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Abstract

Injectable bone implants have been widely used in bone tissue repairs including the treatment of 

comminuted bone fractures (CBF). However, most injectable bone implants are not suitable for 

the treatment of CBF due to their weak tissue adhesion strengths and minimal osteoinduction. 

Citrate has been recently reported to promote bone formation through enhanced bioceramic 

integration and osteoinductivity. Herein, a novel injectable citrate-based mussel-inspired 

bioadhesive hydroxyapatite (iCMBA/HA) bone substitute was developed for CBF treatment. 

iCMBA/HA can be set within 2–4 minutes and the as-prepared (wet) iCMBA/HA possess low 

swelling ratios, compressive mechanical strengths of up to 3.2±0.27 MPa, complete degradation in 

30 days, suitable biocompatibility, and osteoinductivity. This is also the first time to demonstrate 

that citrate supplementation in osteogenic medium and citrate released from iCMBA/HA 

degradation can promote the mineralization of osteoblastic committed human mesenchymal stem 

cells (hMSCs). In vivo evaluation of iCMBA/HA in a rabbit comminuted radial fracture model 

showed significantly increased bone formation with markedly enhanced three-point bending 

strength compared to the negative control. Neovascularization and bone ingrowth as well as highly 

organized bone formation were also observed showing the potential of iCMBA/HA in treating 

CBF.

1. Introduction

Comminuted bone fractures (CBF) are recognized as one of the most difficult orthopedic 

conditions to treat 1, 2 due to the difficulty in bone reduction and fixation, which leads to 
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bone segment displacement, deformed bone union, and non-union. 2 To improve reduction 

and fixation, open surgery with internal instrumentation fixation of large bone pieces has 

been implemented to provide sufficient stability in relatively simple bone fracture cases. 

However, for some complicated CBF with numerous bone pieces, open surgery is unable to 

offer sufficient fixation for those small bone pieces and consequently fails to reunite them 

for proper bone alignment and regular bone healing. Therefore, the development of an ideal 

method to mend together the broken bone pieces, maintain aligned bone reduction, and 

effectively fill the space between the scattered bone pieces against other connective tissue 

has become a significant clinical challenge.

To address the aforementioned issues, a variety of bone substitutes have been developed for 

bone regeneration. 3–20 Among them, injectable bioactive bone substitutes are preferred 6–9 

and have been extensively studied. 10–20 However, the application of current injectable 

bioactive bone substitutes are limited by many shortcomings. For example, non-degradable 

or slow-degrading bone substitutes, such as commercially available poly (methyl 

methacrylate) (PMMA) and calcium phosphate cements (CPCs), compromise normal bone 

healing by inhibiting new bone and vascular ingrowth. 10–12 On the other hand, 

biodegradable hydrogel-based injectable bone composites, such as chitosan and gelatin-

based hydrogels systems, 6–9, 19–22 show insufficient adhesive fixation strengths. 

Commercially available fibrin adhesives have been regarded as the gold standard for soft 

tissue adhesion, but their adhesion strengths are weak and diminish in wet conditions such as 

bleeding bone defects. We have recently shown that dopamine, a derivative of L-3, 4-

dihydroxyphenylalanine (L-DOPA) that contributes to the strong under-water adhesive 

properties of marine mussels, 23 can be utilized to synthesize biomimetic injectable citrate-

based mussel-inspired tissue bioadhesives (iCMBA), which possess much stronger adhesive 

strength to soft tissue when compared to commercially available fibrin sealant. 22 iCMBA 

composited with hydroxyapatite (HA) composites are expected to exhibit better adhesive 

properties to bone pieces, which is favorable to the bone fixation and healing process in 

CBF.

In addition to offering sufficient structural and mechanical support, an ideal bone substitute 

should possess osteogenic potential by incorporating osteoinductive elements. Citrate, an 

intermediate in the Kreb’s Cycle, is highly abundant in bone and closely associated with 

bone metabolism and formation. 24–26 Recent studies have shown that citrate plays an 

indispensible role in bone formation. Tran et al. were the first to experimentally find that 

citrate in degradable polymers greatly increased the alkaline phosphatase (ALP) and osterix 

(OSX) gene expression in C2C12 cells, a mouse myoblast cell line that is capable of 

differentiating into osteoblasts. 27 Hu et al. quantified the citrate content in native bone and 

discussed the indispensible role of citrate in the formation and regulation of the bone apatite 

nanocrystal structure. 28 Costello et al. discussed the speculated roles of citrate metabolism 

and production for the osteogenic differentiation of stem cells and bone formation. 29, 30 

These latest findings are strong evidence that citrate should be involved in bone substitute 

design and has led to the development of a series of citrate-based composites for bone 

applications including poly (diol citrates)-HA (POC-HA), poly (ethylene glycol) maleate 

citrate-HA (PEGMC-HA), and citrate-based polymer blends-HA (CBPB-HA). 31–36
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In the current study, iCMBA was composited with HA and used as an injectable bone 

substitute (Fig. 1). It is believed to have superior properties for CBF treatment due to the 

following properties afforded by a citrate and dopamine-containing composite: (1) excellent 

adhesion strength in wet conditions; (2) controlled degradability; (3) enhanced 

osteoinductive potential by the released citrate; 27 (4) calcium chelating ability of citrate; (5) 

minimal inflammatory response; 22 (6) instant hemostatic properties at surrounding tissue; 22 

and (7) osteoconductive and osteointegration potential. The physical and mechanical 

properties, biocompatibility, and osteogenic potential of iCMBA/HA composites were 

studied and evaluated for CBF treatment in a rabbit model. Furthermore, citrate was 

exclusively investigated in vitro to explore its effect on the mineralization of osteoblastic 

committed human mesenchymal stem cells (hMSC).

2. Experimental Section

2.1 Materials

All chemicals, cell culture medium, and supplements were purchased from Sigma-Aldrich 

(St. Louis, MO), and all chemicals were used as received, except where mentioned 

otherwise.

2.2 iCMBA/HA composites synthesis

Injectable iCMBA/HA composites were fabricated with iCMBA and HA powder (Fig. 1). 

Firstly, iCMBA pre-polymer was synthesized by polycondensation of citric acid (CA), 

poly(ethylene glycol) (PEG) and dopamine according to our previous work. 22 Briefly, CA 

and PEG were put in three-necked round-bottom flask and heated to 160 °C under stirring 

until melted. Then, under nitrogen gas flow, a calculated amount of dopamine was added to 

the mixture. The temperature was reduced to 140 °C and the reaction was continued under 

vacuum until the stir bar stopped turning at 60 rpm. Secondly, iCMBA-P200D0.3 (using PEG 

200 and 0.3 eq. [to CA] of dopamine) was chosen to make iCMBA/HA composites. To do 

so, iCMBA-P200D0.3 was dissolved in deionized (DI) water (40 wt%) and then different 

amounts of HA were mixed with it to achieve various final composite formulations with 30, 

50, and 70 wt% HA. Finally, calculated amounts of crosslinker solution (for 1 g pre-

polymer, use 1 mL of PI [Sodium (meta)periodate, NaIO4] solution, PI solution was made in 

4 or 8 wt% concentrations (in DI water) were added to the mixture to crosslink the 

composites.

2.3 Setting time

To control the crosslinking process, various calculated amounts of crosslinker solution (PI, 

in DI water) were added to the mixture. The amount of PI was determined to provide ample 

time for this composite preparation and injection without compromising its final mechanical 

properties. The setting time of the composites was determined as the time from addition of 

PI to the iCMBA-HA mixture until it was not flowable.

2.4 Physical and mechanical properties of iCMBA/HA composites

The sol-gel content, an indication of non-crosslinked/crosslinked fractions of the 

composites, and swelling ratio was measured by the mass differential before and after 
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incubation of the polymer network in a solvent as described in previous study. 22 The sol 

content (Table 1) and swelling ratio were then calculated using equations (1) and (2), 

respectively. Here Wi represents the initial dry weight of cross-linked hydrogel disk, Wd 

represents the weight of freeze-dried sample after the uncross-linked part being washed by 

1,4-dioxane for 48 hrs, while Ws represents the network weight after leached and dried 

sample being suspended in water for 24 hrs. Degradation studies were conducted in PBS 

(pH 7.4) and at 37 °C using cylindrical disc specimens (7 mm in diameter, 2 mm thick) as 

described in previous study. 22 The mass loss was calculated by comparing the initial mass 

(W0) with the mass measured at the pre-determined time points (Wt ) using equation (3).

Equation (1)

Equation (2)

Equation (3)

The mechanical properties of iCMBA/HA composites were investigated by unconfined 

compressive testing. The measurements were conducted according to ASTM D695-10 on a 

MTS Insight 2 fitted with a 500 and 10KN load cell (Instron, Norwood, MA). Briefly, the 

cylindrical shaped samples (6 mm × 12 mm, diameter × height) were compressed at a rate of 

1.3 mm/minute, and deformed to failure. Values were converted to stress-strain and the 

initial modulus was calculated from the initial slope of the curve (0–10% elongation except 

the modulus of the freeze-dried and air-dried samples of iCMBA-P200D0.3 PI8% HA70% 

[0–1%]). The mechanical tests were conducted on as-prepared samples (samples were sealed 

in vials for 2 hrs, 24 hrs and 48 hrs after preparation) as well as on samples completely dried 

naturally (air-dried for 3 days) or by lyophilization (freeze-dried). The structural difference 

between freeze-dried and air-dried samples was observed under scanning electron 

microscopy (SEM).

To test the adhesion strength of iCMBA/HA composites to the bone surface of chicken 

bone, a bone cut model was created by oblique cutting chicken bone into two parts and 

reunited with iCMBA (iC) and iCMBA/HA 70% (iCH70), using 8 wt% of PI solution as 

cross-linker. After 2 hours (wet condition, sealed with parafilm to keep wet) and 48 hours 

(dry condition), the load and shear strength of repaired chicken bones were tested on MTS 

system.

2.5 Mineralization of iCMBA/HA composites

To evaluate in vitro mineralization on iCMBA/HA composites, disk shaped scaffolds of the 

composites (iCMBA-P200D0.3 PI8% HA70%, iCH70) were immersed in simulated body 

fluid (SBF), which was prepared as described in the literature. 37 To accelerate the 

mineralization process, concentrated SBF was used, in which the concentration of inorganic 
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ions was five times of those in human blood plasma (SBF-5X). The composite samples were 

immersed in 10 mL of SBF-5X and incubated at 37 °C for up to 5 days while the SBF was 

replaced every other day. At each predetermined time point the specimens (n = 5) were 

taken out, washed gently with DI water to remove any soluble inorganic ions from the 

surface of samples, and air-dried. Next, the specimens were sputter-coated with silver and 

examined by scanning electron microscope (SEM) using Hitachi 3000N (Hitachi, 

Pleasanton, CA). The elemental analysis of the mineralized composites was also conducted 

by Energy dispersive X-ray spectroscopy (EDX) to determine the composition and ratio of 

the elements present in the minerals formed on the composites surface. In addition to 

composites, iCMBA-P200D0.3 PI 8% without HA (iC) was also subjected to mineralization 

test to determine the possible role of HA in the mineralization of iCMBA/HA composites.

2.6 In vitro cell study

2.6.1 Cytotoxicity of sol content and degradation products—The cytotoxicity of 

sol content or leachable fraction and degradation products of iCMBA pre-polymer and 

iCMBA/HA composites were studied using MTT (methylthiazolyldiphenyl-tetrazolium 

bromide) assay against human mesenchymal stem cells (hMSCs, Lonza Walkersville Inc, 

US).

The sol content or leachable fraction of iCMBA and iCMBA/HA composites was obtained 

by incubating equal mass (0.5 g) composites specimen in 5 mL PBS (pH 7.4) for 24 hours. 

Next, three different solutions were prepared: 1X, 10X and 100X (1X was the solution of 

leached products with no dilution; 10X and 10X means 10 times and 100 times dilution of 

1X by PBS, respectively). To each well of a 96-well cell culture plate, a 200 μL of solution 

of hMSC cells with a density of 5×104 cells/mL in complete Dulbecco’s modified eagle’s 

medium (DMEM, with 10% fetal bovine serum (FBS) and 1% anti-anti solution) was added 

and incubated for 24 hours at 37°C, 5% CO2. Next, 20 μL of sol content fraction with 

various concentrations of iCMBA and iCMBA/HA composites were added and incubated 

for another 24 hrs followed by MTT assay analysis as per the manufacturer’s protocol.

The cytotoxicity of degradation products was also evaluated. Equal weight (1g) of iCMBA 

and iCMBA/HA composite samples as well as poly (lactic-co-glycolic acid) (PLGA, used as 

control, LA/GA=50/50, Mw~60KDa, purchased from Polyscitech) were fully degraded in 10 

mL of 0.2M NaOH solution, and the resultant solutions were diluted to three concentrations 

(1X, 10X and 100X) using PBS (pH 7.4), and used for cell culture (same cell density as sol 

content study, also 20 μL of degradation solution per well as sol content study described 

above) and subsequent MTT analysis.

All the above solutions were pH-neutralized and passed through a 0.2 μm filter prior to use 

for cell culture. The cell viability results were normalized to the viability of cells in 

complete DMEM medium.

2.6.2 Effect of iCMBA/HA degradation products on hMSCs’ osteogenic 
differentiation process—The effect of degradation products of iCMBA and iCMBA/HA 

composites on the proliferation (cell viability) and differentiation (ALP activity and calcium 
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deposit formation) of hMSC during osteogenic differentiation process were studied with 

Live/Dead staining, ALP activity test, and Alizarin Red staining, respectively.

Briefly, iCMBA (iC) and iCMBA/HA70% (iCH70) composites were directly degraded in 

osteogenic (OG) media at 37°C with 5% CO2 to separately produce OiC and OiCH70 

media. To eliminate the effect of HA particles in media on cell differentiation, OiCH media 

was created by filtering OiCH70 media with 0.22 μm filters. Osteogenic media were 

composed of completed DMEM supplemented with 10−7 M dexamethasone, 10−2 M β-

glycerophosphate, 50 μM L-Ascorbic acid. Then hMSCs were cultured in those media 

mentioned above for 14 days using growth media (MG) as a negative control. Culture media 

were replaced every other day. Live/Dead staining (Life Technologies Inc., US) and 

scanning electron microscopy (SEM) scanning was conducted to assess the cell viability and 

morphology of differentiated hMSCs. Meanwhile, to test the effect of iCMBA/HA 

degradation products on osteoinduction and osteogenesis (ALP activity and calcium deposit 

formation), ALP activity test and Alizarin Red staining were conducted following standard 

protocols at three pre-determined time points (4, 7 and 14 days).

The adhesion, proliferation, and differentiation of a pre-osteoblast cell line, MC3T3 (ATCC) 

cultured on the composites were also studied. The details of experimental methods and 

results can be found in supporting document.

2.6.3 Citrate release from iCMBA/HA composite—iCH70 was chosen as the 

representative for citrate release studies. Briefly, 0.1 g dried iCH70 composite was 

immersed into 10 mL PBS (pH 7.4) at 37°C, and at each pre-determined time points (2, 5, 7, 

14, 21, 24, 28, and 30 days), 0.2 mL of PBS solution was removed and filtered (using 0.2 

μm filters) to prepare samples for high-performance liquid chromatography (HPLC). 0.2 mL 

fresh PBS was replaced in the tube to maintain volume consistent at 10 mL. Determination 

of cumulative citrate release was carried out using a Shimadzu HPLC system equipped with 

a UV-visible PDA detector and a Phenomenex Kinetex C18 column at 40 °C. PBS with a 

pH value of 2.8 was used as the mobile phase with a flow rate of 1 mL/min. Detection of 

citrate was set at 210 nm. A calibration curve of citrate was collected at the same conditions.

2.6.4 Effect of citrate on calcium deposit formation—To test the effect of citrate on 

calcium deposit formation of osteogenic-differentiated and undifferentiated hMSC, Alizarin 

Red staining was conducted following well-established protocol. For proliferation, hMSCs 

were cultured in growth media (MG, completed DMEM). For osteogenic differentiation, 

hMSCs were cultured in osteogenic media (OG). A calculated volume of citrate was added 

into MG and OG separately to achieve a final citrate concentration of 20 μM in both media. 

hMSCs were cultured in those media separately and incubated at 37°C with 5% CO2. Media 

were replaced every other day. At 7, 14, and 21 days, the cells were stained with 2% 

Alizarin Red Staining solution (adjusted pH 4.0) to determine calcium deposit formation.

2.7 In vivo study

Due to its strong mechanical properties and biocompatibility in vitro, iCMBA-P200D0.3 PI 

8% HA 70% (iCH70) composite was chosen for in vivo study.
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2.7.1 Comminuted radial fracture model and iCH70 injection—All animal 

experiments were carried out in compliance with a protocol approved by Southern Medical 

University’s Animal Care and Use Committee (Guangzhou, China). Thirty-six New Zealand 

Rabbits (male, 3 kilogram on average) were randomly assigned into two groups: Blank 

control group and iCH70 group. All rabbits were anesthetized with 3% sodium pentobarbital 

(1.5 mL/kg) following previous protocol. 27 After shaving and disinfecting surgical area, 20 

mm skin incisions were made at the sites 15mm below radius head of both fore limbs. 

Through the intermuscular space, the radius was exposed clearly with minimal tissue injury. 

To make a standard and reproducible comminuted radial facture, osteotomy was performed 

at two sites with a surgical electric saw to produce a 10 mm-length bone block. The bone 

blocks were cut into several segments (usually 3–4 fragments) with a bone rongeur. It’s 

worthy to note that the ulna was kept intact to provide sufficient biomechanical support for 

fractured radius (Fig. 1). Segmented bone pieces were re-aligned and kept in the space after 

iCH70 injection. The deep fascia and skin were sutured tightly and then analgesic and anti-

bacterial ointments were given. For control, the same procedure was repeated and bone 

pieces were put back without other filling material inside. After rabbits were sacrificed with 

CO2 at pre-determined time points (4, 8, 12 weeks post-operation), their radial bone 

specimens were removed and prepared for the following assessments.

2.7.2 Computer tomography analysis for explants—Computer tomography (CT) 

analysis was conducted using a Micro-CT imaging system (ZKKS-MCT-Sharp-III scanner, 

Caskaisheng, CHINA) following standard and validated-precise protocols. 27 Briefly, the 

scanning system was set to 70 kV, 30 W, and 429 μA. A quantitative 3D histomorphometric 

evaluation (i.e., determination of bone mineral density and bone mineral content) was then 

performed on a rectangles volume of interest (VOI) using well-recognized methods. 38 Bone 

mineral content (BMC) and bone mineral density (BMD) were measured and the data were 

processed and analyzed using NIH-Image software (National Institute of Health, Bethesda, 

MD, USA).

2.7.3 Biomechanical test for explants—At pre-determined time points (4, 8, 12 weeks 

post-operation), rabbits were sacrificed and radius specimens were removed for three-point 

bending testing at the radial diaphysis following the previously described protocol. 39–42 

Briefly, the two ends of radius were horizontally fixed on the Material Testing System 

platform (with a span of 2.5 cm between the supports) and a constant vertical compression 

load (5 mm/min) was applied to the midpoint of the fractured bone until a fracture occurred. 

The load and displacement data were recorded at 100 Hz. The maximum flexural strengths 

were calculated and compared between iCH70 group and blank control group.

2.7.4 Histological examination—For undecalcified sections, histological examination 

was performed at pre-determined time points (4, 8, 12 week post-operation) according to 

previous protocols. 41 After fixation and dehydration by series ethanol, the radius specimens 

were embedded in methyl methacrylate without decalcification. Next, 10 μm longitudinal 

sections were cut at the diaphysis of interest using a SP2500 microtome (Leica 

Microsystems, Wetzlar, Germany). Sections were then stained by the Masson Trichrome 

method. For decalcified sections, histological examination was performed at the 4-week 
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time point for vascularization with hematoxylin and eosin (H&E) staining. Bone 

histomorphometric analysis was performed under a semiautomated digitizing image 

analyzer system for both types of sections. This system consisted of an Olympus BX51 

microscope (Center Valley, PA, USA), a computer-coupled QImaging Retiga EXi camera 

(Surrey, Canada), and BioQuant Osteo 2009 software (Nashville, TN, USA).

2.8 Statistical analysis

All experiments were done in duplicates. The statistical results were based on the three 

experiments. All data are expressed as the mean ± standard deviation. The statistical 

significance between two sets of data was calculated using a Student’s t-test. Data were 

taken to be significant if a p<0.05 was obtained.

3. Results and Discussion

With the rapid advancement of orthopedic internal/external fixation instruments, the fixation 

of large bone segments in relatively simple fractures has shown great success. However, 

CBF remains an unresolved issue in achieving effective fixation of small and scattered bone 

pieces and maintaining bone alignment after complete bone reduction. (1, 13, 14) Adhesive 

biomaterials are considered a potential solution by offering the ability to stabilize small 

fractured bone pieces. Inspired by the adhesive strength of marine mussels and based on 

recent understanding of citrate’s role in bone formation, our group has developed a citrate-

based iCMBA polymer, which shows strong adhesive properties in wet conditions. 22 For 

orthopedic applications, an adhesive iCMBA/HA bone composite was synthesized by 

combining iCMBA with osteoconductive HA particles and its performance with regards to 

intra-operational manipulation, mechanical strength, and bone formation was also 

investigated.

3.1 Rationale behind iCMBA/HA bone composites

Citrate has been well known as an essential intermediate of the Kreb’s Cycle in cellular 

metabolism. However, citrate hasn’t been given enough attention to its role in bone 

formation and mineralization although a few reports did find its close association with bone 

based on the evidence that citrate makes up about 5 wt% of the organic component in bone 

and over 90% of the body’s total citrate content is located in the skeletal system. 24–26 Until 

recently, a series of progress and increased attention to this “old” but curious natural 

chemical has been reported. 27, 28 Hu et al. confirmed that citrate has an indispensible effect 

in bone apatite nanocrystal structure as well as bone strength. 28 Tran et al. identified citrate 

to enhance bone-related gene expression such as alkaline phosphatase (ALP) and osterix 

(OSX) by C2C12 cells. 27 It is envisioned that citrate enhances osteoinduction and bone 

formation and should be included in bone substitute design.

Inspired by the adhesive strength of marine mussels, adhesive iCMBA were developed in 

our group by one-pot polymerization of citrate, poly(ethylene glycol) (PEG), and dopamine. 

After oxidation, dopamine showed stronger adhesion to biological surfaces such as skin or 

sheathes that connect with bone through the formation of covalent bonds with available 

nucleophile groups on these surfaces such as -NH2, -SH, -OH and -COOH groups. 
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Dopamine can also directly interact with inorganic bone surface to provide adhesion 

strength. Although the iCMBA pre-polymer was initially applied for wound closure, its 

strong adhesion strength in wet tissue and fast degradation rate motivate us to apply it to 

bone substitute fabrication. In wound closure studies, iCMBA offer much stronger adhesion 

strength, especially in wet conditions when compared to fibrin sealants, which is regarded as 

gold standard for wound closure. Even more importantly, the fast degradability of ester 

bonds in the iCMBA backbone can potentially allow osteoblast migration and 

neovascularization in the bone scaffold in the early stages of bone healing. Based on the 

promising potential mentioned above, we have developed the iCMBA/HA bone substitute 

and applied it for CBF treatment in rabbit model.

3.2 Physical, mechanical property, mineralization and cytotoxicity of iCMBA/HA

3.2.1 Setting time—In order to be suitable and practical for CBF applications, ease of 

handling and administration are important design requirements. In order to obtain a material 

which can be easily handled, an ideal setting (crosslinking) time is important because the 

expected bone substitutes should provide sufficient handling time during the transformation 

from a flowable liquid to a set material. It was reported that for self-setting bone cements, at 

least 1 minute should be allowed for clinicians to collect the paste and put it on a pallet knife 

or into syringes. 12 Thus, the setting time should be long enough (at least 2–3 min) to allow 

surgeons to collect and deliver the materials to bone defects before setting. iCMBA/HA 

composites was tested to be injectable using a cannula injection tool, which was used for 

femoral head injection in our previous study. 34 The setting time of our iCMBA/HA bone 

substitute is completely adjustable and can be easily tuned by regulating multiple factors 

(Table 1). iCMBA/HA composites were all prepared using iCMBA-P200D0.3 and varying 

amounts of HA and sodium periodate (PI). The setting time was varied between 159±8 

seconds for iCMBA-P200D0.3 PI8% HA70% (iCH70) and 247±13 seconds for iCMBA-

P200D0.3 PI 4% HA 30% with PI-to-pre-polymer ratios of 8% and 4%, respectively. 

Increasing the amount of HA in the composition slightly decreased the setting time, while an 

increase in PI concentrations accelerated the crosslinking reaction to shorten the setting 

time.

3.2.2 Sol/gel content, swelling ratios, and degradation properties—An ideal 

synthetic bone substitute should also possess acceptable sol/gel content, swelling ratio, and 

adequate degradation rates for new bone ingrowth and vascularization. 17 The sol contents 

of different iCMBA/HA composites were all at low percentages, ranging from 2.46±0.82% 

to 3.29±0.91% with no significant difference (p>0.05) between the samples with and 

without HA (Fig. 2A). Composite swelling data revealed that the degree of swelling was 

lowest for iCH70, followed by iCMBA/HA 50% (iCH50), iCMBA/HA 30% (iCH30) and 

pure iCMBA prepolymer (iC, no HA) with swelling ratios of 110±6, 249±31, 353±35, and 

802±69%, respectively (Fig. 2B). Results from composite degradation show that the 

degradation rate decreased as the amount of HA increased in the composites. As shown in 

Fig. 2C, iCH70 exhibited the slowest degradation rate with complete degradation after 30 

days of incubation in PBS at 37°C followed by iCH50 and iCH30. iC with no HA degraded 

much faster than composites with HA (Fig. 2C). The sol content of iCMBA/HA composites 

reached the expected crosslinking level (up to 97.54%) while swelling data showed that 
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iCMBA/HA composites, especially iCH70, could maintain its structure with minimal 

swelling ratios. This indicates that iCMBA/HA composites can meet the requirements for an 

injectable bone substitute. More importantly, degradation studies show that iCH70 possesses 

an ideal degradation rate with a weight loss more than 25% after the one week and almost 

100% after one month (Fig. 2C). It is already well known that relatively faster degradation 

rates can induce vascular ingrowth, which is significantly vital to cell migration, survival, 

and tissue formation. 17, 43 Relatively fast degradation rates may produce adequate space for 

vascularization and cell migration within the initial weeks after implantation, which is vital 

for capillary networks induced by the inflammatory processes and neovascularization of the 

scaffold. 44–46 Therefore, it is natural to believe that our iCMBA/HA bone substitute may 

allow for and promote neovascularization and cell migration into the composite through the 

space left after degradation (Fig. 2C).

3.2.3 Mechanical Properties—The mechanical properties of iCMBA/HA composites for 

as-prepared (2, 24 and 48 hrs after preparation) and air- or freeze-dried samples are shown 

in Fig. 3. It can be seen that the compressive strength and modulus for iCMBA/HA was 

much higher than that of pure iCMBA (p<0.01), and increasing the amount of HA in the 

composition resulted in higher compressive strength and modulus. No differences in the 

compressive strength and modulus values of iCH30 and iCH50 as-prepared samples were 

observed (p>0.05) with compressive strengths around 1 MPa and modulus lower than 0.5 

MPa. The compressive strength of both iCH30 and iCH50 showed nearly no distinct change 

when the curing time increased from 2 to 24 h (p>0.05), while the modulus showed a slight 

increase with the curing time (Fig. 3A and 3B). When the HA content in iCMBA/HA 

composites reached 70% of dry weight, the compressive strength of iCH70 reached 1.6±0.21 

MPa 2 h after preparation, and the value increased to 2.6±0.29 and 3.2±0.28 MPa after 24 

and 48 h, respectively, which was much higher than that of iCH30 and iCH50 (p<0.01) (Fig. 

3A). The modulus of iCH70 also increased from 0.75±0.11 MPa for 2 h to 2±0.31 MPa for 

24 h and the values were maintained 48 h after preparation. The compressive strain at failure 

(Fig. 3C) of iCMBA/HA composites with different HA ratios are all higher than that of pure 

iCMBA. The strain at failure of iCH30 and iCH50 was higher than 60% for 2 h samples, and 

decreased in response to an increase in time. The strain of iCH70 was higher than 50%, 

which indicates the soft nature of as-prepared iCMBA/HA composites. The stress-strain 

curves of the as-prepared composites 48 h after preparation are shown in Fig. 3D. After 

freeze-/air- drying, the compressive strength and modulus (Fig. 3E and 3F) for iCMBA/HA 

composites became much higher than that of the corresponding as-prepared samples. An 

increase in HA content resulted in higher mechanical strength. The compressive strength and 

modulus of freeze-dried/air-dried iCH70 reached 27.1±3.6 / 47.2±3.1 and 778.2±51.5 / 

1525.6±172.9 MPa, respectively. Pores formed during the freeze-drying process, which was 

confirmed by SEM images of freeze-/air-dried iCH70 samples (Fig. 3G), contributed to the 

lower mechanical strength of freeze-dried composites compared to the corresponding air-

dried composites.

The adhesion property of bone cements to bone surfaces is also critical for bone 

regeneration, especially for CBF where fractured bone pieces should be glued by the 

adhesive materials. However, traditional bone cements such as PMMA have very weak 
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bonding to bone because of the incompatible wetting properties between hydrophobic 

PMMA and hydrophilic bone. Thus, amphiphilic bone bonding glue was used to improve 

the bonding between PMMA cements and bone.47 Our iCMBA/HA composites by 

themselves offer substantial adhesive strength to bone thus eliminating the potential use of 

additional glue for bone bonding. To evaluate the adhesive strength of iC and iCH70 to the 

biological bone surface, both the tensile loads and shear strengths of iCH70 to the chicken 

bones were tested and compared (Fig. 4). From Fig. 4A, it can be seen that the tensile loads 

of repaired chicken bones with iCH70 were around 352 g in wet condition (2 hour after 

application) and 1280g in dry condition (48 hour after application), respectively. In wet 

condition, the shear strengths of chicken bones repaired by iCH70 and iC showed no 

significant difference (p>0.05), with shear strengths about 111±32.4 KPa and 110±17 KPa 

respectively (Fig. 4B). Although in dry condition (48 hours after application), the shear 

strengths of chicken bones repaired by iC (746±197 KPa) seems a little bit bigger than that 

repaired by iCH70 (680±68 KPa), there is also no significant difference between the two 

groups (p>0.05) (Fig. 4B). The mechanical studies show that iCH70 can offer sufficient 

cohesive and adhesive mechanical support for CBF at early bone healing stages, since 

internal or external fixation with instruments can provide major mechanical support for 

CBF.

3.2.4 Mineralization of iCMBA/HA composites—In order to investigate whether 

iCMBA/HA composites support biomineralization, the in vitro mineralization of 

iCMBA/HA composites in SBF-5X was conducted. After 1 day of incubation, no crystals on 

the surface of iCH70 samples were observed (Fig. 5A). As incubation time continued, 

crystals of calcium phosphate began to form and grow on the surface of iCMBA/HA 

composites (Fig. 5B–D). EDX analysis confirmed the existence of these crystals, in which 

the ratio of Ca/P was around 1.61 (Fig. 5E), which is in the range of the Ca/P ratio to HA 

(1.33–1.67). Interestingly, no crystal formation on the surfaces of pure iCMBA without HA 

was found during incubation in SBF-5X (Fig. 5F), which indicates that the inclusion of HA 

can promote the biomineralization process and in turn promote bone formation.

3.2.5 Cytotoxicity of iCMBA/HA composites—The cytotoxicity of iCMBA/HA 

composites was estimated by conducting cytotoxicity studies of the soluble (leachable) 

content and degradation products of various iCMBA/HA composites using MTT 

(methylthiazolyldiphenyl-tetrazolium bromide) assay against human mesenchymal stem 

cells (hMSCs) (Fig. 6). The hMSC viability in the presence of soluble content of the 

composites (Fig. 6A) at 1X concentration was between of 72.51±2.90% (no HA) and 

84.44±6.60% (50% HA), showing only minor cytotoxicity. The cell viability became much 

higher in diluted sol content solutions of 10X and 100X, and the cell viabilities of 100X 

were all higher than 90%. Furthermore, the degradation products (1X) showed a cell 

viability of at least 70.84±5.16% (no HA), which is comparable to that of widely used 

biodegradable polymer PLGA (67.35±5.99%) suggesting that the degradation products of all 

iCMBA composites did not induce significant cytotoxicity (Fig. 6B). The cell viability 

improved as the solution of degradation products was further diluted to 10X and 100X. In a 

separate study, we have also shown that iCH70 also supported the MC3T3 cell adhesion 

(Fig. S1) and proliferation (Fig. S2A). Based on the above results, iCH70 is considered as a 
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promising iCMBA/HA formulation due to better physical (setting time, sol content, swelling 

and degradation rate) and mechanical properties with satisfying in vitro cytotoxicity.

3.3 Proliferation and differentiation of hMSCs in the presence of iCMBA/HA, effect of 
citrate, and HA

3.3.1 Proliferation and differentiation of hMSCs in the presence of iCMBA/HA
—To investigate and mimic the effect of HA and citrate (from iCMBA) on the proliferation 

and differentiation of hMSC during the release process of iCMBA/HA in practical situations 

when being applied in vivo, iCMBA/HA composites (using iCH70) and iCMBA (iC) were 

completely degraded in osteogenic media (OG) to produce OiC and OiCH70 media 

respectively. In order to further study the effects of HA, OiCH media was also created by 

filtering OiCH70 media with 0.22 μm filters. The proliferation and differentiation of hMSC 

in OiC, OiCH, and OiCH70 media was conducted and studied by Live/Dead assay, alkaline 

phosphatase (ALP) activity, and Alizarin Red staining using growth media (MG) and 

osteogenic media (OG) as controls (Fig. 7). From the Live/Dead images (Fig. 7A), it can be 

seen that hMSCs grew well for all the five groups. After 14 days, the morphology of hMSCs 

maintained an elongated shape, while the morphology of hMSCs changed after being 

cultured in OG, OiC, OiCH and OiCH70 media for 4 days. The cell densities of hMSCs 

cultured in OG, OiC, OiCH and OiCH70 media were all lower than that of hMSCs cultured 

in MG media. From one aspect, these results imply that hMSCs differentiated in OG and 

osteogenic media containing iCMBA and iCMBA/HA degradation products. The results of 

calcium deposit formation in cell culture are shown in Fig. 7B. In osteogenic media (OG), 

calcium deposits in hMSC cultures could be observed after 10 days, and the amount of 

calcium deposits increased over time in every group.

However, no calcium deposits were found in MG group in all time points. Increased calcium 

deposits were observed in OiC, OiCH and OiCH70 groups when compared to OG group, 

especially in OiCH70 group indicating that the inclusion of iCMBA and HA can promote 

calcium deposits formation by osteogenic differentiated hMSCs. The results of ALP activity 

are shown in Fig. 8. When hMSCs were induced into osteoblastic linage in osteogenic 

media, the ALP expression in each group increased over time. At 4, 7 and 10 days, no 

significant difference can be observed between the tested groups. However, after 14 days, 

the ALP expression of OiC, OiCH and OiCH70 groups increased and were all significantly 

higher than that of OG group in the corresponding time point (P<0.05), further indicating the 

positive effect of iCMBA and HA in hMSCs osteogenic differentiation. As shown in Fig. 

S2B, iCH70 also support the osteogenic differentiation of MC3T3 cultured on the composite 

surfaces verified by the increased ALP activities at 7 days.

To further investigate the effect of citrate on calcium deposit formation of osteogenic-

differentiated and undifferentiated stem cells, hMSCs were cultured in growth media (MG) 

and osteogenic media (OG) supplemented with citrate at a concentration of 200 μM with 

pure MG and OG media used as controls. After 7, 14 and 21 days, Alizarin Red staining was 

conducted to visualize calcium deposits (Fig. 9). When hMSC were cultured in growth 

media, no matter with or without 200 μM citrate supplementation, no calcium deposits were 

found at all time points. However, when hMSC were induced into osteocyte linage in 
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osteogenic media, a few calcium deposits were seen by day 7, and the amount of calcium 

deposits rapidly increased with time, especially at day 14 and 21. With 200 μM citrate 

supplementation in OG media, more calcium deposits were observed after day 7 compared 

to the pure OG group with differences becoming more obvious with prolonged time.

3.3.2 Effect of citrate on calcium deposit formation

3.3.3 Citrate release from iCMBA/HA 70% (iCH70) composite—To mimic the 

citrate release process of iCMBA/HA in practical situation when being applied in vivo, 

iCH70 was chosen as the representative in citrate release studies. From Fig. 10, it can be 

seen that, after 2 days of release, the citrate concentration was already around 200 μM. The 

citrate concentrations increased to around 1000 μM with no significant increase during the 

later time points (to 30 days) indicating that it is possible to reach an effective concentration 

to promote calcium deposit formation when applied in vivo.

3.4 Biological perfomance of iCMBA/HA in vivo

Due to the above advantages, iCH70 was chosen as a representative material for in vivo 

evaluation using reproducible comminuted radial facture model on rabbits. Computer 

tomography (CT) analysis, three-point bending test, and histological examination were 

conducted 4, 8, and 12 weeks post-operation.

3.4.1 Micro CT—Micro-CT analysis data is shown in Fig. 11. Bone mineral content 

(BMC) and bone mineral density (BMD) values in the iCMBA/HA group (iCH70) at three 

pre-determined time points were 388±12 mg and 122±7 mg/cm3 (4 week), 417±30 mg and 

133±6 mg/cm3 (8 week), 427±23 mg and 143±8 mg/cm3 (12 week), respectively, which 

were all higher than those of blank control group. The results in Fig. 11 indicate that at all 

time points, enhanced bone formation can be detected in the iCMBA/HA group compared to 

blank control group implying the beneficial effects of iCMBA/HA composites to bone 

healing in the early stages after injury.

3.4.2 Biomechanical test for explants—Biomechanical testing, an important index of 

the quality of bone healing, was assessed by three-point bending test (Fig. 12). The maximal 

loads of radial bone in iCMBA/HA group after 4, 8, and 12 weeks were 130±5, 150±4 and 

178±7.8 N, respectively, which are significantly higher than that in blank control group 

(103±6, 125±5 and 146±7 N, respectively) at every predetermined time points (P<0.05).

3.4.3 Histological staining—Undecalcified histological assessment was conducted to 

assess new bone formation and microstructure in the area of interest (Fig. 13). Masson 

Trichrome staining results revealed: (1) iCH70 bone substitute degraded almost completely 

in 4 weeks with HA particles left scattered at the implant site; (2) At 12 week, HA particles 

were almost completely incorporated into new bone in the iCH70 bone substitute group and 

radial bone structure was found to be more organized compared to that in blank control 

group. Decalcified histological assessment was conducted to assess vascular formation and 

cell immigration in the area of interest (Fig. 13). H&E staining results (Fig. 13) revealed: in 

iCH70 group, the vascular formation was slightly higher, but generally comparable to that in 

blank control group at the 4-week time point.

Xie et al. Page 13

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2016 January 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



These three results indicate: (1) an increase in new bone formation and mineralization 

(calcium deposits) were found in iCH70 group, especially in first four weeks after injection; 

(2) higher-quality healing of comminuted radial bone was observed in the iCH70 group with 

higher maximal strengths in biomechanical test; (3) iCMBA/HA bone substitutes can 

promote bone mass formation and improve new-formed bone quality. The possible reasons 

for these findings could be found in the histological examination as following: (1) 

neovascularization was present deep into the bone substitutes with the help of proper 

degradation of the bone substitutes offering better blood supply to bring more nutrition for 

cell immigration and survival (Fig. 12); (2) the host bone could efficiently take in HA 

particles left by degrading polymer for new bone formation, which could speed up bone 

regeneration (see Fig. 10); and (3) more organized bone microstructure, especially cortical 

bone, was achieved due to better bone piece alignment (Fig. 13).

3.5 Citrate and HA contributions to calcium deposit formation

Mineralization is known to be a process controlled by multiple factors. Both citrate and HA 

in the iCMBA/HA bone substitute were supposed to play important roles in bone formation 

and mineralization and can explain the performance of iCMBA/HA for bone formation in 

vivo. For HA, we introduced it into bone material design to take advantage of its 

osteoconductivity and, based on the results of in vitro mineralization test of iCMBA/HA in 

SBF 5X, we confirmed its positive effect on mineralization (calcium deposit) on the surface 

of iCH70 (Fig. 5).

However, for citrate, except for its confirmed positive role in the expression of ALP, a 

protein marker of bone formation, 27 its role in mineralization has not been determined so 

far. We are the first to experimentally investigate citrate’s effect in calcium deposit 

formation of hMSC. Based on our Alizarin Red staining results, we confirmed that citrate 

promotes calcium deposit formation during osteogenic differentiation of hMSC. 

Specifically, for differentiated hMSC, exogenous citrate significantly promotes 

mineralization in the culture while it lost this function in undifferentiated hMSC. Therefore, 

we deem that citrate places positive effect on mineralization of differentiated hMSC in 

osteogenic stage.

4. Conclusions

We have confirmed that mussel-inspired citrate-based adhesive iCMBA/HA bone substitute 

may serve as an ideal candidate for CBF treatment as necessary supplement to instrumented 

fixation. On one hand, it shows favorable injectability and setting time, as well as suitable 

physical properties (sol content, swelling and degradation) and mechanical properties 

(cohesion and adhesion strength) in vitro. iCMBA/HA also possesses minimal cytotoxicity, 

and due to the ester-bond backbone of iCMBA pre-polymer, this citrate-based adhesive 

iCMBA/HA bone substitute degrades at a rate favorable to neovascularization and bone 

growth to ultimately provide a positive effect on increasing bone mass and bone strength 

recovery. The strong adhesive strength is a great benefit to maintain proper bone piece 

alignment, which is considered as one important factor for bone formation. On the other 

hand, we are the first to experimentally find that citrate, the distinctive degradation product 

of iCMBA/HA composites, significantly promotes mineralization and bone formation of 
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differentiated hMSC in osteogenic media. Therefore, adhesive iCMBA/HA bone composites 

could potentially bridge the gap of osteoinduction property to parallel autograft in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic representation for iCMBA/HA crosslinking process and iCMBA/HA injection 

procedure for treatment of comminuted bone fracture.
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Fig. 2. 
Soluble content (A), swelling ratio (B) and degradation profiles (C) of iCMBA/HA 

composites. *: p<0.05.

Xie et al. Page 18

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2016 January 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. 
Mechanical properties and SEM images of iCMBA/HA composites. Compressive strength 

(A), modulus (B), and strain at failure (C) of as-prepared samples after 2, 24 and 48 hrs; 

Stress-strain curves (D) of iCMBA/HA composites measured through compressive 

mechanical testing of as-prepared samples 48 hrs after preparation. Compressive strength 

(E) and modulus (F) of freeze-dried and air-dried samples. # p>0.05, * p<0.05, ** P<0.01. 

(G) SEM images of freeze-dried and air-dried iCMBA-P200 D0.3-HA70% (iCH70) 

composites.
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Fig. 4. 
(A) Adhesion process of iCMBA/HA 70wt% (8 wt% PI) to beveled (beveling angle: 30°) 

chicken bone (top) and the strength show by hanging metal staff (low); (B) Wet (2h) and dry 

(48h) adhesion strengths of iCMBA (iCMBA-P200 D0.3, 40 wt% in DI water) and 

iCMBA/HA 70 wt% to chicken bones after applying equal volume of 8 wt% PI [Sodium 

(meta) periodate, NaIO4] solution.
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Fig. 5. 
Mineralization of the iCMBA/HA composites. SEM images of iCMBA-P200D0.3 PI 8%/

HA70% composites incubated in SBF-5X at 37°C for: (A) 1 day, and (B, C, and D) 5 days. 

E) EDX analysis of the surface of crystal-deposited composite. F) iCMBA-P200D0.3 PI 8% 

without HA, incubated in SBF-5X for 5 days at 37°C (no crystals are present).
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Fig. 6. 
In vitro cytotoxicity of iCMBA/HA composites. Cytotoxicity study using hMSC cells by 

MTT assay for: A) sol content (leachable products), and B) Degradation products of iCMBA 

and iCMBA/HA composites. All data were normalized to cell viability in blank medium. # 

p>0.05, * p<0.05.
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Fig. 7. 
Live/Dead and SEM images (A) and Alizarin Red Staining (B) of hMSC treated with 

growth media (MG), osteogenic media (OG), osteogenic media with degradation products 

from iCMBA (OiC), iCH7 with HA filtered (OiCH) and iCH7 with HA in the media 

(OiCH70).
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Fig. 8. 
ALP activity of osteogenic differentiated hMSC triggered by iCMBA/HA degradation 

products. **p<0.01.
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Fig. 9. 
Alizarin Red Staining for calcium deposit in hMSC cultures treated with growth media 

(MG), growth media with 200 μM citrate supplement (MG200), osteogenic media (OG), 

osteogenic media with 200 μM citrate supplement (OG200) at the 7th, 14th, and 21st day. 

Citrate in markedly enhanced calcium deposit formation of osteogenic differentiated hMSCs 

(Alizarin Red Staining, 40X).
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Fig. 10. 
Cumulative citrate release in PBS (pH 7.4) at 37 °C.
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Fig. 11. 
Micro/CT analysis of comminuted fracture area of radius bone. Volume of interest (VOI) in 

analysis (A), Bone mineral Content (B) and Bone mineral Density (C). *: significant 

difference (p<0.05), #: no significant difference (P>0.05).
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Fig. 12. 
Three-point-bending test was performed of on MTS machine for comminuted fracture area 

of radius bone. Maximal flexural strength was recorded. *: significant difference (P<0.05).
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Fig. 13. 
Massion Trichrome staining (undecalsified hard tissue sections at week 4, 8 and 12,) and 

hematoxylin and eosin (H&E) staining (decaclfied section at week 4) of iCMBA/HA and 

control groups. After the fast degradation of iCMBA/HA composites, hydroxyapatite 

particles were scattered around and consequently incorporated into the new bone formation, 

Thicker cortical bone with more organized microstructure were observed in iCMBA/HA 

group compared to control group (Massion Trichrome staining, 40X). Comparing to control 

group, parallel new vessel fomation was observed in iCMBA/HA group after 4 weeks of 

injection, indicates no inhibiting effect on neovasculation from iCMBA/HA (H&E staining, 

40X). T: fibrous tissue; B: bone ; HA: hydroxyapatite particle; BM: Bone marrow cavity.
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Table 1

Set time of iCMBA/HA composites with various formulation

Composite formulation HA/composite ratio (dry w/w%) PI to pre/polymer ratio (w/w%) Measured set time (s)

iCMBA-P200 D0.3 HA30% 30 4% 247±13

iCMBA-P200 D0.3 HA30% 30 8% 172±15

iCMBA-P200 D0.3 HA50% 50 4% 238±9

iCMBA-P200 D0.3 HA50% 50 8% 166±11

iCMBA-P200 D0.3 HA70% 70 4% 231±10

iCMBA-P200 D0.3 HA70% 70 8% 159±8
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