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Abstract

The kinetics of drug release from hydroxyapatite (HAp) cements could be tuned by controlling the 

kinetics of crystallization of their HAp precursor powders during synthesis. Here it is shown that 

this history of formation affects not only the kinetics, but also the mechanism of release. Cements 

composed of two HAp powders precipitated under different conditions, one (HAp2) taking twice 

longer to transform from the amorphous to the crystalline state than the other (HAp1), were mixed 

at different ratios to tune their drug release kinetics and tested for the release mechanism in 

conjunction with compositional and microstructural analyses. While the cement component 

converting to the amorphous phase during gelation (HAp2) exhibited a faster, but also more 

anomalous, non-Fickian mechanism of release of vancomycin, the cement component retaining its 

crystalline state all throughout gelation, setting and hardening (HAp1) stabilized at the ideal, 

Fickian diffusion case corresponding to the Korsmeyer–Peppas exponent value of 0.45 ± 0.02. 

This effect got reversed for the other antibiotic studied as a drug, ciprofloxacin, in which case 

HAp2 exhibited the ideal, Fickian diffusion with n = 0.45 ± 0.02 and the increase in the content of 

the cement component retaining its crystallinity during gelation, setting and hardening (HAp1) 

steadily shifted the mechanism of release to more anomalous, non-Fickian types. This has 

indicated that the molecular structure of the drug is an essential determinant of the mechanism of 

release and that the design of a carrier for a universally tunable release of drugs based on the 

passive transport is likely impossible. Preliminary assays involving the addition of chitosan or 

gelatin as polymeric components to HAp led to the inclusion of swelling and erosion as additional 

effects by which the drug escapes the carrier and shifted the release toward less diffusional and 

more multimodal mechanisms. With regard to the microstructural and compositional effects 

governing the release mechanism and kinetics, the retention of a finite concentration of slit-like 

pores of the amorphous precursor in HAp2 and its lower surface energy and lesser drug binding 

potential in the gelled, amorphous state, but also its possibly less stable and more diffusive particle 

surface and higher structural water content were elaborated as potential reasons explaining the 

distinct rates and mechanisms of release from the two HAp powders with different histories of 

formation.
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1. Introduction

Bone is a rarely versatile organ from structural and metabolic points of view. Its degree of 

heterogeneity, anisotropy and structural hierarchy is unusually high and has steadily 

disobeyed even the most ambitious attempts to synthetically replicate it. To illustrates its 

heterogeneity, it suffices to note that its structure gets denser and tissue turnover rate lower 

as one moves from its marrow cavity to the cancellous regions and then to the cortical outer 

layers. This variability in composition, structure and function presents a challenge for bone 

replacement therapies. What is more, these therapies often include the surgical placement of 

bone grafts that release specific therapeutic agents at sustained rates. Such agents may 

include an antibiotic for prophylactic purposes, to prevent bone infection due to 

inadvertently introduced pathogens, but also to treat an ongoing infection.1 They may also 

include a bone morphogenetic protein to promote new bone growth,2 an angiogenic factor to 

enhance neovascularization,3 an anti-inflammatory drug to cope with the first stages of 

postoperative wound healing4 or an immunosuppressant to prevent the immune rejection of 

implants such as allografts, xenografts or some synthetic materials.5 However, the broad 

range of metabolic and turnover rates found in bone provides the bone therapists with a 

challenge of adjusting the rate of release of these compounds to the rate of their clearance 

from the tissues. For example, a drug release rate that proves itself optimal in trabecular 

bone may be misadjusted for the compact bone, and vice versa. Therefore, the task of 

providing clinicians with formulations whose drug release kinetics is adjustable in situ to the 

metabolism of not only each of the 206 bones in the body, but also to each particular region 

in each of these bones, is an ongoing one.

The demands for one such bone replacement material with in situ tunable drug release 

profiles necessitate the search for particular physicochemical parameters that can be used as 

“knobs” for adjusting these release rates.6 Changes in chemistry are not always encouraged 

because of the potentially significant changes in the material properties induced thereby, 

causing not always desirable physiological effects. For example, lowering the cross-linking 

degree in a polymeric implant to create a looser structure and enable a quicker release of the 

drug from the formulation may increase the resorption rate of the implant and flood the 

tissue with the eroded particles or monomers whose presence above a specific concentration 

may trigger an inflammatory or toxic response. The physical parameters used before with 

limited success include the particle size,7 crystallinity,8 porosity,9 the dopant concentration10 

and the particle shell-to-core volume ratio.11 An earlier study demonstrated that the kinetics 

of the formation of a material can be controlled to produce drug release profiles tunable in 
situ to anywhere between 1 hour and 2 weeks of total release.12 Specifically, mixing two 

differently synthesized hydroxyapatite (HAp) powders with a seemingly identical 

crystallinity and microstructure in different ratios allowed for the in situ adjustment of the 

rate of release of different antibiotics. This was the first report indicating that the mechanism 

of the formation of a solid compound can be used as a parameter to control the drug release 

kinetics in a strictly tunable manner. This effect was later tied to the presence of a memory 

effect in this particular material, HAp. Namely, specific structural features of the material 

retain traces of the pathways of their formation and continue to exhibit them at multiple 

levels, including physicochemical, but also biological.13 It is not so often that history gets 
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inscribed in the present properties of a material, let alone that this history can be varied 

within such a range that it allows for tuning other properties within equally broad windows 

of values. Examples do exist, but are usually tied to the effect of the crystal growth 

conditions in the past on the growth rates in the future14 and have not been utilized as 

control parameters for tuning other, more practical properties of interest. The question that 

this study wished to answer was if there was any difference in the mechanism of release 

between the formulations releasing the drugs at different rates thanks to the different kinetics 

of their formation mechanisms. Namely, per the study on which this work is based,12 it is 

known that the mechanism of formation governs the release rates. However, does this 

difference in the mechanism of formation also imply a difference in the mechanism of the 

drug release across the range within which the release rates are tunable? In the attempt to 

answer this question, the release profiles of different formulations were fitted to a kinetic 

model that yields information about the release mechanism. At the same time, the analyses 

of microstructure, phase composition, crystallinity, specific surface area and porosity were 

conducted to get closer to the effects mechanistically governing the release of drugs from 

these formulations dependent on the history of formation of their two basic ingredients.

2. Materials and methods

2.1. Synthesis of drug-loaded calcium phosphate cements

Two different hydroxyapatite (HAp) powders – HAp1 and HAp2 – were synthesized. To 

make HAp1, 400 ml of 0.06 M aqueous solution of NH4H2PO4 containing 25 ml 28% 

NH4OH was added dropwise to the same volume of 0.1 M aqueous solution of Ca(NO3)2 

(Fisher Scientific) containing 50 ml 28% NH4OH (Sigma Aldrich), vigorously stirred with a 

magnetic bar (400 rpm) and kept on a plate heated to 50°C. After the addition of NH4H2PO4 

(Fisher Scientific) was complete, the suspension was brought to boiling, then immediately 

removed from the heater and air cooled to room temperature. Stirring was suspended and the 

precipitate together with its parent solution, the final pH of which was 10.6, were left to age 

in atmospheric conditions for 24 h. After the given time, the precipitate was washed once 

with deionized (DI) H2O, centrifuged (10 s at 3500 rpm), and let dry overnight in a vacuum 

oven (Accu Temp-19, Across International) (p = −20 mmHg) at 80°C.

HAp2 was formed by abruptly adding a solution containing 100 ml 0.5 M Ca(NO3)2 and 7 

ml 28% NH4OH into a solution comprising 100 ml 0.2 M NH4H2PO4 and 4 ml 28% 

NH4OH. The fine precipitate formed upon mixing was aged for 15 s, then centrifuged, 

washed with 0.14 w/v% NH4OH, centrifuged again, and dried overnight at low pressure (p = 

−20 mmHg) and room temperature. The pH of the supernatant following the precipitation 

reaction was 9.3. By washing the precipitate with ethanol or acetone and subsequently 

drying it at low pressure and storing at 4°C, it is possible to quench the composition in the 

amorphous form. However, for the purpose of this study, the powder was washed with water 

and allowed to spontaneously transform to HAp (e.g., HAp2) at room temperature before 

being used in cement formation and release experiments.

The self-setting cements consisted of a solid and a liquid phase. The solid phase comprised 

either pure HAp1 and HAp2 powders or HAp1 and HAp2 powders mixed in different weight 

ratios (85/15 and 50/50). The liquid phase consisted of 2 wt% aqueous solution of 
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NaH2PO4. To load the cements with the drugs, either vancomycin (M.P. Biomedicals) or 

ciprofloxacin (Acros Organics) were added to the powder mixture in a 50 ml Falcon tube. 

This was followed by mixing using a digital vortex mixer (Fisher Scientific) for 5 min at 

2000 rpm, after which 2 wt% Na2HPO4 (aq.) (Sigma Aldrich) was added dropwise to the 

solid mixture. Following this addition, the cement was again vortex mixed for 5 min at 2000 

rpm. A constant solid-to-liquid ratio of 1.782 g ml−1 was employed, while the amount of the 

drug in each sample equaled 2.5 wt%. Table 1 shows the composition of the solid phase of 

the samples.

2.2. Microstructural and morphological characterization

Scanning Electron Microscopy (SEM) studies were carried out on a JEOL JSM 6320F-

FESEM operated at 4.2 kV voltage and 8 mA beam current. Sample preparation involved 

depositing powders or pastes on clean aluminum stubs using the carbon tape and 

subsequently sputter-coating them with gold to reduce the charging effects. X-Ray 

Diffraction (XRD) was carried out on a Bruker D2 Phaser diffractometer using 

polychromatic Cu as the irradiation source. Kβ line was stripped off with an inbuilt filter, 

whereas Kα2 line was stripped off manually. The step size was 0.01°, with 1 s of sample 

irradiation per step. Transmission electron microscopy (TEM) studies were performed on a 

JEOL JEM 1220 Life Science TEM operated at 80 kV.

2.3. In vitro drug release

The drug-loaded cements were allowed to completely set in a cylindrical form before they 

were placed in 50 ml of phosphate buffered saline (PBS) in closed conical tubes and 

incubated at 37°C and 50 rpm rotation perpendicular to the cylinder axis. The drug release 

rates from bone cements were determined by taking 1 ml PBS after 0.167 h (10 min), 0.5 h, 

1 h, 2 h, 3 h, 4 h, 24 h and once every following day until 100% of the drug was released. 

The volume of the aliquoted solution was replaced each time with fresh PBS. The drug 

content was determined by measuring the corresponding absorbance on a UV/Vis 

spectrophotometer (Nanodrop 2000, ThermoScientific) at λ = 200 nm for vancomycin-

containing samples and λ = 270 nm for ciprofloxacin-containing samples. Drug release 

profiles in the 0–60% release range were fitted to the Korsmeyer–Peppas equation in the 

following form, where Mt is the amount of the drug released by the time t, M0 is the total 

amount of the drug entrapped in the carrier, km is the release rate constant calculated from 

the y-axis intercept and n is the Korsmeyer–Peppas exponent calculated from the slope and 

being indicative of the mechanism of the release:

log Mt /M0 = logkm + nlogt

The Korsmeyer–Peppas is one of many mathematical models used to fit the drug release 

curves and is presented here because of the highest goodness of the fit it produced in 

comparison to other similar models.15 All data points in diagrams of drug release from pure 

HAp cements represent experimental duplicates (n = 2), while error bars represent standard 

deviation SD = ∑ x − x 2/n 1/2
, the relatively low values of which indicate the 

appropriateness of the use of this number of experimental replicates. Duplicates are often 
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used in drug release assays in inorganic media16–18 because of the abiological nature of 

these analyses, making them less of the subject of variability in the outcome compared to 

their biological analogues. All data points in diagrams of drug release from HAp/polymer 

composites represent experimental triplicates, while error bars represent standard deviation.

3. Results and discussion

A number of properties of HAp justify its use as a drug delivery agent, and they include: (i) 

exceptional biocompatibility and bioactivity; (ii) excellent sorption capacity, (iii) the ability 

to bind both negatively and positively charged drugs through electrostatic interaction with 

Ca2+ and PO4
3− ions, respectively, and also engage in hydrogen bonding mediated by the 

OH− group; (iv) sparse solubility (~0.3 μg ml−1) and relatively long biodegradation times, 

which facilitate diffusion-controlled drug release kinetics; (v) the capability to capture drugs 

inside micropores formed within ultrafine particle aggregates, thus preventing the burst 

release and ensuring sustained release profiles; (vi) the propensity for accommodation of 

foreign ions that endow HAp with a range of electrical, magnetic, mechanical and optical 

properties not found in the pure compound, and others.19,20 However, despite the fact that 

the first studies on HAp as a drug delivery carrier were done more than 30 years ago,21–23 in 

the 1980s, meager progress has been made in the direction of allowing the release profiles in 

pure HAp ceramics to be tuned using sets of easily controllable structural parameters. It is 

hoped that a deeper understanding of the mechanism of release of drugs from HAp may 

bring the scientific community closer to the accomplishment of this vital practical goal. This 

hope has served as a motivation for this study.

At its onset, two different HAp powders were synthesized by precipitation from aqueous 

solutions and it was shown that they displayed highly similar particle sizes and 

morphologies. Specifically, as shown in Fig. 1a and d, both powders were monodisperse and 

composed of uniform nanoparticles with o100 nm in size. The nanoparticles were 

moderately agglomerated and this agglomeration naturally became more pronounced 

following the formation and setting of their cements (Fig. 1b and e). Although both powders 

displayed a similar, relatively poor crystallinity, their initial precipitates were amorphous and 

the timescale of their transformation to the crystalline phase differed: while HAp1 

crystallized after 60–90 min of aging in the parent solution (Fig. 1c), HAp2 required 150–

180 min to crystallize (Fig. 1f). Upon crystallization, the two materials displayed practically 

indistinguishable XRD patterns and the phase transformation appeared abrupt, matching the 

induction period model established previously for the precipitation of HAp from aqueous 

solutions.24 According to this model, the amorphous system undergoes a series of subtle 

structural changes during the induction period, which are yet to be experimentally elucidated 

and which may last anywhere between minutes and days depending on supersaturation and 

the identity of foreign ions and surfaces in contact with the amorphous phase. These changes 

serve a preparatory purpose and culminate in a rather rapid phase transformation, thanks to 

which no intermediates between the amorphous and crystalline structures shown in Fig. 1c 

and f were detectable.

The rate of transition of reactants to products is normally inversely proportional to the extent 

of retention of reactants in the product. This implies that the probability that a process 
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catalyzing the reverse reaction will succeed in the reversal of the product to the reactants is 

higher in systems taking longer periods of time to react. This elementary kinetic effect 

explains why the propensity for the temporary return of these two crystalline powders to the 

amorphous state was markedly more pronounced in HAp2, the powder that spent more time 

in this intermediate amorphous state during synthesis and that it took longer to transform to 

HAp. Thus, while HAp2 fully transitioned to amorphous calcium phosphate (ACP) upon 

gelation and recrystallized upon hardening, no such transition was detected in HAp1 (Fig. 

2). This transition was triggered by the contact with the mildly acidic solution of NaH2PO4 

(pH ~ 6), which was used as the liquid for gelling the powders during the cement formation 

stage. The timescale of setting, hardening and reverting to the crystalline state depended on 

the sample volume, but was typically twice longer for HAp2 than for HAp1. Technically, 

therefore, HAp2 in the cement form could be treated as ACP, whereas HAp1 could be 

treated as HAp. At the same time, it should be kept in mind that this division is approximate, 

given that ACP invariably contains crystalline pockets and that HAp is poorly crystalline, 

meaning that the line dividing these two forms of calcium phosphate is blurred and not easy 

to draw.

Here it should be noted that the ability to vary the timescale of crystallization of HAp by 

controlling the reactant concentrations and the rate of their mixing is the consequence of the 

relatively low crystal growth rate even at very high nucleation rates, an antagonistic 

combination that is typical for this compound.25 These low crystal growth and maturation 

rates are partially caused by the non-classical growth regimen dominated by the aggregation 

and coalescence of ultrafine particulates rather than by diffusion of ionic growth units.26 

Thanks to this combination of high nucleation rate and low crystal growth rate, ACP can be 

produced by simple precipitation reactions at room temperature, without having to rely on 

melt atomization or quenching at extremely high cooling rates, as most other ceramic 

materials do.27–29 The slow crystal growth is also responsible for the wide variety of HAp 

crystal growth habits and particle morphologies producible by natural30 or synthetic31 

means.

Cements formed by mixing HAp1 and HAp2 powders in different weight ratios yielded 

distinct release profiles for both antibiotics tested as drugs in this study: vancomycin (Fig. 

3a) and ciprofloxacin (Fig. 4a). The rate of release was highest from the pure HAp2 cement 

and the lowest from the pure HAp1 cement. Most interestingly, the release rate could be 

tuned by controlling the weight ratio between HAp1 and HAp2. Simply, the more HAp2 in 

the cement, the faster the release and vice versa. The distinctness of the individual release 

profiles here depended on the identity of the drug: whereas the release curves were more 

neatly separated for vancomycin (Fig. 3a), they were more clumped together for 

ciprofloxacin (Fig. 4a). Thus, while the four different cement compositions, namely HAp2, 

HAp1/HAp2 50/50, HAp1/HAp2 85/15 and HAp1, completed the release of vancomycin in 

2–3 h, 7–8 days, 11–14 days and 14–15 days, respectively, they completed the release of 

ciprofloxacin in 2–3 days, 14–15 days, 15–16 days and 16–17 days, respectively. This 

difference has also indicated that ciprofloxacin binds to HAp stronger than vancomycin, an 

insight that may appear counterintuitive considering the molecular structure of the two 

compounds. Namely, vancomycin is more hydrophilic (log P = −3.1) and also more massive 

(Mw = 1449.3 Da) than ciprofloxacin (log P = 0.3, Mw = 331.3 Da) and must bind stronger 
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electrostatically to the multivalent Ca2+ and PO4
3− groups on the particle surface and form a 

greater density of hydrogen bonds with the OH− groups of HAp. However, the desorption of 

a molecule from the particle surface (note that drug loading in HAp proceeds strictly via 
physisorption and never via intercalation or other forms of lattice entrapment) can be better 

described from the point of view of the competing affinity of the medium, in this case water, 

for both the particle surface and the drug molecule. With a predominantly hydrophilic 

molecule, this displacement will proceed more effectively than with a predominantly hydro-

phobic one, explaining the faster release of vancomycin than that of ciprofloxacin.

The analysis of the Korsmeyer–Peppas fits showed that the mechanism of release of 

vancomycin was directly dependent on the mechanism of formation of the HAp cement. 

Namely, while the Korsmeyer–Peppas exponent, n, indicative of the release mechanism in 

the initial period of release was 0.68 ± 0.04 (r2 = 0.993) for the fastest releasing, HAp2 

formulation, it steadily dropped as the content of HAp1 in the cement increased: to0.61 

± 0.05 (r2 = 0.974) for HAp1/HAp2 50/50 and 0.61 ± 0.02 (r2 = 0.997) for HAp1/HAp2 

85/15 to 0.54 0.02 (r2 = 0.997) for pure HAp1 (Fig. 3b–f). Per the Korsmeyer–Peppas 

model, n ~ 0.45 for cylindrical samples signifies Fickian diffusion, n < 0.45 pseudo-Fickian 

diffusion, 0.45 < n < 0.89 anomalous, non-Fickian diffusion, 0.89 < n < 1 zero-order, non-

Fickian case II relaxation and n > 1 non-Fickian super case II.32 Therefore, in the case of 

vancomycin, a shift from the amorphous to the crystalline content in HAp results in the shift 

from the release via more anomalous, non-Fickian diffusion to the release via more regular, 

Fickian diffusion. Because of the aforementioned possibility of loading HAp strictly via 
drug adsorption, not encapsulation, the release is, expectedly, driven by diffusion, not 

dissolution of the carrier, as in the case of polymers, and this effect can be further confirmed 

by the absence of any considerable degradation of the cement during the period of release. 

Therefore, although n > 0.45 is often interpreted as the combination of diffusion and 

swelling/erosion, one such mechanism is not applicable to calcium phosphate cements. 

Despite the obvious hydration of the cement, the setting and hardening processes in cements 

in general are accompanied by shrinkage,33 not swelling, even when they occur in liquid 

environments.34

Interestingly, while pure HAp2 cement exhibited a single mechanism throughout the entire, 

albeit short, only 2–3 h long period of release (Fig. 3b), the mechanism of release shifted in 

favor of the normal, Fickian diffusion and disfavor of the anomalous, non-Fickian diffusion 

at longer timescales, typically >10 h, for all cements containing HAp1 (Fig. 3c–e). 

Eventually, for the pure HAp1 cement, the release after 10 h steadied at n = 0.45 ± 0.02 (r2 = 

0.992), the exact value corresponding to the ideal Fickian diffusion as the release 

mechanism, agreeing with the previous release kinetics studies on HAp powders and 

cements.35–37 Finally, in the case of vancomycin, as the content of HAp1 in the cement 

increased, both the rate constant of the release, km, and the release exponent, n, decreased 

(Fig. 3f). Perhaps most interestingly, this effect of the cement content on the release 

exponent and the release mechanism was reversed in the case of ciprofloxacin, in which case 

the rate constant decreased as the content of HAp1 increased, but the Korsmeyer–Peppas 

exponent increased (Fig. 4f). Specifically, while the release exponent, n, in the total period 

of release was 0.45 ± 0.02 (r2 = 0.987), signifying the ideal Fickian diffusion, for the fastest 

releasing, HAp2 formulation, it steadily increased with the content of HAp1 in the cement: 
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to 0.75 ± 0.04 (r2 = 0.987) for HAp1/HAp2 50/50, 1.28 ± 0.07 (r2 = 0.978) for HAp1/HAp2 

85/15 and 1.86 ± 0.07 (r2 = 0.988) for pure HAp1 (Fig. 4b–e). This diametrically opposite 

effect that the cement content has on the mechanism of release of vancomycin and 

ciprofloxacin is unexpected and difficult to explain. Also, unlike in the case of vancomycin, 

when all HAp1-containing formulations exhibited a bimodal release mechanism (Fig. 3c–e), 

the more anomalous, non-Fickian model applying to t < 10 h and the more classical, Fickian 

model applying to t > 10 h, all formulations exhibited a single mechanism of release of 

ciprofloxacin throughout the entire period of release, as demonstrated by the linear fits 

extending from the earliest to the final, ~60% release time points (Fig. 4b–e).

These results show that the mechanism of formation of a material comprising the drug 

delivery carrier, in this case HAp, can affect the mechanism of drug release in addition to 

affecting the drug release kinetics. Moreover, this mechanism of release is evidently 

dependent on the molecular structure of the drug. Not only does this physicochemical nature 

of the drug determine how tunable the release profiles will be (Fig. 3a and 4a), but they also, 

as it is demonstrated here, define the characteristics of the mechanism of release (Fig. 3f and 

4f). This effect is logical because the release is, deep down, an interfacial process occurring 

through an interaction between the carrier and the drug. This observation shatters the illusion 

that the design of a carrier for the universally tunable release of drugs is possible. Rather, 

understanding the fundamentals of the drug/carrier interaction is necessary before the 

correspondence between the particular physical properties of the carrier and the release 

kinetics can be established.

In the attempt to decipher the possible microstructural effects responsible for this difference 

in the kinetics and mechanism of release from the two highly similar HAp powders, 

differing mostly in the formation pathway, the specific surface areas (Sa) and porosities of 

these two materials and of the ACP precursor of HAp2 were measured and the results are 

shown in Fig. 5. The pore size distribution of powders HAp1 and HAp2 was very similar, 

but not identical, with the only difference lying in the retention of the borderline micropore 

peak at 3.6 nm from the amorphous precursor in HAp2. Both distributions were broad and 

peaked in the mesoporous range, at 25.4 nm for HAp1 and 22.6 nm for HAp2. Sa of HAp2 

was somewhat higher than that of HAp1, specifically 88.9 m2 g−1 vs.76.2 m2 g−1, and was 

highly similar, almost identical to that of the ACP precursor of HAp2, hinting at this 

retention of some microstructural properties of ACP by HAp2. The large difference in 

porosity between ACP and HAp2 in spite of the identical Sa values is explained by the 

presence of slit-like pores in ACP, which are narrow and composed of long “walls”, 

contributing to a relatively large Sa despite the low porosity. However, these slit-like pores 

collapse and convert to larger mesopores upon the transition to HAp2 and only a minor 

presence of theirs gets retained in the material, as evidenced by the 3.6 nm peak in HAp2. 

This bimodal distribution of pore sizes fits the non-Fickian model that applied to HAp2 

during the release of vancomycin and that is defined by the existence of a sharp boundary 

between the more hydrated and the less hydrated regions in the carrier.38 However, the fact 

that the same effect did not apply to HAp2 during the release of ciprofloxacin and that HAp1 

in that case displayed more non-Fickian release patterns suggests that this bimodality does 

not play a crucial effect in defining the release mechanistically. HAp1 and HAp2 powders 

exhibited highly similar pore volumes of 0.61 cm3 g−1 and 0.65 cm3 g−1, respectively, and 
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this minimal difference in the pore size volume and distribution suggests that the difference 

in drug release profiles between HAp1 and HAp2 is neither caused by the difference in 

porosity. The fact that HAp2 had a lower average pore size, but released drugs considerably 

faster than HAp1 additionally indicates that porosity, which is often a critical determinant of 

the release kinetics,39–41 has no significant role in controlling the rate of the drug release 

from HAp cements. Porosity reduction or expansion often entail the drug release process in 

HAp,42 but in this case the pores alone cannot be the sole cause of the difference in drug 

release patterns. More probably, this difference must be explained by a difference at the 

particle surface level or, more specifically, at the triple junction between (i) the particle 

surface, (ii) water and (iii) the drug molecule. With HAp2 transitioning to ACP upon cement 

formation, albeit only to return to HAp upon setting, the HAp2 phase initially in contact 

with the drug could be treated as ACP, in contrast to HAp1, which retains HAp identity all 

throughout gelation, setting and hardening. The surface energy of ACP is lower than that of 

HAp because of both enthalpic and entropic reasons, the former being rooted in weaker 

bonds and the lower density of bonds on an amorphous surface and the latter being rooted in 

the greater similarity of the order of the amorphous phase to the inherently disordered liquid 

phase surrounding it. This surface energy argument implies that drug binding will be weaker 

and desorption faster from ACP than from HAp. This argument, however, is applicable only 

in the first hour of release because by the end of the first hour, ACP will have fully converted 

to HAp (Fig. 2b). Since the timescale of this crystallization (30 min for HAp1 and 60 min 

for HAp2 for 0.5 g cylinders) is lower than the timescale of the release (14–15 days for 

HAp1 and 2–3 h for HAp2), the difference in the surface energy between ACP and HAp 

cannot be the sole cause of the difference in the release rate. The higher degree of the 

constantly ongoing exchange of ionic units and clusters across the particle surface in contact 

with an aqueous solvent in ACP than in HAp may get retained in HAp2 and present another 

factor potentially at work. Yet another, possibly crucial effect is that of structural water. Per 

previous analyses,43 ACP contains 24.6 wt% water compared to only 6.5 wt% in HAp and 

this water does get mostly retained in HAp2. This water may provide a key channel for the 

water from the solvent to enter the structure and wash away the drug content adhering to the 

particle surface. In this scenario, the structural water enables the solvent water to overcome 

its surface tension at the mesoporous grain interface and penetrate the pores that may 

otherwise be impenetrable in its absence, thus being potentially a key to explaining the faster 

release from HAp2 than from HAp1.

To test whether the release mechanism will change upon the addition of polymers to HAp 

powders and cements, HAp1 powder containing only 0.05 wt% of chitosan and HAp1 

cement containing 20 wt% of gelatin were synthesized and tested for drug release profiles. 

TEM images are provided in Fig. 6, showing HAp nanoparticles separated in a powder form 

by thin interfacial layers of chitosan (Fig. 6a) or suspended in a matrix of gelatin (Fig. 6b). 

Interestingly, only 0.05 wt% of chitosan was sufficient to stabilize the drug adsorbed onto 

HAp and induce a significantly more sustained release compared to the monophasic HAp 

powder (Fig. 6c), where the drug was bound by comparatively weaker forces to the particle 

surface and desorbed more easily. The addition of 20 wt% of gelatin to HAp1 cement had an 

ever more drastic effect on delaying the release, as only 10% of vancomycin got released 

after 21 days of the release time (Fig. 6c), in contrast to the release of vancomycin being 
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completed in 15 days from pure HAp1 cement (Fig. 3a). The comparison of release 

mechanisms showed that n = 0.68 ± 0.04 (r2 = 0.986) for chitosan-supplemented HAp1 (Fig. 

6d), indicating the anomalous mechanism, where some release occurs via swelling and 

erosion of the protective polymeric layers entrapping the drug in addition to the drug 

diffusing directly off the polymeric network and HAp particle surface. As for the gelatin-

containing systems, n increased from the average of 0.50 ± 0.02 (r2 = 0.995) for gelatin-free 

HAp1 cement to 1.00 ± 0.01 (r2 = 1.000) for gelatin-containing HAp1 cement in the initial 

100 h of the release time (Fig. 6e), suggesting the same coupling of swelling and erosion to 

the classical diffusion as that applying to chitosan-containing HAp1 as the mechanism of 

release. As the content of gelatin in the composite cements gets depleted, at t > 100 h, so 

does the release exponent decrease in value, eventually steadying at n = 0.22 ± 0.01 (r2 = 

0.993) (Fig. 6e), suggesting the freeing of the HAp surface and the transition to more 

classical diffusion of the drug as the mechanism of its escape from the carrier. It is 

conceivable that this mechanism will be further modified at different contents of the 

polymeric phase(s) and that it may take different forms for different drugs loaded onto the 

HAp carrier. To answer these and other questions pertaining to the drug-dependency of the 

release mechanism from such composite carriers, more detailed kinetic analyses, involving a 

broader spectrum of variables, must be conducted. The preliminary tests performed here still 

unequivocally demonstrate that the addition of chitosan or gelatin as polymeric components 

to HAp gives rise to swelling and erosion as additional mechanisms of release and shifts the 

latter toward less diffusional and more multimodal types.

4. Conclusions

Controlled drug release achieved by controlling merely the history of formation of different 

HAp powders in a self-setting bone cement is an intriguing effect. To that end, two HAp 

powders precipitated under different conditions, one (HAp2) taking twice longer to 

transform from the amorphous to the crystalline state than the other (HAp1), could be mixed 

at different ratios to tune their drug release kinetics to the desired physiological scenario. 

Here it is shown that this history of formation affects not only the kinetics, but also the 

mechanism of release. Thus, while the cement component converting to the amorphous 

phase during gelation (HAp2) exhibited a faster, but also more anomalous, non-Fickian 

mechanism of release of vancomycin, the cement component retaining its crystalline state all 

throughout gelation, setting and hardening (HAp1) stabilized at the ideal, Fickian diffusion 

case corresponding to the Korsmeyer–Peppas exponent value of 0.45 ± 0.02. This effect, 

however, got reversed for the other antibiotic studied as a drug, ciprofloxacin, in which case 

HAp2 exhibited the ideal, Fickian diffusion with n = 0.45 ± 0.02 and the increase in the 

content of the cement component retaining its crystallinity during gelation, setting and 

hardening (HAp1) steadily shifted the mechanism of release to more anomalous, non-

Fickian types. This has indicated that the molecular structure of the drug is an essential 

determinant of the mechanism of release and that understanding the drug/carrier interaction 

is necessary before the exact correspondence between the physical properties of the carrier 

and the release kinetics can be established. The addition of chitosan or gelatin as polymeric 

components to HAp led to the inclusion of swelling and erosion as additional effects by 

which the drug escapes the carrier and shifted the release toward less diffusional and more 
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multimodal mechanisms. With regard to the microstructural and compositional effects 

governing the release mechanism and kinetics, the retention of a finite concentration of slit-

like pores of the amorphous precursor in HAp2 and its lower surface energy and lesser drug 

binding potential in the gelled, amorphous state, but also its possibly less stable and more 

diffusive particle surface and higher structural water content were all studied and/or 

considered as potential reasons explaining the distinct rates and mechanisms of release from 

the two HAp powders with different histories of formation. This intriguing effect lying at the 

triple junction between the properties of the particle, the properties of the released molecule 

and the properties of the aqueous medium warrants further research into their synergies, with 

corollaries spilling from the sphere of basic physical chemistry to the realms of pharmacy, 

medicine and beyond.
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Fig. 1. 
SEM images of HAp1 (a and b) and HAp2 (d and e) nanoparticles before (a and d) and after 

(b and e) the cement formation and setting, along with the XRD patterns showing their time-

dependent transformation from an amorphous phase to HAp (HAp1 – c, HAp2 – f).
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Fig. 2. 
XRD patterns showing the evolution of crystallinity of HAp1 (a) and HAp2 (b) powders 

during the successive cement formation, setting and hardening stages. Diffraction peaks 

originating from HAp are labeled with gray squares and the diffuse diffractograms with 

broad reflections at low 2y in(b) signify amorphousness of the material.
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Fig. 3. 
Vancomycin kinetic release profiles of cements composed of HAp1 and HAp2 alone and 

HAp1 and HAp2 mixed in 85/15 and 50/50 weight ratios (a). Linear fits of the release data 

for the four different cements, including HAp2 (b), HAp1/HAp2 50/50 (c), HAp1/HAp2 

85/15 (d) and HAp1 (e), to the Korsmeyer–Peppas model, from which the Korsmeyer–

Peppas exponent, n, was derived. Variation in the parameter n and the release rate constant, 

km, as a function of the content of HAp1 in the mixed cements (f).
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Fig. 4. 
Ciprofloxacin kinetic release profiles of cements composed of HAp1 and HAp2 alone and 

HAp1 and HAp2 mixed in 85/15 and 50/50 weight ratios (a). Linear fits of the release data 

for the four different cements, including HAp2 (b), HAp1/HAp2 50/50 (c), HAp1/HAp2 

85/15 (d) and HAp1 (e), to the Korsmeyer–Peppas model, from which the Korsmeyer–

Peppas exponent, n, was derived. Variation in the parameter n and the release rate constant, 

km, as a function of the content of HAp1 in the mixed cements (f).
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Fig. 5. 
Cumulative pore size distributions and Sa values for HAp1, HAp2 and ACP.
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Fig. 6. 
TEM images of HAp1 powder combined with 0.05 wt% chitosan (a) and of HAp1 cement 

combined with 20 wt% gelatin (b). Drug release profiles of HAp1 powder, HAp1 powder 

combined with 0.05 wt% chitosan, HAp1 cement and HAp1 cement combined with 20 wt% 

gelatin (c), along with the linear fits of the release from the HAp1 powder combined with 

0.05 wt% chitosan (d) and from the HAp1 cement combined with 20 wt% gelatin (e) to the 

Korsmeyer–Peppas model, from which the Korsmeyer–Peppas exponent, n, was derived.
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Table 1

Composition of the solid phase of the synthesized drug-loaded cement samples

Cement HApl (g) HAp2 (g) Drug (g)

HApl 0.8 0 0.02

HAp1/HAp2 50/50 0.4 0.4 0.02

HAp1/HAp2 85/15 0.68 0.12 0.02

HAp2 0 0.8 0.02
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