under
different conditions. All the samples after XRD and Rietveld analysis were divided into
3 groups: amorphous (sample A), microcrystalline (B-D) and crystalline (E-J).
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Fig. 17. The FTIR DRIFT spectra of the change of the composition of carbonate ions due
to temperature in the full area where A — lyophilized, B — 80 °C/4h, C — 200 °C,
D - 300 °C, E — 700 °C/10 min, F — 700 °C/30min, G — 700 °C/50 min,
H — 800 °C/20 min, I — 800 °C/40 min, J — 900 °C/20min.

In the study, the presence of carbonate ions was visually detected from the FTIR spectra
in their entire area and the structure of their A and B carbonates was roughly estimated.
This was possible because the functional groups indicated in the literature were used.
Although in the FTIR spectrum the bands of carbonate ions overlap, it can be concluded
that the maximums of B bands dominate at lower values of cm™', but the areas of A bands at
higher values of cm™ (Fig. 17). The pronounced composition of B-carbonates is visible for
amorphous samples and predominates for microcrystalline samples, but the composition of
A-carbonates entirely for crystalline samples.

The method of deconvolution was used to obtain detailed information.

The deconvolution of the area of v, CO;*>" demonstrates that:

» B- CO,* vibrations are characteristic in the amorphous sample (Fig. 18a);

» in the microcrystalline samples (Fig. 18b), the carbonate composition can be very

different, even of all three types of carbonate (B- CO;*, A- CO;* and non-apatitic);

* in the crystalline samples (Fig. 18d), the content of A-CO,?> carbonates predominates,

but the presence of B-CO,* can also be detected. For instance, by deconvoluting
Sample E, a pronounced formation of the spike of A-carbonate can be observed and
it is possible to conclude the minimum time and temperature to form a pronounced
spike of A-carbonate. When deconvoluting Sample J (Fig. 18d), it can be concluded
that the heating conditions of 900 °C for 20 min. are not enough to completely
replace B-CO,* structure with A-CO,> structure.
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The deconvolution provides the ability to track if the desired sample structure has
been achieved during the heating process. The deconvolution in the area of v, CO;> is
summarized in Fig. 18.

The deconvolution of the area of v; CO,* shows that:

* in the amorphous sample B-CO,* vibrations are characteristic (Fig. 19a);

* in the microcrystalline samples (Fig. 19b, d, the carbonate composition can be
very different, for instance, B-CO;*> or even two types (B-CO;>, non-apatitic).
Deconvolution provides the ability to trace changes of the carbonate type even in
relatively small ranges of temperature;

* in the crystalline samples (Fig. 19d), the type A-CO,> predominates in the
composition of carbonates, but the presence of B-CO,> can also be detected. The
change of carbonate type from B-CO;* to A-CO;* can be detected in the samples
heated even for relatively short periods of time, for instance, in Sample E heated at
700 °C for only 10 min., the presence of both A and B carbonates can be detected.

a) b)

Sample A
N\

em-1920 900 880 860 840 820 800 cm-1 900 880 860 840

Nonapatitic

920 900 880 860 840 cm-1 cm-1 890 880 870 860

Fig. 18. The area of v2 of CO3 bonds (800-920 cm-1): A — lyophilized, B — 80 0C/4h,
D —-300 oC, E — 700 oC/10min., J — 900 oC/20min.
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The deconvolution in the area of v; CO,* is summarized in Fig. 19.

Methodical recommendations for deconvolution

As a result of the study, methodological recommendations for the deconvolution of
FTIR spectra in the area of carbonate ions were developed, which is more fully covered in
the full text dissertation.

Conclusions
Deconvoluting the spectra both in the area of v, CO;*> and vy CO,*, the following

conclusions were formulated.
1. Composition and structure of carbonates depend on the temperature and the heating

time.
2. When heated, it is possible to change the type of carbonates in the structure of the

sample from type B-CO;* to type A-CO,*.

a) b) A\

/
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1800 1700 1600 1500 1400 cm-1 cm-11800 1700 1600 1500 1400 1300

Fig. 19. The area of v, of CO; bonds v; CO; (1350 — 1800 cm™): A — lyophilized,
B — 80 °C/4h, D — 300 °C, E — 700 °C/10 min., J — 900 °C/20 min.
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3.

In the spectra of both areas of carbonates v, CO;>" and v, CO;>, the composition of

carbonates is similar:

a) the structure of B-CO,*> dominates for the amorphous samples (Figs. 18 and 19,
Sample A);

b) For the microcrystalline samples, the type of carbonates is temperature dependent.
The structure may contain only B-CO,;* and simultaneously both A-CO;* and
B-CO4* or even all three carbonate structures (A, B and non-apatitic structure)
(Figs. 19 and 20, Samples B and D);

¢) In the crystalline samples there is a sharp increase in the intensity of A-CO,> and a
decrease in the intensity of B-CO,* spike.

The deconvolution method allows tracking changes of the structure of carbonates even

at relatively small temperature intervals, both qualitatively and quantitatively, so it can

be used to purposefully synthesize samples with a selected composition of carbonates.

The obtained results correlate with the FTIR study model developed in the previous

chapter and the results of statistical analysis (Figs. 9—12).

On the basis of the above conclusions, a schematic diagram of Fig. 20 was developed,

which depicts the relationships between the visual interpretation of FTIR spectra and
statistical analysis for calcium phosphates with different particle size, degree of crystallinity
and carbonate content. The created scheme in Fig. 20 shows that in the visual images of
FTIR spectra in the areas of v, CO,*, v; CO4>, the location of the sample in the cluster, a
degree of crystallization (amorphous, microcrystalline, and crystalline) and the carbonate
type in the structure can be related.
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Fig. 20. The relationships of FTIR visual interaction and statistical analysis for
determination of degree of crystallinity and particle size of calcium phosphate and
carbonate content.
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3. Development and Approbation of the Deconvolution Model

3.1. Development of the Deconvolution Model

The deconvolution of the spectrum of human bone is necessary to better understand the
structure and composition of bones and to synthesize materials of similar composition and
structure (Fig. 21).

In the process of planning of the deconvolution model, the following factors were taken
into account.

1. The dense bone tissue of the adult contains about 30 % of organic substances, 60 % of

inorganic substances and 10 % of water. The organic substances are mainly proteins,
90 % of which are protein collagen molecules [26], but inorganic substances are
mainly hydroxyapatite containing about 7 % of carbonate ions [14].

2. The amide vibrations and specific vibrations of functional groups for hydroxylapatite

containing carbonate ions are characteristic of the FTIR spectra of bones.

3. The structure of hydroxyapatite in bones is microcrystalline.

In the planning process, information was gathered on bonding vibrations of both amides
and carbonate ions in hydroxyapatite, and the FTIR DRIFT spectra of both the modern human
bone and microcrystalline hydroxyapatite containing carbonate ions were taken (see Fig. 21).

a)

Modern Bone

Calcium
Phosphate

cm-1

3900 3400 2900 2400 1900 1400 900 400

Modern Bone

Archaeological
bone

cm -1
3900 3400 2900 2400 1900 1400 900 400

Fig. 21. The spectra of human bone and synthetic calcium phosphate: a) modern human
bone and calcium phosphate; b) modern human bone and Archaeological (Mesolithic) bone.
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The development of the deconvolution model was based on the use of FTIR DRIFT
spectrum of modern human bone of the spectral area of 1000-2000 cm™ (Fig. 21). It
contained the amide-specific bond positions and the positions specific of carbonate ions
(Fig. 22 a). According to literature data, the vibrations of amides and carbonate ions in the
area of 1000-2000 cm™' are very close or even overlap.

To make the model more understandable, the convolution was used — merging of
deconvoluted bands. Two separate areas were created: one that is specific to amide bonds
and the other that is typical only of carbonate ions. The two convoluted areas were inserted
back into the distributed part of FTIR DRIFT (Fig. 22b, ¢, d). For further studies, the model
was conditionally divided: the area of organic substances (amide) (Fig. 22b) and the area of
inorganic substances (carbonate) (Fig. 22c).

Combining the convoluted areas together, one can see:

1) the area of organic substances (amide);

2) the area of inorganic substances (carbonate);

3) the overlapping area of inorganic and organic substances (Fig. 22d).

b)

1800 1600 1400 1200 cm' 1000 1800 1700 1600 1500 1400 1300 1200 1100 1000

C) d) Fit sum

Amide bands Carbonate bands

2N 1500 1300 00 2000 1800 1600 1400 1200 em? 1000
Fig. 22. The deconvoluted and convoluted modern human bone: a) the area of the
deconvoluted modern human bone; b) the deconvoluted and convoluted amide area;
c) the deconvoluted and convoluted area of carbonate ions;

d) the convoluted modern human bone.

* Convolution and deconvolution were carried out using free software MagicPlot Student.
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3.2. Assessment of the Deconvolution Model

The deconvolution model was assessed using an archeological human bone and bacteria
on the surface of pressed calcium phosphate.

The archaeological study of human bone. When visually comparing FTIR DRIFT
spectrum of the archacological bone with the spectrum of modern human bone, it can be seen
that the most significant differences (Fig. 23b) are observed in the area of 1000-2000 cm™'.
The FTIR DRIFT spectrum of the archaeological bone is similar to the spectrum of the
synthesized microcrystalline calcium phosphate.
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Fig. 23. The comparison of modern human bone with archaeological bone: a) FTIR
DRIFT areas of 1000-2000 cm™'; b) the convoluted areas of amides; ¢) the convoluted
areas of carbonates; d) the convoluted areas of amides and carbonates.

The difference between the modern and archeological bones can be explained by the
fact that the organic substances in the archaeological bone were partially decomposed. To
find out, the developed deconvolution model was used (Fig. 23).

Conclusions

1. The main differences in the amide area are related to the decomposition of organic
substances (proteins).

2. Small differences in the area of carbonate ions may be due to bone interactions with the
soil and the environment.

3. In the given bone of the Stone Age, however, organic substances (Fig. 23d) have been
preserved, which is confirmed by the presence of a small, carbonate uncovered amide
peak.

40



Application

1. The developed model can be used to study the structure and composition of human
bones.

2. By using the developed model for archaeological bones, it is possible to determine
whether organic substances have remained in the bones and whether it is expedient
to send the sample for the much more expensive C-14 isotope analysis or chemical
analysis.

Qualitative Detection of Bacteria on the Surface of Pressed Calcium Phosphate

Before the experiment, it was assumed that by using FTIR PAS it is possible to

simultaneously monitor two processes: changes to the surface of pressed calcium phosphate
and detection of the presence of bacteria, and to observe the growth of bacteria.

The assumption was based on the following facts:

1. the FTIR PAS method is applicable not only to the study of powdered substances but
also to surfaces;

2. if bacteria are placed on the surface of pressed calcium phosphate containing
carbonate ions (CACP), then in the FTIR spectrum one should see both the
functional groups characteristic of calcium phosphate in the areas of 450-700 cm™
(v, PO, OHY), 800-880 (v; CO,*), 900-1200 cm™! (v, v, PO*), 1350-1800 cm!
(v; CO A, B, non-apatitic, OH’), ~ 2450-3950 cm™ (OH, H,0), and functional
groups of organic substances characteristic of bacteria. It was assumed that the main
components of bacteria are carbohydrates and proteins, so in the FTIR spectrum, one
should definitely see the bands characteristic of amides.

Analysis of Spectra

1.

Visually comparing the taken FTIR PAS spectra (Fig. 24a), it was found that:

a) for the CACP tablet, the spectrum of the surface represents the specific functional
groups of calcium phosphate (v, v; v, PO,*, v; COs*, ~ 2450-3950 cm™' for OH,
H,0);

b) the spectrum of bacteria represents the specific functional groups of bacterium
Staphylococcus epidermidis (S.epidermidis) [27];

c) the surface of pressed CACP with bacteria depicts both the specific functional groups
of bacteria and CACP.

Figure 25 a depicts thre areas that show the main differences in the studied spectra:

I —area of 1310 — 1200 cm™! of the amide III bonds characteristic only of bacteria;

II — area characteristic of both bacteria and CACP; there is a mutual overlap of the FTIR

spectra of functional groups: the spectral graphs I and II of amides in organic substances

with ones of v;CO5> of A, B carbonate ions and OH in inorganic substances;

IIT — area: the characteristic absorbtion bands of functional groups —CH;, >CH,, =CH

characteristic only of bacteria.

The main differences were observed in the area of 12001900 cm™, so this area was

used for further deconvolution and analysis (Fig. 24b).

Deconvulating and convulating of the absorption bonds corresponding to the carbonate

bonds and amide bonds in the area of 1200-1900 cm', the yield was only the spectral
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characteristics of the carbonates (inorganic substances) and the spectral characteristic of the
amides (organic matter) (Fig. 24c, d, e).

Conclusions and Application

The FTIR PAS method and the developed deconvolution / convolution methodology
can be used to simultaneously analyze 1) the functional groups and changes on the surface
of calcium phosphate, and 2) the qualitative detection of the presence of bacteria and
the bacterial reproduction process on the inorganic surface, thus evaluating the bacterial
properties of the substance.

a) CACPar
S.epidermidis

i
1
S.epidermidis  \__.
3950 3450 2950 2450 1950 1450 950 450

cm-1

s,

1200 - 1900 cm* C)
'S

Carbonate
bands

Amide
(bacteria bands)

f
idermidis //k\,\w‘ /\‘/\ om-1
\ 7 cm-1
3900 3400 2900 2400 1800 1400 900 400 1900 1800 1700 1600 1500 1400 1300 1200
d) e)
em-1 cm-1
1900 1800 1700 1600 1500 1400 1300 1200 1900 1800 1700 1600 1500 1400 1300 1200

Fig. 24. FTIR PAS spectra of the surface of pressed calcium phosphate with and
without bacteria: a) full spectrum with labeled distinct areas of bacteria and CACP; b)
full spectrum with labeled distinct area of 1000-1900 cm™ for deconvulation; c) the
convulated area of amides and carbonates; d) the area of amides; e) the area of carbonates.
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4. Advantages of Using PAS and DRIFT Spectroscopy in the Study of
Nanosized Calcium Phosphates

4.1. Characterization of Microsamples

The analysis of the bone material and gemological bone materials obtained in
archaeological excavations requires a non-destructive method. However, the method must
be able to answer the questions about the composition, origin and authenticity of the sample.
Such methods are FTIR PAS and DRIFT techniques. The following samples were used:
modern human bones, human bones of archaeological excavations (the Mesolithic Age, the
Neolithic Age, the 15—16th centuries) and gemological bone material.

Spectral Analysis

a) Both methods showed bone-specific groups (Fig. 26): 460-700 cm™ (v, PO, OHY),
900-1200 cm™ (v, v, PO,*) and the presence of H,O 2500-3900 cm™'. In the area
of 1000-1900 cm™!, the amide bands characteristic of organic substances and groups
of carbonate ions characteristic of inorganic substances were detected by using the
deconvolution method.

b) The spectra taken using both methods showed differences between the human bone
spectrum and the bone material of gemological material (Fig. 25).

c) The spectra taken using both methods showed differences in the spectra, depending
on the place of taking the sample: the middle of the bone or the exterior of the bone.

Alpine
ibex
horn

cm-1
3900 3400 2900 2400 1900 1400 200 400

Fig. 25. The FTIR PAS of the human bone and gemological bone material.

By comparing the spectra of modern human bone and spectra of human bones from
archaeological excavation using the HCA method, it was evident that there are three
separate clusters for the archaeological bones and modern bone, depending on the place of
taking the sample (see Fig. 26).
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Fig. 26. The HCA dendrogram of the samples of archaeological and modern human bones
using FTIR DRIFT method.

Conclusions and Application

1. FTIR DRIFT and FTIR PAS can be used to identify bone material.

2. The material used in FTIR DRIFT and FTIR PAS method is sufficient to distinguish
between
a) modern bone material from archeological bone material,
b) bone material of an animal from human bone material,
c) grouped samples of human bones by the place of taking the sample.

3. FTIR DRIFT can be used for analyzing the archaeological and bone material due to
a small sample size as well as for analyzing valuable samples for a comprehensively
quick and accurate analysis.

4.2. Processes in Volume

FTIR DRIFT and PAS were used to study the bacteria Pseudomonas aeruginosa and
Streptococcus epidermidis. The samples were studied directly, without sample preparation.

When using FTIR DRIFT, it was observed that the bacterial sample was drying at the
time on the diamond stick (see Fig. 27), therefore studies were done to determine whether
the drying process has an effect on the detection and differentiation of bacteria.

Conclusions

1. Using the analysis of the main components, it was found that FTIR DRIFT and
FTIR PAS can be used successfully not only to identify the presence of bacteria but
also to distinguish them (see Fig. 28).

2. FTIR DRIFT and FTIR PAS can be used successfully for the study of the drying
process and crystallization process.

3. Wet samples can be used for the study without prior preparation.
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Fig. 27. FTIR DRIFT method. The drying process of bacterium Staphylococcus
epidermidis at the time.
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Fig. 28. The 2D PC and HCA diagrams of bacteria Pseudomonas aeruginosa and
Staphylococcus epidermidis.
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4.3. Characterization of Wet and Contaminated Samples

In order to characterize the analysis of wet samples, the method for the production of
calcium phosphates was chosen as the spray-drying method because of the possibility of
obtaining CCP with constant moisture content (9 %) and the contamination with nitrate and
ammonium ions.

FTIR PAS spectra were taken of the samples contaminated with ammonium and nitrate
ions and the pure sample.

Spectral analysis

1. In both FTIR spectra, vibrations of the characteristic functional groups of CCP are
observed (Fig. 29).

2. In the contaminated powder, there are additional spectral graphs specific to nitrate ions
and ammonium ions in the area of 3000-3500 cm™', 2500 cm™', 1000—-1500 cm™.

Conclusions and Application

1. FTIR PAS method is applicable for the analysis of wet samples, because unlike FTIR
DRIFT and FTIR, KBr it does not affect the sample.

2. FTIR PAS method is sufficiently sensitive to detect slight contamination with nitrate
ions and ammonium ions in the sample.

3. The quality control of wet samples allows saving at least 2 hours, which is usually spent
on drying the sample.

Wet contaminated
CCP powder

Wet CCP
powder

cm-1

3950 3450 2950 2450 1950 1450 950 450

Fig. 29. FTIR DRIFT spectra of the wet contaminated and wet pure CCP sample.

4.4. Processes on the Surface of Calcium Phosphates

By using FTIR Spectroscopy, it is possible to analyze both calcium phosphate and
bacteria. However, until now, each of these objects has been analyzed separately. This
study demonstrated that by using FTIR PAS it is possible to simultaneously detect calcium
phosphate-specific bonds in the area of 460-700 cm™ (v, PO,*, OH"), 900-1200 cm
(v, v PO,*) and the presence of H,O in the area of 2500-3900 cm™', and amide bonds
characteristic of bacteria.

The colonized samples of bacteria Pseudomonas aeruginosa and Staphylococcus
epidermidis were selected on the pressed surface of calcium phosphate.

46



The deconvoluted spectra allowed detecting the presence of bacteria and changes on
the surface of calcium phosphate. However, it was not possible to distinguish bacteria
Pseudomonas aeruginosa and Staphylococcus epidermidis one from another by using the
developed methodology. The SEM method also failed to produce compelling results, since
bacteria created films.

Differences between bacteria were detected using the methods for spectrum processing
developed in the preceding chapters and statistical methods for bacterial FTIR PAS spectra.
By performing the spectrum pre-processing and processing them with the second order
derivative, the compelling clusters of Pseudomonas aeruginosa and Staphylococcus
epidermidis were obtained.

Similarly, the FTIR spectra of bacteria on the surface of the pressed calcium phosphate
were processed (derived and processed by the statistics). The obtained results convincingly
belonged to the previously formed clusters (Figs. 30 and 31).
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Is A,
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CaP surface with
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Fig. 30. The identification and recognition of bacteria using FTIR PAS and
FTIR DRIFT methods.
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Fig. 31. The cluster analysis of Pseudomonas aeruginosa and Staphylococcus epidermidis.
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Conclusions

a) FTIR PAS can be successfully used to study both calcium phosphate and bacteria on
its surface at the same time.

b) By supplementing the developed measurement method with statistical methods, it is
possible to identify the type of bacteria directly on the surface of calcium phosphate
(implant), which saves time spent on the colonization of bacteria and identification
according to the standard method.
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1.

CONCLUSION

In the study of nanosized calcium phosphates, FTIR PAS and DRIFT sampling te-

chniques are the most appropriate methods for controlling the production process of

amorphous or nanocrystalline calcium phosphate, which is difficult or impossible to

implement with conventional FTIR sampling techniques:

+ for characterization of wet samples;

+ for the study of processes in volume (for instance, kinetics of the drying processes);

» for the study of processes directly on the surface;

» for automated data processing and analysis of samples in-line or on-line mode of the
control system.

The developed model for the use of FTIR methods and multidimensional statistical
analysis provides an opportunity to predict the particle size, degree of crystallinity,
phase composition and carbonate composition (A, B type CO;*) of an unknown nanos-
ized calcium phosphate sample. Analyzing of large amounts of data, makes it possible
to carry out the automation of data processing and visualization, thus eliminating the
subjectivity of data processing.

The developed model for FTIR methods and the deconvolution and convolution of

spectra can be used:

» for the simultaneous study of the surface of calcium phosphate (for instance,
bioimplant) and bacteria, identification and differentiation;

» in archeology, as an effective expression method for the identification of organic
substances prior to the heavily expensive C—14 isotope analysis.

By combining FTIR methods with DTG method, it is possible to determine whether a
product with a predicted moisture content (physically and chemically bound water) has
been produced in the production process, which in turn allows predicting the stability of
the product under storage conditions.
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APPENDIX

The schemes for the selection of the FTIR methods, spectrum processing and analysis
show the main steps from taking a FTIR spectrum to making the conclusions.

Grinding, weighing,
: pelleting i

Non-destructive
surface analysis

i Grinding, weighing,
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risk of
contamination

Low sensitivity,
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FTIR Sampling
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Is time important?

DRIFT
ATR

Powder?

Is sample
preparation method
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DRIFT
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Quick Powder
Analysis

Direct Substance
Analysis

ESampIe preparation

analysis of the
powdered

High quality
spectra, high
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Is spectral quality
important?

PAS

i High sensitivity,
i high repeatability

Fig. 1. The selection of the FTIR method for the study of nanosized calcium phosphate.
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Fig. 2. The preparation of spectra for qualitative and quantitative analysis.

53



Qualitative and Statistical

S;;gﬁng Quantitative »| Analysis of
Method Analysis of Spectra

Spectra

Y

Selection of Spectral Area
FULL, CUT, F1, F2, F3, F4

v

Data Format and
Structure Matching

Qualitative
(visual)
analysis?

Descriptive
Statistics?

. Principal
Pearson Correlation Component

Coefficient Analysis, 2D
Diagram, HCA

Fig. 3. The statistical analysis of spectra.
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