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Abstract

In the current emerging trend of using human mesenchymal stromal cell (MSCs) for cell therapy, large quantities of cells are

needed for clinical testing. Current methods of culturing cells, using tissue culture flasks or cell multilayer vessels, are proving

to be ineffective in terms of cost, space and manpower. Therefore, alternatives such as large-scale industrialized production of

MSCs in stirred tank bioreactors using microcarriers (MCs) are needed. Moreover, the development of biodegradable MCs

for MSC expansion can streamline the bioprocess by eliminating the need for enzymatic cell harvesting and scaffold seeding

for bone-healing therapies. Our previous studies described a process of making regulated density (1.06 g/cm3) porous polycap-

rolactone biodegradable MCs Light Polycarprolactone (LPCL) (MCs), which were used for expanding MSCs from various

sources in stirred suspension culture. Here, we use human early MSCs (heMSCs) expanded on LPCL MCs for evaluation of

their osteogenic differentiation potential in vitro as well as their use in vivo calvarial defect treatment in a rat model. In sum-

mary, (i) in vitro data show that LPCL MCs can be used to efficiently expand heMSCs in stirred cultures while maintaining

surface marker expression; (ii) LPCL MCs can be used as scaffolds for cell transfer for transplantation in vivo; (iii) 50% sub-

confluency, mid-logarithmic phase, on LPCLMCs (50% confluent) exhibited higher secretion levels of six cytokines (interleu-

kin [IL]-6, IL-8, Vascular endothelial growth factor (VEGF), Monocyte Chemoattractant Protein-1 (MCP-1), growth-regu-

lated oncogene-a (GRO-a) and stromal cell-derived factor-1a (SDF-1a)) as compared with 100% confluent, stationary phase

cultures (100% confluent); (iv) these 50% confluent cultures demonstrated better in vitro osteogenic differentiation capacity as

compared with 100% confluent cultures (higher levels of calcium deposition and at earlier stage); the improved bone differenti-

ation capacity of these 50% confluent cultures was also demonstrated at the molecular level by higher expression of early osteo-

blast genes Runt-related transcription factor 2 (RUNX2), Alkaline phosphatase (ALP), collagen type I, osterix and

osteocalcin); and (v) in vivo implantation of biodegradable LPCL MCs covered with 50% heMSCs into rats with calvarial

defect demonstrated significantly better bone formation as compared with heMSCs obtained from monolayer cultures (5.1 §
1.6 mm3 versus 1.3 § 0.7 mm3). Moreover, the LPCL MCs covered with 50% heMSCs supported better in vivo bone forma-

tion compared with 100% confluent culture (2.1 § 1.3 mm3). Taken together, our study highlights the potential of implanting

50% confluent MSCs propagated on LPCL MCs as optimal for bone regeneration. This methodology allows for the produc-

tion of large numbers of MSCs in a three-dimensional (3D) stirred reactor, while supporting improved bone healing and elimi-

nating the need for a 3Dmatrix support scaffold, as traditionally used in bone-healing treatments.
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Introduction

Bone defects, injuries and degeneration can occur

either through trauma or disease, or a combination of

both. Several conventional methods are available to

treat these conditions. However, complete bone

regeneration cannot consistently be assured. This can

lead to complications such as bone non-union and

development of post-traumatic osteoarthritis [1].

Although the use of autografts is considered as the
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gold standard for bone defect repairs, these are associ-

ated with the limitations of harvestable bone, includ-

ing significant morbidity, malformation and

subsequent loss of graft functions [1]. Allograft bone

from cadaveric donors is also used, but this has less

osteoinductivity than autogenous bone, with immune

response and viral infection remaining as concerns

[1]. As a result, the research and development of via-

ble, biocompatible and effective bone graft substitutes

continues to be an area of intense interest.

Human mesenchymal stromal cells (MSCs) have

become a primary candidate for bone tissue regener-

ation owing to several favorable biological character-

istics. These include the ease of culture expansion

while maintaining genetic stability, osteogenic differ-

entiation potential, lack of significant immunogenic-

ity and feasibility of allogenic transplantation [2,3].

Currently, tissue-engineered artificial bone grafts

regenerated by combining MSCs and biomaterials

represent a novel approach that overcomes donor

limitations, reduces the immune response and

increases the efficacy for defect repair and healing

[4]. Scaffolds seeded with culture-expanded MSCs

have been extensively explored to repair and regener-

ate bone tissue [5]. Human early MSCs (heMSCs)

are used in the present study because they have a

greater osteogenic capacity compared with MSCs

from other sources, such as human umbilical

cord�derived and human adipose tissue�derived

MSCs, and support in vivo bone formation.

Microcarrier (MC) systems are an attractive

form of scaffold that finds applications in the

expansion and delivery of cells for tissue engineer-

ing. They enhance the capacity of cell expansion by

offering a high surface area to volume ratio [6]. We

previously described a MC-based wave reactor pro-

cess using a spherical polycaprolactone (PCL) bio-

degradable/bioimplantable MC. These MCs had

an intrinsic volumetric density of 1.14 g/cm3 [7]

and were used for the expansion of heMSCs on a

rocker platform and their subsequent delivery in a

bone-healing application [8]. PCL is a semi-crys-

talline, bioresorbable polymer belonging to the ali-

phatic polyester family [9]. We showed that PCL

MC supported heMSC growth and induced bone

formation in an ectopic mouse model at levels

equivalent to heMSCs that were expanded by

monolayer (MNL) culture. The PCL MC-

expanded heMSCs also supported neovasculariza-

tion into the implant. However, because of the high

density of the PCL MCs (1.14 g/cm3), it is hard to

suspend them in a conventional stirred system,

thus, the wave-type reactor was used. The major

drawback of this type of side-by-side agitation is

the formation of large cell/MC aggregates leading

to cell necrosis at the center of the aggregate [8].

Moreover, wave-type reactors cannot readily be

scaled up to larger volumes.

Recently we have developed PCL MCs with an

inner porosity that regulates their volumetric density

(1.06 g/cm3, when immersed in aqueous medium,

for 60% porosity). These are henceforth designated

as Light Polycarprolactone (LPCL) MCs [10].

These MCs were used to propagate MSCs from vari-

ous sources in a stirred reactor [11]. MSCs grew on

these MCs in a monolayer, demonstrating >95%

viability, without generating aggregates. Moreover

the scale up of this conventional stirred system is

more readily accomplished, particularly to larger vol-

umes. The stirred systems have been shown to be lin-

early scalable as long as the design and geometry of

the bioreactors are kept the same [12].

In a previous study, we demonstrated that MSCs

expanded on MCs displayed higher expression of

cytokines, as compared with MNL MSCs [13]. We

have also found that cytokine secretion from MSCs

on MCs occurs primarily during the late log phase

[11], which is equivalent to around 50% of cell con-

fluency. These 50% confluent cultures showed

improved cell migration in a modified Boyden

Chamber assay, as compared with 100% confluent

cultures. Hence, the present study investigates the

impact of MSC cell confluency on the surface of

LPCLMCs on bone healing by probing the followin:

(i) the kinetics of cytokine secretion in stirred reac-

tor, (ii) the extent of in vitro osteogenic differentia-

tion of heMSCs that reached 50% sub-confluency

on LPCL MCs (defined as 50% confluent) and

100% confluency on LPCL MCs (defined as 100%

confluent) and (iii) in vivo healing of a calvarial

defect in rats implanted with 50% and 100% conflu-

ent heMSCs, cultured and delivered on LPCLMCs.

Materials and Methods

PCL (average molecular weight, 45 kd) and poly-

L-lysine (PLL; molecular weight, 70�150 kd) were

sourced from Sigma-Aldrich. Fibronectin was pur-

chased from Biological Industries. All chemical

reagents were obtained from Sigma-Aldrich and all

culture media and supplements were bought from

ThermoFisher Scientific.

Fabrication of PCL MCs

Porous PCL MCs were fabricated using a two-phase

flow microfluidic device, as previously reported [10].

Briefly, as-formed fluidified PCL droplets were

collected in a glass cylinder containing 70�95% eth-

anol, which leads to solidification of the PCL into

porous PCL MC (with a volumetric density of

1.06 g/L and an average diameter of 170 § 1.2 mm).
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The MCs were then incubated in 5 M sodium

hydroxide (NaOH) for 1 h, to increase their surface

wettability and generate a negative surface charge for

subsequent extracellular matrix (ECM) coating [10].

For better cell adhesion and spreading, MCs were

coated with three layers of ECM: 2 mg/cm2 of Fibro-

nectin (FN), 1 mg/cm2 of PLL and 2 mg/cm2 of FN,

at room temperature as previously described [10].

Coated MCs were washed with phosphate-buffered

saline (PBS) and stored at 4˚C before use. These

coated porous PCLMCs are referred to as LPCL.

Ethics of obtaining heMSCs

heMSCs were supplied by Jerry Chan, National Uni-

versity of Singapore (NUS). Fetal tissues were

obtained from 13-week-old, clinically terminated

pregnancies with the approval by the Domain Spe-

cific Review Board of the National University Hospi-

tal, Singapore (DREB-D-06-154). heMSCs were

isolated from fetal bone marrow by plastic adherence

and characterized as described earlier [14,15].

Cell culture and media

Cells were cultured in aMinimum Essential Medium

(MEM) medium supplemented with 10% (vol/vol)

fetal bovine serum (FBS; ThermoFisher Scientific)

with 50 U/mL penicillin and 50 mg/mL streptomycin

(ThermoFisher Scientific), which is referred to as

a10. Cells were maintained in a humidified CO2

incubator at 37˚C. Single cell suspension of heMSCs

was prepared by trypsinization as described earlier

[8,16]. heMSCs at passages 6�10 were used for all

experiments.

Cultivation of heMSCs on LPCL in spinner flask

The seeding of heMSCs in spinner flasks has been

described by Lam et al. [11]. Briefly, heMSCs

(4.5£ 104 cell/mL) harvested by trypsinization were

inoculated onto 700 mg of LPCL MCs (total sur-

face, 256.2 cm2) in 125 mL plastic spinners flasks

(Corning), containing 50 mL of a10 culture medium

(i.e., total seeding cell number was 2.25£ 106 cells).

The culture remained static for 2 h, followed by con-

tinuous stirring at 40 rpm with 50% medium change

every 2 days. One hundred percent confluent MC

means the surface of a MC is completely covered by

cells, whereas 50% confluency means that only half

of the surface of the MC is covered by cells.

F-actin staining

MC cultures were washed with PBS twice and incu-

bated in 1 mL/mL rhodamine phalloidin (Life

Technologies), a high-affinity F-actin probe (red),

for 2 h. After washing with PBS, cells were observed

under an inverted fluorescence microscope (Axiovert

200M; Carl Zeiss) [8].

Immunophenotypic analysis

Live cells harvested from spinner and monolayer cul-

tures were analyzed using cytometry for CD34,

CD70, CD90 and CD105 markers using antibodies

from Bio-legend at dilution rates of 1:10, 1:10, 1:10

and 1:20, respectively, following protocols described

by Shekaran et al. [8].

Multiplex cytokine analysis

Cytokines were measured using Luminex human

cytokine multiplex kits (Thermofisher Scientific). Cal-

ibration curves from recombinant cytokine standards

were prepared with serial dilutions (1:4), using a10
medium. All assays were carried out in a 96-well filtra-

tion plate (Millipore), protected from light at room

temperature. Briefly, wells were pre-wetted with 100

mL PBS containing 1% bovine serum albumin (BSA),

then beads (5000 per cytokine) together with a either

a standard, sample or blank were added, for a final

volume of 100 mL. These plates were incubated at

room temperature for 30 min, with continuous shak-

ing at 300 rpm on an orbital shaker. Beads were

washed three times with 100 mL PBS containing 1%

BSA and 0.05% Tween-20 (Wash buffer). A cocktail

of biotinylated antibodies (50 mL/well) was added to

the beads for 30-min incubation, with continuous

shaking (300 rpm). Beads were again washed three

times, Wash buffer, and streptavidin-phycoerythrin

was added, for an incubation time of 10 min. They

were then rinsed three times with Wash buffer and

resuspended in 125 mL of PBS. Fluorescence inten-

sity of the beads was measured using the Bio-Plex

array reader (Bio-Rad). Bio-Plex manger software

with five parametric curve fittings was used in data

analysis, with a curve fit applied to each standard

curve according to the manufacturer’s manual. Sam-

ple concentrations were interpolated from the stan-

dard curve. Specific cytokine production rate at Day n

was calculated according to the following formula:

specific production rate (pg/cell/d) = (cytokine con-

centrationDay n+1¡cytokine concentrationDay n)

�[(cell countDay n+1+ cell countDay n)/2].

In vitro two-dimensional osteogenic differentiation of

heMSCs on LPCLMCs

Six-well culture plates were coated for 1 h at 37˚C

with 0.01% rat tail collagen I (BD Biosciences).
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Then, cells were seeded at a density of 2£ 104 cells/

cm2 using osteogenic differentiation medium:

Dulbecco’s Modified Eagle’s Medium (DMEM) sup-

plemented with 10% FBS, 10 mmol/L b-glycerophos-
phate, 10 nmol/L dexamethasone and 0.2 mmol/L

ascorbic acid [17]. The cultures were incubated for

21 days with medium changed every other day.

Calcium deposition assay

The osteogenic differentiated cells, cultured on a six-

well culture plate, were washed three times with PBS

(Mg2+, Ca2+ free) and then incubated with 0.5N acetic

acid for 60 min at room temperature. Eluted calcium

was quantified using a calcium assay kit (BioAssay Sys-

tem) according to the manufacturer’s instructions.

Results (mg/cell) were normalized by measuring total

cell number, derived from counting nuclei (Nucleo-

counter; ChemoMetec), on the day of harvesting.

Quantitative Real-Time -polymerase chain reaction

Total RNAwas extracted and purified from differenti-

ated heMSCs by Trizol extraction with Direct-zol

(Zymo Research), used according to the man-

ufacturer’s instructions. Briefly, 0.5 mg of total RNA

was translated to complementary DNA (cDNA) using

Maxima First Strand cDNA synthesis kit (Thermo-

Fisher Scientific), eluted in 40 mL. Quantitative poly-

merase chain reaction (PCR) was performed using

Taqman Gene Expression Assay (ThermoFisher Sci-

entific), used according to the manufacturer’s instruc-

tion; Glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) was used as housekeeping gene. The iden-

tification numbers for the genes used for Taqman

Gene Expression Assay are shown in Table 1.

In vivo bone formation

heMSCs were cultured on LPCL MCs or tissue cul-

ture plastic MNLs. Cells were expanded to reach

50% confluence on LPCL MCs (3 days) and 100%

confluence on LPCL MCs (6 days) in a spinner flask.

For MNL cultures, cells were expanded to reach

about 80% confluence on a T175 flask (4 days),

before being implanted for bone regeneration.

Implants for transplantation were prepared by

mixing 100 mL fibrin glue (Tisseel Kit; Baxter) with

30 mg of hydroxyapatite powder (Sigma-Aldrich)

[18], together with LPCLMCs covered with heMSCs

at 50% and 100% confluency, as well as single cells

harvested from 80% confluent MNL culture (total of

4£ 104 cells was used for each condition, with the

MCs numbers adjusted to 1000 for 50% confluence

and 500 for 100% confluence, respectively). The con-

trol groups consisted of either nothing (Empty) or

MCs without cells (LPCL only). Experimental groups

tested for in vivo transplantation in rat calvarial defect

model (n = 4) are shown in Table 2.

After fibrin glue had polymerized, each implant was

incubated in growth media for 2�3 h, until surgery.

Calvarial defect surgery

All animal experiments were performed with prior

Institutional Animal Care and Use Committee

(IACUC) approval, following institutional guidelines

(Biological Resource Center, IACUC #130878 and

#171239). The calvarial bone defect protocol was

described by Samsonraj et al. [18]. Briefly, two

5-mm defects were created on National Institutes of

Health (NIH) nude male rats (11�12 weeks;

280�305 g), anesthetized under isoflurane. The

aforementioned implants were gently washed in PBS

and placed onto the defect. The incision was then

closed with 7.0 VICRYL absorbable sutures (BD)

and Vetbond Tissue adhesive (3M). Rats were

administered with 10 mg/kg antibiotic Baytril

(Sigma-Sldrich) and 0.05 mg/kg analgesics Bupreno-

phine (Sigma-Aldrich) for 3 days.

Ex vivo micro�computed tomography analysis

Calvaria defects were imaged at 16 weeks to evaluate

new bone formation at the defect site using

Table 1. Numbers for the genes used for Taqman Gene Expression

Assay.

Gene Taqman Gene Expression

Assay Identity

RUNX2 Hs00231692_m1

ALP Hs01029144_m1

COLA1 Hs00164004_m1

Osterix Hs01866874_s1

Osteocalcin Hs01587814_g1

Osteopontin Hs00959010_m1

Osteonectin Hs00234160_m1

GAPDH Hs02758991_g1

ALP, alkaline phosphatase; COLA1, Collagen Type I.

Table 2. Experimental groups tested for in vivo transplantation in

rat calvarial defect model (n = 4).

Groups

1 Fibrin gel and HA (Empty control)

2 Cell-free LPCL (LPCL only); containing about

1000 MCs

3 MSCs harvested fromMNL cultures (MNL

MSCs)

4 50% heMSCs-covered LPCL (50% confluent);

contain about 1000MCs

5 100% heMSCs-covered LPCL (100%

confluent); contain about 500 MCs

6 Autograft
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micro�computed tomography (CT; Bruker). Rats

were scanned using 0.8 degree angle rotation step size,

35 resolution, 1.0 Al filter, 100 kV and 100 mA. Recon-
struction was done using the manufacturer’s software

(Dataviewer, NRecon and CTAn), with beam harden-

ing at 30%, smoothing set at 3 and ring artifact at 5.

To ensure that only new bone formation was mea-

sured, quantification of bone volume was performed

by evaluating in the central region of the defect.

Histology

Bone samples were harvested 16 weeks after transplan-

tation. Samples were fixed in 10% neutral-buffered

saline (Sigma-Aldrich), decalcified and embedded in

paraffin using Histo-Clear (National Diagnostics). Sec-

tions (5 mm thickness) were deplasticized and stained

with hematoxylin and eosin (H-E; Sigma-Aldrich) and

Masson’s trichrome stains (Sigma-Aldrich) according

to the protocol previously described [8].

To estimate the number of MCs left in the

implants after 16 weeks in vivo, the number of MCs

(quasi-spherical white regions) of six different sec-

tions (2 mm x 5 mm; i.e., 10 mm2) of the

H-E�stained samples (LPCL only, 50% confluent

and 100% confluent) were scored individually by

using Image J software. Results were expressed as

average number of MCs per section (10 mm2).

Statistics

All experiments were performed at least in triplicate.

Data values are reported as a mean and standard

deviation (SD). All statistical analyses were per-

formed using GraphPad. Comparisons between mul-

tiple groups were performed using an analysis of

variance (ANOVA) with post-hoc Tukey correction.

Comparisons between two groups were performed

using an unpaired t test. P values of <0.05 are con-

sidered as denoting significant differences.

Results

Cell growth on LPCL MCs and impact of cell confluence

on cytokine secretion

heMSCs were cultured to 50% (Day 3) and 100%

(Day 6) confluence on LPCL MCs in spinner flask

cultures under agitation (40 rpm). Figure 1A show

the cell densities achieved at 100% (4.7 § 0.2£ 105

cells/mL; 9.1 § 0.2£ 104 cells/cm2) and 50% (2.6 §
0.2£ 105 cells/mL; 5.1 § 0.2£ 104 cells/cm2) con-

fluency of the MC culture, and 80% confluence of

control MNL on T175 flask (2.8 § 0.2£ 105 cells/

mL; 7.3 § 0.3£ 104 cells/cm2). Cell viability was

maintained >90% in all cultures.

Cell-covered LPCL MCs stained using Phalloi-

din are presented in Figure 1D, showing full conflu-

ency (100%) and half confluency (»50%) of the

opaque LPCLMCs without significant aggregation.

heMSCs harvested from 50% confluence and 100%

confluence LPCL MCs as well as MNL displayed high

(>90%) levels of MSC makers CD73, CD90 and

CD105 and low levels of CD34 and CD45 (Figure 1B).

These results demonstrate that the LPCL MCs

support efficient propagation of heMSCs on LPCL

MCs in stirred spinner flask, while maintaining their

immunophenotypes.

Interleukin (IL)-6, IL-8, stromal cell-derived

factor-1a (SDF-1a), Monocyte Chemoattractant

Protein-1 (MCP-1), growth-regulated oncogene-a
(GRP-a) and Vascular endothelial growth factor-a
(VEGF-a) (among 45 cytokines tested) were found to

be secreted during the growth of heMSCs on LPCL

MCs. Interestingly, specific production rates of these

cytokines were significantly higher in subconfluent

(50%), mid-logarithmic cultures as compared with

confluent (100%), stationary cultures (Figure 1C).

Confluent stationary culture produces <2 pg/£ 105/d

of these cytokines, whereas 50% confluent cultures

produce 40�700 pg/£ 105/d. In particular, IL-6 pro-

duction was significantly higher in 50% confluent cul-

tures (714.2 § 40.7 versus 1.7 § 0.2; P < 0.0001;

Figure 1C).

These results suggest that improved production

of cytokines correlates with active cell growth. More-

over, different cytokines show variation in their

improvement levels, from 3- to 400-fold.

Impact of cell confluency on osteogenic potential

heMSCs harvested from subconfluent (50%) and

confluent (100%) heMSCs-LPCL cultures were dif-

ferentiated to osteoblasts in MNL cultures for

21 days. Calcium production and osteoblastic gene

expression were measured at days 7, 14 and 21,

post-differentiation (Figure 2A). Throughout the

differentiation process, calcium content was higher

in osteogenic cultures obtained from 50% confluent

spinner cultures, as compared with 100% confluent

spinner cultures. Moreover, 50% confluent cultures

produced calcium at an earlier stage. At day 7, cal-

cium content was 57.9 § 13.1 mg/106 cells, whereas

100% confluent cultures induced far lower levels

(3.6 § 0.6 mg/106 cells). At the end of the differentia-

tion process (day 21), calcium content per cell was

1.5-fold higher in osteogenic cultures obtained from

50% confluent spinner cultures, as compared with

100% confluent ones (104.3 § 5.8 mg/106 cells ver-

sus 69.3§1.5 mg/106 cells; P < 0.01; Figure 2A).

The messenger RNA (mRNA) expression of osteo-

genic markers (alkaline phosphatase [ALP], collagen
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Type I [COL1A1], Runt-related transcription factor 2

(RUNX2), osterix and osteocalcin) measured in osteo-

genically differentiated heMSCs obtained from 50%

confluent and 100% confluent spinner cultures is

depicted in Figure 2B. The mRNA levels of early osteo-

genic markers, ALP, collagen Type I, RUNX2, osterix

and osteocalcin were significantly higher in 50% conflu-

ent cultures compared with the 100% confluent cul-

tures. In contrast, no significant difference was observed

in the expression of late osteogenic genes, osteopontin

and osteonectin, in 50% and 100% confluent cultures,

during the differentiation period (Figure 2B).

Collectively, the expression of most osteogenic

differentiation markers is enhanced in osteogenically

differentiated cultures obtained from 50% confluent

cultures, as compared with 100% confluent cells.

In vivo critical-sized calvarial defects healing by

heMSC-LPCL cultures

While in vitro studies of LPCLMCs have been favor-

able in proving their feasibility as a platform for

MSC culture and osteogenic differentiation, an

enhanced secretion of cytokines and the expression

of specific genes for osteogenesis in 50% confluent

cultures led us to test the capacity of these cells for in

vivo bone formation. Critical-sized calvarial defects

were created in rats and were used as a model. Com-

paring the in vivo efficacy of 50% confluent and

100% confluent cultures, as compared with MNL

MSC control after 16 weeks, enables the evaluation

of newly formed bone tissue using micro-CT scans

(Figure 3A).

Defects treated with cell-free LPCL MCs yielded

a low-value bone volume (0.5 § 0.2 mm3;

Figure 3B), which is similar to control without MCs

(Empty control; 0.8 § 0.3 mm3). Bone regrowth in

these control cultures is partially attributed to the

presence of hydroxyapatite (HA) powder, which was

incorporated into the implants. These results indi-

cate that MCs alone do not appear to enhance bone

healing.

The defects treated with MNL MSCs cell sus-

pension gave rise to modest organized mineralized

Figure 1. Growth kinetics, MSC surface marker expression and cytokines production of heMSCs expanded on LPCLMCs in spinner flask cul-

tures. (A) Growth kinetics during 6-day expansion. heMSCs were cultured to 50% confluence (mid-log phase) at day 3 (50% confluent), 100%

confluence (stationary phase) at day 6 (100% confluent) and 80% confluence inMNL control cultures on T175 flask (MNLMSCs). (B) Expres-

sion of MSCmarkers CD34, CD45, CD73, CD90 and CD105 by heMSCs cultured on LPCLMCs on day 3 (50% confluent) and day 6 (100%

confluent). Expression levels are similar to that obtained in control MNL MSCs culture. (C) Comparison of cytokine (IL-6, IL-8, SDF, MCP,

GRO and VEGF)�specific production rate of heMSCs at 50% confluent and 100% confluent cultures propagated in spinner flask. (D) F-actin

stained heMSCs covered on LPCLMCs, at 50% confluence and 100% confluence. Scale bar = 100 mm. ***P< 0.001; ****P< 0.0001.
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regions (1.3 § 0.7 mm3), which occurred at the

defect’s periphery. These did not show significant

differences in overall regrown bone volume, as com-

pared with the untreated empty defect group

(P = 0.09). In contrast, defects treated with 50% or

100% confluent cultures demonstrated significant

mineralized tissue formation (2.1 § 1.3 and 5.1 §
1.6 mm3, respectively; Figure 3B). Moreover,

regrown (new) bone tissue appeared to be synthe-

sized more toward the center of the defect, likely

induced by the presence of MCs with MSCs in this

area (Figure 3A). These results reveal that using cells

delivered on their growth matrix (LPCL MCs), with

an intact ECM structure, have better bone-healing

properties, as compared with single cell suspension

harvested by trypsinization. Moreover, the LPCL

MCs may serve as a support matrix, which allows

bone regeneration throughout the defect area.

Interestingly, the defect treated with 50% conflu-

ent cultures demonstrated significantly better mineral-

ized tissue formation (5.1 § 1.6 mm3; Figure 3B)

within the defect area, as compared with the 100%

confluent group (2.1 § 1.3 mm3; P < 0.01). This is

almost four-fold higher than the MNL MSCs group

(1.3 § 0.7 mm3; Figure 3B) and is comparable to the

current therapeutic gold standard, namely, autograft

of crushed bone from the original animal (3.1 § 1.4

mm3; P= 0.1). This improved activity can be

Figure 2. In vitro osteogenic differentiation of heMSCs harvested from 50% and 100% confluent cultures grown on LPCL MCs in spinner

flasks (50% confluent and 100% confluent, respectively). (A) Deposited calcium normalized to cell count and (B) expression of early osteo-

genic genes (RUNX2, ALP, collagen Type 1, osterix, osteocalcin) and late osteogenic genes (osteopotin, and osteonectin). *P < 0.05; **P

< 0.01; ***P < 0.001.

ARTICLE IN PRESS

Biodegradable polycaprolactone microcarriers enhance bone healing 7



attributed to better growth properties and higher lev-

els of cytokine production of the 50% confluent cul-

tures as compared with the 100% confluent cells,

which produce lower levels of cytokines and the cells

are presumed to be in the growth arrest phase. Sup-

plementary Figure 1 shows images of all micro-CT

reconstructions (n = 4) and shows improved bone

healing, for 50% confluent cultures, as compared

with patchy bone regrowth in the autograft-treated

defects.

The pattern of distribution of mineralization

across the defect regions, observed in micro-CT

images as a result of diverse treatments, is consistent

with histological examination using H-E stains. In

the group of implants with fibrin gel and HA only

(Empty control), a loosely dispersed tissue morphol-

ogy is observed (Figure 4A). In the LPCL-only

group, fibrous tissue appeared between microcarriers

and few microcapillaries (blood vessel [BV]) were

observed, interspaced between the MCs

(Figure 4B). We surmise that LPCL MCs serve as

scaffold for the regrowth of tissues. Moreover, no

inflammatory cell (lymphocytes and neutrophils)

were observed, thus indicating that MCs or MSCs

were not rejected.

Comparison across groups treated with heMSC

reveals that new bone formation around the heMSC-

covered LPCL MCs is denser and better organized,

as compared with those of the MNL MSC group

(Figure 4A). Bone formation is enhanced at the edge

of the defect, with protrusions emanating toward the

defect center. More new bone was observed in the

50% confluent group as compared with the 100%

confluent one. We also found that lower numbers of

MCs were observed in the histological sections of

50% confluent (12 § 1 per section; P < 0.0001) and

100% confluent cells (30 § 2 per section;

P < 0.001), as compared with LPCL-only group

(45 § 3 per section; Supplementary Figure 2). This

suggests that the presence of heMSCs may contrib-

ute to enhancing the LPCL degradation process.

Masson’s trichrome staining reveals the produc-

tion of collagen fibers (blue color), which is regarded

as the main organic constituent of bone. Collagen

fibers were produced in all implants, except the

empty control group (Figure 5). However, the 50%

Figure 3. Healing of calvarial defect in rat by heMSC implants: Micro-CT reconstructions (A) and quantification of bone volume (B) in

excised implants at 16-weeks after implantation. Six implant conditions were tested: (1) empty defects as a control (Empty control), (2)

defect filled with cell-free LPCL (LPCL only), (3) defect filled with MSCs harvested from MNL cultures (MNL MSCs), (4) defect filled

with 100% confluent heMSCs-covered LPCL MCs (100% confluent), (5) defect filled with 50% confluent heMSCs-covered LPCL MCs

(50% confluent) and (6) autograft (benchmark) defect. Data are mean with standard error (n = 4). **P < 0.01 and ***P < 0.001.
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confluent condition exhibited a more dense blue

color, indicating the presence of more fibrous tissue.

In summary, 50% confluent cultures deliver cells

that are metabolically active and produce more cyto-

kines, and higher expression of early osteogenic

genes in vitro demonstrate better bone-healing prop-

erties in vivo. Moreover, the delivery of cells as 50%

confluent cultures on their culture supports enhances

MC degradation, as compared with 100% confluent

cultures or MC delivered without cells.

Discussion

Large-scale production

Current bone tissue engineering solutions require

significant doses of stem cells. For example,

3�6£ 107 cells/patient are needed to treat osteogen-

esis imperfecta [6]. Conventional MNL cultures are

cumbersome and poorly suited for achieving these

high cell numbers [19]. Thus, it is necessary to

develop a system for large-scale cell production. We

previously reported PCLMCs supporting the growth

of MSCs in a wave reactor (14.5 § 0.7-fold cell

expansion) [8]. However, the high intrinsic density

of the PCLMCs (1.14 g/cm3) induced the formation

of large aggregates. In the present study, we demon-

strate that LPCL MCs (with a regulated density of

1.06 g/cm3) were able to yield 4.7 § 0.2£ 105 cells/

mL (9.1 § 0.2£ 104 cells/cm2), about a 10-fold

increase, without inducing the formation of cell

aggregates at day 6. Higher cell density was achieved

in MC cultures because they are characterized by a

high surface-to-volume ratio, accommodating higher

cell densities compared with those in static MNL

cultures [6].

Culture confluence impacts cytokines secretion

Paracrine signalling has been proposed as a primary

mechanism, whereby MSCs induce endogenous cells

to proliferate, migrate and differentiate [20,21]. Our

previous study showed that MSCs expanded on

Figure 4. Healing of calvarial defect in rat by heMSC implants. Dashed lines indicate the sections of the implants: H-E stains for the evalua-

tion of excised implants at 16 weeks after implantation. Six implant conditions were tested (see Figure 3). Implants were paraffin embedded,

sectioned to 5-mm thickness and stained with H-E. (A) 20x magnification, black arrows indicate LPCL MCs (scale bar = 200 mm) and (B)

magnified views of LPCL only, 100% confluent and 50% confluent shown in A. 200x magnification (Scale bar = 50 mm). NB, new bone;

BV, blood vessel; MC, microcarrier (white sphere space); FT, fibrous tissue.
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MCs displayed higher expression of IL-6, IL-8 and

VEGF than expanded on MNL [11], In our present

study, IL-6, IL-8, VEGF, MCP-1, GRO-a and

SDF-1a were specifically upregulated, among

45 cytokines in an array from media conditioned by

50% confluent and 100% confluent cells. Moreover,

this expression was significantly higher in 50% con-

fluent cells, as compared with 100% confluent cul-

ture (Figure 1C). Interestingly, all of these

upregulated cytokines (particularly IL-6) have been

demonstrated to participate in bone regeneration

[21�23]. Exogenous IL-6 and IL-6, produced by

stem cells, have been found to induce osteoblastic

differentiation at the early stages of the bone-healing

process. Moreover, IL-6 and IL-8 are major angio-

genic factors that stimulate VEGF during fracture

healing [24,25], whereas VEGF is a paracrine factor

most implicated in osteoblastic migration [26].

Secretion of SDF-1a influences stem cell migration,

adhesion, homing and their recruitment from bone

marrow to bone defects [27]. MCP-1, a factor com-

monly associated with bone remodelling [28] and

GRO-1a, is an osteoblast-derived cytokine that acts

as a chemoattractant, growth and maintenance fac-

tor, for osteoclasts, thus facilitating osteoclastogene-

sis [29]. These indicators corroborate our findings,

that heMSCs exhibit higher osteogenic potency,

putatively due to the secretion of osteogenesis-

related cytokines, upon reaching 50% confluence on

LPCL MCs. Therefore, we hypothesize that precon-

ditioning of cells on MCs by cell confluency is an

approach to increase the production of specific cyto-

kines by cells for bone regeneration. Future studies

to measure the secretion of various cytokines after

in vivo cell differentiation may further elucidate this.

50% confluence demonstrates higher osteogenic

differentiation capacity than 100% confluence in vitro

and in vivo

Our previous study showed that MSCs expanded on

MCs displayed higher expression of early osteogenic

genes and calcium deposition during osteogenic dif-

ferentiation than expanded on MNL [13]. In this

study, we further demonstrate the impact of cultured

heMSC confluence on LPCL MCs on osteogenesis,

in vivo. Our in vitro results (calcium deposition and

osteogenic genes expression; Figure 2) agree with the

in vivo findings (bone volume formation; Figure 3A),

namely, that 50% (mid-logarithmic) confluent cells

induce higher osteogenic differentiation efficiency

than 100% (stationary) cells. Balint et al. [30]

reported similar findings, suggesting that low-

confluence (50%) cultures favor osteogenic and

Figure 5. Healing of calvarial defect in rat by MSC implants: Masson’s trichrome staining of excised implants at 16 weeks after implanta-

tion. Six implant conditions were tested (see Figure 3). Implants were paraffin embedded, sectioned to 5-mm thickness and stained with

Masson’s Trichrome. 100x magnification (Scale bar = 100 mm). Collagen, a major component of bone is stained in blue. MC, microcarrier

(white sphere space); BV, blood vessel (red color surrounds the MC); MU, muscle.
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chondrogenic differentiation, whereas 70% conflu-

ence appears to promote adipogenic differentiation.

Cells expanded >50% confluence result in a

decreased proliferation rate, altered morphology and

a loss in differentiation potential. Likewise, Ren et al.

[31] showed similar findings that the genes that were

upregulated in 100% confluent MSCs were inhibitor

genes and angiogenesis inhibitors, both of which

repress gene expression of most osteogenic markers,

such as RUNX2. They found that harvesting cells at

80% confluence was optimal, and that these did not

differ significantly from 50% confluent cells. Although

the reason for a disparity between 50% confluent and

100% confluent culture, for osteogenic differentia-

tion, remains to be elucidated, it can be speculated

that the active cell growth (mid-logarithmic phase)

before stationary/cell arrest phase influences cell dif-

ferentiation. Our results (Figure 1C) show that this

may be associated with cytokines production rates of

cells, in different phases of their culture.

MSCs accelerate the degradation of LPCL MCs in vivo

LPCL MCs remained essentially undegraded in the

cell-free MC group. This is not unexpected given

reports of PCL degrading by hydrolysis over a 2- to

3-year time period [32,33]. Interestingly, 60�70%

more PCL MCs appear to have degraded in the

heMSCs-LPCL groups, as compared with the cell-

free LPCL group, over the 16-week in vivo study

(Supplementary Figure 2). This suggests that the

presence of heMSCs may accelerate the degradation

of PCL MCs. Prior studies imply that PCL is enzy-

matically degraded by lipase [34,35]. However, in an

in vivo environment, lipase does not exist throughout

the body, but is found primarily in the pancreas.

Importantly, no major inflammatory response is

observed for implants with heMSCs. Further in vivo

work is required to prove the presence of inflamma-

tory cells (lymphocytes and neutrophils) in the MSC

implantation area and their impact on PCLMC deg-

radation.

We have found that heMSCs proliferate well on

LPCL MCs in spinner flask cultures. During in vitro

osteogenic induction, 50% confluent cells displayed

high calcium deposition, as compared with cultures

on MNL and 100% confluent cells. In a rat calvarial

defect model, 50% confluent cells yielded better

bone formation than heMSCs only (without any

LPCL MCs), MCs without cells and 100% conflu-

ent cells. This was assessed by bone volume (after

micro-CT scan), general tissue morphology (as

shown by H-E staining), Collagen II content

(as shown by Masson’s Trichrome staining) and the

formation of blood vessels in between the MCs. A

novel discovery is that the optimum heMSCs for

bone formation are cells that are confluent on LPCL

MCs at 50%, in the mid-logarithmic phase.

Conclusion

Overall, this study demonstrates that heMSCs cul-

tured on the LPCL MCs remained highly viable dur-

ing the in vitro expansion phase. When implanted

ectopically, these cells secrete factors (cytokines) that

promote osteogenesis and mineralization of the

implant, thus supporting ectopic new bone formation.

This is sharply enhanced for cells delivered on this

PCL MC culture supports, following culture at 50%

confluence. Moreover, the degradation of PCLMC is

accelerated in the presence of heMSCs. These results

offer distinct guidelines for the development of

improved bone-healing systems, by delivering human

MSCs on biodegradable/bioimplantable MCs. How-

ever, the mechanisms of action of this effect are not

clearly understood and should be investigated further.

Further studies of LPCL MCs in larger animals, such

as rabbits or pigs, should be carried out to assess their

therapeutic potential.
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