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Abstract
Strategies involving the synthesis of hydroxyapatite (HAP) are significant in health and materials sciences, and lately, in 
heritage science. Conditions for the optimized heterogeneous formation of HAP for consolidating bone are investigated 
using a simple methodology with discs of calcium-containing starting materials and phosphate-containing reagent 
solutions; the results were evaluated against whole bone specimens. Diammonium phosphate (DAP) solutions with 
simulated body fluid (SBF) and gelatin as cofactors in all combinations were used in trials, while the products were char-
acterized by microscopy, elemental microanalysis, X-Ray diffractometry, and Fourier transform infrared spectroscopy. 
The hypothesis that bone, SBF, and gelatin may biomimetically promote HAP formation was tested through a simple 
experimental design. The results showed that HAP is generally formed in mixtures with octacalcium phosphate (OCP), 
as well as calcium hydrogen phosphate dihydrate (brushite). The precipitation of carbonate HAP signals the formation 
of a biocompatible product in the cases where SBF and gelatin were employed as cofactors. Gelatin was found to fur-
ther promote the product formation in most cases. It was shown that DAP, as well as its combination with gelatin, could 
predominantly form HAP in most trials, while OCP is co-crystallized in SBF-containing solutions.
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Abbreviations
ATR   Attenuated total reflection
DAP  Diammonium phosphate,  (NH4)2HPO4,
DSP  Disodium phosphate,  Na2HPO4,
EDX  Energy Dispersive X-ray,
HAP  Hydroxyapatite
c-HAP  Carbonate hydroxyapatite
n-HAP  Nanocrystalline hydroxyapatite
s-HAP  Stoichiometric hydroxyapatite
FTIR  Fourier transform infrared spectroscopy
IRSF  Infrared Splitting Factor

SBF  Simulated Body Fluid
SI  Supplementary Information
SEM  Scanning Electron Microscopy,
XRD  X-ray diffractometry

1 Introduction

In the protection of cultural heritage, methodologies have 
been developed employing chemical strategies for syn-
thesizing minerals such as organo-silicates, oxalates, and 
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hydroxyapatite (HAP) for the consolidation of limestone 
and marble-containing objects in cultural heritage [1–6]; 
bone has been recently added to the list [7].

Bone is a composite material consisting of an organic 
fraction (mainly collagen and smaller amounts of non-col-
lagenous proteins, lipids, and proteoglycans), an inorganic 
matrix (carbonate hydroxyapatite, or c-HAP), and water 
(structural, bound, free, and adsorbed) [8–11]. Structurally, 
it consists of small, elongated plate-like mineral crystals 
(up to 100 nm long, 2–4 nm thick) embedded in the pro-
tein matrix [9, 12, 13].

Archaeological bone in its burial environment can seri-
ously deteriorate through diagenesis, a complex process 
[9, 14–17] that leads to the damaging (a) of collagen by 
the action of micro-organisms and hydrolytic degradation 
and (b) of the inorganic matrix due to slow solubilization 
and recrystallization of minerals. The deterioration of any 
of the above two fractions exposes the other, thus affect-
ing their profiles and crystallinity [9, 17–21]. Conventional 
approaches for bone consolidation involve the use of nat-
ural (wax, resins, gums) and synthetic materials (acrylic 
resins, polyvinyl acetals, and butyrals). These approaches, 
however, suffer from poor or uncontrolled penetration into 
the bone matrix, and therefore, offer temporary and some-
times problematic protection, potentially leading to severe 
damage due to yellowing, embrittlement, shrinkage, and 
delamination with time [7, 22].

The in situ formation of HAP on the surface of bone 
has been proposed as a biomimetic consolidation strat-
egy [7, 23], using water-soluble diammonium phosphate 
(DAP) as a phosphate source on the one hand, and the 
bone surface as a calcium source and bio-scaffold simul-
taneously, on the other, for the synthesis and deposi-
tion of highly insoluble HAP. According to this strategy, 

in situ-formed HAP microcrystals can bridge ruptured or 
discontinued bone matrix phases, thus offering consoli-
dation of the material.

A vital component of bone in vertebrates, hydroxyapa-
tite, is one of the most common minerals in the living 
world [9, 24, 25]. Its synthetic formation has been widely 
exploited towards technological solutions in health and 
related materials sciences [26–30]. Stoichiometric HAP 
(s-HAP) can be formed according to the following reaction 
scheme, involving a calcium salt as a source of Ca2 + and 
hydrogen phosphate  (HPO4

2−):

During the reaction, HAP, as the most thermody-
namically stable form, precipitates according to a path 
that involves tricalcium phosphate  (Ca3(PO4)2), brushite 
 (CaHPO4⋅  2H2O) and octacalcium phosphate  (Ca8H2(PO4)6 
⋅  5H2O) as precursor phases [6, 31–33] (see Table 1). Dur-
ing HAP synthesis, the characterization of the actual phos-
phate product depending on the conditions (the type of 
ionic solution, pH, time of application), in combination 
with a conclusive analytical investigation, is crucial.

For evaluating the successful formation of stoichiomet-
ric HAP, Scanning Electron Microscopy with Energy Disper-
sive X-Ray Analysis (SEM–EDX), X-ray diffractometry (XRD), 
and Fourier Transform Infrared Spectroscopy (FTIR) is typi-
cally employed. A first criterion is the Ca/P ratio, which is 
typically estimated through microelemental elemental 
analysis (SEM–EDX), which, for s-HAP, is 1.67. Deviation 
from this value may suggest that other phosphate phases 
are also produced, such as nanocrystalline and carbonate 
hydroxyapatite (n-HAP and c-HAP, respectively) as well as 
octacalcium phosphate (OCP).
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Table 1  Calcium phosphates and selected  propertiesa

a Data compiled from [31, 45, 79–82]

Formula Common names Ca/P Solubility 
product 
constant

Crystal structure

Apatites
Ca10(PO4)6(OH)2 Hydroxyapatite (HAP), stoichiometric 1.67  ~ 1 × 10–117 Hexagonal/monoclinic
Ca10(PO4)6–y  (CO3)y[(CO3)x+(½)y(OH)2–2x] Carbonated Hydroxyapatite (HAP) (dahl-

ite)
Variable  ~ 1 × 10–103 Pseudo-hexagonal/monoclinic

Ca10−x(PO4)6−x(HPO4)x(OH)2−x Hydroxy-apatite (HAP), nanocrystalline Variable  ~ 1 × 10–116 Pseudo-hexagonal/monoclinic
Ca10(PO4)6F2 Fluorapatite 1.67  ~ 1 × 10–119 Hexagonal
Other Phosphates
CaHPO4⋅  2H2O Dicalcium phosphate dihydrate (DCPD); 

Brushite
1.0 Ksp = 1 × 10–7 Monoclinic

Ca8H2(PO4)6 ⋅  5H2O Octacalcium phosphate (OCP) 1.33 Ksp = 1 × 10–97 Triclinic
Ca3(PO4)2 Tricalcium phosphate (TCP) 1.5 Ksp = 1 × 10–26 α: αmorphous

β: rhombohedral
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X-ray diffractometry (XRD) and Fourier Transform Infra-
red Spectroscopy (FTIR) are the main techniques for char-
acterizing the condition of archaeological bone in the 
burial environment [34–39], as well as HAP, in particular 
[13, 30]. In s-HAP, peaks are well-resolved, while in n-HAP 
and c-HAP, imperfections in the crystal lattice are reflected 
in broader envelopes [31, 40]. In XRD spectra, the more 
prominent peaks of (211), (112), (300) and (202) crystal-
line planes with d-spacings at 3.32, 2.93, 2.79 and 2.72 Å, 
respectively, are broadened and sometimes overlapping 
[31] (see, for example, spectra recorded through the trials 
of this work in Fig. 2c–d). Additionally, line shape analy-
sis of XRD peaks provides information on crystallinity; a 
widely accepted methodology involves the correlation 
of the Full-Width Half Maximum (FWHM) of spectra with 
crystal size [41–43].

Similarly, in FTIR spectra, the two components of the 
 v3 phosphate vibrational mode are mutually overlapping, 
allowing a maximum at ~ 1020 cm−1 and a shoulder at 
1100 cm−1 (see spectra ii and v in Fig. 2a) [44, 45]. On the 
other hand, the  v4 vibrational mode is typically observed 
as a resolved doublet, in which, the ‘valley’ between the 
doublet components (604 and 563 cm−1, as seen in the 

same spectra), typically expressed as the infrared split-
ting factor (IRSF), is often used to assess the crystallinity 
of HAP [1, 13, 25, 34, 46–49]. In bone c-HAP, carbonates 
occur in two distinct types: type A for those replacing 
hydroxide ions of the stoichiometric HAP structure (with 
a maximum of their  v3 vibration at ~ 1456 cm−1), and type 
B for those replacing phosphates (at ~ 1415 cm−1) [31, 40, 
50–53] as seen in Fig. 1. Values and assignments are listed 
in Table 2. Semi-quantification of carbonate in c-HAP can 
be achieved by calculating the carbonate index, i.e. the 
ratio of the type B carbonate absorption height over that 
of phosphate  v3 [49, 54, 55]. Also, an estimate of the type 
A/type B ratio can be obtained by comparing the areas 
under the deconvoluted components of the  v2 carbonate 
vibration at 880 cm−1 (type A) and 873 (type B) [21, 56].

Laboratory synthesis of HAP has been achieved follow-
ing various methods such as wet chemical precipitation 
from calcium hydroxide and phosphoric acid as well as 
multiphase systems in hydrothermal and sol–gel syn-
thesis methods [1, 43, 57–61]. Additionally, biomimetic 
approaches have been developed, aiming at forming vari-
ous apatites, mainly for health applications, such as bone 
regeneration [27, 62, 63] and bio-compatible coatings 
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Fig. 1  KBr-FTIR spectra of a modern deer cortical bone; b archaeological human cortical bone of proto-Byzantine period, burial site around 
Kozani, North-Eastern Greece
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for bone and dental implants [64–66]. In this aspect, wet 
chemical routes based on Simulated body fluid (SBF), a 
supersaturated cocktail that resembles the ionic content 
of blood serum, has been proposed [57, 59, 62, 67]. The 
SBF approach is adopted as an ionic environment that 
promotes the synthesis of HAP [58, 59, 62, 67, 68], while 
protocols for its preparation are generally under scrutiny 
and being constantly revised [27, 31, 62, 69–71].

Alternatively, strategies involving molecular scaffolds 
that facilitate the right ionic profile towards HAP, thus pro-
ducing HAPs structurally and morphologically similar to 
those in bone, have also been proposed [2, 7, 64].

This work aims at investigating the working condi-
tions for efficient in situ precipitation of hydroxyapatite 
on the surface of bone aiming at its consolidation. A 

simple experimental methodology is applied, employing 
the biomimetic scaffold offered by bone, in combination 
with cofactors such as SBF and gelatin. The compatibility 
concept is also questioned as to whether nanocrystalline 
carbonate hydroxyapatite, similar to the one existing in 
bone, can be formed.

2  Materials and techniques

2.1  Materials

Water, HPLC grade, was purchased from Honeywell.  CaCO3, 
 CaCl2, and NaCl were purchased from Merck. Diammonium 
phosphate (DAP) Disodium phosphate  (Na2HPO4) was 

Table 2  Infrared peaks mentioned in text with their assignments

a Data compiled from [9, 31, 45, 64, 83] and this work
b Values in parentheses denote overlapped peaks

Infrared peak  (cm-1)b Peak assignment a Notes

Bone material
 Organic fraction

  3082, 2968 vNH, vNH2 Collagen
  2929, 2878 ν(C–Η) In alkyl chains of fatty components in bone
  1664 vC=O with contributions from vC–N and δN–H; 

Amide I
Collagen

  1542 vC–N with contributions from δipN–H: Amide II Collagen
  1243 vC–N + δN–H with contributions from vC–C 

and δipC=O: Amide III
Collagen

Inorganic fraction
  ~ 3200(br) vOH Apatitic hydroxide
 (1546), 1458 v3CO3

2− Carbonate, type A (hydroxide substitution) in 
c-HAP, doubly degenerate

 (1465), 1415 v3CO3
2− Carbonate, type B (phosphate substitution) in 

c-HAP, doubly degenerate
 1111(sh), (1070), 1031 v3PO4

3− HAP, triply degenerate. Resolution related to 
crystallinity

 980 v1PO4
3− Hydroxyapatite

 880 v2CO3
2− Carbonate, type A in c-HAP

 872 v2CO3
2− Carbonate, type B in c-HAP

 604, 562 v4PO4
3− HAP

Octacalcium phosphate
 3400 vOH Hydroxide
 1161, 1105, 1055, 1032, 1000 v3PO4

3−

 900 v1PO4
3−

 586, 546 v4PO4
3−

Dicalcium phosphate dihydrate (brushite)
 3544, 3499, 3291, 3165 vOH Crystalline H2O
 1651 δΗ–Ο–Η Crystalline H2O
 1218, 1138, 1062, 988 v3PO4
 875, 792 v1PO4
 590, 528 v4PO4
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Fig. 2  a KBr-FTIR spectra of products after SBF-based synthesis in 
solution; (i) trial SBF-1; (ii) SBF-2; (iii) SBF-3, (iv) SBF-4 and (v) SBF-
5. b XRD spectrum of products after trial SBF-1; c XRD spectrum of 

products after trial SBF-2; d XRD spectrum of products after trial 
SBF-5. In all XRD spectra, 2θ angles are relative to  CoKa1 wave-
length
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purchased from Sigma-Aldrich. HCl (36% w/v) was pur-
chased from Fluka.

2.2  Trials for the formation of hydroxyapatite

2.2.1  Preparation of specimens

Hydraulic press For the preparation of discs, a standard 
13 mm evacuable pellet die and disc holder with rectan-
gular mount, and a 15 ton (max) manual hydraulic press, 
all provided by Specac (Orpington, Kent, UK) were used.

13-mm diameter disc specimens :  (a)  Calcium 
carbonate(calcite, Merck) powder was manually finely 
ground with a pestle and mortar and (b) bone powder was 
prepared by gently grinding young Roe deer bone (kindly 
offered by DRAFA, Denmark) with a motorized grinder 
using the lowest speed available to avoid the release of 
excessive heat.

These were accordingly pressed and formed to 13-mm 
discs using a standard FTIR-disc mold and after hydraulic 
pressing at 10 and 3 tn, respectively.

Whole bone specimens: a seagull leg bone (found in 
presumably naturally aged condition in the open air, in 
which had remained for an unspecified period) was cut in 
approximately 15 mm-long pieces of variable thickness 
and were consequently used without further workup.

2.2.2  SBF‑based HAP synthesis

2.2.2.1 Preparation of simulated body fluid (SBF) SBF was 
prepared in HPLC-grade water by sequentially mixing 
NaCl (0.3319 g),  Na2HPO4 (0.0071 g),  NaHCO3 (0.1134 g), 
 Na2SO4 (0.0035  g), KCl (0.1862  g),  CaCl2 (0.0138  g) and 
 MgCl2

.6H2O (0.0152 g), with until 50 ml final volume with 
no further stirring. The pH was regulated at 7.3–7.5 by add-
ing hydrochloric acid (1  M, dropwise until pH 7.3–7.5). 

The above route was based on previous work [31, 58, 59, 
69]. This way, a solution containing ions in the required 
concentrations was prepared and used as required (see 
Sect. 3.1).

2.2.2.2 Synthesis of  HAP using SBF The precipitation of 
HAP was generally achieved by adding a calcium salt 
 (CaCl2) and a phosphate source in the form of water-
soluble salt:  Na2HPO4 (disodium phosphate or DSP and 
 (NH4)2HPO4 (diammonium phosphate or DAP) to pre-
viously prepared SBF solutions; the reaction proceeds 
according to Eq. 1.

Several variations were considered and attempted, from 
which, selected trials are herewith presented:

2.2.2.3 DSP as a phosphate source Stock solutions of  CaCl2 
(0.5 M, by adding 1.3875 g of solid  CaCl2 in 10 ml of H2O) 
and DSP (0.3 M, by adding 1.3349 g of solid  Na2HPO4 in 
10 ml H2O) were prepared.

Trial SBF-1: To 25 ml of SBF solution (see above), 5 ml of 
the 0.5 M  CaCl2 solution was added, followed by dropwise 
addition (1 drop/10 s, approx.) of the 0.3 M DSP solution at 
36.5° C with no stirring, until a cloudy suspension is formed.

Trial SBF-2: To 25 ml of SBF solution, 10 ml of the 0.5 M 
 CaCl2 solution was added, followed by dropwise addition 
(1 drop/10 s, approx.) of the 0.3 M DSP solution at 36.5° 
C under continuous stirring until 10 ml of the phosphate 
was consumed.

2.2.2.4 DAP as  a  phosphate source Stock solutions of 
 CaCl2 (1.25 M, by adding 1.3875 g of solid  CaCl2 in 10 ml 
of H2O) and  (NH4)2HPO4 or diammonium phosphate, DAP 
(0.75 M by adding 0.99 g of solid  (NH4)2HPO4 in 10 ml of 
H2O) were prepared.

Trial SBF-3: To 25 ml of SBF solution, 10 ml of the 1.25 M 
 CaCl2 solution was added followed by dropwise addition 

Fig. 2  (continued)
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(1 drop/5 s, approx.) of the 0.75 M DAP solution at 36.5° C 
under continuous stirring until 10 ml of the phosphate was 
consumed (attempt No8).

Trial SBF-3: To 25 ml of SBF solution, 10 ml of the 1.25 M 
 CaCl2 solution was added followed by dropwise addition 
(1 drop/5 s, approx.) of the 0.75 M DAP solution at 36.5 °C 
under continuous stirring until 10 ml of the phosphate was 
consumed (attempt No8).

SBF-5: To 25 ml of SBF solution, 0.1 g of gelatin was 
added. Then, 5 ml of the 1.25 M  CaCl2 solution was added, 
followed by dropwise addition (1 drop/5 s, approx.) of 
the 0.75 M DAP solution at 36.5 °C with no stirring, until a 
cloudy suspension is formed, and 10 ml of the phosphate 
was consumed.

Products were characterized by SEM–EDX, XRD, and 
KBr-FTIR.

2.3  In situ synthesis of hydroxyapatite (HAP) 
on calcite and bone powder discs

In all trials for in situ deposition of HAP, the following rea-
gent solutions were made: (a) diammonium phosphate 
(DAP), 0.5 M, solution (prepared by adding 0.33 g of solid 
 (NH4)2HPO4 to 5 ml of H2O); (b) DAP/SBF: to 5 ml of the 
DAP solution, 5 ml of previously prepared SBF solution 
(see above) was added; (c) DAP/gelatin: to 5 ml of the DAP 
solution, 5 ml of 0.1% w/v aqueous gelatin solution was 
added; (d) DAP/SBF/gelatin: to 5 ml of the DAP solution, 
5 ml of previously prepared SBF solution (see above) and 
5 ml of 0.1% w/v aqueous gelatin solution was added, 5 ml 
of 0.1% w/v aqueous gelatin solution was added.

In all cases, 12 mm discs were prepared according to 
the standard procedure with the use of a dedicated disc 
mold and a SpecAc (Orpington, Kent, UK) manual hydraulic 
press.

a. Control trials on calcite discs

In the control experiments, four pressed  CaCO3 (calcite) 
powder discs were prepared (see above). The disc was 
divided into four approximately equal pieces.

Trials Ca -1 to 4: each of the above-described discs were 
immersed in a 10 mL DAP (trial Ca-1), a 10 mL DAP/SBF 
solution (trial Ca-2), a 10 mL DAP/gelatin solution (trial 
Ca-3), and finally, a 10 mL DAP/SBF/gelatin solution (trial 
Ca-4). After 5 min immersion time, the discs were removed 
and accordingly examined with optical microscopy, and 
characterized with SEM–EDX, ATR-FTIR, and XRD.

Later, additional quantities of the DAP, DAP/SBF, DAP/
gelatin, and DAP/SBF/gelatin solutions were respectively 
added dropwise (3 drops (0.05 ml each) maximum) and 
the discs were similarly examined and characterized (trials 
Ca-5, 6 7 and 8, respectively).

b. Trials on bone powder discs

Four pressed 13 mm bone powder discs were prepared 
(see above) (trials BP-1 to 4).

Trials BP-1 to 4: the previously described discs were 
treated and accordingly examined and analyzed similarly 
to the Ca-1 to 4 trials. Products were characterized by 
SEM–EDX and ATR-FTIR.

c. Trials on  Ca2+-enriched pressed bone powder disks

Trials BPCa-1 to 4: Four pressed 13 mm bone powder 
discs were prepared similarly to those in trials BP-1 to 4 
and were calcium-enriched by adding three drops of a 
6.5% v/w  CaCl2/H2O solution to each; the calcium salt 
solution is estimated to be in excess with respect to the 
dripped DAP quantity. Products were characterized by 
SEM–EDX, XRD, and ATR-FTIR.

2.4  In situ synthesis of hydroxyapatite 
on calcium‑enriched bone specimens

Trials B-1 to 4: four seagull bone specimens were cut from 
the same part of the bird’s leg bone in approx. 3.0–4.0 mm 
length and 0.5–1.0  mm diameter; each of these was 
immersed in DAP, DAP/SBF, DAP/gelatin, and DAP/SBF/
gelatin solutions (concentrations the same as above) and 
left with no stirring for 24 h. Products were characterized 
by SEM–EDX and KBr-FTIR.

2.5  analysis techniques

2.5.1  Scanning electron microscopy–Energy‑dispersive 
x‑ray analysis (SEM–EDX)

In all cases, a JEOL JSM-6510LV Scanning Electron Micro-
scope equipped with an Oxford X-act XEDSM energy dis-
persive X-Ray analyzer applied vacuum: 40 Pa. Specimens 
were inserted in the system’s sample chamber without 
further workup.

2.5.2  Transmission electron microscopy (TEM)

A Thermo-Fisher Scientific Talos F200i Transmission Elec-
tron Microscope operating at 200 kV accelerating voltage. 
and equipped with a window-less Bruker 6 T|100 energy 
dispersive X-ray micro analyzer was used. The TEM speci-
mens were prepared by scraping off the material to be 
examined, subsequent grinding by mortar and pestle in 
ethanol and drop casting 1 μl on copper TEM grids coated 
with a thin carbon film.
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2.5.3  Fourier transform infrared (FTIR) spectroscopy

All samples were analyzed with a Perkin Elmer Spectrum 
GX spectrometer, equipped with DTGS detector. Spectra 
were recorded and edited with the PE Spectrum v.5.3.1 
software. Further spectra editing was done using the 
Thermo GRAMS v.9.0 suite. For both KBr and ATR infra-
red spectra powder samples were used after manual or 
mechanical grinding (see Materials). The size of bone 
grains (see Materials and methods) assured secure meas-
urement of the crystallinity index as warned by various 
researchers [13, 72, 73].

KBr-FTIR spectra: powder samples were mixed with 
potassium bromide powder (KBr, Merck), finely ground 
manually with the use of an agate pestle and mortar, and 
accordingly pressed into 13 mm discs with a hydraulic 
press. Disc samples were accordingly inserted in the sys-
tem sample chamber for analysis.

ATR-FTIR spectra: Fourier Transform Infrared Spectros-
copy (FT-IR) measurements were carried out using a Pike 
MIRacle single reflection horizontal ATR accessory with a 
zinc selenide crystal (4000–525 cm-1) introduced in the 

sample chamber of the PE Spectrum GX system using 
the DTGS detector.

Infrared Indices: Spectra in Figs.  1, 2, 3, 4 and 7 
are shown as normalized at the  v3 phosphate band 
(~ 1020  cm−1). Collagen and carbonate indices were 
calculated by the ratios of the absorbance heights at 
1660 and 1415 cm−1, correspondingly, over the  v3 of 
phosphate at 1020 cm−1; baseline was set at 1900 and 
1380  cm−1. The crystallinity index was measured by 
calculated Infrared Splitting Factor (IRSF, see Introduc-
tion) derived from the doublet of the  v4 vibration of 
hydroxyapatite, according to a standard procedure [13, 
46, 49, 74], by using the equation (A604 + A563)/A590, where 
A corresponds to absorbance heights at the correspond-
ing maxima of the phosphate  v4 band. The baseline was 
set at 800 and 500 cm−1. For all the above calculations of 
indices, baseline limits may significantly affect the final 
values [49, 73], and therefore they must be followed 
thoroughly throughout all the samples. In the present 
work, the baseline limits by Dal Sasso et al [49]. were 
adopted. The reproducibility of the method was tested 
by calculating the average of 7 reference bone samples; 
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Fig. 3  ATR-FTIR spectra of product formation on pressed powdered  CaCO3 discs after trials Ca-1, 2, 3 and 4; (i) after immersion in DAP, (ii) in 
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std error for collagen index was ± 0.45%, for carbonate 
index ± 1.24% and for IRSF, ± 1.07%.

Deconvolution: deconvolution and peak fitting were 
applied on the phosphate  v4 infrared band using the peak 
fitting routine in GRAMS/AI software (Thermo). The routine 
was applied after baseline correction at the limits of the 
680–480 cm−1 region of spectra; a Gauss/Lorentz mixed (1:1) 
model at medium sensitivity and FWHH 8.0 was applied; 
 R2 was better than 0.9990, while std error was lower than 
0.0028 in all cases. In Fig. 7b and c, the 2nd derivative is also 
shown for confirmation of transients.

2.5.4  Stereo‑macro‑photography

Stereoscopic macro-photographs of discs were recorded 
using an Olympus 110AL2X-2 WD38 stereomicroscope, 
using magnifications at × 0.67- × 4.5.

2.5.5  X‑ray diffractometry

XRD spectra were recorded using an InXitu BTX II Benchtop 
X-ray Diffraction/X-ray Fluorescence system using a Cobalt 
cathode source (Kα1 1.78897 Å). Spectra were analyzed with 
the InXitu XPowder software and searched using the PDF2 
and the XPowder Difdata reference libraries.

FWHM values were calculated using the XPowder soft-
ware, employing Scherer analysis of width and shape of dif-
fraction profiles modeled on pseudo-Voigt Gaussian curve; 
measurements for HAP (in the cases where no overlaps are 
detected) were based on the 2θ = 31.3° peak, while for OCP, 
these were based on the 2θ = 37.5° peak.

2.5.6  Surface porosity measurements

Surface porosity of samples (pressed bone powder and bone 
specimens) were measured through SEM Image analysis, by 
employing ImageJ freeware (ImageJj.net); percent poros-
ity was expressed as the ratio (total area of pores)/(total 
measured area) × 100. Porosity values were calculated on 
extracted “analyzed particles” drawing after thresholding the 
initial image; three different magnifications were examined 
fir each specimen type. Calculations showed that higher 
magnifications showed generally higher porosity values due 
to better image detail; therefore, these values were adopted 
in the Results section. Values from surface porosity calcula-
tions are listed in Table SI.2 (Supplementary Information).

3  Results and discussion

3.1  Experimental design

The precipitation of HAP is a demanding and slow pro-
cess depending on temperature and ion concentrations 
because a large number of ions need to be accommo-
dated into the unit crystal. Kinetic studies have shown 
that a maturing period is needed with intermediate steps 
involving precursor phosphate phases such as tricalcium 
phosphate (TCP), brushite, and OCP, before finally form-
ing HAP [1, 67, 75]. In practice, n-HAP and c-HAP, with a 
generally lower degree of crystallinity than s-HAP, can 
form; these can be confirmed through their XRD and 
infrared spectra [31, 58, 67]. A strategy for the synthesis 
of hydroxyapatite was developed to investigate the fac-
tors that control the preferential precipitation of HAP; 
this involves the reaction of calcium with hydrogen 
phosphate  (HPO4

2− in DAP) as a source of phosphate 
ions, as well as SBF and gelatin as biomimetic cofactors.

In the first place, the SBF approach was employed in 
our methodology as a “training” method for the synthesis 
of HAP (herewith shown as SBF trials) and used along 
with DAP and gelatin in trials. Then, to investigate the 
formation of HAP among other phosphates, a simple 
methodology involving pressed powder discs of bone 
powder, plain or calcium-enriched, which serves as the 
calcium-containing starting material; these were tested 
against calcium carbonate discs (control experiment) 
and whole bone specimens (see Materials and Tech-
niques). The discs which serve as mock-ups, allow for (a) 
deposition of the precipitating product in the intergrain 
space, (b) controlled geometry for locating the in situ 
deposited HAP (surface and cross-section), (c) sufficient 
compactness for investigating the changes in cohesive-
ness as a means of mechanical endurance, (d) a conveni-
ent means for visually assessing the effectiveness of the 
method and (e) easy application of various analytical 
methods (ATR-FTIR, SEM–EDX, and finally, XRD) for the 
detection of products.

This design also allows for investigating bone as the 
source of calcium, which, in parallel, serves as a biomi-
metic scaffold for HAP deposition. This combined scenario 
suggests that some of bone calcium is sacrificed to form 
carbonated HAP, which, however, affects the integrity of 
the existing bone. Based on this, additional trials were con-
sidered employing  CaCl2-pretreated bone powder discs, 
which leads to calcium-enrichment of the material (BPCa 
trials). Besides, the effect of SBF and gelatin as possible 
biomimetic cofactors for the formation of HAP was investi-
gated. In all types of trials, DAP, DAP/SBF, DAP/gelatin, and 
DASP/SBF/gelatin solutions were studied.
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Finally, whole bone specimens were also employed in 
similar trials to investigate the viability of the method on 
real objects. In all cases, specimens were water-washed 
after the reaction, which ensured the removal of all soluble 
starting materials, as shown through characterization with 
the selected techniques. The above experimental design, 
based on previous detailed kinetics studies, focuses on 
proposing favorable conditions of HAP formation as most 
suitable for application in the consolidation of bone.

3.2  SBF‑based wet synthesis of HAP

Trials with SBF have been employed in the light of previous 
reports [31, 59, 69] as a wet method for the biomimetic 
synthesis of HAP. These were, in principle, considered 
as a chemical process to guide the overall experimental 
design. Diammonium phosphate (DAP) is the reagent of 
choice for most research aiming at HAP synthesis so far, as 
its byproducts are volatile and reportedly works even in 
lower than physiological temperatures [6, 76] (trials SBF-3 
to SBF-6). Additionally, disodium phosphate (DSP) has also 
been employed further to investigate ionic content (trials 
SBF-1 and SBF-2).

In addition to the above reagents, gelatin, a biomaterial 
derived from collagen [77–80], was also considered as a 
cofactor since it has been previously reported to promote 
the formation of HAP crystallites in a favorable molecular 
geometry [79, 81]. Finally, the trials were performed under 
stirring, as well as under no stirring, the latter being a con-
dition for demanding applications, such as the conserva-
tion of precious heritage artefacts.

In most cases, results through KBr-FTIR, XRD, and meas-
urements of Ca/P ratios showed that mixtures of HAP with 
calcium hydrogen phosphate dihydrate (or brushite) and 
octacalcium phosphate (OCP) were produced (trials SBF-3, 
and 4). In the case of the unstirred solution of trial SBF-5 
with gelatin as a cofactor, HAP and OCP were formed. 
These two minerals, with expected Ca/P ratios 1.67 and 
1.33, respectively, have similar infrared maxima of the 
prominent v3 and v4 phosphate vibrations [31, 32, 82]. Nev-
ertheless, HAP and OCP can be distinguished through their 
XRD spectra, as shown in Fig. 2b–d (the reported 2θ angles 
are relative to CoKa1 wavelength). The d-spacing of H.

AP was found at 3.3210, 2.930, 2.7971, 2.6996, in accord-
ance with reported values [83], those of brushite at 7.5270, 
4.1989, 3.0206, 2.9024, 2.5997, 2.4060 and OCP at 3.4061, 
2.8041, 2.6122 [31, 84, 85]. The crystal size for brushite 
(Fig. 2b) was calculated at 35.3 nm (FWHM value calculated 
for the peak at D-spacing 4.1989 was 0.3070, see Materi-
als and Techniques), while that of HAP (Fig. 2c) at 18.0 nm 
(FWHM value for the peak at D-spacing 3.3210 was 0.6167). 
In Fig. 2d, where both products are observed, the exact 
calculation of crystal size is unclear.

Finally, a carbonate phase is formed in trials SBF-4 and 
5 (due to infrared bands at the 1460–1400 cm−1 range 
and ~ 876 cm−1), possibly favored by the relatively slower 
diffusion imposed by the applied conditions (unstirred 
solutions); it is unclear to this point whether it belongs to 
c-HAP. Selected infrared spectra are shown in Fig. 2a, while 
peak assignments are listed in Table 2; abbreviated results 
of trials are summarized in Table 3.

The favorable effect of gelatin for producing the least 
soluble phases (HAP and OCP) in trial SBF-5 may be par-
tially explained by the relatively higher viscosity induced 
in the mixing solutions, which under no stirring signifi-
cantly affected the kinetics of the nucleation of HAP [1, 
67, 75]. As brushite and OCP are intermediate phases [33, 
86, 87], a role for gelatin in this ionic reaction could be 
diffusion-controlling, favoring the time-demanding pre-
cipitation of the end product. On the other hand, in the tri-
als with disodium phosphate (DSP), almost pure brushite 
was the product under stirring (trial SBF-1), while HAP with 
a minor amount of brushite was formed with no stirring 
(trial SBF-2).

3.3  In situ synthesis of hydroxyapatite on pressed 
powder discs

The effectiveness of HAP formation during a heterogene-
ous reaction of DAP in solution with the calcium provided 
from bone particles was investigated by employing stand-
ard 13 mm-discs of pressed bone powder (see Materials 
and Techniques and Sect. 3.A). The discs offer a convenient 
means for investigating the course of the reaction in situ 
on their surface with ATR-FTIR spectroscopy, as well as 
investigating the micro-morphology of the products with 
SEM.

3.3.1  Pressed  CaCO3 powder discs (control trials)

The hypothesis that bone components promote HAP for-
mation by serving as a biomimetic scaffold and simultane-
ously providing calcium ions to react with externally pro-
vided phosphate was evaluated and compared to control 
trials on pressed  CaCO3 (calcite) discs. In these, calcite is 
the  Ca2+ source, while biomimetic conditions are offered 

Fig. 4  ATR-FTIR spectra zoomed in the 1750–520  cm−1 region, 
normalized at 1643  cm−1 a of products after trials BP-1, 2, 3, and 
4 on pressed bone powder discs followed by water washup, and 
b of products after trials BPCa-1, 2, 3, and 4, on Ca-enriched bone 
powder discs, followed by water washup. In both spectra: (0) bone 
powder before treatment; after immersion in (i) DAP, (ii) DAP/SBF, 
(iii) DAP/gelatin and (iv) DAP/SBF/gelatin solution. Insets in both Fig-
ures: macro-photographs of discs in their initial state, (0), and after 
each corresponding trial, (i) to (iv)

◂
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from cofactors SBF and gelatin. The porosity of the initial 
state of specimens, a crucial factor that allows for product 
nucleation, was measured through SEM image analysis 
[88–90] (see Materials and Techniques). In pressed pow-
der disc-based trials, surface porosity can be defined as 
the gaps between grain boundaries, which can be related 
to the cohesiveness of grains of the pressed disc. In the 
case of pressed  CaCO3 discs, surface porosity was found 
to be 25–30% (see Table SI.2, Supplementary Information).

In trials Ca-1, 2, 3, and 4, the immersion of pressed 
 CaCO3 powder disks in DAP solutions (see Materials and 
Techniques) generally resulted in deposited material 

composed of HAP and brushite mixtures as identified 
through their Ca/P ratios, and their ATR-FTIR and XRD 
spectra (Fig. 3 and Table 3). The reaction of calcite with 
DAP has been previously studied by atomic force micros-
copy (AFM), and the formation of carbonate hydroxyapa-
tite was reported, although no further information was 
provided [76].

As investigated through the combined spectroscopic 
and elemental analysis techniques, DAP and DAP/collagen 
solutions (trials Ca-1, 2, and 3) resulted in brushite/HAP 
mixtures, while DAP/SBF/gelatin (Ca-4) resulted in a prod-
uct mixture rich in HAP. Infrared spectra of products after 

Table 3  Results from trials

a For experimental details, see materials and Techniques
b Based on microelemental analysis through SEM-EDAX; all measurements after water washup
c Based on combined results from FTIR and XRD spectra and in comparison, to Ca/P ratios

Trial # Description of  triala Ca/P 
ratios of 
 productb

Description of  productc

SBF-1 SBF base solution; added DSP (0.3 M), CaCl2 (0.5 M), stirring; 10 min, 
KBr-FTIR

0.96 Almost pure brushite

SBF-2 SBF base solution; added DSP (0.3 M), CaCl2 (0.5 M), no stirring; 
15 min, KBr-FTIR

1.22 Mixture of HAP and OCP

SBF-3 SBF base solution; added DAP (0.75 M), CaCl2 (1.25 M), stirring; 
8 min, KBr-FTIR

1.21 Mixture of HAP and brushite

SBF-4 SBF base solution; added DAP (0.75 M), CaCl2 (1.25 M), no stirring; 
10 min, KBr-FTIR

2.70 Mixture of HAP and OCP; carbonate formation

SBF-5 SBF base solution; added DAP (0.75 M), CaCl2 (1.25 M), gelatin, no 
stirring; 10 min, KBr-FTIR

1.41 HAP-rich phase; minor carbonate formation

Ca-1 CaCO3 disc; immersion in DAP solution;  H2O-washup, ATR-FTIR n.m Mixture of HAP and brushite
Ca-2 CaCO3 disc; immersion in DAP/SBF solution;  H2O-washup, ATR-FTIR n.m Mixture of c-HAP and brushite; higher in c-HAP
Ca-3 CaCO3 disc; immersion in DAP/gelatin solution;  H2O-washup, ATR-

FTIR
n.m Mixture of HAP and brushite

Ca-4 CaCO3 disc; immersion in DAP/SBF/gelatin solution;  H2O-washup n.m HAP
- Bone powder (reference), ATR-FTIR 1.37 Carbonate HAP
BP-1 Bone powder disc; added 1 drop DAP;  H2O-washup, ATR-FTIR 1.37 Mainly HAP
BP-2 Bone powder disc; added DAP/SBF; H2O-washup, ATR-FTIR 1.34 Mainly HAP
BP-3 Bone powder disc; added DAP/gelatin; H2O-washup, ATR-FTIR 1.27 Mainly HAP
BP-4 Bone powder disc; added DAP/SBF/gelatin; H2O-washup, ATR-FTIR 1.30 Mainly HAP
BPCa-1 Calcium-enriched bone powder disc; added DAP; H2O-washup, 

ATR-FTIR
1.41 HAP

BPCa-2 Calcium-enriched bone powder disc; added DAP/SBF; H2O-washup, 
ATR-FTIR

1.35 HAP

BPCa-3 Calcium-enriched bone powder disc; added DAP/gelatin; H2O-
washup, ATR-FTIR

1.36 Mixture of HAP and OCP

BPCa-4 Calcium-enriched bone powder disc; added DAP/SBF/gelatin; H2O-
washup, ATR-FTIR

1.40 Mixture of HAP and OCP

- Bird bone specimen (reference), KBr-FTIR 1.37 Carbonate HAP
B-1 Bone specimen; added DAP; 24 h, KBr-FTIR 1.64 Almost pure HAP
B-2 Bone specimen; added DAP/SBF; 24 h, KBr-FTIR 1.26 HAP; possibly also OCP
B-3 Bone specimen; added DAP/gelatin; 24 h, KBr-FTIR 1.25 HAP; possibly also OCP
B-4 Bone specimen; added DAP/SBF/gelatin; 24 h, KBr-FTIR 1.27 HAP; highest relative amount; possibly, also OCP
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removal of soluble components (reactants) are shown in 
Fig. 3. Notably, the synergistic action of gelatin with all 
other reagents promotes the predominant nucleation of 
HAP. Biomacromolecules such as gelatin allow a favora-
ble alignment for the nucleation of HAP [30, 91], although 
aminoacids have been reported to inhibit HAP crystalliza-
tion [92, 93], suggesting a complex multi-site mechanism 
concerning molecular geometries [30]. The result in the 
present work confirms previous findings and suggests 
that gelatin may be considered as a biomimetic cofactor 
in these applications.

Interestingly, further addition of the above reagents to 
the calcite powder discs (trials not shown) increased the 
brushite amount significantly (see, for instance, spectrum 
v, in Fig. 3, which shows the product of trial Ca-4 after fur-
ther addition of reagents). Scanning Electron Microscopy 
(SEM) images are shown in Supplementary information 
(Figure SI.1a), where newly formed crystal aggregates are 
shown as compared to reference bone.

These results also suggest possible conditions for the 
optimized precipitation of HAP on the surface of inor-
ganic substrates such as limestone and marble, which 
have attracted significant attention in the conservation 
of antiquities [4, 6, 94, 95].

3.3.2  Pressed bone powder disks (trials BP)

Bone powder discs (see Materials and Techniques) offer 
a convenient medium for in situ evaluating the product 
formation with ATR-FTIR and SEM–EDX after the comple-
tion of reactions. Previous work has shown that in situ 
deposited HAP can offer consolidation to bone by reduc-
ing the porosity of (non-pressed) bone powder [7]; there-
fore, since HAP is precipitated in the inter-grain area of a 
pressed bone powder disc by similarly reducing its poros-
ity, strengthening may be offered to the disc. Moreover, 
the pressing of grains during disc preparation results in 
cohesion for holding the hydraulically pressed disc. Sur-
face porosities, as measured through SEM image analysis, 
were found to be 10.7–13.9% (see Materials and Tech-
niques, Table SI.2).

Interestingly, a single drop of deionized water on the 
bone powder disc surface manages to completely disrupt 
the disc by separating the grains from each other.1 Based 
on the above, on an experimental basis, any improvement 
regarding the cohesiveness of discs after HAP-forming tri-
als can be an indication for potential consolidation offered 
by the deposited product. However, by visual observation 

(photos in insets of Fig. 4a), discs were significantly dam-
aged, except for the trial with DAP/SBF (BP-2) where the 
disc integrity was preserved; water washup for removing 
all soluble material did not further change the condition 
of the disc.

The Ca/P ratios were found to be close to those of ref-
erence bone (Ca/P = 1.37, Table 3), although they cannot 
be solely used as a criterion [96, 97]. FTIR spectra of trial 
BP-1 showed an increase in both phosphate and carbon-
ate type A and B peaks, suggesting that c-HAP is formed; 
on the other hand, in trials (BP-2, 3, and 4), the product 
quantities are negligible, as compared with the initial bone 
spectrum (Fig. 4a). For the sake of comparison, all spectra 
are normalized in the amide I band of collagen. Elemen-
tal microanalysis showed minimal chlorine content after 
water washup, an indication first, that soluble material is 
removed, and secondly, that chlorapatite is not a possible 
product. These results suggest that calcium provided by 
bone powder is possibly not sufficient to ensure the integ-
rity of the disk by forming HAP.

SEM microphotographs (Supplementary Information, 
Figure SI.1b) support this, by not clearly showing new crys-
tals formation on the specimen surface, except for case 
BP-1 (Fig. 5b).

3.3.3  Pressed calcium‑enriched bone powder disks (trials 
BPCa)

Similar trials (BPCa-1, 2, 3, and 4) were done on calcium-
enriched disks (see Materials and Techniques), ensuring 
that bone material would not be deprived of its calcium as 
the enrichment process would be the primary  Ca2+ source. 
Calcium chloride was chosen because it could be easily 
removed with water-washup at the end of the process, 
and it would not interfere with the pH of the process, as 
well as with the monitoring of the entire process through 
infrared spectroscopy. The removal of  CaCl2 after washup 
was tested through microelemental analysis where, in all 
cases, chlorine was found less than 0.9% atom (1.43 wt%).

SEM microphotographs show the deposition of the 
crystalline product (crystal size 10–20 μm) on the surface 
of specimens (Fig. 5c). The Ca/P ratios of products were 
found between 1.35 and 1.41, close to those of reference 
bone (1.37).

The XRD spectra of trials BPCa-1 and 2 showed the for-
mation of HAP (Fig. 6a and b), while BPCa-3 and 4 showed 
mixtures of HAP with OCP (Fig. 6c and d); D-spacings are 
shown as figures alongside peaks. HAP was found to have 
larger crystals as calculated through line shape analysis of 
XRD peaks (see Materials and Techniques); FWHM values 
ranged from 0.7481 (corresponding to 15.3 nm crystal size, 
trial PBCa-1) to 0. 0862 (123.4 nm, trial BPCa-2). By com-
parison, the OCP-containing spectra (Fig. 6iii and iv) were 

1 For comparison, the CaCO3 discs in the control trials had main-
tained their integrity upon the addition of water and all other rea-
gent solutions, as well (not shown).
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broader, corresponding to significantly smaller crystals; 
FWHM was found to be 1.8934 (corresponding to 5.9 nm, 
trial BPCa-3) and 1.8103 (6.2 nm, trial BPCa-4).

The infrared spectra (Fig. 4b) showed the HAP profile 
[31, 52, 53]; in particular, the IRSF values of the v4 phos-
phate vibration in infrared spectra generally show higher 
crystallinities than those of bone reference, especially 
for trial BPCa-1 (see Table SI.1). Moreover, the ATR-FTIR 
spectra recorded on the discs showed increased phos-
phate phases (based on the maxima of v3 and v4 vibra-
tional modes, Fig. 4b). In particular, the DAP/SBF reagent 
mixture (trial BPCa-2) gave the highest amount of HAP, 
seen through its prominent peaks at ~ 1020 cm−1 and the 
doublet at 601/558 cm−1 in Fig. 4b (i) (see Table 2 for peak 
assignments). On the other hand, the DAP/gelatin trial 

(BPCa-3) showed infrared shoulders at 1160, 1104, 1054, 
916 cm−1, assignable to OCP [30, 31, 82]. Carbonate peaks 
of type A (1455 cm−1) and B (1410 cm−1) were detected in 
the product of trials BPCa-1, 2, and 4 (Fig. 4b). The carbon-
ate index was generally lower as compared to reference 
bone (see Table SI1); specifically, that of trial BPCa-1 was 
exceptionally low. This result shows that DAP alone favors 
the formation of n-HAP instead of c-HAP. On the other 
hand, trial BPCa-3 resulted in labile calcium carbonate as 
detected through its uniform, unresolved v3 maximum 
at ~ 1413 cm−1.

The crystallinity index, expressed through the infrared 
splitting factor (IRSF, see Introduction) [11, 74, 84], was 
found ~ 10–12% higher than that of fresh bone (see val-
ues in Table SI.1). HAP was found to be produced at almost 

Fig. 5  a Photomicrographs of products after trials; a SEM of Ca-
enriched bone powder discs (trials BPCa-1 and BPCa-4); b SEM of 
bone specimens (trials B-1 and B-4); (0) calcite disc before addition 
of reagents; (i) after immersion in DAP, (ii) after immersion in DAP/

SBF/gelatin solution. c TEM image of products on bone specimens 
(trials B-1 and B-4); after immersion in (i) DAP, (ii) DAP/SBF/gelatin 
solution
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six-fold excess over that of reference bone (estimated 
through the collagen index, i.e., the ratio of the collagen 
amide I absorbance height at 1660 cm−1 over that of phos-
phate  v3 at 1020 cm−1 [49, 55] (see Table SI1).

Through the trials on bone powder discs, the dropwise 
addition of reactants does not allow for long reaction 
times, thus restricting the observed phenomenon to its 
early stages. According to Ostwald’s rules, more soluble, 
although less stable, precursor phases, such as OCP, are 
formed with small crystal size due to relatively fast nuclea-
tion [6, 91, 92]; these are followed by a slower nucleation 
stage, where HAP is formed. These experiments observe 
a time window where HAP starts to nucleate. For consoli-
dation purposes, both products could work due to their 
comparably low solubility.

Significantly, the integrity of discs is mostly preserved in 
all Ca-enriched trials (insets of Fig. 4b). By comparing this 
observation with that of bone powder discs of trials BP1 
to BP4, it seems that the extra calcium deposited on the 
bone grains through enrichment may be responsible for 
significant HAP deposition on the disks that allow better 
cohesion of the material.

3.4  Whole bone specimens

The in situ synthesis of HAP was also tested on the sur-
face of dead bird bone specimens after immersion trials in 

DAP-containing solutions (see Materials and Techniques), 
additionally containing gelatin, SBF, and their combina-
tions. The average surface porosity of bone was found to 
be approximately 15%. However, as its surface is highly 
inhomogeneous in certain spots, such as surface grooves, 
high magnifications (3000 × and 5000 × ) showed porosity 
to be as high as 21%.

The deposition of white crystalline material on the bone 
surface was observed in all cases. After washing up the 
specimen surfaces with deionized water, the detached 
product was studied with SEM–EDX and FTIR spectros-
copy. In all cases, washing up removed most soluble reac-
tants and possible byproducts, leaving the least soluble 
components of the products. SEM microphotographs 
show product deposition on the surface of bone (Fig. 5c, 
photos (i–iv)) in comparison with the surface of refer-
ence (untreated) bone (photo (0), same Figure). Elemen-
tal microanalysis of the produced crystals with SEM–EDX 
resulted in Ca/P ratios (Table 3) of approx. 1.26, while 
the B-1 trial, specifically, gave 1.64, which is close to the 
expected ratio for s-HAP.

Transmission Electron Microscopy (TEM) bright-field 
images for trial B-1 (Fig. 5d) showed approx. 100–120 nm 
needle-like nHAP crystals [2, 57] formed close to smaller 
(< 50 nm) original bone mineral crystals, while EDX anal-
ysis showed that elemental Ca/P ratios ranged between 
1.41–1.63. TEM image for the B-4 trial also showed nHAP 

Fig. 6  XRD spectra of products on Ca-enriched bone powder discs 
(trials BPCa) after immersion in a DAP (trial BPCa-1), b DAP/SBF 
(trial BPCa-2), c DAP/gelatin (trial BPCa-3) and d DAP/SBF/gelatin 

solution (trial BPCa-4). Arrows show HAP peaks; numbers alongside 
peaks correspond to D-spacings
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Fig. 7  a ATR-FTIR spectra from Ca-enriched bone specimens after 
trials B-1, 2, 3 and 4: (0) reference bone; product formation on the 
bone surface after immersion (i) in DAP (trial B-1), (ii) in DAP/SBF 
(trial B-2), (iii) in DAP/gelatin (trial B-3) and (iv) in DAP/SBF/gelatin 

(trial B-4) solutions. All spectra were recorded after the removal of 
starting material by water washup. Deconvolution and peak fitting 
of the phosphate v4 vibration in b reference bone (spectrum a0); c 
product after trial B-1
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together with smaller original bone crystals, as well as a 
surrounding amorphous material, possibly gelatin.

The quantities of the final insoluble products did 
not allow for conclusive XRD spectra, as no detect-
able phases were measured. The FTIR spectra showed 
increased phosphate (v3 and v4 bands) due to the for-
mation of HAP (Fig. 7); this increase is more significant 
in trial B-4, due to a combined effect of the three rea-
gents. Although the carbonate peaks generally increase 
as compared to collagen amide I, the carbonate index 
is comparably lower than that of the original bone (see 
Table SI1). These results suggest that although both 
n-HAP and c-HAP are formed, the former is preferred to 
the latter. The crystallinity index (IRSF value) of the prod-
uct was increased by 10–12% as compared to that of ref-
erence bone (Table SI1). Moreover, deconvolution of the 
 v4 phosphate band (Fig. 7b and c for reference bone and 
product of trial B-4, respectively) shows the contribu-
tions of apatitic  PO4

3− (at ~ 601, 575, and 560 cm−1) and 
 HPO4

3− peaks (apatitic at ~ 545 cm−1, and non-apatitic 
at ~ 615 and 530 cm−1) [98]. In spectrum 7c, the higher-
than-expected peaks at 578 and 541 cm−1 are possibly 

contributions from the  v4 vibrations of co-produced OCP 
(cf. with values in Table 2).

The adopted experimental design and the results of 
this work helped in isolating factors, such as the sub-
strate nature, the surface morphology, as well as the 
protein and ionic content in the molecular environment. 
As a significant outcome, collagen is confirmed to have 
a favoring effect in the nucleation of apatitic phases. 
Based on the hypothesis of a macromolecule-stabilized 
liquid phase [99], the macromolecular structure of col-
lagen with its specific aminoacid content and sequence 
serves as a favorable template for the nucleation of 
phosphates by aligning the c-axes of apatitic crystals 
with the direction of collagen molecule [81, 100]. With 
a hydration sphere that favors the clustering of calcium 
and phosphate ions due to mutual ionic attractions, a 
favorable ionic profile (SBF) along with the collagen or 
gelatin macromolecular template promotes precursor 
phases, such as brushite and OCP [91, 101]. The above 
is an early stage that eventually leads to slower, gradual 
nucleation of the thermodynamically more stable and 
relatively larger HAP crystals. The mediation of bone 
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collagen, which in these experiments was assisted by 
externally added gelatin and SBF, signifies the biomi-
metic character of the process.

Although maturing time is needed for sufficient HAP 
formation [30], the co-precipitation of OCP in some cases 
could be considered not a problem for consolidation pur-
poses, as this mineral also has a low Ksp value (Table 1).

4  Conclusions

This work shows that hydroxyapatite is biomimetically 
nucleated on the calcium-rich surfaces of pressed bone 
powder discs and whole bone specimens, by employ-
ing a soluble phosphate (DAP) and cofactors such as SBF 
and gelatin. Bone works as a biomimetic scaffold, which, 
aided by externally added gelatin, and SBF directs calcium, 
phosphate, and eventually carbonate ions to nucleate into 
carbonate hydroxyapatite (c-HAP), along with precursor 
phases, such as octacalcium phosphate (OCP). In cases 
where reaction times were long enough (whole bone 
specimens), hydroxyapatite was predominantly detected. 
Interestingly, the combined action of SBF and gelatin 
favored the formation of c-HAP even in the absence of 
bone scaffold, as findings from the controlling experi-
ments on calcite discs suggest. In the case of trials with 
calcium-enriched specimens, sacrificial consumption of 
bone calcium was avoided, and the integrity of the disks 
was mostly unaffected, suggesting mechanical endurance 
of the resulting specimens; furthermore, the favorable role 
of gelatin was highlighted.

The results show that this strategy is promising for the 
consolidation of deteriorated bone. At the same time, 
they encourage for further optimization by exploring the 
gelatin factor, by replacing calcium chloride by calcium 
hydroxide, and by controlling diffusion and selectivity with 
the use of gelling agents. Moreover, a specific design for 
mechanical testing is needed, where the practical scope 
of this method will be ensured.
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