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Abstract

BACKGROUND: Bone marrow-derived mesenchymal stem cells (BMSCs) and bone morphogenetic protein-2 (BMP-2)

have been studied for bone repair because they have regenerative potential to differentiate into osteoblasts. The devel-

opment of injectable and in situ three-dimensional (3D) scaffolds to proliferate and differentiate BMSCs and deliver BMP-

2 is a crucial technology in BMSC-based tissue engineering.

METHODS: The proliferation of mouse BMSCs (mBMSCs) in collagen/poly-c-glutamic acid (Col/c-PGA) hydrogel was

evaluated using LIVE/DEAD and acridine orange and propidium iodide assays. In vitro osteogenic differentiation and the

gene expression level of Col/c-PGA(mBMSC/BMP-2) were assessed by alizarin red S staining and quantitative reverse-

transcription polymerase chain reaction. The bone regeneration effect of Col/c-PGA(mBMSC/BMP-2) was evaluated in a

mouse calvarial bone defect model. The cranial bones of the mice were monitored by micro-computed tomography and

histological analysis.

RESULTS: The developed Col/c-PGA hydrogel showed low viscosity below ambient temperature, while it provided a

high elastic modulus and viscous modulus at body temperature. After gelation, the Col/c-PGA hydrogel showed a 3D and

interconnected porous structure, which helped the effective proliferation of BMSCs with BMP-2. The Col/c-PGA

(mBMSC/BMP-2) expressed more osteogenic genes and showed effective orthotopic bone formation in a mouse model

with a critical-sized bone defect in only 3–4 weeks.

CONCLUSION: The Col/c-PGA(mBMSC/BMP-2) hydrogel was suggested to be a promising platform by combining

collagen as a major component of the extracellular matrix and c-PGA as a viscosity reducer for easy handling at room

temperature in BMSC-based bone tissue engineering scaffolds.

Sun-Hee Cho, Keun Koo Shin, and Sun-Young Kim have contributed

equally to this study (as co-first authors).

Doo-Byoung Oh and Yong Taik Lim have contributed equally to this

study (as co-corresponding authors).

& Doo-Byoung Oh

dboh@kribb.re.kr

& Yong Taik Lim

yongtaik@skku.edu

1 SKKU Advanced Institute of Nanotechnology (SAINT),

Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu,

Suwon-si, Gyeonggi-do 16419, Republic of Korea

2 Research Center for Bioconvergence Analysis, Korea Basic

Science Institute, Cheongju, Chungcheongbuk-do 28119,

Republic of Korea

3 Korea Research Institute of Bioscience and Biotechnology

(KRIBB), Daejeon 34141, Republic of Korea

4 Department of Biosystems and Bioengineering, University of

Science and Technology (UST), Daejeon 34113, Republic of

Korea

5 Department of Nano Engineering and School of Chemical

Engineering, Sungkyunkwan University, 2066 Seobu-ro,

Jangan-gu, Suwon-si, Gyeonggi-do 16419, Republic of Korea

123

Tissue Eng Regen Med (2022) 19(5):1099–1111 Online ISSN 2212-5469

https://doi.org/10.1007/s13770-022-00454-4

http://orcid.org/0000-0001-5558-5526
http://crossmark.crossref.org/dialog/?doi=10.1007/s13770-022-00454-4&amp;domain=pdf
https://doi.org/10.1007/s13770-022-00454-4


Keywords Hydrogel scaffold � Bone morphogenetic protein-2 � Mesenchymal stem cell � Calvarial defect � Bone

regeneration

1 Introduction

Bone has the ability to perform self-repair and most bone

fractures can heal spontaneously without any surgical

intervention. Nevertheless, critical-sized bone defects

caused by trauma or malignant tumor resection require

medical intervention. In clinical cases, a commonly used

medical treatment is autogenous bone grafting, although

this is associated with serious problems such as limitations

in the amount of available bone, risk of infection, and pain

at the harvest site. To resolve these problems, bone tissue

engineering using mesenchymal stem cells has recently

been studied as an alternative method of bone grafting

[1–4]. Bone marrow-derived mesenchymal stem cells

(BMSCs), which have no ethical issues, are the most

practical adult stem cells and can be efficiently differenti-

ated into osteoblasts [5–7]. To form bone tissue effectively

from BMSCs, however, it is necessary to develop a bio-

compatible scaffold that can aid the proliferation of

BMSCs in bone tissue regeneration [8–13]. Most studied or

clinically evaluated scaffolds are pre-formed solid ones,

which can lead to difficulties in handling and completely

filling the damaged bone space [12, 14]. Bone morpho-

genetic protein-2 (BMP-2) is a promising tool because it is

an osteoinductive growth factor for bone formation during

bone regeneration and remodeling in bone therapy [15, 16].

Moreover, reports have described that BMP-2 can support

the osteogenic differentiation of BMSCs [17, 18]. Various

carrier delivery systems have been studied for the local

delivery of BMP-2 to maintain retention time and sustained

release, and then enhance effective bone regeneration in

bone tissue engineering applications [19, 20].

Here, collagen/poly-c-glutamic acid (Col/c-PGA)

hydrogel is proposed as an injectable and three-dimen-

sional (3D)-scaffold-forming platform for the delivery of

mouse BMSCs (mBMSCs) and BMP-2 using the combi-

nation of collagen as a major component of the extracel-

lular matrix and c-PGA as a viscosity-reducing agent as

well as helper materials for bone mineralization [21–23].

Because collagens contain integrin receptors (a1b1, a2b1),

BMSCs can proliferate by integrin-mediated cell adhesion

in the Col/c-PGA scaffold [24–26]. Collagen scaffolds are

commonly used in medical applications for tissue regen-

eration and wound healing [27, 28]. Collagen has also been

extensively studied in research on tissue engineering and

stem cell-based therapy [29, 30]. Collagen type I accounts

for approximately 90% of the organic components in bone,

and atelocollagen has low antigenicity and immunogenicity

[23, 31]. However, high-concentration collagen solutions

are very viscous with dense spaces, which limits their

homogeneous mixing with stem cells and their molding

into the complex shapes of bone defects at injury sites at

the handling temperature. Furthermore, collagen has low

moduli for bone tissue and dense pores, which can inhibit

stem cell proliferation [14, 32, 33]. To overcome these

limitations of applying collagen in scaffolds, c-PGA was

introduced. c-PGA is an anionic biopolymer that is syn-

thesized naturally by various bacilli and has biocompati-

bility and low immunogenicity [34, 35]. c-PGA is also

commonly used as a promising biomaterial in pharma-

ceutical and medical applications, cosmetics, and the food

industry [36–38]. Moreover, in recent studies, c-PGA has

been shown to be helpful for osteogenesis and chondro-

genesis [39–42]. Notably, when a low-viscosity c-PGA

solution is added to a high-viscosity collagen solution, the

c-PGA solution can serve as a viscosity-reducing agent.

When the triple-helix structure of collagen is loosened at

37 �C, c-PGA can become entangled with cationic colla-

gen via electrostatic interactions. As a result, the moduli of

Col/c-PGA hydrogel can be increased even without any

chemical cross-linking. In addition, the interconnected

porous structure shown after the gelation of Col/c-PGA

hydrogel was found to confer a strong advantage for tissue

regeneration using stem cells because it provides space for

their proliferation [33].

In this study, Col/c-PGA(mBMSC/BMP-2) hydrogel

showed good performance for osteogenesis both in vitro

and in vivo experiemnts in a short period (Scheme 1).

Therefore, our study suggests that Col/c-PGA hydrogel

could be used as a promising and optimized hydrogel

scaffold for BMSC-based bone tissue regeneration with

BMP-2.

2 Materials and methods

2.1 Materials

Collagen type I (atelocollagen form from porcine skin,

Mw = 300 KDa) was purchased from SK Bioland (Cheo-

nan, Republic of Korea). c-PGA (K ? form; Mw = 500

kDa) was a kind gift from BioLeaders Corporation (Dae-

jeon, Republic of Korea). ProNectin� F Plus, dexam-

ethasone, b-glycerophosphate, ascorbic acid, alizarin red S

(ARS), cardiogreen, and fibronectin were purchased from

Sigma-Aldrich (St. Louis, MO, USA). Murine BMP-2 and

BMP-2 Standard TME ELISA Development Kit were

purchased from PeproTech (Rocky Hill, NJ, USA).
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Alkaline Phosphate (ALP) Live Stain was purchased from

Thermo Fisher Scientific (Waltham, MA, USA). FITC rat

anti-mouse antibodies (a surface marker of mBMSCs: Sca-

1, CD44, CD29, CD11b, CD34, and CD45) were purchased

from BD Pharmingen (San Diego, CA, USA). All other

reagents were of molecular biology grade.

2.2 Isolation and culture of mBMSCs

mBMSCs were obtained from the bone marrow of the

femur and tibia of mice (Balb/c, 6–8 weeks old; Orient

Bio, Seongnam, Republic of Korea), in accordance with a

previous report [43]. Briefly, the muscle tissue was

removed from femurs and tibias and the bones were soaked

in Dulbecco’s modified Eagle’s medium (DMEM; Thermo

Scientific, Waltham, MA, USA) containing 1% (v/v)

penicillin/streptomycin (Thermo Scientific). Both ends of

the bones were cut and the marrow was flushed with

DMEM containing 1% (v/v) penicillin/streptomycin using

a syringe. The bone marrow cell suspension was filtered

through a 70-lm mesh cell strainer, and bone marrow cells

were collected after centrifugation at 1500 rpm for 5 min.

The collected bone marrow cells were seeded in six-well

plates at a density of 5 9 106 cells per well (1.5 mL) with

a complete culture medium [DMEM containing 15% (v/v)

heat-inactivated fetal bovine serum (FBS; Thermo Scien-

tific) and 1% (v/v) penicillin/streptomycin] and incubated

under a humidified atmosphere with 5% CO2 at 37 �C.

After 3 h, nonadherent cells were removed by replacing the

medium with a fresh complete culture medium. After an

additional 8 h of culture, the culture medium was repeat-

edly replaced with a fresh complete culture medium every

8 h for 3 days. The characterization (positive markers: Sca-

1, CD29, CD44, negative markers: CD45, CD11b, CD34)

of isolated mBMSCs was analyzed using FITC-conjugated

antibodies with an AcurriTM flow cytometer (BD Bio-

sciences, Franklin Lakes, NJ, USA). The results indicated

that mBMSCs were not contaminated by leukocytes,

macrophages, or hematopoietic stem cells (Supplementary

Fig. S1). All mBMSCs were cultured in 75 cm2 flasks with

DMEM containing 15% (v/v) FBS and 1% (v/v) penicillin/

streptomycin under a humidified atmosphere with 5% CO2

at 37 �C. mBMSCs between passages 4 and 6 were used

for the experiments.

2.3 Preparation of Col/c-PGA hydrogels

and loading of mBMSCs with BMP-2 into Col/c-
PGA hydrogels

First, 133 mg of collagen was dissolved in 10 mL of

DMEM at 4 �C by gentle stirring for 2 days. c-PGA was

dissolved in DMEM at a concentration of 20 mg mL-1.

ProNectin� F Plus or fibronectin (only used for ALP Live

Staining experiment) were dissolved in deionized water at

a concentration of 1 mg mL-1. Col/c-PGA hydrogels were

prepared by mixing a collagen solution (1 mL) with a

mixture of c-PGA solution (222 lL) and ProNectin� F

Plus or fibronectin solution (100 lL) with vortexing. To

promote cell adhesion and proliferation, we used Pro-

Nectin� F Plus or fibronectin. Fibronectin has an RGD cell

Scheme 1 Schematic illustration of in situ gel-forming collagen/

poly-c-glutamic acid hydrogel loaded with mouse bone marrow-

derived mesenchymal stem cells (mBMSCs) and bone morphogenetic

protein-2 (BMP-2) for bone tissue regeneration in a mouse calvarial

bone defect model
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attachment epitope that binds to the integrin of the cell with

high affinity. ProNectin� F Plus is a fibronectin-like

engineered protein polymer that incorporates multiple

copies of the RGD from fibronectin by fusing two amino

acid motifs, RGD and (GAGAGS)9 [44]. Col/c-PGA

hydrogels were stored at 4 �C until used. To prepare Col/c-

PGA hydrogels containing BMP-2 [Col/c-PGA(BMP-2)],

BMP-2 reconstituted in PBS at a concentration of 1 lg

lL-1 was mixed with Col/c-PGA hydrogel (still in solution

phase at 4 �C) by vortexing. For Col/c-PGA(mBMSC),

mBMSCs were mixed with Col/c-PGA hydrogel after

mBMSCs were harvested in the form of a pellet by cen-

trifugation. Col/c-PGA(mBMSC/BMP-2) was prepared by

mixing the mBMSC pellet and Col/c-PGA(BMP-2). For

in vitro experiments, 100 ng of BMP-2 and 1 9 105

mBMSCs were added to 200 lL of Col/c-PGA hydrogels.

In addition, for in vivo experiments, 1 lg of BMP-2 and

1 9 106 mBMSCs were added to 20 lL of Col/c-PGA

hydrogels.

2.4 Rheological properties of Col/c-PGA hydrogel

The rheological properties of Col/c-PGA hydrogel were

measured using a Bohlin Gemini II (Malvern Instruments

Ltd., Malvern, UK) equipped with a 25 mm parallel plate.

The prepared Col/c-PGA hydrogel and collagen-only

solution (13.3 mg mL-1 in DMEM) were placed on the

plate of equipment, and the gap between the parallel plates

was set to 1 mm. The viscoelastic properties of the samples

were measured in oscillatory mode while maintaining a

frequency of 1 rad s-1 (0.159 Hz) with a 2% constant

strain value. The gelation time was determined by mea-

suring the elastic modulus (G0) and viscous modulus (G00)
at 37 �C over time. To determine the gelation temperature,

G0 and G00 were measured at each temperature while

increasing the temperature at a rate of 3 �C/min from 4 �C
to 40 �C. In addition, to compare the moduli of only col-

lagen and Col/c-PGA hydrogel after gelation at 37 �C, G0

and G00 were measured by frequency-sweeping over a range

from 0.1 rad/s to 70 rad/s at 37 �C after 10 min of thermal

equilibrium. The viscosity was measured by the shear rate-

sweeping over a range from 0.05 to 10 s-1 in non-oscil-

latory mode at 4 �C and 25 �C.

2.5 Injectable and gelation properties

To evaluate the injectable and moldable properties of Col/

c-PGA hydrogel in vitro, Col/c-PGA as a low-viscosity

liquid at low temperature was injected into the molds with

complex shapes using a syringe. Then, the molds were

removed after incubation at 37 �C for 30 min. To evaluate

the injectable and gelation properties of Col/c-PGA

hydrogel in vivo, we used indocyanine green (cardiogreen)

for visualizing Col/c-PGA hydrogel. Indocyanine green

was dissolved in deionized water at a concentration of

1 mg mL-1. Then, 1% (v/v) indocyanine green-loaded

Col/c-PGA hydrogel (100 lL) was injected into a male

BALB/C nude mouse (6 weeks old) via subcutaneous

injection. Finally, injected indocyanine green-loaded Col/

c-PGA hydrogel in mouse was dissected after 30 min.

2.6 Scanning electron microscopy (SEM)

To confirm the morphology of various hydrogels, each

sample was rapidly frozen in liquid nitrogen and lyophi-

lized. Following the lyophilization, a broken cross-section

of the sample was sputter-coated with platinum and

examined with field emission SEM (JMS-7000F; JEOL

Ltd., Tokyo, Japan) at an accelerating voltage of 5.0 kV.

2.7 In vitro release study of BMP-2 from Col/c-PGA

Hydrogel

The release study of BMP-2 from Col/c-PGA hydrogel was

performed by migration through a polycarbonate mem-

brane of 6.5 mm diameter with 3 lm pore size in a 24-well

transwell chamber (Corning, Cambridge, MA, USA). The

Col/c-PGA hydrogel containing BMP-2 (100 lL) was

added to the upper chamber, all transwell plate wells in the

lower compartment were filled with 1 mL of PBS supple-

mented with collagenase type I (100 lg mL-1 or

1 mg mL-1). The transwell plate was incubated at 37 �C
with shaking at 60 rpm. The sample released from the

inside of the transwell inserts was collected at 1, 3, 5, 7, 9,

24, 48, 72, 96, and 168 h after the incubation. After sam-

ples were collected, each well in the transwell plate was

filled with fresh PBS supplemented with collagenase type I

(100 lg mL-1 or 1 mg mL-1). The released BMP-2 was

quantified using Murine BMP-2 Standard TMB ELISA

Development Kit (PeproTech, Rocky Hill, NJ, USA).

2.8 The proliferation of mBMSCs in Col/c-PGA

hydrogel scaffolds

To evaluate the proliferation of mBMSCs in Col/c-PGA

hydrogel, a LIVE/DEAD assay was conducted. mBMSCs

were embedded into Col/c-PGA hydrogels at a density of

1 9 106 cells per 100 lL of hydrogel. The Col/c-

PGA(mBMSC) samples were placed on l-slide eight-well

chambers (ibidi GmbH, Martinsried, Germany), and gela-

tion was induced at 37 �C for 20 min. Then, these cham-

bers were incubated with complete mBMSC media for 3, 7,

11, and 15 days under a humidified atmosphere with 5%

CO2 at 37 �C. The Col/c-PGA(mBMSC) samples were

then washed in PBS and stained with a LIVE/DEAD assay

kit (Thermo Fisher Scientific Inc., Waltham, MA, USA), in
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accordance with the manufacturer’s instructions. Fluores-

cence images were obtained using a DeltaVision PD (GE

Healthcare Life Sciences, Marlborough, MA, USA) with a

filter set (fluorescein isothiocyanate: excitation 490/20,

emission 525/36; tetramethylrhodamine isothiocyanate:

excitation 555/25, emission 605/52; Omega Optical, Inc.,

Brattleboro, VT, USA). The proliferation of mBMSCs in

Col/c-PGA hydrogel was also quantitatively assessed after

culture under osteogenic conditions. mBMSCs were

embedded into Col/c-PGA hydrogels at a density of

1 9 105 cells per 100 lL of hydrogel. The Col/c-

PGA(mBMSC) samples were placed on a 24-well plate and

cultured with osteogenic differentiation medium (a-MEM

supplemented with 10% FBS, 0.1 lM dexamethasone,

10 mM b-glycerophosphate, and 50 lM ascorbic acid) for

3, 7, 11, and 15 days under a humidified atmosphere with

5% CO2 at 37 �C. On the indicated day, the Col/c-

PGA(mBMSC) samples were treated with 10 mg of col-

lagenase type I (Worthington Biochemical Corp., Freehold,

NJ, USA) to digest the hydrogel for 5 min at 37 �C. Then,

live mBMSCs were counted using a LUNA-FL Dual Flu-

orescence cell counter (Logos Biosystems, Annandale, VA,

USA) after staining with acridine orange and propidium

iodide (AO/PI).

2.9 In vitro osteogenic differentiation of mBMSCs

with BMP-2 in Col/c-PGA hydrogel scaffolds

To confirm the osteogenic differentiation of mBMSCs,

calcium content and expression of osteogenic genes were

evaluated by staining with ARS, ALP Live Stain, and

quantitative reverse-transcription polymerase chain reac-

tion (qRT-PCR). For ARS staining and qRT-PCR,

mBMSCs (1 9 105), mBMSC/BMP-2 (1 9 105/100 ng),

and Col/c-PGA (mBMSC/BMP-2) (1 9 105/200 lL) were

each placed on 24-well plates (Corning Life Sciences,

Tewksbury, MA, USA). Then, osteogenic differentiation

medium (DMEM supplemented with 15% FBS, 1% peni-

cillin/streptomycin, 0.1 lM dexamethasone, 10 mM b-

glycerophosphate, 50 lM ascorbic acid) was added to the

mBMSCs in each experimental group on 24-well plates to

induce osteogenic differentiation. The culture medium was

changed to a fresh complete osteogenic differentiation

medium every 3 days. mBMSCs (1 9 105) cultured with

normal culture medium on 24-well plates were used as a

control group, and all expression levels of osteogenic genes

were estimated relative to those of the control group. The

formation of calcium phosphate in each experimental

group was visualized by staining with ARS. For ARS

staining, each sample was washed twice with 1 mL of PBS

at 7 days after culturing in osteogenic differentiation

medium and then incubated with 1 mL of 4% (w/v)

paraformaldehyde phosphate buffer solution for 30 min at

room temperature for fixation. The fixed samples were

washed again with deionized water and incubated with

1 mL of the 2% ARS staining solution at pH 4.3 for 10 min

at room temperature. After the staining solution had been

removed, the samples were washed again with deionized

water. Finally, calcium deposition was observed by visu-

alizing the red color. qRT-PCR was also performed to

evaluate the expression of osteogenic genes. The total RNA

was extracted from mBMSCs with BMP-2 in Col/c-PGA

hydrogels by treating with TRIzol (Invitrogen, Grand

Island, NY, USA), and the extracted RNA samples were

reverse-transcribed into cDNA with the Tetro cDNA

Synthesis Kit (Bioline, London, UK), in accordance with

the manufacturer’s instructions. The internal control for the

expression analysis was GUSB (beta-D-glucuronidase).

The primer sequences used in the experiment were as

follows: GUSB FW, 50-GCGTCCCACCTAGAATCTGC-

30 and RV, 50-CATACGGAGCCCCCTTGTC-30; ALP

(alkaline phosphatase) FW, 50-GGACAGGACACACA-

CACACA-30, and RV, 50-CAAACAGGA-

GAGCCACTTCA-30; BSP (bone sialoprotein) FW, 50-
ACAATCCGTGCCACTCACT-30, and RV, 50-
TTTCATCGAGAAAGCACAGG-30; and OCN (osteocal-

cin) FW, 50-CTCACTCTGCTGGCCCTG-30, and RV, 50-
CCGTAGATGCGTTTGTAGGC-30. qRT-PCR was per-

formed using a SensiFAST SYBR Lo-ROX mix (Bioline,

London, UK) on a Rotor-Gene Q Instrument (Qiagen,

Valencia, CA, USA). Data analysis was performed using

the delta delta Ct method. For ALP Live Staining,

mBMSCs (5 9 105), mBMSC/BMP-2 (5 9 105/25 ng),

and Col/c-PGA (mBMSC/BMP-2) (5 9 105/50 lL) were

each placed on l-slide eight-well chambers (ibidi GmbH,

Martinsried, Germany), and gelation was induced at 37 �C
for 20 min. Then, these chambers were incubated for 3 and

7 days under a humidified atmosphere with 5% CO2 at

37 �C. The culture medium was changed to a fresh com-

plete osteogenic differentiation medium every 3 days. The

Col/c-PGA (mBMSC) samples were then washed and

stained with ALP Live Stain (Thermo Fisher Scientific

Inc., Waltham, MA, USA), following the manufacturer’s

instructions. Fluorescence images were obtained using a

Leica TSC SP8 (Leica Microsystems, Wetzlar, Germany).

2.10 In vivo bone formation in a mouse calvarial

bone defect model

The male BALB/c nude mice (6 weeks old) were pur-

chased from ORIENT BIO (Seongnam, Republic of Korea)

and maintained on a standard diet with freely available

water in a specific-pathogen-free facility. To evaluate

in vivo bone formation in the mouse model, the mice

underwent calvarial defect procedures. During the surgery,

the mice were maintained under anesthesia with 2%
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Fig. 1 Rheological properties of collagen only and Col/c-PGA

hydrogels. Viscosities of collagen only and Col/c-PGA hydrogel at

A 4 �C and B 25 �C. C Gelation behavior of Col/c-PGA hydrogel

with increasing temperature. D Gelation time of Col/c-PGA hydrogel

at 37 �C. E Viscoelastic properties of collagen only and Col/c-PGA

hydrogels in frequency-sweeping mode at 37 �C after 10 min of

stabilization. F Col/c-PGA hydrogel is moldable and can be injected

to form complex shapes that are maintained after gelation for 30 min

at 37 �C
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isoflurane in oxygen, and the surgical site was disinfected.

For the critical-sized calvarial defect model, one 4-mm-

diameter calvarial defect was created on a parietal bone in

each mouse using a trephine bur. Meticulous care was

taken to protect the underlying dura mater and neighboring

cranial sutures. Following the generation of the calvarial

bone defects, mBMSCs (1 9 106) (n = 3), mBMSC/BMP-

2 (1 9 106/1 lg) (n = 2), Col/c-PGA (BMP-2) (1 lg/

20 lL) (n = 3), Col/c-PGA (mBMSC) (1 9 106/20 lL)

(n = 3), or Col/c-PGA(mBMSC/BMP-2) (1 9 106/1 lg/20

lL) (n = 3) was implanted into the defect site. The skin

incision was then closed using sutures and treated with

povidone-iodine (Green Pharmaceutical Co., Ltd., Seoul,

Republic of Korea).

2.11 Micro-computed tomography (l-CT)

l-CT imaging was performed using a volumetric CT

scanner (NFR-MXSCAN-G90; NanoFocusRay, Iksan,

Republic of Korea) designed to minimize motion artifacts,

and respiratory anesthesia (2% isoflurane) was maintained

during the scanning to obtain CT images of live mice.

Images were acquired at 60 kVp, 60 mA, and 800 ms per

frame, with 400 views. Images were reconstructed using

the Feldkamp cone-beam reconstruction algorithm. The

reconstruction image size was 1024 9 1024 pixels, and

512 slices were acquired. The final reconstructed data were

converted to the Digital Imaging and Communications in

Medicine format to produce 3D-rendered images using 3D-

rendering software (Lucion; MeviSYS, Seoul, Republic of

Korea). The percentage of the recovered area was analyzed

using the National Institutes of Health ImageJ software.

2.12 Histology

At 4 weeks post-implantation, the harvested specimens

were fixed in 4% paraformaldehyde for 48 h and decalci-

fied in 19% EDTA for 1 week at 4 �C. The samples were

dehydrated through an alcohol gradient and embedded in

paraffin blocks. Eight micron-thick histological sections

were cut from the center of the embedded specimens,

followed by staining with hematoxylin and eosin (H&E) to

assess bone formation. Images were obtained under a

bright field microscope (Olympus, Tokyo, Japan) and

combined using Adobe Photoshop (Adobe� Systems, San

Jose, CA, USA).

Fig. 2 Representative SEM images of A collagen only and B Col/c-PGA hydrogels at 4 �C and 37 �C. Scale bar = 10 lm
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2.13 Statistical analysis

The significance of differences between groups was

determined by analysis of variance (ANOVA). All values

are expressed as mean ± standard deviation. GraphPad

Prism software (version 8) was used for all statistical

analyses.

3 Results and discussion

3.1 Characterization of Col/c-PGA hydrogels

The Col/c-PGA hydrogel is a free-flowing liquid at 4 �C,

but it turns into in situ gel-forming non-flowing hydrogel at

body temperature [45, 46]. The sol–gel phase transition of

Col/c-PGA hydrogel was confirmed by analyzing its rhe-

ological properties, such as viscosity, moduli, gelation

temperature (Tgel), and gelation time. The intersection of

elastic modulus (G0) and viscous modulus (G00) commonly

indicates the gel formation point when G0 is greater than G00

[47]. When the viscosities of collagen only and Col/c-PGA

hydrogel were measured, the viscosity of Col/c-PGA

hydrogel was reduced by 1.9-fold at 4 �C (Fig. 1A) and by

5.8-fold at 25 �C (Fig. 1B). When the low-viscosity c-PGA

solution was added to the high-viscosity collagen solution,

the c-PGA solution might act to decrease viscosity. The

gelation temperature of Col/c-PGA hydrogel was measured

at approximately 35 �C (Fig. 1C). The gelation occurred

2 min after the hydrogel had been exposed to isothermal

conditions at 37 �C (Fig. 1D). Interestingly, however, the

G0 and G00 of Col/c-PGA hydrogel at 37 �C were increased

by 1.7-fold and 1.6-fold, respectively, compared with those

of collagen alone (Fig. 1E). It should be noted that the

increases in both G0 and G00 of Col/c-PGA hydrogel were

accomplished by simply mixing collagen and c-PGA, even

without any chemical cross-linking at 37 �C after 10 min

of stabilization. After the triple-helix structure of collagen

had been loosened at 37 �C, c-PGA could become entan-

gled with the helix structure of collagen via electrostatic

interaction between the cationic collagen and anionic c-

PGA (Fig. S2). In addition, hydrogen bonds could form

between the NH groups of collagen and the CO groups of

c-PGA. These interactions between collagen and c-PGA

might contribute to the increases in both G0 and G00 values

of Col/c-PGA hydrogel at 37 �C. Owing to the in situ

gelling properties, mBMSCs could be easily embedded in

Col/c-PGA hydrogel at 4 �C or ambient temperature, and

then the hydrogel could be transformed into a specific

shape with gelation properties in vitro and in vivo at 37 �C,

as shown in Fig. 1F and Fig. S3. Through SEM imaging

(Fig. 2), we also observed that an interconnected porous

structure was successfully formed in Col/c-PGA hydrogel.

As shown in Fig. 1, while the cross-section of pristine

Fig. 3 The proliferation of mBMSCs embedded in Col/c-PGA

hydrogel. A Representative fluorescence microscopy image of

mBMSCs cultured in Col/c-PGA hydrogel stained by LIVE/DEAD

assay with calcein-AM (green color, live cells) and PI (red color, dead

cells) at 3, 7, 11, and 15 days. Scale bar = 40 lm (at 3 days) and

90 lm (at 7, 11, and 15 days). B Relative proliferation of mBMSCs

embedded in Col/c-PGA hydrogel determined by cell counting after

staining with AO/PI at 3, 7, 11, and 15 days. Data are presented as the

mean ± SD (*p\ 0.05, **p\ 0.005, ***p\ 0.001; ns not

significant)
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collagen had a plain sheet-like structure at both 4 �C and

37 �C (Fig. 2A), the Col/c-PGA hydrogel at 37 �C showed

an open-porous 3D interconnected structure cross-sec-

tion. The interconnected porous structure was not observed

in Col/c-PGA at 4 �C (Fig. 2B). These results suggested

that c-PGA contributed to the formation of the intercon-

nected porous structure by interacting with the loosened

structure of collagen at 37 �C. In fact, the highly porous gel

structure of Col/c-PGA hydrogels, which was not observed

in conventional collagen hydrogels, suggests that strong

interactions occur between the abundant carboxylate

groups of c-PGA and water molecules [48]. The pores in

the hydrogels are assumed to indicate the location of water

molecules before freeze-drying of the hydrogel solutions.

From the experimental data, it should also be noted that the

hard-to-handle character of highly concentrated collagen

solutions could be modified to exhibit an easy-to-handle,

low-viscosity sol state by introducing c-PGA while keep-

ing the intrinsic non-flowing gel state at body temperature.

The experimental data also suggested that we could suc-

cessfully develop an optimized hydrogel system with

in situ gelling properties, increased moduli, and an inter-

connected porous structure for the proliferation of stem

cells using biocompatible polymers (i.e., collagen and c-

PGA), even without any chemical cross-linking. The

release profile of BMP-2 from Col/c-PGA hydrogel was

performed with collagenase at 37 �C to mimic the bio-

logical condition as shown in Fig. S4. This result showed

that the remaining BMP-2 in Col/c-PGA hydrogel as it is

released slowly would promote the osteogenic differentia-

tion of mBMSCs.

Fig. 4 In vitro osteogenesis of mBMSCs and BMP-2 embedded in

Col/c-PGA hydrogel under osteogenesis conditions. A ARS staining

at 7 days after culturing in differentiation medium on 24-well plates.

Relative mRNA expression of B ALP, C BSP, and D OCN measured

by qRT-PCR at 7 and 14 days after culturing in differentiation

medium. Relative mRNA expression was normalized to the control

(mBMSC culture in normal medium). Data are presented as the

mean ± SD (*p\ 0.05, **p\ 0.005, ***p\ 0.001,

****p\ 0.0001; ns not significant)
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3.2 Proliferation of mBMSCs in Col/c-PGA

hydrogels

The survival and proliferation of stem cells in hydrogel

scaffold are very important issues for effective tissue

regeneration after the implantation of stem cells. To con-

firm the survival and proliferation capability of mBMSCs

in Col/c-PGA hydrogels, LIVE/DEAD assays with calcein-

AM and PI were performed at 3, 7, 11, and 15 days after

mBMSCs were cultured in Col/c-PGA hydrogels. The

results showed that mBMSCs proliferated gradually in Col/

c-PGA hydrogels over time and few dead mBMSCs were

observed (Fig. 3A). The spread of mBMSCs after adhesion

on Col/c-PGA hydrogel was observed in fluorescence

images in LIVE/DEAD assays. To quantitatively evaluate

the proliferation of mBMSCs in Col/c-PGA hydrogel, the

number of live mBMSCs was counted by staining with AO/

PI at 3, 7, 11, and 15 days after mBMSC culture in Col/c-

PGA hydrogel. As shown in Fig. 3B, the number of

mBMSCs at 15 days after culture was increased about

10.7-fold compared with that of mBMSCs at 3 days. These

results indicate that Col/c-PGA hydrogel composed of

generally recognized as safe materials could be used for

clinical applications for the proliferation of mBMSCs.

3.3 In vitro osteogenic differentiation of mBMSCs

with BMP-2 in Col/c-PGA hydrogels

The osteogenic differentiation of mBMSCs in Col/c-PGA

hydrogels was assessed by staining with ARS, ALP Live

Fig. 5 In vivo bone regeneration by mBMSCs and BMP-2 embedded

in Col/c-PGA hydrogel after implantation in a critical-sized calvarial

bone defect model. A Representative images of l-CT analysis and the

calvarial bones for the indicated groups, and B quantitative analysis

of the recovered area at 1, 2, 3, and 4 weeks after implantation. The

recovered area, which represents the healing of defects, was evaluated

using l-CT images. Data are presented as the mean ± SD

(****p\ 0.0001)
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Stain, and osteogenic gene expression levels were deter-

mined by qRT-PCR. ARS staining revealed calcium

deposition as a result of osteogenesis at 7 days after culture

of mBMSCs with osteogenic differentiation medium on

24-well plates (Fig. 4A). The largest red-stained area was

observed in Col/c-PGA (mBMSC/BMP-2) while mBMSCs

cultured with BMP-2 (mBMSC/BMP-2) on the plate

showed larger red-stained are than mBMSCs cultured

without BMP-2. Also, ALP Live Staining showed ALP

activity as a result of osteogenesis at 3 and 7 days after

culture of mBMSCs with osteogenic differentiation med-

ium. A higher green fluorescent signal was observed in

Col/c-PGA (mBMSC/BMP-2) than mBMSC and mBMSC/

BMP-2 (Fig. S5). To quantitatively evaluate the level of

osteogenic differentiation, the gene expressions of osteo-

genic markers such as alkaline phosphatase (ALP), bone

sialoprotein (BSP), and osteocalcin (OCN) were analyzed

by qRT-PCR at 7 and 14 days after culture of mBMSCs

under osteogenic conditions. The results showed that the

expression levels of all genes (ALP, BSP, and OCN) were

higher in the Col/c-PGA (mBMSC/BMP-2) than mBMSC/

BMP-2 and mBMSC groups (Fig. 4B–D). Specifically, the

results showed significant differences in the expression

levels of osteogenic markers within only 7 or 14 days. It

has been reported that ALP is most highly expressed in the

mature osteoblast stage and tends to show decreased

expression in the late osteoblast stage [49]. Accordingly, it

indicated that the Col/c-PGA (mBMSC/BMP-2) group was

in the late osteoblast stage at 14 days past the mature

osteoblast stage at 7 days, based on the result that ALP

increased at 7 days and decreased at 14 days (Fig. 4B).

BSP is particularly abundant in the region of bone forma-

tion and is a potent mineralization nucleator [50]. The

expression level of BSP in the Col/c-PGA (mBMSC/BMP-

2) group increased 2.1-fold compared with that in the

mBMSC/BMP2 group and 4.7-fold compared with that in

the mBMSC group at 14 days (Fig. 4C). OCN is a bone-

specific protein and a well-known osteogenic marker

associated with bone turnover for osteogenic maturation

[51]. The expression level of OCN in the Col/c-PGA

(mBMSC/BMP-2) group increased 1.7-fold compared with

that in the mBMSC/BMP2 group and eightfold compared

with that in the mBMSC group at 14 days (Fig. 4D).

3.4 In vivo mBMSC-based bone regeneration

in mouse calvarial bone defect model

The efficacy of mBMSC-based bone regeneration using

Col/c-PGA hydrogel was evaluated in a mouse model with

a critical-sized and full-thickness bone defect. The cranial

bones of the mice were monitored by l-CT at 0, 1, 2, 3, and

4 weeks after the implantation of each experimental sam-

ple. The results showed that the area of bone defect in Col/

c-PGA (mBMSC/BMP-2)-implanted mice almost com-

pletely recovered in only 3 weeks, while the recoveries in

all other experimental groups were less than 20%, even at

4 weeks after implantation (Fig. 5A). In the quantitative

analysis of the recovery rate against calvarial bone defect,

bone defect in Col/c-PGA (mBMSC/BMP-2)-implanted

mice quickly recovered from 1 to 2 weeks (Fig. 5B). These

results indicate that mBMSCs, BMP-2, and Col/c-PGA

hydrogel were essential for effective bone regeneration and

that Col/c-PGA hydrogel was an effective scaffold for the

proliferation and osteogenic differentiation of mBMSCs as

well as the delivery of BMP-2.

Fig. 6 H&E-stained

histological sections and

analysis of the recovered area at

4 weeks by mBMSCs and

BMP-2 embedded in Col/c-

PGA hydrogel after

implantation in a critical-sized

calvarial bone defect model.

The region between the two red

arrows indicates the defect area

Tissue Eng Regen Med (2022) 19(5):1099–1111 1109

123



3.5 Histological analysis of the orthotopic bone

formation

Histological analysis showed that the Col/c-PGA

(mBMSC/BMP-2) group had formed complete bony

bridging in the defect areas at 4 weeks after implantation

(Fig. 6), while bony bridging was not observed in the

mBMSC and mBMSC/BMP-2 groups. Although the bone

formation represented partial regeneration in the Col/c-

PGA (mBMSC) group, more bone tissue was produced in

the Col/c-PGA (mBMSC/BMP-2) group, which suggested

the synergistic effect of mBMSC with BMP2. These results

suggested that Col/c-PGA hydrogel is extremely promising

for the efficient culture of BMSCs as well as the delivery of

BMP2 for bone regeneration.

In this study, we developed an optimized Col/c-PGA

hydrogel system for BMSC-based bone regeneration to

treat calvarial bone defects. The Col/c-PGA hydrogel was

shown to be a free-flowing sol at 4 �C and ambient tem-

perature, but it turned into a non-flowing gel at body

temperature. While the viscosity of Col/c-PGA hydrogel

was lower than that of collagen only at both 4 �C and

25 �C, the moduli (G0 and G00) of Col/c-PGA gel at body

temperature increased compared with those of collagen

only. Because of these properties, the Col/c-PGA hydrogel

could be injected directly into tissues and molded into

specific shapes. Furthermore, the Col/c-PGA hydrogel at

37 �C showed an interconnected porous structure cross-

section, which would provide space for the effective

binding and subsequent proliferation of stem cells inside

them. The Col/c-PGA (mBMSC/BMP-2) group in both

in vitro and in vivo experiments showed excellent osteo-

genesis performance in a short period. Taking these find-

ings together, the Col/c-PGA hydrogel scaffold could be a

powerful platform in tissue engineering and regeneration to

treat bone defects.
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