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PN. Firstly, the PNs released concentration of magnesium ions over time ranging from

2

work (PN), derived from a poly(lactide-co-caprolactone) copolymer, as a controlled ionused as a test culture to investigate the PN's performance as an extracellular ion-release
agent. The compelling performance of this PN is demonstrated in both growth and osteogenic media compared with a control of cells grown on tissue culture plastic (TCP) without
10 to 60 mM after 24 hr, depending on the PN sample. After incubation of Saos-2 with
the PN, while no difference was seen in cell number, there was significant upregulation of
bone-related gene expression at 14 days—~5fold increase in Bone Morphogenetic Protein
2, ~3fold increase in osteopontin and ~2fold increase in collagen Type I. In addition, normalized alkaline phosphatase activity was seen to significantly increase by ~2fold with PN
presence. A ~4fold increase in collagen Type I protein expression (via Gomori Trichrome
Stain) was observed with PN presence. In addition, a ~4fold increase in phosphate
deposits (as seen with Von Kossa staining analysis) was seen with PN presence. It is found
that this novel PN material has a significant potential for bone tissue regeneration.
KEYWORDS

bone repair, layered double hydroxide, polycaprolactone, polylactic acid, SAOS2

1

|

I N T RO DU CT I O N

bone and comprises mostly collagen (around 90 wt% Type I collagen).
The collagen macromolecule has a specific structure of three polypep-

Bone defects are common occurrences in the population and can

tide chains wound into a repeating triple-helix fibril (Ramachandran,

result from incidences such as traumatic injury. Clinically, these

Venkatachalam, & Krimm, 1966). The inorganic matrix mainly consists

defects can be repaired by the use of various types of grafts; however,

of apatite crystals. Many different elements are present in this compo-

due to limited natural tissue availability and expense, alternative mea-

nent, for instance, calcium, phosphorous, sodium, and magnesium. All

sures in clinical practice need to be developed. Bone tissue engineer-

these ions are present in the crystal apatite (mainly in the form of cal-

ing approaches (e.g., the use of bioactive bone graft substitutes) are

cium hydroxyapatite Ca10PO4OH2, HA) that is formed in the bone cell

demonstrating increasing potential for use as alternative therapies for

matrix, and which provides the stiffness of the tissue, while collagen

bone defects and deformities (Feng & McDonald, 2011).

provides the bone with flexibility.

A bone tissue matrix consists of two components, an organic and

Osteoblasts, which secrete bone proteins and minerals, are respon-

inorganic phase. The organic phase is approximately 20 wt% of the

sible for the production of the cell matrix. They also control the flux of
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ions in the extracellular cycle. The collagenous extracellular matrix

and on the influence of the ions released from this PN on human osteo-

(ECM) an osteoblast produces has an important effect on cell activity;

sarcoma cells. The cytotoxicity of the Mg2+ and Al3+-ion eluting PN is

for example, it can act as a nucleation site for mineralization. Specifically,

investigated via indirect in vitro tests, and its effect on differentiation

collagen Type I fibrils function as a template for mineral deposition and

and mineralization of the osteoblast-like cells in vitro is determined.

provide the initiation sites for mineral crystallization. Furthermore, osteoclasts are responsible for bone tissue resorption (Bullough, 2010) and
with the correct compositional balance of osteoblasts and osteoclasts,

2

|

M A T E R I A L S A N D M ET H O D S

bone remodeling can be well regulated. A compositional imbalance of
these two cell types results in osteoporosis, (Feng & McDonald, 2011).
One approach to enhance bone cell activity is the addition of inor2+

ganic ions. For example, it has been well documented that Ca

The ε-caprolactone (97%) was obtained from Aldrich and stored at 4 C
before use, while the L,D-lactide (99%) was supplied by Alfa Aesar. Both

can

materials were used as monomers in the polymerization process. The

stimulate bone cell proliferation and differentiation (Zhou et al., 2010).

initiator, synthetic-layered double hydroxide carbonate (LDH-carbon-

Meanwhile, research has also shown enhanced new bone formation

ate), was obtained from Aldrich. LDH-carbonate has a layered structure

both in vitro and in vivo using Mg2+ (Yamasaki et al., 2002; Yamasaki

with a high anionic exchange capacity that allows it to host and release

et al., 2003; Zreiqat et al., 2002). The incorporation of inorganic ions is

various anionic compounds. Its chemical formula is Mg6Al2(CO3).

controllable, and it is a cost-efficient approach compared with current

(OH)16.4H2O. Since L,D-lactide, ε-caprolactone and LDH-carbonate are

stimulatory approaches such as injection of growth factors (e.g., bone

all sensitive to moisture, it is essential to avoid their re-adsorption of

morphogenetic protein 2, an essential protein for the development of

water; hence, they were both stored in a desiccant. L,D-lactide was sub-

bone and cartilage) directly to the bone defect site. Multiple inorganic

limed immediately prior to reaction to remove moisture.

ions have been studied for this specific purpose, and also for osteogenesis, angiogenesis (Gorustovich, Roether, & Boccaccini, 2010), and
antibacterial activity (Jones, Ehrenfried, Saravanapavan, & Hench, 2006).
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However, most of the cases have used bioactive glass (Si-based), which
was first identified and synthesised by L Hench et al. (Hench, Splinter,

The lactone PN LC INSOL was selected from nine other PNs synthesized

Allen, & Greenlee, 1971). Bioactive glasses have been actively used for

in a previous study (Zhou, McCarthy, Soutis, & Cartmell, 2018) as the

bone-related applications (Gough, Jones, & Hench, 2004). Polymers, by

optimal one for use in osteogenesis due to its high polymer mass yield

contrast, have been less well studied as potential ion release media by

and high magnesium content; a schematic of the LC INSOL preparation

themselves. However, polymer properties are easily tuned (i.e., their

process is given in Figure 1 (Zhou et al., 2018). This comprised the poly-

mechanical properties, chemical properties, and degradation properties)

merization of a mixture of monomer(s) plus LDH followed by dissolution

according to the particular requirements of an application in a way that

of the product in methylene chloride. The solution was then centrifuged

glass matrices cannot. For instance, the manipulation of the monomer

to result in an insoluble residue, which was dried to result in two sepa-

types and ratios in a polymer can result in lower stiffness in the polymer

rate phases of the polymer, soluble (SOL) and insoluble (INSOL). The lat-

materials in contrast to bioglass. Such changes in the matrix modulus

ter was the PN used in this study, which was then ground prior to use.

can positively affect the differentiation of cells. Park et al. stated that a
modulus of 1 kPa can lead to chondrogenic differentiation (Park
et al., 2011), while for bone differentiation, Lu et al. recommended an
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optimal stiffness range of higher than 25–40 kPa (Lv et al., 2015).
The aim of this work is to study the effect of the insoluble lactone
(LC INSOL) polymer network derived from a lactide-caprolactone copol-

4.1 | pH-time measurements of polymer networks
in various media

ymer on stimulating osteogenesis in vitro. The LC INSOL is incubated
indirectly with the osteoblast-like cell type, Saos-2. The effects of extra-

To better understand the pH time response of the LC INSOL, it was rinsed

cellular ions eluted from LC INSOL on the cell matrix, specifically on the

in an aqueous environment, 100 mg of LC INSOL fragments were rinsed

formation of the organic and inorganic components, are investigated.

in 2 mL of DI-water (two repeats) at 37 C in 15 mL centrifuge tubes (simi-

2+

The study is focused on the ion release of the Mg -eluting LC INSOL

lar sample surface areas). pH measurements were repeated at various time

F I G U R E 1 Schematic of PN
preparation process (Zhou et al., 2018)

2837

ZHOU ET AL.

points (at 6 hr, every single day in the first week, at 2 weeks and at

streptomycin) as the general growth medium (GM). Osteogenic medium

3 weeks). Two sets of experiments were performed, with and without

(OM) was also prepared, which contained all components in GM as well

10% NaOH neutralization to pH 7 after each time measurement, to best

as 50 μg/mL Ascorbate-2-phosphate (Ascorbic acid), 10 mM β-glycero

mimic the buffering effect existing in the culture medium.

phosphate (β-Gly), and 10 nM dexamethasone (Dex). A 75 mL tissue culture flask with 100,000 cells was incubated at 37 C in a humidified
incubator with 5% CO2. The medium was changed twice a week, and

4.2 | Inductively-coupled plasma optical emission
spectroscopy (ICP-AES)

cells were subcultured when they reached 75% confluency.
Thirty thousand cells were placed into every well of a 12-well plate
(8,000 cells/cm2) for cell seeding. Bio-inserts from Greiner Bio One with

The ionic concentrations of released magnesium (Mg2+) and aluminium
3+

1 μm pore size were used to hold the LC INSOL powder samples in the wells

(Al ) ions of LC INSOL were determined using ICP-AES (Optima

at 3.125, 6.25, 12.5, and 25 mg/mL mass concentrations to culture medium,

5300DV manufactured by Perkin-Elmer). This was performed after

respectively, as shown in the schematic, Figure 2. Four biological replicates

immersion of ground PN powder in phosphate buffered saline (PBS) for

were performed for each sample for all the following experiments. Figure 3

24 hr and then in culture medium (McCoy 5a from Sigma) without other

is a schematic of the assays performed on the specimens over 14 days.



additions for different time durations at 37 C in static conditions to
mimic cell culture conditions and ion concentrations. Three parallel samples were processed and their supernatants were collected simulta-

4.4
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Pico green assay for DNA quantification

neously. The supernatant samples were diluted in the ratio 1:10 in a 2%
HNO3 matrix before analysis. Three repeats were performed per sam-

When the cells were cultured for 7 days and 14 days, respectively, they

ple. The measurement wavelengths for the selected elements were

were then washed twice with PBS in the well plate, and three freeze–

285.213 nm (Mg2+) and 396.153 nm (Al3+), respectively.

thaw cycles were performed using 700 μL Tris buffer (100 mM) per sample at a temperature of −80 C. Quant-iT PicoGreen dsDNA Assay Kit
from Thermo Fisher Scientific was used for the assay. Hundred microliter

4.3
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Cell culture

cell lysate from the freeze–thaw cycle and 100 μL Pico Green reagent
were mixed and covered in foil from light for 30 min at room tempera-

Osteosarcoma Saos-2 cells were cultured in McCoy 5a with 10% fetal

ture based on the protocol provided in the kit. After this, the fluores-

bovine serum (FBS), 1% L-Glucose, and 1% antibiotics (penicillin/

cence of the sample mixture was measured in a 12-well plate at
excitation and emission wavelengths of 485 and 535 nm, respectively,
using a Fluostar Optima plate reader, (BMG Labtech). The final DNA concentration was calculated using a standard curve provided in the kit that
was obtained from a pure double-strand DNA. This assay was applied to
the Saos-2 cultured at different conditions as described later on.

4.5
F I G U R E 2 Schematic of Saos-2 osteosarcoma cell line indirectly
cultured with PNs in bio-inserts with various mass concentrations
using 12-well plate

F I G U R E 3 Schematic of Saos-2
osteosarcoma cell line indirectly
cultured with PNs in bio-inserts with
various mass concentrations using a
12-well plate for Picogreen and
alkaline phosphate (ALP) assays at Day
7 and 14, respectively (LC INSOL
applied in both growth media
(GM) and osteogenic media (OM) for
7 days and 14 days). PNs, polymer
networks; PBS, phosphate buffered
saline; GM, growth media;
OM, osteogenic media

|

Alkaline phosphatase activity (ALP)

Aliquots from the same solution used in the Pico Green assay were
mixed with the p-nitrophenyl phosphate (pNPP) working solution as
the phosphate substrate, which turns yellow when dephosphorylated
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by ALP (purchased from Biovision). The standard curve was prepared

(300 g, 5 min) were then used to obtain a cell pellet at the bottoms of

according to the manufacturer's instructions and was used to calculate

the centrifuge tubes. Three hundred fifty microliters of RLT buffer

the absolute ALP activity. The reaction lasted for 60 min and was cov-

(with 1% v/v b-Mercaptoethanol from Sigma) were put into the cell

ered from light at room temperature. Absorbance was measured at

pellet for RNA lysate homogenization using 20G needles to break up

405 nm wavelength using a spectrometer from Labsystems, Multiskan

the cell membranes. The total volumes of the RNA lysate were made

Ascent. The ALP activity was calculated by Equation (1), where A rep-

up to 700 μL per sample with 70% ethanol. Then the mixture was

resents the pNP generated by the samples in nmol, V is the sample

then applied to a RNeasy spin column (a silica-gel membrane) and

volume added in each well in milliliters.

washed twice based on instruction in the protocol. Total RNA was
eluted with RNase free water (30 μL as final RNA mixture volume).

ALP activity = A=V

ð1Þ

Subsequently, RNA integrity and concentrations were measured using
Nanodrop Lite spectrometer (thermos scientific).
cDNA was used as the template for RT-PCR. A total of 100 ng/

4.6 | Gomori trichrome for collagen histology
staining

mL RNA was used for the reversed transcription and this was performed using QuantiTect, a reversed transcription kit (Qiagen). Specifically, the gDNA were firstly eliminated from the RNA solution using

In order to make Gomori solution, 0.6 g of chromotrope 2R (TCS bio-

the gDNA wipeout buffer at 42 C for 2 min. The mixture solution was

science ltd), 0.3 g of fast green FCF (Fisher), and 0.6 g of phospho-

prepared with quantiscript reserve transcriptase, quantiscript RT

tungstic acid were mixed with 100 mL of distilled water, while 1 mL

buffer, and 5X RT primer mixes according to the volume rec-

of glacial acetic acid was added afterward to acidify the solution. For

ommended by the kit (1 + 4 + 1 μL, respectively, plus 14 μL genomic

the cell section, cell monolayers in the well plate were initially rinsed

DNA) and incubated for 15 min at 42 C and 3 min at 95 C. All the

in water and stained with Mayer's haematoxylin for 5 min. Scotts tap

incubation was performed using a Peltier Thermal Cycler (Bio-Rad).

water (a blueing reagent designed for histology and cytology) was

After the incubation, the final cDNA solution was stored at −20 C for

then used to rinse the cells section for 30 sec. The Gomori solution

further experiments.

prepared above was applied for 5 min staining and later on rinsed out
with 0.2% acetic acid and distilled water, respectively. Staining colors
were blue or grey (nuclei), green (collagen) and red (muscle, cytoplasm,

4.9
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Primers and real-time PCR

red blood cells and fibrin). The percentage areas of the bone nodules
in each well were quantified using ImageJ (1.48v, Wayne Rasband,

To determine whether magnesium has an influence on bone metabolism,

National Institutes of Health). Specifically, five certain areas

several genes that are involved in bone and matrix formation were ana-

(at positions 12, 3, 6, 9 o'clock and center) from each well were

lyzed. The gene markers were purchased from Quantitect Primer. The

selected (×10 magnification were used).

primer sequences used were glyceraldehyde 3-phosphate dehydrogenase
(GapDH), Bone morphology protein (BMP2; Hs_GAPDH_1_SG QuantiTect
Primer Assay/ NM_002046), osteopontin (OPN; Hs_BMP2_1_SG

4.7
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Von Kossa histology staining

QuantiTect

Primer

Assay/

NM_001200),

osteoclactin

(OCN;

Hs_BGLAP_1_SG QuantiTect Primer Assay/ NM_199173), and collagen
For the staining process, 5% aqueous silver nitrate, 5% sodium

Type I (COL; Hs_COL1A1_1_SG QuantiTect Primer Assay/ NM_000088).

thiosulphate (both obtained from VMR), and 1% neutral red (TCS Bio-

Real-time quantitative PCR (polymerase chain reaction) was used

science ltd) were prepared in advance. The cells were initially washed

to quantify the expression rate of the selected genes by amplifying

by deionized water and covered with filtered 5% aqueous silver

the gene signal using thermal cycles. A SYBR Green PCR kit was used

nitrate. Then, all the cells in the well plate were moved under UV light

(Quantifast from Qiagen). The mixture was mixed using 2X Quantifast

with foil put underneath to achieve better lighting conditions because

SYBR Green PCR master Mix, 10X QuantiTect Primer Assay, Tem-

of foil reflecting. A triple de-ionized water wash was performed, and

plate cDNA and RNase-free water (reagents in the kit). Twenty five

5% sodium thiosulphate solution was added to the cell matrix for

microliters of this final mixture were placed into each well in the

5 min for the removal of excess silver salt. Next, a 1% neutral red solu-

96-well plate (life technologies) and sealed with plastic film on the

tion was applied as a counterstain. The areas of precipitates were

top. Then, a PCR thermal cycler from Applied Biosystems (Thermal

quantified using ImageJ.

Fisher) was used for the qPCR thermal cycles in 2 steps. Specifically,
the first step, PCR initial activation step, was performed for 5 min at
95 C. The second cycling step, started with denaturation for 10 s at

4.8
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RNA isolation and cDNA synthesis

95 C, followed by annealing for 30 s at 60 C; 40 cycles were performed for each sample.

The total RNA was extracted from the cell population using a RNeasy

The solution was homogenized using a micro centrifuge (Prism

mini kit (Qiagen) following the product manual. Before the RNA

Mini). The final gene expression data were chosen to use fold

extraction steps, cells were washed with PBS. Trypsin and centrifuge

exchange calculated from the original Ct (cycle threshold: the number
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of cycles required for the fluorescent signal to cross the threshold

5.2

|

ICP-AES

[i.e., to exceed background level]). Values were obtained from
StepOnePlus software v2.3 (Thermo Fisher Scientific). Gene expres-

After LC INSOL was exposed in PBS for 1 day, the Mg2+ ion concen-

sion is calculated as normalized fold change compared with that of

tration (Figures 5a,b) measured in the LC INSOL supernatant was

the house-keeping gene GapDH. The method is detailed further in the

approximately proportional to the original mass of Mg2+ in the

literature (Livak & Schmittgen, 2001).

corresponding LDH initiator pre-cursor. The Mg2+ concentrations of

For each assay, n = 4 replicates were performed, and data on all

the LC INSOL supernatant ranged from 9 to 59 mM in the concentra-

graphs are represented as mean values with standard deviation as

tion range 3.125–25 mg/mL. In Figure 5a, at 24 hr, the progressive

error bars. Statistical significance was determined using a one-way

increase of Mg2+ concentration from 9.1 mM at 3.125 mg/mL to

Analysis of Variance (ANOVA). Significance was defined for p values

58.2 mM at 25 mg/mL is shown. This represents a 6.4-fold increase in

less than 0.05 and is reported in the figures with an asterisk *

Mg2+ concentration for an 8-fold increase in LC INSOL concentration.

(*p ≤ .05, ** p ≤ .01, ***p ≤ .005, ****p ≤ .001).

Notionally, this is an Mg2+ release efficiency of 80%. In Figure 5b, the
progressive reduction of Mg2+ concentration from 6.3 to 0.3 Mm
between Days 4 and 14 at LC INSOL concentration of 25 mg/mL is

5

RESULTS

|

shown as a consequence of PBS changes at each time point. Because
of the 24 hr peak in Mg2+ concentrations, future samples were

5.1

|

pH measurements

allowed a 24 hr PBS incubation period prior to cell exposure to ensure
the release profile as seen in Figure 5b.

LC INSOL, a lactone copolymer network (PN) with fewer carboxylic
units per monomer than poly(lactic acid) was synthesized according to
the method described in Zhou et al. (2018). This copolymer PN was
subjected to immersion in the culture medium described above. The
pH fluctuations of LC INSOL during immersion are presented in
Figure 4 at different time intervals up to 3 weeks.
The pH values for LC INSOL in culture medium is lower than that in
the medium control due to the high pH value of the original culture
medium base (pH = 8.0–8.5). Moreover, due to the buffer system
(sodium bicarbonate) in the medium, the pH trend in the latter is better
controlled compared to that of the LC INSOL especially before Day
3, which is the first medium replacement point. The clearest trend is that
the LC INSOL shows (a) initially more acidic character (lower pH) up to
Day 3 and (b) good pH stability from approximately 12 days onwards.

F I G U R E 4 pH measurements of LC INSOL with different
compositions in completed culture medium up to 3 weeks (mean ± SD
[5%], n = 3)

F I G U R E 5 (a) ICP-AES measurement of Mg2+ ion concentrations
after LC INSOL was exposed to PBS at different concentrations for 24 h
(Error bars: 5% standard deviation). (b) ICP-AES measurement of Mg2+ ion
concentration after LC INSOL was exposed to culture medium (basal
McCoy 5A [without FBS]) at a concentration of 25 mg/mL at 37  C (with
no cells) at Days 4, 7, 10, and 14. The Mg2+ ion concentration for the TCP
control medium at each day is also plotted
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5.3 | Pico green and ALP assay of saos-2
osteosarcoma cell cultured with bio-inserts

most common used reference gene. Four bone-related genes were
assessed for expression in normalized fold-change (NFC) normalized
to TCP controls at Day 14 (Figure 7). Here, both BMP2 and OPN

Pico green was used for measuring the DNA concentration of the cells

exhibited upregulation at 3.125 mg/mL and 6.25 mg/mL and showed

with and without osteogenic induction factors. Generally, LC INSOL had

maxima at 12.5 mg/mL (1.56 and 4.73 for BMP2 and OPN) compared

no cytotoxic effects on the cells' degree of proliferation. In Figures 6a,b,

with TCP controls, and then decreased considerably at 25 mg/mL

the DNA concentration of samples at four concentrations of LC INSOL

(BMP2 = 0.78).

solution are compared with that for TCP at both 7 and 14 days, respec-

However, for LC INSOL at 25 mg/mL at Day 14, COL NFC almost

tively, showing no statistically significant difference in DNA concentra-

doubled in value, and it was also significantly higher than the TCP

tion at 7 days, but showing a statistically higher DNA concentration at

NFC and those of the LC INSOL at other mass concentrations. OCN

14 days for a LC INSOL concentration of 6.25 mg/mL.

also showed a significant increase in gene expression on Day 14 at
25 mg/mL mass concentration (fold change of 2.65) compared to that
of the TCP. Collagen Type I (COL) also indicated higher NFC com-

5.4

|

Real-time PCR

pared with that of the TCP (NFC = 4.4). Osteocalcin was the last gene
marker to express with a significant upregulated effect for the LC

Real-time PCR is a technique for detection, determination and com-

INSOL at 25 mg/mL at day 14 (NFC = 2.6).

parison of selected genes with a house-keeping gene GapDH, the

5.5

|

ALP results

In Figure 8, the ALP activity of LC INSOL in osteogenic medium sample group are statistically higher than that of TCP at concentrations
higher than 6.25 mg/mL. This is despite the fact that the equivalent
dataset for LC INSOL DNA concentrations were not significantly different to that of TCP.

5.6

|

Gomori trichrome collagen histology staining

Gomori trichrome is a technique for staining collagen in histology. The
collagen generally stains in a blue color, while nuclei, cytoplasma or
fibrin stains in red. The responses of the three groups, cultured for different time periods (Days 7, 14, and 21), were studied and recorded.

F I G U R E 6 DNA amount (Pico Green assay) of cells incubated
indirectly in TCP and LC INSOL in osteogenic media at mass
concentrations in the range 3.125–25 mg/mL after (a) 7 and
(b) 14 days

F I G U R E 7 Gene expression of 4 gene markers using Saos-2 in
OM at 14 days at four different mass concentrations of the samples
indirectly exposed and incubated (N = 3) (no significant differences
were found in gene expression at Day 7 between mass
concentrations)
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At both Days 7 and 14 (Figure 9a; A and B), the blue color indicative

detected was practically equivalent to that of the TCP control

of collagen increased in intensity with increasing solution concentra-

(ca. 5%). Thus, there was significant enhancement of phosphate group

tion from 3.125 to 12.5 mg/mL. The sporadic dark areas in the cell

production in the PN specimens at concentrations at and above

matrix can be attributed to mineralized bone nodules consisting of

6.25 mg/mL compared with the TCP control.

condensed bone cells (Gough et al., 2004). Inspecting the quantitative
data for percent bone nodule area in Figure 9b, it can be seen that
mineralization was maximal for the 6.25 mg/mL sample, but it was

6

|

DI SCU SSION

lower at PN concentrations both below and above this value. This
trend was observed at all the three time-points. Samples with LC

Due to the nature of the manufacture of the LC INSOL polymer net-

INSOL concentrations from 3.125 to 12.5 mg/mL indicated a statisti-

work, it is unable to be employed as a load bearing scaffold. However,

cally significant increase in nodule area percentage at Day 7 compared

it is possible to utilize LC INSOL as either part of a degradable com-

with that of the TCP, which was also consistent with the amount of

posite or as an ion-release matrix in the form of a powder that could

collagen detected as green-stained regions. Nodule areas increased

be easily administered to surgical fracture sites. At present, there are

even further by Days 14 and 21. At Day 14, LC INSOL indicated sta-

only two main types of powders used in surgery for bone repair that

tistical differences in nodule area percentage compared with that of

are used in this manner. One is vancomycin powder, but this powder

the TCP (Figure 9b). At an LC INSOL concentration of 6.25 mg/mL,

mainly functions as an antibiotic for surgical sites rather than as an

the largest number of nodules was observed at both Day 14 and Day

enhancer for bone formation (Bakhsheshian, Dahdaleh, Lam, Savage, &

21, and this indicated a significant difference in percent nodule area

Smith, 2015). The other 'powder' is BoneGlass (manufactured by

compared with that of TCP and also those of PNs at different concen-

Noraker, which fundamentally is bioglass [BG] 45S5). As mentioned

trations. However, percent nodule areas were lower in the 12.5 and

previously, for materials such as 45S5 BG, it is difficult to form a 3D

25 mg/mL specimens at Day 21.

structure, which usually has to be manufactured by heating and
sintering. Moreover, the desired crystallization is also hard to promote
during sintering (Rahaman et al., 2011). Additionally, BG has low

5.7
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Von Kossa phosphate histology staining

strength, which can be disadvantageous for application (Chen, Thompson, & Boccaccini, 2006). Lastly, BGs' relatively slow degradation rate

Visualization of the phosphate staining was performed on Day 21 (Fig-

(maximum 60% mass loss over 10 days) can be a serious disadvantage

ure 10a). In these images, the high phosphate levels are represented

in medical applications, because their degradation rates cannot match

by a black dye. The quantification of Von Kossa staining on Day

that required for optimal tissue growth conditions (Huang, Day,

21 (Figure 10b) was also performed using ImageJ to calculating the

Kittiratanapiboon, & Rahaman, 2006; Huang, Rahaman, Day, &

percentage area of the phosphate group stains. For the PN solutions,

Li, 2006). By contrast, the lactone insoluble polymer network LC

for the three concentrations from 6.25 to 25 mg/mL, the phosphate

INSOL shows faster degradation, which is more suitable (60% mass

area percentages were 25.3%, 30.5%, and 37.5% of total specimen

loss in 7 days). For this reason, LC INSOL was placed in bio-inserts to

area, respectively). By contrast, at 3.125 mg/mL, the phosphate area

culture with cells indirectly in vitro. Generally, in the first 4 days, pH
values were low; however, as shown in Figure 4, the pH stabilized
within a safe range (ca. pH = 8.5) for PN samples in culture medium
up to 3 weeks.
ICP-AES measurements were firstly conducted in the basal culture medium without either FBS or cells. This tested the ion release
rate from the LC INSOL without the effect of other factors. FBS, as an
essential supplement in cell culture, can release amino acids that may
affect pH and ion levels due to amino acids' degradation. In Figure 5a,
the Mg2+ ion concentrations after LC INSOL hydrolysis at 24 hr is
presented for LC INSOL mass concentrations in the range 3–25 mg/
mL (Mg2+ concentrations ranged from 9 to 58 mM for the three different mass concentrations). Any pH change in the solutions was
probably neutralized by the PBS buffer itself. Therefore, the rate of
degradation of LC INSOL did not appear to have been significantly
accelerated by acid release during degradation. In the first 24 hr, when
LC INSOL was exposed to PBS, it showed a slightly higher Mg2+ concentration. This might have been due to the fact that LC INSOL had

F I G U R E 8 ALP activity after 14 days' cell culturing in osteogenic
media indirectly exposed to LC INSOL incubated at mass
concentrations from 3.125 to 25 mg/mL

lower density and high surface ion transfer area (less spatial restriction). In Figure 5a,b, LC INSOL exhibited excellent ion-eluting ability
at Day 4; this was likely due to fast degradation of the copolymer
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F I G U R E 9 (a) Collagen staining of
extracellular matrix using Gomori
trichrome at (A) Day 7, (B) Day 14, and
(C) Day 21 in OM with ×10 magnification
(Scale bar = 250 μm). Note that the blue
color indicative of collagen increased in
intensity with increasing solution
concentration from 3.125 to 12.5 mg/mL.
(b) Quantification of nodule percentageof-area from Gomori trichrome staining in
each well at (A) Day 7, (B) Day 14, and
(C) Day 21 in OM with ×10 magnification
(statistical analysis was performed on the
nodule area [%] of LC INSOL at various
mass concentrations and TCP at the same
time point as well as that in LC INSOL at
6.25 mg/mL with the other mass
concentrations)

backbone, (Lyu & Untereker, 2009), indicated by the accompanying

to its better cell proliferation and mineralization (Bilbe, Roberts,

pH drop to Day 4 (Figure 4).

Birch,

&

Evans,

1996;

Czekanska,

Stoddart,

Richards,

&

Three osteosarcoma cell lines MG63, Saos-2, and U2OS are fre-

Hayes, 2012a), and it also exhibits osteoinductivity in vitro (Yu, Harris,

quently used for comparative study with human osteoblasts (Torricelli

Yang, Anderson, & Walsh, 2004). For Saos-2 cells, at 5 mM Mg2+,

et al., 2003; Wang et al., 2011; Zomorodian et al., 2013). Of these,

enhanced proliferation capacity has historically been identified (He,

Saos-2 has historically been identified as the best performing line due

Zhang, Liu, Tian, & Ma, 2016; Leidi et al., 2012). However, from 5 to
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F I G U R E 1 0 (a) Von Kossa staining using
LC INSOL at various mass concentrations on
Day 21 at ×10 magnifications (scale
bar = 250 μm). Phosphate is indicated by black
regions. (b) Quantification of Von Kossa
staining area using LC INSOL at various mass
concentrations on day 21 (N > 6)

25 mM, proliferation gradually reduced (as did that of the other two

Paulasto-Kröckel, 2016). However, the authors have ensured that the

cell osteosarcoma cell lines, when the Mg2+ concentration exceeded

concentration of dexamethasone was the same value for both the

10 mM), although the degree of differentiation was still substantial

control and experimental groups. In this case, there is a clear

(Sansone, Pagani, & Melato, 2013). Due to such high ion release

upregulation regarding both cell differentiation and matrix production

levels, the materials synthesized need to be treated with PBS for

in the experimental groups that is not seen in the control groups and

24 hr prior to being used with the cells in order to avoid high ion con-

so this enhanced response cannot be due to spontaneous mineraliza-

centrations and sudden pH increases. The authors have chosen to use

tion that can be seen in cell samples described in other publications

three osteogenic supplements with Saos-2 in this study as have many

(Czekanska, Stoddart, Richards, & Hayes, 2012b; Rao et al., 1996).

other researchers who study the effect of different stimulus on osteo-

In our work, for Saos-2 proliferation in the presence of LC INSOL

genesis and matrix production in vitro (Bique, Kaivosoja, Mikkonen, &

at 7 days, it was notable that LC INSOL applied at concentrations of
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3.125 and 6.25 mg/mL did not significantly increase the Saos-2 cell

(Orimo, 2010), in addition to Zn2+ and Co2+. Mg2+ can act similarly to

proliferation compared with that of TCP (based on the DNA concen-

Zn2+; they both coenhance the enzyme activity catalytically. The mecha-

tration data in Figure 6a) and the Mg

2+

concentration in the culture

nism for this is due to the binding sites on the phosphate enzyme sub-

was below 5 mM for both. However, at 14 days' cell culturing, there

units, between the monomers, where there are two sites for Zn2+

was a significant difference in proliferation measured between TCP

binding, one for Ca2+ and one for Mg2+ (Anderson, Bosron, Kennedy, &

and LC INSOL at 6.25 mg/mL, though not at the higher LC INSOL

Vallee, 1975). In general, the more Mg2+ ions cells that bind, the more

concentrations.

enzyme that is actively expressed (Dean, 2002; Tsigkou, Jones, Polak, &

Previous literature studies have indicated that some metal ions,

Stevens, 2009). Moreover, materials exposed in the OM culture medium

for example, Al3+, have a detrimental effect on bone health (Lin,

promote cell differentiation, causing cell maturation to be slower than

Wataha, & Hanks, 1997). However, usually the viability of bone cells

for the samples placed in GM alone (Ding, Pan, Xu, & Tang, 2014). For

3+

concentrations less than 1 mM (our

the trials using osteogenic induction factors (Figure 8) LC INSOL indi-

measurements indicated that Al3+ concentration was consistently less

cated higher ALP activity compared with that of TCP at concentrations

than this, not shown). In addition, gene expression (i.e., that of colla-

above 6.25 mg/mL demonstrating superior performance of LC INSOL,

gen, osteocalcin and ALP) can be significantly inhibited, (Malluche,

relative to the TCP control, in promoting ALP activity.

is not adversely affected for Al

Mawad, & Monier-Faugere, 2004). Moreover, Malluche et al. indi-

The ability to produce nodules for cells is important for bone

cated that even an Al3+ concentration of 0.2 mM is generally non-

regeneration (Gough et al., 2004). Nevertheless, calcium phosphate

cytotoxic. Nevertheless, bone gene expression can still be down-

formation is related to the ion concentrations leached from the mate-

regulated, which can cause unhealthy bone formation (Malluche

rials, and the relative concentration ratio of Mg/Al is critical; when the

et al., 2004). In addition, various other studies have shown the toxicity

Mg2+/Al3+ ratio is low, only a few mineralized nodules can be formed

3+

for organ function (e.g., it is associated with chronic renal fail-

and vice-versa. Von Kossa staining was chosen to identify phosphate

ure) and also for bone health (Malluche, 2002; Netter et al., 1984). It

deposits rather than alizarin red to stain for calcium deposits to ensure

has been proven that excess Al3+ can cause osteodystrophy and osteo-

a clear reading from our image analysis data was captured. Based on

3

malacia (Hallab et al., 2002). For this reason, potential toxicity of the Al

the nodules area percentage calculated from the Gomori trichrome

+

ions toward bone differentiation for LC INSOL cannot be ruled out in

assay (Figure 9b) using ImageJ, samples at a concentration of

experiments reported here. Ranking metal ions in terms of their increas-

6.25 mg/mL exhibited the highest nodule yield at 14 and 21 days, to

ing effect on osteoblast cell metabolism and differentiation, the order of

statistical significance, compared with the TCP control. In general,

increasing toxicity is Na < Cr < Mg < Mo, (nontoxic or mildly toxic);

nodules consisted of crystallized CaP with a C/P ratio of 1.67 rather

Al < Ta < Co, (moderately toxic); and Ni < Fe < Cu < Mn < V, (toxic)

than the more amorphous forms of calcium phosphate (at Phase 3 of

(McComb, Bowers, & Posen, 1979).

the biomineralization process as mentioned earlier (Leidi, Dellera,

of Al

With respect to a dual magnesium-aluminium ion effect on genetic

Mariotti, & Maier, 2011)). The extracellular matrix surrounding the

expression, real-time PCR data indicates that the ions released from LC

cells provides the crystallization sites for the HA growth. Collagen, a

INSOL may accelerate the cells' differentiation. Generally, the expres-

fibrous protein, usually provides the template for the mineral deposi-

sion of collagen Type I (COL) tracks that of ALP, that is, it increases first,

tion; for example, collagen is able to assist CaP deposition by immobi-

and then it decreases. Osteopontin (OPN) and osteocalcin (OCN) are

lization of phosphoproteins (Gu et al., 2011). Therefore, the nodule

important gene markers for bone; osteopontin forms before osteocalcin,

formation should be consistent with the amount of collagen produced

(Aubin, Liu, Malaval, & Gupta, 1995). Therefore, in Figure 7, at Day

in the bone cells matrix, and this corresponds to the data found in this

14, osteocalcin showed maximal upregulated gene expression at an LC

study (i.e., the enhanced COL gene expression in qPCR). Lastly, in

INSOL concentration of 25 mg/mL (2.65-fold increase), while at the

addition to the effects of all the metallic ions eluted from the mate-

other concentrations, normalized fold change reached only 1.9. In most

rials, lower pH also assists HA deposition. This is because HA is more

cases, the gene expressions of all the selected gene markers were better

easily dissolved in an acidic environment (Dorozhkin, 2012). This

regulated in samples fed with LC INSOL.

might explain why nodule formation levels in LC INSOL at 25 mg/mL

ALP is an early stage marker for cell mineralization as it tracks the

are not as high as those in the 6.25 mg/mL specimen.

concentration of alkaline phosphate enzymes, which peaks when the

Mg2+ can be a cofactor for ALP catalytic activity. Together with

osteoblast matures and usually decreases again after the onset of miner-

β-glycerophosphate (β-Gly) in the osteogenic medium, it can be used

alization. Figure 8 shows absolute ALP activities at 14 days in the GM

to produce abundant phosphate groups with the help of ALP

alone without osteogenic inductive factors. It can be seen that magne-

(Hayat, 2012). This is why, in the Von Kossa staining assay (Figure 8),

sium had a dose-dependent effect on ALP levels during mineralization,

LC INSOL at all mass concentrations indicated Mg2+ dose-dependent

that is, ALP activity was lower between LC INSOL solution mass con-

phosphate formation. Usually, phosphate ions react with Ca2+ to form

centrations of 3.125 and 12.5 mg/mL, but significantly higher at 25 mg/

calcium phosphate and eventually mineralize to HA. However,

mL. This phenomenon is consistent with the trend shown in the data of

because of Mg2+ inhibition of the calcium phosphate-to-HA transition,

2+

it is believed that in this Mg2+ reservoir, a Mg-substituted HA might

has been demonstrated as one

have formed. This hypothesis can be supported by the research con-

He et al. (2016), where ALP concentration increases occurred in a Mg
2+

concentration range of 1–3 mM. Mg
of

the

essential

cofactors

for

phosphate

enzyme

synthesis

ducted by Ding et al. (2014), where Mg2+ was shown to inhibit the
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HA crystallization by incorporating or absorbing into the cell matrix. In
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C O N CL U S I O N S

This study examined the effect of a novel polymer network, based
on a lactone copolymer of lactide and caprolactone (LC INSOL), on
osteogenesis using the osteoblast-like cell line Saos-2. It demonstrates that LC INSOL showed superior performance to a tissue culture plastic (TCP) control with an appropriate rate-of-release of
eluted magnesium ions (i.e., LC INSOL was capable of releasing a
higher, more consistent concentration of Mg2+ ions). The effects of
Mg2+ concentration on PN performance were studied in detail. Mg2
+

is able to induce osteogenesis by producing ALP enzymes. There-

fore, its concentration should be maintained at appropriately balanced concentrations, which depends on the overall mass
concentration of LC INSOL applied. Cells were indirectly incubated
with LC INSOL at 3.125 and 6.25 mg/mL mass concentrations in
osteogenic culture media. Cells exposed to LC INSOL above a solution concentration of 6.25 mg/mL indicated enhanced ALP activity
in GM at Day 14 compared to ALP activity in the TCP only
(Figure 8). Two different hydroxyapatites (HA) (Ca- and Mg-HA)
may form, depending on the PN mass concentration applied in the
cell culture. The LC INSOL at 6.25 mg/mL showed the highest concentration of mineralized nodule formation in the cell matrix at all
the mass concentrations investigated. By contrast, cells with the
highest concentration of LC INSOL (i.e., 25 mg/mL) showed the
most upregulated phosphate formation and accelerated cell differentiation. Bone-related gene expression, for example, bone morphogenetic proteins, collagen Type I, osteopontin and osteocalcin, were
all upregulated in the presence of LC INSOL. All the above evidence
indicates that this novel PN material, LC INSOL, has significant
potential for bone tissue regeneration, and could be deployed as an
acellular powder administered for osteogenesis during bone surgery
after further development and verification.
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