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Abstract: The bioavailability of Phosphorylated Human-like Collagen-calcium chelates (PHLC-Ca)
as calcium supplement is influenced by the extremely low pH and proteolytic enzymes in the
gastrointestinal tract. This study addresses these issues by microencapsulation technology using
alginate (ALG) and chitosan (CS) as wall materials. The different ratio of ALG to PHLC-Ca on
microcapsules encapsulation efficiency (EE) and loading capacity (LC) was evaluated and 1:1/2
was selected as the optimal proportion. The microcapsules were micron-sized and spherical in
shape. PHLC-Ca was successfully entrapped into the matrix of ALG through forming intermolecular
hydrogen bonding or other interactions. The confocal laser scanning microscopy (CLSM) indicated
that CS was coated on ALG microspheres. The MTT assay exhibited that CS/ALG-(PHLC-Ca)
microcapsules extracts were safe to L929. The animal experiment showed that CS/ALG-(PHLC-Ca)
microcapsules was superior to treating osteoporosis than PHLC-Ca. These results illustrated that the
bioavailability of PHLC-Ca was improved by microencapsulated.
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1. Introduction

Calcium deficiency is one of the major nutritional deficiencies in the world which can cause
osteoporosis, hypertension, colon cancer, and kidney stones [1]. Although food contains calcium,
some studies have showed that most people would not get enough calcium from their diet [2].
Thus, many investigators have concentrated on the development of various calcium supplements
with reasonable calcium bioavailability such as calcium gluconate, amino acids-calcium and
calcium-binding peptide [3–9]. Although the calcium content of those calcium supplements is high,
their low absorption rates and poor bioavailability impede their wide use as calcium supplements.
As the bone health is closely related to protein, calcium, and phosphorus intake, the existence of
protein may improve the solubility and bioavailability of calcium [10]. In recent years, to avoid the
deficiency of metal trace elements, the chelates formed by protein and metal ions have been investigated
as a potential approach to delivering a variety of microelement of the body need at a required
quantity [11]. Human-like collagen (HLC) was obtained from recombinant Escherichia coli containing
human-like collagen cDNA [12]. HLC has several special characteristics such as water-solubility,
nontoxic, biocompatibility and biodegradability [13,14] and has been used in inartificial bone, vascular
scaffolds and novel hemostatic materials [15,16].
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Phosphorylated Human-like Collagen-calcium chelates (PHLC-Ca) were prepared in our previous
studies plays an active role in anti-osteoporosis [17]. However, protein calcium supplements have their
limitations used as protein drugs in oral administration [18,19]. PHLC-Ca is easy to inactivation or
degradation under the extremely low pH and proteolytic enzymes in the gastrointestinal tract, which
would result in the low bioavailability upon oral administration. Microencapsulation technology
represents a promising strategy to solve these problems [20–23].

Alginate (ALG), a water-soluble natural anionic linear polysaccharide, is used as a pH-sensitive
material for the microencapsulation of protein and peptide drugs and enables encapsulated drugs
retention in the stomach while protecting it against enzymatic degradation. It has attracted
growing investigation due to its properties of biodegradability, biocompatibility, low toxicity,
low immunogenicity and good mucoadhesion [24–29]. However, ALG microspheres have a loose
network which results in the low encapsulation efficiency (EE) during preparation and low stability
in gastric juice. To solve this problem, many researchers have been investigating the use of ALG
microparticles coated with polycationic polymers of chitosan (CS) [30–32]. CS is a polysaccharide
derived from the N-deacetylation of chitin, the second most abundant natural biopolymer [33]. Due to
its good biocompatibility, biodegradability, nontoxicity, and significant adsorption and mucoadhesive
properties, CS has been widely used in food, environmental, pharmaceutical nutraceutical industry
recently [34–38]. Previous studies showed that CS/ALG microcapsule was efficient in protecting
protein and peptide drugs from the invasive environment of the stomach and sustained protein and
peptide drugs release [34,39].

In the study, in order to improve the PHLC-Ca bioavailability after its oral administration,
firstly, PHLC-Ca-loaded microcapsules were prepared using ALG and CS as wall materials by the
technology of impulse electrostatic droplet generation. Secondly, the characteristics of microcapsules
were evaluated by laser particle size analyzer, scanning electron microscopy (SEM), Fourier
transform-infrared spectroscopy (FT-IR) and Thermal gravimetric analysis (TGA). Thirdly, cell test and
animal experiment were performed to investigate their security and bioactivity.

2. Materials and Methods

2.1. Materials

PHLC-Ca was prepared in our previous studies [17]. ALG was purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). CS (molecular weight: 100 kDa) was ordered
from Jinke Biochemical Co. Ltd. (Hangzhou, China), and the degree of deacetylation is
91%. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2Htetrazolium bromide (MTT) was purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Other reagents used for the experimental procedures were of
analytical grade and deionized water was used throughout.

2.2. Preparation of Microcapsules

ALG-(PHLC-Ca) microspheres were produced by electrostatic droplet generation (Figure 1).
ALG-(PHLC-Ca) intermixture was formed by mixing 15 mL of ALG (2%, w/v) solution with 5 mL of
PHLC-Ca and the mass ratio of ALG to PHLC-Ca was 1:1, 1:1/2, 1:1/3, respectively. The intermixture
was infused into a 20 mL plastic syringe connected to the anode of the impulse electrostatic device
and extruded into a dish containing 50 mL of calcium chloride solution (2% w/v, pH = 5) (the
needle diameter is 0.4 mm, the electrical potential is 380 V and the pulse frequency is 120 Hz).
The divalent calcium ions crosslinked the droplets of sodium alginate to form loading PHLC-Ca
of ALG microspheres (ALG-(PHLC-Ca)). The ALG-(PHLC-Ca) microspheres formed and were
allowed to harden in a CaCl2 solution for 30 min and then were rinsed thrice with deionized water.
The ALG-(PHLC-Ca) microspheres were transferred to the solution of CS (1% (w/v) in 1% (v/v) acetic
acid) and shaked gently with shaker for 20 min to evenly coat the surface of the ALG-(PHLC-Ca)
microspheres. The resulting CS/ALG-(PHLC-Ca) microcapsules were again separated by filtration and
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rinsed thrice with deionized water. They were frozen at −72 ◦C for 2 h in the freezer and lyophilized
with a freeze drier for 24 h (FD 5–10, SIM, Charlotte, NC, USA).Polymers 2018, 10, x FOR PEER REVIEW  3 of 16 
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Figure 1. The impulse electrostatic device.

2.3. Determination of Encapsulation Efficiency (EE) and Loading Capacity (LC)

Lyophilized samples were immersed in liquid nitrogen for 3 min and then broken off to detect
the fracture surface. All prepared samples were gold coated and analyzed using scanning electron
microscope (Hitachi S-570, Tokyo, Japan). The amount of PHLC-Ca loaded in microcapsules was
measured as follows: CS/ALG-(PHLC-Ca) microcapsules (30 mg) were disintegrated in 6 mL 0.06 M
sodium citrate–0.2 M sodium bicarbonate buffer solution and under vibration with the hand shake
at ambient temperature. PHLC-Ca concentrations in homogenized samples were determined by the
Micro BCA Protein Assay (Pierce Inc., New York, NY, USA) with PHLC-Ca as the standard protein.

The EE and LC of microcapsules was calculated using the following formulas (1) and (2) respectively:

EE(%) =
Xt

Xi
× 100% (1)

LC(%) =
Xi
M

× 100% (2)

where Xt is the total amount of PHLC-Ca loaded in microcapsules, Xi represents the initial amount of
PHLC-Ca added in the preparation process, and M stands for weight of microcapsules.

2.4. Characterization of Microcapsules

2.4.1. Particle Size Analysis

The particle size distribution of the microcapsules was analyzed using a laser particle size analyzer
(Malvernpanalytical, London, UK). The dried microcapsules were loaded into deionized water and
measurement was performed by static light scattering.

2.4.2. Microcapsules Morphology

The surface morphology of the microcapsules was detected by scanning electron microscopy
(SEM) (Model Hitachi S-570, Tokyo, Japan). Freeze dried microcapsules were fixed on SEM stubs using
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a double-sided tape and coated with gold metal under a high-vacuum evaporator. Sputter coated
samples were then observed by SEM.

2.4.3. Fourier Transform-Infrared Spectroscopy

Fourier transform infrared (FT-IR) analysis was carried out with a FT-IR spectrophotometer
(Model Thermo Fisher Scientific, Waltham, MA, USA). All the samples were finely ground with KBr to
prepare the pellets which were scanned from 4000 to 450 cm−1 at room temperature.

2.4.4. Thermal Analysis

Thermal gravimetric analysis (TGA) was tested by thermogravimetric analyzer (Netzsch, Selb,
Germany). The dried samples were placed in crucible with the temperature from 25 to 600 ◦C under
nitrogen atmosphere and the heating rate of 10 ◦C/min.

2.4.5. Confocal Laser Scanning Microscopy (CLSM)

Fluorescein isothiocyanate (FITC)-labelled CS was prepared as follows: 100 mL of CS solution
(1% (w/v) in 2% (v/v) acetic acid) was regulated pH to 10–12 with 2 M NaOH. FITC (0.1 g/mL in PBS)
was added to give a final FITC to CS ratio of 1:50. After stirring overnight at room temperature in the
darkness, the mixture was collected by centrifuging and washed with PBS until the free FITC could
not be detected in the supernatant. The resulting FITC-labelled CS was then frozen at −80 ◦C for 2 h
in the freezer and lyophilized in a freeze drier (SIM, Charlotte, NC, USA) for 24 h in the dark.

FITC-labelled CS (1% w/v) was used to coat ALG microcapsules. The resulting samples were
investigated using CLSM equipped with Argon (488 nm) and HeNe (534 nm) lasers. The microcapsules
in storage solution (deionized H2O) were directly placed in the plastic plate and analyzed images were
thus acquired.

2.5. Release Profiles of PHLC-Ca from Microcapsules In Vitro in the Gastrointestinal Environments

The 80 mg CS/ALG-(PHLC-Ca) microcapsules were dipped into 10 mL simulated gastric fluid
(hydrochloric acid buffer at pH 2.0). The ratio of ALG to PHLC-Ca was 1:1/2. The fluid was incubated
(37 ◦C, 100 rpm) for 2 h. At pre-determined time points, 100 µL of this solution was removed and
separated from the microcapsules by centrifugation (3000 g/5 min) to obtain the supernatant for
PHLC-Ca determination. The volume of the release medium was kept constant by replacing the
withdrawn sample with an equal volume of fresh buffer. To simulate the process of microcapsules
moving from the stomach into the intestine, after 2 h, the microcapsules were transferred to 10 mL
simulated intestinal fluid (phosphate buffer at pH 7.4). The fluid was incubated (37 ◦C, 100 rpm)
for 4 h. At determined times, 100 µL of supernatant was taken, separated from microcapsules by
centrifugation (3000 g/5 min) for PHLC-Ca determination and replaced by fresh medium.

2.6. In Vitro Cell Cytotoxicity

The lyophilized samples were sterilized by 60Co irradiation and then placed into tubes with fresh
culture medium added at 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, 10 mg/mL at 37 ◦C for 24 h. Mouse L929
fibroblast cells were seeded in wells of a 96-well at a density of 1.0 × 104 cells/mL with 100 µL/well
(n = 6). Cells were cultured at 37 ◦C in an incubator with a 5% CO2 and 95% air atmosphere at constant
humidity in order to make cells attached to the bottom of the culture plate. After incubation for 24 h,
the culture medium was removed and replaced with the extraction medium and incubated for 24 h,
36 h, 48 h. Cells in the control group were cultured with fresh medium. The viability of cells was
determined by the MTT assay and about 50 µL of MTT solution was added to each well, after which
the cultures were incubated at 37 ◦C for an additional 4 h, the culture medium and MTT solution were
removed and replaced with 50 µL of DMSO. The optical density (OD) of the formazan solution was
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detected at 490 nm using an enzyme-linked immunosorbent assay (ELISA) plate reader (MODEL550,
Bio-Rad, Berkeley, CA, USA). The relative cell growth was calculated using the following formula (3):

Relative cell growth =
ODtest

ODcontrol
× 100% (3)

The mean value of six parallel samples was analyzed, and the whole test was repeated twice.

2.7. Determination of PHLC-Ca Bioavailability after Oral Administration of
CS/ALG-(PHLC-Ca) Microcapsules

All animal care and experimental procedure were in accordance with the recommendations
of the Regulations of the Administration of Affairs Concerning Experimental Animal and were
approved by the Experimental Animal Centre at Northwest University. Call number is NWU201705244.
Osteoporosis was induced in mice by being given a gavage of retinoic acid as described previously [40].
Forty male mice (4-week old, 22 ± 1.7 g) were randomly divided into two groups. Mice in the model
group (n = 30) were given a gavage of retinoic acid (70 mg/kg/d) and fed low calcium diet for 2 weeks,
mice in the control group (n = 10) were given a gavage of saline and fed a normal diet for 2 weeks.
After 2 weeks, the model group was further randomly divided into one no supplement group (n = 5,
Ca-deficiency group) and four calcium supplement groups (n = 5 each, Empty CS/ALG, PHLC-Ca,
Col-Ca, CS/ALG-(PHLC-Ca). The ratio of ALG to PHLC-Ca was 1:1/2. Each group mice were given
the normal diets and distilled water for the next 12 weeks.

Achieve experimentally determined time, mice were executed to obtain blood and bone samples.
The serum was separated by centrifugation at 3000 rpm, for 10 min at 4 ◦C and used to determine
calcium and alkaline phosphatase (ALP) levels. The bone samples were determined for hydroxyproline,
calcium, bone density. The calcium in the serum and in the femurs were measured by atomic absorption
spectrophotometry. The ALP and hydroxyproline were measured by ALP kit and hydroxyproline kit,
respectively. The tibias were processed using a muffle furnace at 800 ◦C for 5 h and the fracture surface
were detected by SEM.

2.8. Calculations and Data Analysis

The data were collected in a Microsoft Excel 2000 database, and the results are presented as the
mean values and standard deviations using Origin 8.5 software (Originlab, Northampton, MA, USA).
Student’s t-test was performed to determine the statistical significance between experimental groups.
A value of p < 0.05 was considered to be statistically significant. A value of p < 0.01 was considered to
be highly significant.

3. Results and Discussion

3.1. Determination of Encapsulation Efficiency (EE) and Loading Capacity (LC)

The EE and LC of formulations with different ratios were calculated and the data were shown
in Table 1. With the increasing of PHLC-Ca, the EE tended to decrease. But when the mass ratio was
1:1/2, the LC change was almost unchanged. It may be due to the surplus of PHLC-Ca. So 1:1/2 was
the best ratio of microcapsules.

Table 1. The Encapsulation Efficiency (EE) and Loading Capacity (LC) of microcapsules with different
ratios of ALG to PHLC-Ca.

ALG:PHLC-Ca (w:w) EE (%) LC (%)

1:1/3 53.70 ± 0.97% 13.42 ± 0.81%
1:1/2 44.05 ± 1.69% 16.31 ± 0.96%

1:1 25.41 ± 1.02% 16.54 ± 0.58%
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3.2. Characterization of Microcapsules

3.2.1. Morphology of Microcapsules

The macroscopic features of empty CS/ALG microcapsules and all CS/ALG-(PHLC-Ca)
microcapsules were characterized by SEM (Figure 2). Empty CS/ALG microcapsules (Figure 2a)
and CS/ALG-(PHLC-Ca) microcapsules with the proportion of 1:1/3 (Figure 2b) showed partial
collapse and had cracks on microcapsules surface, but CS/ALG-(PHLC-Ca) microcapsules with the
proportion of 1:1/2 (Figure 2c) and 1:1 (Figure 2d) were generally spherical during the freeze-drying
process due to high level of PHLC-Ca and was more plump than that of the empty microcapsules and
CS/ALG-(PHLC-Ca) microcapsules with the proportion of 1:1/3.
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Figure 2. Scanning electron micrograph of microparticles. (a) Empty CS/ALG; (b) CS/ALG-(PHLC-Ca)
(ALG:PHLC-Ca1:1/3); (c) CS/ALG-(PHLC-Ca)(ALG:PHLC-Ca1:1/2); (d) CS/ALG-(PHLC-Ca)
(ALG:PHLC-Ca 1:1).

3.2.2. Size Distribution and CLSM of Microcapsules

Figure 3a shows the particle size distribution curves of microcapsules. Figure 3c shows the average
particle of the empty microcapsules and CS/ALG-(PHLC-Ca) microcapsules with the proportion of 1:1,
1:1/2 and 1:1/3, 1:1/3 of the CS/ALG-(PHLC-Ca) microcapsules were extremely significant compared
to 1:1 of the CS/ALG-(PHLC-Ca) microcapsules, 1:1 of the CS/ALG-(PHLC-Ca) microcapsules being
very significant compared to 1:1/2 of the CS/ALG-(PHLC-Ca) microcapsules. As the PHLC-Ca ratio
decreases, the particle size of the microcapsules also decreases.

The CLSM was employed to visualize the microcapsules and their membranes. Figure 3b
depicts confocal microscopy images of 1% (w/v) FITC-labelled CS coated ALG microcapsules.
The microcapsule shells were clearly visible on the optical microscopy images and on fluorescence
microscopy images where the FITC-labelled CS coat appeared green whereas the ALG core was
observed as black. This indicated that CS were absorbed on ALG microcapsules.
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Figure 3. (a) Particle size distribution curves of microcapsules; (b) confocal laser scanning microscopy
(CLSM) images of chitosan (CS) coated alginate (ALG) microcapsules; (c) Average particle sizes of
microcapsules. ** p < 0.01; *** p < 0.001.

3.2.3. FT-IR Spectroscopic Analysis

Figure 4 shows the FTIR spectra for ALG, CS, PHLC-Ca, Empty ALG, Empty CS/ALG,
ALG-PHLC-Ca and CS/ALG-(PHLC-Ca) microcapsules. As shown in the spectrum of ALG (Figure 4a),
the peaks around 3444, 1622 and 1035 cm−1 were the stretching of OH, COO– (asymmetric), and C–O–C,
respectively. For the empty ALG microcapsules, crosslinking of ALG by Ca2+ caused an obvious
shift to higher wave number of COO– stretching peak at 1639 cm−1 (Figure 4b) and a decrease in
COO– stretching peaks intensity, indicating ionic bonding between calcium ion and carboxyl groups
of ALG. Moreover, the stretching peak of C–O–C at 1035 cm−1 (Figure 4a) shifted to 1028 cm−1

(Figure 4b), owing to partial covalent bonding between calcium and oxygen atom [41]. ALG-PHLC-Ca
microcapsules shown an obvious decrease in the wave number from 1639 to 1622 cm−1 and C–O–C
stretching peak at 1028 cm−1 shifted to 1021 cm−1 (Figure 4b). Meanwhile, the greater intensity
peak of OH stretching of the ALG-(PHLC-Ca) microcapsules showed lower wavenumber at around
3428 cm−1 than the empty ALG microcapsules [42]. Owing to intermolecular hydrogen bonding
and electrostatic force interaction between C=O, O–H and N–H of ALG and PHLC-Ca. The above
phenomena demonstrated that ALG and PHLC-Ca in ALG-(PHLC-Ca) microcapsules could form
intermolecular hydrogen bonding and electrostatic force. As shown in the spectrum of CS (Figure 4a).
The characteristic peaks were at 3435 cm−1 (O–H stretching vibration and N–H extension vibration),
1634 cm−1 (amide C=O stretching), 1030 cm−1 (C–O–C stretching). The OH stretching peak at
3430 cm−1 of the empty CS/ALG had a narrower peak than that of empty ALG. Meanwhile,
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ALG-(PHLC-Ca) and CS/ALG-(PHLC-Ca) had the same phenomenon. This should be attributed to
CS coated on ALG microcapsules.
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3.2.4. Thermal Analysis

A comparison of the loading amount for the CS/ALG-(PHLC-Ca) microcapsules was further
evaluated based on the TGA results. The decrement of mass loss could be considered as a reliable
indicator of the increasing loading amount. Figure 5 shows the TGA curves of the empty CS/ALG
microcapsules and all the CS/ALG-(PHLC-Ca) microcapsules. The first weight loss before 130 ◦C was
attributed to the weight loss of water in the samples [43]. The gradual mass loss was attributed to
thermal degradation of the materials, as shown in Figure 4 in the range of 130 to 600 ◦C. The weight loss
of the empty CS/ALG microcapsules was about 72.88% when the temperature was 600 ◦C. After loading
PHLC-Ca, the weight loss of the CS/ALG-(PHLC-Ca) microcapsules with different ratios of ALG to
PHLC-Ca (ALG:PHLC-Ca 1:1, 1:1/2, 1:1/3) between the temperatures of 130 to 600 ◦C decreased
to 55.70%, 56.59%, 59.89%, respectively. This indicated that PHLC-Ca was successfully loaded in
the CS/ALG-(PHLC-Ca) microcapsules via intermolecular hydrogen bonding and electrostatic force,
and LC of the CS/ALG-(PHLC-Ca) microcapsules increased with the increasing of PHLC-Ca.
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3.3. Release Profile In Vitro

The PHLC-Ca release behavior from the CS/ALG-(PHLC-Ca) microcapsules in vitro in the
gastrointestinal environments was shown in Figure 6. As observed, the only about 18% PHLC-Ca
released from the microcapsules after 2 h in the simulating gastric condition (pH 2.0). Then the
microcapsules were transferred to simulated intestinal fluid (pH 7.4), where a sustained and prolonged
PHLC-Ca release was observed freeing about 68% of the initial amount. The observed little amount
release of PHLC-Ca at pH 2 could be attributed to CS shell and tight alginate network that formed at
low pH, this indicated that the microcapsules would protect the encapsulated PHLC-Ca from the lesion
of the low pH and proteolytic enzymes in stomach. Moreover, the sustained and prolonged PHLC-Ca
release from CS/ALG-(PHLC-Ca) microcapsules at pH 7.4 was achieved, owing to the swelling of
ALG microcapsules at an alkaline pH and the penetration of the alkaline solvent towards the ALG
microcapsules core. Therefore, the microcapsules were efficient in protecting the PHLC-Ca in stomach
minimizing the PHLC-Ca loss in the gastrointestinal tract.
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Gim-Pao Lim, Muhammad Syarhabil Ahmad prepared Ca-alginate-chitosan microcapsules for
encapsulation and controlled release of imidacloprid [44], release results show that, no matter how the
concentration of chitosan or sodium alginate was changed, the temperature and pH were adjusted,
after 20 h, the release rate in vitro would not exceed 60%, even lower. The release rates in vitro of
Chitosan (CS)-microcapsules (MCs) and Antofloxacin-loaded CS-MCs and starch (AMS) films prepared
by Weiqiang Huo and Gancheng Xie were 70% and 15%. The release rates in vitro after 20 h were 95%
and 30%, after 5 h were 52% and 8% respectively [45]. For microcapsules, excessively long release
times and excessive release rates are detrimental, especially drugs or supplements, time of digestion
and absorption of the human body does not exceed 6 h, the small intestine is the most important place
of absorption, so the drug encapsulated in the microcapsules to release in a large amount at specific
time. Therefore, microcapsules in the simulated gastrointestinal fluid in vitro environment, to ensure
that the drug release between 3 h to 5 h to achieve the best absorption will be a major challenge of
microcapsule sustained release.

3.4. MTT Assay

The MTT assay is generally accepted as a routine method for establishing the toxicity of different
substances in cell cultures. The cytotoxicity of the microspheres extracts (extracts concentration are
0.1, 0.5, 1, 10 mg/mL) was assessed by MTT assay for 24 h, 36 h and 48 h (Figure 7). Empty CS/ALG
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microcapsules could promote mouse L929 fibroblast cells proliferation, and following the increase of
concentration of empty CS/ALG microcapsules extracts, the mouse L929 fibroblast cells proliferation
was promoted obviously. Compared with the control, CS/ALG-(PHLC-Ca) microcapsules extracts
triggered a significant increase in the number of the mouse L929 fibroblast cells at 24 h, 36 h and 48 h.
Therefore, empty CS/ALG microcapsules and CS/ALG-(PHLC-Ca) microspheres were safe to the
mouse L929 fibroblast cells and could stimulate the normal growth of the mouse L929 fibroblast cells,
which could be a safe polymeric carrier for oral PHLC-Ca delivery.
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3.5. Animal Experiments

The calcium and ALP content in the serum for 2 weeks are shown in Figure 8. Compared with
the control group, the serum calcium and ALP levels of the model group were significantly increased.
This should be attributed to the overdose of retinoic acid for a long time that led to the inhibition of
osteoblasts and the activity of osteoclast, resulting in the increase of the dissolution of bone calcium
and the blood calcium content. In addition, the diseased bone caused ALP released into the blood.
This indicated that the osteoporosis model on mice was successfully established.
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Figure 8. Calcium concentrations (a) and alkaline phosphatase (ALP) concentrations (b) in the serum
of mice. Model groups and Control groups.

After 14 weeks, the serum calcium and ALP content in the CS/ALG-(PHLC-Ca) group, PHLC-Ca
group and Col-Ca group showed a significantly decreased compared with in the Ca-deficiency group
(Figure 9). However, the ALP and calcium levels in the CS/ALG-(PHLC-Ca) group was closer to the
normal levels than those in the PHLC-Ca group and Col-Ca group. This indicated that PHLC-Ca
bioavailability was increased in CS/ALG-(PHLC-Ca) microcapsules.
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Figure 9. Calcium concentrations (a) and ALP concentrations (b) in the serum of osteoporosis mice
which supplement calcium for 12 weeks. A, Control group; B, Ca-deficiency group; C, PHLC-Ca group;
D, Empty CS/ALG group; E, CS/ALG-(PHLC-Ca) group; F, Col-Ca group. ** p < 0.01.

Figure 10 shows the scanning electron microscopy image of the section of mice tibia. Size and
number of holes indirectly reflect bone quality. As shown in Figure 10, a greater number and larger
size of holes were observed in the Ca-deficiency group than in the control group. The holes of other
experimental groups were fewer and smaller than the Ca-deficiency group. The least and smallest
holes were observed in the CS/ALG-(PHLC-Ca) group. Thus, administering CS/ALG-(PHLC-Ca)
microcapsules to osteoporotic mice resulted in higher bone mineral density of the tibia than the
mice given other supplements. Compared with PHLC-Ca group, Calcium concentrations and ALP
concentrations in CS/ALG-(PHLC-Ca) group were closer to the serum calcium level and serum alkaline
phosphatase of control group, but there was no significant difference between CS/ALG-(PHLC-Ca)
and PHLC-Ca groups.
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Figure 10. SEM images of the section of tibia from osteoporosis mice that supplement calcium for
12 weeks. (a) Control group; (b) Ca-deficiency group; (c) Empty CS/ALG group; (d) Col-Ca group;
(e) PHLC-Ca group; (f) CS/ALG-(PHLC-Ca) group.

Collagen I accounts for 90% of the organic components of the bone, which can reflect the quality
of the bone. Therefore, hydroxyproline of the main amino acid of collagen I indirectly determines
the quality of the bone. Compared with the Ca-deficiency group, the hydroxyproline content in
the right femur was improved in different degrees in the PHLC-Ca group, CS/ALG-(PHLC-Ca)
group, and Col-Ca group (Figure 11a). However, the CS/ALG-(PHLC-Ca) group showed higher
hydroxyproline content than the other groups. This indicated that the osteoporosis was improved,
and the improvement of the CS/ALG-(PHLC-Ca) group was the most obvious.

Bone densities, as one of the important standards of bone quality, has become one of the important
evaluation means of osteoporosis in the clinical judgment. As shown in Figure 11b, the bone densities
of the empty CS/ALG group were not significantly different from those of the Ca-deficiency group.
The mice in Col-Ca group had lower bone densities than the mice treated with PHLC-Ca and
CS/ALG-(PHLC-Ca). However, the bone densities of the CS/ALG-(PHLC-Ca) group were the closest
to that of the control group. This indicated that CS/ALG-(PHLC-Ca) had higher bioavailability than
the PHLC-Ca group.

As shown in Figure 11c, the calcium content in the left femur was increased in the Col-Ca group,
the PHLC-Ca group and the CS/ALG-(PHLC-Ca) group compared with the Ca-deficiency group,
which suggested that calcium had precipitation in the bone. The highest calcium content was observed
in the CS/ALG-(PHLC-Ca) group. Compared with PHLC-Ca group and Col-Ca group, bone calcium
content and bone density in CS/ALG-(PHLC-Ca) group were closest to the bone calcium content and
bone density of control group, there was no significant difference between the CS/ALG-(PHLC-Ca)
group and PHLC-Ca group. The content of bone hydroxyproline in CS/ALG-(PHLC-Ca) group was
the highest, which was significantly different from that of PHLC-Ca group. Although the significance
of each index was not significant, the effects of CS/ALG-(PHLC-Ca) have increased in varying degrees,
indicating that the Phosphorylated Human-like Collagen-calcium chelates microencapsulation is an
effective method to increase the bioactivity and bioavailability.



Polymers 2018, 10, 185 13 of 16

Polymers 2018, 10, x FOR PEER REVIEW  13 of 16 

 

 

 
Figure 11. Bone hydroxyproline content (a) Bone density (b) and Bone calcium content of 
osteoporosis mice that supplement calcium for 12 weeks (c). A, Control group; B, Ca-deficiency 
group; C, PHLC-Ca group; D, Empty CS/ALG group; E, CS/ALG-(PHLC-Ca) group; F, Col-Ca group. 
* p < 0.05; ** p < 0.01. 

4. Conclusions 

Encapsulation is critical to improve bioavailability of protein drugs in oral administration. In 
this study, the CS/ALG-(PHLC-Ca) microcapsules was successfully prepared using of ALG and CS 
as wall materials and further evaluated for protection and controlled releasing of the PHLC-Ca. The 
particle size distribution and SEM images showed that the microcapsules had spherical 
morphologies. The characteristics of microcapsules were confirmed by FT-IR and TGA experiments. 
These data indicated that PHLC-Ca entrapped into the matrix of ALG through forming 
intermolecular hydrogen bonding or other interactions. The cell viability study confirmed that the 
prepared CS/ALG-(PHLC-Ca) microcapsules were non-toxic. The animal experiment showed that 
CS/ALG-(PHLC-Ca) microcapsules was superior to PHLC-Ca for treating osteoporosis. Finally, the 
bioavailability of PHLC-Ca was improved by CS/ALG-(PHLC-Ca) microcapsules, which would 
provide new ideas for the future development and research of proteins calcium supplements. 
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4. Conclusions

Encapsulation is critical to improve bioavailability of protein drugs in oral administration.
In this study, the CS/ALG-(PHLC-Ca) microcapsules was successfully prepared using of ALG
and CS as wall materials and further evaluated for protection and controlled releasing of the
PHLC-Ca. The particle size distribution and SEM images showed that the microcapsules had
spherical morphologies. The characteristics of microcapsules were confirmed by FT-IR and TGA
experiments. These data indicated that PHLC-Ca entrapped into the matrix of ALG through forming
intermolecular hydrogen bonding or other interactions. The cell viability study confirmed that the
prepared CS/ALG-(PHLC-Ca) microcapsules were non-toxic. The animal experiment showed that
CS/ALG-(PHLC-Ca) microcapsules was superior to PHLC-Ca for treating osteoporosis. Finally,
the bioavailability of PHLC-Ca was improved by CS/ALG-(PHLC-Ca) microcapsules, which would
provide new ideas for the future development and research of proteins calcium supplements.
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