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The use of polymer particles as organic templates for producing inorganic materials is an intriguing approach, 

because it offers a synthetic feasibility of organic-inorganic hybrid materials which may promise a variety of 

interesting applications. Here, inspired by mussel-adhesion phenomena in nature, we combined the use of the 

active surface of polydopamine (PDA) with biomimetic mineralization of hydroxyapatite (HAP)  to synthesize 

a novel HAP-based, organic–inorganic hybrid material. Monodisperse micro-sized polystyrene (PS) particles 

were first prepared as inert polymer templates via dispersion polymerization, which, subsequently, were 

coated with PDA through the self-polymerization of dopamine in a weakly alkaline aqueous environment 

(pH=8.5). This chemical modification activated the inert surface of PS particles to become bioactive. Thus, 

these synthesized PS/PDA composite particles were ideal templates for the biommetic mineralization of HAP 

when they were incubated in a simulated body fluid (SBF) solution in aid of the biocompatible PDA layer. 

During the PDA-assisted biomimetic mineralization, the PDA layer interacted with the mineral ions 

introduced, and anchored the mineralization of HAP exclusively onto the surfaces of the composite particles. 

The detailed structures and morphologies of HAP-based hybrid materials (PS/PDA/HAP hybrid materials) 

were characterized. These HAP-based hybrid materials did not show a significant in vitro cytotoxicity against 

HeLa cells, indicating their potential biocapacity for drug delivery, protein and gene transfer, and as coating 

materials for bioimplants or as the injectable scaffold materials in bone tissue engineering for defect filling 

and regeneration. 

Introduction 

In nature, biological organisms employ a whole range of organic-

inorganic hybrid materials with complex structures to fulfill various 

biological functions, such as mechanical support, navigation, storage, 

protection and defense.1, 2 Intrigued by these features, the mimicking 

of natural mineralization processes for advanced organic-inorganic 

hybrid materials under ambient environments has received a 

significant attention in recent years.3, 4 Among them, natural bone, 

one of the most widely studied hybrid biomaterials, originates from 

the organized mineralization of HAP (Ca10(PO4)6(OH)2) which 

spatially align the growth between collagen fibrils,5 exhibiting 

numerous unique chemical and mechanical properties for livings. 

Recently, the understanding and ultimately mimicking of such a 

hierarchical organization of bone tissue, has provided new routes for 

the fabrication of specialized organic-inorganic hybrid materials that 

possess compositional and partly structural analogies to natural 

bones.6, 7 Due to the feasibility to control polymorphism, crystal 

structure and orientation, and crystal organization, biomimetic 
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mineralization has been extensively explored to synthesize a series 

of bone-like HAP minerals.7 To obtain the artificial bone-like 

materials, a variety of organic materials (such as collagen, 

biopolymers, biodegradable synthetic polymers, organoapatites, and 

supramolecular assemblies) have been employed as organic matrixes 

for the biomimetic mineralization of HAP.7-10 Moreover, extensive 

studies have been performed in search of an optimal environment for 

the synthesis of biologically relevant inorganic materials via a 

controllable assembly. In general, the compatibility or adhesion at 

the interfaces between inorganic components and organic matrixes is 

crucial for a successful formation of organic-inorganic hybrid 

materials.11 Unlike the natural organic materials, such as collagen, 

osteonectin and sialoprotein, which can nucleate and align to  HAP 

crystals, thus forming overall shapes with cell-adhesive moieties,12 

many current synthetic materials are bio-inertness and lack of 

interfacial bioactivity, which are the significant hurdles for the 

subsequent fabrication of organic-inorganic hybrid biomaterials. 

Therefore, the development of a simple and universal way towards 

the construct of biointerfaces is eagerly required to integrate the 

natural inorganic crystals (e.g. HAP) into those synthetic materials, 

which may finally lead to a new generation of hybrid biomaterials. 

Mussels, which are underwater fouling organisms, enable to 

achieve a long-lasting adhesion in a wet environment by attaching to 

any natural or synthetic substrates based on the proteins secreted in 

their byssus. 13 Inspired by the mussel-adhesion phenomena in nature, 

a universal modification of a surface has been reported, in which the 

self-polymerization of dopamine produces a thin surface-adherent 

PDA coating onto various surfaces. Thanks to their rich amount of 

active catechol and amine groups, these PDA coatings can be served 

as a universal adherent platform for various secondary surface-

mediated reactions.14, 15 Up to now, this mussel-inspired PDA-based 

surface modification has been widely applied to various fields, such 

as biomimetic mineralization, surface-initiated polymerization, 

surface decoration and functionalization of nanomaterials.16, 17 More 

importantly, due to their excellent adhesive versatility with organic 

and inorganic materials, PDA coatings provide a simple, yet 

universal way for the construction of biointerfaces, through which 

natural inorganic components (e.g. HAP,18, 19 silica, 20 and metal 

nanoparticles. 21, 22) can be readily integrated into diverse synthetic 

materials. Hence, this PDA-assisted biomimetic mineralization 

approach presents a new paradigm to create novel organic-inorganic 

hybrid materials. 

Herein, we combined mussel-inspired surface chemistry with 

active biomimetic mineralization to explore a simple and efficient 

approach for the synthesis of HAP-based, novel organic-inorganic 

hybrid materials, which could be promising for biomedical 

applications. In this approach, monodisperse micron-sized PS 

particles were first prepared via dispersion polymerization. PS 

particles were chosen as the synthetic polymer templates mainly 

because of their unique advantageous features, such as, their easily 

tunable size, shape and monodispersity, diverse and controllable 

surface group, inert and stable in aqueous phase, and commercial 

availability.23-25 Moreover, they  hold a great promise 

for biomedical applications, for instance, cell culture, biomarker, and 

tissue engineering.26-31 Considering the bio-inertness and lack of 

interfacial bioactivity of the pristine PS particles made from 

dispersion polymerization, their surface functionality is vital for the 

HAP mineralization. It has been shown that mussel-inspired PDA 

coatings were excellent bio-platform which can easily be decorated 

onto the surface of pristine PS particles upon the self-polymerization 

of dopamine in a weakly alkaline aqueous environment.20, 21 After 

decoration with a thin PDA coating, the surface of PS/PDA 

composite particles offered a good site for in-situ mineralization of 

HAP in a physiological condition (simulated body fluid SBF 

solution), forming PS/PDA/HAP hybrid materials. Thanks for 

mussel-inspired PDA-based surface modification, these PDA 

coatings can also construct the bioactive interfaces on a wide variety 

of synthetic and bio-inertness materials, not only PS particles.14 Thus, 

this PDA-assisted biomimetic mineralization can readily integrate 

HAP into diverse synthetic materials, which presents a powerful 

approach to fabricate  HAP-based, novel organic-inorganic hybrid 

materials regardless of type and shape of substrate materials.18 In 

addition, the biocompatibility of these HAP-based hybrid materials 

was evaluated using the Cell Counting Kit-8 assay. They did not 

show a significant in vitro cytotoxicity against HeLa cells. Therefore, 

these PS/PDA/HAP hybrid materials may potentially useful in drug 

delivery, protein and gene transfer, and as coating materials for 

bioimplants or as injectable scaffold materials in bone tissue 

engineering for defect filling and regeneration. 
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Experimental section 

Materials 

3-Hydroxytyramine hydrochloride (Dopamine hydrochloride), 

Tris(hydroxymethyl) aminomethane (Trizma®base, ≥99.8%), and 

Polyvinylpyrrolidone (PVP, MW=40,000 g/mol) were purchased 

from Sigma-Aldrich and used as received. 2,2’-

azobisisobutyronitrile (AIBN) was purchased from Shanghai 

Chemical Reagent Co., Ltd. (China) and purified by recrystallization 

in ethanol prior to use. Styrene (St) was also purchased from 

Shanghai Chemical Reagent Co., Ltd.  (China) and was distilled in 

vacuum to remove the inhibitor, and then, was stored at 4 oC until 

use. Other chemical reagents and solvents used in this work were all 

of analytical grade and purchased from Sinopharm Chemical 

Reagent Co., Ltd (China) and used without further purification. 

Ultrapure water (>17 МΩcm-1) obtained from a GZY-P10 water 

system was used throughout the experiments. 

Preparation of monodisperse PS/ PDA composite particles 

First, monodisperse PS particles were used as polymeric templates 

for the fabrication of composite particles, which were prepared via 

dispersion polymerization according to previous works.20, 21, 32 In 

detail, all of St (20.0 g), PVP (1.8 g), AIBN (0.2 g), ethanol (60.4 g) 

and water (7.6 g) were added into a 250 mL four-necked round-

bottomed flask equipped with a mechanical stirrer, a thermometer 

with a temperature controller, a N2 inlet, an Allihn condenser and a 

heating mantle. The reaction solution was deoxygenated by bubbling 

nitrogen at room temperature for ca. 1 h. Then, the reaction solution 

was heated to 70 oC, and allowed the dispersion polymerization to 

carry out for 24 h under a constant stirring at a rate of 100 rpm. After 

the completion of the reaction, the dispersion was centrifuged and 

washed three times with ethanol. Finally, PS particles were dried in a 

vacuum oven at room temperature for 24 h, and stored in air for 

further use. 

The process for the preparation of PS/PDA composite particles 

was described as follows: 20, 21 First, dopamine solution (2 mg/mL) 

was prepared by dissolving dopamine (200 mg) in the Tris–HCl 

buffer (100 mL, 10 mM and pH = 8.5). Then, the dried PS powder 

(0.1 g) was dispersed into as-prepared dopamine solution aided by 

sonication. The obtained suspension was kept magnetically stirring 

at room temperature for 36 h to allow the coating complete. The 

obtained PS/PDA composite particles were separated with a 

centrifuge, and rinsed three times with deionized water. These core-

shell PS/PDA composite particles were dried in a vacuum oven 24 h 

at room temperature. 

Biomimetic mineralization of HAP on PS/PDA composite 

particles 

In this study, the simulated body fluid (SBF) solution was prepared 

according to Kokubo's work.33 To accelerate the HAP-coating 

process, the solution with an ionic concentration of 1.5 times higher 

than SBF was used in the formation of HAP.18, 34 The composition of 

1.5×SBF was listed as follows: Na+, 213.0 mM; K+, 7.5 mM; Mg2+, 

2.25 mM; Ca2+, 3.75 mM; Cl-, 221.7 mM; HCO3
-, 6.3 mM; HPO4

2-, 

1.5 mM; SO4
2-, 0.75 mM.  For the biomimetic mineralization of 

HAP, the as-synthesized PS/PDA composite particles (0.1 g) were 

immersed into 100 mL of 1.5×SBF solution in a polyethylene beaker, 

and the mixture was incubated at 37 oC for 3, 7 and 10 days. The 

1.5×SBF solution was replaced daily to ensure adequate ions present 

for the mineral growth. After each soaking period, the PS/PDA/HAP 

hybrid materials were collected from the 1.5×SBF solution and 

rinsed thoroughly with pure water for three times, and were then 

dried in the vacuum oven at room temperature for 24 h.  

In addition, the pristine PS particles incubated in a 1.5×SBF 

solution at 37 oC over pre-determined time periods were used as 

controls. 

Cell culture 

HeLa cells (Human cervix adenocarcinoma cell line, bought from 

ATCC) were chosen as test cells, and cultured in Dulbecco’s 

Modified Eagle Medium (Biological Industries, Co. Ltd.) 

supplemented with 10% fetal bovine serum (Biological Industries, 

Co. Ltd.) and Penicillin-Streptomycin solution (100 U/mL, 100 

µg/mL, Gibco) at 37 °C in a humidified atmosphere of 5% CO2 .
27 

In vitro cytotoxicity and cell viability evaluation 

Cell viability was determined by using the Cell Counting Kit-8 assay 

(CCK-8, Dojindo, Japan).35 HeLa cells were seeded in 96-well plates 

with a density of 2 ×103 cells per well in a standard growth medium 

and cultured at 37 oC for 24 h in a humidified atmosphere with 5% 

CO2 prior to the exposure to above materials. Subsequently, HeLa 

cells were incubated in the growth medium containing different 

concentrations (50, 100, 150 and 200 µg/mL) of PS/PDA/HAP 

hybrid materials for various incubation time. Meanwhile, the wells 

only containing cell medium were prepared as the controls (Mock 

groups). At the end of the treatment, CCK-8 dye was added to each 

well and the plates were incubated for another 1 h at 37 oC. 
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Subsequently, the absorbance of each well was measured through 

single wavelength spectrophotometry at 450 nm with a microplate 

reader. The experimental results were averaged by three 

measurements. 

Cell morphology evaluation 

For cell morphology evaluation, HeLa cells with different treatments 

were seeded in six-well plates with a density of 2×105 cells per well, 

and were cultured for different incubation time in the 

aforementioned environment, respectively. The plates were observed 

with an inverted phase contrast microscope (Zeiss Axiovert 10, Carl 

Zeiss MicroImaging Co. Ltd). 

Statistical analysis 

All experiments were repeated at least three times, thus, data were 

reported as the mean ± SD. Statistical analyses were performed by 

using one-way ANOVA (*P < 0.05; **P < 0.01). All statistical 

evaluations were performed with SPSS 11.0 software (SPSS Inc., 

Chicago, IL, USA). 

Characterization 

The surface morphologies of PS particles, PS/PDA composite 

particles and PS/PDA/HAP hybrid materials were characterized by 

Scanning electron microscopy (SEM, Hitachi S-4800, Hitachi, Ltd. 

Japan). All sample dispersions were first diluted with ethanol and 

then dried on silica wafers at room temperature before observation. 

The average diameters of PS particles and PS/PDA composite 

particles can be calculated based on the measurement of more than 

100 particles from SEM images. The polydispersity (PD) was 

calculated based on the standard deviation expressed as follows: 36, 37 
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where D  represents the number-average diameter of the particles, N 

the number of the particles, and Ni the number of the particle has 

diameter Di, respectively. PD is calculated based on the standard 

deviation (σ) and D  of the system. 

Energy-dispersive X-ray spectroscopy (EDX) was conducted on a 

Hitachi S-4800 SEM to determine the surface composition of HAP 

minerals on PS/PDA composite particles. 

Transmission electron microscopy (TEM, JEOL JEM-2100, Japan) 

was used to observe the morphologies and internal structures of 

obtained samples (PS particles, PS/PDA composite particles and 

PS/PDA/HAP hybrid materials). All samples were diluted with 

ethanol and then ultrasonicated at 25 oC for 10 min. The particle 

dispersions were dried onto the carbon-coated copper grids prior to 

examination. 

Fourier-transform infrared spectra (FTIR) of PS particles and 

PS/PDA composite particles were recorded on a Transform Infrared 

Spectroscope (EQUINX55, Brucher Crop, Germany). All samples 

were centrifuged and washed with absolute ethanol, and then, dried 

in a vacuum oven for 24 h. The sample powders were pressed into 

KBr pellets for the measurement. The spectra were taken from 4000 

to 500 cm-1. 

Powder X-ray diffraction (XRD) was performed on a DX-2700 X-

ray diffractometer equipped with a Cu tube and a diffracted beam 

curved graphite monochromator operating at 40 kV and 30 mA. 

Crystal structure identification was carried out by scanning the 

PS/PDA/HAP powders deposited on a glass substrate with a 

scanning rate of 0.02º (2θ) per second in the range of 10º and 80º 

(2θ). 

X-ray photoelectron spectroscopy (XPS) measurement was carried 

out on an AXIS Ultra X-ray photoelectron spectrometer (Kratos 

Analytical Ltd. U.K.) equipped with a monochromatized Al Kα X-

ray source (1486.6 eV). All binding energies were calibrated by 

using containment carbon (C1s = 284.6 eV). 

Thermogravimetric analysis (TGA) was performed on a SDT 

Q600 (TA Instruments. U.S.A.). All dried samples (PS particles, 

PS/PDA composite particles and PS/PDA/HAP hybrid materials) 

were heated from 40 to 800 oC at a heating rate of 10 oC/min under a 

nitrogen flow with a rate of 50 mL/min. The weight percentage of 

HAP minerals (CHAP) deposited on PS/PDA particles can be 

calculated as follows:38  

  	����[%] = (1 − ���/���/���/���/���) × 100                (4) 

where CLPS/PDA/HAP and CLPS/PDA are the weight loss percentage of 

PS/PDA/HAP and PS/PDA systems, respectively. 
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Results and discussion 

Surface Modification of PS Particles with Mussel-inspired PDA 

Coatings 

During the last decade, polymeric particles have been intensively 

exploited as active templates for controlled crystallization of 

inorganic materials, leading to a series of organic-inorganic hybrid 

materials suitable for a broad spectrum of applications.39, 40 In 

particular, PS particles have been well-exploited as ideal templates 

for the fabrication of composites or hollow spheres at a massive 

scale because of their unique advantageous features, such as 

commercially available, monodisperse, size tunable, diverse surface 

groups, bio-inert and etc. 21, 32, 41, 42 Thus, here, monodisperse PS 

particles synthesized via dispersion polymerization 32 were chosen as 

the polymeric templates. As shown in Fig. 1a, the SEM image 

confirmed that the original PS particles were fairly uniform both in 

size and spherical shape with an average diameter of 1.48 µm and a 

polydispersity of 1.65% (see Fig. 1c). In addition, the surface of PS 

particles was smooth which provides an ideal site for the subsequent 

surface modification.20 

Due to their surface bio-inertness, these as-synthesized PS 

particles are difficult to integrate inorganic components onto their 

surfaces, as a result to further construct novel organic-inorganic 

hybrid materials is difficult. Nevertheless, mussel-inspired PDA 

coatings can solve this problem, specifically, making surface bio-

active. In a basic environment, dopamine tends to self-polymerize, 

gradually forming an adherent PDA coating on the surface of PS 

particles, which would further lead to core-shell structured PS/PDA 

composite particles at room temperature. The morphology of 

PS/PDA composite particles has been examined by SEM as shown 

in Fig. 1b. In comparison with pristine PS particles in Fig. 1a, the 

mussel-inspired PDA coatings did not have a significant influence 

on the spherical shape of PS particles because the PDA shells were 

homogeneously deposited on the surfaces, which could efficiently 

hinder the formation of odd structures.43 After coating with PDA, 

both the average size and the surface roughness of the particles were 

increased. The average diameter of PS/PDA composite particles was 

1.65 µm (see Fig. 1d) growing from 1.48 µm of PS template particles, 

suggesting that a thin PDA layer with a thickness of 85 nm has 

successfully coated on the PS particles. Moreover, the polydispersity 

of PS/PDA composite particles was retained around 3%, further 

verifying the homogeneous PDA coatings have been formed. 

Moreover, it is worthwhile pointing out that the abundant active 

catechol and amine groups presented on the PDA coatings facilitate 

a versatile platform for secondary surface-mediated reactions.20, 21, 44 

 

Fig.1 (a, b) Scanning electron microscopy (SEM) images and (c, d) 

their corresponding size distribution histograms and theoretic fittings 

of (a) original PS particles and (b) PS/PDA composite particles, 

respectively. X-ray photoelectron spectroscopy (XPS) scans of (e) 

original PS particles in (a) and (f) PS/PDA composite particles in (b). 

 

In addition, XPS is a powerful tool employed to analyze the 

surface chemical composition variation between PS and PS/PDA 

composite particles. Before coating, a strong carbon (C1s) signal as 

well as the weak characteristic signals of oxygen (O1s) and nitrogen 

(N1s) was observed in a wide scanning XPS spectrum (see Fig. 1e). 

The appearance of O1s and N1s peaks at a relatively low intensity 

was attributed to those “auxiliary” agents, such as PVP stabilizer and 

AIBN initiator introduced during dispersion polymerization.20, 

21After coating, both the intensities of O1s and N1s peaks were 

greatly enhanced, as shown in Fig. 1f. It was also found that the 

surface O/C mole ratio of PS/PDA composite particles was higher in 

comparison with that of PS particles, which may be ascribed to the 

rich of oxygen gradient in PDA. These XPS results again confirmed 

that the PDA coatings had been successfully incorporated onto the 

surfaces of PS particles. 
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Fig.2 Fourier-transform IR (FTIR) spectra of (a) PS particles and (b) 

PS/PDA composite particles with their characteristic absorption 

peaks. 

 

Further, the thin PDA coating formed on the surface of PS 

particles was also confirmed by Fourier-transform infrared spectra 

(FTIR). Before the surface modification, the typical absorption 

bands including the C-H stretching of the benzene ring at ca. 3025 

cm−1, the C-H stretching of saturated C-H groups of PS main-chain 

at the region of 2923–2840 cm−1, the C-C stretching of the benzene 

ring at ca.1450 cm−1 and ca. 1601 cm−1, the C-H bending of the 

benzene ring at ca. 755 cm−1 and the benzene ring folding appearing 

at ca. 698 cm−1, have been clearly detected (see Fig. 2a).20 After 

coating, a new absorbance band at 1290 cm-1 appeared which was 

ascribed to the phenolic C–OH stretching vibration of the PDA (see 

Fig. 2b).20, 21 Combined with previous SEM and XPS results, the 

formation of core-shell structured PS/PDA composite particles can 

be certainly concluded. These formed PDA coatings can serve as an 

active layer, endowing PS particles with a good surface functionality 

and interfacial bioactivity through their abundant active catechol and 

amine groups, which also facilitate PS/PDA composite particles as 

an active substrate for the following biomimetic mineralization of 

HAP under physiological conditions. 

Biomimetic mineralization of HAP on PS/PDA composite 

particles 

Biomimetic mineralization of HAP was induced by soaking PS/PDA 

composite particles into a simulated body fluid (SBF) solution 

designed with an ionic concentration approximate to that of human 

blood plasma. The detailed preparation process of the PS/PDA/HAP 

hybrid materials has been illustrated in Scheme 1. As illustrated, 

PDA-coated PS particles were prepared by immersing PS particles 

into a weakly alkaline aqueous solution of dopamine, and 

subsequently, as-formed PS/PDA composite particles were 

transferred and incubated in a 1.5×SBF solution for biomimetic 

mineralization. During mineralization, those catecholamine moieties 

that were abundant in PDA were responsible for the nucleation of 

HAP by concentrating Ca2+ ions at the interface through electrostatic 

interactions. The HAP was formed  by co-precipitation of calcium 

and phosphate ions.18, 45 Ultimately, the organic-inorganic 

PS/PDA/HAP hybrid materials were obtained through this so-called 

PDA-assisted biomimetic mineralization. 

 

Scheme 1 Schematic diagram illustrating formation of 

PS/PDA/HAP hybrid materials through PDA-assisted biomimetic 

mineralization. 

 

In the TEM images, the great changes on the surface morphology 

of composite particles were observed after the incubation of PS/PDA 

composite particles in the 1.5×SBF solution (see Fig. 3). After 3 

days incubation, some inorganic mineralized clusters partly covering 

on the surfaces of PS/PDA composite particles were illustrated as 

shown in Fig. 3b, indicating that PDA coatings could assist 

inorganic HAP minerals binding onto the surfaces of polymeric 

template particles. To firmly confirm the key role of PDA coatings 

during the biomimetic mineralization, the incubation of pristine PS 

particles in the 1.5×SBF solution was also carried out. After 3 days 

incubation, no inorganic mineralized clusters coating was observed, 

solely leaving PS particles in the 1.5×SBF solution (see Fig.S1 in 

ESI). It is evidenced that pristine PS particles are surface inert and 

difficult to induce HAP mineralization without the assistance from 
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PDA coatings. Moreover, as the incubation time increased to 7 days, 

it was observed that the surface of PS/PDA composite particles was 

completely covered with the inorganic mineralized clusters (see Fig. 

3c). A further increase of incubation to 10 days led to a thicker layer 

of inorganic minerals, and a more aggregated system, as shown in 

Fig. 3d. In the magnified TEM images, they clearly show that the 

inorganic mineralized clusters compose of a stack of small plate-like 

materials, which were similar to the dominant morphology of nature 

bones (see Fig.S2 in ESI). The morphology evolution of the particles 

was also monitored by SEM as shown in Fig.S3, which are 

consistent with the TEM results in Fig. 3. These results suggested 

that PDA layers played a vital role in this biomimetic mineralization. 

 

 

Fig.3 Transmission electron microscopy (TEM) images of 

PS/PDA composite particles (a) and the resulting PS/PDA/HAP 

hybrid biocomposites after the incubation of PS/PDA 

composite particles in the 1.5×SBF solutions for (b) 3; (c) 7; 

and (d) 10 days, respectively. 

 

We also applied multiple analytical tools to characterize the 

structure variation of biocomposites. Scanning electron microscopy 

(SEM) analysis further indicates that the coverage degree of the 

inorganic mineralized clusters on the surfaces of PS/PDA composite 

particles was increased with increasing the incubation time (see Fig. 

4a, d and g). As revealed by Fig. 4b, e and h, the inorganic 

mineralized clusters formed have a plate-like structure which is a 

typical form of HAP crystals. By using energy dispersive X-ray 

(EDX), the elemental composition of the obtained materials can be 

investigated. Before the mineralization, the strong C and Si signal 

peaks accompanying with the weak characteristic signals of O and N 

peaks were observed in the EDX data of PS/PDA composite 

particles. The appearance of Si peak was attributed to silica wafers 

used as the substrates (see Fig.S4 in ESI). After the mineralization, 

the significant Ca and P peaks were observed, which were 

contributed from the inorganic HAP minerals (see Fig. 4c, f and i). 

Moreover, the calcium-to-phosphorus (Ca/P) ratio of inorganic 

mineralized clusters was shown between 1.43 and 1.56,  a slightly 

lower than the theoretical ratio of HAP (Ca/P=1.67) 34. According to 

literatures 46, 47, human biological apatite crystals are always made of 

the calcium-deficient HAP nanoparticles, which usually contain a 

few percent of carbonate, acid phosphate, sodium, and magnesium 

ions because of the continuous contact with a flow of trace ions 34, 48. 

In this regard, the HAP minerals formed with PS/PDA composite 

particles have a lower Ca/P ratio than pure HAP, and the chemical 

composition is close to human biological apatite, thus, they are 

probably appropriate for bioimplants and bone tissue regeneration 

applications. 

Similarly, the surface chemical information of the as-produced 

PS/PDA/HAP hybrid materials was examined with XPS as well. As 

discussed previously, the XPS spectrum of PS/PDA composite 

particles only exhibited C1s, N1s, and O1s peaks (see Fig. 1f) from 

PDA layer, while, after mineralization, some new peaks emerged 

(see Fig. 5a), which were the characteristic patterns of calcium 

element (Ca1s, Ca2s, Ca3s, Ca2p and Ca3p) and phosphorus 

element (P2s and P2p). It was also found that the atomic 

concentrations of both calcium and phosphorus increased with 

increasing the incubation time. Evidently, increasing mineralization 

time induced more HAP minerals crystallization on the surface of 

PS/PDA composite particles, which was in good agreement with the 

TEM and SEM results. 
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Fig.4 Scanning electron microscopy (SEM) images and the 

corresponding energy dispersive X-ray (EDX) spectra of the 

resulting PS/PDA/HAP hybrid biocomposites after incubation of 

PS/PDA composite particles in 1.5×SBF solution for (a-c) 3; (d-f) 7; 

and (g-i) 10 days, respectively. 

 

Fig. 5b displayed the XRD patterns of the as-synthesized 

PS/PDA/HAP hybrid materials. The characteristic peaks at 25.98°, 

28.90°, 31.80°, 39.88°, 46.88° and 49.54° correspond to the 

reflections of (002), (210), (211), (310), (222) and (213) of HAP 

crystals, respectively. Moreover, the XRD spectra also indicated that 

the peak intensities of HAP minerals increased with the increasing 

mineralization time. It should be noted that the broadness of the 

peaks in the XRD spectra of PS/PDA/HAP hybrid materials was due 

to the combined effect of the nanocrystalline nature of HAP and the 

amorphous phase of PDA.34 The as-synthesized HAP was the 

bonelike HAP minerals rather than octacalcium phosphate, which 

was structurally similar to HAP.18 

 

Fig.5 (a) X-ray photoelectron spectroscopy (XPS) scans and (b) X-

ray diffraction (XRD) patterns of the as-produced PS/PDA/HAP 

hybrid biocomposites after incubation of PS/PDA composite 

particles in 1.5×SBF solution for different time: 3, 7 and 10 days. 

 

To quantitatively determine how much HAP minerals have been 

deposited onto the surfaces of PS/PDA composite particles, 

thermogravimetric analysis (TGA) was used. As the results shown in 

Fig. 6a, the pure PS particles started to loss their weight at around 

300oC and the complete decomposition took place at the 

temperatures above 430 oC. On the contrary, it was found that those 

PS/PDA composite particles started to decompose up to 350 oC, and 

36.81% of the residue was still preserved after the temperature 

increased to 450 oC. This was attributed to the protection of PDA 

coatings effectively against the pyrolysis of PS cores. When the 

calcination temperature was finally increased to 800 oC, still 23.71% 

of the residue was left over, which demonstrated that the thermal 

stability of polymeric template particles had been significantly 
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improved after PDA coating. After coating with HAP, the weight 

percent of the residue was increased as the results shown in Fig. 6c-e. 

It was also found that the weight percentage of residue increased 

with increasing the incubation time in 1.5×SBF solution. The 

residual content increased from 40.43 to 60.43 and further to 67.83% 

after incubating for 3, 7, and 10 days, respectively. Thus, the 

calculated weight fractions of HAP minerals were 21.92, 48.13 and 

57.83%, corresponding to the incubation increased from 3, 7 to 10 

days.  

Based on the results and discussion above, we are able to conclude 

that PDA coatings can efficiently assist the biomimetic 

mineralization of HAP under physiological conditions, leading to 

HAP -based, organic–inorganic hybrid materials. In principle, the 

chemical activation of material surfaces via PDA coatings is a 

convenient and environmental friendly approach, which also 

introduce the abundance active catechol and amine groups onto the 

surfaces.13, 14, 16 Therefore, PDA coatings may offer a versatile 

platform, through which a variety of natural inorganic components 

(e.g. HAP, silica, and metal nanoparticles) can be readily integrated 

into diverse synthetic materials for developing the advanced 

biomaterials. 

 

Fig.6 Thermogravimetric analysis (TGA) curves of (a) PS particles, 

(b) PS/PDA composite particles and (c-e) the as-produced 

PS/PDA/HAP hybrid materials after incubation of PS/PDA 

composite particles in 1.5×SBF solution for (c) 3; (d) 7; and (e) 10 

days, respectively. 

 

In vitro cytotoxicity and cell viability evaluation 

To consider the PS/PDA/HAP hybrid materials as potential 

biomaterials for future biomedical applications, the biocompatibility 

of the produced HAP-based materials should be evaluated first, 

which is one of the primary concerns in the use of these HAP-based 

materials in biological and medical fields.49, 50 To investigate the 

biocompatibility, HeLa cells (Human cervix adenocarcinoma cell 

line) were used as test cells in the presence of PS/PDA/HAP hybrid 

materials. The PS/PDA/HAP hybrid materials produced after 

incubation of PS/PDA composite particles in 1.5×SBF solution for 

10 days were chosen as a typical sample for the following in vitro 

cytotoxicity and cell viability evaluation. 

 

Fig.7 Inverted phase contrast microscope inspection of HeLa cells in 

culture media containing different concentrations of PS/PDA/HAP 

hybrid materials after incubation of 24 h: (a) the untreated control 

group (mock group), (b) 50, (c) 100, (d) 150, and (e) 200 µg/mL. 

 

Fig.8 Inverted phase contrast microscope inspection of HeLa cells in 

culture media containing different concentrations of PS/PDA/HAP 

hybrid materials after incubation of 48 h: (a) the untreated control 

group (mock group), (b) 50, (c) 100, (d) 150, and (e) 200 µg/mL. 

 

Fig. 7a-e and Fig. 8a-e showed the cellular morphologies of HeLa 

cells in culture media as a function of PS/PDA/HAP hybrid 

materials concentration and culture time. In comparison with the 

untreated controls (mock groups, Fig. 7a and Fig. 8a), the 

morphology of HeLa cells has not been obviously affected by those 

PS/PDA/HAP hybrid materials, even with a high concentration of 

PS/PDA/HAP hybrid materials (e.g. 200 µg/mL) over a long 
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incubation time (e.g. 48 h). The cell viability was evaluated by using 

the Cell Counting Kit-8 (CCK-8) assay. We added the solutions of 

PS/PDA/HAP hybrid materials to the culture media at different 

concentrations (e.g. 50, 100, 150, and 200 µg/mL) to investigate the 

effects of the amount of HAP-based hybrid materials. Comparing 

with control samples in Fig. 7a and 8a, the presence of 

PS/PDA/HAP hybrid materials proliferated the growth of HeLa cells 

as shown in Fig. 7 and 8, which was also confirmed by the results 

shown in Fig. 9a and b, indicating that the as-prepared PS/PDA/HAP 

hybrid materials had a reasonably good biocompatibility. Thus, it 

paves the possible avenues towards the in vivo biomedical 

application of these PS/PDA/HAP hybrid materials for bioimplants 

and bone tissue regeneration. 

 

Fig.9 In vitro cytotoxicity (CCK-8 assay) of PS/PDA/HAP hybrid 

materials against HeLa cells after incubation at 37 oC for (a) 24 h 

and (b) 48h, respectively. Data are presented as means ± standard 

deviation, n = 3 (*P < 0.05 and **P < 0.01, respectively). 

 

Conclusions 

In summary, we present a simple and efficient approach for the 

synthesis of HAP-based, novel organic–inorganic hybrid 

materials with the help of combining the active surface of PDA 

with biomimetic mineralization. In this procedure, mussel-

inspired PDA coatings were responsible for the chemical 

functionalization of surficial inert PS particles, forming active 

polymer particle templates for effective biomimetic 

mineralization of HAP when incubated in SBF solution. 

Through the PDA-assisted HAP mineralization, the HAP 

minerals were effectively integrated onto polymer particle 

templates as a result of novel HAP-based hybrid materials. 

These HAP minerals showed a similar crystal structure to that 

of human biological apatite. In vitro cytotoxicity assays 

indicated that these HAP-based hybrid materials showed a good 

biocompatibility with HeLa cells. Based on these advantages, 

we believe these HAP-based hybrid materials are promising 

potential candidates in drug delivery, protein and gene transfer, 

and use as coating materials for bioimplants or injectable 

scaffold materials in bone tissue engineering for defect filling 

and regeneration. 
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