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Abstract

Supramolecular hydrogels have great potential as biomaterials for tissue engineering applications 

or vehicles for delivering therapeutic agents. Herein, a self-healing and pro-osteogenic hydrogel 

system is developed based on the self-assembly of laponite nanosheets and guanidinylated 

chitosan, where laponite works as a physical crosslinker with osteoinductive property to form a 

network structure with a cationic guanidine group on chitosan chains. The hydrogels can be 

prepared with varying ratios of chitosan to laponite and display self-healing and injectable 

properties due to supramolecular forces as well as osteoinductive activity due to nanoclay. They 

enhance cell adhesion and promote osteogenic differentiation of mesenchymal stem cells by 

activating the Wnt/β-catenin signaling pathway. In addition, the hydrogel is used as a malleable 

carrier for demineralized bone matrix (DBM). The loading of DBM does not affect the self-

healing and injectable natures of hydrogels while enhancing osteogenic capacity, indicating 

advanced allograft bone formulations with carriers can facilitate handling and bone healing. This 

work provides the first demonstration of therapeutic supramolecular design for the treatment of 

bone defects.
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1. INTRODUCTION

Hydrogels, networks of hydrophilic polymer chains, have received great attention in 

regenerative medicine for use as tissue engineering scaffolds and carriers of therapeutic cells 

or drugs.1–7 Traditional hydrogels are fabricated by various chemical reactions (e.g. Michael 

type addition, condensation reactions), radical polymerization or high energy irradiation to 

form crosslinked networks in aqueous solutions.8–11 However, crosslinking agents and 

chemical reactions used in conventional gel formation may have detrimental effects on living 

cells and bioactive molecules.9 Moreover, hydrogel networks created by chemical 

crosslinking are not injectable and do not recover after rupture.12–14 On the contrary, 

supramolecular hydrogels are driven by reversible non-covalent bonds, including ionic 

interactions, hydrophobic interactions hydrogen bonding, and possess self-healing and 

injectable properties due to their dynamic bonding nature. These are critical features for 

tissue engineering applications.11, 15–18

Nanoclays are two-dimensional (2D) inorganic silicate particles and have been shown to be 

able to form supramolecular gel networks from various hydrogel precursors with self-

healing nature and shape-memory behavior.19–22 Laponite (Na
+

0.7[(Mg5.5Li0.3)Si8O20(OH)4]−
0.7), is a synthetic disk-shaped smectite approximately 25 
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nm in diameter and 0.92 nm in thickness.23 The degradation products of laponite (e.g. 

magnesium, lithium and orthosilicic acid) have been shown to induce osteogenic 

differentiation of mesenchymal stem cells and promote bone formation by regulating cell 

adhesion and the Wnt/β-catenin signaling pathway.23–30 The incorporation of laponite into 

various polymer matrices (e.g. chitosan, PEG, PEO) not only enhanced the mechanical 

properties of nanocomposite hydrogels but also stimulated osteogenic differentiation even 

without supplementation of growth factors.31–34

In this work, we demonstrate a therapeutic supramolecular assembly of chitosan and 

nanoclays for bone regeneration applications (Figure 1). Novel supramolecular hydrogel 

networks are assembled from laponite nanosheets (LNSs) and guanidinylated chitosan (GC) 

binder via formation of salt-bridge between guanidine ion pendants in the GC binder and 

oxyanions on the LNS surface. These networks have several key features: (i) they are a 

simple and nontoxic system suitable for biomedical applications, (ii) they have injectable 

and self-healing features for the administration in a minimally invasive manner and the 

integration to the defect site without hydrogel fragmentation, (iii) they demonstrate an 

intrinsic osteoinductive nature and enhanced bone healing. We also demonstrate the 

potential of supramolecular hydrogels as malleable carriers for bone graft materials such as 

demineralized bone matrix (DBM) to enhance osteogenic capacity.

2. MATERIALS AND METHODS

2.1. Chemical and Materials.

Glycol chitosan, 1H-Pyrazole-1-carboxamidine hydrochloride, N, N-Diisopropylethylamine 

(DIPEA), sodium polyacrylate (ASAP), rhodamine, methylene blue, 5-bromo-4-chloro-3-

indoxylphosphate (BCIP), Nitro Blue tetrazolium (NBT), Alizarin red S, L-ascorbic acid, p-

nitrophenol phosphate, β-glycerophosphate, dexamethasone were purchased from Sigma 

Aldrich (St.Louis, MO). Laponite XLG was obtained from Best of Chemicals (Shirley, NY). 

alamarBlue™, Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), 

penicillin/streptomycin (P/S), Trizol reagents, cDNA transcription kit, Calcein AM, Pico 

488 Green and Ethidium homodimer (EthD-1) were purchased from Life Technologies 

(Grand Island, NY).

2.2. Guanidinylation of Chitosan.

The primary amino groups of glycol chitosan were guanidinylated by 1H-Pyrazole-1-

carboxamidine hydrochloride. In brief, 1.0 g glycol chitosan and 3.85 g 1H-Pyrazole-1-

carboxamidine hydrochloride (5 equiv, according to the number of primary amino groups) 

were dissolved in 20 mL deionized water. Then 4.34 mL DIPEA (5 equiv, according to the 

number of primary amino groups) was added and reacted for 24 h at room temperature. 

Subsequently, the raw product was dialyzed in a dialysis bag (MWCO 3500 Da) against 

deionized water to remove free 1H-Pyrazole-1-carboxamidine hydrochloride. Dialyzed 

product was freeze dried to obtain guanidinylated chitosan, which was confirmed by 1H 

NMR (400 MHz, D2O).
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2.3. Preparation and Characterization of Hydrogel.

Firstly, laponite was added into deionized water with magnetic stirring (1000 rpm, 30 min). 

ASAP was added with stirring magnetically (500 rpm) for 10 min. Finally, guanidinylated 

chitosan was added and mixed by a vortex for 5 s. Different amounts of laponite and 

chitosan were used to obtain hydrogels with various laponite/guanidinylated-chitosan ratios. 

Hydrogel prepared of laponite/glycol chitosan was used as a negative control. To make them 

easy to see, hydrogels (laponite/guanidinylated-chitosan ratio: 3 wt %/0.5 wt %) were 

incubated in either rhodamine B or methylene blue solutions for 30 min to generate pink and 

blue hydrogels, respectively. Both pink hydrogel and blue hydrogel were cut into two pieces. 

One piece of pink hydrogels and one piece of blue hydrogels were touched and formed into 

an integrated hydrogel. Then these two healed hydrogels were incubated in phosphate buffer 

solutions (PBS) for 3 h to detect their stability. The new hydrogels were re-cut into two 

pieces. Two pieces of pink-blue hydrogels were re-joined together and formed a new 

hydrogel. In addition, whole pink hydrogel and blue hydrogel were touched with each other 

for 10 min, and transfer the new pink/blue gel into deionized water for 10 min to detect its 

stability. Each step was photographed.

Storage modulus (G’) and loss modulus (G”) of hydrogels with 3 wt % LNSs were 

monitored using Discovery Hybrid Rheometers HR-3 (TA Intruments). Frequency sweep of 

the hydrogel was performed from 0.1 to 10 Hz frequency at γ = 5.0%. Strain sweep of the 

hydrogel was performed from 0.02% to 300 % strain at fxed 1.6 Hz frequency to study 

shear-thinning properties of hydrogels. Continuous step strain sweep was performed with 

alternating shear strains of low (1%, 300 s)-high (300%, 300 s)-low (1%, 300 s) strain.

The degradation of hydrogels was carried out for 40 days. Hydrogels with 3 wt % LNSs 

were incubated at 37°C in PBS (pH 7.4) or cell culture medium (DMEM, 10% FBS, and 1% 

P/S), which were replaced every 5 days. At a given time, hydrogels were lyophilized for 

weight measurement. The present residual weight of hydrogels was calculated using the 

following equation: Residual gel weight = Mt/M0*100%, where M0 and Mt refer to the 

weight of hydrogels at time 0 (hydrogels did not undergo degradation) and t, respectively.

2.4. Cell Encapsulation in 3D Hydrogel.

The mouse bone marrow stromal cell line (BMSCs, D1 ORL UVA [D1], D1 cell, 

CRL-12424) was purchased from American Type Culture Collection (ATCC, Manassas, VA) 

and cultured in DMEM with 10% FBS and 1% P/S at 37°C in a humidified atmosphere 

containing 5% CO2. Cell culture media DMEM, penicillin, streptomycin, and FBS were 

purchased from Gibco (Manassas, VA). First, 2×107 BMSCs were suspended in 50 μL 

guanidinylated-chitosan solution (5 wt%, PBS). Different volumes (from 250 to 450 μL) of 

laponite (5 wt%) and PBS (from 200 to 0 μL) were added maintaining a final volume of 500 

μL and the mixture vortexed for 5 s immediately. 50 μL of each the resulting cell-

encapsulated hydrogels was cultured with 1 mL DMEM culture medium in separate wells of 

a 24-well plate. The culture medium was changed every 2 days.
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2.5. Cell Viability Assay.

To estimate the cytotoxicity of laponite hydrogel to BMSCs, cell viability was detected 

using alamarBlue™. BMSCs loaded hydrogel was cultured for 1, 3, or 7 days. Then the 

hydrogel was stained with 1 mM calcein AM and 2 mM EthD-1 for CLSM observation. 

Cells were incubated with 100 μL culture medium containing 10% alamarBlue™ for another 

2 h at 37°C. The fluorescence intensity was detected by a microplate reader using 570 nm 

excitation and 585 nm emission. The additional cytocompatibility test was performed by 

placing the hydrogels in tissue culture plates (TCP) in which cells were cultured and 

exposed to the hydrogel samples. The hydrogel and cells were separated by 70 μm mesh 

inserts in culture medium. The alamarBlue™ fluorescence was measured at day 1, 4, or 7 

and was normalized to untreated cells grown on TCP.

2.6. Alkaline Phosphatase (ALP) Expression and Activity.

After incubation in osteogenic medium (DMEM medium containing 10% FBS, 50 μg/mL L-

ascorbic acid, 10 mM β-glycerophosphate, 1% P/S and 100 nM dexamethasone) for 3, 7 or 

14 days, hydrogels were fixed using 10% formalin solution for 20 min and immersed in ALP 

solutions (100 mM Tris, 50 mM MgCl2, 100 mM NaCl, pH 8.5) for 10 min. Then hydrogels 

were stained with BCIP/NBT for 2 h and imaged using an Olympus IX71 microscope 

(Olympus, Tokyo, Japan). For ALP activity detection, hydrogels were washed with PBS and 

lysed using 0.1% Tween-20 buffer at 4°C for 30 min. The supernatant was collected after 

centrifugation at 12000 rpm for 5 min and reacted with phosphatase substrate for 2 h at 

37°C. ALP concentration was measured at a wavelength of 405 nm using a microplate 

reader, and values were normalized to DNA content measured using Pico 488 Green.

2.7. Mineralization Assay.

After incubation in osteogenic medium for 7, 14, or 21 days, hydrogels were stained with 

0.2% Alizarin red S solution for 5 min. Once washed with PBS for 3 times, hydrogels were 

imaged with an Olympus IX71 microscope and quantified using acetic acid with 

colorimetric measurement at 405 nm. The quantitative results were normalized with the 

weight of the hydrogels.

2.8. Quantitative Polymerase Chain Reaction (qPCR) Analysis.

At given times, total RNA was obtained from hydrogels using Trizol reagent. Then cDNA 

was synthesized using a cDNA transcription kit (Invitrogen). Amplification reactions 

including 1 μL of cDNA template, 1 μL of primer, 8 μL of distilled deionized water and 10 

μL of SYBR Green were carried out using a LightCycler 480 PCR (Indianapolis, IN) for 55 

cycles. The sequences of primers are listed in Table S1.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Hydrogels.

First, primary amines of glycol chitosan were guanidinylated by 1H-Pyrazole-1-

carboxamidine hydrochloride and DIPEA, leading to the synthesis of GC binder.35–37 1H 

NMR spectroscopy confirmed that the signals corresponding to the protons next to primary 
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amines (b, δ = 1.75 ppm) were gradually shifted downfield (b’, δ = 1.83 ppm) after 

guanidinylation (Figure 2A).35 After dispersed with ASAP, LNS solutions were mixed with 

GC binder for the preparation of hydrogels.38–41 As shown in Figure 2B, LNS solutions 

could form hydrogels after interaction with GC binder for 100 s. However, the mixture of 

LNSs and glycol chitosan was not able to form hydrogels, indicating that there was a 

stronger supramolecular interaction between LNSs and GC binder after guanidinylation. 

When LNS amount was increased from 2.5 to 4.5 wt %, the gelation time was reduced from 

220 to 5 s. Increased amounts of GC binder could also decrease gelation time, indicating that 

the formation of hydrogels was affected by supramolecular interactions including hydrogen 

bonding and electrostatic interaction between LNSs and GC binder (Figure S1–S4). 

Meanwhile, glycol chitosan without guanidinylation was used as a control group (Figure 

S5). Hydrogels consisting of LNSs and glycol chitosan at a ratio of 4.0 wt %/0.5 wt % 

formed slower (90 s) than LNSs/GC hydrogels with the same ratio (10 s), due to the weaker 

supramolecular interactions between LNSs and glycol chitosan.

Next, the self-healing ability of LNSs/GC hydrogels was evaluated using the macroscopic 

method.42–43 After staining with rhodamine B and methylene blue, hydrogels with two 

different colors were cut into two pieces and held together along the cut surface at 25°C 

without any external intervention. The boundaries between different pieces had blurred after 

10 min and the two pieces were completely merged into a single object. Furthermore, newly 

formed hydrogels could maintain their shape and integrity in aqueous environment up to 3 h. 

After the second cut, the two pieces of pink-blue hydrogels also could form an integral new 

hydrogel again. (Figure 2C). Consistently, two uncut dyed hydrogels also fused into one 

object, and the fused hydrogels could also keep their shape and integrity in aqueous 

environment (Figure 2D). These results manifested that our supramolecular hydrogels 

exhibited excellent self-healing ability thanks to dynamic non-covalent bonds in the 

hydrogel networks (Figure 2E). In addition, hydrogels with injectable properties have the 

potential for minimally invasive therapies.44–46 Our newly fabricated hydrogels, using 

various amounts of LNSs (2.5 to 4.5 wt %) exhibited an injectable feature, shown as a rapid 

reassembly when extruded them into a petri dish (Figure 2F). Meanwhile, supramolecular 

hydrogel (3.0 wt % LNSs, 0.5 wt % GC) could be extruded through a 23-gauge needle 

without clogging to form “ABC” hydrogels successfully (Figure2G). Similarly, different 

shaped molds were used to simulate irregular tissue defects (Figure 2H). The molds could be 

filled with extruded hydrogels using a 23-gauge needle to rebuild unabridged triangle-, 

oval-, heart-, and hexagon-shaped hydrogels, indicating that these non-covalently driven 

hydrogels have great potential for therapies of irregular tissue defects with minimally 

invasive approach due to their injectable performance.

To quantify the mechanical performance associated with shear-thinning and the subsequent 

recovery, we measured the rheological properties of the LNSs/GC hydrogels. The hydrogel 

with 3 wt % LNSs and 0.5 wt % GC had a storage modulus (G’) of ~215 Pa and a loss 

modulus (G”) of ~183 Pa as functions of angular frequency at a fixed strain, γ = 5.0% 

(Figure 3A). As shown in Figure 3B, strain sweeps of the hydrogels revealed an elastic 

response characters of hydrogels. The G’ and G” values decreased fleetly at a critical shear 

stress level, indicating a collapse of hydrogels. Furthermore, cyclic high and low stresses 

were applied to the hydrogels (Figure 3C). At a low stress (1%) level, the value of G’ was 
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higher than G”, indicating that the hydrogel was stable. Once the stress increased to 300%, 

the value of G’ was lower than G”, demonstrating that the hydrogel was changed into a 

liquid-like state. After removing the high stress, the hydrogel was recovered immediately. 

The degradation of hydrogels was evaluated and displayed in Figure 3D. The weight of 

hydrogels with 3 wt % LNSs and 0.5 wt % GC decreased 48.4% and 45.2% after incubation 

for 40 days in PBS (pH 7.4) and culture medium, respectively.

3.2. Cytotoxicity and Osteoinduction of Hydrogels.

Once the expected self-healing and injectable features were verified successfully, both 

biocompatibility and osteoinductive capacity were evaluated using mouse bone marrow 

stromal cells (BMSCs).47–50 BMSCs were cultured in tissue culture plates and exposed to 

the hydrogel samples. The viability of the cell cultures exposed to the hydrogels was not 

significantly different compared to untreated cells (Figure S6). Cell proliferation in hydrogel 

3D culture using alamarBlue™ assay was shown in Figure 4A. There was no obvious 

difference in cell growth rate in hydrogels with different concentrations of LNSs from 2.5 to 

4.5 wt %. The fluorescence intensity of hydrogel (LNSs = 3.0 wt %) increased to ~3.4 times 

at day 3 compared with day 1. The growth rate slowed down from day 3 to 7, maybe due to 

BMSCs that were directed to differentiation rather than proliferation. Moreover, we 

employed a Calcein AM and EthD-1 staining approach to distinguish live (green) and dead 

(red) cells (Figure S7 and Figure S8). The cells grew very well and there were no apparent 

dead cells after 7 days of culture, which agreed well with the alamarBlue™ staining results. 

Therefore, our supramolecular hydrogels display good biocompatibility and may act as a 

favorable substrate for cell growth and differentiation.

To further evaluate the osteogenic efficiency of the supramolecular hydrogels for bone 

regeneration, the activity and expression of ALP, an early marker of osteogenic 

differentiation, was first tested in BMSCs encapsulated with hydrogels.47–50 As shown in 

Figure 4B, ALP activity revealed a significant increase at day 3 and reached the highest 

value at day 14. Hydrogels containing 4.5 wt % LNSs displayed 1.5-fold higher ALP 

activity than hydrogels containing 2.5 wt % LNSs. In contrast, increasing the amount of GC 

binder did not have a significant impact on ALP activity (Figure S9). ALP expression was 

also observed after staining with BCIP/NBT using a microscope directly (Figure 4C). 

Consistent with prior results of ALP activity, ALP expression increased over time and was 

significantly elevated in hydrogels with increased LNS concentration. Moreover, hydrogels 

displayed moderate osteogenic ability under basal culture medium (Figure S10). To assess 

mineralization (late osteogenic marker) in hydrogels, Alizarin red S was subsequently used 

to stain calcium (Figure 4D). Intense Alizarin red Stain was observed during 14 day culture, 

indicating deposition of calcium. Staining was more intense as the amount of LNSs 

increased. The quantification of calcium deposition shown that hydrogels with 4.0 wt % and 

4.5 wt % LNSs displayed the highest values at all of the time points, which was consistent 

with the corresponding staining (Figure S11). The staining and quantitative data indicated 

the elevated osteogenic capacity resulting from inherent osteoinductivity of LNSs.
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3.3. Osteogenic Gene Expression of Hydrogels.

To uncover the osteogenesis efficiency on molecular level, qPCR analysis was used to detect 

the level of osteogenic gene expression including ALP (a marker in the early stage), Runx2 
(an osteoblast-specific marker) and OCN (a marker in the later stage).47–50 As exhibited in 

Figure 5A, hydrogels with increased amounts of LNSs had higher levels of ALP, Runx2 and 

OCN expression at day 14 when compared with day 1. Of note, hydrogels with 4.5 wt % 

LNSs increased the level of ALP and Runx2 to 1.6- and 1.9-fold respectively at day 14, and 

increased the level of OCN to 1.5-fold at day 21 when compared with hydrogels with 2.5 wt 

% LNSs. Overall, the increase of LNSs from 2.5 to 4.5 wt % could give rise to the 

considerable upregulation of osteogenic genes, consistent with the evidence for increased 

ALP and mineral accumulation. Given the Wnt/β-catenin signaling activation by the 

degradation products of lithium and orthosilicic acid from LNSs, the mRNA levels of several 

key proteins in Wnt/β-catenin signaling including Gsk3 and β-catenin were also determined 

using qPCR assay (Figure 5B).51–52 The level of β-catenin in hydrogels with 3.0 wt % LNSs 

was increased up to 1.7-fold, while the levels of Gsk3, which negatively regulates β-catenin 

signal were decreased up to 0.42-fold at day 14. In addition, the mRNA levels of Integrin α 
and Integrin β were investigated to evaluate the cell adhesion induced by magnesium (Figure 

5C). The levels of Integrin α and Integrin β were upregulated with the increased amounts of 

LNSs in hydrogels, and about 1.5-fold and 1.6-fold increase was detected in hydrogels 

containing 4.5 wt % LNSs as compared with hydrogels containing 2.5 wt % LNSs 2 at day 

14. Together, these results suggested that supramolecular hydrogels composed of LNSs and 

GC could stimulate cell osteogenic differentiation through activating Wnt/β-catenin 

signaling and enhance cell adhesion mediated by their degradation products including 

lithium, orthosilicic acid and magnesium.

3.4. Properties of DBM-Loaded Hydrogels.

DBM has been widely used in clinical treatment of bone defects due to its inherent 

osteoconductivity and osteoinductivity derived from its growth factor and protein matrix 

components, such as type I collagen, bone morphogenetic protein-2 (BMP-2), and 

osteopontin (OPN).53–54 However, more extensive use of DBM particles is limited in large 

defect areas due to difficulties in handling, concerns about particle migration, and 

insufficient bone formation capacity.55–57 Although synthetic inert carriers such as glycerol 

and hyaluronic acid have been used in clinical applications, they are rapidly dissolved in a 

body and DBM particles may migrate out of the defect site.58–59 This may induce severe 

inflammation and the desired localized effect of BMPs present in DBM may not manifest. 

Taking the above into account, we explored our supramolecular hydrogels as polymeric 

carriers for DBM, to enhance handling properties and osteogenic potential. Since LPN 

concentrations of 3 wt% or higher presented desired gelation time (<100 s) to rapidly entrap 

cells and bioactive components, 3 wt% LPNs were tested in the DBM-loaded hydrogels as a 

starting concentration. Hydrogels containing 3 wt % LNSs could be formed after the 

addition of 1.5 to 6.0 wt % DBM, and their gelation times (100 s) were similar to that of 

DBM-free hydrogels containing equal LNSs (Figure S12). To investigate their self-healing 

properties, hydrogels prepared using 3.0 wt % LNSs and 3.0 wt % DBM were treated with 

rhodamine B and methylene blue to obtain two different colored hydrogels (Figure 6A and 

Figure 6B). After intimate contact, pink and blue hydrogels were healed into a single 
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integrated hydrogel. Also, hydrogel samples cut into two pieces could merge into one piece 

and the integral hydrogel was stable in deionized water. These results indicated that the 

loading of DBM had no influence on the self-healing nature of hydrogels.

The injectable properties of DBM-loaded hydrogels were investigated by extruding the 

hydrogels into a petri dish, molds with various shapes, or aqueous environment. As shown in 

Figure 6C and Figure 6D, DBM-loaded hydrogels not only could be injected into deionized 

water without any breakage but also could be injected using a syringe to form “DBM” 

characters. Also, four kinds of molds were employed to imitate irregular tissue defect sites 

and were filled with DBM-loaded hydrogels (Figure 6E). The extruded hydrogel fragments 

were healed into an integral object holding the same shapes with the original molds. 

Picrosirius Red was employed to stain DBM distribution in supramolecular hydrogels. As 

shown in Figure 6F, DBM could be distributed in hydrogels uniformly, maintaining its own 

particle morphology. These results indicate that supramolecular hydrogels well maintained 

their injectability after loading with DBM, and thus could provide convenient delivery of 

DBM for clinical usage.

3.5. Osteogenic Ability of DBM-Loaded Hydrogels.

To explore the cytocompatibility and potential osteoinduction of DBM-loaded hydrogels, 

BMSCs were encapsulated and cell viability was assessed using alamarBlue™ assay (Figure 

7A). The growth rate of cells in DBM-loaded hydrogels was similar to that of cells in DBM-

free hydrogels after incubation in culture medium for 7 days. Hydrogels containing 3.0 wt % 

DBM showed the fastest growth rate with a 3.5-fold increase at day 3 as compared with day 

1. The growth rate slowed from day 3 to 7, suggesting that hydrogels coupled with DBM not 

only provided a suitable 3D microenvironment for cell growth but also may induce 

osteogenic differentiation. Additionally, hematoxylin and eosin (H&E) stain showed that 

BMSCs cultured in DBM-free scaffolds exhibited homogenous cell proliferation with a 

spindle-like shape, while cells in DBM-loaded hydrogels proliferated primarily along the 

surface of DBM (Figure 7B). For the evaluation of osteogenic capability, both ALP activity 

and expression were investigated after incubation at days 3, 7, and 14. ALP activity per ng 

DNA was 10.74 μM/ng in hydrogels with 3.0 wt % DBM at day 14, while there was 8.74 

μM ALP activity per ng DNA in DBM-free hydrogels (Figure 7C). There was higher ALP 

expression in hydrogels with 3.0 and 6.0 wt % DBM than hydrogels with 1.5 wt % DBM at 

day 7 (Figure 7D and Figure S13). Alizarin red S staining showed more mineralization in 

supramolecular hydrogels containing 3.0 and 6.0 wt % DBM after incubation for 14 days 

(Figure 7D, and Figure S14). Moreover, the levels of expression of osteogenic genes 

including ALP, Runx2 and OCN were were measured by qPCR (Figure 7E). After treatment 

in osteogenic medium for 14 days, the mRNA level of ALP in hydrogels loaded with 3.0 wt 

% DBM was increased 3.6-fold compared with DBM-free hydrogels, and the level of Runx2 
in hydrogels with 3.0 and 6.0 wt% DBM was increased 2.5-fold and 2.6-fold, respectively. 

At day 21, the level of OCN increased 2.1-fold, 2.7-fold and 2.8-fold in hydrogels with 1.5, 

3.0, and 6.0 wt % DBM, respectively, when compared with DBM-free hydrogels. These 

results collectively suggest that DBM could cooperatively stimulate osteogenesis induced by 

LNSs and our supramolecular hydrogels can serve as an effective delivery system for DBM. 

The data obtained from this study may not indicate the most optimal LPN+DBM 

Zhang et al. Page 9

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



combination for osteoinduction. Further studies will be need to evaluate the dose-dependent 

effect of LPNs.

4. CONCLUSIONS

In summary, we have extended a new strategy on the development of supramolecular 

hydrogels to explore their use for inducing bone regeneration. These hydrogels could be 

prepared by a simple mixing procedure using LNSs and guanidine-rich polysaccharides, 

which create a 3-D network via salt-bridge formation by hydrogen bonding and electrostatic 

interaction. In particular, the created hydrogels with 3 wt % LNSs displayed self-healing and 

injectable properties that could facilitate, minimally invasive delivery to irregular defect sites 

and integration with surrounding tissues. Moreover, the hydrogel showed inherent 

osteogenic properties by activating the Wnt/β-catenin signaling pathway without the 

addition of exogenous growth factors. Lastly, the supramolecular hydrogel system was 

effective to deliver DBM and could serve as a versatile moldable vehicle, facilitating 

handling and osteogenic potential. This work demonstrates a novel therapeutic 

supramolecular design that can create injectable and self-healing polymer networks with 

high osteoinductivity. The supramolecular hydrogel presents a versatile platform for 

encapsulating cells, therapeutic agents, and synthetic carriers for malleable bone graft 

constructs to promote clinical bone repair.
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Figure 1. 
Schematic illustration of supramolecular hydrogels with self-healing and injectable 

properties for bone regeneration with no need for growth factors, including (A) guanidine 

modification of glycol chitosan to obtain GC binder, (B) preparation of supramolecular 

hydrogel based on nanoclay and GC binder via salt-bridge formation by hydrogen bonding 

and electrostatic interaction, DBM loading and stem cell osteogenic differentiation along 

with activation of Wnt/β-catenin signaling and promotion of cell adhesion.
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Figure 2. 
Physical and chemical properties of supramolecular hydrogels. (A) 1H NMR spectra of the 

glycol chitosan (blue line) and GC binder (red) in D2O. (B) Images of LNSs with glycol 

chitosan and LNSs with GC binder. (C) Self-healing processes of supramolecular hydrogels: 

(1) two disk-shaped hydrogels stained with rhodamine B and methylene blue were cut into 

equal two pieces; (2) one piece of pink hydrogel and one piece of blue hydrogel were joined 

together to form two new hydrogels; (3) these two new hydrogels were immersed in PBS; 

(4) PBS was removed after 3 h; (5) these two new hydrogels were re-cut into equal two 

pieces; (6) two pieces of pink-blue hydrogels were joined together to form two new 
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hydrogels; (7) these two new hydrogels were immersed in PBS again. (D) Self-healing of 

two hydrogels after attachment directly: (1) pink hydrogel and blue hydrogel were attached 

directly; (2) the new hydrogel was immersed into deionized water for 10 min; (3) the 

hydrogel was transferred from deionized water and maintained its shape. (E) Scheme 

diagram of the self-healing process. (F) Images of hydrogels injected from 23 G needle into 

water. (G) “ABC” gel could be formed after injection from 23 G needle. (H) Hydrogels with 

different shape could be obtained after injection from 23 G needle.
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Figure 3. 
Rheological and degradation properties of supramolecular hydrogels. (A) G’, G” and Eta 

values of hydrogels with 3.0 wt % LNSs on frequency sweep at γ = 5.0%. G’ and G” values 

of hydrogels with 3.0 wt % LNSs on strain sweep at frequency = 1.6 Hz. (B) and in 

continuous step strain measurements (C). (D) Degradation kinetics of hydrogels in PBS and 

culture medium for 40 days by measuring the weight.
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Figure 4. 
Osteoinductive efficiency of supramolecular hydrogels. (A) Fluorescence intensity of 

alamarBlue towards MSCs after incubation in culture medium for 1, 3 and 7 days (n=3). (B) 

ALP activity (n=3, *p < 0.05, **p < 0.001 by one-way analysis of variance, ANOVA) and 

(C) ALP expression of cell-encapsulated hydrogels with LNSs ranging from 2.5 to 4.5 wt % 

treated in osteogenic medium for 1, 3, 7 and 14 days. Scar bar repents 1 mm. (D) 

Mineralization of cell-encapsulated hydrogels with LNSs ranging from 2.5 to 4.5 wt % after 

incubation with osteogenic medium for 3, 7, 14 and 21 days. Scar bar repents 1 mm.
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Figure 5. 
Gene expression of cell-encapsulated supramolecular hydrogels. (A) Osteogenic genes ALP 
and Runx2 were tested at day 1, 7 and 14. OCN was evaluated at day 1, 14 and 21 (n=3, *p 

< 0.05, **p < 0.001 by one-way analysis of variance, ANOVA). (B) Wnt/β-catenin signaling 

markers Gsk3 and β-catenin and (C) cell adhesion markers Integrin α and Integrin β were 

evaluated after incubation for 1, 7 and 14 days (n=3, *p < 0.05, **p < 0.001by one-way 

analysis of variance, ANOVA).
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Figure 6. 
Physical and chemical properties of DBM-loaded hydrogels. (A) Self-healing processes of 

DBM-loaded supramolecular hydrogels: (1) two disk-shaped DBM-loaded hydrogels stained 

with rhodamine B and methylene blue were cut into equal two pieces; (2) one piece of pink 

hydrogel and one piece of blue hydrogel were joined together to form two new hydrogels; 

(3) These two new hydrogels were immersed in deionized water for 10 min; (4) the 

hydrogels were transferred from deionized water. (B) Self-healing of two DBM-loaded 

hydrogels after attachment directly: (1) pink hydrogel and blue hydrogel were attached 

directly; (2) the new hydrogel was immersed into deionized water for 10 min; (3) the 

hydrogel was transferred from deionized water and maintained its shape. (C) Images of 

DBM-loaded hydrogels injected from a syringe without needle into water. (D) “DBM” gel 

could be formed after injection from a syringe without needle. (E) Hydrogels with different 

shapes could be obtained after injection from a syringe without needle. (F) Images of 

hydrogels and DBM-loaded hydrogels after staining with Picrosirius Red.
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Figure 7. 
Osteoinductive efficiency of DBM-loaded hydrogels. (A) Fluorescence intensity of 

alamarBlue™ towards cell-encapsulated DBM-loaded hydrogels after incubation in culture 

medium for 1, 3 and 7 days (n=3). (B) Histological images for H&E staining of cell-

encapsulated DBM-loaded hydrogels after incubation in osteogenic medium for 21 days. 

Scar bar repents 100 μm. (C) ALP activity of cell-encapsulated DBM-loaded hydrogels 

treated in osteogenic medium for 3, 7 and 14 days (n=3, *p < 0.05, **p < 0.001 by one-way 

analysis of variance, ANOVA). (D) ALP expression DBM-loaded hydrogels in osteogenic 

medium for 7 days and mineralization of cell-encapsulated DBM-loaded hydrogels after 

incubation with osteogenic medium for 14 days. Scar bar repents 1 mm. (E) mRNA levels of 
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ALP and Runx2 at day 14 and OCN at day 21 (n=3, *p < 0.05, **p < 0.001by one-way 

analysis of variance, ANOVA).
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