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Calcium phosphates stand among the most promising nanobiomaterials in key biomedical 

applications as bone repairment, signalling or drug/gene delivery. Intrinsic properties as 

crystalline structure, composition, particle shape and size define the successful use of these 

phases. Among them, metastable amorphous calcium phosphate (ACP) is currently gaining 

particular attention due to its inherently high reactivity in solution, which is crucial in bone 

development mechanisms. However, the preparation of this highly desired (bio)material with 

control over its shape, size and phase purity Calcium phosphates stand among the most 

promising nanobiomaterials in key biomedical applications as bone repairment, signalling or 

drug/gene delivery. Their intrinsic properties as crystalline structure, composition, particle 

shape and size define their successful use. Among these compounds, metastable amorphous 

calcium phosphate (ACP) is currently gaining particular attention due to its inherently high 

reactivity in solution, which is crucial in bone development mechanisms. However, the 

preparation of this highly desired (bio)material with control over its shape, size and phase 
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purity remains as a synthetic challenge. Herein, we have adapted the Epoxide Route for the 

synthesis of pure and stable ACP colloids. By using biocompatible solvents such as ethylene 

glycol and/or glycerine we are able to avoid the natural tendency of ACP to maturate into more 

stable and crystalline apatites. Moreover, this procedure offers size control, ranging from small 

nanoparticles (60 nm) to micrometric spheroids (>500 nm). The eventual fractalization of the 

internal mesostructured can be tuned, by simply adjusting the composition of the ethylene 

glycol:glycerine solvent mixture. These findings introduce the use of green solvents as a new 

tool to control crystallinity and/or particle size in the synthesis of nanomaterials, avoiding the 

use of capping agents and preserving the natural chemical reactivity of the pristine surface. 
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Introduction 

Nanotextured calcium phosphates and their complex transformations are permanently studied 

from a fundamental point of view[1] since they play a key biological role in osteogenesis[2] and the 

constitution of hard tissues in vertebrates.[3] In addition, these inherently biocompatible 

compounds stand among the preferred building blocks for the development of advanced 

biomedical materials, finding applications beyond bone repairment,[4] as drug or gene delivery.[5] 

[6] [7] Moreover, due to their countless industrial uses, these nanophases belong to the most 

massively produced nanoparticles.[8] 

Depending on the desired application, these building blocks must fulfil several requirements 

including controlled shape, size, composition and crystalline structure.[9] Among the reported 

phases, metastable ones in particular (such as the amorphous calcium phosphate (ACP),[10] [11] are 

gaining increasing attention due to their intrinsic high reactivity in solution.[6] Subsequently, it 

plays a key role in bone development mechanism[1] and its potential use in biomedical 

applications,[12] including advanced biomimetic[13] or bioinspired[14] composites. However, 

metastable amorphous phases as ACP could be difficult to isolate in pure forms and often require 

additional stabilization strategies[15] ranging from bulk isomorphic substitution[16] with other 

divalent cations such as Mg, Sr and Zn,[17] to surface functionalization[18] and passivation.[19] In 

addition, textural modifications as the agglomeration and subsequent surface area decrease 

demonstrated to be effective.[20] Notwithstanding, the aforementioned chemical or textural 

modifications can significantly alter the inherent in vitro or in vivo response of ACP, limiting the 

range of biomedical applications.  

Mild chemical methods as homogeneous precipitation may offer a controlled nucleation and 

growth scenario for the preparation of calcium orthophosphates, eventually resulting in tuned 

composition and texture.[21] The first reports were based on the homogenous alkalinization driven 

by thermal hydrolysis of ammonia-releasing reagents (ARR), such as urea[22] or HMT,[23] succeed 

in certain textural control. However, in those cases, the hydrothermal conditions (temperatures 

higher than 90 ºC required to ensure the hydrolysis of the ARR at suitable rates), trigger the 

massive crystallization, which excludes the isolation of ACP phases. In addition, the concomitant 

carbonate tends to be massively incorporated in solids, as in the case of layered double hydroxides 

(LDHs),[24] giving birth to non-stoichiometric phases bearing variable calcium to phosphate 

ratios.[25] Enzymatically-driven growth at room temperature, employing phosphatases[26] [27] or 

ureases,[28] [29] [30] has been employed as an alternative to overcome this limitation. However, these 

approaches are expensive and hardly reproducible, limiting the possibilities of scaled up synthesis. 
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In recent years, the Epoxide Route[31] has emerged as a versatile tool to drive homogenous 

alkalinization and controlled precipitation in aqueous media, as an alternative to ARR-driven 

methods. The Epoxide Route is based on the nucleophilic attack on an epoxide ring at room 

temperature. It has been successfully employed to obtain diverse materials including colloidal 

inorganic layered hydroxides,[32] [33] [34] self-supported hydrogels,[35] [36] nanocomposites,[37] [38] 

hierarchical monoliths.[39] [40] [41] Also nanostructured films,[42] [43] hybrid[44] [45] or multivalent[46] 

2D phases and metallic organic frameworks,[47] among others. In parallel with the aforementioned 

findings, several research teams reported that the addition of cosolvents in water-based 

precipitation process of calcium carbonates can dramatically affect the nature of these phases, 

modifying the particles’ texture and their crystalline structure as well.[48] [49] [50] [51] 

Thus, herein we introduce the synthesis of ACP particles with controlled size ranging from 

microns to nanometres through the Epoxide Route. Moreover, the control over the size was 

achieved without the use of surfactants, capping agents, and/or polymeric stabilizers, preserving 

the identity of the chemical surface of the ACP particles. Instead, the modulation of precursor 

solution’s viscosity with green and biocompatible cosolvents such as ethylene glycol and/or 

glycerine allows an accurate size and textural control, and additionally avoids the transformation 

into non-desired phases. In addition, small angle X-ray scattering (SAXS) analysis alerts about 

changes in the inner mesostructuration of the samples as a function of the solvent’s ratio. To the 

best of our knowledge this is the first report where viscosity permits a wide range control over the 

average particle size, introducing a green versatile and biocompatible tool for controlled 

nanomaterials’ synthesis beyond calcium phosphate.  
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Results and Discussion 

In the search of suitable conditions to obtain pure and stable ACP nanoparticles, two main sets of 

experiments were performed according to the key aspects to be elucidated. Firstly, (i) the proposed 

method was explored in a range of concentrations, in order to screen and define the phase 

occurrence domain of ACP under the employed conditions. In addition, certain cases were 

inspected in more detail along the precipitation/aging process, in order to gain insights about the 

sequence and length of precipitation events. Secondly, (ii) the effect of cosolvents on the fate of 

ACP particles was explored to maximize their stability and tuning particle size as well. Therefore, 

the ‘Results and Discussion’ section is presented in two main sub-sections according to the main 

steps that followed our research (Scheme 1). 

 

Scheme 1. The Epoxide Route was optimized to study the precipitation of calcium phosphate phases. Firstly, the 

effect of the reagents’ concentration in aqueous media was performed. The increment of [CaII] drives the obtaining 

of Brushite (BRU) instead of Hydroxyapatite (ACP) (i). Secondly, the effect of biocompatible solvents, such as 

glycerine (GL) and ethylene glycol (EG), was studied. The use viscous cosolvent mixtures allow the precipitation 

of amorphous calcium phosphate (ACP), exclusively, while the GL:EG ratio can be employed to modulate either 

the size (from small 60 nm nanoparticles to large (>500 nm) spheroids) or the internal mesostructure, that varies 

from fractal-like nanoparticles to dense spheroids, when the GL is replaced by EG (ii). 
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1. Phase stability and precipitation mechanisms. 

Under the characteristic mild conditions that the Epoxide Route offers, in situ experiments can be 

performed in order to study the precipitation sequence of growing phases. This approach has been 

employed to assess the growth mechanism and solubility (thermodynamic stability) of different 

layered materials, such as AlIII- and CrIII-based layered double hydroxides (LDHs),[44] ɑ-CoNi 

hydroxides[34] or ɑ-CoII hydroxyhalides.[33] [52]In addition, a combination of in situ pH, UV-Vis 

and SAXS experiments have been useful to rationalize the role of the stabilizing agent (polymeric 

vs. cationic) in the gold nanoparticles formation.[37] These in situ continuous recordings of pH 

offer both kinetic and thermodynamic information. Hence, to shed light on the precipitation of 

calcium phosphate phases, in situ pH profiles were recorded at room temperature. All the synthesis 

along the present study were carried out employing an initial Ca:P ratio of 5:3, while the starting 

pH is defined by the initial phosphoric acid concentration (typically in the range pH = 2–3). 

Control experiments performed with phosphate salts, exclusively, resulted in no net alkalinization 

reaction (see Figure S1). Figure 1 depicts the pH profiles for two extreme precipitation scenarios 

defined at the lowest ([Ca] = 2 mM + [P] =1.2 mM) and the highest ([Ca] = 10 mM + [P] = 6 mM) 

concentrations explored herein, denoted as [Ca+P]low and [Ca+P]high, respectively. Moreover, an 

alkalinization control experiment containing NaCl and Gly was carried out to evaluate the inherent 

alkalinization rate profile, adjusted to drive the quantitative precipitation after few hours. Under 

this synthetic conditions, alkali release rate and subsequently, precipitation kinetics, depend on 

the product between Gly (epoxide) and chloride (nucleophile) concentrations.[31] Two other base 

consumption control experiments were also recorded in the absence of Ca employing 1.2 and 6 

mM of phosphoric acid, [P]low and [P]high, respectively. For the NaCl–Gly control, once the Gly is 

added, the pH increases above pH values higher than 10 in ca. 30 min. In the cases of the [P] 

controls, both solutions require longer times to start increasing the pH, mainly due to the more 

acidic condition related to the addition of H3PO4. The higher the initial acid concentration, the 

lower the initial and the final maximum pH value and the slower the alkalinization rate. The shape 

of these pH profiles resembles typical titration curves, where the deceleration at ca. pH = 5 results 

from the buffering properties of the 𝐻2𝑃𝑂4
−/ 𝐻𝑃𝑂4

2− acid-base couple, registering a maximum 

capacity at pH = 6.8–6.9 (see Figure S2). The higher the phosphoric acid concentration, the longer 

the buffered period lasts, as expected. 
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Figure 1. pH profiles recorded at room temperature employing aqueous solutions containing: [Gly] = 500 mM, 

[Cl–] = 100 mM (NaCl control – dotted line), [H3PO4] = 1.2 ([P]low – green thin line) or 6 mM ([P]high – red thin 

line) or [Ca] = 2 ([Ca+P]low – green thick line) and 10 mM ([Ca+P]high – red thick line). 

 

Regarding the precipitation, in the case of sample [Ca+P]low the pH profile practically follows the 

one recorded for [P]low, suggesting that the presence of aqueous CaII does not affect the 

alkalinization rate. Nevertheless, at pH = 8.1 an abrupt decrease in the alkalinization rate takes 

place in coincidence with the formation of a white solid, indicating the initiation of a precipitation 

event. After this point the pH curve of [Ca+P]low separates from the [P]low control one indicating 

that the chemical events associated with solid’s formation (mainly taking place in presence of acid 

phosphate: 𝐻2𝑃𝑂4
−/ 𝐻𝑃𝑂4

2−ratios lower than 0.1. See Figure S3), are consuming significant net 

amounts of 𝑂𝐻− moieties. Concerning the sample [Ca+P]high, in the beginning the pH profile 

follows the one observed for [P]high, as expected, up to a pH value of 4.5. Further alkalinization 

results in separated parallel curves where the slightly lower values recorded for [Ca+P]high can be 

assigned to the formation of Ca-phosphate pairs, that are inherently favoured to form at high 

concentrations. Further alkalinization reaches a critical pH value of around 6.4, where a white 

solid appears, and a sudden pH drop of 0.7 units takes place. Further alkalinization follows a 

precipitation plateau centred around pH = 5.8, were  𝐻2𝑃𝑂4
−/ 𝐻𝑃𝑂4

2−ratios are higher than 0.8 (see 
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Figure S3). At pH = 7 the profiles suddenly increase suggesting the end of the main precipitation 

event. Nevertheless, at pH around 8.1 a second base consumption event is noticeable. It is worth 

to mention that under this high concentration condition, in situ pH profiles help to identify base 

consuming events as for example the post-precipitation or dissolution/recrystallization of calcium 

phosphates phases, driven by the more basic conditions. 

As a first step to characterize the obtained solids, FESEM inspection was performed considering 

the sequence and length of precipitation events. At pH ca. 9 (2.5h) sample [Ca+P]low consists of 

submicrometric/nanometric spherical particles of regular size with variable degree of coalescence. 

The rough surface indicates that nanoparticles result from the aggregation of primary units of a 

few nm in diameter (Figure 2A-B). However, at 24h (pH = 10.2) randomly oriented flakes, 

exhibiting thicknesses of a few nanometres, are noticed (Figure 2C-D). This observation alerts 

about a phase transformation and/or a recrystallization process that is taking place even at room 

temperature. In the case of sample [Ca+P]high, at pH = 7 (ca. 6h) marked differences with respect 

to [Ca+P]low are revealed. At high calcium concentration the phase grows in the form of well-

developed micrometric (>5 μm) crystalline platelets with sharply defined edges, evidencing a 

marked growth along preferential crystallographic directions (Figure 2E-F). Anew, at 24h (pH = 

9.7) the occurrence of a massive post precipitation and/or surface reconstruction is noticeable. 

The pristine shape is mainly preserved while the former smooth surface of these micrometric 

platelets is totally covered by these nanoflakes (Figure 2G-H). 

 

Figure 2. FESEM images recorded for samples [Ca+P]low (upper panel) at 2.5 (A-B) and 24h (C-D) and [Ca+P]high 

(lower panel) at 6 (E-F) and 24h (G-H), obtained by ageing at room temperature aqueous solutions containing: 

[Gly] = 500 mM, [Cl–] = 100 mM, [H3PO4] = 1.2 or 6 mM and [Ca] = 2 or 10 mM. 
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In order to gain further insights into the crystallographic nature of these phases, PXRD was 

performed. Figure 3 depicts the PXRD patterns for both samples isolated at the two different 

stages. In the case of samples [Ca+P]low, at 2.5 and 24h, no signals are observed, suggesting the 

growth of an amorphous phase at low calcium concentration. Thus, the ill-defined signal 

positioned at 2-theta = 32.5º, mounted over the experimental background, could be related with 

amorphous calcium phosphate (ACP – 𝐶𝑎3(𝑃𝑂4)2 • 𝑛𝐻2𝑂) inherently broad signal.[53] In the case 

of sample [Ca+P]high, after 6h-long aging a highly crystalline phase is observed, where all the most 

intense peaks can be ascribed to Brushite (BRU – 𝐶𝑎𝐻𝑃𝑂4 • 2𝐻2𝑂).[54] Furthermore, the marked 

prevalence of 020, 040, 060 and 080 reflections results from the occurrence of highly oriented 

crystals along the 0k0 direction and indicates highly anisotropic crystallographic growth as was 

reported for layered hydroxides prepared with the Epoxide Route (see Figure S4).[31] Nonetheless, 

after 24h, in the sample [Ca+P]high a new set of peaks are observed (located in the 25º < 2-theta < 

40º range, denoted with asterisk, see Figure 3), which can be ascribed to a nano crystalline 

Hydroxyapatite (HAP – 𝐶𝑎5(𝑃𝑂4)3(𝑂𝐻)). 

 

Figure 3. PXRD patterns for samples [Ca+P]low (2.5 and 24h) and [Ca+P]high (6 and 24h) at different times, 

obtained by ageing at room temperature aqueous solutions containing: [Gly] = 500 mM, [Cl–] = 100 mM, [H3PO4] 

= 1.2 or 6 mM and [Ca] = 2 or 10 mM. Simulated PXRD patterns for Brushite (BRU – 𝐶𝑎𝐻𝑃𝑂4 • 2𝐻2𝑂) and 

Hydroxyapatite (HAP – 𝐶𝑎5(𝑃𝑂4)3(𝑂𝐻)) are also presented as references. 
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Once identified the crystallochemical nature of the obtained samples under each condition, it is 

worth to analyse the precipitation sequence observed along the alkalinization profiles. In the case 

of [Ca+P]low, the precipitation is initiated once the solubility product of ACP phase[55] is reached, 

without the occurrence of oversaturation. The further transformation into HAP is a process that 

consumes a small absolute amount of base to be noticed (Eq. 1). Interestingly, in the case of 

[Ca+P]high, the precipitation is also initiated once the solubility product of ACP phase is reached, 

however, after nucleation the pH descends to a value that matches the solubility of BRU and no 

longer the ACP, being the solid formation ruled by the formation of the former metastable phase. 

The second pH deceleration event implies a significant 𝑂𝐻− consumption driven by the 

transformation of BRU, fed by the remnant free calcium ions, into HAP (Eq. 2). 

 

3 Ca3(PO4)2  (ACP)  +   Ca2+  +  2 OH- => 2 Ca5(PO4)3OH (HAP) (1) 

 

3 CaHPO4•2H2O  (BRU)  +  2 Ca2+  +  4 OH- => Ca5(PO4)3OH  (HAP)  +  6 H2O (2) 

 

Having established the marked effect of precursors’ concentration on the obtained phases, 

additional experiments were carried out to define the highest calcium concentration in which the 

formation of BRU is prevented. Figure S5 depicts the PXRD patterns in the 2 – 10 mM calcium 

concentration range, where it is possible to observe that BRU prevails for concentrations of 6 mM 

or higher. However, both ACP and BRU phases are metastable and evolve partially or totally into 

the stable hydroxyapatite (HAP) phase, depending on the size of the initially obtained particles. 

In the case of ACP, the parent spheroidal[56] particles are no longer discernible, and eventually 

massively consumed after aging.[57] [58] [59] Nevertheless, depending on the Ca concentration, the 

ACP develops HAP or HAP + octacalcium phosphate (OCP – 𝐶𝑎8𝐻2(𝑃𝑂4)6 • 5𝐻2𝑂) mixtures as 

well, as previously observed in related systems (see Figure S6). 

In aqueous media, this process was reported to be strongly dependant on pH and strongly favoured 

at acidic conditions; under alkaline conditions both the induction time and conversion periods are 

extended to several hours.[60] The phases obtained after this initial screening can be summarized 

in the frame of a stability diagram, according to the reported solubility data of the observed 

phases.[61] Along the whole range of Ca concentrations explored herein, the less soluble HAP 

must precipitate at lower pH values, always prevailing over OCP, BRU and/or ACP.[62] The 

observed post-precipitation of HAP takes place under alkaline conditions, after the quantitative 

precipitation of BRU. Then, the OCP/HAP formation onto the BRU surface process can be 

summarized as an alkali driven partial dissolution-reprecipitation reaction, in coincidence with 

the second base consumption event recorded at 450 min. FESEM images revealed at this early 
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stage of surface maturation, the occurrence of aligned arrays of spheroids. These surface events 

take place along lines that form an angle of 120º, fully coincident with the characteristic value 

formed between the crystallographic a and c directions of BRU lattice (see Figure S7). The 

preferential nucleation of HAP occurs at these inherently reactive terraces and borders, were 

dissolution is kinetically favoured due to the unsaturated coordination.[63] These observations 

confirm the recent claims regarding the intermediary role of BRU phase in biomineralization 

process.[64] In the case of ACP, the birth of randomly distributed flakes onto the surface was also 

noticed after the precipitation (see Figure S8), according to related systems.[65] However, in 

contrast with BRU, these nanoparticles are massively consumed to form HAP/OCP phases in an 

alkali driven dissolution-reprecipitation reaction. It must be highlighted from this initial screening 

the necessity to stabilize ACP from recrystallization aiming to preserve the amorphous nature of 

this desired phase. 
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2. Stabilization and size control of ACP employing viscous cosolvents. 

Once established the conditions to avoid the formation of BRU, we decide to move forward in the 

search of alternative precipitation conditions to favour the obtainment of ACP and prevent its 

transformation into the more stable HAP. In general terms, the growth of ACP is favoured 

employing fast precipitations process and high oversaturation values.[53] However, the 

crystallization of BRU is markedly fast and prevails even under oversaturated systems.[39] As was 

mentioned before, many strategies were proposed in literature to stabilize ACP phases from 

recrystallization. However, herein we explored a novel alternative to stabilize ACP, keeping in 

mind to preserve the pristine surface and chemical properties of these particles. Theoretically, 

decreasing precipitation temperature and/or employing alternative cosolvents, could affect the 

inherent phase stability (solubility) of the solid products and their (re)crystallization kinetics as 

well, paving the way towards the obtaining of ACP. In the current context, both strategies can be 

easily implemented with the Epoxide Route since this method offers the possibility to drive the 

alkalinization process by employing a variety of nucleophiles,[33] epoxides[66] and/or solvents.[47] 

Hence, as a first step to obtain stable ACP the effect of temperature was evaluated under a 

markedly lower precipitation/(re)crystallization scenario (5 ºC). At these conditions the chloride 

driven alkalinization rate decreases to a tenth of the value recorded at 25 ºC.[47] therefore, the 

synthetic protocol must be adjusted to ensure quantitative precipitation within a few hours. This 

can be obtained either by increasing the chloride and/or glycidol concentration, or even by 

employing a more polarizable or stronger nucleophile. Since iodide has been proven to increase 

almost 25 times the ring-opening reaction in comparison with chloride,[33] the alkalinization rate 

can be easily increased, even under this low temperature scenario, with small amounts of iodide 

without increasing significantly ionic strength. Thereby, we decide to perform the precipitation of 

calcium phosphate phases by replacing chloride by iodide. Figure 4 depicts the FESEM images 

of the samples obtained from 24h aged solutions. For all the evaluated calcium concentration, the 

prevalence of spheroids larger than 500 nm in diameter is observable (Figure S9-S10 and Table 

S1); the lack of nanoflakes and the recorded PXRD patterns confirmed the effective prevention 

of recrystallization from ACP into HAP or HAP + OCP mixtures (see Figure S11). Thus, this 

low-temperature precipitation approach successfully allows the obtainment of ACP in the form 

of micrometric spheres. Nevertheless, these samples need to be dried or stored at low temperature 

in order to avoid subsequent recrystallization processes. Beyond this successful result, the Epoxide 

Route was conceived to be a simple and easy synthesis procedure, being the refrigerated handling 

of the obtained colloids a major operational drawback. 
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Figure 4. FESEM images for samples obtained by aging 24h at 5 °C aqueous solutions containing: [Ca] = 4 (A), 

5 (B) and 6 mM (C), [H3PO4] = 2.4, 3.0 and 3.6 mM, [NaI] = 100 mM and and [Gly] = 138 mM. Scale bar 

represents 1 μm for all images. 

 

Then, the use of other cosolvents was evaluated to preserve a key asset of the Epoxide Route 

which lies in the possibility of working at room temperature. As a first step, the effect of the 

solvent on the alkalinization rate was investigated. Figure S12 presents the pH profiles of solutions 

containing fixed concentrations of NaCl and Gly and increasing initial amounts of EtOH. The 

higher the ethanol amount the faster the alkalinization rate. This result can be understood 

considering that the reduction of percentage of water (by increasing the amount of other cosolvent) 

preferentially decreases the epoxide hydrolysis rate which always competes with the 

alkalinization (halohydrin formation). In addition, this effect does not depend on the nature of the 

cosolvent as it was proved by using glycerine instead of EtOH (see Figure S13). 

In line with that, precipitation experiments were carried out by employing ethylene glycol (EG) 

or glycerine (GL) as cosolvents at 𝐴𝑊(%) = 25%, under two alkalinization rates. Figure 5 depicts 

the FESEM images of the obtained samples. For all samples obtained at 𝐴𝑊(%) = 25%, the 

occurrence of spheroidal nano-microparticles with no nanoflakes prevails, irrespective of the 

chosen cosolvents and/or alkalinization rate. PXRD confirms their amorphous nature (Figure 

S14). Hence, these results indicate that under these synthetic conditions ACP can be easily 

obtained at room temperature. Interestingly, at this condition – 𝐴𝑊(%) = 25% – the employed 

cosolvent seems to be an effective tool to tune the size of the ACP nanoparticles. As pointed out, 

the alkalinization rate does not depend on the nature of the cosolvent, thus this effect must be 

related with the physicochemical properties of the cosolvent itself, exclusively. 
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Figure 5. FESEM images for samples obtained by aging 24h at room temperature solutions containing: [Ca] = 5 

mM, [H3PO4] = 3 mM, [Cl–] = 100 mM and, [Gly] = 516 (low fvel) and 2580 mM (high fvel) and ethylene glycol 

(EG – left panel) or glycerine (GL – right panel) as cosolvent at 𝐴𝑊(%) = 25%. 

 

In order to unveil the role of the cosolvent regarding the size of the ACP nanoparticles, a set of 

samples was prepared with ternary water–EG–GL solutions, keeping a constant value 𝐴𝑊(%) =

25% and varying the EG to GL ratio. Figure 6 depicts the FESEM images of the obtained samples 

being possible to observe that while spheroidal NP of ca. 530 ± 190 nm are obtained for pure EG 

(Figure 6A), significantly smaller NP of around 60 ± 11 nm prevail for pure GL (Figure 6F). 

Indeed, the size can be tuned on demand by varying EG:GL ratio (see Figure S15-S17 and Table 

S4), ensuring the expected amorphous nature (see Figure S18). 
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Figure 6. FESEM images of samples obtained after aging 24h at room temperature solutions containing: [Ca] = 5 

mM, [H3PO4] = 3 mM, [Cl–] = 100 mM and, [Gly] = 516 mM at 𝐴𝑊(%) = 25%. The amount of cosolvent was 

tuned from pure EG (0%) to pure GL (100%). 𝐺𝐿(%) calculated as: 𝐺𝐿(%) =
𝑉𝐺𝐿

𝑉𝐺𝐿+𝑉𝐸𝐺
· 100, are 0% (A), 20% 

(B), 40% (C), 60% (D), 80% (E) and 100% (F).  

 

It should be noted that at this point we are able to obtain ACP nanoparticles controlling the size 

and preventing the occurrence of HAP or HAP + OCP transformation. As a complementary 

characterization, attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-

FTIR) was performed on the solid samples to evaluate the eventual presence of the employed 

cosolvents. Figure S19 depicts almost indistinguishable spectra between the samples obtained in 

pure water with those obtained with either EG or GL, confirming the absence of cosolvent 

molecules on the surface of the ACP nanoparticles. The weak signals registered between 1300 

and 1600 cm-1 indicate an incipient incorporation of carbonate that stands below 10% of the 

saturation values reported for related phases aged in carbonate rich solutions.[67] [68] Thermal 

decomposition of water and EG-based ACP samples follow an identical trace, irrespective of the 

employed cosolvent (see Figure S20). Assuming that the weakly occluded water is mostly 

removed below 100 oC and the strongly bound water is lost between 200 and 400 oC,[69] the 

hydrated ACP phase can be properly depicted according to the 𝐶𝑎3(𝑃𝑂4)2 • 1.3𝐻2𝑂 formula. 

Once prepared, the ACP colloidal suspensions can be stored at room temperature for months in 

this green and biocompatible solvent mixture guaranteeing the lack of phase transformation. 
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Additionally, a simple washing process ensures cosolvent removal returning the expected high 

reactivity of “naked surface” of ACP nanoparticles, when necessary. 

Being established the ability of this method to obtain ACP with a precise control over the particle 

size, a complementary exploration based on Small/Wide Angle X-ray Scattering (SAXS/WAXS) 

was performed to shed light on the role of the solvent on the internal structure (further information 

can be found in ‘SAXS section’ in Supporting Information). Since particle size distribution for 

most of the samples were above the maximum range achievable by SAXS (>100-150 nm), the 

geometry was optimized to analyse its internal structure, meaning the microstructure. Figure 7A 

depicts the SAXS patterns registered for samples obtained for increasing 𝐺𝐿(%) values. 

Nanometric electron density inhomogeneities are observed as a clear feature at large angle’s value. 

These inhomogeneities are compatible with (nano)particles composed by small primary units. In 

terms of Guiner-Porod analysis the equivalent diameters of these units can be estimated as a 

weighted average, where large entities scatter more than small ones (further details in Section 

SAXS, Supporting Information). In concordance with the reduction on the (nano)particle size 

estimated by SEM (Figure 6), the primary unit size experiments a progressive reduction from 2.6 

to 2.1 nm, for synthesis carried out by employing 𝐺𝐿(%) values from 0 to 40%. In the case of 

𝐺𝐿(%) ≥ 60%, these primary units were not observed, probably due to its small size (<1.5 nm). 

However, these samples present fractal like structures, where the increments in 𝐺𝐿(%) values 

promote a reduction in the fractal correlation length, which is proportional to 𝑑𝑒𝑞 (Figure 7B). 

Interestingly, for samples synthesized at 𝐺𝐿(%) < 40% the fractal nature is lost, although 

nanoparticles are still amorphous (PXRD and WAXS measurements. Figure S18). Thus, the 

growth and consolidation of primary units lead to a decrease in fractal dimension (f) with an 

increase in fractal correlation length (ξ) where 𝑑𝑒𝑞 ∝ [0.5 ⋅ 𝑓(1 + 𝑓)]1 2⁄ 𝜉  and average particle size 

observed by SEM (Figure 6). 
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Figure 7. SAXS patterns expressed in loglog scale as a function of 𝐺𝐿(%) with 0% at the bottom (in green) and 

100% at the top (in red) (A). Dependence of average particle size obtained from SEM (diamonds) and equivalent 

diameter (𝑑𝑒𝑞) from the larger fractal aggregates obtained from Guiner-Porod fitting procedure (bars) as a function 

of 𝐺𝐿(%). More details can be found in Section SAXS, in SI. 

 

The particles obtained with the present method can be rationalized in terms of the growing 

mechanism of ACP in aqueous media.[70] [71] [72] According to recent studies,[73] well-defined 

spheroidal molecular precursors of 0.9 nm in diameter, known as Posner clusters, [10] obeying to 

the formula 𝐶𝑎9(𝑃𝑂4)6 • 𝑛𝐻2𝑂 are the primary building units of ACP. These moieties have a 

minor abundance in solution, compared to the prevalent calcium and phosphate free ions, and 

neutral 𝐶𝑎𝐻𝑃𝑂4 • 𝑛𝐻2𝑂 ion pairs. However, close to the pH values of precipitation these dense 

clusters, increase their concentration with pH while reach a neutral condition (total deprotonation) 

and subsequently aggregate in a non-ordered fashion, giving birth to ACP particles. Moreover, a 

detailed inspection of the SAXS patterns suggests that the set of ACP samples can be divided in 

two main groups, according to their fractal or non-fractal nanostructures. 

The SAXS analysis of the particles obtained in the presence of EG and/or GL cosolvents suggests 

a partially hindered ACP precipitation process that operates at two levels, modifying (i) the 

structure and size of primary units and (ii) limiting the growth of the final particles as well. In the 

case of EG-rich based solutions, the dense primary particles of ca. 2.6 nm can be interpreted as a 

set of few Posner clusters that condensed in the form of these dense nano entities, that further 

agglomerate into large secondary ACP particles. In contrast, GL-rich based solutions primary 

units coalesce in the form of open fractals. Notwithstanding, these fractal arrays of primary units 

also agglomerate into larger final ACP particles with a markedly smaller (one order of magnitude) 

diameter. 

Hence, the combination of EG and GL effectively modulates the ACP growth, tuning either size 

and/or microstructure in a broad range, starting from small highly fractalized nanoparticles, up to 

micrometric spheroids that are more than an order of magnitude larger. Interestingly, these 

cosolvents hinder the release of Posner clusters from ACP to liquid media, preventing their 

rearrangement and the heterogeneous nucleation of nano-crystalline HAP[1] or related phases as 

OCP, that governs the maturation process in pure aqueous media.[20] [74] Hence, these results 

introduce the use of viscous green and biocompatible cosolvents as a new tool to control ACP 

particle size and at the same time to inhibit massive recrystallization. 
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Conclusions 

Beyond the established versatility for the synthesis of nanomaterials, the Epoxide Route offers a 

straightforward screening tool to identify the sequence and length of the most significant 

precipitation steps of typical metastable calcium phosphates as ACP or BRU, including the 

occurrence of post precipitation events and related phase transitions. In addition, this method can 

be adapted to a wide range of alternative conditions such as low temperature precipitation, in order 

to drive quantitative formation of stable ACP after suitable time scales.  

Despite the marked effect of cosolvent addition on the alkalinization rate, this variable could have 

a minor effect on the nucleation and growth mechanism, that is mainly governed by the 

composition of the solvent mixture. This uncommon preparative variable demonstrated to be a 

suitable alternative to tune ACP particle size (and microstructure) in a wide range of diameters, 

while ensuring the chemical purity and the surface reactivity of these key nanobuilding blocks.  
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