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 Hyaluronic acid (HAc) hydrogels offer many advantages as tissue 

engineering scaffolds, including excellent biocompatibility and biodegradability. 

However, these hydrogels have limited biomedical applications because of their poor 

biomechanical properties and rapid enzymatic degradation. Thus, it is essential to 

understand the effect of modifying the chemical structure of HAc via crosslinking 

reactions or of fabricating nanocomposite systems on the properties of the resulting 

hydrogels. In this work, we developed an in situ precipitation process to fabricate 

HAc–calcium phosphate (CaP) nanocomposite hydrogels after the formation of 

glycidyl methacrylate-conjugated HAc hydrogels via photo-crosslinking to improve 

the mechanical and biological properties of HAc hydrogels. Our process facilitates 



the rapid incorporation of CaP nanoparticles with excellent uniformity and minimal 

agglomeration into a polymer matrix. We systematically compared our 

nanocomposite system with one fabricated using simple mixing based on the 

relationship between the hydrogel structure and rheological properties. Compared 

with pure HAc, the nanocomposite hydrogels showed improvement of not only the 

mechanical behavior but also the biostability under both in vitro and in vivo 

conditions. In addition, we demonstrate two potential applications of HAc-based 

nanocomposite hydrogels as injectable dermal fillers and wound dressing materials.  

To evaluate the potential of the hydrogels for dermal filler applications, HAc–

hydroxyapatite nanocomposite (HAc–nanoHAp) hydrogel fillers were prepared in 

particulated gel forms, and their properties were compared with those of pure HAp 

hydrogel fillers. Their rheological behavior, in vivo lateral diffusion under mouse 

skin, and effect on wrinkle improvement in a photo-aged mouse model were 

evaluated. The HAc–nanoHAp filler resulted in great improvement of the wrinkles 

because of its higher stiffness and gel cohesiveness compared with those of pure 

HAc. The strength of the dermal matrix was also greatly enhanced using HAc–

nanoHAp, as it stimulated the synthesis of extracellular matrix such as collagen and 

elastin fibers. Thus, the HAc–nanoHAp filler shows great potential as a soft tissue 

augmentation product by improving the biophysical and biological performance of 

skin tissue. 



To evaluate the potential of the hydrogels for wound dressing applications, 

another nanocomposite hydrogel containing calcium fluoride (CaF2) was introduced. 

CaF2 particles, which are known to exhibit good antibacterial activity, were 

uniformly embedded within the HAc-based hydrogel using the in situ precipitation 

process. By varying the concentrations of the CaCl2 and NH4F solutions as well as 

the precipitation time, we obtained hydrogels with different morphologies of CaF2 

particles and different ion-release profiles. Colony tests and live/dead assays using 

Escherichia coli and Staphylococcus aureus were employed to evaluate the 

antibacterial capabilities of the CaF2 composite hydrogels. Regardless of the bacteria 

type, a significantly lower density of bacteria was observed on the CaF2 

nanocomposite hydrogels. In addition to their good antibacterial effect, improvement 

of cellular responses such as cell attachment and proliferation were also achieved for 

the CaF2 nanocomposite hydrogels. Furthermore, the excellent wound healing 

efficiency of these nanocomposite hydrogels was demonstrated using an in vitro cell 

migration assay. Finally, the accelerated wound healing capability of the CaF2 

nanocomposite hydrogels was demonstrated by examining the wound closure 

changes over time using a full-thickness wound in a rat model compared with those 

for the pure hydrogel. Based on our findings, the CaF2 nanocomposite hydrogel 

shows great potential for application as an advanced hydrogel wound dressing with 

both antibacterial and accelerated wound healing effects. 
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1.1. Hydrogel scaffolds for soft tissue engineering  

The aim of tissue engineering is generally to restore, preserve, or replace 

biological tissues for a wide range of regenerative medical applications [1]. For 

tissue engineering to be successful, the design of an appropriate scaffold is critical 

[2, 3]. Biomaterial scaffold materials must be biocompatible, biodegradable, and 

biomechanically stable [4]. In other words, the scaffolds should possess several 

functions to promote cell proliferation and differentiation, thereby leading to tissue 

formation, while also being biodegradable to allow the infiltration of cells and tissues. 

The mechanical properties of the scaffold can also affect the cellular environment. 

Hydrogel-based scaffolds have attracted considerable attention for tissue 

engineering, especially for soft tissue engineering applications because they 

resemble the natural extracellular matrix (ECM) microenvironment and provide 

desirable frameworks for cellular organization and tissue constructs [5, 6]. In 

addition, hydrogels consist of a hydrated network of crosslinked polymers; their 

mechanical and chemical properties can thus be easily tuned by adjusting the 

crosslinking density, introducing reactive moieties, or tethering biofunctional 

molecules [7]. 

 

1.2. Nanocomposite hydrogels 

To extend and customize the functionality of hydrogel scaffolds, an approach to 



fabricate “nanocomposite hydrogels” has recently emerged for various biomedical 

applications [8]. The incorporation of nanoparticles such as metallic/metal-oxide-

based (silver, gold, iron oxide, titania, alumina, zirconia) [9], ceramic 

(hydroxyapatite (HAp), silicate, silica, calcium phosphate, bioactive glasses) [10], 

polymeric [11], and carbon-based nanomaterials [12] into nanocomposite hydrogels 

can result in superior properties, including a mechanically reinforced gel matrix, 

stimuli-responsive properties, enhanced biocompatibility, and a controlled drug 

delivery system [13]. The improved performance of the nanocomposite hydrogels is 

mostly attributed to the high level of interaction between the polymer chains and 

nanoparticles. Thus, the design of fabrication methods to prepare desired 

nanocomposite hydrogel systems is critical. 

 A general and simple approach to prepare nanocomposite hydrogels is to create 

a nanoparticle suspension in a hydrogel-forming solution before gelation, which is 

called “simple mixing” [14]. However, this approach has several drawbacks such as 

the low level of interaction between the polymer chains and nanoparticles [15] and 

aggregation of nanoparticles within the hydrogel networks [16, 17]. To overcome 

these issues, additional steps such as functionalization of the nanoparticles or 

polymer chains are needed.  

 

1.3. In situ precipitation process 



Herein, we introduce an advanced procedure, called an “in situ precipitation 

process,” that produces uniform nanocomposite hydrogels with a high level of 

integration between the precipitated particles and hydrogel networks. Because 

hydrogels absorb a large amount of water, various solutes and ion fluxes are available 

through the gel matrix [18]. The ions can be easily transformed into particles by 

changing the environment (e.g., adjusting the pH). During this process, a uniform 

distribution of particles at the nanoscale within the gel matrix is expected. This 

precipitation process results in nanocomposite hydrogel systems with greatly 

improved mechanical properties and even enhanced biocompatibility. We present 

this approach for the precipitation of bioceramic nanoparticles within hyaluronic 

acid (HAc) hydrogels, which are representative hydrophilic polymers with high 

water uptake capability. In Chapter 2, HAc–calcium phosphate (CaP) nanocomposite 

hydrogel systems are introduced, and the enhancements of their mechanical 

properties and biocompatibility compared with those of nanocomposites fabricated 

using conventional methods are systematically evaluated. The applications of this 

system to injectable dermal fillers and hydrogel wound dressings are introduced in 

Chapter 3 and Chapter 4, respectively. 
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In situ Precipitation of Hyaluronic Acid 
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2.1. In situ Precipitation of Hyaluronic Acid 

Nanocomposite Hydrogels 

 

2.1.1. Introduction 

Hyaluronic acid (HAc) is a polysaccharide consisting of alternating units of a 

repeating disaccharide, β-1,4-D-glucuronic acid -β-1,3-N-acetyl-D-glucosamine 

[19]. HAc is an essential component of the ECM of connective tissues such as 

cartilage, the vitreous of the eye, synovial joint fluids, and dermal tissue [20-22]. 

Because of its hydrophilic and polyanionic macromolecule structure, it not only 

provides a hydrated environment for cell growth and tissue infiltration [23] but also 

plays an important role in lubrication [24]. This material also possesses excellent 

biological properties, including non-immunogenicity, biocompatibility, and 

biodegradability [25]. Thus, HAc has attracted considerable interest for use as a 

biomedical scaffold for various applications including arthritis treatment [20], soft 

tissue augmentation and replacement [26-28], cartilage [29] or bone repair 

substitutes [30], ophthalmic surgery [31, 32], and drug delivery [33]. However, in its 

natural state, HAc is rapidly turned over under physiological condition via enzymatic 

or free radical degradation; thus, it lacks the robustness and stability needed in 

biomedical scaffolds [34-37]. To improve its mechanical properties and biostability, 



various crosslinking strategies involving chemical modification or conjugation have 

been extensively explored [38-41].  

Despite the development of HAc hydrogels using various crosslinking systems, 

improvements of their mechanical and biological properties are still limited. Thus, 

the introduction of different polymeric materials or bioactive nanoparticles to create 

HAc nanocomposite hydrogel systems has been highlighted for functional 

biomaterial applications [42-45]. For example, the incorporation of silica 

nanoparticles into HAc hydrogels has resulted in mechanical improvement and high 

stability [46]. In another study, improvement of the mechanical properties of a HAc 

nanocomposite system was reported after the incorporation of functionalized 

nanosized calcium phosphate (CaP) particles [47]. These nanocomposite hydrogels 

are generally fabricated using simple physical mixing of the inorganic particles with 

the HAc solution before crosslinking. However, agglomeration or aggregation of 

nanoparticles during this mixing often leads to morphological inhomogeneity in the 

overall structure. Thus, a new methodology to fabricate uniform and homogenous 

nanocomposite hydrogels is needed.  

 In our work, we employed an in situ precipitation process that combines the 

principle of ion diffusion through the hydrogel, which can absorb a large amount of 

water, with the facile synthesis of inorganic phases through precipitation. In fact, in 



situ precipitation has been shown to be effective in generating uniformly distributed 

CaP nanoparticles in alginate-based biofilms [48, 49] and chitosan hydrogels [50], 

with remarkable enhancements of the mechanical and biological performance of the 

nanocomposite systems. However, the in situ precipitation process has not yet been 

implemented for HAc hydrogels. In our work, HAc–CaP nanocomposite hydrogels 

were fabricated using an in situ precipitation process. The surface morphologies and 

chemical compositions of the nanocomposite hydrogels were evaluated and 

compared with those of a hydrogel formed using simple mixing to determine the 

relationship between the mechanical improvement and hydrogel structure. Finally, 

the in vitro and in vivo biological performances were investigated to evaluate the 

potential of this system for tissue engineering applications. 

 

2.1.2. Experimental procedures 

Fabrication of nanocomposite hydrogels via in situ precipitation 

HAc hydrogels were prepared using a typical photo-crosslinking system, 

following previously established protocols [51]. Briefly, to obtain glycidyl 

methacrylated HAc (GMHAc), 1 w/v% HAc with a molecular weight of 1.8–2.5 

MDa (Bioland, Seoul, Korea) was dissolved in 100 mL of phosphate-buffered saline 

(PBS). Then, 2.2 v/v% of triethylamine and glycidyl methacrylate and 2.2 w/v% of 

tetrabutylammonium bromide were added to the HAc solution. After stirring 



overnight at room temperature to obtain a homogenous mixture, the GMHA 

conjugates in solution were precipitated by adding acetone and were then cleaned 

with distilled water to remove excess reactants. The GMHAc precipitates were then 

redissolved in distilled water and exposed to ultraviolet (UV) light for 15 min with 

a photoinitiator (2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone, Irgacure 

2959). The hydrogels were subsequently soaked overnight in a mixture of CaCl2 and 

H3PO4 with a Ca/P ratio of 1.67; this process is referred to as an “ion permeation 

process”. The amounts of the two reactants were varied to yield CaP contents ranging 

from 10 to 40 wt% (Table 1), with the products called ‘pHAc–10, 20, 30, or 40 wt% 

CaP’. These hydrogels were then subjected to the in situ precipitation process. They 

were immersed in 15% NH4OH solution for 3 h to precipitate CaP particles within 

the hydrogels. The final products of the nanocomposite hydrogels were dialyzed in 

a PBS solution to remove the remnants. A schematic diagram of the in situ 

precipitation process for the fabrication of the HAc–CaP nanocomposite hydrogels 

is presented in Figure 2.1.1. The samples prepared by the in situ precipitation 

process and simple mixing were designated as pHAc–CaP and mHAc–CaP, 

respectively. 

 

Characterization of hydrogels 

All the samples were lyophilized overnight to maintain their structures, and the 



surface morphologies were then examined using field-emission scanning electron 

microscopy (FE-SEM, SUPRA 55VP, Carl Zeiss Co., Germany). The chemical 

compositions of the precipitated nanoparticles in the hydrogels were evaluated using 

transmission electron microscopy (TEM, Tecnai F20, FEI Co., USA). During the 

fabrication process, 400-mesh copper grids were placed in the pHAc–CaP hydrogels, 

which were dried in air for 2 days. The phase of the precipitated CaP was analyzed 

using X-ray diffraction (XRD, D8-Advance, Bruker Co., Germany). Samples for 

three different conditions were prepared: pure HAc hydrogel, pHAc–30 wt% CaP 

before heat treatment, and pHAc–30 wt% CaP after heat treatment at 1100°C for 5 

min. XRD data were obtained from 20° to 60° (2θ) using CuKα radiation at a scan 

rate of 1°/min. The actual CaP content was quantified using thermogravimetric 

analysis (TGA, Discovery TGA, TA instruments Co., USA), and the results showed 

good agreement with the theoretical content (Table 1). Before the analysis, all the 

hydrogel samples were completely dried in air and heated to 1100°C at a rate of 

10°C/min under a N2 atmosphere.  

 

Rheological properties of hydrogels 

The rheological behavior of the hydrogels was assessed using a controlled strain 

rheometer (ARES, Rheometric Scientific, USA). Hydrogel samples with diameters 

of 25 mm and thicknesses of 2 mm were prepared for the analysis. Frequency sweeps 



were performed in the angular frequency range of 0.1 to 100 rad/s at a strain of 1% 

in the linear region to measure the mechanical properties, including the storage (G′) 

and loss (G″) moduli and the complex viscosity. Strain sweeps were also performed 

in the range of 0.01% to 100% of strain at a fixed frequency of 6.28 rad/s (1 Hz).  

 

Swelling properties of hydrogels  

The equilibrium swelling ratios of the hydrogels were evaluated in a PBS 

solution at 37°C. The hydrogels were dried in a vacuum oven and weighed to 

determine the initial weight (Wi). They were then immersed in PBS for 24 h and 

reweighed to determine the hydrated weight (Wh). The swelling ability of the 

hydrogels was calculated using the following equation: 

 

where Wi and Wh represent the initial dried weight and hydrated weight, respectively.  

 

In vitro degradation tests of hydrogels 

In vitro degradation tests of the hydrogels were performed in a PBS solution at 

37°C with hyaluronidase (Type I-S, lyophilized powder, 400–1000 UI/mg solid, 

Sigma Co., Korea) at a concentration of 500 μg/mL (200–500 UI/mL). The 

degradation rates for the hydrogels were determined by immersing them in the 

hyaluronidase solution for predetermined periods and measuring the weight changes 



using the following equation:  

 

where Wi and Wr represent the initial and remaining weight, respectively.  

 

In vitro cell tests of hydrogels 

The L929 fibroblast cell line (derivative of strain L, Mus musculus, mouse) was 

used to assess the cellular responses on the hydrogels. Before cell seeding, the 

samples were washed with 70% ethanol and PBS solution and sterilized on a clean 

bench under UV irradiation. The pre-incubated cells were seeded on the hydrogels 

at densities of 5 × 104 cells/mL for the cell attachment test and 2 × 104 cells/mL for 

the cell proliferation test. The cells were cultured in alpha-minimum essential 

medium (α-MEM, Welgene Co., Ltd., Korea) supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin–streptomycin in a humidified incubator with 5% CO2 

at 37°C. The cell attachments were visualized using confocal laser scanning 

microscopy (CLSM, FluoView FV1000, Olympus, Japan) after culturing for 3 days. 

Before visualization, the cultured cells on the samples were fixed in 4% 

paraformaldehyde in PBS for 10 min, washed 3 times with PBS solution, and then 

permeabilized with 0.1% Trion X-100 in PBS for 5 min and 1% BSA in PBS for 30 

min. The cells on the samples were then stained with fluorescent phalloidin for 20 

min and with 4', 6-diamidino-2-phenylindole (DAPI) for 5 min before examination 



of cell morphology on the sample surface. The level of cell proliferation was 

measured using the methoxyphenyl tetrazolium salt (MTS) assay (CellTiter 96 

Aqueous One Solution, Promega, USA) after 3- and 5-day culturing of cells on the 

surfaces of the hydrogels.  

 

In vivo biological performance of hydrogels  

Animal tests were performed to examine the in vivo biological performance after 

implanting pure HAc and pHAc–30 wt% CaP hydrogels under intramuscular sites of 

6-week-old Sprague Dawley (SD) rats. The use and handling of the animals in the 

study followed the Guide for the Care and Use of Laboratory Animals of Seoul 

National University, and the tests were performed according to protocol No. 15-0075 

approved by the Institutional Animal Care and Use Committee (IACUC) of Seoul 

National University. The dorsal skin of the rats was incised using a surgical blade, 

and 0.4 mL of disc-shaped hydrogels was implanted. The rats were sacrificed 4 or 8 

weeks after implantation. The tissues extracted with the hydrogels were fixed in 10% 

formalin, gradually dehydrated with ethanol, and embedded in paraffin for 

histological analysis. The prepared paraffin blocks were cut into 4-μm-thick sections 

along the longitudinal axis of the hydrogels, which was perpendicular to the skin 

surface. The slices were stained with Alcian blue to detect the remnants of the HAc-

based hydrogels in the implanted region. The in vivo stability of the hydrogels was 



evaluated by calculating the remaining amount of hydrogel by normalizing the cross-

sectional area of the hydrogels using the computerized image analysis system SPOT 

(Diagnostic Instruments, Inc., MI, USA). The in vivo biocompatibility of the 

hydrogels was also assessed histologically after Masson’s trichrome (MT) staining.  

 

Statistical analysis 

All the experimental results are expressed as the mean ± standard deviation , and 

the difference between the two groups was determined using a one-way analysis of 

variance (ANOVA), with p < 0.05 and p < 0.01 considered statistically significant 

(*p < 0.05 and **p < 0.01). 

 

2.1.3. Results  

Characterization of pHAc–CaP hydrogels 

The pure HAc hydrogels typically had porous microstructures with pore sizes of 

200–500 μm, as observed in Figure 2.1.2a. The pHAc–30 wt% CaP hydrogels also 

exhibited a highly porous structure with interconnected pores, implying that the 

network structure of the hydrogel was maintained after the in situ process (Figure 

2.1.2b). Significant differences in the surface morphologies of the pure HAc and 

pHAc–CaP hydrogels are clearly observed in the high-magnification images. A 

smooth surface matrix was observed for the pure HAc hydrogel (Figure 2.1.2c), 



whereas a nano-roughened surface with 200–350 nm spherical nanoparticles was 

observed for the hydrogels containing 30 wt% CaP (Figure 2.1.2d). Similar to the 

pHAc–30 wt% CaP hydrogel, a dense and uniform distribution of spherical CaP 

nanoparticles was observed throughout the HAc matrix without any agglomeration 

for the pHAc–CaP hydrogels with different CaP contents (Figure 2.1.3).  

Highly spherical CaP nanoparticles with a uniform size of 200 nm are observed 

in the TEM micrographs of the pHAc–CaP hydrogels in Figure 2.1.4. In addition, 

the selected-area electron diffraction (SAED) pattern reveals the presence of an 

amorphous phase of the CaP nanoparticles. The nanoparticles contained Ca, P, and 

O according to the energy-dispersive X-ray spectroscopy (EDS) mapping results. 

Quantitative EDS analyses of these nanoparticles also indicated a composition of 18 

at.% Ca–17 at.% P–65 at.% O, implying that the expected Ca/P ratio of the CaP 

precipitates was approximately 1.05. The composition and phase of the nanoparticles 

were also identified through XRD analysis, as shown in Figure 2.1.5. The XRD 

pattern of the pure HAc hydrogel contained no significant peaks (Figure 2.1.5a). In 

contrast, a broad peak at approximately 32° to 35° was identified in the XRD pattern 

of the nanocomposite hydrogels (Figure 2.1.5b), indicating that the precipitated CaP 

particles had low crystallinity during the in situ precipitation process. When the 

composites were heat treated at 1100°C in air, two sharp peaks appeared for Ca2P2O7 

and Ca3(PO2)2, as observed in Figure 2.1.5c, indicating a Ca/P ratio of 1–1.5, which 



agrees well with the EDS mapping data from the TEM images. 

 

Mechanical properties of pHAc–CaP hydrogels  

The mechanical properties of pHAc-CaP hydrogels with various CaP contents 

were investigated using a strain-controlled rheometer, and the results are presented 

in Figure 2.1.6. G′ of pHAc–CaP was significantly increased compared with that of 

the pure HAc hydrogel. In addition, with increasing CaP content up to 40 wt%, G′ 

increased steadily, as observed in Figure 2.1.6a. G′ of pHAc–CaP and pure HAc 

exhibited frequency-independent and frequency-dependent behaviors, respectively, 

meaning that the elasticity of the HAc hydrogel was markedly enhanced by the 

incorporation of the CaP nanoparticles through the in situ process. The results of the 

complex viscosity measurements are presented in Figure 2.1.6b. All of the 

hydrogels exhibited shear thinning phenomena under deformation. The complex 

viscosities of the pHAc–CaP hydrogels were considerably higher than those of the 

pure HAc hydrogels at all the shear rates. Furthermore, the concentration of CaP had 

a positive effect on the viscosity at low frequencies. These results imply the strong 

integration of the CaP nanoparticles with the HAc matrix after the in situ 

precipitation process. 

The viscoelastic behavior of the hydrogel systems was examined by performing 

both frequency sweep and strain sweeps, and the results were compared with those 



of the mHAc–CaP system (Figure 2.1.7). G′ of the pure HAc hydrogel showed a 

frequency-dependent elastic behavior, whereas that of the nanocomposites was 

relatively constant. More interestingly, the G′ values of pHAc–CaP were consistently 

approximately 5 times larger than those of mHAc–CaP.  

 

In vitro biostability of hydrogels 

The swelling behaviors of the pure HAc, pHAc–CaP, and mHAc–CaP hydrogels 

are shown in Figure 2.1.8. The equilibrium swelling ratio of the pure HAc hydrogel 

was approximately 110, whereas those of the nanocomposite hydrogels decreased 

with increasing CaP content. The amount of water influx in the pHAc–CaP hydrogels 

was thus significantly lower than that in the mHAc–CaP hydrogels. The water 

contents of the fully hydrated nanocomposite hydrogels as a function of CaP content 

are listed in Table 2. 

The in vitro biodegradability of the hydrogels was assessed by monitoring the 

weight change as a function of incubation time, and the results are presented in 

Figure 2.1.9a. As expected, degradation of the pure HAc hydrogels occurred most 

rapidly. The pHAc–CaP hydrogels showed improved resistance to enzymatic 

degradation compared with pure HAc and mHAc–CaP with the same CaP content. 

After 2 days, 40 wt% of pHAc–CaP still remained, with the shape of the hydrogel 

maintained, whereas both pure HAc and mHAc–CaP were completely degraded. The 



optical images of the remnant hydrogels after degradation clearly demonstrate that 

the pHAc–CaP hydrogels exhibited superior biostability. The degradation ratios for 

pHAc–CaP as a function of the CaP content were also compared by calculating the 

relative remaining weight after 4 h of enzymatic degradation (Figure 2.1.9b). In the 

hyaluronidase solution, the pHAc–CaP hydrogels underwent less hydrolytic 

degradation, as increasing the CaP content led to less swelling.  

 

Biological performance of pHAc–CaP nanocomposite hydrogels 

To evaluate the cytocompatibility of the pHAc–CaP nanocomposite hydrogels, 

cell tests were performed. The in vitro cellular responses of fibroblast cells on the 

hydrogels are presented in Figure 2.1.10. The fibroblasts on the pHAc–CaP 

hydrogels appeared more polarized and stretched compared with the round-shaped 

cells on the pure HAc hydrogels (Figure 2.1.10a). In addition, the cell spreading 

area of the nanocomposite hydrogels (~400 μm2) was significantly larger than that 

of the pure HAc hydrogels (~250 μm2). The cell spreading areas were comparable 

among the pHAc–CaP nanocomposites, with no significant differences detected. In 

addition, the cell densities on the pHAc–CaP hydrogel surfaces were higher than 

those on the pure HAc hydrogels, which agrees well with the cell densities 

determined using the MTS assay, as shown in Figure 2.1.10b. The level of fibroblast 

proliferation on the pHAc–CaP hydrogels after culturing for 5 days was 



approximately 8 times higher than that on the pure HAc hydrogels, implying 

enhanced biocompatibility for the nanocomposite hydrogels. 

Finally, we investigated the in vivo stability and bioactivity of the pHAc–CaP 

hydrogels based on volume retention and histological analysis, respectively, 4 and 8 

weeks after implantation in subcutaneous sites in rats. The histological images of the 

hydrogel-tissue paraffin blocks were used to determine the amount of remaining 

hydrogels. As shown in Figure 2.1.11a, the thicknesses and diameters of the cross-

sectioned pure HAc hydrogel decreased markedly, indicating that a large portion of 

the hydrogel was degraded in the body even 4 weeks after implantation. However, 

the pHAc–30 wt% CaP maintained its original shape with good structural integrity 

4 and 8 weeks after implantation. The remaining area was quantified based on image 

analysis, as shown in Figure 2.1.11b. In addition, 4 weeks after implantation, only 

20% of the pure HAc hydrogels remained in the body, whereas more than 50% of 

the pHAc–30 wt% CaP remained. After 8 weeks, the pure hydrogel was mostly 

degraded (10% remnant), in contrast to the approximately 50% remaining for the 

pHAc–CaP hydrogel. 

The bioactivity of the hydrogel was evaluated using histological analyses. The 

collagen formation in the pHAc–CaP hydrogels observed by M&T staining was 

significantly greater than that of the pure HAc hydrogels, as shown in Figure 2.1.12, 

indicating that the CaP nanoparticles provide a highly effective microenvironment 



for fibroblast cell proliferation and ECM production [52]. 

 

2.1.4. Discussion 

Enhancement of mechanical properties of pHAc–CaP hydrogels 

The development of a theoretical model that relates the viscoelastic behavior of 

pHAc–CaP hydrogels on a macroscopic scale to the structural morphology on a 

microscopic scale is of interest [53-57]. A rheological model was used to estimate 

the elastic behavior of HAc-based composite hydrogel systems in this work [55]. 

The effect of the binding energy on enhancing the mechanical properties of various 

nanocomposite hydrogel systems has been previously demonstrated [56-59]. For 

instance, the stiffness of a polylactic acid (PLA)–polyethylene glycol (PEG)–

hydroxyapatite (HAp) composite hydrogel was remarkably improved by increasing 

the binding energy between HAp and polymers through surface modification of the 

HAp nanoparticles [55]. In this work, HAc molecules with a molecular weight of 

3000 kDa were used. The repeat unit of HAc is a disaccharide comprised of D-

glucuronic acid and N-acetyl-D-glucosamine with a length of 0.95 nm, radius of 0.5 

nm, and molecular weight of 400 g/mol [60]. Therefore, the average number of 

monomers per HAc molecule is assumed to be 7500, with an estimated chain length 

of ~7 μm. At a crosslinking density of 1%, the estimated number of monomers per 

chain segment between crosslinking points is assumed to be 100. Thus, the Flory 



radius (RF) of each HAc segment between crosslinking points should be ~15 nm, 

which is much smaller than the average diameter of CaP nanoparticles (200 nm). 

Nanoparticles smaller than or similar to RF of the HAc segments were not considered 

for this model. Therefore, based on the rheology model, each segment of the 

crosslinked gels with or without CaP nanoparticles was constructed as the 

representative volume element (RVE), as illustrated in Figure 2.1.13. 

The total stress to the composite hydrogel systems is the sum of the stresses from 

two types of RVEs in the total volume with the numbers of each segment, NCPCS and 

NFCS (CPCS and FCS refer to CaP-absorbed chain segment and free chain segment, 

respectively): 

 

The stress tensors for both RVEs can be expressed using Kramers expression as 

follows: 

 

 

where GCPCS and GFCS represent the stiffnesses of the two RVEs and <RCPCSRCPCS> 

and <RFCSRFCS> represent the average end-to-end distances of each segment after 

deformation compared with RF, which is assumed to be the initial length of the 

segments. Under steady-state conditions, the model suggests the following stiffness 



of CPCS: 

 

where  is the stiffness of the free chain portions within the absorbed chain 

segments, is the net energy change of an individual monomer after adsorption, 

with the fraction of absorbed monomers (f), number of monomers per a chain 

segment (N), and activation length on the order of the displacement required to 

detach the absorbed segment from the particle surface (δ) at the entropic force (FCPCS). 

The total net energy change of the absorbed chain segment is . 

 Assuming that composite hydrogels exhibit linear viscoelasticity under 

small deformation, the mechanical response of the hydrogels can be decoupled into 

rate-independent and rate-dependent components. For simplicity, in the strain 

rheometer tests, the time-independent part of the deformation (G’) was only 

predicted with a small deformation, λ(t) = λ0sinωt.  was also estimated [55, 

61] as follows: 

 

where  and  were obtained from the average values of the 

deformation gradient, F, over one cycle of oscillation: 

 

To predict G’ of the composite hydrogel systems, a simple approximation was 



applied assuming the isostrain case (n = 1):  

 

where  and  are the volume fractions of each RVE.  was 

obtained by fitting and calibrating the pure HAc hydrogel data, and the volume 

fractions of CaP nanoparticles for composite systems were calculated under the 

assumption that the density of the amorphous CaP nanoparticles was 2.5 g/cm3 [62]. 

For both the pHAc–CaP and mHAc–CaP hydrogels, the CaP content was fixed 

at 30 wt% ( = 0.12). Thus, the G’ values of both nanocomposite hydrogels were 

expressed in terms of frequency as follows:  

 

 

All the parameters except for  and  were assumed to be the same 

for both the pHAc–CaP and mHAc–CaP hydrogels. The dissociation between CaP 

and HAc chains for pHAc–CaP systems was assumed to be negligible (i.e., δ = 0) 

because should be much larger than the dissociation energy ( ) 

because of the high electrostatic interaction between precipitated CaP and HAc 

chains. For the mHAc–CaP system, the values for  and δ reported by 

Sarvestani et al. were used [55] because the nanoparticles were directly used for the 

fabrication of composites without further treatment. Curve fitting revealed that the 

total absorption energy ( ) of the pHAc–CaP hydrogel was approximately 



10 times larger than that of the mHAc–CaP hydrogel, as indicated in Table 3. The 

higher total absorption energy between CaP nanoparticles and the HAc matrix in the 

pHAc–CaP hydrogels was induced by both the increased number of CaP particle–

polymer binding sites ( ) and higher absorption energy ( ) compared with 

those of the mHAc–CaP hydrogels. The in situ precipitation facilitated 1) uniform 

particle distribution throughout the polymer matrix and 2) strong electrostatic 

interaction between CaP nanoparticles and polymer chains. 

The numerical curve fitting followed the trends of the viscoelastic response 

observed in the experimental results, as shown in Figure 2.1.14a. In addition, 

significant enhancement of the mechanical stability of pHAc–CaP compared with 

that of the pure HAc and mHAc–CaP hydrogels was observed in the strain sweep 

results (Figure 2.1.14b). pHAc–CaP exhibited a noticeably larger linear viscoelastic 

region than mHAc–CaP, maintaining its structural integrity until a strain of 20%, 

whereas mHAc–CaP exhibited network breakdown from a strain of 7% with a 

decrease of  G′. The enhanced elastic reinforcement and mechanical stability of 

pHAc–CaP indicates stronger binding between the HAc chains and CaP particles. 

The low G’ G′ and high nonlinearity of mHAc–CaP can be attributed to the weak 

polymer–particle interaction and strong aggregation of CaP particles. Based on these 

results, an overall schematic model of the composite hydrogels is presented in 

Figure 2.1.14(left). A higher proportion of adsorbed HAc chains around CaP 



particles was observed in the pHAc–CaP hydrogels, as shown in Figure 2.1.14a, 

which clearly differs from the lower density of attached chains in the mHAc–CaP 

hydrogels (Figure 2.1.14b). These pHAc–CaP hydrogel networks are believed to 

originate from the CaP nanoparticles acting as physical crosslinkers [63-66]. As 

discussed in the previous section, the chelating effect of ionized carboxyl groups of 

HAc and calcium ions during in situ CaP formation is believed to promote apatite 

nucleation through electrostatic interactions [67-69]. 

HAc played an important role in the formation of small and uniform CaP 

particles. One of the key parameters is the negatively charged carboxyl groups in 

HAc. During immersion of the HAc hydrogels in the solution of CaCl2 and H3PO4, 

the carboxyl groups of HAc chains likely exist in a neutral form, with calcium and 

phosphate ions uniformly distributed in the HAc network. By increasing the pH of 

the solution to 11, the solubility of calcium and phosphate ions is rapidly lowered, 

and CaP precipitates start forming. Meanwhile, the calcium ions are thought to be 

chelated with the ionized carboxyl groups of HAc at higher pH. Therefore, the 

nucleation and precipitation of CaP is initiated from the surface of the HAc hydrogels 

[70, 71].  

The surface morphologies of the specimens also support the suggested structural 

model concerning the molecular interaction mechanisms between HAc chains and 

CaP nanoparticles (Figure 2.1.14(right)). The surface morphology of pHAc–CaP 



consisted of homogeneously dispersed CaP nanoparticles on the HAc surface 

(Figure 2.1.14a). During the in situ precipitation, these nanoparticles were 

uniformly formed on HAc with minimal agglomeration. However, the surface 

morphology of the mHAc–CaP was inhomogeneous because of the non-uniform 

distribution of agglomerated CaP particles (Figure 2.1.14b). The particles were 

observed to form clusters through particle agglomeration during physical mixing.  

 

Enhancement of biological properties of pHAc–CaP hydrogels 

In most cases, phosphate-containing biomaterial scaffolds positively affect the 

promotion of cellular response [72,73]. In the present system, the nanosized adhesive 

sites of CaP nanoparticles in pHAc–CaP hydrogels may have provided physical 

attachment for the fibroblast cells [74]. In addition, the mechanical stability of the 

hydrogels is believed to positively affect fibroblast behavior [75-77]. Notably, no 

significant difference in cell proliferation levels was observed among the pHAc–CaP 

composite hydrogels with different CaP contents. 

The poor biostability of HAc hydrogels is one of the major obstacles for suitable 

resistance to degradation, which is a prerequisite for all biomedical scaffold 

applications [52,55, 78, 79]. Pure HAc hydrogel is known to exhibit limited 

biostability because of its inherent structural instability and enzymatic reactions in 

the body. Our results clearly indicate that CaP nanoparticles not only improve the 



dimensional stability of pHAc–CaP hydrogels over a certain period by hindering 

enzymatic degradation but also stimulate the cellular environments to generate 

collagen, which can enhance the structural support of the hydrogels and surrounding 

ECM [74, 80]. More specifically, stimulated by exposed CaP nanoparticles on the 

surface of pHAc–CaP hydrogels, fibroblast cells from surrounding tissues migrated 

to the area around pHAc–CaP hydrogels. This process resulted in the regeneration 

of a new tissue structure, including collagen deposition and vascularization [80,81]. 

Thus, HAc–CaP nanocomposites with long-term biostability and excellent 

bioactivity were generated using the in situ precipitation process, and these 

hydrogels show great potential for soft tissue engineering applications. 

 

2.1.5. Conclusion 

By introducing in situ precipitation within a HAc hydrogel matrix, we developed 

HAc–CaP nanocomposite hydrogels with significantly enhanced mechanical 

strength and degradation resistance. These improvements were attributed to the 

resulting structural homogeneity, integrity, and minimal nanoparticle aggregation. In 

addition, pHAc–CaP hydrogels were successfully fabricated with uniformly 

precipitated CaP nanoparticles strongly conjugated with HAc polymer chains. With 

their structurally homogeneous architecture, enhanced physical crosslinks, and high 

density of entanglements resulting from the precipitated CaP nanoparticles, the 



pHAc–CaP hydrogels exhibited significantly reduced in vitro and in vivo degradation 

rates and greatly improved mechanical moduli with highly elastic behavior. The 

biocompatibilities of the composite hydrogels was clearly enhanced compared with 

those of pure HAc and mHAc–CaP hydrogels. The pHAc–CaP hydrogels thus show 

great potential for use in various biomedical applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Tables 

Table 1. Theoretical and actual CaP content of pHAc–CaP hydrogels with the 

corresponding amounts of the two reactants, CaCl2 and H3PO4 

HAc–CaP 

hydrogel 

Intended 

CaP 

content 

(wt%) 

CaCl2 

(M) 

H3PO4 

(M) 

Theoretical 

Ca/P ratio 

Actual 

CaP 

content 

(wt%) 

Actual 

Ca/P 

ratio* 

HAc–10 

wt% CaP 
10 0.041 0.024 

1.67 

11.98 

1–1.5 

HAc–20 

wt% CaP 
20 0.072 0.043 21.10 

HAc–30 

wt% CaP 
30 0.153 0.092 33.26 

HAc–40 

wt% CaP 
40 0.198 0.119 42.30 

*The Ca/P ratios were calculated from both quantitative EDS analysis with 

amorphous nanoparticles and XRD phase analysis with heat-treated nanoparticles.  

 

 



Table 2. Water content of fully hydrated nanocomposite hydrogels as a function of 

CaP content 

CaP content 

(wt%) 

Water content of pHA–CaP 

hydrogel (%) 

Water content of mHA–CaP 

hydrogel (%) 
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Table 3. Fitting values for net energy change of a chain segment after adsorption 

( ) and activation length on the order of the displacement required to 

detach the absorbed segment from the particle surface (δ) 

Composite system  δ 

mHAc–30 wt% CaP 1.2 0.5RF 

pHAc–30 wt% CaP 12 0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figures 

Figure 2.1.1. Schematic diagram of in situ precipitation of pHAc–CaP hydrogels. 



Figure 2.1.2. Cross-sectional morphologies of (a) pure HAc and (b) pHAc–30 

wt% CaP hydrogels and surface morphologies of (c) pure HAc and (d) pHAc–

30 wt% CaP hydrogels at high magnification (× 30k). 



Figure 2.1.3. Surface morphologies of (a) pHAc–10 wt% CaP, (b) pHAc–30 wt% 

CaP, and (c) pHAc–50 wt% CaP hydrogels at high magnification (× 30k). 



Figure 2.1.4. Representative TEM image of CaP nanoparticles in pHAc–CaP 

hydrogels with EDS mapping analysis (inset: SAED patterns of CaP 

nanoparticles). 



Figure 2.1.5. XRD patterns of (a) as-prepared pure HAc hydrogel, (b) as-

prepared pHAc–CaP hydrogel, and (c) pHAc–CaP hydrogel after heat 

treatment at 1100 °C. 



Figure 2.1.6. Rheological behavior of pHAc–CaP hydrogels: (a) G′ as a function 

of frequency for various CaP contents and (b) complex viscosity as a function of 

frequency. 



Figure 2.1.7. (a) G′ of pure HAc, pHAc–30 wt% CaP, and mHAc–30 wt% CaP 

hydrogels as a function of frequency. (b) G′ of pure HAc, pHAc–30 wt% CaP, 

and mHAc–30 wt% CaP hydrogels as a function of strain. 



Figure 2.1.8. Swelling ratios of the hydrogels after immersion for 24 h in PBS at 

37 °C. 



Figure 2.1.9. In vitro enzymatic degradation behavior of pure HAc, mHAc–CaP, 

and pHAc–CaP hydrogels: (a) comparison of degradation rates as a function of 

incubated time and (b) remaining weight after 4 h of degradation with CaP 

content. 



Figure 2.1.10. In vitro cellular response of pure HAc and pHAc–CaP hydrogels: 

(a) representative CLSM images of L929 fibroblasts cultured on pure HAc and 

pHAc–CaP hydrogels for 3 days and (b) cell viability of pure HAc and pHAc–

CaP hydrogels measured by MTS assay after 3 and 5 days. 



Figure 2.1.11. In vivo enzymatic degradation behavior of pure HAc and pHAc–

CaP hydrogels: (a) histological images of pure HAc (top) and mHAc–30 wt% 

CaP hydrogel (bottom) stained by Alcian blue 4 weeks after implantation and 

(b) remaining area ratio of pure HAc and pHAc–30 wt% CaP hydrogels 4 and 

8 weeks after implantation. 



 

Figure 2.1.12. In vivo bioactivity test of hydrogel injection on subcutaneous 

tissue of SD rat: histological images (left) of (a) pure HAc and (b) pHAc–30 wt% 

CaP hydrogel stained by MT 4 weeks after implantation and high-magnification 

images (right) of the histological images. 



Figure 2.1.13. Schematic diagram of the composite hydrogel models with CaP 

nanoparticles showing two representative volume element models with and 

without CaP nanoparticles in the unit. 



Figure 2.1.14. Schematic illustration (left) and surface morphology (right) of (a) 

pHAc–30 wt% CaP and (b) mHAc–30 wt% CaP hydrogels. 

 

 

 

 

 

 

 



2.2. Mechanically Enhanced HAc-Based 

Nanocomposite Hydrogels via Dual-Crosslinking 

Process 

 

2.2.1. Introduction 

Hydrogels with enhanced mechanical properties have been comprehensively 

investigated using various approaches, such as introducing double networks [82-85] 

and ionic–covalent entanglement networks [86-88]. These hybrid systems have been 

demonstrated to generate toughness via covalent crosslinking and to dissipate 

mechanical energy under deformation via ionic crosslinking [89]. Ionic crosslinking 

not only easily generates an interpenetrating network but also provides 

multifunctionality, such as in situ gelling formation for an injectable scaffold or a 

controlled delivery system [90-92]. Chelation of metallic ions between negatively 

charged groups of polymers generally results in the formation of coordinate bonds 

during ionic crosslinking [93,94]. Thus, hydrogels crosslinked by different cations 

have been extensively developed [95-97]. However, the effects of ionic crosslinking 

on the mechanics of nanocomposite hydrogel systems have been explored much less 

frequently.  



We investigated the contribution of ionic crosslinking using various cations in 

HAc–CaP nanocomposite hydrogels, which were fabricated using the in situ 

precipitation process. We proposed an ionic crosslinking method using various 

cations in conjunction with chemical crosslinking after in situ CaP precipitation of 

HAc to enhance the mechanical stability. The multi-functionality of dual-crosslinked 

HAc–CaP hydrogels was expected, which would not only improve the mechanical 

and structural stabilities but also accelerate cellular responses during dissolution 

under physiological conditions.  

 

2.2.2. Experimental procedures 

Fabrication of dual-crosslinked nanocomposite hydrogels 

All the HAc hydrogels in this work were photo-crosslinked via glycidyl 

methacrylation synthesis. CaP was precipitated through in situ precipitation in the 

crosslinked HAc hydrogel, as described in Chapter 2.1 [98]. Dual-crosslinking 

systems were introduced to both pure HAc and HAc–CaP hydrogels using various 

cations. NaCl, CaCl2, BaCl2, SrCl2, FeCl3, and AlCl3 were purchased from Sigma–

Aldrich. The ionic crosslinking process was initiated in both the crosslinked HAc 

and HAc–CaP hydrogels by immersing them in aqueous solutions (1 M 

concentrations) containing multivalent cations (Ca2+, Al3+, Ba2+, Sr2+, and Fe3+) for 

6 h.   



TEM Characterization of HAc–CaP hydrogels 

The inorganic phases of the HAc–CaP hydrogels after dual crosslinking with 

divalent cations (Ca2+, Ba2+, and Sr2+) were evaluated using TEM (Tecnai F20, FEI, 

USA). During the fabrication process, 400-mesh copper grids were placed in the 

hydrogels, which were then dried in air for 2 days. The solutions containing divalent 

cations were diluted to 10−3 M. EDS mapping was also performed to examine the 

compositional changes of the nanoparticles.  

 

Mechanical behaviors of composite hydrogels  

The mechanical behavior of the hydrogels was assessed using a rheometer 

(ARES, Rheometric Scientific, USA). Frequency sweeps were performed in the 

angular frequency range of 0.1 to 100 rad/s at a strain of 1% in the linear region to 

measure G′ and G″. Disc-shaped hydrogels with diameters of 12 mm and lengths of 

7 mm were prepared for the compression tests. For dual-crosslinking, the HAc and 

HAc–CaP hydrogels were immersed in 0.5 M solutions using different cations for 

10 h. Uniaxial compression tests were performed on the hydrogels at a rate of 2 

mm/min using an Instron machine with a 1-kN load cell. 

 

In vitro cell tests 

Pre-osteoblast cells (MC3T3-E1) at densities of 1 × 104 cells/mL were seeded on 



the hydrogels for the cell attachment. The cells were cultured in α-MEM (Welgene, 

Korea) supplemented with 5% FBS and 1% penicillin−streptomycin in a humidified 

incubator with 5% CO2 at 37 °C for 3 days. After being fixed using 4% 

paraformaldehyde, the cells on the samples were stained with anti-vinculin, 

fluorescent phalloidin, and DAPI for 1 h, 20 min, and 5 min, respectively. The cells 

attached on the hydrogels were examined using CLSM (FluoView FV1000, 

Olympus, Japan). For the cell proliferation test, 3 × 104 cells/mL of cells were seeded 

on the hydrogels. After culturing for 3 and 5 days, the levels of cell proliferation 

were measured using the MTS assay (CellTiter 96 Aqueous One Solution, Promega, 

USA). Cell differentiation tests were performed in two ways. First, 1 × 104 cells/mL 

of cells were seeded on the surface of the hydrogels to verify the bioactivity of the 

samples. In addition, ion-release medium was used to investigate the ion effect on 

cell differentiation. All the media were refreshed into new media including 10 mM 

b-GP and 50 ug/mL ascorbic acid every 2 days. The alkaline phosphatase (ALP) test 

was conducted on day 7 to measure the amount of p-nitrophenyl phosphate (pNPP, 

Sigma–Aldrich, UK), which is an early indicator of the osteoblastic phenotype 

maintenance. The conversion of pNPP to p-nitrophenol (pNP) in the presence of ALP 

results in a color change. A microplate reader was used to determine the absorbance 

at 405 nm. 

 



Statistical analysis 

All the experimental results were expressed as the mean ± SD. The difference 

between the two groups was determined using a one-way ANOVA, and p < 0.01 and 

p < 0.005 were considered to be statistically significant. 

 

2.2.3. Results  

Characterization of hydrogels 

First, HAc–CaP hydrogels were fabricated via in situ precipitation of photo-

crosslinked HAc hydrogels (single crosslinked, called single CL). Ionic crosslinking 

systems using various cations have been developed to fabricate HAc–CaP 

nanocomposite hydrogels with additional crosslinking (dual crosslinked, called dual 

CL) to achieve higher mechanical stabilities. The single- and dual-CL systems are 

schematically illustrated in Figure 2.2.1.  

All the hydrogels had porous microstructures, as observed in Figure 2.2.2, 

indicating that the hydrogel network was maintained after the in situ precipitation 

process and ionic treatment for the dual-CL system. The single-CL HAc and HAc–

CaP hydrogels exhibited highly porous structures with pore sizes of 300−500 μm 

and interconnected pores. After dual crosslinking, the pore size decreased; however, 

the sample morphologies differed depending on the cations used. The Na+-treated 

HAc hydrogels exhibited similar morphology as the single-CL HAc hydrogel. The 



pore sizes of the Ca2+-, Ba2+-, and Sr2+-treated HAc and HAc–CaP hydrogels 

decreased to approximately 200−300 μm, indicating the increase of the crosslinking 

densities of those hydrogels. The Fe3+- and Al3+-treated HAc–CaP hydrogels also 

showed a decrease in pore size compared with the pure HAc hydrogels. 

 

Mechanical properties of hydrogels 

The mechanical behavior of the pure HAc and HAc–CaP hydrogels crosslinked 

by both chemical and ionic crosslinking (Ca2+) was significantly improved compared 

with that of the photo-crosslinked hydrogels without ionic crosslinking, as observed 

in Figure 2.2.3a. In particular, ionic crosslinking increased G′ of both the pure and 

composite HAc hydrogels by factors of ~1.5 (pure HAc) and ~2.5 (HAc–CaP). To 

explore the efficiency of ionic crosslinking using different cations, the G′ values at 

1 rad/s were compared, as depicted in Figure 2.2.3b. Interestingly, dual cross-

linking had a more positive effect on the HAc–CaP hydrogels than on the pure HAc 

hydrogels. Even though all six cations appeared to work as effective ion crosslinkers, 

the mechanical improvements differed for the HAc–CaP hydrogels depending on the 

ions used (but not for the pure HAc hydrogels). In particular, treatment with Ca2+ 

ions resulted in the highest mechanical improvement of the HAc–CaP hydrogels, 

whereas Al3+ and Fe3+ were less effective, as they resulted in decomposition of the 

CaP particles because of their acidic environments.  



During the compression tests, all the hydrogels collapsed at strains of 

approximately 0.77–0.8. The fracture stress was determined from the fracture point, 

and the fracture energy was determined by measuring the area of the stress–strain 

curve. From the cyclic test to 50% compression, the dissipation energy was measured 

by calculating the areas of the loading and unloading curves. As observed in the 

representative stress–strain curve of the hydrogels (Figure 2.2.4a), the dual-CL 

system is clearly more effective in enhancing the mechanical properties for the HAc–

CaP hydrogels than the HAc hydrogel. In addition, the HAc hydrogels crosslinked 

by either single or dual crosslinking showed highly elastomeric behavior, as 

observed in the cyclic test graph (Figure 2.2.4b). The incorporation of CaP into the 

hydrogels reduced the recovery of the compressive properties. The dual-CL HAc–

CaP hydrogels exhibited an even further reduction in recovery than the single-CL 

HAc–CaP hydrogels, showing an increase of dissipated energy after unloading 

compared with the other samples. These findings clearly demonstrate that the 

presence of CaP nanoparticles and additional ionic treatment induced viscoelasticity 

behavior of the hydrogel, restricting the HAc chain movement. The stress at 0.5 

strain, dissipation energy, fracture strain, fracture stress, and fracture energy data are 

summarized in Table 4. 

 

Swelling properties of hydrogels 



The swelling properties of the hydrogels showed similar tendencies as the 

mechanical properties (Figure 2.2.5). Figure 2.2.5a shows the swelling properties 

of the composite hydrogels, which were single or dual crosslinked in distilled water. 

The use of in situ precipitation to incorporate nanosized CaP particles in HAc–CaP 

hydrogels resulted in a reduction of the swelling ratio from 150% to 50%. The Ca2+-, 

Ba2+-, and Sr2+-treated composite hydrogels shrunk significantly compared with the 

Fe3+-treated one because their acidic environments caused the decomposition of CaP 

particles of the composite hydrogel (Figure 2.2.5b).  

 

In vitro cellular responses of hydrogels 

The ion effect on the cellular response was analyzed using cell attachment, 

proliferation, and differentiation tests with MC3T3 cells (Figure 2.2.6). Ionic 

treatment led to a significant enhancement of the cell viability when dual 

crosslinking was applied to the HAc–CaP hydrogel. In particular, Ca2+ and Ba2+ ions 

strongly affected the MC3T3 cells, causing substantial stretching (Figure 2.2.6a) 

and proliferation (Figure 2.2.6b). The MC3T3 cells on the dual-CL HAc–CaP 

hydrogels appeared more stretched than those on the single-CL HAc hydrogels. The 

cell spreading areas of the dual-CL hydrogels, especially for those treated with Ca2+ 

and Ba2+, were significantly larger (350–410 μm2) than those of the single-CL 

hydrogels (~205 μm2).  



To investigate the ion effect on cell differentiation, an ALP activity test was 

performed in two ways, by producing cell-laden hydrogels and using ion-release 

medium; the results for the dual-CL HAc–CaP hydrogels are presented in Figure 

2.2.6c. The Ca2+- and Ba2+-treated HAc–CaP hydrogels exhibited higher levels of 

ALP than the single-CL HAc–CaP and Sr2+-treated hydrogels (Figure 2.2.6d). 

However, all the ions greatly affected osteogenic differentiation, as observed in 

Figure 2.2.6e, which agrees well with the findings of a previous study on the Sr2+ 

ion effect on preosteoblast cell viability [99]. 

 

2.2.4. Discussion 

We focused on dual crosslinking using divalent ions to enhance the mechanical 

properties of HAc–CaP hydrogels. Increased efficiency of ionic crosslinking was 

observed with pre-treatment of HAc at pH 11 compared with that at pH 7 (Figure 

2.2.7). Because the in situ precipitation was performed at pH 11 for the composite 

hydrogels, no additional pH treatment was required. 

The pH effect during the dual-CL process could provide a reasonable explanation 

for the resulting mechanical enhancement. Because the HAc–CaP hydrogels were 

fabricated using the in situ precipitation process, the pH was approximately 11. Thus, 

pre-treatment of HAc at pH 11 was conducted to verify the efficiency of ionic 

crosslinking compared with that at pH 7. G′ of the HAc–CaP hydrogels at higher pH 



showed a significant increase. This finding is associated with the charge density of 

HAc, which contains negatively charged carboxyl groups [93, 100]. The charge 

density highly depends on the pKa value [101] and is thus affected by the pH of the 

solution during dual crosslinking. Because the pKa of HAc carboxyl groups is known 

to be 3–4, the global charge density increased with the pH 11 treatment compared 

with the pH 7 treatment, corresponding with the higher efficiency of mechanical 

enhancement at higher pH, as observed in Figure 2.2.7. Thus, it can be inferred that 

the in situ precipitation environment facilitated a high affinity of ions for chelation 

with the ionized carboxyl groups of HAc, resulting in higher crosslinking densities. 

The CaP nanoparticles after dual crosslinking using Ca2+, Ba2+, and Sr2+ ions 

were also examined to verify the structural and compositional changes resulting from 

the additional ion incorporation (Figure 2.2.8). According to the TGA results 

presented in Figure 2.2.8a, the amount of particles increased after treatment with 

divalent ions. Although smaller CaP particles were additionally formed after 

treatment with Ca2+ ions, no compositional change was observed after the dual-CL 

process using either Ba2+ or Sr2+ ions (Figure 2.2.8b). It can be inferred that the Ca 

ions resulted in a synergistic effect, inducing additional precipitation and 

subsequently facilitating the ionic crosslinking with HAc chains. 

The great enhancement of the mechanical stability resulted in improvement of 

the cell biocompatibility of the hydrogels because the stiffer matrix served as a more 



desirable environment for fostering cellular behaviors, especially for osteogenic 

differentiation [102-104]. In addition, the CaP nanoparticles with biocompatible ions 

positively affected the stimulation of pre-osteoblast cells. In particular, the Ca2+ and 

Sr2+ ions seemed to greatly contribute to enhanced cell attachment and viability [105-

107]. Moreover, the Ba2+-treated HAc–CaP hydrogels supported better cell 

attachment, showing a high degree of cell polarization and proliferation, which can 

be explained by its good hydrophilicity [108, 109]. Because the dual-CL HAc–CaP 

hydrogels continuously released ions under physiological conditions, especially in 

the early stage, the cells surrounding the hydrogels were greatly stimulated by 

biocompatible ions.  

Finally, the structural stabilities of the nanocomposite hydrogels in PBS solution 

were also investigated (Figure 2.2.9). Because of the exchange of divalent ions to 

Na+ ions in PBS solution, the dual-CL nanocomposite hydrogels exhibited a dramatic 

increase in weight (approximately 30% increase) with large water uptake. After 1 

day in PBS, the dual-CL hydrogels maintained their structure. Interestingly, the Ca2+- 

and Ba2+-treated hydrogels exhibited higher stability than the Sr2+-treated one and 

thus had longer-lasting properties. 

 

2.2.5. Conclusion 

In this work, we demonstrated that introducing the additional step of ionic 



crosslinking in preparing the HAc–CaP hydrogels resulted in great improvement of 

the physical properties. In particular, treatment with Ca2+, Ba2+, and Sr2+ ions was 

more efficient than treatment with trivalent ions, which resulted in the decomposition 

of CaP particles in the acidic environment. In addition, the dual-CL HAc–CaP 

hydrogels exhibited promising biological properties, thereby extending their 

potential application to hard tissue engineering. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 
Table 4. Mechanical properties of hydrogels crosslinked by either single- or 
dual-crosslinking with Ca2+ 

 
Stress at 

0.5 strain 

Dissipation 

energy until 0.5 

strain (kJ/m3) 

Fracture 

strain 

Fracture 

stress (kPa) 

Fracture 

energy 

(kJ/m3) 

HAc 

Single-CL 2.49±0.60 0.075±0.01 0.78±0.01 116.61±16.88 6.00±0.12 

Dual-

CL(Ca) 
2.65±0.83 0.068±0.01 0.81±0.03 160.25±54.41 8.71±1.15 

HAc–

CaP 

Single-CL 2.75±0.43 0.113±0.02 0.78±0.01 342.57±40.44 12.95±2.06 

Dual-

CL(Ca) 
4.82±1.30 0.164±0.06 0.75±0.04 453.11±151.5 18.50±4.32 

 

 

 

 

 

 

 

 

 

 



Figures 

 

Figure 2.2.1. Fabrication of hydrogels using single crosslinking and dual 

crosslinking. 



Figure 2.2.2. Cross-sectional images of single-CL and dual-CL hydrogels. 



Figure 2.2.3. (a) Rheological behaviors (G', G'') of HAc and HAc–CaP 

hydrogels crosslinked by single- or dual-crosslinking using Ca2+ ions in 

frequency sweep and (b) G′ at 1 Hz of single- or dual-CL hydrogels. 



Figure 2.2.4. Compression properties of single- and dual-CL hydrogels: (a) 

stress–strain curves of HAc and HAc–CaP hydrogels crosslinked by single- or 

dual-crosslinking using Ca2+ ions until gel fracture and (b) cyclic test until 50% 

compression. 



Figure 2.2.5. (a) Optical images and (b) swelling ratio of single- and dual-CL 

hydrogels. 



Figure 2.2.6. (a) Osteoblast cell attachment and (b) MTS proliferation assay 

after 3 and 5 days of culturing on HAc–CaP hydrogels. (c) Schematic diagrams 

of cell differentiation tests: (i) seeded on the surface of hydrogels and (ii) 

cultured in ion-release medium. ALP activity of osteoblasts cells (d) on the 

surface of HAc–CaP hydrogels and (e) in the ion-release medium after 7 days of 

culturing. 



Figure 2.2.7. Pre-treatment effects at different pH: G′ at 1 Hz of dual-CL HAc–

CaP hydrogels compared with that of single-CL HAc–CaP hydrogel. 



 

Figure 2.2.8. (a) TGA curves of single- and dual-CL HAc–CaP hydrogels. (b) 

TEM and EDS mapping images of inorganic CaP nanoparticles in HAc–CaP 

hydrogels after dual-crosslinking using ionic solutions containing (a) Ca2+, (b) 

Ba2+, and (c) Sr2+ (scale bar = 250 nm). 



Figure 2.2.9. Swelling ratio profile of single- and dual-CL HAc–CaP hydrogels. 

 

 

 

 

 

 

 



 

 

 

 

 

Chapter 3. 

Hyaluronic Acid–Hydroxyapatite 

Nanocomposite Hydrogels for Injectable 

Dermal Fillers 

 



3.1. Introduction 

Skin aging is a physiological phenomenon that involves a gradual change in 

biomechanical performance and several associated defects, such as contour 

deficiencies and wrinkles [110] and loss of the dermal matrix. The resulting 

decreases in the amounts of collagen and elastic fibers eventually cause decreased 

elasticity [111, 112]. Thus, the design of a soft tissue augmentation product, such as 

an injectable filler, has been highlighted for wrinkle correction and skin elasticity 

recovery [113-115]. An injectable dermal filler has been developed in hydrogel form 

with high water uptake capacity to lift the tissue matrix. Ideal filler requires 

additional properties such as biocompatibility, high viscoelasticity, and longevity for 

better lifting capacity and stable maintenance of the strengthened state of the skin 

[116, 117]. To fulfill these requirements, the medical use of dermal fillers has 

evolved from the introduction of bovine collagen to synthesized materials such as 

poly l-lactic acid or polymethyl methacrylate and finally to a mixture of polymers 

and ceramic particle mixtures [118]. However, these materials have limitations. 

Collagen often generates an immune response [119]; synthetic polymers lack 

reversibility [120], which leads to the need for multiple treatments; and the ceramic 

particles in polymer and ceramic particle mixtures can be contraindications for their 

use, thus limiting their applicability to specific sites [121]. 

The most prevalent material for injectable dermal fillers is HAc because it is 



biocompatible, non-immunogenic, and biodegradable [122, 123]. In addition, the 

high water absorption capability of HAc helps to further augment skin tissue [124, 

125] and results in excellent biological performance by stimulating fibroblast cells 

to produce collagen [80, 111, 112, 126]. However, because of the fast degradation of 

HAc via enzymatic hydrolysis, the bioactive effects of HAc filler significantly 

decrease over time, which has a negative effect on cell proliferation to produce a new 

matrix under skin defects, resulting in poor structural integrity between the tissue 

matrix [127, 128]. Thus, there have been many efforts to increase the stability of 

HAc by chemical crosslinking to provide robust gel networks [129, 130] or by 

incorporating other materials to fabricate composite systems [131]. 

The biomechanical properties and biological stability of HAc composite systems 

can be significantly improved by incorporating synthetic materials, such as PEG 

[116], polyvinyl alcohol [132], and natural polymers such as collagen [133-136] and 

carboxymethyl cellulose, which is a biosynthesized form of cellulose [137]. 

However, these polymer–polymer composite systems tend to be limited in terms of 

improving the mechanical robustness or bioactivity in filler applications. Another 

approach involves using nanoparticles to reinforce polymer hydrogels as the strong 

interactions between polymer chains and nanoparticles play critical roles in 

enhancing the strength of the hydrogels [138]. In addition, the use of polymeric 

scaffolds and nanoparticles has resulted in promising improvements, extending their 



application for soft tissue repairs. As a more extensible approach of fabricating 

nanocomposite hydrogels, our group developed an in situ precipitation process to 

fabricate HAc–HAp nanocomposite hydrogels (HAc nanoHAp) that possess high 

mechanical strength and enzymatic resistance [98, 139]. In this system, in situ 

precipitation expedited the strong reaction between HAc and Hap, regulating 

uniform mineralization of HAp nanoparticles in HAc chains. These homogeneous 

structures greatly enhanced the mechanical properties of the hydrogels [140]. In 

addition, the HAp nanoparticles provided a supportive environment for cell 

functions, increasing the bioactivity of the gels.  

In our current work, we assessed the potential of an in situ precipitated HAc–

nanoHAp hydrogel for application as an injectable soft tissue augmentation product 

with highly enhanced biocompatibility, volumetric resistance, and in vivo longevity. 

A schematic diagram of our objectives in developing a highly functional 

nanocomposite filler is presented in Figure 3.1.1. 

 

 

 

 

 

 



Figure 

 

Figure 3.1.1. Objectives for development of highly functional nanocomposite 

hydrogels for injectable dermal filler applications. 

 

 

 

 

 

 

 

 

 

 



3.2. Comparison between Hyaluronic Acid–

Hydroxyapatite Composite Hydrogel Dermal Fillers 

 

3.2.1. Introduction 

Herein, two types of HAc–HAp composite fillers were fabricated: HAc–

microHAp and HAc–nanoHAp fillers. HAc–nanoHAp was fabricated via in situ 

precipitation of HAp particles with HAc chains and showed high structural 

homogeneity [98]. For comparison, HAc–microHAp was prepared by mixing 

microsized HAp particles with HAc. The microstructures and rheological properties 

of these composite fillers were compared, and the in vivo persistence of the fillers in 

subcutaneous nude mice was demonstrated by monitoring changes in their volume 

compared with those of pure HAc fillers. The effect of HAp on skin tissue 

stimulation was also verified by performing a histological analysis.  

 

3.2.2. Experimental Procedures 

 

Preparation and characterization of HAc–HAp composite fillers  

A commercial filler from Q-MED (Restylane, Uppsala, Sweden) was selected 

for the pure HAc filler. HAc with a molecular weight of 1.8–2.5 MDa was also 

prepared to fabricate the HAc–HAp composite filler (Biomed, Seoul, Korea). The 



HAc–HAp composite fillers were prepared using the crosslinker 1,4-butanediol 

diglycidyl ether (BDDE) because the pure HAc filler was manufactured using this 

crosslinker. For the HAc–microHAp filler preparation, HAp microspheres were 

prepared by spray drying a solution consisting of HAp powder, polyvinyl butyral, 

and KD-6 (a commercially available polymer surfactant), followed by heat treatment 

at 500°C for 2 h and at 1200°C for 2 h. HAp microspheres (30 vol.%) with an average 

size of 20 µm were homogeneously mixed into the 10 w/v% of HAc solution with 

BDDE in 0.2 N NaOH. The mixture was sealed and stored at 40°C for 12 h to allow 

gelation. For the HAc–nanoHAp filler fabrication, the HAc hydrogel was prepared 

following the aforementioned procedure described in Chapter 2[141]. The hydrogel 

was then dialyzed and fully swollen in distilled water at room temperature. 

Meanwhile, 3 w/v% CaCl2 solution was prepared and H3PO4 was added at a molar 

ratio of 1.67. The HAc hydrogel was then immersed in the solution of CaCl2 and 

H3PO4 for 2 h and then dipped in 15% NH4OH solution for 30 min to precipitate 30 

wt% nanoHAp within the hydrogel. All of the HAc–HAp composite hydrogels were 

washed in PBS and homogenized at 7,000 rpm for 5 min and then autoclaved at 

121°C for 30 min to prepare the gel particles for injection through a needle. 

The surface morphologies of the hydrogel fillers were examined using FE-SEM 

(SUPRA 55VP, Carl Zeiss Co., Oberkochen, Germany). Before the characterization, 

all the samples were lyophilized overnight to maintain the structure of the samples. 



Swelling and rheological properties  

The water uptake of the fillers was evaluated in a PBS solution at 37°C. The 

fillers were dried in a vacuum oven and weighed to obtain the initial dry mass ( ) 

and then immersed in PBS and re-weighed to obtain the hydrated weight ( ). The 

swelling ratio of the fillers was calculated as follows: 

. 

The water content of fillers was also determined from the swelling ratio as follows:  

 

. 

The rheological measurements were conducted using a rheometer (ARES, 

Rheometric Scientific, Piscataway, NJ, USA) equipped with a parallel plate 

geometry (plate diameter of 20 mm). Frequency sweep tests were performed at a 

constant strain over the frequency range of 1 to 100 rad/s, and G’ was measured as a 

function of frequency. 

 

Magnetic resonance image volumetric analysis  

Five-week-old female BALB/c nude mice were obtained from a commercial 

vendor (Orient Bio Inc., Seongnam, Korea) and were fed a standard diet. After 

resting for 1 week, 200 µl of pure HAc, HAc–microHAp, or HAc–nanoHAp was 

injected between the panniculus adiposus layer and panniculus carnosus of the mice. 



The animal experiment was approved by the Institutional Animal Care and Use 

Committee of Seoul National University. 

At weeks 0, 1, 4, 8, and 12, all the groups were examined by magnetic resonance 

imaging (MRI) volumetric analysis under isoflurane/O2 (1.5% isoflurane, 1.0 l/min 

O2). A magnetic resonance scanner (Agilent 9.4T/160AS; Agilent Technologies, 

Santa Clara, CA, USA) and 1-ch coil (Millipede Coil, Agilent Technologies, Santa 

Clara, CA, USA) were used for the MRI analysis. Both T2-weighted axial and 

coronal images were obtained. The slice thicknesses of the axial and coronal images 

were 0.3 and 1.0 mm, respectively. The axial T2-weighted image was used for the 

volumetric analysis using a SNUH PACS Viewer (Seoul National University, Seoul, 

Korea). 

 

Histological analysis  

At weeks 1, 4, 8, and 12, injected skin biopsies with sizes of 1 cm × 1 cm were 

extracted and fixed in a 10% formaldehyde solution for 24 h, after which they were 

embedded in paraffin and sectioned to thicknesses of 6 µm. The sections were 

stained using hematoxylin and eosin (H&E) and MT stain and were analyzed using 

image analysis software (ImageJ, National Institute of Health, Bethesda, MD, USA; 

Leica QWin V3, Leica Microsystems Cambridge, England, UK). 

 



Statistical analysis 

All the data were analyzed using Kruskal–Wallis tests implemented in SPSS 

version 20.0 (IBM Corporation, Armonk, NY, USA). Step-up Mann–Whitney tests 

were used with a multiple comparison adjustment. A P-value of less than 0.05 was 

considered statistically significant.  

 

3.2.3. Results and Discussion  

Microstructures of HAc–HAp composite fillers 

The surface morphologies of the HAc–HAp composite fillers were verified by 

comparison with that of pure HAc. All the specimens exhibited particulated form, as 

observed in Figure 3.2.1. The average size of the gel particles of the pure HAc filler 

was 250 μm (Figure 3.2.1a). In the HAc–microHAp, HAp microspheres were 

embedded within the gel particles, as observed in Figure 3.2.1b. The HAp 

microspheres had high sphericity, with an average size of 20 μm. HAc–nanoHAp 

exhibited a similar morphology as that of pure HAc (Figure 3.2.1c). The gel particles 

of HAc–nanoHAp were also approximately 250 μm. As observed in the high-

magnification image (Figure 3.2.1d), 200-nm-sized spherical nanoparticles were 

formed on the surface of the HAc gel particles and were uniformly distributed in the 

HAc matrix.  

 



Swelling capabilities and rheological properties 

The swelling capacity and stiffness are considered key factors for injectable 

fillers [142, 143]. In particular, these parameters are closely correlated to the tissue 

lifting capacity [117]. Thus, the water uptake capacities of the HAc–HAp composite 

fillers were investigated to elucidate their effective lifting capacities, and the results 

are presented in Table 5. All the HAc–HAp composite fillers absorbed less water 

(~91%) than pure HAc (~97%), as indicated by their lower swelling ratios at 

equilibrium. These results indicate that the addition of HAp in the fillers decreased 

their swelling capacity. In particular, nanosized HAp tightly bonded to the HAc 

surface, which limited the movement of HAc chains and reduced the swelling 

capacity [141]. The reduced swelling eventually resulted in an increased stiffness of 

the fillers; thus, the HAc–HAp composite fillers exhibited stronger performance than 

pure HAc because of their decreased water uptake capacity. 

The filling capacity is also associated with gel stiffness [144]. Stronger gels show 

greater resistance to deformation, resulting in greater volume restoration [28]. G’ G′, 

which is a key parameter used to describe the gel strength, is plotted as a function of 

frequency for the HAc–HAp composite fillers and the pure HAc filler in Figure 3.2.2. 

G′ of the pure HAc filler exhibited frequency-dependent behavior and highly 

deformable gel properties. The HAc–HAp composite fillers exhibited predominantly 

elastic behaviors, with G′ remaining constant over the entire frequency range. In 



particular, HAc–nanoHAp exhibited the highest G′ value. The HAc–HAp composite 

fillers with higher stabilities are suitable for the correction of deeper wrinkles or 

severe skin deformation.  

 

Volumetric persistence 

The in vivo persistence, another key factor for ideal injectable fillers, is highly 

dependent on the sensitivity of the filler to enzymatic degradation [127]. Thus, a 

comparative analysis of the degradation profiles of the HAc–HAp composite and 

pure HAc fillers was performed using animal tests.  

MRI techniques are an efficient method for evaluating the evolution of filler 

volume over time [145, 146]. All of the fillers were easily detectable and their three-

dimensional structures were easily visualized using MRI because of their high levels 

of hydration [147]. The images of pure HAc were the brightest because its main 

component was water. The T2 images of the HAc–microHAp and HAc–nanoHAp 

fillers were darker than those of pure HAc because of the presence of HAp; however, 

the contrast was sufficiently high to distinguish the fillers from skin tissues. The 

fillers were initially examined immediately after injection, and the remaining 

volumes after 4 and 12 weeks were also measured. Figure 3.2.3 reveals the 

significant difference in residual volume between the HAc–HAp composite fillers 

and pure HAc. The volume of pure HAc (Figure 3.2.3a) significantly decreased over 



time, whereas those of HAc–microHAp (Figure 3.2.3b) and HAc–nanoHAp (Figure 

3.2.3c) showed long-lasting performance. The remaining volume over time was 

measured by calculating the filler area in the T2 images (Figure 3.2.4). After 4 weeks, 

the volume changes started to differ significantly for pure HAc and HAc–nanoHAp 

(P < 0.05). For HAc–nanoHAp, 77% of the volume was retained, whereas only 36% 

of pure HAc remained after 4 weeks. HAc–microHAp and HAc–nanoHAp showed 

similar volume maintenance until 4 weeks. After 8 and 12 weeks, the remaining filler 

volume was significantly higher for HAc–microHAp (65 ± 8%) and HAc–nanoHAp 

(76 ± 7%) than for pure HAc (24 ± 8%) (P < 0.01).  

Hydrated HAc gel networks generally decrease in size when exposed to 

hyaluronidase [148]. The degradation profiles and volume persistence of HAc are 

assumed to be associated with the swelling capacity. Thus, the aforementioned 

results may be related to the lower water content in the HAc–HAp composite fillers 

compared with pure HAc. Less water implies reduced accessibility of HAc 

specimens to enzymes. Thus, HAc–HAp composite fillers would consequently 

undergo less degradation than pure HAc. 

The HAp microspheres and nanoparticles in the HAc–microHAp and HAc–

nanoHAp, respectively, also promoted the persistence of the HAc–HAp composite 

fillers because of their good stability under physiological conditions. In particular, 

the HAc–nanoHAp fillers exhibited excellent mechanical strength and high 



resistance to enzymes because the nanoHAp particles were strongly bonded to the 

surface of the HAc hydrogels. In addition to their structural stability, the HAc–HAp 

composites resulted in significant enhancement to the bioactivity on fibroblast cells 

in our previous study [141]. Indeed, the in vitro results depicted in Figure 3.2.5 

demonstrate that the bioactive HAp particles stimulate fibroblasts to proliferate 

compared with pure HAc. A comparison of HAc–microHAp and HAc–nanoHAp 

reveals that the cellular performance is greatly affected by the size of the HAp 

particles (Figure 3.2.5a). Fibroblasts were attached to the HAp microspheres in 

HAc–microHAp, and the micro-sized cell clusters were examined at high 

magnification. In HAc–nanoHAp, more fibroblasts were attached on the overall 

surface. In addition, the cells were highly stretched on HAc–nanoHAp, as observed 

in the image at high magnification. The nano-sized HAp particles in HAc–nanoHAp 

were more uniformly distributed than the micro-sized HAp particles in HAc–

microHAp. These results show good correlation with the in vitro cell proliferation 

results after 4 days of culturing of the fibroblasts on the hydrogels (Figure 3.2.5b). 

The number of fibroblasts on HAc–nanoHAp significantly increased compared with 

those on pure HAc and HAc–microHAp, which agrees well with the in vivo results 

showing a higher cell influx to HAc–nanoHAp than to pure HAc or HAc–microHAp. 

HAp is thought to induce the stimulation of fibroblasts and increase ECM synthesis 

around the fillers, which eventually enhances the in vivo persistence of the fillers. 



Histomorphometrical images of the fillers are presented in Figure 3.2.6. There was 

less tissue ingrowth between the pure HAc gel particles; however, more extensive 

fibrous tissue extended into the HAc–HAp composite filler particles than into pure 

HAc. In particular, the HAp nanoparticles on the surface of the HAc–nanoHAp 

fillers significantly induced fibroblast cell migration from the surrounding tissue and 

led to regeneration of a new tissue structure. These noticeable cell influxes into the 

HAc–HAp composite filler particles are expected to promote biointegration with the 

surrounding tissue [81, 111, 149]. In addition, mechanically strengthened HAc–HAp 

composite fillers might have positive effects on fibroblasts with respect to stretching 

for robust collagen synthesis [150, 151]. Thus, collagen network reinforcement in 

the area injected with HAc–HAp composite fillers resulted in improved performance 

compared with pure HAc with respect to localization at the injection site and 

prolonged volume maintenance.  

 

Bioactivity on the dermis 

The biological responses on the dermis were histologically examined to predict 

the effect of the addition of HAp in the fillers on the biocompatibility and bioactivity. 

The dermal thickness after filler injection was analyzed using H&E staining. The 

dermal thicknesses of all of the HAc–HAp composite fillers were significantly 

increased compared with that of pure HAc after 12 weeks (Figure 3.2.7a). The HAc–



microHAp fillers initially showed increases of the dermal thickness (Figure 3.2.7b). 

At week 12, the thickness of the HAc–HAp group was significantly larger than that 

of the pure HAc group (P < 0.01). In the dermal microenvironment, collagen 

stimulation is directly associated with dermal thickness [80, 152, 153]. Therefore, 

the collagen distribution was also examined using MT staining, and the results are 

presented in Figure 3.2.8a. Accordingly, at week 1, the HAc–microHAp group 

initially exhibited accelerated collagen formation and showed more collagen 

deposition than the pure HAc group (Figure 3.2.8b). At weeks 8 and 12, the collagen 

area of the HAc–nanoHAp group was significantly larger than that of the pure HAc 

group (P < 0.01). A greater dermal thickness along with highly formed collagen is 

highly associated with increased cell proliferation, which eventually enhances the 

dermal structure [80]. These biological results corroborate the notion that HAp 

particles in HAc–HAp composite fillers activate fibroblast proliferation and ECM 

synthesis [52, 74]. In particular, nanoHAp particles have better effects on ECM 

stimulation than microHAp over a longer period because they have a larger surface 

area exposed to the dermal environment. Nano-sized HAp particles appear to provide 

effective interference for various proteins and growth factors that promote cell 

growth and tissue formation. However, further analyses are necessary to verify the 

mechanism of ECM synthesis via HAp at the genetic level. 

 



3.2.4. Conclusion 

The effectiveness of HAc–HAp composite fillers in improving the mechanical 

strength and durability compared with pure HAc was systematically demonstrated. 

The HAc–HAp composite fillers exhibited enhanced long-lasting properties as well 

as beneficial biological properties. Accordingly, the HAc–HAp composite fillers are 

great candidates for soft tissue augmentation. However, further research should be 

conducted to determine the mechanism of dermal ECM synthesis considering the 

receptor-mediated interactions between HAc–HAp composite fillers.  

 

 

 

 

 

 

 

 

 

 

 

 



Table 

Table 5. Water content of pure HAc, HAc–microHAp, and HAc–nanoHAp 

fillers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Filler Water content [vol%] 

Pure HAc  

HAc–microHAp  

HAc–nanoHAp  



Figures 

 

Figure 3.2.1. Surface morphologies of (a) pure HAc, (b) HAc–microHAp, and 

(c) HAc–nanoHAp and (d) a high-magnification image of HAc–nanoHAp 

(×30k). 



Figure 3.2.2. G′ of pure HAc, HAc–microHAp, and HAc–nanoHAp as a 

function of frequency. 



Figure 3.2.3. Axial T2 images of (a) pure HAc, (b) HAc–microHAp, and (c) 

HAc–nanoHAp at 0, 4, and 12 weeks after filler injection. 



Figure 3.2.4. Remaining gel volume as a function of time until 12 weeks based 

on MRI volumetric analysis. 



Figure 3.2.5. (a) In vitro cell attachment images of pure HAc, HAc–microHAp, 

and HAc–nanoHAp using L929 fibroblast cells. First and second row scale bars 

= 50 and 20 μm, respectively. (b) Cell viability after 4 days of culturing on pure 

HAc, HAc–microHAp, and HAc–nanoHAp (*P<0.05). 



Figure 3.2.6. Filler morphological analysis by H&E staining at 8 weeks. Scale 

bars = 100 μm. 



Figure 3.2.7. (a) Analysis of dermis thickness using H&E staining at 12 weeks. 

Scale bars = 100 μm. (b) Analysis of dermal thickness using ImageJ (**P<0.01). 



Figure 3.2.8. (a) Analysis of collagen distribution using MT staining at 12 weeks. 

Scale bars = 100 μm. (b) Analysis of collagen area in the dermis (*P<0.05, 

**P<0.01). (c) Procollagen gene expression at 8 weeks (**P<0.01, #P<0.5). 



3.3. Wrinkle Improvement Using Hyaluronic Acid–

Hydroxyapatite Nanocomposite Hydrogel Fillers  

 

3.3.1. Introduction 

In this study, the effect of HAc–nanoHAp composite fillers on wrinkle 

improvement was analyzed using a photo-aged animal model. For this purpose, the 

rheological performance (gel stiffness and cohesiveness) was examined to verify the 

effect of the mechanical properties of the composite hydrogels on the skin tissue. 

The filler performance under skin was also evaluated using MRI to examine the 

lateral diffusion after injection. Finite element modeling was conducted to 

investigate the correlation between the gel stiffness and lifting effect of the fillers. 

Furthermore, the biological response of the HAc–nanoHAp filler was analyzed to 

evaluate the efficacy of HAp nanoparticles on dermal tissue stimulation. 

 

3.3.2. Experimental procedures 

Characterization and mechanical properties of hydrogels 

HAc–nanoHAp hydrogels were fabricated following an identical process as that 

introduced in Chapter 3.2. Briefly, pure HAc hydrogel was prepared after being 

crosslinked by BDDE and was then immersed in a solution of CaCl2 and H3PO4. 

Subsequently, the hydrogel was dipped in 15% NH4OH solution for 30 min to 



precipitate HAp nanoparticles within the hydrogel. All the hydrogels for the 

rheological tests and in vivo analysis were homogenized at 7000 rpm for 5 min and 

autoclaved at 121°C for 30 min. 

The morphologies of the hydrogels were examined using FE-SEM (SUPRA 

55VP, Carl Zeiss Co., Germany). Before their characterization, the samples were 

lyophilized overnight to maintain the structure of the samples. 

The actual HAp content and chemical stability of the composite hydrogels were 

quantified and analyzed using TGA (Discovery TGA, TA instruments Co., USA). 

Before the analysis, all the hydrogel samples were completely dried in air and heated 

to 1000°C at a rate of 20°C/min under an N2 atmosphere.  

The rheological behavior of the hydrogels was assessed using a controlled strain 

rheometer (ARES, Rheometric Scientific, USA). Hydrogel samples with diameters 

of 20 mm and thicknesses of 1 mm were prepared. Frequency sweeps were 

performed in the angular frequency range of 0.1 to 100 rad/s at a strain of 1% in the 

linear region, and strain sweeps were performed in the strain range of 0.1% to 200%. 

In addition, the hydrogels were also evaluated in the compressive mode to evaluate 

the gel cohesiveness. First, 0.2 mL of the hydrogels was placed between two 20-mm-

thick plates. In normal force mode, the upper plate was placed in contact with the 

hydrogels and was then lowered toward the bottom plate, thus compressing the 

hydrogel to 70% compression. The resulting normal force was measured during the 



experiment. 

 

In vivo cohesivity measurements using magnetic resonance imaging  

In vivo filler injection of 5-week-old male BALB/c nude mice from KOSA Bio 

Inc. (Seongnam, Korea) was conducted. At hours 0.5, 1, 2, and 24 and on day 7, all 

the fillers were examined using MRI surface analysis under isoflurane/O2 (1.5% 

isoflurane, 1.0 l/min O2). A magnetic resonance scanner (Agilent 9.4T/160AS, 

Agilent Technologies, Santa Clara, CA, USA) and 1-ch coil (Millipede Coil, Agilent 

Technologies) were used for the MRI analysis. T2-weighted axial images were 

obtained using a slice thickness of 1.0 mm. The axial images were used for the lateral 

diffusion analysis using a SNUH PACS Viewer. T2-parametric images were obtained 

using a multispin-echo sequence (FSE: TR/TE= 6000/25 ms with 15 echos) with a 

35-mm-diameter dedicated surface coil. The images were evaluated using the image 

analysis software MATLAB (Mathworks, Natick, MA, USA). 

 

Wrinkle improvement observation using UV-irradiated in vivo models 

Six-week-old female BALB/c nude mice were treated with ultraviolet-B (UVB) 

rays 6 times a week for 6 weeks following the irradiation procedures introduced in 

our previous study [154]. The wavelengths were between 290 and 320 nm, the 

radiation source was provided by 4 UVB lamps (TL 20W/12 RS; Koninklijke Philips 



N.V., Eindhoven, The Netherlands), and Kodacel (TA401/407; Eastman Kodak 

Company, Rochester, NY) was used to filter the ultraviolet-C (UVC) wavelengths 

[154]. The UVB-treated mice were then classified into three groups: those treated 

with no therapy, commercial pure HAc from Q-MED (Restylane, Uppsala, Sweden), 

and HAc–nanoHAp filler. The wrinkle improvement results were compared before 

and 4 weeks after injection.  

Replicas of the upper back skins were created using a silicon-based impression 

material (Courage and Khazaka Electronic GmbH, Cologne, Germany). The replicas 

were cut into circular 1-cm-diameter pieces, which were processed to ensure that 

they were flat. Before and after injection, the skin biopsies with size of 1 cm × 1 cm 

were fixed in a 10% formaldehyde solution for 24 h and were then embedded in 

paraffin and sectioned at 6 µm. The sections were stained using H&E, MT, and 

Verhoeff–Van Gieson stains and were analyzed using image analysis software 

(ImageJ, National Institute of Health, Bethesda, MD, USA; Leica QWin V3, Leica 

Microsystems Cambridge, England, UK).  

For immunohistochemistry analysis, tissue sections were cut and placed on 

microscope slides. An automated immunohistochemistry stainer (Discovery XT, 

Ventana Medical Systems, Inc., Tucson, AZ, USA) was used to stain the slides, and 

the Ventana ChromoMap Kit (Ventana Medical Systems) was used for detection. The 

tissue sections were deparaffinized, and CC1 standard (a buffer containing Tris, 



borate, and ethylenediaminetetraacetic acid, pH 8.4) was used to retrieve the antigen. 

Inhibitor D (3% H2O2, endogenous peroxidase) was plugged in for 4 min at 37°C. 

The slides were incubated with vimentin (Abcam, Cambridge, MA, USA) for 32 min 

and with OmniMap anti-rabbit horseradish peroxidase as a secondary antibody for 

20 min. The slides were incubated in diaminobenzidine using a H2O2 substrate for 8 

min at 37°C followed by hematoxylin bluing reagent counterstaining. A Tris buffer 

at pH 7.6 was used as the washing solution. The stained slides were evaluated using 

image analysis software (Leica QWin V3 and Leica Microsystems CMS GmbH, 

Wetzlar, Germany).  

 

TEM examination of in vivo biological specimens with hydrogel fillers  

Skin biopsies with the hydrogel fillers 5 and 8 weeks after injection were further 

analyzed using TEM. After fixation with Karnovsky’s solution, the samples were 

washed with 0.05 M sodium cacodylate buffer twice for 10 min each. They were 

post fixed with a solution of 2% of osmium tetroxide and 0.1 M cacodylate buffer in 

sequence. The samples were then dehydrated with a gradually increasing 

concentration of ethanol from 30% to 90%. To ensure complete ethanol saturation, 

the ethanol content of the dehydration solution was increased to 100%, and the 

dehydration was performed three times. En bloc staining using 0.5% uranyl acetate 

solution was conducted before the gradual dehydration procedures. The samples 



were then passed through propylene oxide, which is a transition solvent, before being 

infiltrated and embedded in Spurr’s resin. After embedding the resin, the blocks were 

sectioned by an ultramicrotome and sections with thicknesses of 50–70 nm were 

collected on a metal mesh grid. The internal structure of the dermis above the 

hydrogel fillers was examined using TEM (JEM1010, JEOL, Japan). 

 

Statistical analysis 

All the data were analyzed using the Kruskal–Wallis test with SPSS software 

version 20.0 (IBM Corporation, Armonk, NY, USA). Step-up Mann–Whitney tests 

were used with a multiple comparison adjustment. A P-value of less than 0.05 was 

considered statistically significant. 

 

3.3.3. Results 

Characterization and rheological properties of HAc–nanoHAp  

Figure 3.3.1 shows the microstructures of the hydrogel fillers. The pure hydrogel 

had a highly porous structure (Figure 3.3.1a). HAc–nanoHAp also exhibited an 

interconnected porous structure, as observed in Figure 3.3.1b, implying that the 

network of hydrogels was maintained after the in situ precipitation procedure. At 

higher magnification, however, the morphology of the pure HAc hydrogel was 

distinctly different from that of the HAc–nanoHAp. The pure HAc had a smooth 



surface, as observed in Figure 3.3.1c, whereas a high density of nanosized spherical 

particles was observed on the HAc–nanoHAp surface (Figure 3.3.1d). A uniform 

distribution of HAp nanoparticles with an average size of 200 nm was observed on 

the surface of HAc–nanoHAp. In this system, we changed the concentration of the 

CaCl2 and H3PO4 solution to obtain different contents and sizes of the precipitated 

HAp particles. A gradual increase in quantity and size was observed in the high-

magnification images. The particle content was similar when the CaCl2 

concentration was controlled from 1 to 3 w/v%. However, the CaCl2 concentration 

affected the nanoparticle size during precipitation process. The size distribution 

decreased and the average particle size increased with increasing CaCl2 

concentration from 1 to 3 w/v%. The total amount of HAp was calculated under the 

assumption that the particles were spherical. It was concluded that smaller particles 

were precipitated in larger numbers in the HAc matrix, with the total amount of HAp 

remaining the same. Increasing the concentration of precursors for the in situ 

precipitation played a more critical role in increasing the nanoparticle size than 

increasing the content. 

The rheological properties of the hydrogel particulates after granulation were 

characterized using a rheometer (Figure 3.3.2a). For all frequencies, great 

enhancement of G′ was observed for HAc–nanoHAp compared with that of pure 

HAc (Figure 3.3.2b). From the rheological kinetics results in strain sweep mode, 



depicted in Figure 3.3.2c, the strain point of HAc–nanoHAp, at which the gel starts 

to collapse, was significantly higher than that of pure HAc, implying higher 

structural integrity. The interaction between the gel particles was also analyzed in 

compressive mode, as shown in Figure 3.3.2d. The compressive force–displacement 

profiles are shown after 70% compression in unconfined mode. HAc–nanoHAp had 

a higher modulus than pure HAc. In addition, the cohesivity index of HAc–nanoHAp 

was 50-fold higher than that of pure HAc, which implies that the HAp nanoparticles 

remarkably affect the gel cohesiveness, affecting the friction between the surfaces of 

the gel particles during compressive deformation. These rheological results indicate 

that the uniformly precipitated nanoHAp enhanced the structural integrity of the 

hydrogels, demonstrating their great ability of maintaining their shape under force. 

Overall, among the pre-existing products, HAc–nanoHAp exhibit the best lifting 

capacity thanks to the combination of its high G’ and high gel cohesiveness, as 

depicted in Figure 3.3.3. 

 

Biophysical performance of HAc–nanoHAp on dermal matrix 

The HAc–nanoHAp fillers were applied to an in vivo animal model to determine 

the effect of gel stiffness on their behaviors under skin compared with that of the 

pure HAc fillers. The lateral diffusion of both fillers was visualized using MRI, 

which helps explain the good correlation between the rheological performance and 



in vivo gel diffusion. As observed in Figure 3.3.4a, the pure HAc first diffused 

laterally and was then progressively resorbed, whereas HAc–nanoHAp showed 

significantly less flow, and they both maintained their original shape relatively well 

at the injected sites. The lateral diffusion ratio of pure HAc dramatically increased 

even in the early stage, whereas that of HAc–nanoHAp decreased over time (Figure 

3.3.4b). Notably, the filler and dermal tissue modification were clearly observed in 

the T2 parametric images (Figure 3.3.4c) over time because HAc contains a large 

amount of water and the transverse relaxation time of water (200 ms) differs 

distinctly from that of dermal tissues (35 ms) [155, 156]. The T2 relaxation time of 

HAc–nanoHAp was much lower than that of pure HAc because of the presence of 

HAp. In addition, not only the swelling ratio but also the bioactivity of the fillers 

were determined from the T2 signal graph and images. A shorter T2 time was 

observed for HAc–nanoHAp than for pure HAc, indicating a smaller swelling ratio 

for HAc–nanoHAp because of the nanoparticles. The dermal tissue also had a lower 

T2 value over time, especially for HAc–nanoHAp, implying that it more greatly 

induced ECM formation surrounding the fillers than pure HAc. 

Computational modeling was also performed, with the load applied from the top 

part of the skin, to verify the gel stiffness effect on wrinkle improvement using mesh-

generated wrinkle images (Figure 3.3.5). A larger stress distribution was observed 

on the pure HAc filler and surrounding tissues than on HAc–nanoHAp, as shown in 



Figure 3.3.6. Pure HAc exhibited 20% deformation in the vertical direction and 

laterally diffused, with a lateral ratio of 1.10:1, whereas HAc–nanoHAp only 

exhibited 9% deformation with a lateral ratio of 1.04:1. Because of the high stiffness 

of HAc–nanoHAp, there was less modification of the filler shape, resulting in 

significant retention of its lifting capacity. In contrast, the pure HAc filler was greatly 

flattened because of the loss of skin elasticity.  

 

Wrinkle observation and biological performance of HAc–nanoHAp on dermal 

matrix  

The wrinkles 4 weeks after implantation were compared with those of the pre-

injection samples by examining the replicas of the skin and histologically stained 

images. Deep wrinkles were clearly observed for the UVB-treated skin, as shown in 

Figure 3.3.7a. After filler treatment, all the samples treated using pure HAc (Figure 

3.3.7b) and HAc–nanoHAp (Figure 3.3.7c) were flattened compared with the UVB-

treated and untreated samples (Figure 3.3.7d). Quantitative analysis of the wrinkles 

was conducted by measuring the wrinkle depth from the cross-sectioned histological 

images. A significant decrease in the wrinkle mean depth was observed when using 

HAc–nanoHAp compared with pure HAc, as depicted in Figure 3.3.7e (*P < 0.05). 

The wrinkled skins, dermal thickness, and collagen fibers of the wrinkled skins 

were evaluated 4 weeks after injection. A significant increase of the dermal thickness 



was observed for the UVB-treated skin (Figure 3.3.8a) because of the severe damage 

that occurred to the collagen fibers and the increase of abnormal elastic fibers, 

leading to fibroelastosis. After filler injection, a significant decrease in skin thickness 

was observed for both filler treatment groups (Figure 3.3.8b–c). The filler-treated 

samples had similar thicknesses as the untreated samples (Figure 3.3.8d). The 

thickness of the HAc–nanoHAp group was significantly smaller than that of the 

UVB-treated group (** P < 0.01), as observed in Figure 3.3.8e, implying that 

nanoHAp regenerated normal ECM matrix. The MT-stained images (Figure 3.3.9) 

showed the collagen fibers in the dermis. Compared with the UVB-treated group 

(Figure 3.3.9a), the pure HAc group (Figure 3.3.9b) and HAc–nanoHAp group 

(Figure 3.3.9c) had similar collagen areas as the untreated group (Figure 3.3.9d). 

Quantitative analysis of the collagen area from the MT-stained images revealed a 

significant increase in the collagen area after HAc–nanoHAp injection compared 

with both the UVB-treated and pure HAc groups (Figure 3.3.9e) (* P < 0.05). 

Therefore, the HAp nanoparticles in the HAc–nanoHAp filler remarkably enhanced 

the dermal structure and resulted in high collagen deposition under deep furrows [52]. 

The elastic fiber areas (black area in the dermis) (Figure 3.3.10) were also examined 

using Verhoeff–Van Gieson staining. After UVB irradiation, the elastic fiber areas in 

the dermis significantly decreased (Figure 3.3.10a) (* P < 0.05). Both filler-treated 

groups (Figure 3.3.10b–c) had higher densities of elastic fiber areas than the 



untreated groups (Figure 3.3.10d). The proportion of elastic fiber area of the HAc–

nanoHAp group was larger than that of the pure HAc group (Figure 3.3.10e) (** P 

< 0.01), indicating that nanoHAp exhibited a great ability to regenerate elastic fibers. 

It can be concluded that HAc–nanoHAp accelerated the substitution of normal tissue 

matrix for abnormal tissue because of the UVB treatment. 

 

3.3.4. Discussion 

The main factors contributing to improvement of skin wrinkles are related to 

physical properties of the injectable fillers, specifically, the volumetric longevity and 

gel stiffness [117, 129, 142]. In particular, the duration of the wrinkle improvement 

can be predicted based on the gel persistence and biostability [139]. In our previous 

study, 60% of the HAc–nanoHAp filler volume was retained 4 weeks after injection 

into nude mouse skin, whereas drastic degradation of pure HAc was observed, with 

only 40% of the volume retained [139]. These findings indicate that the HAp 

nanoparticles in HAc–nanoHAp imposed a physical barrier to enzymatic breakdown, 

which contributed to their high resistance. Thus, the incorporation of HAp 

nanoparticles made the gel more durable than pure HAc under physiological 

conditions. The HAc–nanoHAp-treated skins resulted in better wrinkle improvement 

thanks to the increased longevity and greater volumizing effect of the HAc–



nanoHAp fillers than pure HAc. Therefore, HAc–nanoHAp is suited to lifting zones 

with deep furrows and high levels of muscle activity, such as nasolabial folds. 

Lifted skin generally tends to move to its original state and thus gradually applies 

a downwards force to injected fillers, which induces gel deformation.[146] Thus, 

gels with higher stiffness (higher G′) such that they can maintain their shape and 

remain localized at the injected site can be introduced to correct wrinkles and deep 

folds [128]. Pure HAc with lower gel stiffness was observed to be largely deformed 

into a flattened shape, whereas HAc–nanoHAp exhibited smaller deformation, 

maintaining its shape. This result is correlated to the quantified G′ results. HAc–

nanoHAp exhibited stronger structural integrity than pure HAc, and the stronger gel–

gel interaction of HAc–nanoHAp restricted filler movement under the application of 

a shear force to the skin tissue, with the filler appearing less diffuse in the lateral 

direction. Because of the severe deformation in shape, the pure-HAc-treated 

wrinkles had a minimal effect on filling the volume; however, HAc–nanoHAp 

provided more efficient skin lifting. 

Synergistic effect of HAc-nanoHAp filler can be also highlighted in terms of not 

only improving the wrinkles, but also enhancing structural support the dermal matrix. 

In particular, HAc-nanoHAp filler showed excellent gel cohesiveness as depicted in 

Figure 3.3.2, resulting in high structural integrity with strong resistance to skin 

friction. However, the bioactivity of the filler can be generally decreased if its 



cohesivity is too high, since there is insufficient space for the cells and tissue to be 

infiltrated into filler gel particles. Bioactivity of HAc-nanoHAp filler can be 

complemented by the exposure of high density of HAp nanoparticles on the surface 

of the hydrogel filler. This structural morphology is provided by in-situ precipitation 

process. Indeed, HAc-nanoHAp filler fabricated through in situ precipitation showed 

big difference between simply mixed composite filler in terms of uniformity and the 

appearance of HAp particles in the HAc matrix. Due to uniform distribution of HAp 

nanoparticles on the surface of filler matrix, biointegration with the surrounding 

tissue is highly promoted, consequently resulting in even more enhanced 

performance with prolonged volume maintenance. 

An additional factor affecting wrinkle improvement is the bioactivity of the filler 

materials, which is a measure of their ability to stimulate the regeneration of 

surrounding tissue. HAp induces fibroblast proliferation; thus, we also performed 

immunostaining using vimentin, which is a fibroblast marker. The fibroblasts were 

highly proliferated after 8 weeks in both groups, and the HAc–nanoHAp filler 

resulted in a significantly larger vimentin area than that of pure HAc. According to 

the vimentin area results, the HAc–nanoHAp filler increased the biosynthetic 

capacity of dermal fibroblasts (Figure 3.3.11). This finding is directly associated 

with the reconstruction of a physiologic environment, such as the synthesis of 

collagen [157]. The fibroblasts surrounding HAc–nanoHAp demonstrated a 2.5-



fold-higher level of type I procollagen gene expression compared with that of the 

pure-HAc-treated skins (Figure 3.3.12). A high density of collagen production 

following HAc–nanoHAp filler injection was also observed in highly organized 

forms, as depicted in Figure 3.3.13. This structural support of the dermal ECM by 

HAp nanoparticles generated a tightening effect on the collagen fiber network in 

accordance with the stretched fibroblasts [151]. Thus, the firmness of the dermal 

tissue was improved as the thickness of dermal tissue was increased. The HAp 

nanoparticles also stimulated the level of elastic fibers, which play a role in 

determining the skin elasticity. The increased content of ECM components resulting 

in wrinkle improvement compensated for the skin laxity caused by the gel stiffness 

and skin deformation, which explains the difference in the wrinkle ratio observed for 

the in vivo results and simulation data.  

 

3.3.5. Conclusion 

HAc–nanoHAp hydrogel fillers were successfully fabricated via in situ 

precipitation, and their effectiveness on improving the rheological properties and 

dermal biomechanics were further evaluated. Based on in vivo analysis using a 

wrinkled skin model, we achieved high lifting capacity using the HAc–nanoHAp 

hydrogel fillers as a result of enhanced mechanical properties compared with those 

of the pure HAc filler. Furthermore, the biocompatibility of HAc–nanoHAp was 



analyzed in an in vivo test, showing highly stimulated ECM synthesis in the dermal 

environment. Consequently, it is expected that HAc–nanoHAp hydrogels have great 

potential for soft tissue augmentation application, as they show great wrinkle lifting 

performance and enhanced bioactivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figures 

 

Figure 3.3.1. Cross-sectional SEM images of (a) pure HAc with high porosity 

and (b) HAc–nanoHAp. High-magnification images of (c) pure HAc with a 

smooth surface and (d) HAc–nanoHAp containing uniformly distributed HAp 

nanoparticles. 



Figure 3.3.2. (a) Photographs of fillers on the rheometer plate. G’ of fillers as a 

function of (b) angular frequency and (c) strain. (d) Axial force graph of fillers 

in unconfined mode under compression. 



 

Figure 3.3.3. G′ and cohesivity index of commercial filler products and HAc–

nanoHAp to illustrate their lifting capacities. 



Figure 3.3.4. (a) T2 parametric images showing fillers and dermal tissue 

modification and lateral diffusion of fillers over 7 days. (b) Lateral diffusion 

ratio and (c) T2 relaxation time graph of fillers over time. 



Figure 3.3.5. (a) H&E stained image showing shallow and deep wrinkles. (b) 

Illustration of skin layer components obtained using Image J. Scale bar = 500 

µm. (c) Constitutive parameters for each skin layer and simulation conditions. 

(d) Mesh-generated image of each skin layer and injected filler. 



Figure 3.3.6. Color plot of logarithmic strain distribution after simulation for 

pure HAc and HAc–nanoHAp, showing the gel stiffness effect on wrinkle 

improvement after loading a normal force on the skin to observe filler 

deformation in accordance with wrinkle deformation. The red arrow indicates 

the direction of filler deformation. 



Figure 3.3.7. Examination of wrinkles using skin replica: (a) UVB-treated, (b) 

pure-HAc-filler-treated, (c) HAc–nanoHAp-filler-treated, and (d) untreated 

samples. (e) Mean wrinkle depth calculated from histological images. (*P < 0.05). 



Figure 3.3.8. Images stained with H&E stain (100×): (a) UVB-treated, (b) pure-

HAc-filler-treated, (c) HAc–nanoHAp-filler-treated, and (d) untreated skin. (e) 

Quantification of dermal thickness (** P < 0.01). 



Figure 3.3.9. Collagen fiber formation in the dermis observed from images 

stained with MT stain (100x): (a) UVB-treated, (b) pure-HAc-filler-treated, (c) 

HAc–nanoHAp-filler-treated, and (d) untreated skin. (e) Quantification of 

collagen fiber area from MT stained images (* P < 0.05). 



Figure 3.3.10. Elastic fiber formation in the dermis observed from images 

stained with Verhoeff–Van Gieson (100x): (a) UVB-treated, (b) pure-HAc-filler-

treated, (c) HAc–nanoHAp-filler-treated, and (d) untreated skin. (e) 

Quantification of elastic fiber area (* P < 0.05, ** P < 0.01). 



Figure 3.3.11. Procollagen level of untreated, UVB-treated, pure-HAc-treated, 

and HAc–nanoHAp-treated skin 4 weeks after injection (* P < 0.05, ** P < 0.01). 



 

Figure 3.3.12. Observation of vimentin in (a) pure HAc and (b) HAc–nanoHAp 

by immunostaining (scale bar = 100 μm). (c) Quantitative vimentin area at week 

1, 4, and 12. 



Figure 3.3.13. TEM images of dermis after treatment with (a) pure HAc and (b) 

HAc–nanoHAp showing the higher density of collagen in highly organized 

forms following HAc–nanoHAp filler injection. 

 

 

 

 

 

 



 

 

 

 

 

Chapter 4. 

Hyaluronic Acid–Calcium Fluoride 

Nanocomposite Hydrogels for Advanced 

Antibacterial Wound Dressings 

 

 

 

 

 

 

 

 



4.1. Introduction 

Wound healing is a global issue that poses various challenges as the aging 

population increases. Indeed, unfavorable delayed healing conditions, including 

those associated with diabetes [158], ulcers [159], and persistent infections, result in 

wound failure accompanied by severe suffering [160]. Therefore, the need for the 

development of an effective wound dressing to achieve expeditious wound healing 

has attracted considerable attention. 

An ideal wound dressing must prevent infection, allow gaseous exchange, and 

provide a hydrated environment [161]. Recently, commercial wound dressing 

materials made of hydrogels have been widely been reported because of the presence 

of hydrophilic polymer chains, which can absorb a large amount of water [162]. 

Hydrogel dressings can also provide moisture to wounds and properly absorb 

exudates from the wound. These dressings can be made from either synthetic or 

natural polymers. Among the various dressings in hydrogel form, HAc has been 

recognized as exerting a positive effect on the wound healing process because of its 

excellent biocompatibility, bioactivity, and biodegradability [163, 164]. However, 

the demand for more advanced platforms for efficient wound therapy and the desire 

to achieve expeditious wound healing with several functionalities, such as 

bioadhesivity, bioactivity, or antibacterial activities, has resulted in great progress in 

the development of advanced wound dressing materials.  



One strategy to maximize the therapeutic effects of advanced wound dressings 

is to incorporate several agents or other materials to the dressings to fabricate 

composite hydrogel forms [165]. Especially for antibacterial effects, Ag 

nanoparticles [166] and antibiotic-loaded inorganic carriers such as silica 

nanoparticles [167] have been immobilized in hydrogels. However, these systems 

can cause toxicity in a cellular environment because of either the high concentration 

of particles or fast release of drugs. In our work, CaF2 nanoparticles were selected 

for incorporation in a HAc-based hydrogel to design a novel nanocomposite 

hydrogel system for advanced wound healing. Ca ions are known to greatly affect 

fibroblast contraction and proliferation, resulting in a decrease of wound size[168]. 

The effect of F ions on antibacterial activity has also been widely reported [169]. 

Thus, we expected that a CaF2-embedded composite hydrogel would display 

synergetic effects on wound healing in terms of bioactivity and antibacterial activity. 

In addition, the sustained release of ions from the composite hydrogels is expected 

because of the high crystallinity of CaF2. Because there have been no reports related 

to the effect of CaF2 on the wound healing process, we strongly highlight the 

potential for developing CaF2 composite hydrogels via the in situ precipitation 

process described in Chapter 2. 

 

4.2. Experimental procedures 



Fabrication and characterization of HAc–CaF2 nanocomposite hydrogels 

Before incorporating CaF2, the pure HAc hydrogel was fabricated using a 

mixture of glycidyl methacrylated HAc and poly(ethylene glycol) diacrylate with a 

M.W. of 700 g/mol using a photo-crosslinking process. The pure hydrogel was then 

immersed in CaCl2 solution overnight and subsequently dipped in NH4F solution to 

induce CaF2 precipitation within the gel. A schematic diagram of this process is 

presented in Figure 4.1. The precipitation time was controlled from 10 min to 1 h. 

The surface morphologies of the hydrogels were examined using FE-SEM (SUPRA 

55VP, Carl Zeiss, Germany), and their compositions were determined using XRD 

(D8-Advance, Bruker, Germany). The results were compared with those for the pure 

hydrogel.  

 

Ion release behavior 

 The ion release behaviors of fluorine ions (F−) from the CaF2 composite 

hydrogels in PBS solution at 37°C were monitored until 10 days using a fluoride ion 

electrode (Orion Star A214 fluoride electron, Orion Research Inc., UK) connected 

to an ion analyzer (901, Orion Research, UK) after dilution with an ionic strength 

adjustment buffer solution (TISAB).  

 

In vitro cell tests 



The in vitro cellular responses were examined using cell attachment tests and 

MTS assays using L929 fibroblasts. Fibroblasts at densities of 1 × 104 cells/mL were 

seeded on the hydrogels for the cell attachment. The cells were cultured in α-MEM 

(Welgene, Korea) supplemented with 10% FBS and 1% penicillin–streptomycin in 

a humidified incubator with 5% CO2 at 37°C for 3 days. After being fixed using 4% 

paraformaldehyde, the cells on the samples were stained with fluorescent phalloidin, 

and DAPI for 20 min, and 5 min, respectively. The cells attached on the hydrogels 

were visualized using CLSM (FluoView FV1000, Olympus, Japan). Then, 3 × 104 

cells/mL of cells were seeded on the hydrogels for the cell proliferation test. After 

culturing for 3 and 5 days, the level of cell proliferation was measured using the 

MTS assay (CellTiter 96 Aqueous One Solution, Promega, USA).  

For the in vitro cell migration assay, human umbilical vein endothelial cells 

(HUVECs) were used. In brief, HUVEC cells were seeded on 4-well plates and 

cultured until a cell monolayer was created. Then, a scratch was created using a 

pipette tip, and the plates were gently washed with the α-MEM medium 

supplemented with FBS to rinse the detached cells. The pure hydrogel and CaF2 

composite hydrogel were placed on each plate and incubated for 24 h. After culturing, 

images were obtained using a photomicroscope (ZEISS, Axiophot,  Germany) after 

staining with crystal violet \ for 20 min, and the migration ratio was calculated using 

the following equation: 



Migration ratio (%) = (M0−Mt)/M0 x 100%. 

Here, M0 and Mt represent the initial and healed scratch distance, respectively. 

 

Assessment of antibacterial activity of the CaF2 composite hydrogels 

To confirm the antibacterial activity of the CaF2 composite hydrogels, both 

qualitative and quantitative methods were employed using two different bacterial 

strains, Escherichia coli (E. coli; ATCC, PTA-573, Rockville, MD, USA) and 

Staphylococcus aureus (S. aureus) in Luria–Bertani broth (LB broth; BD DifcoTM, 

244620, USA). A concentration of 0.5 × 105 CFU/mL of bacteria was introduced 

onto the surface of the pure hydrogel and CaF2 composite hydrogel. The bacterial 

suspensions inoculated on each sample were incubated at 37°C for 12 h. Bacterial 

live/dead assays and colony tests were conducted using the qualitative and 

quantitative method, respectively. 

For the live/dead assays, the samples were carefully rinsed with new LB broth. 

The samples were then stained with SYTO 9 and propidium iodide at a ratio of 1:1 

for 15 min. The stained bacteria were examined using CLSM (live: green, dead: red). 

For the colony tests, the hydrogels were rinsed with 1 mL of PBS immediately 

after incubation, and the rinsed samples were transferred into 3 mL of fresh PBS in 

a 15-mL sterilized tube. The tubes containing bacteria incubated on the samples were 

then vortexed for 1 min to detach all the bacteria from the surfaces of the samples. 



The viable bacteria in the PBS were examined by standard serial dilution and 

spreading on a LB agar plate. The agar plate was incubated in 37°C for 15 h, and the 

colony images were obtained using a digital camera. 

 

In vivo animal tests 

For the in vivo animal tests, 13 male 6-week-old Sprague–Dawley rats were used 

to observe the wound healing efficiency of the CaF2 composite hydrogels compared 

with pure HAc hydrogels. This animal experiment was approved by the Institutional 

Animal Care and Use Committee of GENOSS. Wound closure was observed using 

full-thickness wounds. The rats were anesthetized via an intraperitoneal injection of 

zoletil (30 mg/kg) and rumpun (5 mg/kg). After the anesthetic was administered, the 

dorsum was shaved, sterilized with diluted betadine solution, and draped in a sterile 

manner. For the full-thickness wound preparation, an 8-mm diameter wound was 

created using a medical biopsy punch, and hydrogel dressings of identical size were 

placed on the wounds. Then, each hydrogel dressing was covered with transparent 

film and compressive dressing bandages for solid fixation. The wound closure was 

examined at different times and was quantified by measuring the change of the size 

of the wounds. At each measurement time, the hydrogel dressings were exchanged 

with new ones. After 7 days and 14 days of treatment, the tissues were harvested and 

fixed in 10% formalin overnight and embedded in paraffin. After sectioning the 



paraffin block in the vertical direction of the skins, histological sections were stained 

using H&E stain. 

 

4.3. Results  

A more dense and uniform distribution of nanoparticles was precipitated on the 

surface of the CaF2 composite hydrogels compared with the pure hydrogel (Figure 

4.2). Different CaF2 nanoparticle morphologies were also observed depending on the 

precipitation time based on EDS analysis (Figure 4.3). With increasing precipitation 

time, the CaF2 nanoparticle content increased. In addition, in the XRD patterns of all 

of the composite hydrogels, typical peaks of CaF2 ceramics and increased 

crystallinity with increasing precipitation time were observed (Figure 4.4).  

The ion-release profiles differed depending on the CaF2 concentration and 

precipitation time, as observed in Figure 4.5. By controlling the precipitation time, 

especially for 10 min and after 30 min, a large difference in the ion-release profiles 

as a function of CaF2 concentration was observed. A shorter precipitation time 

resulted in faster release of fluoride, whereas for the 30-min and 1-h samples, 

sustained ion release was achieved.  

Upon incorporating CaF2 particles in the gel matrix, the water content 

significantly decreased and the G′ values dramatically increased compared with 



those of the pure gel (Figure 4.6). Because CaF2 particles have high crystallinity, 

changing their content did not affect the stiffness of the hydrogels. 

Live/dead assays using both E. coli and S. aureus were conducted, and the results 

are presented in Figure 4.7. Interestingly, the CaF2 composite gel seemed more 

effective in inhibiting bacterial growth for S. aureus than for E. coli. E. coli is a 

representative gram-negative bacteria, which possesses additional lipid layer, 

whereas S. aureus is a gram-positive bacteria, which only has an outer layer 

consisting of proteoglycan. Thus, E. coli has a more negatively charged surface than 

S. aureus. The fluorine released from the CaF2 composite gel was less effective on 

the growth E. coli, whereas it greatly affected the growth of S. aureus. As S. aureus 

is generally found in infected wound regions, the CaF2 composite gel could be 

applied as an effective antibacterial wound healing material. The quantitative data 

from the bacterial colony tests using E. coli and S. aureus also matched the live/dead 

assay results, as observed in Figure 4.8. Regardless of the type of bacteria, the 

number of bacteria on the CaF2 composite gel decreased compared with that on the 

pure gel, demonstrating the role of CaF2 in inhibiting bacterial growth. 

Interestingly, the CaF2 composite gel exhibited excellent bioactivity compared 

with the pure gel. The fibroblasts were highly stretched and proliferated on the 

composites compared with on the pure hydrogel (Figure 4.9), which can be 

explained by the effects of Ca ions on cell viability. The fluoride ions greatly affected 



the bacteria growth negatively: however, they did not have any effect on cell viability. 

To elucidate the wound healing efficiency of the CaF2 composite gel, an in vitro cell 

migration assay was conducted using HUVECs. As observed in Figure 4.10, the 

released ions from the CaF2 composite gel greatly stimulated cell migration, 

resulting in faster wound closure than that observed using the pure gel. Among the 

composites, the samples with the 10-min precipitation time showed higher 

proliferation.  

The in vivo animal tests on the full-thickness wound model also showed good 

agreement with the in vitro results, as depicted in Figure 4.11. Expectedly, the 

untreated wound remained in the dry state and a scab was formed over the wound, 

whereas the wounds treated with the pure gel and CaF2 composite gel maintained 

their moisturized environment because of the hydrogel dressing treatments. The 

differences between these gels can be clearly observed in the wound healing rates, 

which were calculated based on the changes in the wound size areas. At day 6, the 

wounds treated with the CaF2 composite gels dramatically decreased in size down to 

40% of their initial sizes, whereas the wounds treated with the pure hydrogel 

remained at 60% of their initial sizes. Based on the histologically stained images of 

the wounds after 7 and 14 days of treatment, better wound healing performance was 

observed for the wound treated with the CaF2 composite gel than that treated with 

the pure gel and the untreated wound (Figure 4.12). At day 7, large numbers of 



fibroblasts were observed on the newly formed dermis sites of the wound regions 

regardless of the dressing material. However, a larger amount of newly generated 

epidermis was observed for the wounds treated with the CaF2 composite gel than for 

those treated with the pure gel. At day 14, a clear difference was observed between 

the samples. The untreated wound was also mostly healed; however, inflammatory 

cells were still present. Compared with the pure gel, the CaF2 composite gel 

accelerated re-epithelialization, resulting in a thicker and more mature epidermis. 

Overall, these results demonstrate the great potential of the CaF2 composite gel to 

serve as an advanced composite hydrogel for efficient wound healing applications. 

 

4.4. Discussion 

Because of their water-rich nature, hydrogels not only provide a moist 

environment to surrounding tissue but can also deliver any hydrophilic drug or agent 

to assist wound healing. In addition, incorporating bioactive ions to form a composite 

hydrogel or crosslinking hydrogel networks have also been reported for enhancing 

wound healing efficiency. However, it is difficult to control the release of ions under 

physiological conditions in these systems. In our work, we successfully fabricated 

CaF2 composite gels through an in situ precipitation process that showed sustained 

release of ions because of the high crystallinity of the particles in the gel. Because of 

this high crystallinity, the entire composite gel system possesses high stability under 



physiological conditions with high robustness. The incorporation of a low 

concentration of ions (ppm units) sufficiently improved both the antibacterial 

activity and bioactivity for efficient wound healing.  

The main approach of this work involved endowing multifunctionality to the 

hydrogel to enhance wound healing by inducing ion release from the precipitated 

particles in the hydrogel, which can play a role in wound-healing stimulation. In 

particular, fluoride ions are well-known for inhibiting bacterial growth, especially in 

dental applications. For example, the growth of Streptococcus mutans, which is a 

type of oral bacteria, tends to be inhibited in an environment containing 

approximately 1.9 ppm fluoride ions [169]. Moreover, fluoride ions are known to 

bind to bacterial membranes and inhibit the metabolism of bacteria [170]. Indeed, 

the actions of fluoride ions released from the CaF2 composite gel on bacteria led to 

inhibited growth of both E. coli and S. aureus. Therefore, it is reasonable to assume 

that the presence of fluoride in the CaF2 composite gel further restricted the growth 

of bacteria compared with the pure gel. Another feasible explanation for these results 

is related to the surface charge, as it is known to affect the level of bacterial adhesion 

[171]. Because the hydrogel itself was mainly composed of HAc, a well-known 

negatively charged polymer, and fluoride ions were released from the CaF2 particles 

within the gel, the CaF2 composite gel surface provided a negative surface charge 

under physiological conditions. This condition led to lower bacterial adhesion 



because of the degree of electrostatic repulsion with the bacteria, eventually resulting 

in the inhibition of bacterial growth. 

Interestingly, the released ions had a positive effect on the cellular behaviors of 

both L929 and HUVECs. There is a related study showing that fluorapatite (FA) 

positively supports the proliferation of human gingival fibroblast, which 

demonstrates the good biocompatibility of FA for soft tissues [172]. We confirmed 

that CaF2 positively contributes to the cell proliferation and in vitro migration. We 

also clearly demonstrated the in vivo wound healing efficiency of CaF2 composite 

gel, which appeared to accelerate the migration of fibroblasts and endothelial cells 

and the formation of granulation tissue. In particular, ions released from the CaF2 

composite gel stimulate the migration of cells from the peripheral region of wounds 

and promote cell interactions, resulting in the formation of epidermis and collagen 

deposition on the dermis.  

 

4.5. Conclusion  

CaF2 composite hydrogels were successfully fabricated through the in situ 

precipitation process. Because of the high crystallinity of the CaF2 particles, a high 

stiffness of the overall system and sustained release profiles of ions were achieved. 

In particular, the released ions functioned not only as antibacterial agents but also as 

bioactive stimuli to promote cellular proliferation and migration. In addition, the 



CaF2 composite gel exhibited excellent in vivo wound healing capability by 

attracting cells, stimulating cell migration to wound sites, enhancing the deposition 

of ECM matrix, and fostering re-epithelialization. The incorporation of CaF2 in the 

hydrogels shows great promise for the design of multifunctional hydrogel dressing 

materials with improved wound healing efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figures 

 

Figure 4.1. Schematic illustration of fabrication of CaF2 composite hydrogel via 

in situ precipitation process. 



Figure 4.2. SEM images of (a) pure gel and (b) CaF2 composite gel and high-

magnified images of (c) pure gel and (d) CaF2 composite gel. 



Figure 4.3. EDS mapping images and elemental analysis of CaF2 composite gels 

for precipitation times of 10 min, 30 min, and 1 h. 



Figure 4.4. XRD patterns of CaF2 composite gels for precipitation times of 10 

min, 30 min, and 1 h. 



Figure 4.5. Fluoride ion release profiles of CaF2 composite gels for precipitation 

times of 10 min, 30 min, and 1 h. 



 

Figure 4.6. Rheological behavior of pure gel and CaF2 composite gel in 

frequency sweep mode. 



Figure 4.7. Live/dead assay images: Live and dead E. coli on the (a) pure gel 

and (b) CaF2 composite gel. Live and dead S. aureus on the (c) pure gel and (d) 

CaF2 composite gel. 



Figure 4.8. Colonies of E. coli on the (a) pure gel and (b) CaF2 composite gel and 

colonies of S. aureus on the (c) pure gel and (d) CaF2 composite gel. 



Figure 4.9. (a) CLSM images of L929 fibroblasts cultured on pure gel and CaF2 

composite gel after 2 days. (b) Cell viability of pure gel and CaF2 composite gel 

measured by MTS assay after 3 and 5 days. 



Figure 4.10. In vitro HUVEC migration test using pure gel and CaF2 composite 

gel.  



Figure 4.11. In vivo animal test results: (a) optical images showing wound 

closure and (b) wound closure over time for untreated wound and wounds 

treated with pure gel and CaF2 composite gel up to day 6. 



Figure 4.12. H&E stained images for (a) untreated wound and wounds treated 

with (b) pure hydrogel and (c) CaF2 composite hydrogel at day 7 and (d) 

untreated wound and wounds treated with (e) pure hydrogel and (f) CaF2 

composite hydrogel at day 7 day 14. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Chapter 5. Conclusion 

 

  

 

 

 

 

 

 

 

 



5.1. Conclusion 

In this work, we successfully developed hyaluronic acid (HAc) based 

nanocomposite hydrogels with biocompatible ceramic nanoparticles through in situ 

precipitation process. Due to high water absorption capacity and anionic nature 

under physiological condition, HAc hydrogels enabled nano-sized bioceramic 

particles to be uniformly precipitated wihin the gel matrix with good structural 

homogeneity, integrity and minimal aggregation. These structural morphology 

yielded positive effects on the rheological properties and enzymatic degradation 

kinetics, compared to the microscopic structure obtained from a physical mixing 

process. In addition, HAc-CaP nanocomposite hydrogels exihibited enhanced 

bioactivity compared to pure HAc hydrogels, providing considerable potential for 

various biomedical applications such as injectable dermal fillers, and hydrogel 

wound dressings. 

Systematic investigation on the effectiveness of the composite fillers on 

mechanical strength and durability, HAc-nanoHAp fillers exhibited better 

performances such as long-lasting properties as well as biological response than pure 

HAc and the composite with micro-sized HAp. In addition, from in vivo analysis in 

a wrinkled skin model, we achieved high lifting capacity of HAc-nanoHAp fillers as 

well as good biological responses by highly stimulated ECM synthesis in the dermal 

environment. Accordingly, the HAc-HAp nanocomposite hydrogel fillers are great 



options for soft tissue augmentation.  

Finally, we also developed an advanced hydrogel wound dressing composed of 

CaF2 through in situ precipitation process. Precipitated CaF2 particles enhanced the 

structural and mechanical stability of the composite hydrogel. In addition, sustained 

release of fluoride ions from the composite hydrogel mediated excellent both in vitro 

and in vivo wound healing capability by attracting cells, stimulating cell migration 

to wound sites. Moreover, good antibacterial effect was achieved by those released 

fluoride ions, showing great promise for the design of multifunctional hydrogel 

dressing materials with improved wound healing efficiency. 

 

5.2. Further works 

The scope of the applications of HAc- based nanocomposite hydrogels, via in 

situ precipitation process, can be extended by controlling the composition of 

precipitated bioceramic particles in the hydrogels. For instance, by increasing CaP 

content, CaP-rich nanocomposite hydrogels are applicable to injectable bone fillers. 

In addition, a multiphasic scaffolds based on the nanocomposite hydrogels can be 

achieved using electric or magnetic fields to induce a concentration gradient of ions. 

Furthermore, hydrogel coating on a porous foam which can induce the existence of 

precipitated particles on the surface of the coating layers can be developed for more 

advanced dressing material.  



Figure 

 
Figure 5. Various applications of HAc based nanocomposite hydrogels for 

further works. 
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