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ABSTRACT

Dental resin-based composites have been used for more than 50 years. The size

and the structure of inorganic filler have a great effect on the mechanical

properties of the composite resin. In this study, novel micro-sized clusters of

hydroxyapatite nanorods (MCHN) were designed and conveniently fabricated

by spray drying combined with heat treatment. The effects of the aspect ratio of

primary hydroxyapatite nanorods (HN), suspension concentration for spray

drying and heat treatment temperature were explored. The results indicated

that HN with a lower aspect ratio of 2 (HN-2) and a heat treatment temperature

of 500 �C were beneficial to the construction of high-performance MCHN

(MCHN-2). As compared to HN-2, MCHN-2 had a further increased filling

amount by 10%. More importantly, the flexural strength, flexural modulus and

compressive strength of the composite resin were greatly improved by 36.3%,

11.4% and 56.6%, respectively. Therefore, it could be envisioned that MCHN

could have a great potential in dental restorative application.

Introduction

A huge diversity of biomaterials have attracted great

attentions due to their unique functionalities [1–3]. As

an important family of biomaterials, dental resin

composites have gradually replaced amalgams and

are considered to be versatile and reliable materials

for curing various types of dental caries because of

advantageous esthetics, acceptable biocompatibility

and convenient clinical manipulation [4–7]. They are

mainly comprised of resin matrix (including initiator,

co-initiator and inhibitors) and surface-modified

inorganic fillers [8–11]. Presently, the most significant

changes in dental resin composites are in the type

and the structure of inorganic fillers. The effects of

the size and the shape of different fillers have been
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extensively investigated [11–16]. In particular, the

filler size has always been a point of concern. Larger

particles (micro-particles) can allow higher filling

amount and then produce superior mechanical

properties, whereas difficult to polish and impossible

to retain surface smoothness. Smaller particles

(nanoparticles) can be more effectively polished and

exhibit higher wear resistance [17–19]. However,

nanoparticles have a large surface area and tend to

severe agglomeration owing to the nanosize effect,

thereby generating a stronger interaction between

filler and matrix [20]. This will result in less filler

loading, a significant increase in viscosity and the

corresponding reduced mechanical properties [21].

Although the use of hybrid fillers can bridge this gap,

an alternate strategy still needs to be developed to get

the best of both worlds. A kind of novel filler called

as ‘‘nanocluster’’ was thus designed, which was

defined as a secondary structure or aggregation with

size in the sub-micrometer or micrometer range and

composed of primary nanoparticles [6, 22, 23]. Pre-

sently, sintering process and coupling reaction have

been used to fabricate high-performance zirconia/

silica nanoclusters or silica nanoclusters for dental

resin materials [24, 25]. However, the former method

needs a high sintering temperature of 1300 �C, while

the latter has a relatively complicated synthetic pro-

cedure, including a first surface functionalization of

SiO2 nanoparticles and a subsequent coupling reac-

tion [26, 27]. Furthermore, the nanoclusters formed

with both routes have irregular shape and serious

agglomeration. Therefore, it is very necessary to

develop an efficient way for the convenient con-

struction of regular nanoclusters with good

dispersity.

The commonly used inorganic filler types have

silica (SiO2), alkaline glasses, hydroxyapatite (HA,

Ca10(PO4)6(OH)2), metal oxides [such as Al2O3, TiO2,

ZnO and ZrO2] and other compounds [28–32]. As the

main component of dental hard tissues, HA has

attracted broad attentions because of its high bio-

compatibility and bioactivity [33–35]. Presently, var-

ious shapes of HA such as spheroidal, rod-like,

whisker and fibrous particles have been used to

prepare biomimetic dental resin composites [36–38].

The related studies indicated that high-aspect-ratio

HA filler-reinforced resin composites displayed bet-

ter mechanical properties [39, 40]. To improve the

filling properties of spheroidal and low-aspect-ratio

HA nanoparticles, the concept of ‘‘nanocluster’’ can

also be introduced into HA system. Up to now, there

are no related reports on the preparation of HA

nanoclusters for dental resin composites.

Spray drying is an efficient drying method, which

is initiated by atomizing suspension or liquid into

very tiny droplets of the order of several to hundreds

of micrometers, followed by a drying process,

thereby producing solid particles [41–43]. Owing to

its simple and rapid processing, spray drying has

been widely used in the pharmaceutical industry,

food (e.g., powdered milk and animal feeds) and

material processing [44]. However, no efforts were

attempted to apply spray drying technology to fab-

ricate nanocluster fillers for dental restorative com-

posite resin. In this study, a novel route was

presented to efficiently fabricate micro-sized clusters

of hydroxyapatite nanorods (MCHN) by spray dry-

ing combined with heat treatment. The proper heat

treatment can greatly consolidate the structure of

MCHN to prevent the destruction of MCHN. The

effects of the aspect ratio of primary hydroxyapatite

nanorods (HN), suspension concentration for spray

drying and heat treatment temperature were

explored. The relationships between various factors

and the mechanical properties of the resin composites

were also investigated.

Materials and methods

Materials

Analytical reagent-grade ammonium hydrogen

phosphate ((NH4)2HPO4), urea (CO(NH2)2), ammo-

nium water (NH3�H2O), calcium nitrate tetrahydrate

(Ca(NO3)2�4H2O), propylamine (C3H9N), cyclohex-

ane (C6H12) and ethanol (C2H5OH) were bought from

Sinopharm Chemical Reagent Beijing Co. Ltd.

Bisphenol A glycerolate dimethacrylate (Bis-GMA),

triethylene glycol dimethacrylate (TEGDMA), cam-

phorquinone (CQ), 3-methacryloyl trimethoxypropy-

lsilane (c-MPS) and ethyl-4-dimethylaminobenzoate

(4-EDMAB) were obtained from Shanghai Aladdin

Bio-Chem Technology Co., Ltd. Deionized water was

obtained from a Hitech-K flow water purification

system (Shanghai Hogan Scientific Instrument Co.

Ltd., China) and used throughout the study. Four

kinds of commercially available dental resin com-

posites were purchased from Shenyang Banner

Medical Devices Co., Ltd (China) for comparative
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studies, including FiltekTM Z250 with zirconia/silica

nanoclusters as fillers (3M ESPE, USA), FiltekTM P60

with silica and zirconia as fillers (3M ESPE, USA),

NeofilTM (Kerr, Germany) and Charisma (Heraeus,

Germany) with silicate and silica as fillers. Silica

nanoparticles with a size of 80 nm were prepared by

Stöber method and used as a control for in vitro

bioactivity testing.

Preparation of micro-sized clusters
of hydroxyapatite nanorods

Primary hydroxyapatite nanorods (HN) with three

aspect ratios of 2, 15 and 38 were prepared with

different molar ratios (4:0, 2:2 and 0:4) of NH3�H2O

and CO (NH2)2 as aspect ratio modifier by a high-

gravity reactive precipitation in a rotating packed bed

(RPB) combined with hydrothermal treatment. The

corresponding HN were denoted as HN-2, HN-15

and HN-38, respectively. More preparation details

can be seen in our previous paper [45]. In a typical

preparation process of micro-sized clusters of

hydroxyapatite nanorods (MCHN), the filter cake of

HN after washing was used owing to better particle

dispersion. After hydroxyapatite content in the filter

cake was determined by analysis, the filter cake was

directly added to the corresponding amount of

deionized water to form the suspension of HN with a

solid content of 2%. Subsequently, the above sus-

pension under the stirring was pumped into the

spray drier (B-290, BUCHI Labortechnik AG,

Switzerland) with a flow rate of 7.6 mL/min. The

temperature at the nozzle was set to 120 �C. The

compressed air pressure during spray drying was

0.4 MPa. After the spray drying, the powder collected

from the outlet was further heat treated at 500 �C for

3 h. The final products were denoted as MCHN-2,

MCHN-15 and MCHN-38, respectively. The sche-

matic representation of MCHN formation is shown in

Scheme 1.

Modification of MCHN

The surface of MCHN was modified following the

method as reported [40]. 10 g of MCHN, 1 g of c-MPS

and 0.4 g of propylamine were, respectively, added

to 200 mL of cyclohexane in 1-L three-necked flask at

a room temperature. After stirring for 30 min, the

suspension was heated at 65 �C for 90 min. After-

ward, the above mixture was firstly evaporated on a

rotary evaporator at 45 �C to remove the volatile

substances and then heated at 90 �C for 1 h. Finally,

the product was dried in an oven under vacuum at

90 �C for 20 h.

Preparation of dental resin composites

The modified MCHN with different filler mass frac-

tions (20 wt%, 40 wt%, 50 wt% and 60 wt%) were

manually mixed by hand spatulation with a resin

matrix containing 49.5 wt% Bis-GMA, 49.5 wt%

diluent comonomer TEGDMA and initiators (CQ/4-

EDMAB, 0.2/0.8, wt%); after the powder was thor-

oughly wetted with the resin matrix, the composite

pastes were completely mixed into a three-roller

mixer (TR50M, Trilos Precision Equipment Co., Ltd.,

China) with a speed of 30 rpm for thorough mixing.

Afterward, the obtained composite pastes were

carefully added to the rectangular (25 mm 9 2

mm 9 2 mm) and circle-shaped (U 4 mm 9 6 mm)

silicone molds for different mechanical performance

tests covered by glass slides to prevent air-inhibited

layers. The samples were photo-polymerized with a

LED light curing (Blue light, 470 nm, SLC-VIII B

Hangzhou Sifang Medical Apparatus Co., Ltd.,

China) for 60 s on each side and then stored in a dark

environment at a room temperature for 3 days.

Finally, all the specimens were polished using a sand

paper with a grit number of 600 #.

Characterization

The surface morphologies of MCHN and fractured

composites were observed with a scanning electron

microscope (SEM) (JSM-6701F, JEOL, Japan). The

particle size of MCHA-2 was obtained based on the

measurement of over 200 particles of SEM images

with image analysis and processing software (Image-

Pro Plus 6.5, Media Cybernetics Inc., USA). The size

and the morphology of HN were characterized with a

transmission electron microscopy (TEM) (JEOL-7800,

JEOL, Japan) at an accelerating voltage of 120 kV. The

crystalline form of MCHN was detected by powder

X-ray diffraction (XRD-6000, Shimadzu, Japan)

equipped with Cu Ka radiation (k = 0.1541 nm) at

40 kV and range from 20� to 60� at a scanning rate of

5�/min. Fourier transform infrared (FTIR) data were

recorded in the range of 3500–400 cm-1 with a

Nicolet 6700 spectrometer (Nicolet Instrument Co.,

USA). Thermogravimetric (TG) analysis was
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performed on a thermogravimetric analyzer (STA-

449C, NETZSCH, Germany) from 40 to 800 �C with a

heating rate of 10 �C/min in the N2 atmosphere. The

Brunauer–Emmett–Teller (BET) specific surface area

was measured by nitrogen isothermal adsorption

equipment (QUADRASORB SI, Quadrasorb SI,

America).

The related mechanical properties of dental resin

composites containing HN or MCHN were detected

by a universal mechanical testing machine

[CMT6503, MTS Industrial Systems (China) Co.,

Ltd.]. Flexural properties were measured following

International Standard Organization (ISO) Specifica-

tion No. 4049. Six specimens with a size of

25 mm 9 2 mm 9 2 mm were prepared from each

material. The samples were bent in a universal testing

machine with a distance between the two supports of

20 mm. All bend tests were performed with a con-

stant crosshead speed of 0.75 mm/min until the

fracture occurred. Six specimens (U 4 mm 9 6 mm)

were tested in compression mode using the universal

testing machine to measure their compression

strength. The samples were loaded to broken in

compression at a crosshead speed of 0.75 mm/min.

In vitro bioactivity was investigated by evaluating

apatite forming ability of the resin composite in

simulated body fluid (SBF). Typical testing process is

as follows. Disk specimens with a diameter of 10 mm

and a thickness of 1 mm were soaked in 20 mL SBF at

37 �C for 1 d and 30 d, respectively. SBF was

renewed once a week. After the soaking finished, the

specimens were taken out and washed with deion-

ized water several times, followed by the drying in an

oven at 60 �C for 24 h. Finally, the surface morphol-

ogy and the chemical composition of the composite

resins after the soaking in SBF for 0 d, 1 d and 30 d

were analyzed by SEM equipped with an energy-

dispersive X-ray spectroscopy (EDS, Quantax, Bru-

ker, Germany).

Results and discussion

Figure 1 shows SEM images of MCHN-2 obtained by

spray drying the suspension with different solid

contents. When the solid content of the suspension

was 1% or 2%, almost all the HN-2 were constructed

to form micro-sized clusters with a spherical shape, a

size of 1–4 lm and good dispersion (Fig. 1a, b). A

higher-magnification SEM image (Fig. 1d) clearly

revealed that lots of HN-2 were tightly flocked

together to form MCHN-2, and the morphology and

size of the primary nanorods did not change appre-

ciably. However, when the solid content was further

increased to 3%, many separate HN-2 were observed,

and not constructed into MCHN-2. Furthermore, in

this case, the suspension was viscous, which easily

blocked the nozzle. So the solid content of 2% was

selected in the following study.

Figure 2 displays representative TEM images of

primary HN-2, HN-15, HN-38 and SEM images of the

corresponding as-prepared MCHN-2, MCHN-15 and

MCHN-38. Owing to the lower aspect ratio of HN-2,

the formed MCHN-2 appeared a regular spherical

structure with a tight arrangement of nanorods

(Fig. 2b). With the increase in aspect ratio of primary

nanorods from 2 to 15, although MCHN were still

well constructed, the regular degree of the corre-

sponding micro-sized spherical clusters became

worse. More interspace and some cavities were also

found on the surface of MCHN-15 (Fig. 2d). When

HN-38 with larger aspect ratio were used, only part

of nanorods were constructed into micro-sized clus-

ters. The morphology turned more irregular. More-

over, there were large amount of thicker and longer

nanorods (Fig. 2f), which were hard to form MCHN.

This is because the generated droplets from the

nozzle have a size of about several microns, which is

larger than the size of these uneasily broken nanor-

ods. Therefore, spherical or lower-aspect-ratio parti-

cles are more suitable for spray drying to build

Scheme 1 Schematic diagram

of the preparation of MCHN.
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micro-sized clusters with regular shape and good

dispersion.

To make the structure of MCHN-2 stronger for

better application, the heat treatment was used.

However, much higher heat treatment temperature is

also improper owing to the possible structure dam-

age. Figure 3 presents SEM images of MCHN-2

obtained at different heat treatment temperatures. It

could be seen there were no obvious changes in the

morphology and structure of MCHN-2 after they

were calcined at 400 �C, 500 �C and 600 �C for 3 h.

The insets further showed that the nanorods on the

surfaces of MCHN-2 almost kept unchanged. How-

ever, when heat treatment temperature was increased

to 700 �C, hydroxyapatite nanorods melted into

spheroid shapes (Fig. 3e).

Figure 4 presents XRD patterns of MCHN-2 pre-

pared at different heat treatment temperatures. All

the samples (curves a-e) had six typical diffraction

peaks at 2h = 25.9�, 31.8�, 32.8�, 46.8�, 49.5� and 53.1�,
which well confirmed to the standard card (JCPDS

NO. 74-0565). After heat treatment, the characteristic

diffraction peaks became stronger, suggesting the

improved crystallinity degree of MCHN-2 [46].

Figure 5 exhibits FTIR spectra (A) and TG curves

(B) of different MCHN samples. As shown in Fig. 5A,

the characteristic peaks bands at 1089, 1035 and

560 cm-1 could be ascribed to phosphate stretching,

indicating that these samples were crystalline

hydroxyapatite. As compared to curve a (unmodified

sample), curves b, c, d and e (modified samples) had

the characteristic peaks of carbonyl (C=O) at

1722 cm-1, deriving from the carbonyl bond in the

molecular structure of c-MPS as modifier. Further-

more, this characteristic peak obviously became

weakened from curve b to e, especially in curves d

and e. The possibly reason is because hydroxyl

groups on the surface of MCHN decreased after heat

treatment, thereby resulting in the reduced grafting

locations of c-MPS. And the specific surface area of

MCHN decreased (60.67 m2/g for MCHN-2,

44.61 m2/g for MCHN-15 and 28.38 m2/g for

MCHN-38) with the increased aspect ratio of primary

HN, leading to the decreased modification amount

on the surfaces of MCHN-15 and MCHN-38. The

accurate amounts of c-MPS chemically attached to

the surface of MCHN were further determined by TG

analysis (Fig. 5B). The small weight loss below 250 �C
could be ascribed to the decomposition of small

molecules (such as c-MPS and water molecules)

physically adsorbed on the surface of MCHN

[39, 40, 47]. Owing to the morphological change of

HCHN after heat treatment at 700 �C, the weight loss

between 250 and 700 �C was adopted to analyze and

calculate the grafting ratio of c-MPS onto the surfaces

of MCHN. In curve a (unmodified sample), the mass

loss was determined to be about 1.58%. By compar-

ison with curve a, curves b, c, d and e (modified

Figure 1 SEM images of

MCHN-2 prepared using the

suspensions with different

solid contents (a 1%; b 2%;

c 3%; d 2%, higher

magnification of MCHN-2).

The inset is particle size

distribution of MCHN-2.
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samples) had an increase in the mass loss mainly

owing to the decomposition of c-MPS grafted onto

the surface of MCHN. Table 1 gives the comparison

of the grafting ratio of c-MPS on the surfaces of dif-

ferent MCHN samples. Without heat treatment,

MCHN-2 had a highest grafting ratio of 6.57%. After

the calcination treatment, the grafting ratio of

MCHN-2 obviously decreased to 4.25%. And MHCN-

38 had the lowest grafting ratio owing to higher

aspect ratio, lower surface area and only partially

construction of MHCN.

Excellent mechanical properties of the resin com-

posites are very important in the clinic applications of

dental restoration. Figure 6 shows flexural strength,

flexural modulus and compressive strength of the

resin composites filled with 50 wt% modified

MCHN-2 obtained at different heat treatment

temperatures. Compared to the unheated MCHN-2

(0 �C), the calcined MCHN-2 endowed the compos-

ites the obviously improved mechanical properties.

With the increase in heat treatment temperature from

400 to 700 �C, the related mechanical properties

firstly increased and then decreased, reaching the

highest value at 500 �C possibly owing to the greatly

consolidated micro-/nanostructure of clusters. The

flexural strength, flexural modulus and compressive

strength of the composite resin were thus improved

by 32.6%, 19.5% and 26.2%, respectively. However,

higher treatment temperatures of 600 �C and 700 �C
would destroy the hydroxyl groups on the surface of

MCHN, thereby resulting in lower grafting ratio, the

corresponding poor compatibility and interfacial

binding between MCHN-2 and the resin.

Figure 2 TEM images of

primary HN with different

aspect ratios (a HA-2; c HA-

15; e HA-38) and SEM images

of the as-prepared MCHN

(b MCHN-2; d MCHN-15;

f MCHN-38).
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Figure 7 shows the mechanical properties of the

resin composites filled with 50 wt% MCHN-2,

MCHN-15 and MCHN-38. As the aspect ratio of the

primary HN increased, the constructed second

microstructures had the obviously decreased filling

properties. As a result, MCHN-2 exhibited the best

mechanical properties. This was because MCHN-2

had a more regular spherical morphology and more

compact cluster structure, as shown in Fig. 2. Such a

compact aggregation of nanoparticles was more

beneficial to creating an interconnected network

where the interstices were infiltrated with c-MPS,

thereby forming an interpenetrating phase composite

structure, resulting in the improved damage resis-

tance and subsequent reinforcement with the resin

matrix [48].

Figure 8 compares the mechanical properties of the

composite resins filled with HN-2 and MCHN-2. It

was obviously seen that the composite resin filled

Figure 3 SEM images of

MCHN-2 prepared at different

heat treatment temperatures

(a without heat treatment:

b 400 �C; c 500 �C;
d 600 �C; e 700 �C).

Figure 4 XRD patterns of MCHN-2 prepared at different heat

treatment temperatures (a: without heat treatment: b: 400 �C; c:
500 �C; d: 600 �C; e: 700 �C).
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with MCHN-2 had much better mechanical proper-

ties than the counterpart because of the enhancement

of the interfacial combination with the resin from

unique micro-/nanostructure of the filler, especially

in compressive strength and flexural strength [9].

When the filler content of MCHN-2 was 50 wt%,

flexural strength, flexural modulus and compressive

strength were (119.1 ± 5.2) MPa, (5760.6 ± 264.3)

MPa and (414.9 ± 12.8) MPa, having improvements

of 36.3%, 11.4% and 56.6%, respectively. Further-

more, the corresponding loading amount was also

increased by 10 wt%. HN-2 could only reach the

maximum filling amount of 50%. A continuous resin

paste was very hard to be formed when passing

through the three-roller mixer, making it difficult to

carry out the next step. For MCHN-2 filler system, the

flexural strength and the compressive strength of the

composites had a firstly rapid increase and the fol-

lowing decrease with the increased filling amount

from 0 to 60 wt%, respectively, reaching the maxi-

mum values of 119.1 MPa and 414.9 MPa at 50 wt%.

This is because excessive filling amount will hinder

and limit the movement of the particles, which affects

the light curing process and ultimately results in a

decrease in mechanical properties [49]. The similar

rule could also be found in the HN-2 filler system. In

addition, the flexural modulus continuously

increased from 1375.4 to 6283.5 MPa with increasing

filling amount 0 to 60 wt%.

Figure 9 displays representative SEM images of

cross-sectional fracture surfaces of unfilled resin and

resin composites prepared with 50 wt% MCHN-2

after three-point bending test. As shown in Fig. 9a,

the unfilled resin had a flat fracture surface, indicat-

ing little resistance of the sample to the applied force.

And the cross section had layered and brittle fracture.

In comparison, the resin filled with MCHN-2

appeared the rough fracture surfaces with numerous

curved and stretched steps (Fig. 9b, c), implying that

MCHN-2 could deflect the cracks, and the composites

had higher fracture energy than the unfilled resin [9].

Furthermore, MCHN-2 were nearly observed with-

out heat treatment (Fig. 9b), because of the easy

destruction of the weak structure of MCHN-2 when

passing through a three-roller mixer. Contrastively,

MCHN-2 with a heat treatment of 500 �C were uni-

formly and closely distributed in the resin (Fig. 9c),

completely proving that the structure of MCHN-2

had been strengthened by heat treatment. A higher-

magnification SEM image of MCHN-2 (Fig. 9d)

revealed that the mutual permeating structure was

formed in the middle of fillers and the dental matrix

[48]. This may deflect crack or dissipate the energy of

the propagating crack tip effectively.

Table 2 gives the comparison of mechanical prop-

erties of reported dental resin composites using dif-

ferent shaped hydroxyapatite as fillers. Clearly, the

mechanical properties of our product were similar to

or much higher than those of other reported

Figure 5 FTIR spectra (A) and TG curves (B) of different

samples (a: unmodified MCHN-2; b: modified MCHN-2 without

heat treatment; c: modified MCHN-2 treated at 500 �C; d:

modified MCHN-15 treated at 500 �C; e: modified MCHN-38

treated at 500 �C).

Table 1 Grafting ratios of c-MPS onto the surfaces of different

MCHN samples

MCHN sample Grafting ratio (wt%)

MCHN-2 without heat treatment 6.57

MCHN-2 treated at 500 �C 4.25

MCHN-15 treated at 500 �C 3.34

MCHN-38 treated at 500 �C 2.69
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hydroxyapatite-filled resin composites. In particular,

the highest mechanical properties were achieved at a

high filler loading content of 50 wt%, which was

important for practical application. This is because

resin composites have cytotoxic effects that can occur

because of the release of free monomers during the

Figure 6 Flexural strength

(a), flexural modulus (b) and

compressive strength (c) of the

resin composites filled with

MCHA-2 obtained at different

heat treatment temperatures.

Figure 7 Flexural strength

(a), flexural modulus (b) and

compressive strength (c) of the

resin composites filled with

MCHN-2, MCHN-15 and

MCHN-38.
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monomer–polymer conversion [51]. Therefore, once

the monomers are selected, decreasing the resin ratio

by increasing the loading amount of inorganic filler

may be the most effective way to avoid toxicity of

oral cells in contact with restorations [15]. And an

increase in the mass fraction of the filler can reduce

polymerization shrinkage, thermal expansion and

moisture absorption [52, 53]. Furthermore, we also

purchased four kinds of representative commercially

available composite resins with zirconia/silica

Figure 8 Flexural strength

(a), flexural modulus (b) and

compressive strength (c) of the

resin composites filled with

HN-2 and MCHN-2.

Figure 9 SEM images of

fracture surfaces of unfilled

resin (a), resins filled with

MCHN-2 without heat

treatment (b), MCHN-2

treated at 500 �C (c) and the

corresponding higher

magnification (d).
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nanoclusters or silica/silicate glass particles as fillers

and tested them on the same instrument for a better

comparison. The corresponding flexural strength,

flexural modulus and compressive strength are

shown in Fig. 10. Although it had the lower flexural

strength than the well-known FiltekTM Z250 filled

with zirconia/silica nanoclusters from 3M ESPE, our

product was still superior to other commercial

products from different companies including another

3M product. More importantly, according to Inter-

national Standard Organization (ISO) Specification

No. 4049, the flexural strength of dental resin com-

posite is required to reach [ 80 MPa. The flexural

strength of our product is 50% higher than the

requirement. For flexural modulus, our product was

much lower than both 3M products, while slightly

higher than other both commercial products from

Germany. Surprisingly, the compressive strength of

our product was higher or much higher than four

commercial counterparts. In addition, as compared to

silica fillers, it is commonly accepted that as the main

component of dental hard tissues, hydroxyapatite

possesses high biocompatibility and bioactivity such

as remineralization [33–35].

In vitro bioactivity is defined as the ability of a

material to form apatite layer on its surface when

soaked in SBF [54]. To better understand the differ-

ence of the bioactivity of hydroxyapatite and silica,

the resin composites filling MCHN-2 and silica

nanoparticles with a size of 80 nm were evaluated.

Figure 11 presents SEM images of the surfaces of the

resin composites filled with SiO2 nanoparticles and

MCHN-2 after the soaking in SBF for 0 d, 1 d and

30 d, and the corresponding EDS spectra after the

soaking in SBF for 30 d. It could be observed that

there was an obvious mineral precipitation on the

surface of the resin composite containing MCHN-2

filler after 1 d (Fig. 11e). After the soaking for 30 d,

the surface was covered with a denser and continu-

ous layer (Fig. 11f). In comparison, the surface of the

resin composite with SiO2 filler was only covered

with discrete particles even after 30 d (Fig. 11c),

clearly demonstrating that it had a much weaker

remineralization effect. Furthermore, EDS analysis

indicated that the main elements of the formed layer

on the surface of the resin composite containing

MCHN-2 were oxygen, calcium and phosphorus

after the soaking for 30 d (Fig. 11h). Carbon and a

small amount of silicon may come from the resin

matrix and the modifier of c-MPS. For the surface of

the resin composite containing SiO2, a small amount

of calcium and phosphorus besides the main ele-

ments of oxygen and silicon from SiO2 was also

detected (Fig. 11g), mainly owing to weak reminer-

alization in SBF. In addition, Ca/P atomic ratios were

analyzed to be about 1.50 and 1.63 for the composite

systems filled with SiO2 and MCHN-2, respectively,

which were less than the stoichiometric ratio 1.67 of

hydroxyapatite, indicating that the precipitated lay-

ers were calcium-deficient apatite [55]. The above

results demonstrated that the resin composites filled

with MCHN-2 owned a better bioactivity, and could

have the potential to improve marginal adaptation of

restoration and remineralization restoration to reduce

the occurrence of secondary caries [33, 36, 39]. In the

future, in situ studies on natural teeth will be further

needed to test whether the apatite layer can be

formed between resin composite and teeth, and its

stability under simulated wet oral surroundings.

Conclusions

In this study, a novel route was developed to effi-

ciently prepare micro-sized clusters of hydroxyap-

atite nanorods (MCHN) as designed inorganic filler

for dental resin composites by the combination of

spray drying and heat treatment. MCHN with a size

of 1–4 lm, regular shape and good dispersion could

be achieved using HN with a lower aspect ratio of 2

Table 2 Mechanical properties of reported typical dental resin composites using different shaped hydroxyapatite as fillers

Reference Morphology Filling amount (wt%) Flexural strength (MPa) Compressive strength (MPa)

Our work Cluster 50 120 410

[50] Spheroidal 62.5 95 –

[40] Whisker 48 105 223

[37] Whisker 10 124 370

[10] Urchin-like 20 119 388
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(HN-2) as primary nanoparticles and heat treatment

temperature of 500 �C. The effects of the aspect ratio

of primary HN, the heat treatment temperatures and

the filling amount on the mechanical properties of the

resin composites were further investigated. By com-

parison with MCHN-15 and MCHN-38, the resin

filled with MCHN-2 showed the best mechanical

properties. As compared to HN-2, MCHN-2 had an

increased filling amount by 10%. More importantly,

when the filling content of MCHN-2 was 50 wt%, the

flexural strength, flexural modulus and compressive

strength of the composites reached

(119.1 ± 5.2) MPa, (5760.6 ± 264.3) MPa and

(414.9 ± 12.8) MPa, respectively, realizing great

improvements of 36.3%, 11.4% and 56.6%. It could be

envisioned that this route for preparing micro-sized

Figure 10 Flexural strength

(a), flexural modulus (b) and

compressive strength (c) of the

resin composite filled with

MCHN-2 and four kinds of

commercially available resin

composites.

Figure 11 SEM images of the

surfaces of the resin

composites filled with SiO2

nanoparticles (a, b, c) and

MCHN-2 (d, e, f) after the

soaking in SBF for 0 d, 1 d

and 30 d, and the

corresponding EDS spectra

(g SiO2, h MCHN-2) after the

soaking in SBF for 30 d.

J Mater Sci (2019) 54:3878–3892 3889



clusters of nanoparticles could be expanded to the

development of other types of dental inorganic fillers.
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