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Abstract

Nanoparticle-assembled hydroxyapatite (HA) hollow microspheres have a high

surface area and are convenient to handle, owing to their characteristic structure.

In this study we characterized the protein adsorption of HA hollow microspheres

prepared from CaCl2 and K2HPO4 by a water-in-oil-in-water (W/O/W) emulsion

method assisted by two surfactants: Span 80 and Tween 20. The HA hollow

microspheres adsorbed bovine serum albumin, bovine g-globulin, equine skeletal

muscle myoglobin, and chicken egg white lysozyme in 10 mM sodium

phosphate buffer (pH 6.8) in a Langmuir-type adsorption and desorbed the

proteins in 800 mM sodium phosphate buffer (pH 6.8). The maximum adsorbed

amounts of the HA hollow microspheres were 7.5e9.0 times higher than those

of the microrods with a similar size range. The composite membranes of the HA

microspheres and the poly(L-lactic acid) (PLLA) microporous membranes

exhibited a high adsorption capacity for g-globulin.
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1. Introduction

Hydroxyapatite (HA) is the major inorganic solid component in bones, and has

high affinity with various proteins including collagen, which composes the bones

using this inorganic component [1]. HA has phosphate cites whose negative

charge interacts with amino groups of proteins and calcium cites whose positive

charge does with carboxyl groups of them. Thus, various proteins are adsorbed

on HA and HA has been used as one of the major adsorbents in protein chroma-

tography [2]. Many types of HA materials are prepared for bone repair materials

and adsorbents [3, 4]. HA particles, some of which are sintered to form HA

blocks, can be synthesized from calcium and phosphate ions. Various types of

HA particles, with different size and shape, have been synthesized under various

conditions [5, 6]. Amongst them, nanoparticle-assembled hollow microspheres

provide advantages to adsorbents because they have higher specific areas for

adsorption in comparison with simple microspheres and are more convenient to

handle in comparison with nanoparticles [5, 7, 8]. Hollow HA microspheres can

be synthesized using various methods including spray drying [9], solvothermal/hy-

drothermal synthesis [6, 10, 11], conversion CaCO3 microspheres [12, 13, 14] and

Li2O-CaO-B2O3 [15,16], and assembly approaches with organic/inorganic mate-

rials. In assembly approaches, surfactants [17, 18], amino acids [19], polymers

[20, 21, 22], and yeast cells [23] have been used to form hollow microspherical

structures.

In this study, we applied nanoparticle-assembled hollow HA microspheres prepared

by a water-in-oil-in-water (W/O/W) emulsion method [17] to the adsorption of

various proteins. The W/O/W emulsion method is a facile technique that can be

executed using very common apparatus. Because the morphology of the product

is based on the inner aqueous phase droplets, it can be controlled at the primary

emulsification stage with various surfactants [24]. Two different kinds of surfactants

are used for the formation of W/O/W emulsion. Lipophilic surfactants, e.g. Span 80

(hydrophilic-lipophilic balance (HLB) value: 4.3) [25,26], and hydrophilic surfac-

tants, e.g. Tween 20 (HLB value: 16.7) [25,27], stabilize W/O and O/W emulsions,

respectively. Calcium ions in the outer aqueous phase diffuse through the oil phase

to the interface between the oil phase and the inner aqueous phase, where they react

to produce HA nanocrystals and consequently to form microspheres (Fig. 1 (a)) [17].

The adsorption characteristics of the hollow HA microspheres by the W/O/W emul-

sion method were compared with those of commercially available microrod-type HA

crystals. Additionally, the microspheres were integrated into a microporous mem-

brane and the composite membrane was used to recover the proteins.
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Fig. 1. Interfacial synthesis (a) and SEM (b) and TEM (c, d) images of HA hollow microspheres.

Fig. 1(e) is the original figure of Fig. 1(b) before cropping and tuning of the sharpness (þ70%).
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2. Materials and methods

2.1. Materials

Cyclohexane, CaCl2, K2HPO4, and KOH were purchased from Wako Pure Chemi-

cal Industries and were of analytical grade. The three types of surfactants, namely,

Span 80 (sorbitan monooleate), Tween 20 (polyoxyethylene (20) sorbitan monolau-

rate), and Tween 80 (polyoxyethylene (20) sorbitan monooleate) (a hydrophilic sur-

factant, HLB value: 15) [25], were reagent grade products of Wako Pure Chemical

Industries. Commercially available HA (Apatite HAP, monoclinic, Wako Pure
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Chemical Industries) was used as the HA microrods, for comparison. KBr for

infrared (IR) analysis was purchased from Wako Pure Chemical Industries. Four

proteins, namely, bovine serum albumin (A3059), bovine g-globulin (G5009),

equine skeletal muscle myoglobin (M0630), and chicken egg white lysozyme

(L6876), were obtained from Sigma-Aldrich. Poly(L-lactic acid) (PLLA) was a

gift from Toyota Motor Corp. The PLLA properties included the weight average mo-

lecular weight: 1.22�105 (Mw/Mn¼ 3.0), optical purity: 98.5%, melting point: 174.0
�C, and glass transition temperature: 59.7 �C. Analytical grade 1,4-dioxane was pur-
chased from Wako Pure Chemical Industries. All chemicals were used without

further purification.
2.2. Preparation of HA hollow microspheres

The HA hollow microspheres were synthesized by a modified interfacial reaction in

a W/O/W emulsion [17]. The inner aqueous phase was prepared by adjusting the pH

of a 0.30 M K2HPO4 solution to 12 with KOH flakes. Cyclohexane was used as the

oil phase where Span 80 was dissolved at 5.0% as a stabilizer for the interface be-

tween the inner aqueous and oil phases. The outer aqueous phase included 0.50

M of CaCl2 and 0.50% of Tween 20 as the stabilizer for the interface between the

oil and outer aqueous phases. To prepare a W/O emulsion, 40.5 mL of the inner

aqueous phase and 94.5 mL of the oil phase were mixed and agitated for 5 min at

12,000 rpm using a homogenizer. Then, the emulsion was poured into 315 mL of

the outer aqueous phase in a 500-mL separable flask equipped with a 40-mm six-

bladed disk turbine-type impeller and four baffles. The HA synthesis in the W/O/

W emulsion was conducted at 50 �C and 300 rpm for 24 h. The reaction product

was washed with cyclohexane, acetone, and water in sequence, collected with centri-

fugation, and then freeze-dried to remove the water.
2.3. Preparation of PLLA membranes

Asymmetric PLLA membranes were prepared using a previously reported

nonsolvent-induced phase separation method [28]. In this study, a solution of 3.75

g PLLA, 6.95 g of Tween 80, and 45.25 g of 1,4-dixoxane was cast on a 0.5 mm-

deep mold of glass and polytetrafluoroethylene. Then, the solution in the mold

was immersed into a water bath. The formed membrane was extensively washed

with water.
2.4. Preparation of HA-PLLA composite membranes

HA-PLLA composite membranes were prepared by filtering the suspensions of the

HA hollow microspheres with asymmetric PLLA membranes from their rough sides.

A 25-mm circular PLLA membrane was set on a dead-end filtration cell (amicon
on.2019.e01490
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8010, 4.1 cm2, Merck Millipore) without its stirring assembly. A suspension of 20

mg HA microspheres in 50 mL of 10 mM sodium phosphate buffer (pH 6.8) was

filtered at a speed of 3 mL/h with a peristaltic pump (SMP-1, EYELA). The compos-

ite membrane formed after approximately 20 h of filtration.
2.5. Characterization of HA hollow microspheres

The crystalline phase of the HA hollow microspheres was identified by X-ray pow-

der diffraction (XRD) with the CuKa irradiation of an X-ray diffractometer (RINT

2500HR/PC, Rigaku). Fourier transform IR (FTIR) absorption spectroscopy was

performed using the KBr method (IRAffinity-1S, Shimadzu). The specific surface

area of the microspheres was measured with a surface area and porosity analyzer

(Tristar II 3020, Micromeritics). The morphology of the microspheres was observed

mainly by scanning electron microscopy (SEM; JCM-6000, JEOL, and TM-1000,

Hitachi) after sputter coating with Au-Pd (MSP-1S, Vacuum Device). The wet filtra-

tion cakes of the HA microspheres in the PLLA membrane fractured after being

frozen in liquid nitrogen to observe the internal structure of the microspheres.

When measuring the size of the microspheres a drop of suspension in methanol

was placed on a glass coverslip, and the dispersion medium was evaporated at

room temperature. Then, the microspheres and coverslip were coated with Au-Pd.

Transmittance electron microscopy (TEM) images of the microspheres on a micro

grid (STEM 150 Cu Grid with carbon film, Okenshoji) were taken at 200 kV with

JEM-2010 (JEOL).
2.6. Observation of HA-PLLA composite membranes

A wet HA-PLLA composite membrane was fractured after freezing in liquid nitro-

gen. The membrane was coated with carbon using a carbon coater (CC-50, Shi-

madzu). The cross-section of the membrane was observed by scanning electron

microscopy with energy dispersive X-ray spectroscopy (EDS; JCM-6000 with

JED-2300, JEOL).
2.7. Protein adsorption/desorption experiments

In the batch adsorption experiments, the protein solutions were prepared in the range

of 100e5000 mg/mL in 10 mM sodium phosphate buffer (pH 6.8). Twenty milli-

grams of HA hollow microspheres or HA microrods were suspended in the protein

solutions at 0e4 �C. The volume of the protein solutions (1e40 mL) was varied such

that the adsorption ratio became 5e95% after preliminary experiments with solu-

tions of 1 mL. The protein was adsorbed in the HA microspheres for 2 h by shaking

the suspension every 30 min. The supernatant was recovered after centrifugation was

applied for 5 min. The protein concentration was measured using the bicinchoninic
on.2019.e01490

by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2019.e01490
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 https://doi.org/10.1016/j.heliy

2405-8440/� 2019 Published

(http://creativecommons.org/li

Article Nowe01490
acid method (BCA Protein Assay Kit, Thermo Scientific) with the used protein in the

same buffer to produce a calibration curve. If necessary, the supernatant was diluted

with the same buffer.

In the desorption experiments, 800 mM sodium phosphate buffer (pH 6.8) was used

as the eluent. The protein-adsorbed HA hollow microspheres or HA microrods were

suspended in the buffer at 0e4 �C. Protein desorption was performed for 2 h by

shaking the suspension every 30 min. The supernatant was recovered after centrifu-

gation was performed for 5 min, and the protein concentration was measured using

the BCA method as described above.

In the protein adsorption experiments with an HA-PLLA composite membrane, 10

mL of 50 mg/mL protein solution in 10 mM sodium phosphate buffer (pH 6.8) was

circulated through the membrane on a filtration cell with a peristaltic pump for 2 h at

room temperature. The solution was recovered; then, the membrane was washed

with 1 mL of 10 mM sodium phosphate buffer (pH 6.8). The elution was performed

by circulating 1 mL of 800 mM sodium phosphate through the membrane for 2 h (1st

desorption). Then, another 1 mL of the same buffer was circulated for 2 h (2nd

desorption). The protein concentrations were measured using the BCA method as

described above.
3. Results and discussion

3.1. Synthesis and characterization of HA hollow microspheres

In this study, the HA hollow microspheres were synthesized with CaCl2 and

K2HPO4, whereas they were synthesized with Ca(NO3)2 and K2HPO4 in a previous

study [17]. The advantage of our present approach is the elimination of risk with re-

gard to NO3
e contamination in the product. Approximately 20� 200 nm rod-shaped

nanoparticles were synthesized radially on the interface between the inner aqueous

and oil phases to form the shell structure (Fig. 1(a)). The shell structure was

confirmed by SEM and TEM images. The SEM image (Fig. 1(b)) shows the hollows

of the microspheres, which were trapped in a membrane after filtration of their sus-

pension followed by cracking in liquid nitrogen. The cracked hollow microspheres

could not be observed by TEM. However, the TEM images in Figs. 1(c) and (d)

show the shells of the microspheres in their round edges. Note that the microspheres

larger than 1 mm were difficult to observed at the magnification of 20000 and 60000

by TEM. The syntheses of inorganic hollow microspheres and microcapsules by W/

O/W interfacial reaction have been reported in similar conditions. In addition to HA

microspheres, silica hollow microspheres are synthesized in water/hexane/water

emulsions with Span 80 and Tween 80 [29]. The authors think that the hollow micro-

sphere of hydroxyapatite in the present study was also synthesized in W/O/W
on.2019.e01490
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emulsion although the microdroplets (probably around 1 mm in size) of the inner wa-

ter in oil phase could not be observed by optical microscopy.

The crystalline phase of the nanoparticles was identified byXRD (Fig. 2). The diffrac-

tion lines of the synthesized hollow microspheres approximately coincided with the

HA standard [30, 31] and commercially available HA microrods, although the peaks

were broad and some of them overlapped to form broader peaks. The peak broad-

ening is attributed to the size of the HA nanocrystals in the hollow microsphere

[17]. The full width at half maximum of peaks are known to be inversely proportional

to crystalline sizes as shown by the Scherrer formula [32] although we did not calcu-

late the crystalline sizes because of the overlapping of the peaks. Fig. 3 shows the IR

spectra. The bands at 561, 602, 961, 1032, and 1090 cm�1 were assigned to PO4
3e. A

small shoulder of OHe existed at approximately 630 cm�1 [30,33]. The IR spectrum

of the hollow microsphere coincided with that of the commercially available HA mi-

crorods and that of the HA hollow microspheres reported by a previous study [17].

Note that the bands at 874, 1416, at 1547 cm�1 suggests that the HA microrods

were carbonate-incorporated apatite [34]. The deposition of carbonate ions may

have occurred in the manufacturing because the IR spectrum of HA microrods was

measured with the samples from a freshly opened bottle. The data presented in

Figs. 1, 2, and 3 demonstrate that the HA hollow microspheres can be prepared

with CaCl2 and K2HPO4 using the W/O/W emulsion method.

Fig. 4 shows the SEM images of the HA hollow microspheres and microrods. The

size and specific area of the HA hollow microspheres and microrods are summarized

in Table 1. Both particles had a size of approximately one micrometer and could thus

be easily recovered by centrifugation at a low centrifugal acceleration (typically
10 20 30 40 50 60 70

In
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Fig. 2. XRD patterns of the synthesized HA hollow microspheres (a), commercially available HA micro-

rods (b), and HA standard data (ICDD 9e432) (c).
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Fig. 3. FTIR spectra of HA hollow microspheres (a) and HA microrods (b).

Fig. 4. SEM images of HA hollow microspheres (a) and HA microrods (b).

Table 1. Size and specific surface area of HA hollow microspheres and

microrods.

Samples HA hollow microspheres HA microrods

Long axis: 1.28 � 0.36

Diameter [mm] 1.34 � 0.29 Short axis: 0.31 � 0.06

(n ¼ 1000) (n ¼ 100)

BET surface area [m2/g] 150.30 � 0.22 7.13 � 0.03

Calculated surface area from
diameter and axes [m2/g]*

1.42** 4.58***

*Density of HA ¼ 3.16 g/cm3.
**Calculated as smooth solid spheres with a diameter of 1.34 mm.
***Calculated as cylinders with a length of 1.28 mm and a diameter of 0.31 mm.
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2000�g). Moreover, the specific surface area of the HA hollow microspheres

measured experimentally by the N2 adsorption was two orders higher than that

calculated from the average diameter and density of the HA (3.16 g/cm3) [31,35]

with the assumption of solid (not hollow) particles. The high specific area of the

HA hollow microspheres is attributed to the nanoparticle-assembled structure.

Note that the measured specific area of the HA microrods was comparable with

the calculated value.
3.2. Adsorption and desorption of bovine serum albumin and
bovine g-globulin on HA hollow microspheres

HA is used for the adsorption of various biomacromolecules including proteins and

nucleic acids. Proteins are typically adsorbed in 1e10 mM sodium (or potassium)

phosphate buffer at pH 6e7 and recovered by a 200e500 mM phosphate buffer

at the same pH. Some of the additives in the buffer, e.g., NaCl, CaCl2, and poly

(ethylene glycol), improve the elution of the adsorbed proteins [2, 36, 37, 38, 39,

40]. In this study 10 mM and 800 mM sodium phosphate buffers at pH 6.8 were

used in the adsorption and desorption (elution) of the proteins, respectively. Fig. 5

shows the dependence of the adsorption and desorption of bovine serum albumin

and bovine g-globulin on the hollow microspheres and microrods of HA. The 20

mg of the hollow microspheres almost completely adsorbed the protein in 1 mL

of 10 mM sodium phosphate buffer (pH 6.8) when the concentration was 1 mg/

mL or lower. The amounts of bovine serum albumin adsorbed on the HA microrods

were one third or less of those adsorbed on the HA hollow microspheres. The

adsorption of bovine g-globulin on both adsorbents was higher than that of bovine

serum albumin at high initial protein concentrations. The adsorbed proteins were

desorbed from both HA particles by 800 mM sodium phosphate buffer (pH 6.8).

In the experiments shown in Fig. 5(a), the amounts of adsorbed proteins were not

sufficiently accurate when the adsorption ratio was low. The low accuracy is attrib-

uted to the calculation, wherein the adsorbed amounts are calculated by subtracting

the residual amount of proteins from the initial amount in the solution. Thus, some

amounts of desorbed proteins were higher than the amounts of adsorbed proteins,

particularly in the adsorption and desorption of bovine serum albumin on the micro-

rods. Regardless of the above experimental limitation, the 800 mM phosphate buffer

was found to be an effective eluent for desorbing the proteins adsorbed on both the

HA hollow microspheres and the HA microrods.
3.3. Adsorption isotherms of HA hollow microspheres for
different proteins

Fig. 6 shows the adsorption isotherms of the HA hollow microspheres for bovine

serum albumin, bovine g-globulin, equine skeletal muscle myoglobin, and chicken
on.2019.e01490
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Fig. 5. Dependence of protein adsorption (ad) and desorption (de) on HA hollow microspheres (HM)

and microrods (MR) on initial protein concentration: (a) bovine serum albumin and (b) bovine g-glob-

ulin. In this experiment, the mass of HAs and the volume of the protein solutions were 20 mg and 1 mL,

respectively.
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egg white lysozyme in 10 mM sodium phosphate buffer (pH 6.8). The isotherms of

the HA microrods are also shown for comparison. The concentration and volume of

the protein solutions were changed in the experiments so that the protein adsorption

ratios were 5e95%. The reason of the change in volume is that the residual protein

concentrations after adsorption were too low to determine at the initial concentra-

tions lower than 1 mg/mL when the solution volume was 1 mL (Fig. 5). The charges

of the four proteins were different at pH 6.8 because of their different isoelectric
on.2019.e01490

by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2019.e01490
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 6. Protein adsorption on HA hollow microspheres (HM) and microrods (MR). Protein concentra-

tions are those after adsorption. Lines (HM cal and MR cal) show Langmuir type adsorption isotherms

fitted to each experimental data (HM exp and MR exp): (a) bovine serum albumin, (b) bovine g-globulin,

(c) equine skeletal muscle myoglobin, and (d) chicken egg white lysozyme. Note that the lines in

Fig. 6(d) are calculated from the experimental data at C < 0.5 mg/mL.
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points (Table 2). However, the negative (bovine serum albumin), nearly neutral

(bovine g-globulin and equine skeletal muscle myoglobin), and positive (chicken

egg white lysozyme) were adsorbed on both the hollow microspheres and the micro-

rods (Fig. 6). This is attributed to the fact that the surfaces of the HA crystals have

positive (Ca2þ) and negative (PO4
3-, OH�) sites, although the ratio of the sites de-

pends on the crystalline face [55]. The adsorption of proteins with different charges

on the HA surfaces at neutral pH is shown in Fig. 7.

The adsorption behaviors of the four proteins on both of the hollow microspheres

and microrods of HA approximately exhibited Langmuir type isotherms, where

the molecules were adsorbed on the adsorbent in a monolayer at a maximum, as

follows:

q¼ qmkC
1þ kC

ð1Þ
on.2019.e01490
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Table 2. Protein properties and Langmuir parameters for adsorption of proteins

on HA hollow microspheres and microrods.

Proteins HA hollow microspheres HA microrods

Bovine serum albumin
(m.w. ¼ 66.4 kDa,a) qm ¼ 148 mg/g-HA qm ¼ 19 mg/g-HA

14.1 � 4.2 � 4.2 nm,b) K ¼ 1.7 mL/mg k ¼ 2.5 mL/mg

pI ¼ 4.7e4.9,c) (r ¼ 0.98) (r ¼ 0.96)

nm,theor ¼ 2.5 mg/m2.d)) nm ¼ 0.98 mg/m2 nm ¼ 2.7 mg/m2

Bovine g-globulin
(m.w. ¼ 163 &150 kDa*,e) qm ¼ 199 mg/g-HA qm ¼ 22 mg/g-HA

23.5 � 4.4 � 4.4 nmy,f) k ¼ 5.5 mL/mg k ¼ 8.6 mL/mg

pI ¼ 5.5e6.8 & 7.5e8.3*,g) (r ¼ 0.99) (r ¼ 0.96)

nm,theor ¼ 2.0e5.5 mg/m2.h)) nm ¼ 1.32 mg/m2 nm ¼ 3.1 mg/m2

Equine skeletal muscle myoglobin
(m.w. ¼ 17.6 kDa,i) qm ¼ 158 mg/g-HA qm ¼ 21 mg/g-HA

4.5 � 3.5 � 2.5 nmz,j) k ¼ 4.4 mL/mg k ¼ 9.6 mL/mg

pI ¼ 7.3,k) (r ¼ 1.00) (r ¼ 1.00)

nm,theor ¼ 2.4 mg/m2.l)) nm ¼ 1.05 mg/m2 nm ¼ 3.0 mg/m2

Chicken egg white lysozyme
(m.w. ¼ 14.3 kDa,m) qm ¼ 56 mg/g-HA{ qm ¼ 7.0 mg/g-HA{
4.5 � 3.0 � 3.0 nm,j) k ¼ 35.0 mL/mg{ k ¼ 33.4 mL/mg{
pI ¼ 11.35,n) (r ¼ 1.00) { (r ¼ 0.91) {
nm,theor ¼ 2.0 mg/m2.d)) nm ¼ 0.37 mg/m2{ nm ¼ 1.0 mg/m2{
qm: maximum adsorption capacity; k: equilibrium constant.
r: correlation coefficient for the C/q-C plots.
nm: maximum adsorption capacity per BET surface area.
nm,theor: theoretical values of nm in the literature.
*Values of bovine IgG1 and IgG2, respectively.
yValues of human g-globulin.
zValues of sperm whale myoglobin.
{The values were calculated from experimental data at C < 0.5 mg/mL.

Data source: a) Hirayama et al., 1990 [41]; b) Wright and Thompson, 1975 [42]; c) Malamud and
Drysdale, 1978 [43]; d) Kandori et al., 2002 [44]; e) Butler, 1969 [45]; f) Oncley et al., 1947 [46]; g)
Josephson et al., 1972 [47]; h) Buijs et al., 1995 [48]; i) Katta and Chait, 1991 [49]; j) Bodo et al., 1959
[50]; k) Radola, 1973 [51]; l) Kandori, 2000 [52]; m) Canfield, 1963 [53]; n) Wetter et al., 1951 [54].

Fig. 7. Adsorption of acidic (pI < 5) (a), neutral (pIz 7) (b), and basic (pI > 9) (c) proteins on hydroxy-

apatite at neutral pH.
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where q is the adsorbate mass per adsorbent mass, C is the equilibrium concentra-

tion of the adsorbate, qm is the maximum adsorption capacity, and k is the affinity

parameter. The C/q-C plot(s) and the method of least squares were used to calculate

qm and k with Eq. (2).

C
q
¼ 1
qm

Cþ 1
qmk

ð2Þ

The calculated values of qm and k are summarized in Table 2, where the molecular

weights (m.w.) and isoelectric points (pI) previously reported in the literature are

also shown. The q calculated using Eq. (1) with qm, k, and C, is represented by

the solid and broken curves shown in Fig. 6. The calculated curves fit well with

the experimental values. The maximum adsorption capacities qm of the HA hollow

microspheres were 7.5e9.0 times higher than those of the HA microrods for the cor-

responding proteins. Conversely, the adsorption capacities per the BET surface area

(nm) of the HA hollow microspheres were lower than those of the HA microrods.

This is attributed to the nanoparticle-assembled structure of the HA hollow micro-

spheres; there existed surfaces where small nitrogen molecules were adsorbed but

much larger protein molecules were not on the surface of the nanoparticles, as shown

in Fig. 8. This observation is in agreement with the results presented by Kandori
Fig. 8. Adsorption of N2 (a, b; in measurement of BET surface area) and proteins (c, d) on HA microrod

(a, c) and nanorod-assembled microparticle (b, d).
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et al. [56], who reported that the value of nm decreases as the surface area of a single

HA particle decreases. Note that the maximum adsorption capacities of the HA mi-

crorods are comparable with the theoretical values (nm,theor) previously reported in

the literature (Table 2), because the microrods have plain surface areas that are

much larger than those of the proteins adsorbed on the crystal surface (Fig. 4(b)

and Table 1). On the other hand, the equilibrium constants k of the HA hollow mi-

crospheres for the four proteins are comparable with those of the HA microrods for

the corresponding proteins. The values of k express the affinities of the HA surfaces

with the proteins. Note that the affinities of the ac and ab crystal faces (a- and c-

planes) of the HA toward proteins are different [56, 57, 58]. The Ca-rich and posi-

tively charged ac crystal face (a-plane) preferentially adsorbs negative proteins,

while the P-rich and negatively charged ab crystal face (c-plane) preferentially ad-

sorbs positive proteins. Additionally, the protein charges were different owing to

the number and location of the charged amino acid residues in the proteins, and

the pH in the adsorption experiments. Thus, the analysis regarding the dependence

of the k values on the HA crystals and proteins is difficult. However, the comparable

k values of the HA hollow microspheres and HA microrods for each protein at pH

6.8 in 10 mM sodium phosphate buffer suggest that the area ratios of the ac and ab

crystal surfaces (a- and c-planes) are comparable for the two adsorbents. This would

be attributed to the similar shape between the nanoparticles in the HA hollow micro-

spheres (Fig. 1) and the microparticles of commercially available HA (Fig. 4(b)),

although both rod-shaped particles had different size.
3.4. Protein adsorption/desorption by HA-PLLA composite
membranes

The hollow HA microspheres were integrated into a microporous membrane for the

adsorbent in membrane chromatography. In the integration carried out in this study, a

PLLA porous membrane with open finger-like pores was used as the membrane. The

membrane structure becomes suitable for the facile composition of the microspheres

and porous membrane by filtering a suspension of the microspheres [28, 59]. Fig. 9

shows the cross-section of the composite membrane. The open finger-like pores had

the HA microspheres (Figs. 9(a) and (f)). Elemental analysis by EDS also found the

Ca and P atoms of the HA in the pores (Figs. 9(e, g), and (h)). HA microspheres were

not observed in the closed pores (Figs. 9(b, c, d)). The integrated volume was esti-

mated as approximately half of the membrane (Fig. 9(a)). We used this composite

membrane for membrane chromatography, although the volume would be enhanced

by the improvement of the membrane structure.

Fig. 10 shows the adsorption and desorption of the bovine serum albumin and

bovine g-globulin on the HA-PLLA composite membranes. The bovine g-glob-

ulin (50 mg/mL) in 10 mL of 10 mM sodium phosphate buffer (pH 6.8) was
on.2019.e01490
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mapping, (d) elemental analysis of PLLA part, (e) calcium-mapping, (f) magnified view of a HA part, (g)
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adsorbed on the membrane completely, whereas only 17% of the bovine serum

albumin was adsorbed on the membrane under the same conditions. The difference

is attributed to the higher affinity parameter (equilibrium constant) k of HA for the

bovine g-globulin although the maximum adsorption capacities qm of both

phosphorus-mapping, (h) elemental analysis of HA part.
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proteins are comparable (Table 2). After washing with 1 mL of 10 mM sodium

phosphate buffer, the adsorbed proteins were recovered with 2 mL (1 mL � 2)

of 800 mM sodium phosphate buffer. The adsorbed g-globulin was recovered

by 66%, whereas the adsorbed bovine serum albumin was recovered by 96%.

The g-globulin with a high equilibrium constant to the HA hollow microsphere

was concentrated 3.3 times (¼ (10 mL/2 mL)�(66/100)) by the HA-PLLA com-

posite membrane. However, in future work, the recovery should be enhanced by

improving the preparation of the composite membranes and the adsorption and

elution conditions [37, 38].
4. Conclusions

The nanoparticle-assembled HA hollow microspheres synthesized from CaCl2 and

K2HPO4 by a W/O/W emulsion method had 7.5e9.0 times higher adsorption ca-

pacities for proteins than did the HA microrods of similar size. This is attributed to

the higher BET specific area of the hollow microspheres, rather than that of the

microrods, although the maximum adsorption capacities per the BET surface

area of the former were lower than those of the latter. For each protein, the affinity

parameters of the HA hollow microspheres were comparable to those of the HA

microrods. The HA hollow microspheres integrated a microporous membrane with

open finger-like pores by filtration. The composite membranes of the HA hollow

microspheres and the PLLA microporous membrane showed a high adsorption ca-

pacity for g-globulin and the concentrated protein was recovered with an elution

buffer.
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