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Abstract 

We report on the growth of non-stoichiometric nanocrystalline hydroxyapatite (nHAp) 

with a composition similar to natural bone by a wet-chemical in-situ precipitation route 

on carbon nanotubes (CNTs) with different degrees of oxygen functionalities and on 

graphene oxide (GO). Both, functionalization degree and morphology of CNTs and GO 

appear as critical parameters controlling the shape and crystallinity of the self-

assembled nHAp nanoparticles in the corresponding composite materials. Crystalline 

nHAp nanoparticles with rod-like morphology were achieved for moderately oxidized 
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CNTs and for GO. On CNTs these grow along the CNT’s axis while on GO they form a 

compact layer. In both cases enhanced nHAp integration onto the respective carbon 

support is obtained. In vitro bioactivity of the prepared composites exhibits a fast apatite 

biomineralization process, induced by the presence of nHAp. Depending on its 

crystalline size and dispersion degree remineralization of the apatite nanoparticles takes 

place through the inclusion of PO4
3- and CO3

2- by ion exchange. Importantly, during the 

stage of bioactivity the integration degree of nHAp nanoparticles on the carbon 

nanostructures alters with time, evidencing the potential of GO as valuable bioceramic 

support material. 

 

1. Introduction 

Hydroxyapatite (HAp) is a bioceramic material that exhibits an excellent 

biocompatibility and osteogenic potential to promote tissue adhesion and bone growth. 

Currently, it is the material of choice in dental and orthopedic surgery to fill bone 

defects and to coat metallic implant surfaces to improve implant integration with host 

bone [1, 2]. The composition of HAp, Ca10(PO4)6(OH)2, closely resembles the one of the 

mineral component of native bone, i.e. biological apatite, a calcium deficient, 

carbonate-substituted non-stoichiometric hydroxyapatite [3]. A nanocrystalline structure 

and a rod-like morphology are two further distinct features that contribute to its unique 

biological functionality under physiological conditions [3]. Thus current research efforts 

focus on the synthesis of nanosized HAp paralleling natural bone minerals as best 

choice for bone replacement and regeneration [1]. However, intrinsic brittleness, low 

wear resistance, and low fracture toughness still limit the use of HAp in load-bearing 

and long-term implant applications [2, 4, 5]. Mechanical performance of HAp can be 
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improved by incorporating second phase reinforcements such as ceramics [6-8] and 

polymers [9-11]. 

Recently, carbon nanotubes (CNTs) have attracted great attention as reinforcing phase 

as documented in reviews by A.A. White [4] and more recently by D. Lahiri [12]. Their 

unique nanoscale dimensions, high surface area, low density and exceptionally high 

strength and stiffness [13, 14] offer effective load transfer possibilities to the HAp 

matrix. Various reports on CNT-HAp composite coatings show enhanced strength and 

fracture toughness, as well as reduced wear resistance [15-18]. Accompanied by 

favorable osteoblast cell proliferation properties [19, 20]. These composites are of 

promise as coating for load-bearing orthopaedic implants. Concerns about adverse 

cytotoxic effects of CNTs itself may be mitigated by their chemical functionalization 

[21]. Indeed, it has been shown that oxidized CNTs are not cytotoxic, but accelerate 

osteoblast proliferation and bone formation, and thus can be explored as suitable 

scaffold material for biomedical applications [22, 23]. Graphene, as the parent two-

dimensional structure of CNTs exhibits a similar set of unique properties [24] and is 

currently explored as alternative reinforcement phase [25, 26]. As for the case of carbon 

nanotubes the oxidized form of graphene, i.e. graphene oxide (GO) is biocompatible 

[27] and biostable [28] and of interest as platform for biomedical applications [29]. 

The oxidized forms of CNTs and GO are of special interest when wet-chemical 

synthesis approaches are employed to achieve nanosized hydroxyapatite (nHAp) [1, 3] 

and respective reinforced HAp composite materials [30-40]. The functional oxygen 

groups on their surfaces contribute to address the key issues of homogeneous dispersion 

and interfacial bonding [4, 5] and also favour the growth of nanosized hydroxyapatite 

(nHAp), which in turn positively affects biocompatibility and bioactivity of the 

corresponding nanocomposites [3]. While biomimetic and hydrothermal approaches can 
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be quite time-consuming and complex only few articles report on the more time- and 

cost-effective and up-scalable in-situ precipitation methods for the preparation of HAp-

CNT/GO composites. By simply using oxidized CNTs [30, 31] or graphene oxide [36] 

nanocrystalline HAp platelets or spindles with improved interfacial bonding were 

obtained resulting in composites exhibiting enhanced mechanical properties and 

improved biocompatibility. First reports on CNTs [30, 31, 34, 35, 41] and graphene 

oxide [36, 40] show that oxygen functionalities can act as effective nucleation sites for 

precipitating Ca2+ ions and thus influence on the subsequent crystallization and growth 

process of hydroxyapatite, as well as the interfacial bonding to the support [5]. 

However, it also was shown that HAp nanorods could grow on reduced graphene oxide, 

which should lack oxygen functionality, simply through tuning the precipitation 

condition itself [37]. This is an intriguing situation, and accompanied by the lack of 

information on the bioactivity behaviour of the developed composites, reveals the need 

for systematically elucidating the influence of type and density of oxygen 

functionalities of a given type of carbon nanomaterial on the self-assembled growth of 

HAp, its integration onto the support, as well as the effect on the bioactivity of the 

respective composites.  

The present work aims to shine more light on these important issues. For this purpose 

we employed CNTs exhibiting different oxidation degrees as well as GO in a time-

efficient wet-chemical in-situ precipitation method directed towards the growth of non-

stoichiometric nanocrystalline hydroxyapatite-carbon nanotube/graphene oxide (nHAp-

CNT/GO) nanocomposites. Morphology, crystalline size, composition and interfacial 

bonding of nHAp to the respective nanocarbon support surface were assessed by 

transmission electron microscopy (TEM), powder X-ray diffraction (XRD), and X-ray 

photoelectron spectroscopy (XPS). Furthermore, the in-vitro bioactivity of the 
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nanocomposites was studied. Its effect on composition, structure and integration at 

different stages of the biomineralization process was analyzed. 

2. Materials and methods 

2.1. Materials 

Pristine carbon nanotubes (NanocylTM NC7000 multi-walled carbon nanotubes, 90 % 

carbon purity) were purchased from Nanocyl Co., Belgium. All other chemical reagents 

used in this study were acquired from Aldrich (Sigma-Aldrich Co. St. Louis, MO): 

graphite powder (ref. number 332491), HNO3, NaNO3, H2SO4, KMnO4, NH4OH, CaCO3, 

H3PO4. Simulated Body Fluid (shortly SBF): NaCl, NaHCO3, KCl, K2HPO4.3H2O, 

MgCl2.6H2O, CaCl2, Na2SO4, HCl and tris(hydroxymethyl)aminomethane (shortly 

TRIS): (HOCH2)3CNH2. 

2.2. Preparation of oxidized carbon nanotubes 

Oxidized carbon nanotubes (oCNTs) with a higher and lower oxidation degree were 

prepared by refluxing pristine carbon nanotubes (pCNTs) in 9.5M HNO3 for times of 24 

h and 18 h, respectively. The resulting oxidized carbon nanotubes (oCNTs) were 

filtered, repeatedly washed with distilled water until neutral pH was achieved, and dried 

at 80 ºC under vacuum for 12 h. The samples obtained at reflux times of 24 h and 18 h 

are labelled oCNT1 and oCNT2, respectively. 

2.3 Preparation of graphene oxide 

Graphene oxide (GO) was synthesized in a two-step approach: First, graphite oxide was 

prepared using a modified Hummers’ method from graphite powder by oxidation with 

NaNO3, H2SO4 and KMnO4 in an ice bath as reported elsewhere [42-44] In brief, 170 

mL of concentrated H2SO4 was added to a mixture of graphite flakes (5.0 g) and NaNO3 
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(3.75 g). The mixture was cooled in an ice bath, and stirred for thirty minutes. KMnO4 

(25 g) was slowly added and stirred for another thirty minutes. The reaction was then 

warmed to 35 ºC, and stirred for two more hours. Water (250 mL) was slowly added 

and then 30% H2O2 (20mL). The mixture was stirred for an hour, filtered, washed with 

400 mL of HCl:H2O (1:10), and dried. Second, 15 mg of the obtained graphite oxide 

powder was dispersed in 100 mL of concentrated ammonia. Ultrasonication in a bath 

sonicator for 1h results in a homogeneous and stable brown-colored dispersion 

indicating the exfoliation of graphite oxide powder into flakes of graphene oxide in 

aqueous solvents [44, 45]. In order to achieve compatibility with the synthesis process 

of hydroxyapatite, in this work ammonia was used instead of water.  

2.4. Synthesis of non-stoichiometric nanocrystalline hydroxyapatite (nHAp) 

Non-stoichiometric nanocrystalline hydroxyapatite (nHAp) was prepared by a rapid 

wet-chemical precipitation route. Briefly, 2 g of CaCO3 was dissolved under magnetic 

stirring in 100 ml of H3PO4 (0.3 M in distilled water). The resulting saturated dispersion 

was filtered and a colorless calcium dihydrogen phosphate precursor solution was 

obtained. This solution was added drop-wise to 100 ml of concentrated NH4OH. 

Applying a continuous vigorous stirring at room temperature and keeping the reaction 

pH above 10 to avoid hydroxyapatite dissolution a precipitate was slowly formed on a 

time-scale of about 30 minutes. The precipitate was filtered and washed with distilled 

water repeatedly until neutral pH. Subsequently, the remaining white solid was dried at 

110 ºC under vacuum overnight.  

2.5. Synthesis of composites based on nHAp and different types of carbon 

nanomaterials 
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Similarly to the procedure described in section 2.4, nHAp composites were prepared by 

previously dispersing the carbon nanomaterial in the ammonia solution before the 

addition of the precursor solution. In a typical experiment, 15 mg of pCNT, oCNT1, and 

oCNT2, respectively, was bath-sonicated in 100 ml of concentrated ammonia solution 

during 30 min achieving homogeneous dispersions. In the case of GO, the as produced 

stable GO-ammonia dispersion (15 mg/100mL) was used (see Section 2.3). This 

resulted in four types of composites, namely nHAp-pCNT (nHAp supported on pCNT), 

nHAp-oCNT1 (nHAp supported on oCNT1), nHAp-oCNT2 (nHAp supported on 

oCNT2), and nHAp-GO (nHAp supported on GO).  

2.6. In vitro bioactivity assays  

In vitro bioactivity assays were performed by exposing the prepared composite 

materials to simulated body fluid (SBF), an inorganic physiologic solution having a 

similar composition of human plasma without organic components [46]. The SBF 

composition was prepared according to ISO norm 23317 [47] ensuring that bioactivity 

tests are carried out under standardized condition mimicking the mineralization 

processes of bone. Also the further experimental protocol followed ISO norm 23317. In 

detail, the respective samples, i.e. 10 mg of pCNT (control test 1), oCNT2 (control test 

2), nHAp-oCNT1, nHAp-oCNT2 and nHAp-GO were dipped into a vial containing 10 

ml of SBF. Samples remained immersed for 1 to 4 weeks in SBF solution at 37 ºC. 

Afterwards, the samples were filtered, gently rinsed with distilled water, and dried at 

110ºC under vacuum overnight. In addition, GO-paper (control test 3), RGO-paper 

(control test 4) were also tested under the same condition to evaluate the bioactivity of 

GO with respect to nHAp-GO (see Suppl. Data). 

2.7. Characterization 
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Morphology and particle size of the nHAp composites were studied by transmission 

electron microscopy (TEM) using a JEOL JEM-2000FX II microscope operated at 

200kV and a high resolution Cs-corrected FEI-Titan-Cube microscope working at 80 

kV. Samples were dispersed in ethanol in ultrasound bath for a few minutes and a drop 

of the suspension was placed onto a copper grid coated with carbon film. Structural 

analyses were performed by X-ray powder diffraction using a Bruker D8 Advance 

equipped with a Cu-tube (λCuKα=0.154059 nm) operating at a voltage of 40 kV and a 

current of 40mA. Measurements were carried out from 5º to 80º (2θ) with a step angle 

of 0.05º. Peak position and indexing was performed using Bruker TOPAS and EVA 

software packets applying ICDD file card 24-0033 for hydroxyapatite. Mean crystallite 

size Xs was calculated using Scherrer’s equation: Xs = 0.9·λCuKα/β·cos(θ), where β is the 

full width of the diffraction peak at half of its maximum intensity (FWHM) in [rad]. 

Crystal structure modelling was carried out using VESTA programme v. 2.1.6 (2011) 

applying database code AMSCD 0001257 for Ca5P3O13H, Hexagonal 176, P63/m, a = 

b = 0.94166 nm, c = 0.6845 nm, α = β, γ = 120º. Chemical composition was analysed 

by X-ray photoelectron spectroscopy (XPS) carried out on an ESCAPlus Omicron 

spectrometer using a monochromatized Mg X-ray source (1253.6 eV). Data were 

analyzed using CasaXPS software packet. 

3. Results and discussion 

The growth of hydroxyapatite on the various carbon nanomaterials used as support for 

forming corresponding composites was carried out following an in-situ wet-chemical 

synthesis strategy (Figure 1). Its base is the chemical precipitation of calcium and 

phosphate ions from a saturated precursor dissolution induced by a rapid change in pH 

upon dropwise addition to a highly concentrated ammonia solution. Nucleation and 

growth leads to the self-assembly of non-stoichiometric hydroxyapatite. When carbon 
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nanomaterials are dispersed in the ammonia solution the formation of hydroxyapatite 

takes place on the support and corresponding composites are obtained.  

 

Fig. 1 – Scheme of the wet-chemical synthesis process for the preparation of nHAp-
Cnano composites. Cnano denotes the different forms of carbon nanomaterials used as 

support, i.e. pristine carbon nanotubes, oxidized carbon nanotubes and graphene 

oxide. 

Oxygen functionalities are thought to act as effective nucleation sites for precipitating 

Ca2+ ions affecting the subsequent phosphate precipitation and the resultant 

hydroxyapatite cyrstallization and growth process [30, 31, 34, 36, 40, 41]. However, 

systematic studies on the influence of oxidation degree and the type and morphology of 

the carbon nanomaterial on the growth of hydroxyapatite, its crystalline structure, and 

its support integration are largely missing. Therefore, various types of carbon 

nanomaterials, i.e. carbon nanotubes with different oxidation degrees as well as 

graphene oxide were prepared and used as support in the synthesis process. Structure, 

morphology and chemical characteristics of the starting carbon nanomaterials are 

presented in Section 3.1. The corresponding hydroxyapatite composite materials are 

described in Section 3.2. Here emphasis lies on the influence of the carbon material and 
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its oxygen functionalities on the growth of hydroxyapatite and its integration on the 

support. The bioactivity behaviour of the various hydroxyapatite composites is featured 

in Section 3.3. 

 

3.1. Carbon nanomaterials employed: Structure, morphology and oxygen functionalities 

Transmission electron microscopy (TEM) images (Figure 2) provide information on the 

essential structural and morphological features of the carbon nanomaterials employed as 

support for the growth of hydroxyapatite. Pristine carbon nanotubes (pCNTs) show the 

typical characteristics of CCVD grown thin multi-wall carbon nanotubes (Figure 2a,b). 

These exhibit an average external diameter of about 10 nm, 8 graphitic layers around an 

internal inner core of about 5 nm in diameter, and lengths in the order of 1 µm. The 

CNTs are curved and highly entangled. The outer walls reveal regions with defects 

and/or depositions of amorphous carbon. This is in agreement with results from Raman 

spectroscopy and thermogravimetric analysis (TGA) (see Supporting Data). The 

oxidation treatment affects the structural characteristics of the sidewalls of CNTs. 

However, structural integrity is maintained even in case of the heavily functionalized 

oCNT1 sample (Figure 2c). Graphene oxide (GO) flakes produced by the exfoliation of 

graphite oxide typically have lateral dimensions in the order of 1 µm and reveal an 

overall planar morphology as shown by TEM images (Figures 2d). The observed 

wrinkles and folds most likely are related to the TEM preparation/deposition process 

and do not necessarily reflect the intrinsic nature of GO. Please note that the exfoliated 

GO sheets are not single-layered, but comprise a small number of layers, as explained in 

section 3.2. 
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Fig. 2 – TEM images of carbon nanomaterials used as support for nHAps. (a,b) 

pCNTs, (c) heavily oxidized oCNT1 at high magnification, (d) graphene oxide 

flakes obtained by exfoliation in aqueous dispersions. 

The existence of functional oxygen groups and the degree of oxidation of the different 

types of carbon nanomaterials was revealed by X-ray photoemission spectroscopy 

(XPS). Figure 3 shows the corresponding XPS spectra of pCNT, oCNT1, oCNT2 and 

GO. The survey spectra (Figure 1A) exhibit the O1s and the C1s core level spectra, 

which were used to calculate the C/O ratio, i.e. the oxidation degree of the respective 

carbon nanomaterials. Corresponding values are indicated in the figure. The following 

order of oxidation degree (inverse C/O ratio) can be established: pCNT (1/18.05) < 

oCNT2 (1/13.88) < oCNT1 (1/8.78) < GO (1/4.67). While the pristine CNT sample 

already contains a small amount of oxygen, the oCNT samples exhibit increased oxygen 

degrees proportional to the applied reflux times of the applied oxidative HNO3 

treatment. GO reveals the highest degree of oxidation, thus well reflecting the harsh 

oxidation conditions of the applied modified Hummer’s method. The deconvoluted C1s 
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core level spectra (Figure 2B) provide more details on type and relative amount of 

existing functional oxygen groups.  

 
Fig. 3 - XPS spectra of O1s and C1s orbitals of carbon nanostructures and its 
chemical composition. (A) survey spectra and (B) deconvolution of C1s orbital of 

(a) pCNT, (b) oCNT1, (c) oCNT2, and (d) GO.  

The spectra are dominated by a strong peak at 284.3 eV, corresponding to the sp2 C-C 

bond. At higher binding energies the contributions of C-H, C-O/C-O-C (hydroxyl/ 

epoxy), C=O (carbonyl), O-C=O(carboxyl) bonds and the π-π transition at 284.9 eV, 

286.1 eV, 287.5 eV, 289.4 eV, and 290.6 eV, respectively, can be seen [48]. CNT 

samples consistently reveal the presence of carboxyl, carbonyl, hydroxyl and epoxy 

groups as main oxygen functionalities [49]. The GO sample shows markedly different 

features. Here hydroxyl and epoxy groups clearly dominate over carboxyl and carbonyl 

groups, thus evidencing that the high oxygen degree in GO is largely determined by the 

oxygen groups located on its basal plane (in agreement with observations from [50, 

51]). The observation of clear differences in the oxidation degree of the various carbon 

nanomaterials as well as the distinctive dominance of basal plane oxygen groups in GO, 

being also in agreement with results from Raman and TGA studies (see Supporting 

Data), provides an important base for the understanding of the growth of hydroxyapatite 
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and its interaction with the respective nanocarbon support, as discussed in the following 

sections.  

3.2 Hydroxyapatite grown on carbon nanostructures: Morphology, structure, chemical 

composition, growth and integration 

Morphology and structure of hydroxyapatite grown on the various nanocarbon support 

materials were probed by TEM as shown in Figure 4. 

 
Fig. 4 - TEM micrographs of (a) nHAp, (b) nHAp-pCNT, (c) nHAp-oCNT1, (d, e) 

nHAp-oCNT2, and (f, g) nHAp-GO. 

It can be seen that nHAp itself mainly consists of dense agglomerations of small 

nanoparticles (Figure 4a). This is a direct consequence of the applied synthesis strategy, 

which favours a rapid precipitation, nucleation and self-assembly of the precursors into 

poorly crystallized spherical nHAp nanoparticles, as typically observed in this type of 

processes [1]. Also in the presence of pCNT and oCNT1 only agglomerates of small 

nHAp nanoparticles are observed (Figure 4b, c). These are non-uniformly distributed on 
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the respective nanocarbon surface. A clearly distinct behaviour is seen for the nHAp-

oCNT2 composite (Figure 4d). Here nHAp show a rod-like structure with lengths 

between 50 nm and 80 nm, and cross-sections around 20 nm. The vast majority is 

directly attached to the oCNT2 support. Please note, that the appearance of isolated 

nHAp nanorods in Figure 4d most likely is an artefact related to the TEM specimen 

preparation. This requires the application of ultrasonic pulses with high energy densities 

leading to the eventual detachment of formerly attached nHAp nanorods. At a higher 

magnification, Figure 4e shows that several nHAp nanorods are laterally aligned along 

the sidewalls of the oCNT2 support (Figure 4e). The observation that hydroxyapatite 

forms larger nanorods and that most of them are well attached to the oCNT2 surface, 

despite the harsh conditions for TEM specimen preparation, points to specific 

nucleation conditions for hydroxyapatite favouring a preferential growth in the form of 

nHAp nanorods on the oCNT2 surface accompanied by its strong integration. This is 

further corroborated by the subsequent XPS and high-resolution TEM studies (see 

below). In the case of the nHAp-GO composite, also nHAp nanorods are observed 

(Figure 4f). These are densely distributed on the basal plane of the individual GO sheets 

reaching a full coverage (Figure 4g). Since the formation of nHAp nanorods implies 

that nucleation and growth of hydroxyapatite crystals is not random, but occurs along a 

preferred crystallographic direction, their appearance in nHAp-oCNT2 and nHAp-GO 

composites suggests that this process is controlled by the presence of functional oxygen 

groups on the surface of the respective nanocarbon support materials.  

Structural information on the nHAp nanocarbon composites is provided by X-ray 

diffraction (XRD) as shown in Figure 5. The appearance of Bragg reflections at 2Θ 

values of 25.95º, 28.20º, 29.00º, 31.85º, 32.25º, 33.00º, 34.15º and 39.80º corresponds 

to the (002), (102), (210), (211), (112), (300), (202) and (130) diffraction planes of 
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hydroxyapatite, respectively. The absence of detectable diffraction peaks in the 

fingerprint region of tricalcium phosphates (TCP) between 30º and 31º (as indicated in 

Figure 3) where the highest diffraction peaks should appear [18], excludes the eventual 

presence of α-TCP and β-TCP as predominant phases. 

 
Fig. 5 - XRD patterns of (a) nHAp, (b) nHAp-pCNT, (c) nHAp-oCNT1, (d) nHAp-

oCNT2, and (e) nHAp-GO. Hydroxyapatite planes are indicated as well as the 
fingerprint region for TCPs. Inset shows the patterns of pCNT and GO. 

For the composites nHAp-pCNT, nHAp-oCNT1 the dominant (211), (112), (300), (202) 

diffraction peak series of hydroxyapatite in the 2θ range between 30º and 35º are rather 

broad and unresolved, as is the case for the starting nHAp itself. The position of its 

maximum as well as its broad width is indicative of small crystallite size of 

hydroxyapatite nanoparticles, as shown in systematic studies on the evolution of the 

(211) peak with its crystallite size [52]. For this reason, the eventual presence of a minor 

amorphous calcium phosphate phase cannot be concluded in nHAp, nHAp-pCNT and 

nHAp-oCNT1 composites. For the composites nHAp-oCNT2 and nHAp-GO, the broad 

peak between 30º and 35º becomes resolved and now shows the prominent 

hydroxyapatite diffraction features. Most importantly to note is the significant increase 

of the (300) peak intensity accompanied additionally by an enhancement of the intensity 
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of the (002) diffraction peak at 25.95º. The nHAp crystallites in these composites 

display a pronounced preferred orientation as revealed by the variation of the intensity 

ratios for the three maximum peaks (211), (300), and (002) [53]. According to ICDD 

card 72-1243, for a random powder mixture, the reference intensity ratios for (211), 

(300), (002) are RI(211)/RI(300) = 1.82 and RI(211)/RI(002) = 2.38. Divided by the 

corresponding intensity ratios of the measured peaks the degree of texture index Rhkl = 

(I(211)/I(hkl))/(RI(211)/RI(hkl)) is calculated (Table 1). Values lower than 1.0 describe a 

preferred growth orientation, whereas the (300) direction is associated with a rod-like 

growth and the (002) direction with a plate-like growth of hydroxyapatite [54]. 

Preferential growth in both directions is clearly observed for the nHAp-oCNT2 and 

nHAp-GO composites. This also relates to the calculated mean hydroxyapatite 

crystallite sizes (Table 1). The values for composites nHAp-oCNT2 and nHAp-GO are 

with 30 nm and 18nm, respectively, by far the largest of all samples. Composites 

nHAp-oCNT1 and nHAp-pCNT exhibit a significantly lower crystal size of 11 nm. 

Remarkably, with a value of only 8 nm, nHAp itself reveals the lowest crystal size. 

These observations also correlate well with the TEM results from Figure 4. Finally, it 

remains to comment that the XRD peaks of the hydroxyapatite materials are not 

influenced by those of CNTs or GO, as shown in the inset of Figure 5. The pattern for 

pCNT is characterized by a broad diffraction peak at about 26º corresponding to the 

(002) planes formed by the multi-walled layers of pCNT (Please note that oxidized 

CNTs show the same pattern since the presence of oxygen functionalities on the outer 

walls does not affect the (002) spacing in agreement with the TEM observations). Its 

intensity compared to the rather sharp (002) hydroxyapatite peak is negligible. On the 

other hand, GO is dominated by a strong peak at 11º, which is outside the region 

characteristic for hydroxyapatite. This peak is typical for GO comprised of a few layers 
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with an enhanced interlayer spacing of 0.8 nm due to the presence of basal plane 

oxygen functionalities (epoxies and hydroxyl groups) and residual water [55]. 

Additionally, a low intensity peak at 26º indicates minor traces of remaining non-

exfoliated graphitic material.  

Table 1. Texture index, crystallite size (calculated from XRD) and Ca/P ratio 
(calculated from XPS) 

Samples Texture 
R(300) 

Texture 
R(002) 

Crystallite size 
Xs (nm) Ca/P 

nHAp 1.08 0.84 8 1.55 
nHAp-pCNT 1.12 0.79 11 1.51 
nHAp-oCNT1 0.90 0.67 11 1.56 
nHAp-oCNT2 0.85 0.57 30 1.56 
nHAp-GO 0.87 0.70 18 1.41 

 

More details concerning crystal structure and growth of nHAp on carbon surfaces is 

obtained by high resolution TEM (HRTEM) analyses as shown in Figure 6. Figure 6a 

presents a TEM image of a nHAp nanorod laterally attached to the CNT surface as 

representative case in the nHAp-oCNT2 composite. A HRTEM image (Figure 6b) of 

the nHAp-oCNT2 interaction zone clearly reveals the high crystalline structure of the 

nHAp nanorod and also shows the walls of the carbon nanotube. A fast Fourier 

transform (FFT) diffractogram of the indicated zone (Figure 6b) shows the well-defined 

spots for the (002) and (300) planes of hydroxyapatite. These can be clearly identified in 

the corresponding HRTEM image shown in the inset of Figure 6c). Apparently, the 

(300) planes of nHAp nanorods enable interactions with the carbon surface and define 

an oriented growth of hydroxyapatite in its crystallographic a-direction along the 

sidewalls of carbon nanotubes, as seen for the case of the nHAp-oCNT2 composite. In 

the case of the nHAp-GO composite the interaction with the (300) planes of 

hydroxyapatite takes place on the basal plane of GO. Due to its planar morphology the 
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crystallographic a-direction of hydroxyapatite can adapt any orientation along the 

carbon surface enabling the growth of nHAp nanorods in random directions. While in 

this way a dense coverage with nHAp nanorods can be obtained (see Figure 4), 

simultaneous growth of nHAp nanorods in different directions induces steric limitations 

on the continuous growth. This yields in a somewhat smaller crystallite size of the 

nHAp nanorods in the nHAp-GO composite compared to the one in the nHAp-oCNT2 

composites, as revealed by XRD results (Table 1).  

 

Fig. 6 - (a-c) HRTEM images and FFT diffractogram of a nHAp nanorod grown 
on oCNT2.  

Interactions of the (300) plane of hydroxyapatite with the carbon surface were also 

proposed for the cases of carbon nanotubes [18] and reduced graphene oxide [37]. The 

corresponding models are based on purely geometric considerations trying to establish a 

lattice match of calcium atoms of the (300) plane with carbon atoms arranged in a 

perfect hexagonal network not taking into account chemical interaction possibilities 

except van der Waals interactions. However, by applying wet-chemical processes, it is 

well known that the growth of hydroxyapatite on a surface containing oxygen 
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functionalities is established by chemical coordination interactions between 

precipitating Ca2+ ions and oxygen groups [30, 31, 34, 36, 40, 41]. 

A closer look at the crystal structure of hydroxyapatite helps to better understand the 

issues of interaction and preferred growth into the form of nanorods on carbon surfaces 

containing functional groups. Hydroxyapatite crystallizes in a hexagonal structure and is 

part of the P63/m space group, characterized by a sixfold c-axis perpendicular to 

equivalent a and b-axes at 120 º angles to each other [56, 57]. Phosphate anions form 

the skeleton of the unit cell arranged in two channels A and B along the c axis. In the 

two channels A the oxygen atoms from the phosphate groups and the calcium ions of 

type II, denominated Ca(II), are found at heights of 1/4 and 3/4, respectively. The two 

channels B contain calcium ions of type I, denominated Ca(I), each at heights 0 and 1/2. 

An atomic model of the unit cell of hydroxyapatite is presented in Figure 7. The 

positions of the Ca, P, O atoms and OH groups are indicated, and the planes (300) and 

(002) are included. Views along the a-direction (left) and in the a-b plane (right) are 

offered. As can be seen, the (300) plane hosts a Ca(I) atom located at the intersection 

with the (002) plane at height zero. This Ca(I) atom coordinates with six oxygen atoms 

belonging to the next unit cell. In other words, when the (300) plane is in contact with 

an oxygenated carbon surface, the Ca(I) atom easily can coordinate with up to six 

oxygen atoms from functional groups at the external surface thus enabling O-Ca(I)-O 

interactions of ionic and even covalent nature. In the case of carbon nanotubes these 

interactions are established with oxygen atoms principally originating from carboxyl 

and carbonyl groups located at defects sites of their sidewalls. In the case of GO 

hydroxyl and epoxy groups at the basal plane dominate as interaction sites. A generic 

structure for an oxidized nanocarbon surface containing the different types of functional 

oxygen groups available on the sidewall and basal plane of carbon nanotubes and GO, 
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respectively, is depicted below the hydroxyapatite unit cell drawn along its a-direction 

in order to indicate the various interaction possibilities with the Ca(I) atom of the (300) 

plane. 

 

Fig. 7 - Atomic structure representation of the unit cell of hydroxyapatite 

indicating the positions of the Ca, P, O atoms and OH groups, as well as the (300) 
and (002) planes in green and blue color, respectively. The left structure is oriented 

along the a-direction. A generic model for an oxidized nanocarbon surface 

containing different types of oxygen groups is placed below the (300) planes of the 
unit cell of hydroxyapatite indicating interaction possibilities between different 

types of oxygen groups and the Ca(I) atom in the (300) plane. The right structure 
depicts the projection of the unit cell of hydroxyapatite in the a-b plane showing 

the Ca(I) atom with its interaction possibilities outside the unit cell. 

The distance between two equivalent next neighbour Ca(I) atoms located at (300) 

planes able to interact with external oxygen functionalities is 0.81nm. An adequate 

density of functional oxygen groups at the surface of nanocarbon materials might match 

with this distance and enable a preferential growth in the form of nanorods along the 

carbon surface as observed in the case of oCNT2 and GO. However, considering the 

irregular distribution of different types of oxygen functionalities on the carbon surface 

there seems to be certain flexibility in what concerns the coordination of Ca(I) atoms 

with oxygen groups from the carbon surface. The coordination number may vary and 
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the interaction does not have to be orthogonal. The positions of the atoms within the 

hydroxyapatite lattice thus adapt to the conditions of the support. Mechanical flexibility 

of the carbon support may further contribute to establish improved coordination 

between Ca and oxygen groups on the carbon surface. Thus, favourable conditions are 

created for enabling nucleation and growth of nHAp nanorods along the oxidized 

sidewalls and basal planes for carbon nanotubes and GO, respectively. The model 

proposed not only explains the rod-like growth of hydroxyapatite but also the strong 

integration onto the support due to the formation of favourable O-Ca-O coordination 

interaction. 

More details on the chemical composition and the issue of chemical integration of 

hydroxyapatite on the different types of oxidized carbon supports are obtained by X-ray 

photoelectron spectroscopy (XPS). Figure 8 shows the XPS C1s, O1s, Ca2p and P2p 

core level spectra of nHAp and the respective composite materials. From the integrated 

area of the Ca2p and P2p peaks information about the phase purity of hydroxyapatite is 

obtained by calculating the Ca/P ratio. This affords Ca/P values of 1.55, 1.51, 1.56, 1.56 

for nHAp, nHAp-pCNT, nHAp-oCNT1 and nHAp-CNT2, respectively (see Table 1). 

These ratios match well with those found for natural bone which, depending on its type 

and age, range from 1.5 to 1.67 [3]. This suggests that the taken synthesis route in all 

cases favours the formation of non-stoichiometric calcium deficient hydroxyapatite, i.e. 

Ca10(PO4)w(HPO4)x(CO3)y(OH)z, with a relative low content of CO3
2- and HPO4

2- 

impurities. On the other hand, the nHAp-GO composite with a value of 1.41 shows the 

lowest Ca/P ratio and points to the existence of higher amounts of impurities inserted in 

the nHAp lattice. This induces lattice strain [58] and results in a crystallite size 

somewhat smaller than for the case of nHAp-oCNTs (see table 1) pointing to a fast 

nucleation process due to the high amount of accessible oxygen functionalities in GO. 
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Fig. 8 - XPS spectra of C1s, O1s, Ca2p and P2p orbitals of (a) nHAp, (b) nHAp-
pCNT, (c) nHAp-oCNT1, (d) nHAp-oCNT2, and (e) nHAp-GO. Lines indicate the 

reference position of the elements in nHAp. 

By making use of the well-known fact that shifts in the positions of XPS binding 

energies reflect changes in the chemical environment of the probed elements [59, 60] 

important insights on the interface interactions between nHAp and the carbon support 

can be obtained thus revealing the degree of chemical integration. (Please note that the 

term chemical integration should not be confused here with the issue of mechanical 

integration. This relationship is not straightforward and is subject to proper mechanical 

testing). While the C1s, O1s, Ca2p and P2p core level spectra for the different materials 

present almost identical features important changes are noted concerning their binding 

energies. The values for the O1s, Ca2p1/2, Ca2p3/2, P2p peaks for nHAp are located at 

532.6 eV, 352.2 eV, 348.7 eV and 134.8 eV, respectively, and are taken as reference 

values. The origin for the presence of C1s peaks in nHAp is not clear, but widely 

recognized in hydroxyapatite samples [58, 59, 61]. Its presence is beneficial for the 
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charge correction of the XPS spectra. No changes in binding energies are observed in 

the nHAp-pCNT sample and thus reveal the lack of chemical interactions between the 

agglomerated hydroxyapatite nanoparticles and the nanotube surface. Therefore, this 

sample is rather a mixture than a composite material. This situation changes as soon as 

oxygen functionalities are present on the nanocarbon support materials. The nHAp-

oCNT1 material shows systematic shifts of the (O1s, Ca2p-3/2 and P2p) peak positions 

towards higher binding energies by (1.8 eV, 1.8eV, and 1.6 eV). The up-shifts are even 

more pronounced for the nHAp-oCNT2 material (2.2 eV, 2.3 eV, 2.2 eV) and even 

higher for the nHAp-GO material (2.2 eV, 2.4 eV, 2.3 eV). No changes in the C1s peak 

positions are observed. These observations confirm the existence of significant chemical 

interactions between the grown nHAp and the oxidized nanocarbon support material. 

Here genuine composite materials are formed. It further becomes clear that the 

interactions are related to the presence of oxygen groups. Moreover, systematically 

enhanced binding energies for both, calcium and oxygen atoms underline that the 

interactions take place between these two elements, thus corroborating the former 

HRTEM and modelling results suggesting favourable O-Ca(I)-O coordination 

possibilities. Related up-shifts of binding energies in the P2p spectra most likely reflect 

an adjustment in bonding distances within the whole nHAp lattice as a direct 

consequence of enhanced O-Ca(I)-O coordination possibilities. Finally, the fact that 

highest chemical interactions are observed for the nHAp-oCNT2 and nHAp-GO 

composites where nHAps exhibit a rod-like structures of high crystallite sizes (see table 

1) underlines the close relation between O-Ca(I)-O interactions, chemical integration on 

the carbon support, and preferential growth of hydroxyapatite along its crystallographic 

a-direction. Taking together all these results the growth of nHAp on the carbon surfaces 

with different amounts of functional oxygen groups, as depicted in Figure 9, can be 
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described as follows: (a) The absence of oxygen functionalities on carbon nanotubes 

leads to the formation of spherical nHAp or agglomerates thereof not producing any 

interaction (case pCNT). (b) A high amount of oxygen functionalities on carbon 

nanotubes produces many competing nucleation points for Ca2+ precipitation. Being 

distributed on a relatively small and curved cylindrical carbon surface induces steric 

limitations and thus frustrates an undisturbed simultaneous growth of neighbouring 

nHAp cyrstallites along the preferred crystallographic growth direction into rod-like 

nHAp. Spherical nHAp or agglomerates thereof are formed. However, in contrast to the 

former case, these are partly integrated on the CNT surface (case oCNT1). (c) An 

amount of oxygen functionalities on carbon nanotubes in between the former two cases 

provides an adequate amount of nucleation points for Ca2+ precipitation enabling an 

undisturbed growth of nHAp on the cylindrical CNT surface into highly crystalline rod-

like structures exhibiting an enhanced degree of integration (case CNT2). (d) On the 

other hand, dimension and morphology of the nanocarbon surface have to be taken into 

account as well, as shows the case of GO. For all the nanocarbon support materials 

probed, GO is the one with the highest amount of oxygen functionalities available as 

nucleation site for precipitating Ca2+. In contrast to a highly oxidized and small 

cylindrical CNT surface, the rather planar and large surface of GO offers an additional 

degree of freedom by enabling rod-like growth in random orientations. In this way 

nHAp nanorods easily can reach an almost full coverage of a graphene oxide as well as 

a very high integration degree. All these examples illustrate that length, crystallite size, 

and integration degree of nHAp nanorods are intimately linked to each other and largely 

depend on the amount of functional oxygen groups on a given nanocarbon surface and 

its availability for precipitating Ca2+ ions. The comparison between CNTs and GO 
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reveals that morphology and dimension of the nanocarbon surface itself are additional 

factors of influence. 

 

Fig. 9 – Scheme illustrating the growth of nHAp on nanocarbon surfaces with 

different different oxidation degree. (a) oCNT1, (b) oCNT2, and (c) GO.  

 

3.3 In vitro bioactivity behaviour of nHAp-nanocarbon composites 

In-vitro bioactivity tests were carried out using body fluid (SBF) as a standard precursor 

solution mimicking the mineralization process of bone. In order to evaluate the 

biomineralization ability of the nHAp-nanocarbon composites expressed by the 

formation of apatite on the respective surfaces the composite materials were exposed to 

SBF for times of one and four weeks. Corresponding test on control samples not 

containing nHAp, i.e. pCNT, oCNT2, as well as graphene oxide and reduced graphene 

oxide did not provide any evidence of apatite formation (see Suppl. Data). This is well 

in agreement with results reported in literature [38, 41]. On the contrary, all types of 

nHAp-nanocarbon composites reveal the formation of apatite upon bioactivity tests as 

consistently confirmed by XRD, SEM-EDX and XPS results (see Suppl. Data). These 

observations clearly demonstrate that the presence of hydroxyapatite is required to 
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establish a bioinspired surface that can trigger the self-assembly of apatite. TEM images 

(Figure 10) illustrate the bioactivity behaviour of the various nHAp-nanocarbon 

composites after SBF immersion times of one and four weeks. 

 
Fig. 10 - TEM micrographs of (a, b) nHAp-oCNT1, (c, d) nHAp-oCNT2, and (e, f) 

nHAp-GO after 1 week (upper row) and 4 weeks (lower row) of bioactivity 

The evolution of the surface of nHAp-oCNT1 composite after 1 and 4 weeks of time 

(Figure 10 a, b) resembles a biomineralization process characterized by an induction 

period. During the first week a non-continuous discrete coating is has been formed. 

Available oxygen functionalities on oCNT1 and nHAp both act as competing nucleation 

points for ionic cluster precursors not yet forming apatite nanoparticles. Only after four 

weeks of bioactivity these precursors are transformed into small apatite nanoparticles 

(nAps) on the composite surface. Their formation is induced by the presence of nHAp 

which allows for selective ion diffusion towards the formation of apatite, a situation 

similar to what is observed for sintered hydroxyapatite exposed to SBF [62]. In the case 

of nHAp-oCNT2 the formation of apatite nanoparticles is already seen after the first 
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week of bioactivity (Figure 10c). They specifically grow on the nHAp nanorods, and 

interestingly, few of them appear in-between the interface of nHAp nanorods and the 

oCNT2 surface. This observation suggests that nAp nuclei forming on the nHAp 

surface retain a high reactivity which allows them to migrate towards the nHAp-oCNT2 

interface to initiate nAp growth also at this site, thus consequently leading to the 

disruption of the established integration as will be shown by the subsequent XPS 

studies. After four week of bioactivity no further changes on the growth of nAp 

nanoparticles are observed. Likewise, the nHAp-GO composite reveals nucleation and 

growth of nAp nanoparticles on the surface of the nHAp nanorods after the first week of 

bioactivity (Figure 10e). However, nAp nanoparticles are not found in-between the 

nHAp-GO interface. Here the dense coating of the GO surface by the nHAp nanorods 

significantly reduces the accessibility of migrating nAp nuclei to the reach the 

respective nHAp-GO interface. Figure 11 provides a graphical illustration of the 

bioactivity on the three types of nHAp-nanocarbon composites. 

 

Fig. 11 – Graphical illustration of the formation of apatite nanoparticles on the 

surfaces of the nHAp-nanocarbon composites. (a) nHAp-oCNT1, (b) nHAp-
oCNT2, and (c) nHAp-GO (top-view). 
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The formation of apatite nanoparticles on the various composites surfaces is followed 

more closely by XPS spectroscopy (Figure 12). The O1s, Ca2p, and P2p core-level 

spectra reveal systematic changes in the respective binding energies of the O1s, Ca2p 

and P2p peaks at different stages of the bioactivity process (Figure 10).  

 
Fig. 12 - XPS spectra of C1s, O1s, Ca2p, and P2p orbitals of (a) nHAp-oCNT1, (b) 

nHAp-oCNT2 (c) nHAp-GO before (0w), after 1 week (1w), and 4 weeks (4w) of 

bioactivity, respectively. 

For nHAp-oCNT1, after week 1, the binding energies of the XPS peaks experience 

discrete down-shifts of -0.4 eV (O1s), -0.4 eV (Ca2p), and -0.3 eV (P2p), as shown in 

Figure 12a. However, after week 4, this trend is reversed by slight up-shifts of 0.2 eV 

for all the respective peaks. Thus a weakening of the original degree of integration 

between nHAp and oCNT1 is taking place in the induction period. Only ones apatite 

has been formed, the original situation is established. For nHAp-oCNT2, after week 1, 

pronounced down-shifts in the binding energies of -0.5 eV (O1s), -0.6 eV (Ca2p), and -

0.5 eV (P2p) are observed (Figure 12b). After week 4, further lowering of the binding 

energies by -0.3 eV (O1s), -0.4 eV (Ca2p), and -0.5 eV (P2p) is noted. These changes in 

binding energies clearly show that nAp nanoparticles growing in-between the nHAp-
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oCNT2 interface contribute to a significant weakening original interface interactions 

upon the process of bioactivity. In the case of nHAp-GO (Figure 12c) no changes in the 

peak positions of the Ca2p and P2p core level spectra can be seen. Obviously, the 

formation of nAp nanoparticles on the nHAp surface does preserve the original 

integration degree, in agreement with the observation that no nAp nanoparticles are 

formed in-between the nHAp-GO interface. Therefore this composite is characterized 

by a high integration stability throughout the process of bioactivity. Remarkably, this is 

accompanied by a significant change in the O1s spectra. After 1 week, the main O peak 

shifts to higher binding energies by 1.2 eV and, after 4 weeks, a down-shift by -1.1 eV, 

is taking place, almost restoring the original value of nHAp-GO. These type of changes 

are indicative for remineralization processes based on the exchange between PO4
3- ions 

and CO3
2- ions in the nHAp lattice. After the first week of bioactivity, nAP formation on 

nHAp is characterized by a relative up-take of PO4
3- substituting CO3

2- impurities in the 

nHAp lattice. This remineralization prompts a displacement of the O1s peak towards 

higher binding energies. On the contrary, after 4 week of bioactivity, a reversed ion-

exchange process is taking place. Now CO3
2- is inserted in the nHAp lattice on cost of 

PO4
3- lattice ions, thus restoring the original integration composition of the degree of the 

nHAP-GO composite. 

The changes in the integration degree of the different nHAp-nanocarbon composites 

during the bioactivity process are accompanied by modifications in their overall 

chemical composition, their Ca/P ratio and their crystallinity. Corresponding data were 

obtained from the analyses of the XPS survey spectra and the XRD diffractograms (see 

Supporting Data). The overall evolution is resumed in Figure 13, which provides 

valuable insights on the bioactivity mechanism of the composites. 
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Fig. 13 - Evolution of nHAp and nHAp-CNT/GO composites upon bioactivity 

assays. (a) Elemental composition from XPS analyses, (b) Ca/P ratio from XPs 
analyses, and c) crystalline size Xs from XRD analyses. 

For composite nHAp-oCNT1 significant changes only are only perceived after 4 weeks 

of bioactivity (Figures 13). This correlates with the existence of an induction period for 

the formation of small nAp nanoparticles. These grow in addition to the existing nHAp 

nanoparticles supported on the CNT1 surface and contribute to a decrease of the 

average crystallite size of the overall apatite (nHAp+nAp) system from the initial 11 nm 

to 7 nm (Figure 13c). This is accompanied by a lower Ca/P ratio, which dropped from 

the initial value of 1.56 to 1.44, probably due to the inclusion of carbonate defects in the 

grown nAp nanoparticles. These cause stress in the apatite lattice and lead to a decrease 

of its average crystallite size. Evidence of inclusions of carbonate defects can be found 

in the XPS spectra in Figure 11a where the C1s core level spectra shows enhanced 

intensities for the signal assigned to CO3
2- after 4 weeks of bioactivity. In the case of 

composite nHAp-oCNT2 relevant changes are perceived after the first week of 

bioactivity (Figure 13). The bioactivity mechanism for the nHAp-oCNT2 composite is 

described by the growth of nAp nanoparticles on the surface of nHAp, while 

simultaneous remineralization processes take place through ion exchange of CO3
2- and 
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PO4
3-, thus releasing some stress from the nHAp lattice. This argumentation is supported 

by the decrease of the Ca/P ratio from 1.56 to 1.53 (Figure 13b) and a slight increase of 

crystallite size from 30 nm to 32 nm (Figure 13c) of the overall apatite (nHAp+nAp) 

system. However, inclusion of carbonate defects into the nAp nanoparticles should be 

also considered, since the intensity of the CO3
2- signal in the C1s spectra increased after 

week 1 and 4 (Figure 13b). For the bioactivity mechanism of the composite nHAp-GO 

two different transient stages can be encountered: Important changes are observed after 

the first week of bioactivity (Figure 13). The high increase of the amount of Ca (Figure 

13a) and the Ca/P ratio (Figure 13b) from 1.41 to 1.48 indicate that a fast nucleation of 

apatite’s precursors was induced by the compact layer of nHAp formed on GO. 

Similarly to nHAp-oCNT2, apatite deposition on nHAp induces a remineralization 

process through ion exchange of CO3
2- by PO4

3- accompanied by a slight increase in 

crystallite size from 18 nm to 20 nm. In the second stage of bioactivity, the content of 

Ca remains almost constant while the Ca/P ratio decreases to 1.44. Thus, this process is 

governed by the formation of small nAp nanoparticles incorporating CO3
2- defects, 

being consistent with a significant reduction of average crystallite size of the overall 

apatite (nHAp+nAp) system to 12 nm (Figure 13c). 

These results clearly show that the bioactivity of the nHAp-nanocarbon composites is 

induced mainly by the nHAp nanoparticles themselves. Only these provide the required 

bioinspired surface to trigger the growth of apatite under standard in vitro conditions. 

However, the characteristics of the nHAp nanoparticles, which in turn depend on the 

carbon support as discussed in Section 3.2, influence the apatite formation process. This 

affects their growth time, as well as the chemical composition and integration of the 

overall (nHAp+nAp) system on the respective carbon support. The observation that the 

nHAp integration on the nanocarbon support changes during the transient stages of 
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bioactivity, and even may be substantially weakened in case apatite nanoparticles are 

allowed to form at the respective interface, has important implications for the rational 

synthesis design of nHAp-nanocarbon composite materials and elaboration of 

meaningful mechanical testing protocols. 

Conclusions 

Non stoichiometric nanocrystalline hydroxyapatite (nHAp) with a composition similar 

to natural bone was grown by a wet-chemical precipitation route on carbon nanotubes 

with different degrees of oxygen functionalities and on graphene oxide resulting in 

corresponding composite materials. Functionalization degree and morphology of CNTs 

and GO appear as critical parameters controlling the shape and crystallinity of the self-

assembled nHAp nanoparticles. Crystalline nHAp nanoparticles express a rod-like 

morphology by establishing O-Ca-O interactions between calcium atoms from the 

crystallographic (300) planes of hydroxyapatite and oxygen atoms from functional 

groups located either at the sidewall of oxidized carbon nanotubes or at the basal plane 

of graphene oxide. The nHAp nanorods are intimately integrated on the respective 

oxidized carbon surface and in case of GO can form a dense coating layer. In vitro 

bioactivity of the resulting composites exhibits a fast apatite biomineralization process, 

induced by the presence of nHAp. Depending on the crystalline size and the dispersion 

degree of nHAp nanoparticles the bioactivity is accompanied by a stepwise ion-

exchange mechanism leading to a remineralization of the nAp nanoparticles through 

inclusion of PO4
3- and CO3

2- by ion exchange. Importantly, it appears that during the 

stage of bioactivity the integration degree of nHAp nanoparticles on the carbon support 

material is altering with time. Our findings on the mutual dependence of integration and 

bioactivity are of a more generic interest beyond the studied case. They underline the 

potential of graphene oxide as suitable carbon support material, the value of X-ray 
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photoelectron spectroscopy (XPS) for evaluating the integration degree and, overall, 

emphasize the importance of testing novel biomaterials under physiological conditions. 

The obtained results are of critical importance for the design of bone implants and tissue 

engineering applications. 
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