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Abstract: 

Diamond is an attractive material for biomedical implants. In this work, we investigate its 

capacity as a bone scaffold. It is well established that the bioactivity of a material can be 

evaluated by examining its capacity to form apatite-like calcium phosphate phases on its 

surface when exposed to simulated body fluid. Accordingly, polycrystalline diamond (PCD) 

and ultrananocrystalline diamond (UNCD) deposited by microwave plasma chemical vapour 

deposition were exposed to simulated body fluid and assessed for apatite growth when 

compared to the bulk silicon. Scanning electron microscopy and x-ray photoelectron 

spectroscopy showed that both UNCD and PCD are capable of acting as a bone scaffold. The 

composition of deposited apatite suggests that UNCD and PCD are suitable for in vivo 

implantation with UNCD possible favoured in applications where rapid osseointegration is 

essential. 
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1. Introduction 

In orthopaedic research, calcium phosphate based implants are important due to the obvious 

similarities between the natural calcium phosphates in bone and its synthetic varieties. It is 

thus well established that a metallic implant coated with calcium phosphate, usually synthetic 

hydroxyapatite, will readily enable bone to bond to the implant. [1-6] Hydroxyapatite has 

been shown to reduce aseptic loosening in the immediate phase post-implant surgery by 

enhancing the bone-implant interface by improving bone apposition and osteoconductivity 

through hydroxyapatite’s capacity to form chemical bonds with hard tissue. [1-6] 

Accordingly, hydroxyapatite has been fabricated as 3D scaffold structures, used as thin-film 

coating materials, [7-9] as nanoparticles for fracture fillers, [10, 11] and drug delivery 

vehicles.[12, 13]  
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For metallic implants, it has often been considered that implant-bone integration is more 

mechanical than chemical.[14] Biocompatible metals such as titanium are hindered from 

integrating with bone by the surface metal oxide rendering the implant inert. Accordingly, it 

has been suggested that the bone-titanium relationship is a “tight apposition” rather than true 

metal-bone bonding.[14] Synthetic hydroxyapatite instead has an interfacial response that 

results in bone bonding.[15] Therefore, coating metallic implants with a hydroxyapatite layer 

will improve its bonding by providing an adhesion layer between the two surfaces. Studies 

have shown that the shear strength of hydroxyapatite-coated titanium implants to bone is 

between 5 to 8 times stronger than an uncoated titanium implant depending on the roughness 

of titanium and the thickness of the hydroxyaptite. [16-19] 

 

The examination of apatite formation on a substrate in simulated body fluid is known to be 

useful to predict in vivo bioactivity. [20-23] One method of doing so, was formulated by 

Kokubo et al [5] who demonstrated that a glass-ceramic, apatite–wollastonite, which was 

capable of growing a calcium phosphate film in vivo would replicate the same response in 

vitro if placed in an acellular simulated body fluid with ion concentrations comparable to 

human blood plasma. Accordingly, this presents a method by which in vivo applicability of a 

material can, at least partially, be estimated without the need for in vivo experimentation. The 

technique was further supported by a later study by Kokubo and Takedema [22] who when 

reviewing the validity of using simulated body fluid to test bioactivity concluded that apatite 

formation in vitro will be replicated in vivo. The exception to this was third party factors such 

as contamination in vitro or inflammatory responses in vivo. The link between in vivo and in 

vitro apatite growth has, however, been at least partially disputed by some research groups 

[20] who suggest that the in vitro response in simulated body fluid can give both false 
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negative as well as false positive results when the sample in placed in vivo. However, it is 

likely that keeping simulated body fluid ion concentration close to that of human blood 

plasma will ensure that bioactivity as assessed from acellular simulated body fluid will be 

predictive of in vivo performance.[20] 

 

Diamond is increasingly becoming interesting as an implantable material.[24-29] Diamond-

like coatings and amorphous diamond coatings have been shown to be well osseointegrated 

with bone.[27, 24] In fact, diamond coated substrates appear to be osseointegrated faster than 

metallic counterparts particularly in the initial month post-implantation.[24] Chemical vapour 

deposited (CVD) diamond has been used as a coating material for mandibular plates [26, 25] 

and as coatings for heart valves[29], joint replacements [30-32] and as a neural simulator[33], 

whilst fluorescent nanodiamond is being explored for biomarking applications .[34] Diamond 

is known to possess many favourable qualities for implantation into living tissue including 

biocompatibility, biostability and for some applications hardness. However, its bioactivity for 

use as a bone scaffold has not been thoroughly explored. [35, 36] Accordingly, this paper 

seeks to assess its bioactivity of both ultrananocrystalline diamond (UNCD, grain size << 1 

micron) and polycrystalline diamond (PCD, grain size 1-5 microns) in hard tissue (bone) 

using the simulated body fluid bioactivity model.  In particular we find that both UNCD and 

PCD are capable of stimulating apatite deposition onto the substrate. The apatite desposited 

onto UNCD however appears to be stoichiometrically closer to hydroxyapatite than PCD and 

thus UNCD may be more bioactive than PCD, that is, possibly better capable of growing 

bone in vivo. Silicon also showed that it was capable of apatite-like deposition. However, 

coverage of the apatite-like coating onto the silicon substrate was poor, likely due to its 

smoothness. Bioactivity is accordingly likely linked to the topographical roughness and 

surface chemistry of the substrates investigated. 
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2. Materials and Methods 

 

2.1 Preparation of samples 

Three sample types were used in this experiment. The substrates for apatite deposition are 

outlined in Table 1.  Cubes of silicon (5x5x3mm
3
) were obtained by dicing a 3mm thick p-

type silicon wafer (<100>) with a semi-automatic diamond saw. The cubes were cleaned 

using standard cleaning methodology of sequential sonication in acetone, methanol and 

isopropenol and dried under a steady flow of nitrogen gas. Samples were seeded with 

nanodiamonds by placing silicon substrates into a nanodiamond slurry (3-4 nm diamond in 

methanol) and ultrasonicated in the slurry under suspension for 2-3 minutes. Samples were 

placed in a microwave chemical vapour deposition reactor (iPLAS) to obtain a thin film 

diamond growth on the top and bottom faces of the cube. The line of sight diamond 

deposition meant that the sides of silicon cubes were also exposed to the plasma depending 

on position within the reactor, although such edge effects were unimportant for our study. 

 

PCD samples were prepared by placing seeded silicon into the microwave chemical vapour 

deposition chamber under a flow of methane and hydrogen (2% and 98%, respectively). 

Similarly, UNCD samples were also prepared by microwave chemical vapour deposition 

instead under a flow of argon, nitrogen and methane (79%, 20% and 1%, respectively). The  

microwave chemical vapour deposition conditions have been described elsewhere.[33] 

Samples were exposed to the plasma for 7 hours before samples were rotated and the 

underside was exposed to the plasma for a further 7 hours.  

 

2.2 Apatite deposition 
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A 1.0 simulated body fluid (SBF) solution with inorganic ion concentrations simulating 

human blood plasma (Table 2) was prepared following the methodology outlined by Kokubo 

et al.[5, 22] Briefly, reagent-grade chemicals (NaCl, NaHCO
3
, KCl, K

2
HPO

4
·3H 

2
O, 

MgCl
2
·6H

2
O, CaCl

2
, Na

2
SO

4
) were dissolved in distilled water. The solution was brought to 

physiological pH 7.35, using 1M HCl. The SBF solution was refrigerated at 4°C overnight to 

ensure that no precipitation occurred before experimental use. Prior to use, a glass cover slip 

was exposed to the solution for 24 hours and precipitation of apatite onto the sample was 

detected using SEM.[22] No overnight precipitation from the SBF was evident on the sample 

inner surface of the solution bottle and an assessment of the solution pH showed negligible 

change.  

 

Samples outlined in Table 1 were suspended into a polystyrene container with a lid using 

Vicryl resorbable sutures (Ethicon, Inc). Samples were suspended to ensure apatite deposition 

onto samples was due to heterogeneous nucleation. The hole in the lid where the sutures exit 

the polystyrene container was sealed using adhesive tape. The polystyrene container was 

filled with 11 mL of SBF solution with respect to the suggested volume defined by the 

formula Vs = Sa/10 (Vs volume of simulated body fluid (mL), Sa the surface area of the 

sample (mm
2
)).[22] Samples were immersed in the SBF solution for periods of 1, 7 and 14 

days and kept within an incubator set at 37 C. SBF solution was not replenished across the 14 

day period of experimentation. Post-removal, SBF immersed samples were washed in 

distilled water and dried under a flow of ultrapure nitrogen gas.   

 

2.3 Characterisation 

Apatite growth, deposition and desorption was characterised using photography, 

micrography, roughness calculation and x-ray photoelectron spectroscopy. Using x-ray 
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photoelectron spectroscopy we were able to ascertain the chemical composition of samples 

and estimate apatite growth chemistry.  

 

2.3.1 Scanning electron microscopy (SEM) 

SEM images were acquired using a JEOL JSM-5910 Scanning electron microscope. 

Topographical imaging of samples was performed at an acceleration voltages of 30 kV and 

imaging of edges was performed at 15 kV. Focused ion beam (FIB) milling and SEM image 

acquisition was attainted using an xT Nova Nanolab 200 FIB/SEM. 

 

2.3.2 X-ray photoelectron spectroscopy (XPS) 

Analysis of the samples was performed by XPS (Thermo-Fisher K-Alpha), using a Mg Kα 

radiation source at a power of 300 W. The spot size of analysis was 400 um. Sample scanning 

was performed using the flood gun to compensate for charging and auto height to determine 

optimal distance between the x-ray beam and the sample. The elements detected in the 

surface layers (analysis depth 2–5 nm) were observed from the survey spectrum (pass energy 

200 eV) over a range of 0–1100 eV (step size 1 eV, dwell time 50 ms).  

 

The XPS binding energy (BE) values from high-resolution scans of elemental signals (pass 

energy 50 eV) were not charge-corrected with respect to that of adventitious carbon at 284.8 

eV due to scanning being undertaken using the flood gun. In particular, high-resolution XPS 

spectra were collected for the key elements calcium, carbon, oxygen and phosphorous, 

identified from the survey spectra. High resolution scanning was undertaken with a step size 

of 0.1 eV and a dwell time of 50 ms. Data was collected and analysed using Avantage Data 

System. 
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2.3.3 Surface Roughness 

Roughness was assessed using a XP-2 Stylus Profiler (Ambios Technology, Inc) at a force 

0.1mg, scan rate of 0.01 mm/s over a distance of 0.5 mm. Each sample was repeated 5 times. 

Data was analysed using the in-built XP software (Ambios Technology, Inc. 2003). 

 

 

3. Results and Discussion 

 

3.1 Appearance 

Figure 1 shows a scanning electron micrograph of the diamond growth on the silicon 

substrates. PCD is shown to have a large number of sheet-like crystals with an average size of 

between 1 and 5 microns (Fig. 1A). The growth is consistent across the micrograph. The 

UNCD growth appears to be much rougher with cauliflower morphology typical of UNCD. 

In the micrograph, individual crystals cannot be seen but each “cauliflower” is approximately 

8 – 15 microns (Fig. 1B). It known that UNCD should be a rough surface with diamond 

crystals in the nanometre range. [33] 

 

Figure 2 shows digital photographs of the sample face after exposure to the simulated body 

fluid solution for 1, 7 and 14 days (4 separate samples of each type, not the same sample 

sequentially imaged). It is clear that all three samples appear to change significantly from 

their initial as-received colour to a more colourful appearance due to thin film interference 

fringes. Looking first at the silicon samples, it is apparent that after 1 day exposed to SBF, a 

secondary coating is evident. The coating appears to be patchy and becomes more so as the 

time period increases. One estimation for the apparent decrease in secondary coverage after 
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14 days on the silicon sample is that the secondary coating is unable to adhere to the smooth 

silicon surface.  

 

Now considering the diamond samples, it is clear that in comparison to the control diamond 

substrate sample (no SBF exposure), all SBF immersed samples, irrespective of average 

crystal size, show a change in colour. After 1 day, the UNCD sample looks similar to the 

untreated UNCD sample, whilst the PCD sample has clearly taken on a blueish shade, 

particularly in the centre of its exposed face. This suggests that deposition is variable in 

thickness. After 7 days, the UNCD sample takes on a more yellow façade whilst the PCD 

sample remains a similar shade to that seen after 1 day. This suggests that in the PCD sample 

at least, coating thickness may have evened out across the face. The UNCD sample also 

appears to have a well established and even coating. After 14 days, the reflected colour of 

both samples dim to become a paler grey (UNCD) or green (PCD). This may signify 

increases to the HA coating thickness. The optical results provide a good qualitative test, 

however to quantify the thickness of the HA layer (both as-received and post SBF growth), 

we employed SEM as discussed below.  

 

The scanning electron microscopy images of the UNCD substrate before and after exposure 

to SBF are shown in Figure 3. After 1 week, it appears that a uniform growth of an apatite-

like coating has precipitated onto the UNCD sample. The growth appears as a thin slate-like 

film with clear margins between plates. Each plate is between 3-5 microns and the size 

appears to be uniform across the surface irrespective of the underlying surface roughness of 

the UNCD. This suggests that apatite-like coating growth is well established and supports the 

micrograph images. The growth is similar to the film detected by Barrere et al [37]who 

showed a conformal apatite growth on titanium substrates having 1-5 micron sized globules 
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but also found that apatite deposited as a plate-like layer. Here, the growth has covered the 

naturally occurring peaks or bubbles detected in the original UNCD substrate.  

 

After 2 weeks, the film detected by the micrograph appears, as expected, to be thicker with 

the margins between plates appearing more like cracks in the film. Cracking of the film is not 

necessarily undesirable unless the cracks extend to the base of the substrate. It is unknown 

whether the cracking is a coating effect or has been induced by the post-SBF drying process. 

Voids in the coating may be a source of bacterial colonisation and thus should be avoided if 

the coatings were to be used in dental implants.[38] The size of the apatite-like coating plates 

has increased to approximately 10 microns and growth again appears to the uniform across 

the surface. Additional nodules of apatite-like growth can also be seen on the surface of the 

apatite-like coating. These are highly charged by the electron beam. The nodule size is 

approximately 2 microns and the nodules appear to agglomerate into clusters. 

 

The PCD sample does not appear to initially deposit an apatite-like coating onto its surface. 

After the first week in SBF, the SEM suggests that little apatite has been deposited on the 

substrate. It is clear from the micrograph that the inherent PCD crystals are still visible whilst 

nodules of a highly charged apatite-like coating are sporadically deposited on the surface. 

After 2 weeks, however, a uniform apatite-like coating is seen across the PCD substrate. The 

apatite-like coating appears to be a thin film following the contours of the PCD underneath. 

The layer appears slate-like and similar to that seen on the UNCD samples. Cracking is again 

evident within the coating with the apatite-like coating plates approximately 10 microns in 

size. 
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The capacity for both UNCD and PCD to act as a substrate for the growth of apatite films 

appears to contradict the results of Popov et al.[36, 35, 39] that showed that for 

diamond/amorphous carbon (a-C) films, neither the nanocrystalline diamond (NCD) [35] nor 

the ultrananocrystalline diamond (UNCD) [39] films were bioactive. Instead, NCD/a-C and 

UNCD/a-C when exposed to simulated body fluid for 5 and 10 days did not show any apatite 

layer deposition nor depletion of calcium or phosphorous ions from solution. Accordingly, 

although it was shown that the films were non-cytotoxic, they were considered bioinert. It is 

evident from the results of this study that an UNCD and PCD film can effectively “grow” an 

apatite-like coating. It is clear that both samples have deposited a secondary film.  

 

Similar to the UNCD, after 1 week in simulated body fluid, it is apparent that a thin film 

apatite-like layer has been deposited onto the silicon sample. The layer, however, is patchy 

and easily delaminated. As seen on other substrates, the layer appears to be subject to 

cracking. After 2 weeks, the apatite-like coating deposition appears to still be very thin. 

Growth is more uniform than that seen at 1 week. The film has no evidence of cracking, 

however weakened portions of the film can be seen in the micrograph and it is likely that 

these areas will be the margins subject to subsequent cracking. This area of the silicon 

substrate showed a constant coat of apatite-like material however other regions as depicted in 

Fig. 4 shows that this is not the case across the entire substrate. Liu et al [23] performed a 

similar apatite deposition onto silicon study. In their study, a control <100> silicon wafer was 

soaked in simulated body fluid for 14 days. It was deemed that a virgin silicon wafer is 

unable to form apatite on its surface and therefore the substrate is not bioactive. The results of 

this study, suggest that the silicon is bioactive but rather that the smoothness of the substrate 

does not allow good conformal growth and can be easily delaminated.  
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3.2 Thickness of coatings 

The thickness of deposited apatite layers were assessed using scanning electron microscopy 

at high resolution of focussed ion beam milled regions in the centre of the sample faces (Figs. 

5-7). After 2 weeks it is evident that both the PCD and UNCD have grown a film of an 

apatite-like coating on their face. Figure 5 shows the PCD sample. It is clear from the 5B and 

C that some variation exists in the film thickness. However, taking an average of the 

thicknesses across the FIB milled central region and referencing measurements to a reference 

sample with known thickness, the film was determined to be approximately 410 nm. In 

comparison, Fig. 6 shows the UNCD sample. The apatite-like layer is considerably thicker 

than that seen on the PCD substrate. Coating thickness is calculated to be approximately 760 

nm. Accordingly, the UNCD appears to grow a layer of apatite-like material twice as thick 

than that on the PCD. The thickness of growth of apatite-like coating on the UNCD supports 

the findings of McLeod et al, who noted that on a titanium disc, 1 micron of apatite could be 

deposited in 21 days using the same simulated body fluid recipe.[40]  

 

The silicon substrate as shown in both Figs 4 and 7 also appears to grow an apatite-like layer 

after 2 weeks of exposure to the simulated body fluid. It is evident from Fig. 4 that the growth 

is patchy and non-uniform. Whether the patchy growth occurs due to apatite-like coating 

deposition or delaminating during handling is not clear at this stage. In any case, the 

thickness of deposited apatite appears to possibly be over a micron in the larger patches but 

consistently thinner than this over the majority of the sample face. This may be explained by 

the area of the substrate analysed for thickness measurements. Looking at the milled central 

region of the apatite-silicon coating, it is evident that depsotion in this SEM image (Fig. 7A) 

is conformal and consistent with growth thickness determined to be 250 nm, significantly 

decreased from the micron deep patches in Fig. 4B.  
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The thickness of apatite-like coating deposition was determined to be 410 nm for PCD, 760 

nm for UNCD and 250-1000 nm for the silicon substrates. It is clear that UNCD grew a 

thicker layer of apatite-like coating than PCD. Given the nature of the deposition process, the 

apatite deposited in the center of the samples will be the thickest area of growth as deposition 

is reported to be somewhat domed.[40-42] This is likely due to the surface tension between 

the convex meniscus at the edge of the samples in the SBF solution[42] where within a 

solution deposition technique such as simulated body fluid the deposition forces are offset.  

 

3.3 Surface characterisation 

The PCD and UNCD samples exposed to the simulated body fluid also showed elemental 

evidence of apatite-like phase deposition (Fig. 8). Both samples showed characteristic 

calcium and phosphorous peaks and a reduction in the carbon signal attributed to the diamond 

substrate after exposure to SBF. Given the evidence provided by the scanning electron 

micrographs that the apatite-like layer deposited on the PCD substrate is a thin film, we are 

able to draw the same conclusion through the XPS results. The carbon signal shown in the 

survey spectra of the PCD after two weeks in simulated body fluid is still dominant 

suggesting contribution from the underlying substrate. In the UNCD, where a thicker apatite 

layer deposited, it is clear that the intensity of the carbon has dropped which suggested 

minimal if any contribution by the underlying diamond. Instead, carbon is introduced as 

hydrocarbon (285 eV) and C-O, O-C-O bonds (286.5 eV) rather than as diamond. Figure 9C 

shows a XPS survey spectra scan of the silicon substrate before and after exposure to 

simulated body fluid. After 2 weeks, calcium and phosphorous peaks can be detected, 

however, small silicon peaks can still be detected after exposure. The XPS analysis spot size 
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is 400 µm and accordingly, it is not surprising that both apatite and silicon can be detected 

considering the patchy growth seen in the SEM micrographs. 

 

3.4 Determination of coating type via Ca/P ratio 

Hydroxyapatite has stoichiometric calcium to phosphorous ratio (Ca/P) of 1.67. Accordingly, 

the Ca/P was calculated for all samples before and after exposure to simulated body fluid. 

According to Suchanek, the Ca/P ratio for hydroxyapatite can be anywhere between 1.3 and 

2.0.[43] Ca/P ratios which fall below 1 are not suitable for in vivo implantation as the native 

acidity of the material as well as its high solubility precludes it.[44] Here, it is evident from 

Figure 10 that all diamond and silicon samples fell well below the HA stoichiometric ratio of 

1.67. This is not uncommon as XPS is a surface sensitive technique and it is well established 

that calcium depletion occurs on the surface of apatites when compared to the bulk material. 

[22, 45-49, 40] The calcium depletion may be due to patchy growth, solution contaminants or 

influence of the underlying substrate. The UNCD samples were the only samples to fall 

within the requisite Ca/P ratio range of 1.3-2.0 The average Ca/P ratio of these samples was 

approximately 1.4 and this suggests it may be a calcium phosphate phase somewhere between 

beta-tricalcium phosphate (stoichiometric Ca/P ratio 1.5) and octacalcium phosphate (Ca/P 

1.3) and possibly dicalcium phosphate (Ca/P 1.0). Having a Ca/P around 1.3 is not 

uncommon since, the formation of octacalcium phosphate is speculated to be a precursor to 

biologic apatite.[50, 51] A similar Ca/P ratio (1.42-1.48) has been attributed to either cation 

substitution of the Ca
2+

ion and/or substitution of  with  at the same time utilising 

calcium vacancies to ensure that the apatite coating remains electrically charge neutral. [52]  

The Ca/P ratio of the PCD substrates however does increase with respect to exposure time 

and accordingly, as the apatite coating thickness increases, the ratio may increase to within 
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Suchanek’s ratio,[43] however, it would be possible that the growth is a variety of dicalcium 

phosphate, a highly dissolvable apatite.  

 

High resolution XPS scans of the apatite exposed substrates showed that each sample had a 

clear calcium signal after 7 and 14 days. Using the high resolution scan of the calcium signal 

it is possible to ascertain whether the coating on the substrates was in fact a calcium 

phosphate material such as hydroxyapatite or a calcium carbonate material. It is known that 

the 2p3/2 photoelectron peak of calcium will have a binding energy at 347.5 eV for samples 

comprising a calcium phosphate.[53] Referring to Table 3, the UNCD, PCD and silicon 

samples each have a peak indicative of calcium phosphate. Given that the Ca/P ratio was 

below the stoichiometric ratio of traditional hydroxyapatite, it is likely that the coating is a 

calcium depleted apatite variety but a calcium phosphate nonetheless. In particular, given that 

both diamond samples have a Ca/P ratio close to or over 1.3, it is highly likely that with more 

deposition time in SBF biologic apatite will form more closely reflecting hydroxyapatite. [50, 

51] 

 

4. Conclusion 

 

Apatite films have been successfully deposited on both ultrananocrystalline and 

polycrystalline diamond substrates and compared with silicon control samples. Diamond and 

silicon samples exposed to simulated body fluid were able to grow layers thicker than 

previously detected in the literature suggesting that the bulk diamond substrates were 

bioactive rather than bioinert as reported by some for composite diamond-amorphous carbon 

layers.[35, 39] Unexpectedly, silicon appears to be capable of growing an apatite layer 

though it appears that its inherent low surface roughness makes it difficult for apatite coatings 
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to adhere long term. The capacity of diamond to grow apatite may be related to the nano-

roughness of the substrates enabling apatite to nucleate within crevices. It however appears 

that the apatite layer was not hydroxyapatite but rather calcium depleted apatite, possibly 

octacalcium phosphate, a dissolvable precursor to hydroxyapatite. In any case, the study 

suggests that both ultrananocrystalline and polycrystalline diamond are suitable for in vivo 

implantation with a possible preference towards ultrananocrystalline diamond where fast 

osseointegration is required. 
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Table 1. Details of sample preparation and the abbreviations used for each sample, n = 

4 

Sample Method Abbreviation 

1. Silicon cube As received Si 

2. Polycrystalline diamond CVD layer on silicon PCD 

3. Ultrananocrystalline diamond CVD layer on silicon UNCD 

 

 

Table 2: Concentration of ions in SBF as compared to that in human blood plasma  

Ion Concentration  Human Blood Plasma (mM) Simulated Body Fluid 

(mM) 

Na
+

 142.0  142.0  

K
+

 5.0  5.0  

Mg
2+

 1.5 1.5 
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Ca
2+

 2.5 2.5 

Cl
-

 103.0 147.8 

HCO
3-

 27.0 4.2 

HPO
2-

4
 

1.0 1.0 

SO
2-

4 0.5  0.5 

 

 

 

Table 3: Binding energy of the Ca2p signal as determined by high resolution XPS scanning. 

The binding energy of the peaks was ascertained using Avantage Data System curve fitting 

software. 

Sample Time Binding energy (eV) 

Ca 2p3/2 Ca2p1/2 

PCD 7 days 347.5 351.2 

14 days 347.48 350.88 

UNCD 7 days 347.58 351.28 

14 days 347.58 351.98 

Silicon 7 days 347.88 350.88 

14 days 347.58 351.38 

 

 

 

Figure 1: Diamond growth on the silicon cube; (A) PCD with average grain size 1-5 microns 

and (B) UNCD with average grain size of order a few nanometres.  Note that the ‘bubbles’ 

that can be seen in the UNCD film are not the nanodiamond grains, but instead show 

variability in the grown film.  Growth conditions for the samples are found in section 2.1. 
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Figure 2: Photographic representation of samples exposed to simulated body fluid for 0, 1, 7 

and 14 days using an Olympus digital camera. The silicon sample appears to develop a 

secondary coating within 1 day however, the coating appears to delaminate over time. Both 

diamond samples, UNCD and PCD appear to also develop a secondary coating after 1 day as 

represented by a change in the colour of the samples. The UNCD shows a more consistent 

coating than the PCD. Each square above represents a 5mm x 5mm sample area. 

 

Figure 3: Scanning electron micrographs of the samples exposed to simulated body fluid for 

0, 7 and 14 days (9 samples). Each micrograph displays a new sample exposed to the 

simulated body fluid for the specified time period rather than a sequentital analysis of each 

substrate. It is clear that apatite desposition on the diamond and silcicon substrates has 

occurred and is conformal ,and that after  2 weeks, the UNCD, PCD and silicon substrates are 

completely covered. The scale bar represents 10 microns. Beneath the scanning electron 

micrographs is a graph showing the changing roughness of the samples over time. It is clear 

that deposition of apatite increases sample roughness with maximum roughness achieved 

after 1 week. Both diamond samples have a average roughness between 200-400 nm with the 

UNCD having an increased roughness indicating that the stylus can distinguish the nano 

features of the UNCD. Silicon has a low average roughness. Apatite deposition appears to 

follow the same roughness cycle across all samples whereby roughness will increase for 

week 1 and then begin to decrease as the apatite deposition thickens and conforms to the 

underlying substrate. The error bars indicate the variability observed from 5 stylus positions 

across a single sample. 

 

Figure 4: (A) SEM image of the thickness of the apatite layer deposited on silicon after 2 

weeks in SBF showing the patchy nature of apatite-like coating deposition on silicon. 

Apatite-like coating growth appears to be clustered. (B) shows a high resolution image of the 

same coating. 

 

Figure 5: A SEM image of the PCD sample after 2 weeks in SBF. (A) shows the rough 

surface topography of the apatite coating; (B) shows this same coating under a 52 degree tilt 

showing variation in peak height; (C) shows the FIB milled section in the apatite sample; and 

(D) displays the interface between the apatite and the underlying diamond. Using the image 

in (D) it is possible to estimate of coating thickness to be 407.5 nm. 
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Figure 6: A SEM image of the UNCD sample after 2 weeks in SBF. (A) shows the rough 

surface topography of the apatite coating; (B) shows this same coating under a 52 degree tilt 

showing variation in peak height; (C) shows the FIB milled section in the apatite sample; and 

(D) displays the interface between the apatite and the underlying diamond. Using the image 

in (D) it is possible to estimate of coating thickness to be 760 nm. 

 

Figure 7: A SEM image of the silicon sample after 2 weeks in SBF. (A) shows the surface 

topography of the apatite coating; (B) shows this same coating under a 52 degree tilt showing 

consistency in peak height and the beginning of the milling process; (C) shows the FIB 

milled section in the apatite sample; and (D) displays the interface between the apatite and 

the underlying silicon. Using the image in (D) it is possible to estimate of coating thickness to 

be 250 nm. 

 

Figure 8: XPS survey spectra of (A) PCD;(B) UNCD and (C) Silicon before and after 

exposure to simulated body fluid for 2 weeks. Calcium and Phosphorous can be detected on 

all three substrates after exposure to SBF suggesting apatite deposition. The X-axis 

corresponds to the binding energy (eV) and the Y-axis is in arbitrary units 

 

Figure 9: The calcium to phosphorous ratio of substrates as determined from elemental 

analysis of XPS survey spectra at the appropriate time periods. UNCD appears to be the most 

bioactive scaffold for implantation as it more closely represents the more desirable apatite 

varieties for in vivo sample implantation. 

 


