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Abstract Amino-bearing polymers, coated with apatite

or similar minerals, have attracted significant attention for

their potential in medical applications. In this study, an

amino-terminated hyperbranched polybenzimidazole

(HBPBI) membrane was used as a substrate for apatite

growth. The membrane was soaked in solutions of CaCl2,

Na2HPO4 and SBF to yield an apatite coating. The struc-

ture and morphology of the layers were characterized by

FTIR-ATR, XRD and FESEM. The results indicate that the

high densities of amino, imide and imidazole groups on the

amino-terminated HBPBI membrane provide active sites

for the growth of apatite.

1 Introduction

The biological affinity and protein adsorption characteris-

tics of apatite make it a useful mineral in biology and

medicine [1]. Apatite deposited onto the surface of organic

polymers provides a potential matrix for tissue repair [1–3].

Various polymeric materials have been used as substrates

for apatite growth, including natural materials, like silk [4],

protein [5–7], and chitosan hydrogel [8]; biodegradable

materials, such as poly(e-caprolactone) (PCL) [9, 10],

polylactic-co-glycolic acid (PDLA) scaffold [11, 12], and

polyamide (PA) [13, 14]; and non-biodegradable materials,

like polyethylene (PE) [15, 16], poly(vinyl alcohol) (PVA)

[17], and poly(methylmethacrylate) (PMMA) [18]. Most of

these substrates were functionalized with negatively

charged groups, such as phosphates (–PO4H2) [19], sul-

fonic acids (–SO3H) [13], carboxylic acids (–COOH) [10,

20], and hydroxyl groups (-OH) [17], to facilitate apatite

nucleation [21, 22].

It is generally believed that polymers bearing only

amino groups are less active for apatite growth than those

bearing negatively charged groups. This has been attributed

to the protonation of amino groups in acidic CaCl2 solu-

tion, which slows the growth of apatite layers. Thus, car-

boxylic acids are usually incorporated to effectively

increase the rate of apatite nucleation.

The current study describes an alternative method of

accelerating nucleation on amino-bearing polymers. The

hyperbranched structure of an amino-terminated HBPBI

membrane provides a high density of nitrogenous func-

tional groups, including primary amine, imide and imid-

azole groups, to accelerate the rate of apatite nucleation

[23]. Additionally, the excellent mechanical properties,

thermal stability and chemical resistance [24–26] of the

amino-terminated HBPBI membrane make this apatite-

coated composite especially useful as a potential scaffold

for biomedical applications or as an absorbent for remov-

ing volatile organic compounds (VOCs) [27].

The amino-terminated HBPBI [28, 29] membrane was

prepared as previously reported. Apatite was grown on the

membrane using a two-step soaking procedure. The
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membranes were first alternatively soaked in solutions of

CaCl2 and Na2HPO4 for 15 cycles. Second, the membranes

were immersed in SBF solution. The growth of apatite on

the amino-terminated HBPBI membranes was character-

ized by FTIR-ATR, XRD and FESEM. The results indi-

cated that the amino, imide and imidazole groups of the

amino-terminated HBPBI membranes provided active sites

for apatite nucleation. In the first step of the deposition

process, the imidazole groups likely coordinated calcium

ions to induce the nucleation. In the second step, amino and

imide groups interacted with phosphate ions to facilitate

apatite formation.

2 Materials and methods

2.1 Materials

3,30-Diaminobenzidine (DAB), iso-phthalic acid (iPTA)

and 1,3,5-benzenetricarboxylic acid (BTA) were purchased

from Acros and were used without further purification.

Terephthaldehyde (TPA), phosphorous pentoxide (P2O5),

polyphosphoric acid (PPA), and dimethylsulfoxide

(DMSO) were purchased from SCRC. DMSO was distilled

under reduced pressure and dried over 4A molecular sieves

before use. Disodium hydrogen phosphate (Na2HPO4),

calcium chloride (CaCl2) and tris (hydroxymethyl) ami-

nomethane (Tris) were also purchased from SCRC.

2.2 Preparation of amino-terminated HBPBI

membranes

Amino-terminated HBPBI membranes were prepared as

described in References [28] and [29]. This synthesis

involved two stages, as shown in Scheme 1. In the first stage,

4 mmol DAB was added to 130 g PPA, containing 85%,

P2O5 under a nitrogen flow. After the DAB was completely

dissolved, 2 mmol iPTA was added in three portions. The

mixture was mechanically stirred at 150�C for 2 h. The

reaction temperature was then raised to 190�C and main-

tained for 20 h to yield the tetramine monomer. In the second

stage, the reaction mixture was allowed to cool to room

temperature, and 1 mmol BTA was added in three portions.

The mixture was mechanically stirred at 150�C for 2 h after

each addition of BTA. The reaction temperature was then

raised to 190�C and maintained for 20 h. The reaction mix-

ture was cooled to room temperature, mixed with ice water,

neutralized with ammonium hydroxide and filtered. The

solid was further extracted with 10% ammonium hydroxide

in a Soxhlet apparatus for 24 h, thoroughly washed with

deionized water, and dried under reduced pressure at 60�C

for 20 h to obtain amino-terminated HBPBI.

Amino-terminated HBPBI membranes were prepared by

casting a solution of the above polymer mixed with a

crosslinker, terephthaldehyde (TPA), into a thin membrane,

as shown in Scheme 1. The thickness of the membranes

was around 30 lm. The membranes were cut into

2 cm 9 2 cm pieces. Membranes were pretreated by

soaking in 1 mol/l hydrochloric acid at 50�C for 10 h,

followed by thorough washing with deionized distilled

water. The membranes were then soaking in deionized

water at 50�C for 48 h prior to apatite deposition.

2.3 Preparation of apatite coating on amino-terminated

HBPBI membranes

An apatite coating on the above amino-terminated HBPBI

membranes was created as shown in Scheme 2. First, the

amino-terminated HBPBI membranes were alternately

immersed in solutions of Ca (200 mM CaCl2) and P
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(120 mM Na2HPO4) for 15 cycles. A step-wise description

of this process follows:

Step 1: HBPBI membranes (2 cm 9 2 cm) were soaked

in 100 ml of aqueous CaCl2 (200 mM) (Ca solution) at

36.5�C for 30 min.

Step 2: The membranes were removed from the Ca

solution, and rinsed copiously with deionized distilled

water at 36.5�C for approximately 10 s to remove

residual Ca solution from the membrane surface. Excess

moisture was removed by blotting with filter paper.

Step 3: The membrane was then soaked in 100 ml of

aqueous Na2HPO4 (120 mM) (P solution) at 36.5�C for

30 min.

Step 4: The membrane was again rinsed and blotted as

described in Step 2.

This process was repeated for 15 times. The membranes

were then removed from solution, gently washed with

deionized distilled water and air-dried for 24 h. The

obtained samples were designated ‘‘HBPBI-15’’.

The HBPBI-15 membranes were immersed individually

in 100 ml of SBF solution refreshed every 24 h SBF

solution was prepared by dissolving reagent grade NaCl,

NaHCO3, KCl, K2HPO4�3H2O, MgCl2�6H2O, CaCl2,

Na2SO4 in deionized distilled water to yield the following

ion concentrations: Na? 142.0, K? 5.0, Mg2? 1.5, Ca2?

2.5, Cl- 103.0, HCO3- 27.0, HPO4
2- 1.0, SO4

2- 0.5 mM)

[30]. The pH of the SBF solution was buffered at 7.40 at

36.5�C by the addition of tris (hydroxymethyl) amino-

methane and an appropriate volume of hydrochloric acid.

After soaking for 7 or 30 days, membranes were removed

from the SBF solution, washed with deionized distilled

water, and dried at the room temperature for 24 h. The

resulting membranes are referred to as HBPBI-15-7 and

HBPBI-15-30, respectively.

2.4 Characterization

The chemical structure of the apatite coating was examined

by Fourier-transform infrared attenuated total internal

reflection spectroscopy (FTIR-ATR) using the multiple

reflection mode on a Nexus 670 instrument (Nicolet

Corporation, USA). The experiments were carried out at

room temperature in dry air. The apatite phase was eval-

uated by X-ray powder diffraction (XRD: D/max-2200/

PC, Japan Rigaku Corporation) using a Cu Ka source

operating at 40 kV and 50 mA. The structure of the

apatite was also analyzed with a field emission transmis-

sion electron microscope (FETEM: JEOL 2100F, JEOL

Ltd., Japan) equipped with an energy dispersive spec-

troscopy attachment (EDX: Oxford, England) operating at

200 kV. The apatite was scraped from the membrane,

dispersed in ethanol, deposited onto carbon-coated copper

grids, and dried at room temperature. Surface micro-

structures of the coated membranes were observed with an

optical microscope (POM: Leica DM LP, Leica Micro-

systems GmbH, Germany) and field emission scanning

electron microscope (FESEM; JSM-7401F, JEOL Ltd.,

Japan).

3 Results

Optical microscopy images were acquired periodically

during the soaking process to follow the changes in the

surface morphology of the amino-terminated HBPBI

membrane. Figure 1b show apatite precursors on the

otherwise smooth surface of the amino-terminated HBPBI

membranes, after 15 cycles alternate soaking. Figure 1c

and d show that further soaking in the SBF solution for 7 or

30 days, respectively, resulted in denser coverage of apa-

tite crystals.

The FESEM images in Fig. 2 show the growth of apatite

on the amino-terminated HBPBI membranes as a function

of soaking time. After several alternate soaking cycles, the

membrane surface was covered with multiple layers of the

apatite coating, consisting of complete planar sublayers and

partial flower-like top layers. The sublayers were aligned

vertically along the c axis with plate-shaped apatite crystals

assembled in a layer-by-layer manner. The small flower-

like top layers were also clustered by the plate-shaped

apatite crystals, which may serve as secondary nucleation

CaClCaCl22 200 200 mMmMCaClCaCl22 200 200 mMmM NaNa22HPOHPO44 120 120 mMmM

rinsed

rinsed

Soaking time
30 min

15 cycles

SBFSBF

rinsed

Soaking time
0, 7 or 30 days

rinsed and dried

Amino-terminated HBPBI  membrane Apatite-deposited membrane

Scheme 2 Preparation of apatite-coated amino-terminated HBPBI membranes
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sites for the formation of additional apatite during the

subsequent SBF soaking.

The FTIR-ATR spectra in Fig. 3 provide direct evidence

for the formation of apatite on the amino-terminated

HBPBI membranes. Characteristic absorption bands rela-

ted to the imidazole rings, can be observed at 1,630 cm-1

(–C=N– stretching vibration) and 1,413 cm-1 (in-plane

deformation of imidazole rings). During the soaking pro-

cess, phosphate vibration bands at 1,010–1,020 cm-1

gradually appeared, with increasing intensity. Simulta-

neously, typical absorption bands assigned to the amino-

terminated HBPBI decreased to negligible levels after the

immersion in SBF solution for 7 or 30 days. These results

indicate that calcium phosphate was coated onto the amino-

terminated HBPBI membrane. Additionally, carbonate

bands (1,411 and 873 cm-1) were observed in the FTIR-

ATR spectrum of HBPBI-15, indicating the incorporation

of carbonate ions into the apatite mineral [31]. These car-

bonates are also evident in the crystal structure of the layer

[31], which exhibited an increase in the Ca/P ratio, up to

1.96 (see Supporting Information), which is significantly

higher than the theoretical value of 1.67.

The crystal structure of the apatite coating was investi-

gated before and after the various soaking steps. The XRD

patterns in Fig. 4 show no discernable difference between

the crystal structure of the bare HBPBI membrane and

the same membrane after alternate soaking in Ca and P

solutions. Only broad peaks, between 10� and 30� were

Fig. 1 Optical micrographs showing the surface morphology of a pure HBPBI, b HBPBI-15, c HBPBI-15-7 and d HBPBI-15-30 membranes

Fig. 2 FESEM images of apatite coatings on a HBPBI-15, b HBPBI-15-7 and c HBPBI-15-30 membranes
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observed. However, electron diffraction (ED) experiments

confirmed the existence of an apatite phase, containing

small amount of amorphous calcium phosphate (ACP) and

relatively large amounts of polycrystalline apatite. The

inter-plane spacing of the diffuse diffraction rings are

characteristic of apatite, which exhibits ED rings corre-

sponding to the (002), (211) and (213) planes [32] (see

Supporting Information). After soaking in SBF solution for

7 days, XRD peaks ranging from 2h = 31.8� to 2h = 32.9�
became discernable, corresponding to the (211), (112), and

(300) faces of apatite. Prolonging the duration of SBF

soaking up to 30 days, enhanced the intensity of these

characteristic peaks and produced additional peaks, also

characteristic of apatite at 2h = 26.0� and 2h = 53.2�.

4 Discussion

The above analyses indicate the formation of a dense and

uniform apatite-like layer on amino-terminated HBPBI

membranes after alternate soaking in Ca and P solution for

15 cycles. This apatite-like layer became a stable apatite

phase by further soaking in an SBF solution. Although the

nitrogenous groups of the amino-terminated HBPBI

membranes are less active in cation adsorption than nega-

tively charged groups, such as phosphates (–PO4H2) [19],

sulfonic acids (–SO3H) [13] and carboxylic acids (–

COOH) [10, 20], an apatite layer was nevertheless created

on the membrane surface. This may be attributable to the

high density of amino, imine and imidazole groups at the

membrane surface that facilitated apatite nucleation and

growth [33].

These three nitrogenous functional groups play different

roles in apatite growth due to their different degrees of

protonation during the soaking process. The protonation of

these groups is affected by both their pKa and the pH of the

surrounding solution. Both the amino groups and imine

groups are protonated in the Ca and P solutions [34, 35]. A

large proportion (about 90%) of imidazole groups

(pKa = 6.99) are protonated in the Ca solution (pH = 6.2).

As the pH is increased to 9.3 in P solution, the imidazole

groups deprotonate [36]. Thus, in the Ca solution

(Scheme 3), only a small proportion (about 10%) of neutral

imidazole groups would be able to form coordinating

bonds with Ca2? [37] to form apatite-like precursors.

Electrostatic repulsion would prevent ionic interactions

with other protonated groups in the membrane thereby

decreasing the rate of apatite formation, relative to that on a

negatively charged surface. In the next stage of the alter-

nate soaking process, this membrane was then immersed in

P solution (Scheme 3). The protonated amino and imine

groups may then electrostatically adsorb HPO4
2-. This

interaction would simultaneously produce an apatite-like

structure with the Ca2? that had been coordinated by the

imidazole groups in the first soaking phase. The adsorbed

HPO4
2- would then electrostatically bind Ca2? in the next

cycle and so on. Thus, the different nitrogenous functional

groups each interact differently with Ca2? and HPO4
2- to

contribute to the formation of the apatite coating [21].

Apatite has the lowest solubility of all calcium phos-

phates in aqueous solution at neutral pH value [38], making

the SBF solution an ideal environment for forming stable

apatite phase. The apatite-like precursor grown on the

amino-terminated HBPBI membranes during the alternate

soaking process was transformed into a more stable apatite

phase by soaking in the SBF solution [38, 39]. This

transformation was evidenced by the increase in apatite

diffraction peak intensities in the XRD patterns (Fig. 4),

and the reduction of imidazole peak intensities in the FTIR-

ATR spectra (Fig. 3). Moreover, the thickness of the apa-

tite layers increased with increasing immersion time in the

SBF solution. Small flower-like clusters on the surface of

Scheme 3 Coating of apatite

onto amino-terminated HBPBI

membranes by an alternate

soaking process
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apatite-like layers acted as secondary nucleation sites for

further apatite growth in the SBF solution, resulting in

large globular particles on the membrane surface [38].

Additionally, the boundaries between the flower-like

clusters and globular particles may induce apatite growth

due to high stress force.

5 Conclusions

Apatite-like layers were coated onto amino-terminated

hyperbranched polybenzimidazole membranes by two dif-

ferent soaking processes. Nitrogenous functional groups

(amino, imide and imidazole groups) acted as active sites

for the growth of apatite-like layers and the high densities

of these groups facilitated apatite mineralization. The

interactions between these and Ca2? or HPO4
2- were

influenced by both their respective pKa values and the pH

of the soaking solution. Subsequent soaking in an SBF

solution helped the apatite-like precursor layers to densify

and kinetically stabilized the apatite phase.
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