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Abstract

A new PPF-BCN/hyPCL32-N3 injectable system that can be crosslinked by catalyst-free, 

strain promoted alkyne-azide cycloaddition (SPAAC) click chemistry was developed for tissue 

engineering applications. The system was consisted of two components: PPF-BCN, poly 

(propylene fumarate) (PPF) functionalized with (1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethanol 

(BCN-OH), and hyPCL32-N3, a hyper-branched 32-arm poly(ε-caprolactone) (PCL) dendrimer 

functionalized with azide as the cross-linker core. Fast SPAAC click reaction allowed the desired 

gelation of the system without using any toxic initiator or catalyst. Compared to the conventional 

injectable formulation, e.g., poly(methyl methacrylate)(PMMA), our PPF-BCN/hyPCL32-N3 

(abbreviated as PFCL-Click) injectable system showed enhanced biocompatibility and low heat 

generation during crosslinking. After reaction, the crosslinked PFCL-Click scaffolds supported 

excellent proliferation and differentiation of pre-osteoblast cells on the surface. The PFCL-Click 

system can be successfully injected into vertebral bodies of rabbit spine and can be monitored 

by X-ray imaging after incorporating zirconium dioxide (ZrO2) powder. With these unique 

advantages, this injectable system has promising potential for bone defect repair and other tissue 

engineering and regenerative medicine applications.
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1. INTRODUCTION

Injectable polymer systems, as compared to preformed grafts, scaffolds, or hydroxyapatite 

blocks, are promising for tissue engineering applications due to multiple advantages such 

as controlled viscosity, shape adaptability to defect sites, tissue adhering ability during 

the stiffening process, and compatibility with a minimally invasive procedure.1 With these 

unique properties, the injectable formulations may find applications in various tissue 

engineering applications, e.g., artificial cartilage, injected spine fusion, vertebroplasty, tooth 

enamel restoration, trabecular bone defect injection, and acetabulum injection.

The conventional injectable polymer systems, however, rely mostly on the utilizing 

of thiolene additions,2, 3 double bonds,4–12 or metal-catalyzed click reactions13, 14 for 

crosslinking and stabilization. To initiate these reactions, radical initiators or photochemical 

irradiations and metal catalysts are required in the injectable formulation for the opening 

of reactive bonds and formation of the crosslinked polymer network. However, in most 

cases, these radical initiators and/or metal catalysts are extremely toxic or oxidative. The 

addition of these compounds generates unfavorable risks as they could cause damages to 

adjacent tissues or organs after released into blood circulation. These potential concerns 

largely limited the use of conventional injectable systems for clinical applications. To this 

end, an injectable system that is able to avoid the use of cytotoxic initiators or catalysts is 

therefore desired in regenerative medicine applications.

Strain-promoted alkyne-azide cycloaddition (SPACC) click chemistry is promoted by the 

energy in the stretched ring and thus free from initiators and catalysts.15, 16 The reaction 

has gained extensive research interest due to unique orthogonality, excellent conversion 

efficiency, and favored biocompatibility.17–20 To date, SPAAC click chemistry has been 

studied for applications such as hydrogel preparation,21 microbubble functionalization,22 

peptides and surfactant synthesis,23–25 targeted cell imaging or drug delivery,26–29 and 

regenerative medicine.30, 31 For example, a covalently cross-linked hydrogel was fabricated 

using SPAAC click reaction between poly(ethylene glycol) (PEG) terminated with 

dibenzocyclooctynol (DIBO) and glycerol exytholate triazide.32 In another study, a hydrogel 

was fabricated within a minute using SPAAC click ligation of azadibenzocyclooctyne group 

with azide.33 Moreover, SPAAC click was applied for DNA functionalization. For example, 

the DNA chains were reported to be ligated within one minute by SPAAC click reaction 

after functionalization with dibenzocyclooctyne (DBCO) groups.34

For the reconstruction of tissue defects or tissue engineering, various biodegradable 

polymers have been investigated in the past decades. For example, poly(ε-caprolactone) 

(PCL),35–37 poly(caprolactone fumarate) (PCLF),38 poly(ethylene glycol) (PEG),39–41 

oligo(poly(ethylene glycol)fumarate) (OPF),42 poly(L-lactic acid) (PLLA),43 poly(lactic-co-

glycolic acid) (PLGA),44 and poly(propylene fumarate) (PPF)45 have been developed and 

explored in vitro or in vivo for tissue regeneration. PPF was developed to be biodegradable, 

mechanically strong, and supportive of bone cell adhesion, proliferation, and differentiation 

in vitro and tissue growth in vivo.46–48 In the past years, our lab has developed and tested 

various copolymers or blends based on PPF polymer for bone regeneration and obtained 

promising results in both cell studies and animal implantations.49
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In this study, we implemented the catalyst-free SPAAC click chemistry to the biodegradable 

PPF polymer and constructed an injectable PPF-BCN/hyPCL32-N3 (PFCL-Click) system 

(Figure 1a) for tissue engineering and regenerative medicine, e.g., spine injection (Figure 

1b). The strategy was realized by functionalization of PPF with BCN group to create 

a PPF-BCN polymer. Then a 32-arm hyper-branched PCL dendrimer terminated with 

azide group (hyPCL32-N3) was developed as cross-linker, as demonstrated in Figure 1a. 

The rationale for developing a dendrimer structure with multiple arms is to increase 

functional group density and enhance the possibility for polymer chains to cross-link 

with each other. At the same time, linking multiple arms with a dendrimer core could 

minimize the possibility of generating un-cross-linked free chains and thus improve the 

biocompatibility of injectable scaffolds. For preformed scaffolds, they may receive pre-

treatment steps, e.g., washing in acetone, which could remove the uncrosslinked sol part 

before implantation. However, for injectable systems, they are directly injected to the body 

without any further steps. The minimization of uncrosslinked polymer chains is critical 

for the success of injectable systems. The crosslinking ability, mechanical properties, 

surface hydrophilicity, protein adsorption, as well as degradation abilities of the polymer, 

were thoroughly characterized. The biocompatibility and thermal properties of PFCL-Click 

injectable system were compared with conventional PMMA bone cement. MC3T3 pre-

osteoblast cell proliferation, spreading, and differentiation on the crosslinked PFCL-Click 

scaffolds were investigated. The injection ability and X-ray imaging ability of the PFCL-

Click injectable system were also investigated.

2. MATERIALS AND METHODS

2.1 Materials

Chemicals including ε-caprolactone monomer, (1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-

ylmethanol (BCN-OH), hyperbranched bis-MPA polyester-32-hydroxyl, generation 3 

(APL32-OH), tin(II) 2-ethylhexanoate (Sn(Oct)2, 95%), sodium azide (NaN3), and oxalyl 

chloride were purchased from Sigma Aldrich Co. (Milwaukee, WI) and used as received. 

Reagent grade solvents including acetone, dimethylformamide (DMF), and dichloromethane 

(DCM, CH2Cl2) were purchased from Fisher (Pittsburgh, PA). Anhydrous CH2Cl2 was 

obtained by distilling dichloromethane received from Fisher with calcium hydride (CaH2) 

before use. Potassium carbonate (K2CO3) was purchased from Sigma Aldrich Co. 

(Milwaukee, WI) and dried in 100°C oven overnight to remove moisture residues. Other 

used reagents or chemicals, unless noted otherwise, were all purchased from either Fisher or 

Sigma and used as received.

2.2 Synthesis of PPF-BCN

The PPF-BCN was synthesized by reacting PPF terminated with hydroxyl groups 

with (1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethanol chloride (BCN-COCOCl). PPF was 

synthesized according to a protocol as described previously.45 To synthesize the reactive 

BCN-COCOCl intermediate, 150 mL CH2Cl2 was added to 4 Å molecular sieves and stirred 

under nitrogen gas to remove extra water. The flask was then transferred into an ice bath and 

added with 16 mL of oxalyl chloride. Then 0.4 g of (1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-

ylmethanol (BCN-OH) fully dissolved in 10 mL of CH2Cl2 was added slowly to the flask. 
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Excess amount (20 g) of anhydrous potassium carbonate (K2CO3) was then added to the 

flask as proton scavenger.

The reaction system was refluxed in 50°C oil bath for 4 hours with continuous stirring. 

Afterward, excess un-reacted oxalyl chloride and CH2Cl2 solvent were rotary evaporated 

overnight at 50 °C to collect BCN-COCOCl. Then 50 mL of anhydrous CH2Cl2 solvent was 

added into the flask to dissolve BCN-COCOCl followed by the addition of 10 g anhydrous 

potassium carbonate. PPF polymer (2.28 g) was first dissolved in 150 mL of anhydrous 

CH2Cl2 solvent and then added slowly into the flask. The reaction was kept under reflux in 

50°C oil bath overnight with continuous stirring. Upon completion, the reaction system was 

centrifuged for 10 min at ~ 2060 g to precipitate K2CO3 solids. The supernatants containing 

polymers were concentrated by rotary evaporation, precipitated in excess diethyl ether, and 

dried under vacuum to obtain PPF-BCN. Dried PPF-BCN polymer was stored at −20 °C 

before use.

2.3 Synthesis of hyperbranched 32-arm hyPCL32-N3 dendrimer

The hyPCL32-N3 dendrimer was synthesized by a three-step procedure, i.e., hyPCL32-OH, 

hyPCL32-Br and then hyPCL32-N3. To synthesis hyPCL32-OH dendrimer, 40 g of distilled 

pure ε-caprolactone was injected into a three-neck flask under nitrogen protection. A 

hyperbranched dendrimer core bis-MPA polyester-32-hydroxyl (APL32-OH, 0.45 g) was 

added afterwards as an initiator. Following the addition of a ring-opening catalyst, Tin(II) 

2-ethyl hexanoate (Sn(Oct)2, 0.16 g), the system was reacted for 12 hours under stirring 

at 140 °C in an oil bath. The obtained hyPCL32-OH dendrimer was cooled down to room 

temperature, precipitated three times in excess diethyl ether, then fully dried using pump 

vacuum.

To synthesize hyPCL32-Br, 20 g of hyPCL32-OH dendrimer was added into a three-neck 

flask together with 200 mL CH2Cl2 as solvent and 50 g of potassium carbonate as proton 

scavenger. The flask was then transferred to an ice bath and 2-bromopropionyl bromide (10 

mL) was added dropwise under nitrogen gas. The reaction was maintained for 24 hours at 

room temperature under continuous stirring. After completion of the reaction, the system 

was centrifuged for 10 min at ~ 2060 g to remove K2CO3 solids, followed by precipitation in 

cold diethyl ether and dry in vacuum.

In the next step, 11.2 g of obtained hyPCL32-Br was reacted with 8.0 g of sodium azide with 

extreme caution (warning: sodium azide may cause explosion) for 24 hours at 90 °C in 200 

mL dimethylformamide (DMF). After the reaction, the product was precipitated in a large 

amount of methanol, dissolved in acetone, and precipitated again. This purification process 

was repeated at least three times to remove sodium azide. The final hyPCL32-N3 product 

was precipitated in cold diethyl ether then dried by pump vacuum. The dried hyPCL32-N3 

dendrimer was stored at −20 °C before use.

2.4 PFCL-Click scaffolds fabrication by SPAAC click chemistry

The injectable PFCL-Click formulation consisted of two components, which were prepared 

separately prior to crosslinking. For the PPF-BCN component, 0.5 g of synthesized PPF-

BCN was dissolved in 0.25 mL of CH2Cl2. For the hyPCL32-N3 component, 2.0 g of 
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synthesized hyPCL32-N3 were dissolved in 1 mL of CH2Cl2. To evaluate the injection 

process, the two components were injected simultaneously into a glass vial to mimic the 

defect filling process.

The gelation time at both 37 °C and 60 °C was estimated using a tube inversion method 

according to previous references.50–53 A prolonged overnight incubation (> 18 h) with 

cap open was conducted for thorough cross-linking of all components and evaporation of 

CH2Cl2 solvents in order to achieve cross-linked PFCL-Click dry specimens. For materials 

property evaluation, the two components were injected into a glass mold with silicone 

spacers and maintained at 37 °C overnight to obtain crosslinked PFCL-Click scaffolds.

2.5 Material characterizations
1H nuclear magnetic resonance spectroscopy (NMR).—The chemical structures 

of synthesized PPF-BCN polymer and hyPCL32-N3 dendrimer were dissolved in CDCl3 

solvent and characterized using 1H NMR spectroscopy (300 MHz Varian NMR).

Gel permeation chromatography (GPC).—The molecular weights of PPF-BCN 

and hyPCL32-N3 were measured by gel permeation chromatography (GPC) using 

tetrahydrofuran (THF) as eluent on a 2410 refractive index detector equipped Viscotek 

GPCMax/VE 2001 GPC machine (Malvern Instruments, Inc.).

Swelling ratio and gel fraction.—After cross-linking, the PFCL-Click scaffolds were 

soaked in acetone or CH2Cl2 to determine the swelling ratio and gel fraction. Briefly, the 

specimen was weighed to record the original mass (W0). Then the specimens were placed 

in acetone or CH2Cl2 for 1 day to remove the uncrosslinked sol part and allow full swelling 

and then taken out to record swelled mass (Ws). After two days of drying under vacuum, 

the specimens were recorded for the final dry mass (Wd). The swelling ratio was calculated 

by the equation: Swelling ratio = (Ws ˗ Wd)/Wd, and gel fraction was calculated using the 

equation: Gel fraction = 100% × Wd/W0. At least three specimens were tested and averaged 

for each study.

Mechanical properties.—The compressive mechanical strength of crosslinked PFCL-

Click scaffold was tested using a dynamic mechanical analyzer (DMA) (RSA-G2, TA 

instruments) with strain rate set at 0.001 mm/s. The compressive moduli of PFCL-Click 

specimens were calculated from the stress-strain curve in the linear region.

Dynamic mechanical frequency sweep test.—Storage and loss moduli were 

measured by performing a frequency sweep on a TA Instruments RSA-G2 dynamic 

mechanical analyzer. A strain rate of 0.02% at an angular frequency range from 0.1 rad/s to 

100 rad/s (~ 0.16 Hz −15.92 Hz) was applied and storage and loss moduli were determined 

at 10 points per decade.

Degradation properties.—Accelerated degradation of crosslinked PFCL-Click scaffolds 

was performed in 0.1 M NaOH and 0.01 M NaOH solutions. The remaining mass of the 

PFCL-Click scaffolds immersed in the solution was recorded each week during the first 4 

weeks and measured every other week thereafter until the scaffolds fully disappeared. The 

Liu et al. Page 5

Biomacromolecules. Author manuscript; available in PMC 2022 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



long-term degradation of crosslinked PFCL-Click scaffolds in simulated body fluids was 

also evaluated. Specimens were immersed in phosphate-buffered saline (PBS) solution and 

the remaining weight was recorded each week during the first 4 weeks and measured every 

two weeks thereafter until 18 weeks.

Surface wettability and protein adsorption.—To analyze the protein adsorption 

ability of the PFCL-Click scaffolds, the specimens were immersed in cell culture medium 

supplemented with 10% fetal bovine serum (FBS) at 37 °C for 0.5 hour or 2.0 hours. After 

the immersion, specimens were washed three times with PBS to eliminate non-adsorbed 

surface residue proteins. The proteins adsorbed on the PFCL-Click scaffolds were collected 

by washing with 1% sodium dodecyl sulfate (SDS, Bio-Rad Laboratories, Inc.). MicroBCA 

protein assay kit (Pierce, Rockford, IL) were used for protein analysis using a standard curve 

generated by known concentrations of albumin solutions. Optical density (OD) values of 

adsorbed proteins were determined on a microplate reader (SpectraMax Plus 384, Molecular 

Devices, Sunnyvale, CA) and the protein quantities were determined by the above standard 

curve.

2.6 Live/dead staining and cytotoxicity of pre-osteoblast cells on scaffolds

Before seeding, MC3T3 pre-osteoblast cells were maintained in the non-osteogenic state in 

ascorbic acid-free α-Minimum Essential Medium (α-MEM) supplemented with 10% FBS 

and 0.5% streptomycin/penicillin. For the live/dead study, the PFCL-Click scaffolds were 

sterilized by immersing in 70% alcohol solution overnight and washed with sterilized PBS 

for at least five times. MC3T3 cells were trypsinized, counted, and seeded onto the sterilized 

PFCL-Click scaffolds at a density of 15, 000 cells per cm2. After 1 day of culture on 

the scaffold, the cells were stained with LIVE/DEAD® Cell Imaging Kit (Thermo Fisher 

Scientific, Waltham, MA) and imaged on an Axiovert 25 Zeiss light microscope (Carl Zeiss, 

Germany). The clinically used PMMA scaffolds were used as a control group for the live/

dead staining following the same protocol.

To further confirm the cytocompatibility of the scaffold, MC3T3 pre-osteoblast cells were 

seeded at a density of 15, 000 cells per cm2 in six-well tissue culture polystyrene (TCPS) 

plates. The crosslinked PFCL-Click scaffolds and clinically used PMMA scaffolds were put 

in transwell chambers (mesh size 3 μm) and inserted into the six-well TCPS plates with 

medium covering the specimens. After 1, 3, and 5 days of culture, the cell viability in each 

TCPS well was determined using the MTS assay. Cell viability rate was calculated using the 

TCPS wells without transwell inserts as a positive control (set as 100%).

2.7 Pre-osteoblast cell proliferation on PFCL-Click scaffolds

The crosslinked PFCL-Click scaffolds were sterilized by immersing in 70% alcohol solution 

overnight and then washed at least five times with sterile PBS. After drying, the crosslinked 

PFCL-Click scaffolds were adhered to the bottom of 48-well TCPS plates using silicon-

based vacuum grease. MC3T3 cells were diluted in α-MEM and seeded on the crosslinked 

PFCL-Click scaffolds at a density of 15 000 cells cm−2. The cells were then cultured 

in the incubator at 95% relative humidity, 5% CO2, and 37 °C. At 1, 3, and 5 days post-

seeding, the α-MEM media were removed and the crosslinked PFCL-Click specimens were 
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rinsed with PBS to wash away unattached cells. Cell numbers on the crosslinked PFCL-

Click specimens were quantified by the MTS assay (CellTiter 96, Promega, Madison, WI) 

according to the kit protocols. The absorbance of MTS solution from each specimen was 

read by UV-vis absorbance microplate reader (SpectraMax Plus 384, Molecular Devices, 

Sunnyvale, CA) at a wavelength of 490 nm.

2.8 Osteogenic differentiation of MC3T3 on PFCL-Click scaffolds

For osteogenic differentiation of MC3T3 pre-osteoblast cells, the α-MEM medium was 

supplemented with 10% fetal bovine serum, 0.5% streptomycin/penicillin, 10 mM β-

glycerophosphate (β-GP), and 50 μg/mL ascorbic acid (AA). Prior to seeding, MC3T3 pre-

osteoblast cells were maintained in the non-osteogenic state in ascorbic acid-free α-MEM. 

The crosslinked PFCL-Click scaffolds were sterilized with 70% alcohol solution, washed 

with PBS, and attached to the 48-well TCPS plates using silicon-based vacuum grease, 

as stated above. MC3T3 cells were diluted in α-MEM and seeded to the crosslinked PFCL-

Click scaffolds at a density of 15 000 cells cm−2. The plates were kept in 37 °C incubator for 

4 hours to allow attachment of cells to the PFCL-Click scaffolds. Then the α-MEM medium 

was removed and replaced with the α-MEM/β-GP/ AA osteogenic medium and cultured in 

the 37 °C incubator. At 1, 3, and 5 days post-seeding, the α-MEM/β-GP/ AA medium was 

removed, and cell numbers on the crosslinked PFCL-Click specimens were quantified by the 

MTS assay as stated above.

2.9 Immuno-fluorescence staining and imaging

To image the MC3T3 cellular morphologies on the crosslinked PFCL-Click scaffolds, cells 

grown on the samples were fixed for 10 min in 4% paraformaldehyde solution. Cells 

were then washed with PBS three times and treated for 10 min in 0.2% Triton X-100 to 

permeabilize the cell membrane. Fixed cells were then stained with rhodamine-phalloidin 

(RP, Cytoskeleton Inc) at 37 °C for 60 min to label cellular filaments. Labeled cells were 

incubated in 4’,6-diamidino-2-phenylindole (DAPI) solution for 10 min at 37 °C to stain 

cell nuclei. Fluorescence-labeled MC3T3 cells were imaged on an Axiovert 25 Zeiss light 

microscope (Carl Zeiss, Germany).

For confocal imaging of MC3T3 cellular morphologies after differentiation in the osteogenic 

medium on the crosslinked PFCL-Click scaffolds, cells were fixed and permeabilized as 

stated above. Prior to immuno-fluorescence staining, specimens with fixed MC3T3 cells 

were treated in 37 °C PBS solution containing 1% bovine serum albumin (BSA) to block 

non-specific binding sites. After washing for 3 times with PBS, cells on PFCL-Click 

specimens were then incubated for 1 h with anti-vinculin–FITC antibody (Sigma-Aldrich 

Co., Milwaukee, WI) at 37 °C to label vinculin, the main compound for cell focal adhesions. 

After the incubation, cells were further stained with RP to label F-actin arrangement and 

with DAPI to label cell nuclei, similar to the above procedures. The immune-fluorescence 

stained MC3T3 cells on the crosslinked PFCL-Click scaffolds were instantly imaged on 

an inverted laser scanning confocal microscope (Carl Zeiss, Germany). Cell area, cell 

circularity, nuclei area, and nuclei circularity of the cells were analyzed using the ImageJ 

software (National Institutes of Health).
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2.10 Alkaline phosphatase, osteocalcin, and collagen production

Alkaline phosphatase (ALP) activity.—To extract the intracellular alkaline 

phosphatase, the crosslinked PFCL-Click scaffolds with MC3T3 cells were washed 

thoroughly with PBS to eliminate non-adhered cells. Cells growing on the crosslinked 

PFCL-Click scaffolds were trypsinized and collected in a 50 mL tube. The cell suspensions 

were centrifuged and repeatedly washed with sterile de-ionized H2O for at least 5 times. 

After counting, the cells were lysed using 0.2% Triton X-100 (0.5 mL solution per 1 

× 104 cells) overnight at 4 °C. The alkaline phosphatase activity in the lysate solutions 

was determined using an Alkaline Phosphatase Assay Kit (QuantiChromeTM, BioAssay 

Systems, Hayward, CA).

Osteocalcin (OC).—For osteocalcin determination, the MC3T3 pre-osteoblast cell culture 

medium was collected as described in a previous study.54 The osteocalcin concentration in 

the medium was determined using a quantitative Mouse Osteocalcin Enzyme Immunoassay 

Kit (Alfa Aesar, Thermo Fisher Scientific). The OD value was read at 450 nm and 

concentration was calculated using a standard curve generated with known concentrations 

according to the kit protocol.

Collagen production.—The total cellular collagen production of MC3T3 cells on the 

PFCL-Click scaffolds was determined by the Sirius red staining method.55, 56 Before 

staining, the PFCL-Click scaffolds were rinsed with PBS and MC3T3 cells grown on the 

surface were fixed using 4% paraformaldehyde aqueous solution. Sirius red stain solution 

was prepared by mixing 0.1% Direct Red 80 into saturated picric acid (Sigma-Aldrich). 

After placing into 24-well TCPS plates, crosslinked PFCL-Click scaffolds with cells were 

stained with 1 mL of Sirius red stain solution for 16 hours. Stained scaffolds were then 

washed with distilled water, dehydrated using 100% ethanol, dried in vacuum, and weighed 

to record dried mass (Wm) of each specimen. The stain on each sample was then eluted 

by washing with 1 mL of 0.2 M NaOH: methanol (v/v, 1: 1) solution for 15 min. The 

absorbance of the eluted solution was read by a microplate reader at 490 nm then divided by 

dried mass (Wm) to obtain the absorbance per gram of scaffolds.

2.11 Rabbit spine defect injection and X-ray imaging

To show the injection capability and ability to be visualized by X-ray, the ZrO2 powder was 

added as an X-ray contrast agent to the PFCL-Click injectable system and rabbit vertebral 

body was used as a defect model. Before injection, the PPF-BCN and hyPCL32-N3 were 

combined with ZrO2 power (10% to polymer weight) and then dissolved in CH2Cl2 solvent 

in two separate syringes, as described in the above section. Rabbit spines were extracted and 

cleaned of excess soft tissue. A small hole was drilled on each of the lateral sides of the 

rabbit vertebral body to expose the marrow cavity. The marrow was then excavated to leave 

a cavity for the injection of cement. The PPF-BCN/hyPCL32-N3/ZrO2 mixed resin was then 

injected into the defect. After injection, the spines were incubated at body temperature of 

37 °C overnight to allow crosslinking of polymers through SPAAC click chemistry. After 

the reaction, the rabbit spines were imaged using a cabinet X-ray system (Faxitron X-ray 

Corporation, Tucson, Arizona). Clinically used PMMA (Coltene/Whaledent, Inc., Cuyahoga 

Falls, OH) served as a control group for the injection study.
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2.12 Statistical analysis

A one-way analysis of variance (ANOVA) followed by Tukey post-test was performed for 

the statistical analysis of data. Any two groups that were calculated with p < 0.05 were 

marked as significantly different.

3. RESULTS AND DISCUSSION

3.1 PPF-BCN and hyPCL32-N3 synthesis and crosslinking

The two polymer components with clickable tails were synthesized by a facile route, as 

demonstrated in Figure 2a–b. The chemical structures of the synthesized PPF-OH, PPF-

BCN polymer were confirmed with 1H NMR spectroscopy using CDCl3 solvent (Figure S1). 

GPC results showed that the resulting PPF-BCN polymer had a number average molecular 

weight (Mn) of 1692 g mol−1, a weight average molecular weight (Mw) of 4210 g mol−1, and 

a polydispersity index (PDI) of 2.5. The synthesized hyPCL32-N3 dendrimer was confirmed 

by 1H NMR spectroscopy (Figure S2). GPC showed the hyPCL32-N3 dendrimer had an Mn 

of 112,689 g mol−1, Mw of 375,635 g mol−1, and a PDI of 3.3. Obtained polymers were all 

dried in vacuum and stored at −20 °C before use.

Prior to crosslinking, the PPF-BCN polymers and the hyPCL32-N3 dendrimers were 

dissolved in CH2Cl2 solvent in separate vials. To measure the cross-linkability, the two 

polymer solutions were mixed thoroughly and injected into a glass vail mimicking the 

tissue defect (Figure 3a). After incubation at 37 °C for a certain amount of time, the 

mixture successfully gelled due to the linkage caused by SPAAC click reaction between the 

alkyne end on PPF-BCN and the azide end on hyPCL32-N3 dendrimer (Figure 3a). The 

gelation time of the PFCL-Click injectable system varied depending on several parameters 

including the concentration and ratio of the two components and reaction temperature. 

Through an extensive investigation, we found that the 1:4 wt/wt ratio of PPF-BCN and 

hyPCL32-N3 resulted in the best crosslinking. The gelation time of the injectable system 

at body temperature of 37 °C, as well as a higher temperature of 60 °C, were investigated. 

Results showed that the PFCL-Click injectable system started to gel within 15.5 ± 3.5 min 

at 37 °C, due to the SPAAC click reaction between the BCN tail and the azide tail of the 

two polymer components (Figure 3a–b). Under higher temperature of 60 °C, the gelation 

time shorted to 6.5 ± 2.1 min, mainly because of the enhanced reaction rate for the SPAAC 

click reaction at a higher temperature. Further overnight incubation with the cap open (or in 

an open container) was necessary for full cross-linking and solvent evaporation in order to 

obtain cross-linked PFCL-Click dry specimens.

3.2 Gel fraction, protein adsorption and mechanical properties

The cross-linked PFCL-Click dry specimens were immersed in CH2Cl2 and acetone to 

determine the swelling ratio and gel fraction. Results showed that the cross-linked PFCL-

Click specimens swelled but did not dissolve in organic solvents. This indicates a successful 

cross-linking between the PPF-BCN and hyPCL32-N3 components. The gel fraction and 

swelling ratio in acetone were determined to be 90.4 ± 3.2% and 10.7 ± 5.4, respectively 

(Figure 3c–d). In the CH2Cl2 solvent, the gel fraction and swelling ratio were determined 

with similar values of 87.2 ± 5.9% and 11.3 ± 3.3, respectively (Figure 3c–d).
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The mechanical properties of the cross-linked PFCL-Click dry specimens were measured 

on a DMA with strain rate set as 1 × 10−4 mm/s. Compressive modulus was calculated 

to be 16.6 ± 5.6 MPa (Figure 3e), from the linear region of the compressive stress-strain 

curve (Figure 3f). A dynamic mechanical frequency sweep test on crosslinked PFCL-Click 

scaffolds was conducted at varying frequencies from 0.1 rad/s to 100 rad/s (~ 0.16 Hz 

−15.92 Hz). The changes in storage modulus (G′), as well as loss modulus (G″), were 

recorded and plotted against varied frequencies. As seen from Figure 3g, a stiffer behavior 

was observed with the increase of applied frequency. This is because higher frequency leads 

to less response time for polymer chain movements and thus “freezes” the polymer network 

to result in a stronger mechanical stiffness.

High load-bearing bones like trabecular bone, femur, and spine vertebral body, have 

modulus from hundreds of megapascals (MPa) to several gigapascals (GPa).57, 58 We 

have previously developed injectable and preformed PPF polymer systems that could 

reach modulus in this level satisfying the high load-bearing requirement.7, 59, 60 For this 

PFCL-Click injectable system, based on the mechanical strength with modulus of 16 

MPa, is mainly suitable for low load-bearing tissue applications, e.g., artificial cartilage, 

injected spine defect filling, tooth enamel restoration, trabecular bone defect injection, and 

acetabulum injection.

Surface and internal morphologies of crosslinked PFCL-Click scaffolds were examined by 

SEM after drying. As shown in Figure 3h, a flat surface with porous structures densely 

distributed on the surface was observed. The internal structure revealed after breaking down 

the scaffold also demonstrated sparsely distributed pores within the scaffolds. These porous 

structures were believed to result from the evaporation of the solvent, i.e., dichloromethane, 

during the sequential crosslinking process. The thermogravimetric analysis demonstrated 

that the crosslinked PFCL-Click scaffolds started drastic mass loss at a temperature higher 

than 350 °C, as shown in Figure 3i. Under physiological condition, both the PPF and PCL 

segments in the cross-linked PFCL-Click scaffolds can be cleaved by hydrolysis of the ester 

bonds in the polymer chain, rendering the cross-linked PFCL-Click scaffolds biodegradable. 

An accelerated degradation study of crosslinked PFCL-Click scaffold showed that scaffolds 

disappeared completely in 6 weeks in 0.1 M NaOH (Figure 3j). In a milder condition of 

0.01 M NaOH, the crosslinked PFCL-Click scaffold reduced masses more gradually before 

totally disappeared at 12 weeks.

In a simulated physiological PBS condition, the crosslinked PFCL-Click scaffold showed 

fairly slow degradation with 92.6 ± 3.2% weight remaining at the end of the observation 

period of 18 weeks. After biodegradation of polymer chains into small segments (< 

3000 Da), it was reported that cellular uptake may occur and the scaffolds can be 

completely biodegraded after certain period of time via the intracellular mechanism.61 

Protein adsorption test showed continuous adsorption of proteins to the surface of the 

crosslinked PFCL-Click scaffold with increased numbers of 4.7 ± 2.1 μg/cm2 and 10.5 ± 3.2 

μg/cm2 at 0.5 hour and 2 hours soaking in cell culture medium (Figure 3k).

Liu et al. Page 10

Biomacromolecules. Author manuscript; available in PMC 2022 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.3 Thermal -behavior and biocompatibility

After overnight reaction at 37 °C, the crosslinked PFCL-Click scaffolds were successfully 

fabricated. As presented in Figure 4a, the PFCL-Click scaffolds showed light yellowish 

opaque appearance. The temperature change during the crosslinking process was recorded 

using a thermometer. As presented in Figure 4b, the PFCL-Click injectable system showed 

minimal heat generation during the crosslinking process. As a comparison, the clinically 

used PMMA showed significant heat generation with temperature rising to over 80 °C. 

This high temperature is not suitable for potential protein incorporation within the PMMA. 

However, for our PFCL-Click injectable system, the mild reaction temperature would allow 

for encapsulation of proteins such as bone morphogenetic protein-2 (BMP-2) to induce bone 

formation and tissue regeneration.

After crosslinking, the surface wettability test showed PFCL-Click scaffold was highly 

hydrophobic, similar to the PMMA scaffold (Figure 4c–d). The wettability of a biomaterial’s 

surface was reported to be critical for protein adhesion.62 Hydrophobic surfaces with contact 

angles larger than 60 degree is determined to have excellent protein adsorption.62 As 

demonstrated in Figure 4c–d, the PFCL-Click scaffolds showed strong hydrophobic surfaces 

with contact angles around 80 degrees at the initial stage and eventually reached values 

above 65 degrees. This indicates that the PFCL-Click scaffold is preferable for protein 

adsorption, further confirms the robust protein adsorption results in Figure 3k.

Live/dead cell viability test showed a larger portion of dead cells on the PMMA scaffolds, 

while a majority of the cells on the crosslinked PFCL-Click scaffold remained alive (Figure 

4e–g). This may be because the crosslinked PFCL-Click scaffold eliminated the use of 

toxic crosslinking reagents and thus showed better cell viability compared to the PMMA 

bone cement, which used toxic benzoyl peroxide (BPO) as an initiator and N-dimethyl 

toluidine (DMT) as an accelerator for crosslinking. The cytotoxicity test by MTS assay 

further confirmed better cytocompatibility for crosslinked PFCL-Click scaffold compared 

to PMMA (Figure 4h). Therefore, the crosslinked PFCL-Click scaffold is regarded to have 

suitable biocompatibility for tissue engineering.

3.4 Proliferation of MC3T3 pre-osteoblast cells on PFCL-Click scaffolds

To determine the ability of the crosslinked PFCL-Click scaffolds to support cell attachment 

and proliferation, MC3T3 cells were seeded on the scaffolds placed in 48-well tissue culture 

plates and the cell numbers were measured by the MTS assay. As presented in Figure 5a, the 

OD values showed an increasing trend at 1, 3, and 5 days post-seeding, indicating that cell 

expansion on the scaffolds. Statistical analysis showed a significant growth (p < 0.05) of cell 

densities at 3 and 5 days post-seeding compared to cells at day 1 on the crosslinked PFCL-

Click scaffolds (Figure 5a). After fixation, the cells were stained with immune-fluorescence 

rhodamine-phalloidin and DAPI makers and imaged. As demonstrated in Figure 5b, the 

cell numbers counted from the fluorescence images showed a similar growth trend to the 

MTS assay, which further confirmed that crosslinked PFCL-Click scaffolds supported cell 

proliferation.

Liu et al. Page 11

Biomacromolecules. Author manuscript; available in PMC 2022 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The spreading areas of MC3T3 cells at 1, 3, 5 days post-seeding on the scaffolds were 

measured and the distributions of 20 typical cell areas were displayed in Figure 5c. The 

average spreading areas of MC3T3 cells post-seeding were calculated to have increasing 

values with prolonged culturing time from 1 day to 3 and 5 days. Typical images of cell 

morphologies at 1, 3, and 5 days growing on the scaffolds were presented in Figure 5d 

and Figure S3. As can be seen from the images, the cells developed robust filaments and 

nuclei after 3 days of culture, demonstrating healthy cellular activities on these crosslinked 

PFCL-Click scaffolds.

The cell circularity, defined by 4π × area/perimeter2, is measured by ImageJ software to 

describe cell shape. The circularity value for a perfect circle is 1.0 and for a line 0.0. 

Therefore, cells with round shape will have higher circularity values closer to 1.0 whereas 

cells with linear shapes will have decreased values closer to 0.0. As can be noticed from 

Figure 5e, the circularity of MC3T3 cells dropped at 1, 3, 5 days post-seeding, indicating the 

cells were spreading and stretched to a more linear shape. The cell nuclei were determined 

to have the highest spreading area and lowest circularity at 3 days post-seeding, as shown 

in Figure 5f–g. This may indicate that the cells had the most robust dividing and expansion 

kinetics at day 3 of culture on the scaffolds. This result can also be explained that the cells 

were adjusting to the new cell environment at 1 day of seeding onto the scaffolds, while at 5 

days post-seeding, cells were already reaching relative confluency on the scaffolds thus the 

division activities may be reduced accordingly.

3.5 Osteogenic medium induced cell behavior on PFCL-Click scaffolds

To evaluate cellular behavior on the crosslinked PFCL-Click scaffolds under osteogenic 

differentiation, the MC3T3 pre-osteoblast cells were first seeded to the scaffolds. After 

attachment, the medium was changed into osteogenic medium supplemented with 10 

mM β-glycerophosphate (β-GP) and 50 μg/mL ascorbic acid (AA). At 1, 3, and 5 days 

post-seeding, cell numbers on the crosslinked PFCL-Click scaffolds cultured in α-MEM/β-

GP/AA osteogenic medium were quantified by the MTS assay using TCPS as positive 

control.

As presented in Figure 6a, the cell numbers gradually increased, indicating proliferation 

of MC3T3 cells on scaffolds in the osteogenic medium. However, the OD values were 

determined to be slightly lower that of cells growing in the non-osteogenic medium. This 

may imply that cell proliferation was inhibited slightly by the osteogenic differentiation 

medium. Cell area, cell circularity as well as nuclei area and nuclei circularity were 

thoroughly analyzed. As can be noted from Figure 6b and Figure S4a, the cell area and 

circularity were similar to those cultured in the non-osteogenic medium. However, for cell 

nuclei, a slight difference was determined with the highest area and lowest nuclei circularity 

to occur at 5 days post-seeding (Figure 5c and Figure S4b), instead of at 3 days post-seeding 

for cells cultured in the non-osteogenic medium. This may be caused by the slower growth 

rate which altered the nuclei activity and postponed the peak activity for nuclei to day 5 

post-seeding.

Confocal images of cellular morphologies after 1, 3, and 5 days of cell culture on the 

scaffolds were demonstrated in Figure 6d. As noticed from the images, the cells developed 
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robust filaments, as well as strong focal adhesions. A 3-D depth scanning of cell layers was 

conducted using a confocal microscope to show cell layer thickness. As can be seen from the 

3D reconstruction images in Figure 6e–g, MC3T3 cells proliferated and occupied more and 

more spaces on the surface of the crosslinked PFCL-Click scaffolds. At 1 day post-seeding, 

the cells occupied only less than half of the surface. After 3 days of growth, the cells 

occupied the majority of the PFCL-Click scaffold surface with 1 cell layer from the Z-axis 

view. After 5 days of growth, the cells occupied almost the entire PFCL-Click scaffold 

surface with approximately 2 cell layer thickness from the Z-axis view. These results all 

indicated that crosslinked PFCL-Click scaffolds were excellent in supporting cell adhesion 

and proliferation.

3.6 ALP, OCN, collagen production and rabbit spine injection

To evaluate the osteogenic differentiation ability of MC3T3 pre-osteoblasts cells on the 

crosslinked PFCL-Click scaffolds, changes in intracellular ALP and OCN were analyzed 

after 1, 2 and 3 weeks of culture using current clinically used PMMA as a positive 

scaffold control. As presented in Figure 7a, the ALP levels in MC3T3 cells cultured in 

non-osteogenic α-MEM increased to more than 3 folds at 2 and 3 weeks, as compared to 

week 1. The OCN increased to around 3 folds and eventually 5 folds as compared to week 

1 on the crosslinked PFCL-Click scaffolds. This significant increase in the differentiation 

markers in MC3T3 pre-osteoblasts cells indicated that the crosslinked PFCL-Click scaffolds 

were able to support the osteogenic differentiation of cells. Total collagen analysis showed 

a drastic enrichment of collagens on the scaffolds, indicating cells were producing the 

essential amount of extracellular matrix (ECM) on these PFCL-Click scaffolds.

To further investigate the differentiation profile of cells after osteogenic induction, cells were 

cultured in α-MEM medium supplemented with 10 mM β-glycerophosphate and 50 μg/mL 

ascorbic acid. The intracellular ALP and OCN were analyzed at 1, 2 and 3 weeks of culture. 

As can be noted from Figure 7d, after induction, the ALP level increased to around 17 

folds at 2 weeks and 15 folds at 3 weeks culture, as compared to week 1. The OCN level 

also jumped to more than 6 and 9 folds as compared to week 1. All these results indicate 

that the MC3T3 pre-osteoblasts cells underwent accelerated osteogenic differentiation after 

induction by the α-MEM/β-GP/AA medium on the crosslinked PFCL-Click scaffolds. Total 

collagen production, however, reduced slightly compared to the levels in cells cultured 

in non-osteogenic α-MEM medium. This indicates that the α-MEM/β-GP/AA osteogenic 

medium induced the osteogenic differentiation of MC3T3 cells while slightly reduced the 

proliferation of the cells. The ALP activities, OCN contents, and total collagen production 

on the PFCL-Click scaffolds were similar to those of the current clinically used PMMA 

scaffolds. All these results indicate that the PFCL-Click scaffolds were able to support 

extracellular matrix development and osteogenic differentiation of MC3T3 pre-osteoblast 

cells.

To show the injection ability and X-ray imaging ability, the PFCL-Click injectable system 

were thoroughly mixed with ZrO2 power using two syringes (Figure 7g). Rabbit vertebral 

bodies were extracted and created cavities for cement injection, as demonstrated in Figure 

7g and Figure S5. The mixed system was then injected to the cavities in the rabbit vertebral 
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bodies. Clinically used PMMA bone cement served as a control group for the injection 

study. As can be seen from X-ray images in Figure 7h, PFCL-Click injectable system 

was able to fill the cavity and could be monitored by X-ray imaging, similar to PMMA. 

Therefore, with the injection capability and monitoring ability, the PFCL-Click injectable 

system is promising for broad applications in tissue engineering including bone fracture 

injection, vertebroplasty, and spinal fusions.

The PMMA bone cement has been approved by the Food and Drug Administration (FDA) 

and is safe to use clinically as a bone void filler. PMMA uses methyl methacrylate 

(MMA) as the solvent, while the PFCL injectable system developed in this study uses 

dichloromethane (DCM), which is recognized by the World Health Organization (WHO) 

to have relatively low acute toxicity compared to MMA.63–65 In addition, the Immediately 

Dangerous to Life or Health (IDLH) concentration for MMA is as low as 1,000 ppm for 

humans.66 In comparison, the IDLH for DCM is set for 2,300 ppm, much higher than 

MMA.67, 68 Thus, DCM is less toxic to the human body than MMA at the same amount. 

Therefore, the PFCL injectable system is expected to be biocompatible and safe to use as a 

bone void filler.

After crosslinking, there might be slight shrinkage of the scaffold caused by solvent 

evaporation. However, since we will incorporate porogens at greater than 70% v/v in order 

for the injected scaffold to be highly porous, the shrinkage of the scaffold is expected 

to be minimal and will have little effect on the space-filling capacity of the scaffold. 

Following hydrolysis of the ester bonds in the polymer backbone, the injected scaffold will 

be gradually degraded and new bone will eventually fill up the void space.69, 70 Further 

animal and clinical studies are needed to confirm the biocompatibility and bone regeneration 

capacity of the injectable PFCL system.

CONCLUSIONS

In summary, we have developed a novel PFCL-Click injectable polymeric formulation 

capable of self-crosslinking using metal-free click chemistry for broad tissue engineering 

applications. The crosslinking between the two components in the injectable system was 

determined to proceed effectively via SPAAC click reaction without the requirement 

of any toxic initiators, accelerators, or catalysts. Gel fraction and swelling ratio tests 

showed excellent crosslinking ability for the system. Mechanical testing showed the 

crosslinked scaffold had relatively strong compressive strength and was suggested for 

low load bearing applications in tissue engineering. Degradation studies showed the 

systems can be degraded by simple hydrolysis. As compared to the conventional injectable 

formulations such as PMMA bone cement, the PFCL-Click injectable system developed 

in this study excluded the use of toxic initiator and catalyst and generated minimal heat 

during crosslinking, thus granting the system excellent biocompatibility. Cell studies further 

showed that crosslinked PFCL-Click scaffolds supported excellent MC3T3 pre-osteoblast 

cell proliferation, spreading, and differentiation. After incorporating ZrO2 powder, the 

PFCL-Click injectable system could be monitored by X-ray imaging following successful 

injection to the defected vertebral bodies in the rabbit spine. With these advantages, this 
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injectable polymeric system holds great promise for broad applications in tissue engineering 

and regenerative medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic demonstration of the polymer crosslinking mechanism and potential applications. 

a) Injectable system composted of PPF-BCN and hyPCL32-N3 that can be self-crosslinked 

by SPAAC click chemistry after mixing. b) Schematic demonstration of potential 

applications of the injectable formulation for spine defect filling in bone tissue engineering.
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Figure 2. 
Synthetic schemes of polymers. a) Synthesis of PPF-BCN polymer using diethyl fumarate, 

propylene glycol, and BCN-OH. B) Synthesis of hyPCL32-N3 dendrimer by ring-opening 

reaction of ε-caprolactone using a hyperbranched 32-arm dendrimer bis-MPA polyester-32-

hydroxyl (APL32-OH) core, followed by the addition of azide group using sodium azide.
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Figure 3. 
Characterization of crosslinked PFCL-Click scaffolds. a) Photographs of PPF-BCN and 

hyPCL32-N3 dissolved in dichloromethane (CH2Cl2) and gelled specimen after mixing. b). 

Gelation time at temperatures of 37 °C and 60 °C. c) Gel fraction and d) swelling ratio 

of crosslinked PFCL-Click scaffold in acetone or CH2Cl2. Mechanical properties including 

e) compressive moduli, f) compressive strain-stress curve, and g) frequency sweep test 

of the crosslinked PFCL-Click scaffold. h) SEM images showing the surface and internal 

morphologies of crosslinked PFCL-Click scaffolds. i) Thermal degradation of crosslinked 

PFCL-Click scaffold during thermogravimetric analysis from room temperature to 700 °C. j) 
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Degradation of crosslinked PFCL-Click scaffold in 0.1 M NaOH, 0.01 M NaOH, and PBS. 

k) Protein adsorption at 0.5 and 2 hours after immersion into the cell culture medium.
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Figure 4. 
Temperature change during crosslinking and wettability and cytotoxicity of crosslinked 

PFCL-Click scaffolds. a) Photographs of crosslinked PFCL-Click and control PMMA 

specimens. b) Temperature change during the crosslinking process for PFCL-Click scaffold 

and PMMA control. c) Water contact angle and d) photographs of water droplets on 

crosslinked PFCL-Click scaffold demonstrating hydrophobic surfaces. e) Live/dead staining 

of MC3T3 pre-osteoblast cells on the crosslinked PFCL-Click scaffold and PMMA control 

after 1 day of culture. f) Quantitative analysis of relative live cell and dead cell ratios 

from the live/dead images (set live cells number as 100%). g) 3D reconstruction of dead 
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cell fluorescence signal map. h) MTS analysis of cytotoxicity of PFCL-Click scaffold and 

PMMA control to MC3T3 cells. *: Statistically different (p < 0.05).
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Figure 5. 
Pre-osteoblast cell growth on the crosslinked PFCL-Click scaffold. a) MC3T3 cell 

proliferation on the crosslinked PFCL-Click scaffolds determined by MTS assay at 1, 3, 

and 5 days post-seeding. b) Cell numbers and c) cell areas calculated from d) immune-

fluorescence images of the cells growing on the crosslinked PFCL-Click scaffolds (red: 

F-actin stained with rhodamine-phalloidin; blue: cell nuclei stained with DAPI). e) Cell 

circularity, f) nuclei area, and g) nuclei circularity of MC3T3 cells cultured on the 

crosslinked PFCL-Click scaffolds at 1, 3, and 5 days post-seeding. *: Statistically different 

(p < 0.05).
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Figure 6. 
Pre-osteoblast cell behavior under differentiation medium induction on the crosslinked 

PFCL-Click scaffold. The a) cell numbers and b) cell area and c) nuclei area of the MC3T3 

cells in differentiation medium at 1, 3, and 5 days post-seeding on crosslinked PFCL-Click 

scaffolds. d) Immune-fluorescence images of MC3T3 cells cultured on crosslinked PFCL-

Click scaffolds in osteogenic medium supplemented with 10 mM β-glycerophosphate (β-

GP) and 50 μg/mL ascorbic acid (AA). The 3-D reconstruction of MC3T3 cells in the 

differentiation medium at e) 1 day, f) 3 day and g) 5 days post-seeding on crosslinked 

PFCL-Click scaffolds. *: Statistically different (p < 0.05).
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Figure 7. 
Osteogenesis of pre-osteoblast cell and rabbit spine injection. a) Intracellular ALP, b) OCN 

and c) total collagen production of MC3T3 pre-osteoblast cells cultured on crosslinked 

PFCL-Click scaffolds with α-MEM medium for 1, 2, and 3 weeks. After culture in an 

osteogenic medium supplemented with 10 mM β-glycerophosphate and 50 μg/mL ascorbic 

acid for 1, 2, 3 weeks, the d) intracellular ALP, e) OCN and f) total collagen production of 

MC3T3 pre-osteoblast cells were also determined. g) Photographs of PPF-BCN mixed with 

hyPCL32-N3 and incorporated with ZrO2. h) X-ray images of the PFCL-Click/ZrO2 system 

after injection to the rabbit vertebral bodies. *: Statistically different (p < 0.05).
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