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Abstract
Many attempts have been conducted for green synthesis of biofunctional scaffolds and implant coatings. Hydroxyapatite 
Ca5(OH)(PO4)3 (HA), is an excellent material for these purposes. HA is a major mineral component of vertebrate bones and 
teeth; it constitutes 70 wt% of human bones. This paper reports on the sustainable fabrication of HA particles in different 
morphologies including nanoplates (400 nm L and 150 nm W), and nanorods (10 nm D and 500 nm L). XRD diffractogram 
revealed highly crystalline structure. HA nanoplates were surface modified with poly(ethylene-co-AA) polymeric surfactant; 
organic modified HA nanoplates demonstrated complete change in surface properties from hydrophilic to hydrophobic. It 
demonstrated effective phase transfer from aqueous phase to organic phase, with decrease in nanoplate size to 100 nm L, 
50 nm W. Layered HA plates were further developed via surface modification with dodecanedioic acid; this approach can 
offer laminated or exfoliated plates for effective integration into bio-compatible polymers. This manuscript shaded the light 
on facile green synthesis of HA nanoparticles with controlled morphology and surface properties.
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1  Introduction

Development of man-made implant is vital to orthopaedic 
and dental applications. Recently, dental ceramics based on 
ZrO2, layered double hydroxides, magnesium phosphates, 
and hydroxyapatite (Ca5(OH)(PO4)3) (HA) were investigated 
as the major components of artificial bones, teeth, and soft 
dental tissues [1, 2]. Amongst these materials, HA is the 
main mineral component of biological hard tissues; it con-
stitutes about 70 wt% of human bones [3–5]. Different syn-
thetic methods of HA have received great attention due to its 
high bioactivity and osteo-conductive characteristics [6–9]. 
Additionally, HA was investigated as functionalized carrier 
for drug delivery, tooth and cartilage repair [10–12]. So far, 
synthetic methods such as sol–gel process, chemical pre-
cipitation, solid-state reaction, chemical vapour deposition 
cannot offer mono-dispersed particles with controlled mor-
phologies and surface properties [4, 13–15]. Hydrothermal 

synthesis offers a relatively simple route which is inher-
ently scalable and chemically much more benign than many 
other nano-production technologies [16, 17]. Hydrothermal 
synthesis is characterized by excellent reproducibility and 
micro-structure controlling [18–22]. Through hydrothermal 
synthesis, the nanoparticle surface properties can be con-
siderably altered from hydrophilic to hydrophobic by the 
proper selection of surface coating agent [21–24]. Surface 
modification was reported to have the potential to enhance 
the dispersion characteristics of inorganic nanoparticles into 
organic polymeric matrix [25–27].

This paper reports the sustainable synthesis of HA nano-
particles in different morphologies including nanoplates 
and nanorods. Surface modification of HA nanoplates was 
performed using poly(ethylene-co-acrylic acid) copolymer 
as polymeric surfactant. Poly(ethylene-co-AA) offered com-
plete change in HA surface properties from hydrophilic to 
hydrophobic, with effective phase transfer from aqueous 
phase to organic phase. Additionally, surface modification 
with dodecanedioic acid (DDA) (di-carboxylic ligand) was 
performed in an attempt to develop exfoliated HA platelets. 
This approach can offer exfoliated HA plates with constant 
inter-planer distance for integration of different bio-poly-
mers such as chitosan and collagen.
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2 � Experimental

2.1 � Materials

Precursors for HA synthesis included calcium nitrate tetra 
hydrate (Ca(NO3)2·4H2O) and ammonium phosphate diba-
sic ((NH4)2 HPO4) (Aldrich). Poly(ethylene-co-acrylic acid 
15 wt%) (Aldrich) was employed as polymeric surfactant. 
Dodecanedioic acid (Aldrich) was employed as di-carbox-
ylic ligand surfactant.

2.2 � Synthesis of HA Nanoparticles

HA was formulated using hydrothermal synthesis tech-
nique which includes instant mixing of two counter-current 
streams. The superheated solution passed down an inner 
nozzle pipe (A) against an up flow of cold precursor salt 
(B). Nanoparticles formed at the interface of the two fluids 
inside the reactor (R) (Fig. 1).

Synthesis of HA nanoplates was conducted using hydro-
thermal synthesis technique. Flow A was superheated aque-
ous solution of 0.015 M ammonium phosphate dibasic at 
300 °C and 240 bars (20 mL/min). Flow B was aqueous 
solution of 0.05 M calcium nitrate tetra hydrate (10 mL/min) 
at 25 °C and 240 bars. Nanoparticle flow stream was cooled 
down prior to collection at point (D). HA nanorods were 
developed in the manner; the pH of stream B precursor was 
adjusted to 10 using ammonium hydroxide.

2.3 � Surface Modification of HA Nanoplates

HA nanoplates was modified with poly(ethylene-co-AA) was 
performed via post-synthesis surface modification approach. 
Solution of poly(ethylene-co-AA) in toluene was injected 
(5 mL/min) at the capping point (E). Poly(ethylene-co-AA)-
HA demonstrated complete change in HA surface proper-
ties; it offered effective phase transfer from aqueous phase 
to organic phase (Fig. 2).

It is apparent that poly(ethylene-co-AA) could bind 
effectively with HA particles via covalent bonding 
between pendant carboxylic groups along the polymeric 
surfactant chain and abundant OH groups on HA surface. 
Integration of inorganic HA particles into organic poly-
meric matrix could result in poor dispersion character-
istics as there is no affinity between inorganic particles 
and organic hosting medium. Surface modification with 
poly(ethylene-co-AA) could offer enhanced compatibility 
and dispersion characteristics of HA particles in different 
bio-compatible organic polymers.

The synthesis of exfoliated HA platelets (linked 
together and separated by a constant interspacing distance) 
was investigated in an attempt to achieve HA nanocompos-
ites with fully separated platelets (individually dispersed 
or delaminated within the polymeric matrix). A dispersant 
that has the ability to anchor two platelets at the same time 
might be able to keep them separated at fixed distance. 
Synthesis of exfoliated HA nanoplates was conducted via 
online surface modification; 0.01 M DDA in ethanol was 
employed as surfactant at (5 mL/min).

2.4 � Characterization of HA Nanoparticles

TEM (Joel JEM-2100F) was employed to investigate nano-
particle size and shape. Crystalline structure was investi-
gated using XRD diffractometer D8 advance by Burker 
Corporation; the tested sample was scanned over the angle 
range 2θ from 5 to 65. FTIR (Nicolet 380 FTIR spec-
trometer) was employed to verify the attachment of the 
organic surfactant to the nanoparticle surface. The sur-
factant loading level was evaluated using TGA; the sample 
was heated from 100 to 800 °C (5 °C/min), under N2 flow 
gas at 50 mL/min.Fig. 1   Schematic for continuous hydrothermal synthesis system

Poly(ethylene-co-AA)-HA

Organic Phase

Aqueous Phase

Fig. 2   Surface properties of poly(ethylene-co-AA)-HA
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3 � Results and Discussions

3.1 � HA Nanoparticles

TEM micrographs of synthesized HA nanoplates demon-
strated high quality plates of 400 nm length and 150 nm 
width (Fig. 3). It is apparent that hydrothermal synthesis 
offered a straight forward route for fabrication of colloidal 
HA plates for biomedical applications.

HA nanorods were developed via controlled pH of the 
starting precursor. TEM micrographs demonstrated mono-
dispersed HA nanorods of 500 nm length and 10 nm diam-
eter (Fig. 4).

It is apparent that hydrothermal synthesis offered con-
trolled morphologies via controlled reaction pH. This 
route can offer relatively direct route for green synthesis of 
HA particles with controlled morphology and high crystal-
line structure. The crystalline structure of dry HA particles 
was investigated with XRD. XRD diffractogram revealed 
ten distinctive peaks that match with Joint Committee 

on Powder Diffraction Standards (JCPDS), card number 
09-0432 (Fig. 5). XRD diffractogram revealed highly crys-
talline HA particles.

3.2 � Poly(ethylene‑co‑AA)‑HA Nanoplates

HA nanoplates was surface modified with poly(ethylene-
co-AA) as polymeric surfactant; polymeric surfactant can 
enhance the compatibility and dispersion characteristic into 
bio-compatible polymers such as chitosan, collagen, and 
polyethylene glycol. The morphology of poly(ethylene-co-
AA)-HA was investigated with TEM. TEM micrographs 
demonstrated nanoplates of 100 nm L and 50 nm W (Fig. 6).

The platelet dimensions were found to decrease with sur-
face modification. This can be mainly ascribed to polymeric 
surfactant conformation at the solid–liquid interface. The 
abundant COOH groups along the polymeric chains could 
secure surfactant conformation in the form of trains (poly-
meric segments at the solid/liquid interface) (Fig. 7). This 
conformation mechanism could render any further particle 
growth.

Fig. 3   TEM micrographs of 
synthesized HA nanoplates

Fig. 4   TEM microgarphs of HA 
nanorods
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The conformation of the adsorbed polymer is a major 
controlling factor for steric barrier stability [29, 30]. The 
adsorbed polymer has three possible segments:

•	 Trains, segments at the solid–liquid interface.

•	 Loops, segments bound at both ends.
•	 Tails, segments bound at one end.

Non-interacting groups are responsible for the occurrence 
of tails and loops [29, 31]. Variation in train, loop, and tail 
length controls the adsorbed layer thickness [28]. Polymer 
conformation mechanism at the solid–liquid interface could 
hinder any further platelet growth. Poly(ethylene-co-AA)-
HA was investigated with FTIR to verify the attachment of 
the polymeric surfactant to HA surface (Fig. 8).

HA and poly(ethylene-co-AA)-HA demonstrated 
similar signature over finger print region (from about 
500 to 1500 cm−1). The difference in IR absorption of 
poly(ethylene-co-AA)-HA compared with uncoated HA 
was correlated the carboxylic group stretch (C=O and 
O–H stretch) of the attached polymer [32]. The polymeric 
surfactant loading level of poly(ethylene-co-AA)-HA was 
evaluated with TGA (Fig. 9).

TGA profiles demonstrated polymeric surfactant loading 
level of 8.6 wt%. This high surfactant loading level can be 

Fig. 5   The XRD diffractogram 
of HA

Fig. 6   TEM micrographs of 
poly(ethylene-co-AA)-HA

Fig. 7   Schematic diagram of adsorbed polymer molecule at the solid–
liquid interface [28]
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ascribed to the high affinity of the polymeric surfactant to 
anchor HA platelet surface via strong covalent bonding.

3.3 � Dodecanedioic Acid‑HA Nanoplates

Poly-carboxylate ligands are able to attack many sites 
at a time. DDA ligand can offer exfoliated HA platelets. 
TEM micrographs demonstrated DDA-HA nanoplates of 
200 nm L and 50 nm W (Fig. 10).

The synthesis of exfoliated HA platelets (linked together 
and separated by a constant interspacing distance) is essen-
tial to develop HA nanocomposites with fully separated 
platelets (individually dispersed or delaminated within the 
polymeric matrix). A dispersant which has the ability to 
anchor two platelets at the same time might have the ability 
to keep them separated at a constant distance. Figure 11 is 

a schematic for the chemical structure of layered HA plates 
via surface modification with DDA ligand.

This structure could lead to HA nanocomposites with an 
exfoliated structure similar to that of modified layered sili-
cates. Well-dispersed HA platelets into a polymeric matrix 
with polymer chains into the galleries between the parallel 
plates, might improve the mechanical properties and perfor-
mance of the developed nanocomposite. The dried powder 
was investigated with FTIR to verify the attachment of DDA 
to HA surface. Figure 12 shows the FTIR spectrum of DDA-
HA to uncoated HA.

The difference in IR absorption of DDA-HA compared 
with uncoated HA was correlated the carboxylic group stretch 
(C=O and O–H stretch) of DDA [32]. DDA-HA demonstrated 
a decrease in O–H absorption compared with uncoated HA; 
as surface OH groups could be involved into covalent bonding 

Fig. 8   FTIR spectrum of 
poly(ethylene-co-AA)-HA to 
uncoated HA particles

O-H stretch of carboxylic acids 3000–3500 cm-

C=O stretch 1670-1760 cm-1

CO2 stretch 2850 -2950 cm -1 Finger print region 

1500-500 cm-1

Fig. 9   TGA profile of 
poly(ethylene-co-AA)-HA to 
uncoated HA
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with DDA [32]. DDA loading level was determined by TGA. 
DDA loading level of 27 wt% was reported from TGA profile 
(Fig. 13).

This high surfactant loading level could be ascribed to the 
high affinity of DDA to bind to the HA surface. The DDA 
carboxylic groups could be chemically bonded as they were 
easily exposed without steric hindrance. This high surfactant 
loading level might secure HA platelets with uniform inter-
spacing distance; therefore exfoliated HA nanocomposites 
could be developed.

4 � Conclusion

HA is the major important material for biomedical applica-
tion. Sustainable fabrication of HA nanoparticles is vital for 
biofunctional scaffolds and implant coatings. HA nanopar-
ticles with consistent quality were developed in sustainable 
manner using hydrothermal synthesis technique. HA par-
ticles were developed in different morphologies including 
nanoplates and nanorods. Surface properties of HA nano-
plates were controlled via surface modification with differ-
ent organic surfactant including: polymeric surfactant and 
di-carboxylic ligand. Surface modification with polymeric 
surfactant offered complete change in surface properties 
from hydrophilic to hydrophobic. This approach can offer 
enhanced compatibility between inorganic nanoparticles 
and organic bio-polymers. Additionally surface modification 
with di-carboxylic ligand can offer exfoliated or delaminated 
HA plates into the hosting organic medium.

Fig. 10   TEM micrographs of DDA-HA nanoplates

Fig. 11   The proposed chemical structure of DDA-HA
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