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Abstract: Growth factors (GFs) are very critical in stem cell differentiation and tissue regeneration. Therefore GF

delivery carriers have been a major subject in tissue engineering research. In this study, we prepare and optimize

core-shell microcapsules (C-S MCs) for dual GF delivery. The C-S MCs, composed of an alginate shell and

poly(lactic-co-glycolic) acid (PLGA) core, are fabricated using an electrodropping method via custom-made coaxial

needles. They are 198±38 µm in diameter with an average core size of 90±13 µm, and they are fabricated using an

alginate concentration of 1% (w/v), an electrical voltage of 11 kV, and an inner syringe flow rate of 50 µL/min. Using

this platform, dual GFs, bone morphogenetic protein (BMP-2) and vascular endothelial growth factor (VEGF) are

encapsulated in the alginate shell and PLGA core, respectively. In vitro release tests of dual GF-loaded C-S MCs

reveal early release of BMP-2, followed by VEGF on a temporal release profile of 28 days. In vitro study of the dual

GF-loaded MCs demonstrates their osteogenic activity with preosteoblasts; osteogenic markers (osteocalcin and

type I collagen) are upregulated and both calcium content and alkaline phosphatase (ALP) activity also increased.

In addition, C-S MCs combined with collagen and preosteoblasts were subcutaneously transplanted to the dorsal

region of nude mice for 3 weeks. Analysis of the retrieved constructs exhibits that both osteogenesis and angiogen-

esis were more active in the group containing dual GF-loaded MCs, along with deep penetration of blood vessels

inside the construct, compared to blank MCs or single GF (BMP-2)-loaded MCs. This study proposes a dual GF

delivery carrier using C-S MCs and demonstrates the feasibility of C-S MCs in the induction of osteogenesis and

angiogenesis. 
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Introduction

Eliciting the differentiation of stem cells into a particular

lineage is a crucial prerequisite for tissue repair and regener-

ation.1-3 Multiple signaling cues have been implicated, includ-

ing those of biochemical (growth factors; GFs), biophysical

(topography), and biomechanical (elastic modulus) ones.2,4

While biophysical and biomechanical factors are contact-

mediated and generally derived from the environmental niche

and its attributes,2 biochemical cues impart signals in a

different manner; non-contact-mediated paracrine signaling

and surface-bound (contact-mediated) signaling. Thus, both

appropriate selection of GFs and their time-dependent con-

trolled delivery of such GFs to target sites are a major interest

in the study of stem cells and tissue regeneration. The con-

ventional use of single GF bolus delivery has been partially

successful in tissue regeneration, due mostly to uncontrolled

release of GFs.5 Consequently, many carrier systems for the

localized and controlled delivery of a single GF have been

explored and expanded further to the use of multiple GFs.6-9

Several groups have proven the importance of dual GF delivery

in the regeneration of complex tissues.5,10-13 In particular, the

temporally controlled delivery of dual GFs for stem cells

differentiation has been extensively investigated. Since Richard-

son et al. demonstrated the use of a dual growth factor, such

as vascular endothelial growth factor (VEGF) and platelet-

derived growth factor (PDGF) in a polymer scaffold-based

delivery system for angiogenesis,5 others have adopted the

concept of sequential dual GF delivery for a wide variety of tis-

sue engineering applications including angiogenesis,11 neuro-

genesis,10 osteogenesis,13,14 myogenesis,15 and chondrogenesis.16

In this study, we propose a core-shell microcapsule (C-S MC)
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for dual GF delivery. Electrospinning offers a rapid method

in the production of such C-S MCs.11,17-20 While employing

a custom-made coaxial and non-coaxial syringe system, electro-

dropping system is capable of generating a homogenous

distribution of C-S MCs in size and shape.18 Since C-S MCs

hold core and shell domain, respectively it is expected that

their biggest advantage is the temporally controlled release

of individual GFs, each with a different release profile.11 In

addition to the fabrication method, the type of polymers

used is important with regards to processability; alginate, a

natural biopolymer and poly(lactic-co-glycolic) acid (PLGA),

a Food and Drug Administration (FDA)-approved synthetic

polymer are preferred.21-24 In this work, by tailoring the loading

formulation and fabrication parameters, bone morphogenetic

protein (BMP-2) and vascular endothelial growth factor (VEGF)

are encapsulated in the alginate shell and PLGA core, respectively.

The dual GF-loaded C-S MCs were subsequently evaluated

for in vitro osteogenic differentiation of preosteoblasts. Fur-

thermore, C-S MCs and preosteoblasts are embedded together

within a collagen scaffold and subcutaneously transplanted into

nude mice to investigate both biocompatibility of the C-S

MCs and their osteogenic and angiogenic potential in vivo.

Experimental

Preparation and Optimization of Core-Shell Microcap-

sules (C-S MCs). C-S MCs were prepared by using PLGA

emulsion (core) and alginate solution (shell), respectively

(Figure 1(A)). A PLGA emulsion was prepared using a dou-

ble emulsion evaporation method, in which 6% (w/v) PLGA

(75:25, RG 757S, MW: 270,000; Boehringer Ingelheim, Ger-

many) in chloroform was loaded into a glass vial containing

an aqueous phase of 5% (w/v) polyvinyl alcohol (PVA; 87-89%

hydrolyzed, MW 13,000-23,000). The immiscible organic

and aqueous solutions were then sonicated for 2 min using a

probe tip sonicator (Sonic Dismembrator Model 500, Fisher

Scientific) to yield a milky emulsion. 5,000 ng of VEGF (R&D

System; Minneapolis, MN) was subsequently added to the

emulsion, which was subjected to 10 s of mild sonication

for further homogenous mixing. Meanwhile the shell region

of MCs was prepared by mixing 1:1 (v/v) ratio of aqueous

sodium alginate solution (0.025% to 1% w/v; 300-400 cp;

Wako Chemicals, Osaka, Japan) and an ethylene glycol (Sigma-

Aldrich, St. Louis, MO) solution loaded with 5,000 ng of BMP-2

(R&D System; Minneapolis, MN). Bovine serum albumin

(BSA; Sigma-Aldrich, St. Louis, MO) was added as a stabi-

lizing agent for GFs in the preparation of both polymers. As

shown in Figure 1, MCs were produced using a slightly

modified protocol based on our previous report.11 A plastic

(18G) and stainless steel (26G) nozzle was employed as an

outer and inner nozzle, respectively, in which the inner noz-

zle was spatially positioned in the center of the outer nozzle

with the use of copper coil (Figure 1(B),(C)). The PLGA

emulsion and sodium alginate solution are separately injected

into the system using a microsyringe pump; the flow rate

was adjusted to 120 µL/min for alginate and 80 µL/min for

PLGA emulsion. The high electric voltage was applied ranging

from 4 to 11 kV. The distance between the nozzle tip and the

grounded collector was 10 cm. The electrodropping system

(NanoNC, eS-robot electrospinning spray system, Seoul, Korea)

produces C-S MC droplets, which were subsequently solid-

ified in 1% CaCl2 solution (w/v) (Figure 1(D),(E)). The C-S

MCs were washed in 2.5% PVA solution (w/v), followed by

deionized water (DW), and finally filtered using a 100 mm

nylon cell strainer (BD FalconTM, Franklin Lakes, NJ). C-S

MCs were then stored in a glass vial at 4 oC for future use.

Characterization. The morphology of PLGA emulsion and

alginate domain was analyzed individually in a contact mode

using a bio-atomic force microscope (Bio-AFM, Nanowiz-

ard II, JPK Instruments, Berlin, Germany) equipped with a

HYDRA2R-50NG AFM probe (AppNano). For each sample

preparation, PLGA emulsion was spin-coated on a fresh mica

substrate whereas a drop of solution containing C-S MCs

was placed on a glass substrate. They were then dried in vacuum

oven at 37 oC prior to AFM imaging. The scan sizes are

10×10, 40×40, and 100×100 μm, respectively. The root mean

Figure 1. An experimental schematic of fabrication procedure of

C-S MCs. (A) BMP-2-loaded PLGA emulsion is prepared using

an ultrasonication-assisted emulsification method while VEGF-

loaded alginate is prepared via a simple stirring method. (B) A

custom-made coaxial needle is employed with an electrodrop-

ping system for the fabrication of C-S MCs. (C) A detailed coax-

ial needle set-up with a copper coil. (D) Formation of C-S MCs

crosslinked in CaCl2 solution. (E) Optical microscopic images of

C-S MCs (Scale bar: 500 µm).
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square (RMS) roughness (Rq) was subsequently determined

using analytical software (JPK Data Processing). The aver-

age size of PLGA nanoparticles (NPs) and distribution were

also analyzed using a laser diffraction particle sizer (Malvern

Mastersizer 2000, Malvern, UK). 

Release Test of C-S MCs. Release test of C-S MCs was

carried out in vitro with MCs containing VEGF in the core

and BMP-2 in the shell. During the fabrication of dual GF

MCs, VEGF (2 µg) was mixed in PLGA (6%, w/v) solution,

supplemented with BSA (4.5%, w/v) and PVA (5%, w/v), then

followed by a brief sonication for 30 s. BMP-2 (2 µg) dissolved

in BSA (4.5%, w/v) was added in alginate solution (300-400

cp). The prepared MCs were weighed in 20 µg, placed in a

vial containing DW, and incubated at 37 oC for 28 days. The

whole volume of DW was collected at the predetermined times

and fresh one was then replenished. When the released amount

of each GF was determined at specific time points using

enzyme-linked immunosorbent assay (ELISA; R&D Systems)

kit, the cumulative percent release of each GF was calculated

and plotted on a temporal basis.

Induction of Osteogenesis of Preosteoblasts In vitro. Preos-

teoblasts were seeded at a density of 2×104 cells/cm2 on either

plastic or glass coverslips, and cultured in minimum essen-

tial medium alpha (α-MEM) supplemented with 10% fetal

bovine serum (FBS) and 1% penicillin/streptomycin (P/S; Gibco

BRL, Grand Island, MD). To investigate osteogenic potential of

C-S MCs in vitro, cells are cultured in osteogenic media that

consist of α-MEM supplemented with 10% FBS, 1% P/S,

10 mM β-glycerophosphate, 0.1 μM dexamethasone, and 50

μg/mL L-ascorbic-2-phosphate. There are three test groups:

negative control (G1: culture without BMP-2), positive con-

trol (G2: culture with soluble BMP-2), and dual GF (VEGF/

BMP-2)-loaded MCs (G3: culture in osteogenic medium with-

out BMP-2). C-S MCs that contain no GFs were placed in a

transwell insert, with the preosteoblasts on the bottom plate,

and incubated for 2 weeks with (G2) or without soluble BMP-

2 (G1) in the osteogenic medium. Dual GF-loaded MCs fol-

lowed the same format. The medium was changed every 3 days

and cell culture was carried out under a standard culture

condition (37 oC and 5% CO2).

Measurement of Alkaline Phosphatase (ALP) Activity

and Calcium Content. Both ALP activity and calcium con-

tent were determined to assess the osteogenic potential of C-

S MCs. After 14 days of culture, preosteoblasts were treated

with 0.5% Triton X-100 solution, collected via scraping, and

vortexed for approximately 30 min. ALP activity was then

evaluated using an ALP kit (LabAssay, Wako Pure Chemi-

cals, Japan) following the manufacturer’s instructions; ali-

quots (5 μL) of each sample were transferred to a 96-well plate,

supplemented with a working reagent (200 μL), incubated

for 3 min at RT, and measured for absorbance at 405 nm using a

micro plate reader (Thermo Scientific). Additionally, calcium

content was also quantified using a QuantiChrom Calcium

Assay Kit (DICA-500, BioAssay systems, USA) following the

manufacturer’s instructions. Total protein amounts as deter-

mined using a bicinchoninic acid (BCA) assay kit (Pierce)

were used to normalize the ALP activity of each group.

Immunofluorescence Staining (IFS) of Osteogenic Pro-

tein Markers. Expression of both osteocalcin (OCN) and

type I collagen (Col I) was also investigated after 2-week

culture of preosteoblasts. The samples were fixed in 4%

ρ-formaldehyde, washed with phosphate buffered saline (PBS),

treated with peroxo-block solution for 1 min, and washed with

PBS several times. They were then permeabilized with 0.1%

Triton X-100 for 5 min, blocked with 3% BSA for 2 h, and

incubated with the primary antibodies at 4 oC overnight; rabbit

anti-OCN and goat anti-Col I antibodies diluted in 1% BSA

(1:50). These samples were then incubated for 1 h at room

temperature with corresponding secondary antibodies; Alexa

Fluor 488-conjugated goat anti-mouse IgG and Alexa Fluor

594-conjugated donkey anti-goat IgG, respectively diluted

in 1% BSA (1:200). The immunostained samples were fur-

ther subjected to DAPI staining for nucleic staining of cells.

Fluorescent signals of the target proteins were visualized via

a confocal microscopy (Olympus FluoView FV1000, Tokyo,

Japan).

Subcutaneous Transplantation of Collagen/C-S MCs

Constructs. A collagen scaffold was used to fabricate a con-

struct including C-S MCs in evaluating osteogenesis of

preosteoblast in vivo. Type I collagen was extracted from rat

tail, lyophilized, and dissolved in 0.1% acetic acid follow-

ing a standard protocol.25 A stock solution of collagen was

prepared at the concentration of 1.5% w/v, which was fur-

ther diluted and neutralized with buffer solutions (1x M199

(Lonza), 10x M199, and 1 M NaOH) on ice prior to the scaf-

fold fabrication. VEGF/BMP-2-loaded C-S MCs were homoge-

neously mixed with 0.3% (w/v) collagen solution in ice bath

to prevent the gelation of collagen, and followed by the addition

of preosteoblasts (1×106). The constructs were subsequently

transferred to 96-well plate and incubated at 37 oC for 30 min

to allow crosslinking of collagen. Three experimental groups

were prepared: C-S MCs without GFs (G1), C-S MCs with

single GF (BMP-2) (G2), and C-S MCs with dual GFs (G3).

These constructs were incubated in an osteogenic medium

for 24 h before subcutaneous implantation. Nude mice (8-

week old male) were anesthetized via intraperitoneal injec-

tion of a mixture of Zoletil and Rompun (1 mL/kg), subse-

quently transplanted with each construct (5.5±0.3 mm diameter)

(n=4, each) in the subcutaneous dorsal region, and sutured

using absorbable Vicryl. The animals were euthanized by cervical

dislocation after 3 weeks and the transplants were retrieved

and fixed in 10% buffered formalin before further analysis.

Histology, Scanning Electron Microscopy (SEM) and IFS.

After fixation of the retrieved constructs, they were dehy-

drated, embedded in paraffin, and serially sectioned in 5 mm

thickness. Thin sections were subjected to hematoxylin and

eosin (H&E) and von Kossa staining, respectively. For von

Kossa staining, the samples were immersed in a 5% AgNO3
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solution under ultraviolet light for 1 h, treated with sodium

carbonate/formaldehyde for 1 min, and reacted with a 5%

Na2S2O3 solution for 5 min. The samples were then rinsed

with distilled water, serially dehydrated in ethanol (50%, 75%,

100%), and air-dried. Calcium deposits appear as black or

brownish-black spots when examined using an optical micros-

copy. In addition, to examine the blood vessels formation within

the constructs, the sectioned samples were dehydrated through

a graded series of ethanol, dried, sputter-coated with platinum,

and then mounted onto a scanning electron microscope (SEM;

Phenom G2 pro desktop, Eindhoven, Netherlands). Meanwhile,

to investigate the synthesis of an osteogenic marker (osteocalcin;

OCN) and an angiogenic marker (α-smooth muscle actin; α-

SMA), the retrieved constructs were transferred into a cryo-

mold containing optimum cutting temperature (OCT) compound

solution and frozen with liquid nitrogen. After solidification,

the cryomolds were dried with kim-wipes and stored at -80 oC

until further processing. Routine cryosectioning was performed

at -21 oC on frozen blocks using a cryostat (Leica CM 1850). For

each block, 5 µm-thick cross-sections were collected along

the vertical plane of the construct, washed, and air-dried. After

blocking for endogenous peroxidase activity with H2O2 diluted

in water, samples were demasked via treatment with antigen

retrieval reagents for 75 min at 98 oC, followed by blocking

with 3% bovine serum albumin (BSA, Sigma) in PBS for 1 h.

For OCN staining, samples were incubated with rabbit polyclonal

anti-OCN antibody (ab93876) diluted in 1% BSA (1:50) at

4 oC overnight, followed by reaction with Rhodamine Red-X

goat anti-rabbit IgG (R6394) diluted in 1% BSA (1:200) at RT

for 1 h. Additionally, the presence of angiogenic marker was

also assessed by incubating samples with mouse monoclonal

anti-α-SMA (A2547; Sigma) diluted in 1% BSA (1:50) at 4 oC

overnight, followed by reaction with donkey anti-mouse IgG

H&L Alexa Fluor 555 (ab150106) diluted in 1% BSA (1:500)

at RT for 1 h. All samples were washed with PBS three times

before incubation with the appropriate secondary antibody.

Fluorescence images of the target proteins were observed

via confocal laser scanning microscopy (Olympus FluoView

FV1000, Tokyo, Japan). OCN- and α-SMA- positive areas were

subjected to threshold processing and analyzed using the

Figure 2. Optimization of C-S MCs. (A) Effect of electrical field on C-S MCs formation (scale bar: 500 µm), An increase in the applied

voltage decreases the size of the alginate MC. (B) effect of alginate concentration (scale bar: 100 µm), (C) effect of inner syringe flow

rate (scale bar: 100 µm), quantitative comparison of electrical field effect (D), and inner syringe flow rate (E). 
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area measurement tool function of Image J (NIH). We analyzed

six randomly selected non-adjacent cross-section samples in 4

animal groups. 

Statistical Analysis. All data presented was obtained from

three independent samples, each analyzed in triplicate. A one-

way analysis of variance (ANOVA) was conducted using statistical

software (GraphPad Prism 5). Statistical significance was

determined as *(p<0.05), **(p<0.01), and ***( p<0.001).

Results and Discussion

Core-Shell Microcapsules (C-S MCs) Preparation and

Optimization. C-S MCs are fabricated via an electrodrop-

ping system that utilizes a custom-made coaxial needle.11

PLGA emulsion prepared via ultrasonication-assisted dou-

ble emulsification26 and alginate solution are integrated into

a C-S MCs (Figure 1). Here, we investigated the effect of

various parameters on the morphology of the resulting C-S

MCs. In fact, the concentration of alginate solution and the

strength of electric field play an important role in generating

homogenous MCs. Also, the inner syringe flow rate containing

the PLGA emulsion can be tuned to manipulate the size of

the MC core. With an increase in the electric field strength,

we found a significant decrease in the C-S MC size (Figure

2(A),(D)). It is notable that sprayed particles or broken

fibers resulted at an electric field more than 12 kV. Chang-

ing the concentration of alginate solution, on the other hand,

affected the overall C-S MC morphology, producing various

shapes (Figure 2(B)). Finally, we observed that increasing

the inner syringe flow rate yielded MCs with a larger core

size (Figure 2(C),(E)). MCs did not form with an excessive

inner syringe flow rate greater than 110 µL/min; an inner

flow rate between 60 to 80 µL/min appears optimal.

C-S MCs Characterization. C-S MCs (fabricated using

1% (w/v) alginate, an inner syringe flow rate of 80 µL/min,

and an electric field of 11 kV) are prepared with a core con-

taining VEGF and a shell carrying BMP-2. The GF-loaded

C-S MCs consist of a clearly delineated PLGA core and an

alginate shell (Figure 3(A)), and form a homogenous popu-

lation of spherical structures with an average diameter of

198±38 µm. In addition, as assessed via atomic force micros-

copy (AFM) the morphology and topography of the alginate

shell surface is a moderately rough, with an average RMS

value of 2.3 µm and a surface charge of -24.5 mV (Figure 3(B)).

When the roughness and size of the PLGA core of MCs is

also analyzed, the PLGA core holds a lot of PLGA nanoparticles

(NPs), as shown in AFM image (Figure 3(C)). The average

size of NPs is 88±29 nm. Meanwhile, an examination of the

release profile indicates a burst release of BMP-2 for the first

3 days (21.6±3.4%), followed by a continuous release (Fig-

ure 3(D)). On the other hand, the PLGA core results in a

moderate release of VEGF for the first 10 days, followed by

Figure 3. Characterization of C-S MCs. (A) Optical images of a homogenous population of spherical C-S MCs (left: 200 µm; right: 100

µm), (B) 3D height images of the crosslinked alginate shell surface assessed via AFM. (C) 3D height images of PLGA core, with a lot

of nanoparticles as taken via AFM, and (D) in vitro release test of growth factors from C-S MCs (n=3) for 28 days.
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a sudden rise of release from days 10 to 14. The positional

advantage of PLGA core in the C-S MCs would contribute

to suppressing the temporal release of protein (VEGF) when

compared to that (BMP-2) in the alginate shell, resulting in

the early release of BMP-2 from the alginate shell and a

delayed release of VEGF from the core.

Induction of Osteogenic Differentiation of Preosteoblasts

In vitro. The bioactivity of the releasate from the dual GF-

loaded C-S MCs is assessed in vitro by examining the level

of osteogenesis in preosteoblasts. Preosteoblasts, cultured in

osteogenic media, are treated with one of the followings: osteo-

genic media without BMP-2 (G1; negative control), with soluble

BMP-2 (G2; positive control), and with BMP-2/VEGF (G3).

After 14 days, osteogenic marker proteins are detected via

immunofluorescence (IFS) that indicates the presence of

osteocalcin (OCN) and type I collagen (Col I) in G2 and G3

group (Figure 4(A)). Additionally each group is quantita-

tively assessed for total protein concentration, calcium con-

tent and ALP activity. In vitro quantitative results at day 14

suggest a similar level of total protein content (Figure 4(B))

and much higher calcium content in G2 and G3 compared to

that of G1 (Figure 4(C)). Normalized by each total protein con-

tent, measurement of ALP activity on day 14 indicates a signifi-

cantly higher amount of ALP in G2 and G3 than that in G1,

where the ALP activity is comparable between G3 (BMP-2/

VEGF) and G2 (BMP-2) (Figure 4(D)). These results hint that

dual delivery of BMP-2 and VEGF via C-S MCs can pro-

mote an osteogenic differentiation of preosteoblast in vitro.

Osteogenesis and Angiogenesis Using Dual GF-Loaded

MCs In vivo. The sequential delivery of growth factors is

recognized very critical in the effective repair of the damaged

tissue throughout the course of regeneration.10,27 In conjunc-

Figure 4. Induction of osteogenic differentiation of preosteoblast in vitro. There are three test groups: negative control (G1: culture

without BMP-2), positive control (G2: culture with soluble BMP-2), and dual GF (VEGF/BMP-2)-loaded MCs (G3: culture in osteo-

genic medium without BMP-2). C-S MCs that contain no GFs were placed in a transwell insert, with the preosteoblasts on the bottom

plate, and incubated for 2 weeks with (G2) or without soluble BMP-2 (G1) in the osteogenic medium. Dual GF-loaded MCs followed

the same format. (A) IFS of osteogenic marker proteins: OCN (green) and Col I (red), along with DAPI nuclear staining (blue), scale

bar: 50 µm, (B) total protein concentration as determined by BCA assay, (C) calcium content as quantified via Quantichrom calcium assay,

(D) measurement of ALP activity as normalized using the total protein of each group. Statistical significance is shown as *(p<0.05) and

**(p<0.01).
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tion, finding an appropriate material that confers not only

the capacity for such temporal delivery, but also high load-

ing efficiency and biocompatibility is an equally imperative

task.27 Here, we demonstrate the in vivo feasibility of a platform,

through which a collagen scaffold containing dual GF-loaded

MCs and cells is subcutaneously implanted into the dorsal

region of nude mice (Figure 5). More specifically, the effect

of VEGF/BMP-2 temporal delivery on in vivo osteogenesis

and angiogenesis is evaluated. Scaffolds prepared using tempera-

ture-sensitive rat tail collagen have a diameter of 5.5±0.3 mm

and a thickness of 1.8±0.2 mm upon cross-linking (Figure 5(A)).

Each construct contains C-S MCs, uniformly dispersed as

white spheres and preosteoblasts. After incubation at 37 oC

for 24 h, the constructs are stained with a cell tracker dye

PKH67 in order to examine the distribution and viability of

the cells (Figure 5(C)-left); cells, which appear as green flu-

orescent dots, are homogenously distributed in the collagen

region while C-S MCs, which appear as dark holes, are located

in acellular regions of the construct. After subcutaneous

implantation for 21 days, the retrieved constructs show that

PKH67 still reserves some positive signals (Figure 5(C)-right).

Preosteoblasts are distributed throughout the entire construct as

indicated by the diffusion of the PKH67 signal, which points to

the proliferation and migration of cells throughout the con-

struct, including the interior of the C-S MCs. An examina-

tion of the constructs post-implantation reveals a reduction

in construct size to a diameter of 5.0±0.3 mm and a thickness

of 1.3±0.2 mm (Figure 5(B)). In gross appearance, vascular

Figure 5. Subcutaneous transplantation of collagen/C-S MCs construct. Dual GF-loaded MCs were homogeneously mixed with 1% (w/

v) collagen solution in ice bath to prevent the gelation of collagen, and followed by the addition of preosteoblasts (1×106). The constructs

were subsequently transferred to 96-well plate and incubated at 37 oC for 30 min to allow crosslinking of collagen. Three experimental

groups were prepared: C-S MCs without GFs (G1), C-S MCs with single GF (BMP-2) (G2), and C-S MCs with dual GFs (G3). These

constructs were incubated in an osteogenic medium for 24 h before subcutaneous implantation. Photographic image of collagen con-

structs containing MCs and preosteoblasts: (A) pre-transplantation and (B) post-transplantation. (C) PKH67 cell tracker (green) labeled

images of constructs: pre-(left) and post-transplantation (right). (D) Gross appearance of the transplanted constructs after 3 weeks. (E)

SEM images of 5 µm thin-sections of the constructs. Red line indicates the interface between host tissue and construct. MCs are marked

in stars. Boxes in G3 are the sites of blood vessels formation inside the construct.
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recruitment is observed in all three groups (Figure 5(D)-

black arrow); a higher degree of angiogenesis is observed in

G3 than in G1 or G2, as confirmed by the penetration of a

visible vascular network into the construct (Figure 5(D)-blue

arrow). Furthermore, the formation of blood vessels was

indirectly confirmed by analyzing thin sections of construct

via SEM for the presence of red blood cells (RBCs) (Figure

5(E)). RBCs are present in the peripheral region of the con-

struct at the interface (red line) between host tissue and con-

struct; MCs are also observed (stars). A closer look reveals the

presence of void space (white) surrounding the C-S MCs. It

is interesting to note that compared to G1 and G2, the pres-

ence of RBCs in the center region of the collagen construct

(G3) (Figure 5(E), inset) is apparent, and this is a strong indicative

of deep penetration of host blood vessels inside the construct.

This enhanced vascularization can be explained by the VEGF

delivery in G3.

The implanted constructs are sectioned and stained with

hematoxilin and eosin (H&E) for histological analysis (Fig-

ure 6). The collagen scaffold is distinguished by staining in

pink red color and C-S MCs is spotted in white domain

(Figure 6(A)). It is notable that many MCs are significantly

swollen (denoted as a star) in vivo, whereas some MCs remain

constant in their initial size (marked in triangle). The presence of

blood cells is spotted in red color (Figure 6(A) insets, black

arrow), indicating recruitment and penetration of blood ves-

sels in and around the construct region. In addition to the

formation of abundant blood vessels especially in G3, few

inflammatory cells in all of the constructs are also noteworthy.

In addition, ectopic calcification of the construct is evalu-

ated via von Kossa staining (Figure 6(B)). More calcified nod-

ules (black deposits) are observed in G2 and G3 than those

in G1; a slightly higher amount of calcium deposits are detected

in G3, compared to G2. Taken together, the designed con-

struct can result in enhanced osteogenesis and angiogenesis

while minimizing an inflammatory host response. The capacity

of each group to induce in vivo osteogenesis and angiogene-

sis is also examined via IFS for osteocalcin (OCN) and α-

smooth muscle actin (α-SMA), respectively (Figure 7). The

results show minimal expression of OCN in G1 and an increased

level of expression in G3 than in G2 (Figure 7(A)). When

the OCN staining intensity is quantified via Image J (Figure

7(C)), a 5.8-fold and 8.2-fold increase in OCN expression is

observed in G2 and G3, respectively, with respect to G1,

Figure 6. H&E and von Kossa staining of transplanted constructs. (A) H&E staining: Arrows indicate a sign of blood vessels formation:

blood cells are stained in red. It is also notable that many MCs are significantly swollen (denoted as a star), whereas some MCs remain

constant in their initial size (marked in triangle). (B) Von Kossa staining: Black stains are the calcified matrices co-stained with nuclear

fast red.
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which further supports dual GF delivery as a means to induce

an enhanced level of ectopic osteogenesis. Additional data

of α-SMA expression are similar to those for OCN (Figure

7(B)); the amount of smooth muscle cells lining the blood

vessel (yellow arrows) indicate an enhanced level of α-SMA

expression in G3 than in G2. Corresponding SEM images that

detect RBCs in yellow arrow further corroborate this trend.

Quantification of α-SMA signals exhibits a 2.4-fold and

4.5-fold upregulation in α-SMA expression for G2 and G3,

respectively, with respect to G1 (Figure 7(D)). Similarly, quanti-

fication of total vessel area demonstrates a 1.6-fold and 3.2-

fold rise in angiogenesis for G2 and G3, respectively, com-

pared to G1 (Figure 7(E)). 

This study demonstrates an increased level of osteogene-

sis and angiogenesis via dual delivery of BMP-2 and VEGF.

In particular, von kossa staining and IFS suggest that BMP-

2 alone (G2) prefers osteogenesis28 as reported, whereas the

dual delivery of BMP-2 and VEGF (G3) seems to contributes

to improving both calcification and vascularization.29 While

numerous studies have documented the effect of dual GFs

(mostly BMP-2/VEGF) on synergistic osteogenesis,30 some

conflicting reports argue that the level of osteogenesis via

dual GF delivery is similar to that obtained via single BMP-2

delivery.14,31 Nonetheless, preparation of a suitable carrier for

the dual delivery of GFs is practically difficult and less reported.

From these perspectives, we are able to fabricate C-S MCs

for dual GF delivery and evaluate their synergistic effect on

osteogenesis and angiogenesis using an all-in-one platform.

Our in vitro and in vivo studies demonstrate that VEGF/BMP-2

delivery results in osteogenesis with an adequate vascular

network in the construct. Future work using in vivo defect mod-

els would aid in elucidating the role of sequential or temporal

delivery of GFs in the regeneration of vascularized bone.

Conclusions

In this study, we have investigated an optimal fabrication

condition of C-S MCs preparation with regards to their size,

shape, and loading efficiency. The dual GF-loaded MCs exhibited

the release of BMP-2 from the alginate shell, followed by a

Figure 7. Osteogenic and angiogenic analysis of transplanted constructs. (A) IFS of osteogenic marker, OCN and (B) angiogenic

marker, α-SMA, along with DAPI nuclear staining (blue), (C) percentage of OCN positive area, (D) percentage of vessel occupied area,

and (E) measurement of vessel density. Statistical significance is marked as *(p<0.05), **(p<0.01), and ***(p<0.001).
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delayed release of VEGF from the core. The temporal release

of BMP-2 from C-S MCs could induce osteogenesis of

preosteoblasts in vitro. It is notable that the dual GF-loaded

C-S MCs in conjunction with preosteoblasts and collagen

were effective in advancing vascularization induced by a

deep penetration of blood vessels in vivo. In summary, VEGF/

BMP-2-loaded C-S MCs were successfully fabricated and their

effects on both osteogenesis and angiogenesis were promis-

ing compared to single BMP-2 delivery.
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