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Abstract The aim of this study was to prepare bone like

mineral (BLM) layers rapidly on the exterior surfaces of

chitosan (CS) microparticles (MPs). The CS MPs were

fabricated using a scale-up double emulsification method.

The CS MPs were in the spherical shape and the size of

30–60 lm. The MPs were then placed in 59 concentrated

simulated body fluid (5 9 SBF) and allowed to undergo

biomineralization to form a BLM layers on the surface of

CS MPs at 37�C over a 24 h period. The BML layers on the

exterior surface of CS MPs were characterized using wide

angle X-ray diffraction (XRD), Fourier transform infrared

microscopy (FTIR), and scanning electron microscopy

(SEM). Insulin like growth factor-1 (IGF-1) was dissolved

at a concentration of 1 lg/ml in 5 9 SBF to incorporate

into the BLM layer. The CS MPs (100 mg) were incubated

in a sample of 4 ml of 5 9 SBF containing IGF-1 at a

concentration of 1 lg/ml for 24 h. The IGF-1 release from

BML layers on CS MPs were studied by placing MPs in

4 ml of phosphate buffered saline (PBS) and incubating

MPs at 37�C for 30 days. Samples (100 ll) were taken

over the course of the 30 days and analyzed using Enzyme-

linked Immunosorbent assay (ELISA). The release IGF-1

from BML layers was in a burst manner followed by a

sustained release during the 30-day period. This study

suggests that the CS MPs have the potential to be used to

help deliver therapeutic drugs to localized areas and hence

increase and accelerate bone growth.

1 Introduction

Bone like mineral (BLM) is a carbonate containing

hydroxyl apatite that closely resembles hydroxyapatite, a

major component in mammalian bones [1]. A BLM layer

can be formed on the surface of bioactive materials by

soaking in simulated body fluid (SBF), which is a solution

containing inorganic ion concentrations nearly equal to

those of human blood plasma. One of the advantages of

using a biomimetic method to form BLM is that the bio-

logically active molecules can be co-precipitated with

inorganic components. This process may form an organic–

inorganic matrix due to gentle conditions throughout the

process. Therefore, these matrices can be used as carriers

for a variety of molecules, such as proteins including drugs

and growth factors [2–5].

In the conventional biomimetic process, BLM layers can

be deposited onto the biodegradable polymer surfaces by

soaking them in SBF for 16 days or more. Recently we

have accelerated the biomimetic process to deposit BLM

layers in 3D porous poly(lactic-co-glycolic acid) (PLGA)

scaffold surfaces [6]. The BLM was deposited on PLGA

scaffolds within 36–48 h by modifying the biomimetic

process parameters and applying surface treatments into

PLGA scaffolds.

Microparticles (MPs) have been studied as delivery

vehicles for drugs, proteins and genes using different mate-

rials, such as chitosan (CS) [7–9]. Recently, MPs were

investigated as injectable scaffolds for cartilage and bone

regeneration [10–12]. The MPs can be seeded with autolo-

gous cells before implantation to function as cell carriers.

MPs were also designed to enhance host cell migration,

attachment, proliferation, and differentiation once implanted.

CS is a deacetylated derivative of chitin, a high

molecular weight and the second most abundant natural
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biopolymer commonly found in shells of marine crusta-

ceans and cell walls of fungi [13]. In general, these mate-

rials evoke a minimal foreign body reaction [13], with little

or no fibrous encapsulation. Biodegradability and bio-

compatibility are very important properties that make CS

useful material for bone regeneration. In this study, we

selected CS based on its favorable properties to fabricate

the MPs using our scale-up procedure [14]. We also

selected insulin-like growth factor-1 (IGF-1), which stim-

ulates osteoblast proliferation and new bone growth at local

site [15], to incorporate into BLM layers on MPs. IGF-1 is

a differentiation factor for osteoblasts as well as a prolif-

erative stimulus for chondrocytes and pre-osteoblasts. In

rat calvarial explant cultures, IGF-1 increased collagen

synthesis, matrix apposition, and cell replication [16]. We

have also observed that IGF-1 incorporated BLM on PLGA

scaffolds were enhanced the mesenchymal stem cell

(MSC) attachment and proliferation compared to unmin-

eralized PLGA scaffolds [17].

With our previous experience on rapid biomineralization

of PLGA scaffolds, we developed biomimetic strategies to

nucleate and grow a continuous BLM in the exterior sur-

face of CS MPs using 5 9 SBF via a one-step room tem-

perature process. In this paper, we report rapid

biomineralization on the exterior surfaces of CS MPs,

characterization of mineralized MPs, and release of IGF-1

from BLM layers on exterior surfaces of MPs.

2 Materials and methods

2.1 Materials

The CS (85% deacetylated), Sodium tripolyphosphate

(TPP), Cottonseed oil, hexane, acetic acid, and Span 85

used to fabricate the MPs were purchased from Sigma

chemical company (Milwaukee). Acetone was purchased

from Fisher Scientific Company. IGF-1 and phosphate

buffered saline (PBS) were purchased from Biovision and

Invitrogen companies, respectively.

2.2 Fabrication of MPs

The hybrid MPs were fabricated using our scale-up pro-

cedures as described previously [14]. Briefly, the CS

solution (1.5%, w/v) was prepared by dissolving CS in

dilute acetic acid (1%, v/v) at room temperature and fil-

tering through nylon cloth to remove any insoluble com-

ponents. The CS solution (25 ml) was diluted 1:1 by

volume with acetone, and then 36 ml of this mixture was

added drop wise into a mixture containing 600 ml of

Cottonseed oil and 4 ml of span 85. The oil suspension was

stirred for 14 h at 37�C and an agitation speed of 870 rpm.

64% (w/w) of TPP was mixed with 4 ml dH2O and added

to the reaction mixture. Four hours after the addition of

TPP, the MPs were purified using hexane followed by

vacuum filtration and air drying. It should be noted that

some CS MPs for FTIR and XRD analysis were fabricated

without TPP using a normal fabrication procedure (without

scale-up) [14]. We use TPP as a cross-linking agent to

fabricate the chitosan microparticles. When we use TPP,

we are able to scale-up the yield of microparticles without

a problem. However, if we do not use TPP we cannot

successfully scale up the microparticles. The mineralized

microparticles were prepared using TPP. However, in order

to observe the peaks related to biomimetic mineral in XRD

and FTIR we did not use TPP, because of TPP showing the

similar peaks to biomimetic mineral in XRD and FTIR.

2.3 Preparation of simulated body fluid (SBF)

SBF was produced to give ion concentrations that are

similar to blood plasma (Table 1). We prepared a

5 9 SBF, which means we increased the concentrations of

chemicals by a factor of five. The chemicals from the

Table 1 were mixed into deionized water using a stirring

plate at room temperature. The pH was buffered to 6.8

using 1 M sodium hydroxide (NaOH).

2.4 Surface modification

Before we attempted to integrate IGF-1 into the BLM

layers on the surface of MPs, we first treated the MPs to

allow surface modifications which would facilitate better

deposition of BLM. The MPs were soaked in 0.1 M NaOH

solution for 20 min. The NaOH served to increase func-

tional groups such as hydroxyl groups on the surface of CS.

The MPs were rinsed thoroughly with deionized water to

ensure that no NaOH was left behind.

Table 1 Ion concentrations (in mM) of blood plasma and simulated body fluids (SBF)

Na? K? Mg2? Ca2? Cl- HCO3
- H2PO4

- SO4
2- pH

Blood plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 7.2–7.4

1 9 SBF 141.0 5.0 1.5 2.5 152.0 4.2 1.0 0.5 7.4

5 9 SBF 705.0 25.0 7.5 12.5 760 21.0 5.0 2.5 6.8
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2.5 BLM morphology––scanning electron microscope

(SEM)

Morphology of BLM layers on the surface of MPs was

obtained using a Hitachi S3200 SEM operating with a

15–20 kV accelerating voltage under high vacuum. A

conventional secondary electron scintillator detector was

used with a tungsten filament. The MPs were coated with a

20 nm gold layer using a Denton vacuum model Desk II

sputter coater. The morphology of CS MPs including the

size, shape, and surface properties was examined using a

SEM.

2.6 Chemical structure of BLM–fourier transform infra

red (FTIR)

The CS MPs which were prepared without TPP were

ground into a fine powder and blended with KBr and then

pressed to make a pellet which was used for FTIR mea-

surements. The measurements were performed with

4 cm-1 resolution with FTIR Perkin Elmer spectroscopy.

2.7 Physical structure of BLM––wide angle X-ray

diffraction (XRD)

A Rigaku X-ray diffractometer was used with a Cu-Ka

target to determine the physical structure of the MPs. The

X-ray generator was operated at 40 kV voltage and

100 mA current. XRD patterns were obtained between 2h
angle range 10–60� with a scan speed of 2�/min and a step

size of 0.02�.

2.8 Incorporation of IGF-1 into BLM on MPs

IGF-1 was incorporated into 5 9 SBF at a concentration of

1 lg/ml. MPs (100 mg) were placed in the 4 ml of

5 9 SBF containing IGF-1 for 24 h at 37�C.

2.9 In vitro release kinetics of IGF-1

The mineralized MPs (100 mg) were incubated in PBS

medium (4 ml) at 37�C and maintained a low stirring

motion (50 rpm) within the incubator. Samples were taken

in triplicate at predetermined times up to 30 days. We used

100 ll per sample and after the samples were taken we

replaced PBS into the test tube to keep the same volume

throughout the incubation period. Samples were recorded

and then stored in the freezer until perform the ELISA

assay.

After all the samples were taken we used an R & D Sys-

tems Human IGF-1 Enzyme-linked Immunosorbent Assay

(ELISA) kit to determine the amount of IGF-1 released

within each sample. We followed the manufacture’s protocol

directions to performed ELISA. An ELISA plate reader was

used to determine the optical density of the samples at

540 nm. A standard curve was established using different

concentrations of IGF-1 solution to determine the amount of

IGF-1 released from the BLM layers.

3 Results

3.1 Mineralized MP morphology––SEM

SEM images revealed that CS MPs were approximately

spherical in shape with a diameter range of 30–60 lm seen

in Fig. 1a. In addition, MPs have shown the smooth outer

surface without any porous structure. To study BLM for-

mation on the exterior surfaces of CS MPs, MPs were

soaked at 37�C in 5 9 SBF for 24 h. A SEM image has

demonstrated the growth of a continuous mineral layer on

Fig. 1 SEM images of CS MPs before mineralization (a) and after

mineralization (b)
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the surface of MPs after 24 h mineralization in Fig. 1b. It

seems that the mineral deposition layer was not affected for

MPs shape.

3.2 Evidence of having BLM layers

on CS MPs––FTIR

Chemical composition of CS MPs was determined using

FTIR (Fig. 2). IR spectra exhibit the purified CS (bulk), CS

MPs, and mineralized (24 h in 5 9 SBF) CS MPs. None of

the MPs were cross-linked with TPP. FTIR spectrum for

CS bulk sample shows a broad peak for at 1627 cm-1

indicating the combination of Amide I peak and a shoulder

peak for amide II band (Fig. 2). Another broad peak

appeared at 3413 cm-1 due to the amine N–H symmetrical

vibration. The peaks at 887 and 1130 cm-1 are corre-

sponded to the saccharide structure of the CS. FTIR

spectrum of MPs exhibited high intensity peaks or new

peaks compared to bulk CS sample. Characteristic amide I

and amide II peaks appeared at 1648 and 1566 cm-1 [18],

respectively for MPs containing 0% TPP and mineralized

CS MPs. In addition, the characteristic phosphate band at

605 cm-1 appeared for mineralized CS MPs, confirming

the presence of phosphate groups. It seems that the char-

acteristic peaks for CO3
2- at 1630 (m3), 1551 (m3) and

PO4
3- at 1037 (m3) [19] are overlapped with the charac-

teristic peaks related to CS.

3.3 Physical structure of BLM layers

on CS MPs––XRD

BLM formation on the exterior surfaces of CS MPs was

examined using wide-angle XRD. The CS stock sample

exhibited the main peak at 2h = 20� in XRD pattern in

Fig. 3a. This peak was clearly exhibited in the same region

of XRD due to the existence of CS in the CS MPs (Fig. 3a).

In addition, XRD patterns of CS MPs were shown a few

other peaks in 2h = 10–40� region, confirming the pres-

ence of TPP in the CS MPs (Fig. 3a).

Since TPP contains the phosphate groups, XRD peaks of

phosphate groups from TPP were similar to that of BLM.

The XRD peaks of BLM were difficult to identify since

they were not well resolved from the phosphate peaks.

Therefore, we prepared the MPs without ionic cross-link-

ing with TPP to determine the XRD peaks for BLM coated

on the exterior surfaces of MPs (Fig. 3b). The CS MPs

mineralized for 24 h exhibited the high intensity XRD

peaks evidencing the mineral deposition compared to the

CS MPs soaked in SBF for 30 h. Generally, more mineral

deposition on the material surface can be expected when

the incubation time in SBF increases. XRD patterns of

BLM-coated CS MPs exhibited the peaks at 2h = 32.2�,

39.2� corresponding to the (112) and (310) hydroxyapatite

planes in the bone matrix [6]. In addition, several intense

XRD peaks appeared at 2h = 23.3�, 27.2�, and 46�. The

peaks at 2h = 23.3�, and 46� corresponded to the XRD
Fig. 2 FTIR spectra of the CS-bulk; CS MPs (without cross-linking

with TPP); and mineralized CS MPs (without cross-linking with TPP)
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peaks of synthetic carbonated apatite. These results suggest

that the diffraction patterns of mineralized MPs display

evident similarities and point out the analogy between the

structures of bone bioapatite [6] and synthetic carbonated

apatite [20].

3.4 IGF-1 release-ELISA assay

The cumulative IGF-1 release was examined as a function

of incubation time and plotted in a Fig. 4. The cumulative

release amount of IGF-1 was increased up to 30 days.

Approximately 0.8 ng/4 lg of IGF-1 was released during

the first 2 days of incubation and approximately 3.2 ng/

4 lg was released by day 30 of the incubation period. IGF-

1 release from the mineral layer seems to be a burst release

within the first 2 days followed by a sustained release up to

30 day period. Within 2 days, *25% IGF-1 was released

compared to the total amount released at 30 days.

4 Discussion

In this study, we were able to accelerate the deposition of

biomimetic BLM on the surfaces of CS MPs within 24 h

incubation in 5 9 SBF. We increased the ionic concen-

trations respectively by a factor of five to produce a

5 9 stock solution of SBF. By increasing the concentra-

tions of the ions we created a way to accelerate the min-

eralization of the MPs to create a BLM similar to our

previous study [6]. In our previous study we were able to

deposit BLM on the surfaces of porous PLGA scaffolds

within 36–48 h. Another integral part of accelerating the

formation of BLM layers on the surface of CS MPs was to

undergo surface modification using NaOH. The NaOH

allowed for carboxyl acid and hydroxyl groups to form

which help facilitate deposition of ions.

The acceleration of biomineralization provides short

time exposure of the therapeutic drugs and growth factors

with 5 9 SBF compared to traditional long incubation

periods. Therefore, bioactivity of those reagents can also be

protected in addition to possible contamination with long

period incubation of biological reagents. Another advan-

tage is that the waste of therapeutic drugs and growth

factors can be avoided using short time mineralization.

Hence it provides economically benefit since most thera-

peutic reagents are very expensive. In addition, systemic

delivery waste and side effects can be avoided when

therapeutic agents are delivered at the local site.

We also observed that the higher amount of IGF-1

released from CS MPs relative to the total amount of IGF-1

amount used for drug loading, compared to PLGA scaf-

folds during 30-day period. Cumulative IGF-1 release

amount of BLM in CS MPs and PLGA scaffolds was

3.3 ng/4 lg and 1.1 ng/7.5 lg, respectively during

30 days. This result can be explained as follows. When we

compared the biomineralization of CS MPs versus porous

PLGA scaffolds, uniform BLM layers can be deposited on

the exterior surfaces of CS MPs. On the other hand, the

BML deposition may not uniform between the exterior

surfaces of PLGA scaffolds and interior pore surfaces. The

uniform BLM layers on the exterior surface of CS MPs

may contribute for the uniform drug and growth factor

loading across the mineral layer and hence more predict-

able release. In addition, uniform coating of BLM layers

were not affected for the shape of the CS MPs as seen our

results (Fig. 1b).

Creating a bio-compatible surface for the newly forming

bone reduces patient recovery time by facilitating rapid

bone formation around the implant. Studies have shown

that, this new coating binds more tightly to bone than

mineral-coated implants produced by conventional meth-

ods [4, 21]. This type of apatite layer is not observed at the

interface between non-bioactive materials and bone. Non-

bioactive materials typically do not exhibit surface-

dependent cell differentiation [22]. Co-precipitation allows

the incorporation of IGF-1 into mineral layers on CS MPs.

Our results have shown that IGF-1 can be released from the

BLM layers on the surface of the CS MPs. The nanogram

level of IGF-1 and has shown mitogenic and osteogenic

effects in cell culture experiments [23, 24].

The main advantage of MP approach, compared with the

traditional block scaffolds, is that small particles can be

combined with a vehicle and be administered by injection,

thus giving the possibility of filling defects of different

shapes and sizes through minimally invasive surgery [25,

26]. Minimally invasive surgeries limit the pain, prolonged

hospitalization, recovery time, blood loss, and scar for-

mation compared with conventional open surgeries, which

require implanting 3D conventional scaffolds.
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5 Conclusions

In this study, we have shown that we were able to accel-

erate the formation of BLM layers on the exterior surface

of CS MPs at normal pressure and temperature. IGF-1 was

shown to be released from the BLM on the exterior surface

of the CS MPs in a burst release manner first, and then

maintained sustained release. The acceleration of BLM on

CS MPs provides the protection of loaded drugs or growth

factors against bioactivity and contamination, and eco-

nomical benefit, from long-term incubation. The drug or

growth factor loaded BLM layers on CS MPs can be

potentially applied to the local defect site using a suitable

injection.
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