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Abstract: Synthesis of biocompatible and bioresorbable composite materials such as “polymer matrix-mineral
constituent,” which stimulate the natural growth of living tissues and the restoration of damaged parts of the
body, is one of the challenging problems in regenerative medicine and material science. Composite films of
bioresorbable polymer of polyvinylpyrrolidone (PVP) and hydroxyapatite (HA) were obtained. HA was
synthesized in situ in a solution of polymer mixture. We applied electron paramagnetic resonance (EPR) and
nuclear magnetic resonance (NMR) approaches to study their properties. EPR in two frequency ranges allowed
to derive spectroscopic parameters of the nitrogen-based light and radiation-induced paramagnetic centers in
HA, PVP and PVP-HA with high accuracy. It was shown that PVP did not significantly affect the EPR spectral
and relaxation parameters of the radiation-induced centers in HA. Magic angle spinning (MAS) 1TH NMR
shows the presence of two signals at 4.7 ppm and -2.15 ppm attributed to “free” water and hydroxyl groups,
while the single line - to 31P. NMR relaxation measurements for 1H and 31P show that the relaxation decays
are a multicomponent process that can be described by three components of the transverse relaxation times.
The obtained results demonstrated that the applied magnetic resonance methods can be used for the control of
quality of the synthesis of the PVP-HA composites and, potentially, for the development of analytical tools to
follow the processes of the sample treatment, resorption, and degradation.

Keywords: polyvinylpyrrolidone; hydroxyapatite; composites; NMR; EPR

1. Introduction

Calcium phosphates (CaP) are the main inorganic component of bone and dental tissue [1].
Materials based on CaPs — powders, ceramics, cements, coatings, and composites - are widely used
for various applications, especially in medicine for replacement and restoration of damaged bone
tissues. The most widespread representative of CaPs is hydroxyapatite (HA, Cai0(POs)s(OH)2, Figure
1), which is present in bone tissue in the form of nanocrystals. HA is known to be biocompatible, non-
toxic, non-disinfectant, and the most important mineral that constitutes bones and teeth [2].

It is known that synthesis of calcium phosphates in the presence of polymers (collagen, gelatin,
starch, chitosan, etc.) leads to the formation of CaP nanocrystals with controlled size, morphology,
and improved mechanical properties [3]. Currently, 3D printing technologies are rapidly developing
in medicine, in particular, printing of bone implants [4]. The standard technology for creating such
objects is 3D printing with a composite of a biodegradable polymer with a calcium-containing filler
using layer-by-layer deposition of the material [5]. Polyvinylpyrrolidone (PVP, Figure 2) is widely

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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employed as a synthetic polymer for various biomedical purposes in material engineering due to its
diverse properties including solubility in water and in a broad range of liquid media [6].
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Figure 1. Structure of HA.
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Figure 2. Chemical structure of PVP.

Morejon et al. [7] studied polymer particles with particle size distribution and molecular weight
that allows the formulation of bone cement according to the international standards. Needle-shaped
crystals of HA in aqueous solution of PVP were obtained by precipitation from solutions of calcium
nitrate and orthophosphoric acid at 60 °C [8,9]. It was shown that the number of HA crystals formed
on the polymer surface depends on the number of negative charges on this surface and the pH of the
reaction medium [10]. Therefore, polymer - CaPs nanocrystals composites can be obtained in situ,
without mixing the components, similar to the process happening in the body during bone
remodeling. In the ref. [11], a similar composite was obtained by biomimetic deposition of HA on the
PVP matrix. A colorimetric test to assess the metabolic activity of cells (MTT-test) showed that
composites were biocompatible and can be used to fill bone defects. Guesmi Y. et al [12] investigated
the material obtained by grafting PVP onto the surface of HA microcrystals, suitable for bone tissue
engineering. Based on the results of studying the bioactivity of the composites, it was concluded that
the seeded cells had a higher viability compared to those that were cultivated on the HA crystals.

Obviously, the properties of polymer- CaP composites depend on the chemical interaction of the
components. It is supposed that the inorganic particles interact with the organic component by inter-
and intramolecular hydrogen bonds, and by ion-dipole forces formed, for example, between the
calcium ions of CaPs and the functional groups of polymers [13]. However, the interaction of PVP
with microcrystals of the calcium phosphate group has not been sufficiently studied.

In the present work, the PVP-HA composites were investigated by electron paramagnetic
resonance (EPR) and nuclear magnetic resonance (NMR) techniques. Both the analytical methods are
non-invasive, widely applied in material science, polymer research and for the biomedical purposes,
but very rare were exploited for the polymer-CaPs studies.


https://doi.org/10.20944/preprints202310.0384.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 October 2023

3

Pure HA is EPR silent, however, impurity ions and paramagnetic centers formed by X-ray
irradiation, for example, are exploited as paramagnetic probes to study the local environment,
structure of the material and changes in the local environment in the lattice [14-16]. The chemical
complexity of polymer-CaPs composites makes hyperfine EPR and NMR to be engaged because
different nuclei, such as 3P (1=1/2), 1H (I=1/2), 13C (I=1/2), “N (I=1) can act as nuclear spectroscopic
probes. Since HA is practically insoluble in liquid media, the magic angle spinning (MAS) NMR
techniques are used to investigate materials containing hydroxyapatite with NMR [17-23]. The effect
of PVP on the morphology and size of nanocomposites was studied by NMR in the ref. [24,25].
HoweverBut, to the best of our knowledge, no comprehensive analysis of the PVP-HA composites
synthesized in situ bywith EPR and NMR techniques is present in literature.

2. Materials and Methods

2.1. Synthesis of Composite Materials Based on Polyvinylpyrrolidone with Hydroxyapatite

Solutions of Ca(NOs)x4H20 (chemical grade, PanReacAppliChem, Barcelona, Spain),
(NHa4)2HPOs (chemical grade, Chimmed, Moscow, Russia) and (PVP) Mw = 12 kDa (Boai NKY
Pharmaceuticals Ltd., Tianjin, China) were used for the in situ synthesis of HA powders in the PVP
solution. Precipitation of calcium phosphates was performed at room temperature (20-25 °C) at a pH
of ~11.5, in accordance with the Equation (1). [25]:

10Ca2* + 6HPO# + 8NHs H20 —Caio(POs)s(OH)2 + 8NHa* + 6H20 1)

The in situ synthesis of the PVP with HA composite was carried out according to the procedure
described in [25]. Briefly, an aqueous PVP solution was prepared by dissolving 14.35 g of PVP in 200
mL of distilled water by stirring, in order to obtain 5.52 wt % concentration. After the formation of a
homogeneous water-polymer mixture, 20 mL of 0.1 mol/L calcium nitrate solution was added to it.
To regulate the reaction acidity, 20 mL of 25% NH4OH aqueous solution was added. Then, by stirring
using a stirrer at 500 rpm, 20 mL of 0.06 mol/L diammonium phosphate solution was added drop by
drop.To remove the by-products of the HA formation reaction (1) (i.e. nitrate ions) from the
composite, the composite was washed using dialysis.

Scanning electron microscopy (SEM) was performed using a Tescan VEGA3 scanning electron
microscope. Samples were coated with a thin layer of aurum for SEM examinations. SEM images
were acquired using secondary electron (SE) imaging and backscattered electron (BSE) imaging
techniques.

2.2EPR

The EPR measurements were performed in two microwave ranges: X-band (with the microwave
frequency vmw = 9 GHz), and W-band (vmw = 94 GHz) by exploiting Bruker Elexsys E580/E680
spectrometer in conventional (cw) and pulsed modes. In the pulsed mode, the Hahn sequence was
applied: /2 — t — m — 1 — electron spin echo (ESE), where the duration of 7/2 was equal to 64 ns and
T =250 ns. Registration of the EPR spectra was performed by detecting of the ESE integral intensity
depending on the magnetic field value BO. The choice of the W-band was justified by the need to
achieve a higher spectroscopic resolution (that allows to identify distinct EPR signals with close g-
factors) and high sensitivity (to register weak EPR signals). The spectra were recorded at room
temperature (T = 297 K) as well as at lower temperatures (T = 200 K). Stable paramagnetic centers
were formed under X-ray irradiation of synthesized powders using the URS-55 source (G =55kV, I
=16 mA, W-anticathode) at room temperature for 30 min with an estimated dose of 5 kGy and by
illuminating the samples in the EPR cavity by laser sources with different wavelengths of A from 266
nm up to 355 nm.

Details of the EPR measurements including electronic relaxation times for HA were given in the
ref.[26]. Simulations of the EPR spectra were performed by means of theEasySpin package [27]).

do0i:10.20944/preprints202310.0384.v1
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2.3 Nuclear magnetic resonance

For all the samples, the MAS-NMR spectra, the times of spin-lattice and spin-spin relaxation on
phosphorus (*'P) nuclei, hydrogen (*H) were measured. For measurements, an AVANCE400WB
NMR spectrometer with a MAS 4BL CP BB DVT sensor was exploited. The resonant frequency on
protons was about 400.27 MHz, and on 3P nuclei of 162.034 MHz. The duration of a /2 pulse on
protons was 2.5 us (output power of 94 W), for 31P nuclei was 3.4 ps at a power of 50 W. The standard
pulse programs onepulseq, hpdec, cp, inversion-recovery, and cpmg were used to obtain NMR
spectra and relaxation on 'H, 3P and *C. The spectrum width for all measurements was 100 kHz.
Powder samples were densely packed in a 4 mm zirconium oxide rotor and spun up to a rotation
frequency of 7 kHz. The measurements were carried out at a temperature of 295 K. The chemical
phenomena of NMR signals were calibrated by measuring the signal of water (0 = 4.67 ppm) for
protons and 85% phosphoric acid for phosphorus (o =0 ppm).

3. Results
3.1. SEM

3.2. EPR

For HA, PVP, and PVP-HA the EPR signal was not observed due to the absence of paramagnetic
centers in the structure of the materials. It additionally proveds the purity of the initial materials and
their product. After X-ray irradiation of HA powders in the X-band, the EPR spectrum containing
three lines was registered (Figure 3). The spectroscopic parameters of the EPR spectrum allowed to
refer the detected signal to the well-studied NO32- stable species in HA [28,29] (see Table 1), due to
the hyperfine interaction (A) with the N nuclei (I= 1). The PVP samples were also studied after the
X-ray irradiation (Figure 4, red lines) and photo-induced EPR at low temperatures (Figure 5), since
it is known that exposure to the visible light does not lead to the formation of stable radicals in HA
[30], but in the PVP polymer chain [31]. In the W-band, due to the better spectral resolution, a three-
line pattern of PVP was observed (Figure 4). It showed the localization of an unpaired electron on the
PVP nitrogen atom (Figure 2) with a constant A11=106 + 10 MHz. In the X-band three-line pattern for
PVP is not resolved.

As can be seen from Figure 4 (blue lines), the EPR spectrum of the PVP-HA containeds only the
spectrum of NOs? radicals in HA, and the EPR spectrum component from the PVP wais not observed.
It can be supposed that in a mixture with HA, the radiation-induced centers in PVP have a
competitive electron trap channel, which is possible only in the presence of a chemical bond between
the components. In the ref. [32], we also showed that for the PVP-HA samples obtained ex situ the
values of A-components and distribution of A components for the electron-N interaction were
growing with the increase in the PVP amount. Change of the crystal structure of HA in the reaction
with PVP is unlikely. Therefore, so we can assume that during the formation of chemical bonds the
PVP molecules create a positively charged layer around the HA particle, which increases the electron
density in the near-surface layer of the HA particle.
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Figure 3. Comparison of EPR spectra of PVP-HA sample detected in ESE (blue upper curve) and cw
(black lower curve) after X-ray irradiation in the X-band at T =297 K. Middle curve was obtained by
differentiating the ESE EPR spectrum.

Table 1. Spectroscopic parameters of the observed EPR spectra obtained from the simulations in the
X- and W-bands.

Sample gL gl A.(MHz) A (MHz) AA.(MHz) AA(MHz)
pvPp 2.0022 2.0026 38+8 106x10 - -
HA 2.0011 2.0052 92.4+0.5 1861 7+1 12+1

PVP-HA  2.0011 2.0051 93.5+0.5 190+2 13+1 18+1
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Figure 4. EPR spectra obtained by detecting the ESE of samples after X-ray irradiation: X-band at the
left panel, W-band at the right panel. The red lines show the spectra of PVP, the black lines — of HA,
and the blue lines — of PVP-HA. The dotted lines show the approximation of the EPR spectra. The
approximation parameters are given in Table 1.

y quartz

ESE EPR, W-band .
cavity signal

T=200K
PVP

A =266 nm

3345 3350 3355 3360 3365
Magnetic field (mT)

Figure 5. Photo-induced (by lasers with the wavelengths of 355 and 266 nm) and X-ray induced ESE
EPR spectra at T = 200 K of PVP in the W-band. The dotted 1 Line belongs to the quartz tube of the
sample holder.
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Electronic spin-lattice relaxation measurements did not reveal the influence of PVP on the
relaxation parameters of the radiation-induced NOs? radicals in HA, as it is demonstrated in Table 2
for the X-band experiments. It correlates with the tiny influence of PVP on the EPR spectra of HA, as
described above.

Table 2. Spin-lattice (Ti) and spin-spin (Tze) relaxation times NOs* radicals measured in the X-band
(v =9.6 GHz) at the central peak (transition) of the hyperfine structure of the nitrogen radical at Bo =
341.2 mT (corresponds to gu).

T1e (us) T2 (us)
HA 28.5 3
PVP-HA 27.6 3.2

3.3. NMR

The "H NMR spectra for PVP and PVP-HA are shown in Figure 6. The 1H MAS-NMR spectrum
of the PVP consists of one unresolved NMR signal at 2.4 ppm associated with the CHz groups of the
pyridine ring (Figure 2) and the polymer chain. The CH groups of the polymer chain contributed to
the signal at about 5 ppm, while the CHs end groups make a small contribution in the region of 0.5-
1.5 ppm. On the 'H NMR spectrum in Figure 6, the contributions of these chemical groups appeared
as small shoulders to the right and left of the main NMR signal.

—0
[rel]

20

10

T L) I T T
40 20 0 -20 - 40 [ppml

Figure 6. 'H NMR spectra of samples of PVP (blue curve) and, PVP-HA (red curve) samples.

The '"H NMR spectrum of a sample of a PVP-HA consists of two '"H NMR signals at 4.7 ppm and
-2.15 ppm [33,34]. The integrated intensity of the NMR signal at 4.7 ppm is significantly greater
compared to the intensity of the NMR signal at -2.15 ppm. The '"H NMR signal at 4.7 ppm for a PVP-
HA is associated with «free» water adsorbed on the surface of HA, the 1H NMR signal at -2.15 ppm
with hydroxyls present in the HA structure. The shape of the NMR signal at 4.7 ppm is asymmetric
due to the superposition of the proton signals of water and polymer.

Figure 7 shows the ®C{TH} MAS-NMR spectra of the PVP on ®C during proton decoupling,
obtained using the pulse program cp (red) and hpdec (blue), respectively. The MAS-NMR 3C{H}
spectrum of PVP-HA has the same form as in Figure 6, only the signal-to-noise ratio is several times
lower. The NMR signals of the aliphatic region for cross-polarization have a resolution worse than
for the ¥C NMR spectrum with proton suppression.
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Figure 7. MAS-NMR spectra of *C{'H} cp (red) and hpdec (blue) of the PVP. The rotation frequency
of the sample is 7kHz.

The data on measurements of spin-lattice relaxation times on protons for the two samples (PVP
and PVP-HA) are shown in Table 3. The table lists the chemical shifts of the signals for which the
spin-lattice relaxation rates were measured.

Table 3. The values of 'H spin-lattice relaxation times for PVP and PVP-HA.

Sample 2.4 ppm 4.7 ppm -2.15 ppm
PVP 0.67+0.02 s - -
PVP-HA - 0.49+0.02 s™! 0.55+0.02 s'!

Figure 8 shows the relaxation decays obtained by the Carr-Purcell-Meiboom-Gill (cpmg)
sequence for the NMR signals of the chemical shift regions, according to Table 3. As can be seen, the
proton relaxation decays for the NMR signals from the PVP and PVP-HA differ from each other and
are described by several exponents. The decays curves of the transverse magnetization of protons in
the PVP and PVP-HA samples were approximated by the formula:

“ t
At)=A(0)->_ p, -exp — | )

=t )

where A(0) - initial amplitude of NMR signal, T2 — spin-spin relaxation times of components with
populations pi. The values of spin-spin relaxation times and their populations calculated from the
relaxation decays are given in Table 4.
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Figure 8. Relaxation decay curves of protons of NMR signals for PVP (black squares) and PVP-HA
(red circles for protons with chemical shift 4.7 ppm and blue triangles for the signal at -2.15 ppm).

Table 4. The values of 1H spin-spin (transverse) relaxation times of components with populations pi

according to the Eq.(2).
Chemical p1 T2, p2 T2, p3 T20),
shifts of NMR
. ms ms ms
signals (ppm)
pPVP
24 0.0015 29.6+0.5 0.0067 3.6+0.1 0.992  0.59+0.02
PVP-HA
47 0.04 5.42+0.2 0.18 1.67+0.05 0.78 0.58+0.02
-2.15 0.346 29.2+0.5 0.33 6.02+0,05 0.334  0.46+0.03

It is known that multicomponent relaxation attenuation can manifest itself due to different types
of molecular motion or different surroundings of the nuclei. We assume that the presence of three
transverse relaxation components for protons is due to the different positions of the OH groups in
the PVP-HA composite. So, hydroxyls, included in the structure of HA (5 = - 2.15 ppm), should be
characterized by the longest time of transverse (spin-spin) magnetization. Hydroxyls in the
environment of defects in the HA crystals should be described by high rates of nuclear spin-spin
relaxation. The same approach applies to water localized on the HA surface.

The 3'P NMR spectrum of the PVP-HA sample is shown in Figure 9. It is a single line with a
width of about 290 Hz with an isotropic chemical shift of 3 ppm. The shape of the spectrum indicates
that all the phosphorus nuclei in HA are in the same chemical environment. It should be noted that
the stationary 3P NMR spectrum of the PVP-HA sample (without rotation) has the same chemical
shift, and the linewidth of 3000 Hz.
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Figure 9. P NMR spectrum of PVP-HA. The sample rotation frequency is 7 kHz.

The spin-lattice relaxation time for 3P was measured as Ti=238+21 s. Figure 10 shows the
relaxation decay of the 3P NMR signal for the PVP-HA and the fitting curve based on the relaxation
decay decomposition parameters, according to the Eq.(2).

A(t)/A(0)

000 002 004 006 0.8
time, s

Figure 10. Relaxation decay of the 31P NMR signal for the PVP-HA.

The values of spin-spin relaxation times and their populations obtained from the relaxation
decay for the line in the 3P NMR spectrum of the PVP-HA are listed in Table 5. The presence of three
transverse relaxation components for phosphorus atoms, as well as for protons, is probably due to
the presence of lattice defects in the HA crystals.
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Table 5. The values of 31P spin-spin (transverse) relaxation times of components with populations pi
according to Eq.(2) for PVP-HA.
Chemical shifts
of NMR signals p: T2, P T2, p3 T2),
(ppm) ms ms ms
PVP-HA
3 0.244 55.5+0.5 0.189 4.2+0.3 0.567 0.85+0.05
4. Conclusions
1.  Using two microwave frequencies, the EPR parameters for the light and radiation induced

paramagnetic centers in the PVP, HA and PVP-HA (such as components of g-factors and hyperfine
constants A between electron and N nuclei) were defined with high accuracy (Table 1).

2. In the PVP-HA composite, the EPR spectra and electronic relaxation times of the radiation
induced paramagnetic centers were very close to that in HA. In the PVP-HA distribution of A
components for the electron-#N interaction for NOs* radicals was larger than for the pure HA (Table
1). The PVP-HA composites did not contain light-induced radicals characteristic of PVP. It can be
ascribed to the re-distribution of the electrical charges between PVP and HA. The results can be used
for the control of the quality of the in-situ synthesis of PVP-HA composites by the EPR.

3. The 'H MAS NMR for PVP-HA shows the presence of two signals at 4.7 ppm and -2.15 ppm,
which can be attributed to “free” water and hydroxyl groups, while the single line - to 3'P.

4.  The NMR relaxation measurements for 'H and 3'P showed that the relaxation decays are a
multicomponent process that can be described by three components of the transverse relaxation
times. Multicomponent relaxation decay can be ascribed to the presence of defects in HA lattice.

5. The obtained results demonstrated that the applied magnetic resonance techniques can be used
for the control of quality of synthesis products and, potentially, to follow the processes of the samples
treatment, resorption, and degradation.
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