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Abstract 
 

In this study, surface modification of hydroxyapatite (HAp) by grafting 

polycaprolactone (PCL) is described. This method is carried out into two steps:  

(1) A treatment of HAp powder with a mixture of tetraorthosilicate (TEOS)  

and 3-aminopropyletriethoxysilane (APTES) to introduce amine groups and enhance 

nucleophilicity of surface functionalities; (2) Initiation of the Ring Opening 

Polymerization (ROP) of the ε-caprolactone (CL) in the presence of the silanized 

HAp. Moreover, the impact of the reaction time (24, 48 and 72 h) on the grafting 

amount of PCL is performed. The results of FTIR analysis confirmed the presence 

of carbonyl groups on the silanized HAp, providing evidence of grafting of PCL  

on the HAp surface. WAXS pattern showed no formation of a secondary phase after 

surface modification and the crystallinity is preserved. SEM/TEM analysis revealed 

a homogenous surface powder composed of irregular nanoscale crystals. TGA 

analysis indicated the dependence of PCL graft amount on the reaction time. Finally, 

the effect of surface modification on HAp/PCL nanocomposites morphology was 

investigated. 
 

 University of SS. Cyril and Methodius in Trnava

  
Introduction  

 

Hydroxyapatite (Ca10 (PO4)6 (OH)2) is among  

the bioactive materials ones that elicit a specific 

response at the interface in contact with living 

tissues (Wang 2004). Due to its similarity to 

inorganic part of biological bone, biocompatibility, 

and bioactivity, it is recommended for the use as  

an alternative or additive for native bone (Legeros  

et al. 2008; Daculsi et al. 2014) such as bone filling 

(Furukawa et al. 2000), scaffolds for tissue 

engineering (Deville et al. 2006), and drug delivery 

systems (Itokazu et al. 1998).  

Nevertheless,  hydroxyapatite  (HAp) presents poor 

mechanical properties, i.e. brittleness and low 

elastic modulus, which restricted its use to non-load 

bearing applications. To overcome these limitations 

and to broaden its applications, an intensive 

research has been directed towards a combination 

of HAp with polymeric phases. In order to get  

a better interfacial bonding between HAp  

and the organic part, thus an enhancement on 

mechanical properties, different strategies were 

adapted. Some authors reported the use  

of a coupling agent such as silane coupling agent 

(Dupraz et al. 1996), polyethylene glycol (Wang  

et al. 2002), diisocyanate (Liu et al. 1998), dodecyl 

alcohol    (Borum-Nicholas    and    Wilson    2003) 
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and phosphonic acid (Pramanik et al. 2009). Others 

have been looking at the use of surface 

modification either of the organic phase (d’Ayala  

et al. 2009; Basile et al. 2015); the inorganic one 

(Murugan et al. 2003; Choi et al. 2006; Adamska  

et al. 2013; Yala et al. 2013; Kobayashi et al. 

2015) or both the organic and inorganic phases (He 

et al. 2012; Tian et al. 2019). Helwig et al. (2001) 

reported the graft polymerization of lactones  

by ROP in the presence of HAp powder with a low 

efficiency of hydroxyl group to initiate the 

polymerization, assuming that the polylactones are 

ionically bounded to HAp. (Wang et al. 2010) have 

used a similar method to graft caprolactone 

initiated by the hydroxyl group on HAp surface. 

They reported a maximal grafting ratio of 6.71 % 

during 6 h of reaction time. Exceeding this time, 

the grafting ratio decreases up to 5.53 % for 24 h  

of reaction time.  (Guerra et al. 2006) studied HAp 

annealed above 600 ºC and the ability of hydroxyl 

groups to initiate the polymerization  

of ε-caprolactone in an open system at room 

temperature. The grafting efficiency of poly(ε-

caprolactone) (PCL) was influenced by  

the sintering temperature; in particular, annealing  

at 1,100 ºC during an h produces more significant 

proportions of PCL bonded to HAp surface.  

The presence of water seems to be a limiting factor 

due to the production of PCL not bounded to  

the HAp. To increase the grafting efficiency (Lee et 

al. 2006), have employed three different surface 

hydroxyl functionalities of HAp: unmodified HAp, 

HAp modified with L-lactic acid, and HAp 

modified with ethylene glycol (EG). A grafting 

degree up to 24 %, with grafting efficiency  

of 47 %, was reached in the case of HAp modified 

by EG. Among techniques to modify surface, 

silanization is a method used in many cases  

to introduce functional groups on inorganic 

surfaces and was applied to graft PCL on numerous 

materials (Kunze et al. 2003; Harmata et al. 2014).  

In this study, grafting of PCL on surface of HAp 

was achieved by two steps route. In the first step, 

silanization of HAp was performed in order to 

enhance the nucleophilicity of surface and to fulfill, 

in the following step, ROP of ε-caprolactone.  

The influence of reaction time on PCL grafting 

amount was investigated. Silanized HAp and PCL-

grafted HAp (PCL-g-HAp) were characterized  

by WAXS, infrared spectroscopy, 

thermogravimetric analysis, N2 adsorption, electron 

microscopy (SEM and TEM). In addition,  

a morphological study by SEM was carried out  

on HAp/PCL composite films, prepared by casting 

solution method, in order to evidence the effect  

of HAp modification on dispersion and interfacial 

adhesion between HAp filler and PCL matrix.  

 

Experimental  
 
Materials 
 

The following precursors were used in this work: 

PCL (CAPATM 6500, Mw = 50,000 Da) was 

supplied by Perstop, Sweeden. Calcium nitrate 

tetrahydrate (Ca(NO3)2.4H2O), phosphorus 

pentoxide (P2O5), absolute ethanol (C2H5OH), 

tetraorthosilicate (Si(OCH2CH3)4), 3-amino-

propyletriethoxysilane (H2N(CH2)3Si(OC2H5)3, 

tetrahydrofuran (C4H8O), anhydrous toluene 

(C7H8), anhydrous methylene chloride (CH2Cl2), 

Tin(II) 2-ethylhexanoate (Sn(Oct)2), Chloroform 

(CHCl3) were supplied by Sigma-Aldrich and used 

as received. ε-caprolactone (CL, C6H10O2) was 

dried using vacuum distillation and calcium 

hydride. 

 
Preparation of hydroxyapatite 
 

Synthetic hydroxyapatite powder was prepared  

by a sol-gel approach according to the method 

described by (Fathi et al. 2008). Briefly, ethanolic 

solutions of calcium nitrates (Ca(NO3)2.4H2O)  

and phosphorus pentoxide (P2O5) were merged  

to achieve a Ca/P molar ratio of 1.67.  After 24 h  

of reaction time, the obtained gel was dried, then 

calcined at 600 ºC during 5 h. The resulted powder 

was sonicated in toluene for 30 min with a 500 W 

tip sonicator (Sonics Vibracell, USA) at 25 % 

power, with a 50s/50s ON/OFF cycle, before 

silanization step. 

 
Surface modification of HAp by a mixture  

of TEOS-APTES  

 

TEOS was dissolved in distilled water at 3 : 1 (v/v) 

ratio. The pH was lowered to a value of 2 by 

adding a solution of HCl. The solution was stirred
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during one hour, then 0.5 g of HAp and APTES 

(APTES/TEOS ratio = 3.5 : 3 v/v) were added 

together with 2 mL of water. The suspension was 

stirred for one hour (Russo et al. 2014).  

The powder was separated with a washing-

centrifugation three times (at 104 rpm; 10 min) with 

tetrahydrofurane (THF) and then dried in an oven 

overnight under vacuum. 

 
Grafting of PCL on hydroxyapatite surface  

 

HAp (2 g) was placed in a round bottomed flask 

with dry toluene (50 mL), then were added CL  

(4 g) and Sn(Oct)2 (0.030 g) under nitrogen 

atmosphere.  The reaction temperature was kept  

at 130 ºC during a given interval time (24, 48 and 

72 h). The reaction mixture was centrifuged, then 

the grafted powder (PCL-g-HAp) was purified  

by a repeated washing–centrifugation at 104 rpm 

for 15 min using methylene chloride to remove 

ungrafted free PCL and eventual unreacted 

monomer. Finally, the final product was dried in  

a vacuum oven. Both unmodified and silanized 

HAp were tested. 

 
Preparation of HAp/PCL and g-HAp/PCL 

composite films 

 

Composite films were prepared using a casting 

solution method. PCL was dissolved in chloroform 

at 60 ºC (10 % w/v). Unmodified or modified HAp 

(3 – 6 % by wt.), previously sonicated during  

50 min in 1mL of chloroform, was added to  

the polymer solution. The dispersion was kept 

under magnetic stirring during 2 min. Finally,  

the obtained suspension was poured in a petri dish 

to dry. 

 
Techniques 

 
Powder X-ray diffraction (XRD, model PHILIPS X 

pert prof, analytical, system MPD) patterns were 

registered employing CuK_radiation at 40 mA  

and 50 kV. Fourier Transform Infrared-Attenuated 

Total Reflectance (FTIR-ATR) spectra were 

obtained by a Perkin-Elmer spectrometer, model 

Paragon 500, provided with a ZnSe attenuated total 

reflectance (ATR) crystal accessory. Specimens 

were   putted   in   contact   with   the  ATR   crystal 

and pressed with a pressure clamp positioned over 

the crystal/sample area to permit intimate contact 

between the material and the crystal. Spectra were 

acquired in the 4,000 – 400 cm−1 range, with  

an average of 20 scans at 2 cm-1 resolution. 

Thermogravimetric analysis (TGA) was performed 

on a Perkin-Elmer Pyris Diamond TG-DTA 

apparatus from 30 to 800 ºC under nitrogen flow 

(50 mL.min-1) at 5 ºC.min-1 heating rates. Specific 

surface area of HAp nanocrystals was determined 

by Brunauer-Emmett-Teller Analysis (BET) 

nitrogen gas adsorption method using a NOVA 

4000e analyzer (Quantachrome Instruments, 

Boynton Beach, FL). Scanning Electron 

Microscopy (SEM) analysis was carried out  

on a FEI QUANTA FEG 200 (USA) operating  

in low vacuum mode (0.60 torr) at 30 kV 

acceleration voltage, to characterize  

the morphology of HAp powders and composites. 

Before analysis, samples were mounted on a metal 

stub by means of carbon adhesive tape and coated 

with a 20 nm thick gold/palladium layer with  

a modular high-vacuum coating system Emitech 

K575X. Composite films were first soaked in liquid 

nitrogen for one minute then fractured by means  

of two tweezers with a sharp movement. Cross-

section cryofracture surfaces were observed. 

Transmission Electron Microscopy (TEM) was 

carried out on a FEI Tecnai G12 (LAB6 source) 

equipped with a FEI Eagle 4 K CCD camera (USA) 

operating with an acceleration voltage of 120 kV, 

to observe the size and shape of unmodified  

and modified HAp nanocrystals. 

 

Results and Discussion 

 
Grafting of PCL on HAp surface 

 
Grafting polymerization of ε-CL (or other lactones) 

on HAp nanocrystals initiated by hydroxyl groups 

has been widely investigated, and attempts  

to introduce on surface hydroxyl groups with 

different nucleophilicities and steric environments 

have been reported, as discussed in the 

introduction. Here, we propose a novel strategy, 

consisting of two stages. Firstly, the HAp powder 

was treated with a TEOS-APTES mixture in order 

to introduce  amine groups (also able  to initiate CL  
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Fig. 1. Reaction scheme of the grafting method: (step 1): silanization of HAp powder, (step 2): initiation of ε-caprolactone 

polymerization in the presence of modified Hap; n = degree of polymerization (adapted from Russo et al. 2014). 

 
polymerization) and increase the number  

and nucleophilicity of hydroxyl groups on  

the surface. In the second step, the graft 

polymerization of ε-caprolactone was conducted 

using the silanized HAp with Sn(Oct)2 as a catalyst.  

A summarized scheme is presented in Fig. 1. 

As described below, silanization of HAp surface 

significantly improved the anchoring efficiency  

of PCL chains. As a matter of fact, preliminary 

attempts to initiate CL polymerization using 

directly the surface hydroxyl groups of unmodified 

HAp completely failed. The low reactivity  

of hydroxyl groups directly linked to the surface 

is reasonably due to steric hindrance. 

 
FTIR characterization 
 

FTIR-ATR spectra of the unmodified and silanized 

HAp are shown in Fig. 2. The bands at 3,571  

and 629 cm−1 belong to the respective stretching, 

librational and translational modes of HO- ions 

(Meski et al. 2011). The bands of significant 

intensity at 1,085 and 1,023 cm-1 arise from ν3 

vibrational mode of the PO4
3- tetrahedral (Yala 

et al. 2013). The bands at 961 cm-1 and 563 – 599 

cm-1 correspond to ν1 and ν4 symmetric P–O 

stretching vibration of the PO4
3- ions, respectively 

(Fathi et al. 2008). The bands between 1,420 – 

1,456 cm-1 correspond to the ν3 vibrational modes 

of carbonates. The ν2 vibrational mode  

of carbonate is also detected at 875 cm-1 (Varma 

and Babu 2005). The presence of carbonates  

is explained by a substitution of part of PO4
3- ions 

by CO3
2- ions, known as B-type carbonated HAp. 

Carbonate ions are probably produced by  

the absorption of carbon dioxide, present  

at the atmosphere, by the solution of ethanol.  

The mechanism of this reaction is as follows (Yala 

et al. 2016): 

CO2 + 2H2O        H2CO3 + H2O 

H2CO3 + OH-         HCO3
- + H2O 

              HCO3
- + OH-        CO3

2- + H2O 

The silanized powder shows additional bands; 

among others, the bands around 1,100 cm-1 belong 

to the asymmetric stretching of the Si-O bound  

of the silanol groups (Russo et al. 2014). The band 

around 1,560 cm-1 is attributed to the bending 

vibration of amine groups NH2. The bands 

approximately between 2,936 – 2,865 cm-1 are 

assigned to stretching vibration of C-H. Moreover, 

the shallow band around 460 cm-1 is attributed  

to the scissoring absorption mode of Si-O-Si 

siloxane groups (Majoul et al. 2015). These results 

indicate   that   APTES    was   properly    deposited  
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Fig. 2. FTIR spectra of unmodified HAp, silanized HAp and APTES  from 400 – 1,700 cm-1 (A),  from 2,700 – 3,600 cm-1 (B). 

 
on the HAp surface. After surface polymerization 

with ε-caprolactone (Fig. 3), no new adsorption 

peaks were observed for the pure HAp, indicating 

that the hydroxyl groups present on the surface  

of pure HAp did not promote the polymerization  

of ε-caprolactone. Instead, the silanized HAp 

presents two new adsorptions bands at 1,730 cm-1 

and 1,639 cm-1 belonging respectively to the 

stretching vibration of carbonyl groups –O-C=O  

of PCL (Wang et al. 2010) and to secondary amide 

deriving from grafting of PCL on –NH2 

functionalities. The band at 1,551 cm-1 is attributed 

to a mixed vibration of N-H bending and C-N 

stretching in secondary amides. The appearing  

of amide bands accounts for formation of PCL 

initiated by amine groups rather than hydroxyl 

groups. The increase of the intensity of amide 

bands after 48 h is likely due to increase  

of the number of polymer chains rather than 

growing of already existing chains. On the 

contrary, after 72 h the carbonyl band is more 

intense with respect to the amide bands, accounting 

for growing of the pre-existing PCL grafted chains. 

 
Structural Characterization  
 

WAXS pattern of the prepared nanoparticles 

of HAp and the modified ones are shown in the 

B A 

Fig. 3. FTIR spectra of HAp and PCL-g-HAp  

at the various reaction times. 
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Fig. 4. WAXS pattern of the unmodified and modified HAp.  

Fig. 4. These latter reveal several sharp peaks at 20 

regions of 26 º, 32 – 34º, 40º, and 46 – 54º that are 

coherent  with the  crystalline nature of  HAp nano-

particles (Fathi et al. 2008). The pattern of all 

samples presents almost the same result. Neither 

position modification nor new peaks were observed 

after silanization or grafting with PCL. It means 

that the crystalline nature of HAp was preserved 

and no secondary phase was formed after surface 

modification. These results support previous 

studies on the grafting of PCL on the surface  

of HAp (Choi et al. 2006; Wang et al. 2010). 

 

Thermogravimetric Analysis 

 

Thermogravimetric analysis was performed  

to further evidence the presence of the organic 

polymeric phase on the modified HAp. For sake  

of comparison, HAp and silanized HAp were also 

analyzed. Three thermal events are observed  

(Fig. 5). The first step (up to 200 ºC) can be 

ascribed to the departure of the physisorbed water 

molecules, and is more pronounced in the case  

of silanized HAp, which exhibits a higher tendency 

to absorb water. The second one between 200  

and 400 ºC is ascribed exclusively to the removal 

of the organic phase (PCL), since no weight loss 

was detected in this range for both HAp  

and silanized HAp. The third step between 400  

and 600 ºC can be attributed to the departure  

of carbon chains like CO and CO2 or to SiO groups  

 
Fig. 5. TGA curves of pure and modified HAp. 

(Douard et al. 2010). Finally, a small loss was 

observed  between 600  and  00 ºC assigned  to the 

departure of water during structural transformation 

(Saoiabi et al. 2012). The amount of PCL grafted 

on HAp was measured directly from the TGA 

curves, since it corresponds to the weight loss [%] 

in the range 200 – 400 ºC as reported in the  

Table 1. The percentage grafting and grafting 

efficiency was determined by Eq. 1: 

      (1) 

As can be seen from Table 1, the amount of grafted 

PCL regularly increases with the reaction time.  

A relatively low PCL grafting ratio was obtained, 

with a grafting efficiency 2 %. Nevertheless,  

it must be noted the significant improvement with 

respect to unmodified HAp, which was found to be 

fully unable to initiate CL polymerization. Hence, 

the obtained results represent a general proof-of-

principle that silanization of HAp is a good tool to 

increase the number and the reactivity of surface 

hydroxyl groups, and, in addition, also to introduce 

amine functionalities.  

 
Table 1. Weight loss between 200 and 400 ºC (corresponding 

to the amount of grafted PCL) and grafting efficiency of PCL-

g-Hap at the various reaction times. 

Sample 
Weight loss 

[%] 

Grafting efficiency 

[wt. %] 

PCL-g-HAp-24 h         1.968              1.00 

PCL-g-HAp-48 h         3.396              1.75 

PCL-g-HAp-72 h         3.952              2.00 
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BET analysis 

 
Nitrogen  adsorption - desorption  isotherms  

of the unmodified HAp, PCL-g-HAp-48 h  

and PCL-g-HAp-72 h are shown in Fig. 6.  

As observed, the adsorption capacity increases 

when the relative pressure (P/Po) is higher  

than 0.85, with a hysteresis loop in the  

adsorption-desorption cycle, attributed to H3 type 

according to IUPAC recommendation (Thommes  

et al. 2015). Adsorption-desorption results indicate 

the presence of micropores. The hysteresis loop is 

probably due to an artifact.  Nitrogen adsorption-

desorption revealed a specific surface area  

of 6.68 m2.g-1 for the unmodified HAp, which is 

close to the value reported in literature for natural 

HAp (Sobczak-Kupiec et al. 2012). No significant 

variations of surface area were detected  

upon modification, proving that grafting  

of PCL on the surface did not affect the porosity  

of HAp. 

 
Fig. 6. Adsorption-desorption of nitrogen 77 [k]  

of un-modified HAp and the grafted ones. 

SEM and TEM analysis  

 

SEM  analysis   of  HAp  shows  a  porous  powder, 

 

Fig. 7. SEM and TEM 

images of unmodified HAp 

(A1, A2) and of PCL-g-

HAp-72 h (B1, B2). 

A1 A2 

B2 B1 
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Fig. 8. Fracture surface SEM images of the composite films at different magnifications: HAp/PCL 6 % (A1: ×5, 000;  

A2: ×20,000), PCL-g-HAp-48h/PCL 6 % (B1: ×5,000; B2: ×20,000), PCL-g-HAp-72 h/PCL 6 % (C1: ×5,000; C2: ×20,000).

A1 A2 

B2 B1 

C2 C1 
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consisting of agglomerates. A smooth, homogenous 

surface is observed after grafting with PCL  

(Fig. 7A1 and 7B1). This leads to assume that  

the polymer is homogeneously distributed, forming  

a coating on the surface of the inorganic phase.  

The pores are no more visible after grafting. TEM 

images shows that the HAp nanoparticles are 

composed of irregular crystals of about 91 nm  

in length and 69 nm in width (Fig. 7A2 and 7B2).  

The crystallites shape and size are not significantly 

influenced by PCL grafting, probably due to  

the low PCL content. 

The next point was to verify whether the use  

of PCL grafted-HAp in PCL based composites can 

play a role in improving dispersion and interfacial 

adhesion. Cross sections obtained by cryo-fracture 

of films of HAp/PCL and PCL-g-HAp/PCL 

composites were observed by SEM. Photos showed 

that the samples present different fracture surface 

morphology, pointing out differences  

in agglomeration and bonding to the polymer 

matrix of HAp fillers. Micrographs of the different 

composites at 6 % HAp content are reported  

in Fig. 8. The HAp fillers appear to be more 

homogenously distributed after surface 

modification, and a better incorporation within  

the polymer matrix is noted. In particular, photos  

at higher magnification clearly evidence how HAp 

fillers are completely detached from the polymeric 

matrix in the case of HAp/PCL composite  

(Fig. 8A2), whereas they are well adherent  

in the case of PCL-g-HAp/PCL composites  

(Fig. 8B2 and 8C2). This feature is more remarkable 

in PCL-g-HAp-72 h/PCL, as expected, due to  

the higher amount of grafted PCL. Moreover, HAp 

fillers appear really coated with polymer in both 

PCL-g-HAp/PCL composites. These results 

demonstrate that even a low amount of PCL 

covalently grafted on HAp surface is able to reduce 

HAp agglomeration and to keep a better interfacial 

adhesion. The trend is similar in the 3 % 

composites (photos not shown). 

 
Conclusions  
 

In the present work, a novel strategy to chemically 

graft PCL chains on HAp surface by ROP 

polymerization of ε-caprolactone is described. 

Preliminary results confirmed that the hydroxyl 

groups present on HAp surface are not effective  

to initiate graft polymerization of ε-caprolactone. 

Therefore, a pre-functionalization is necessary  

to provide reactive sites for chemically coupling 

the organic polymer. The silanization of HAp 

revealed to be an easy and essential step in this 

process; polycaprolactone was then successfully 

grafted on HAp by ring opening polymerization  

of CL. At our knowledge, this is the first example 

of combination of silanization with ROP 

polymerization of ε-caprolactone to enhance 

grafting of PCL on HAp surface. WAXS  

and FTIR-ATR analyses confirmed that the surface 

modification was held only at the surface since no 

crystalline modification was detected. Moreover, 

the grafting degree was proportional to the reaction 

time, as evidenced by TGA analysis. BET analysis 

evidenced a microporous texture of HAp,  

and no significant variations in the texture 

properties were found after grafting. Finally, 

morphological analysis by SEM of HAp/PCL  

and PCL-g-HAp/PCL composite films showed 

improved compatibility between PCL-g-HAp filler 

and PCL matrix, demonstrating that an amount  

of around 4 % by wt. of grafted PCL is enough to 

improve distribution and adhesion of the inorganic 

phase.  
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