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The effect of self-assembled fibers on the 

synthesis, characteristics and biomedical 

applications of CCAG hydrogels 

Xian Li, Daidi Fan*, Chenhui Zhu, Xiaoxuan Ma 

CS-HLC-HA/β-GP (chitosan-human-like collagen-hyaluronic acid/β-sodium glycerophosphate) hydrogels 

were prepared based on the self-assembly of CS-HLC-HA (CCA) fibers. The effects of the fibers on the 

synthesis, characteristics and biomedical applications of CS-HLC-HA/β-GP (CCAG) hydrogels were 

studied for various HA contents. The synthesis mechanism of the novel CCAG hydrogel was explored 

using Fourier transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). The 

hydrogels were characterized by a swelling test, gelling time and enzymatic treatments. The results 

indicated that a new amide bond (-CONH) and -NRH2
+ were formed. The gelling time and swelling 

behaviors were dependent on the intertwining, overlap and adsorption of the polymer chains at various 

temperatures and pH. Furthermore, biomedical applications were evaluated by transmission electron 

microscopy (TEM), immunohistochemical analysis and haematoxylin and eosin (H&E) staining. The 

effect of the fibers on the histocompatibility of the hydrogels revealed that the fibers inside the hydrogel 

pores reduced the quantity of macrophages, decreased the degree of inflammation, and improved the anti-

degradation of the modified hydrogels. This type of new hydrogels emerges as an interesting injectable 

filling biomaterial for tissue engineering. 

Keywords: Fibers; Hydrogels; Self-assemble system; Histocompatibility; issue engineering 

Introduction 

Self-assembling systems that are mainly used in enzymes, 

proteins and DNA have emerged as potential candidates for the 

development of safe nanostructured scaffolds in tissue 

engineering and biological sciences.1 Knowledge of the rules of 

intermolecular association, the so-called bottom-up approach, 

facilitates the design of molecular assemblies such as 

membranes, films, layers and gels for biomedical applications.2, 

3 Increased attention has been currently paid to the layer-by-

layer (LBL) self-assembly technique via crosslinking to form 

hydrogels, for which the driving force is based on the 

consecutive adsorption of polyanions and polycations via 

electrostatic interaction, hydrogen bonding interaction, 

hydrophobic interaction or specific biological interaction 

between biomolecules.4 It is a versatile, inexpensive yet 

efficient technique to “build” biologically active surfaces made 

of both synthetic and natural polymers in biomaterials.5-7  

Hydrogels derived from natural polysaccharides are ideal 

scaffolds.8 These hydrogels vary in terms of the overall charge, 

hydrophobicity and type of polar amino acids, resulting in 

nonstructured fibrillar networks with various swelling ratios 

and gelling times. For a natural hydrogel made of self-

assembled peptides, each peptide has a critical minimum 

concentration for forming clear solid-like hydrogels in water. 

With an increased peptide concentration, the gel changes its 

appearance from clear to translucent to opaque white and 

exhibits increased rigidity. 

The self-assembled film infiltrates and covers the hydrogel 

surface and then affects its physicochemical properties.9 Self-

assembled hydrogels may contain macroscopic structures such 

as fibers that are entangled with each other and form meshes. 

The fibers can be assembled through the repetitive and direct 

adsorption of components of opposite functionalities. However, 

it is also difficult to produce an injectable and biodegradable 

hydrogel10 using the layer-by-layer self-assembly technique 

because of the body environmental and physiological condition 

considerations of biomedical applications. Therefore, using the 

self-assembly technique to form the fibers and using the fibers 

to fabricate the hydrogel using a cross-linking agent would 

overcome the rapid degradation of the hydrogel and affect the 

properties of the hydrogels including their elasticity, swelling 
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ratio, surface morphology and appearance and then improving 

the biological activities of the hydrogels in vivo. 

Natural polysaccharides such as hyaluronic acid (HA, 

hyaluronan) have been extensively studied in medical 

applications because they not only provide intrinsic biological 

activities but also regulate the differentiation of endodermal 

stem cells11 and deliver stable proteins.12 For 

chitosan/hyaluronan (CH/HA) multi-layered films, Richert et 

al.13 demonstrated that there was a decrease in cell adhesion 

with an increase in the layer number. This result occurred 

because the increased layer number resulted in a more uniform 

and smooth surface, while a rougher film offered a large 

surface area for cell attachment.13 

Recent studies reported that HLC has been used in hydrogel14, 

artificial bone15-17 and vascular scaffolds18 due to its water 

solubility, poor rejection, workability, good biocompatibility, 

biodegradability and no risk of viral infection. Costa et al.19 

reported the layer-by-layer assembly of chitosan and 

recombinant biopolymers into biomimetic coatings, which have 

considerable stimuli-responsive properties. Because of its good 

biocompatibility, biodegradability, antibacterial and wound-

healing property, chitosan is formulated in various forms 

including powders, films,20 beads,21 hydrogels22,23 as well as 

porous scaffolds.24 The feasibility for the preparation of some 

of these derivatives together with their enhanced biomedical 

properties, which are useful especially in the areas of tissue 

engineering, is an exciting prospect.25  

In this study, our objective is to develop CCAG hydrogels 

containing fibers (CS-HLC/HA) that are entangled with each 

other and form meshes in β-GP solution. Here, β-GP was 

applied as the cross-linking agent for the formation of 

hydrogels. The CS-HLC/HA fibers were formed using the self-

assembly technique, which may have the potential to produce a 

hydrogel with novel properties including improved 

biocompatibility, anti-biodegradability and anti-inflammatory 

properties. An additional study was performed that investigated 

the process and mechanism of the in-vitro and in-vivo 

degradation. The results demonstrated that the novel CCAG 

hydrogel would be suitable for soft tissue filling. 

Materials and Methods 

Materials 

HLC was expressed by E. coli with a cloning partial cDNA 

derived from human collagen Mrna.26 It is a macromolecular 

water-soluble protein with a molecular weight of 97,000 (China 

patent number: ZL01106757.8). HA (molecular weight, 

1,000,000) was purchased by Shandong Frieda Biological 

Technology Limited Company (China). Chitosan (molecular 

weight, 550,000; 90-92% deacetylation) was obtained by 

Qingdao Ocean Ltd. Co. (China). All the other solvents and 

reagents were analytical grade. 

Preparation of CS/HA films 

Chitosan was dissolved in 0.1 mol/L acetic acid (HAc) aqueous 

solution with a concentration of 5% (w/v) and placed in a 10-

mL centrifuge tube. HA solutions with concentrations of 2%, 

1%, 0.5% and 0.1% were prepared with distilled water. The HA 

solution was added into the CS solution at a volume ratio of CS 

and HA of 5:1. The film was removed and rinsed repeatedly in 

distilled water until becoming clear. The sample was then dried 

under vacuum. The film was examined by scanning electron 

microscopy (SEM). 

Preparation of CS-HLC/HA fibers 

The CS-HLC/HA fibers were prepared by mixing 5% (w/v) 

chitosan dissolved in 0.1 mol/L acetic acid (HAc) aqueous 

solution with an isocratic volume of 3% (w/v) human-like 

collagen aqueous solution. The mixture was stirred for 20 min 

in an ice-water bath until dissolution was complete. Then, HA 

solutions with various concentrations (2%, 1%, 0.5% and 0.1%) 

were added at a volume ratio of CS: HLC: HA of 5:5:1. The 

mixture was then stirred until fibers were formed in the solution 

by self-assembly. The CS-HLC/HA (CCA) solution was poured 

into the Petri dish and dried under vacuum. The sample was 

examined by phase-contrast imaging and scanning electron 

microscopy (SEM). 

Preparation of the CCAG hydrogel 

The pH/temperature-sensitive CCAG hydrogels were prepared 

by mixing the CS-HLC/HA (CCA) solution with 1 mL 40% β-

GP and stirred for 20 min in an ice-water bath until dissolution 

was complete and the pH of the sol solution reached 7.4 (see 

Table 1). The solutions were then placed in a thermo cell for 

gelling at various temperatures. 

FT-IR spectroscopic analysis 

FT-IR spectra were recorded using a Nicolet FT-IR 5700 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 

USA) at ambient conditions. The characterization of the four 

components (CS, HLC, HA and β-GP) and CCAG hydrogel 

samples were triturated with KBr at a ratio of 1:100 and pressed 

to form pelleted samples for FT-IR spectroscopic analysis at 

500-4000 cm-1. 

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS; Thermo Fisher, 

ESCALAB 250Xi, USA) was used to determine the elemental 

composition of the CCAG hydrogels, in which full (pass energy, 

100 eV) and high-resolution spectra (pass energy, 20 eV) were 

recorded.  

Measuring gelling times 

The gelling time was determined using the tube inverting 

method27, 28 using a 10-mL centrifugal tube. Approximately 2-4 

mL of sol was placed in the centrifugal tube and inserted in a 

thermo cell until the solutions stopped flowing (Fig. 3 A-B). 

The time lapsed during this process was recorded as the gelling 

time. 
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Table 1. The CCAG hydrogel composition. 

Sample CS (mL)a HLC (%) HA (%) β-GP (mL)b 

Gel1 2 3 2 1 

Gel2 2 3 1 1 

Gel3 2 3 0.5 1 

Gel4 2 3 0.1 1 

a CS is 5 wt.% aqueous solution. 

b β-GP is 40 wt.% aqueous solution. 

Swelling measurement 

For the temperature/pH-dependent swelling studies, dried gels 

were placed in triplicate in physiological saline and PBS buffer 

solutions with pH values of 5, 7.4 and 9 at various temperatures 

for at least 24 h to reach equilibrium, after which the gels were 

weighed. The classical gravimetric method was employed to 

measure the swelling ratio of the hydrogels. The equilibrium 

swelling ratio was given as (Ws-Wd)/Ws, where Ws and Wd 

represent the weight of swollen gel and the dried gel, 

respectively.  

Microscopic investigations 

The pore morphology of the CCAG hydrogels before and after 

degradation was examined by scanning electron microscopy 

(SEM). The samples (Gel1, Gel2, Gel3 and Gel4) were 

carefully lyophilized to maintain their three-dimensional porous 

structures (without any collapse) before and after degradation. 

The lyophilized hydrogel samples were immersed in liquid 

nitrogen, and the vitrified samples were carefully cut with a 

cold knife. The cut samples (cross-sections and vertical-

sections of the hydrogels without degradation and cross-

sections of hydrogels after degradation by enzyme) were 

mounted, sputter-coated with gold, and observed under SEM 

using a Hitachi S-570 SEM microscope (Hitachi, Tokyo, 

Japan). 

In vitro degradation 

Degradation of hydrogels was performed in vitro using 

Collagenase I (0.5 mg/mL), Hyaluronidase (HAse) (100U/mL) 

and Trypsin (100U/mL). The dried samples were weighed and 

sterilized by Co60 irradiation and then immersed in tubes 

containing 5 mL of fresh enzyme solution. The tubes were kept 

static at 37.0 ± 0.5℃ in a cell culture box. After soaking for 1, 

2, 3, 4, 5 or 6 weeks, the samples were withdrawn from the 

enzyme solution and then rinsed with ultrapure water for 30 

min for three times. After lyophilization, the dry weights were 

measured. The weight loss (WL) was calculated according to 

WL= (W0-W1)/W0×100%, where W0 and W1 are the weights of 

the sample before and after soaking, respectively. This process 

was applied to three parallel samples, and the mean value of the 

weight loss rate was calculated. 

In vivo histocompatibility evaluation 

1. INJECTION OF HYDROGELS 

Assessment of the in vivo biocompatibility of hydrogels was 

performed by injecting the sol into male Kunming mice (20–25 

g). After shaving and disinfection, 0.2 mL of the sol was 

injected subcutaneously into the back of the Kunming mice. 

Before treatment, all the animals were quarantined for a week, 

allowing free access to food and water but not any antibiotics.  

2. TRANSMISSION ELECTRON MICROSCOPY (TEM) ANALYSIS 

The population of 45 Kunming mice was divided into five 

groups: the negative control group was injected with 

physiological saline, while the others were injected with Gel1, 

Gel2, Gel3 and Gel4. After anesthesia with methoxyflurane, a 

0.2-mL sample of the relevant hydrogel was injected 

subcutaneously into the dorsal midline. The injected tissue was 

removed 1 day, 14 days or 48 days post-surgery. Tissue blocks 

of 1 mm3 were fixed immediately with 2.5% phosphate-

buffered glutaraldehyde (GA) for 2 h, rinsed with 0.1M PBS for 

30 min, post-fixed in 1% osmium tetroxide for 2 h, and finally 

rinsed for 10 min using a 0.1 M phosphate buffer. The samples 

were then dehydrated using an ethanol series (30, 50 and 70%) 

for 10 min at each concentration and stained in 70% ethanol 

solution of uranyl acetate for 2 h. Next, the samples were 

dehydrated with 90% ethanol (2, 3 and 10 min) and then 100% 

ethanol (3, 3 and 10 min), displaced by epoxyethane. Finally, 

the samples were embedded in Epon 812. Semi-thin sections 

(1–2 µm) were cut and stained with methylthioninium chloride 

to select appropriate areas for observation. Ultrathin sections 

(50–70 nm) were stained with 4% uranyl acetate and 0.5% lead 

citrate and observed under TEM (HITACHI, H-600, Japan). 

Three samples for each group were used for the TEM analysis. 

3. H&E STAINING AND IMMUNOHISTOCHEMICAL ANALYSIS 

In this analysis, 0.2 mL of the sol was injected subcutaneously 

into the back of the Kunming mice. After 1, 2 or 6 weeks, the 

mice were sacrificed, and the tissue surrounding the hydrogels 

was removed and immediately fixed in 10% neutral buffered 

formalin. The tissue was then dehydrated through a graded 

ethanol series, immersed in liquid wax and then embedded in 

epoxy resin. Blocks were sectioned using a Leica RM2016 

diamond saw microtome (Leica Instruments Ltd, Germany) 

with a blade thickness of 5 mm and collected on coated slides. 

Half of the sections were prepared for histopathological 

analysis using haematoxylin and eosin (H&E) staining, and the 

other half was used for immunohistochemical analysis. For the 

H&E staining, the sections were processed through a series of 

ethanol dehydrating and embedded in paraffin. Sections (5 µm) 
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were cut and stained with haematoxylin and eosin (H&E) for 

tissue observation using a light microscope (Nikon eclipse 80i, 

Japan). For the immunohistochemical analysis, the population 

of 45 Kunming mice was divided into five groups; the control 

block involved staining by CD68 without anti-CD68 mAb 1 

week after injection with Gel1, Gel2, Gel3 and Gel4, while the 

others involved staining by CD68 with anti-CD68 mAb 1, 2 

and 6 weeks after injection with Gel1, Gel2, Gel3 and Gel4. 

The primary antibody used was CD68 (Santa Cruz 

Biotechnology, US). The sections were incubated in HRP-

labeled second Abs (Sigma Aldrich, US) for 30 min in a 

humidified 37℃ chamber. The sections were then rinsed three 

times in PBS and incubated in a 4% diaminobenzadine 

substrate solution at room temperature. Images were acquired 

using a light microscope (Nikon eclipse 80i, Japan). 

Calculations and data analysis 

The data were collected in a Microsoft Excel 2000 database, 

and the results were presented as the means and standard 

deviations using the Origins 7.0 software. A Student's t-test was 

performed to determine the statistical significance between 

experimental groups. A value of p < 0.05 was considered to be 

statistically significant. 

Results and discussion 

FI-IR spectroscopic analysis 

The differences in chemical structures between the CS, HA, 

HLC, β-GP and CS–HLC–HA/β-GP (CCAG) determined by 

FT-IR are presented in Fig. 1. In the spectrum of the CS–HLC–

HA/β-GP hydrogel (CCAG), new characteristic peaks (–

RNH2
+) at 2625 cm-1 and 1619 cm-1 were formed mainly due to 

the conjugation of P atoms on –OPO3
2- with N atoms from –

NH3
+ (Scheme. 1E), which represents the stretching vibration 

of VNH2+ and the bending vibration of δNH2+. The characteristic 

peaks representing the stretching vibration of VC-N were 

observed at 1413 cm-1, in reverse, which were absent in HA, CS 

and HLC and was consistent with the formation of -CONH at -

C=O sites on HLC coordinated with -NH2 sites on CS in 

CS/HLC or -NH2
+ of CS being reacted with the –COO- of HA, 

the fibers formed with an amide bond (-RCONHR’). This result 

is mainly due to β-GP as the crosslinking agent playing an 

important role in the synthesis of the hydrogel. The 

characteristic peaks representing the stretching vibration of 

VC=O decreased from 1644 cm-1 to 1619 cm-1. This result 

indicates that CS, HLC, HA and β-GP underwent 

intermolecular interactions during the gelation process and 

possibly produced a hydrogen bond and decreased the 

stretching vibration frequency of C=O, while the final 

composition of these four monomers did not participate in the 

reaction completely. However, compared with pure HLC, pure 

CS and pure HA, the characteristic peaks of VOH and VC-O in 

the CCAG hydrogels undergo no significant changes. 

Compared with the CCG hydrogel29, there is a significant 

difference between the fibers formed by the self-assembly 

technique and the other controls with the HA-added CCAG 

hydrogels. 

XPS analysis 

Table 2. Assignments of main specials bands based on their binding energy 

for the CCAG hydrogel composition. 

Element HLC/e

V 

CS/eV HA/eV β-

GP/eV 

CCAG 

/eV 

Assignme

nts 

C 1s 284.79 284.85 284.76 284.84 284.6 C-C 

C 1s 286.2 286.25 286.27 286.29 286.2 C-N, C-O  
C-O-C 

C 1s 287.85 287.79 287.72 --- 287.85 C=O  
O-C-O 

N 1s 399.83 399.78 399.38 --- 399.83 NH2  

N 1s --- --- --- --- 399.31 NH2
+ 

P2p3 --- --- --- 132.62 132.72 P=O 

P2p1 --- --- --- 133.57 133.49 P-OH  

P-ONa 

XPS is mainly used for the qualitative analysis of surface 

elements and elemental valences. As observed in Fig. 2, all five 

types of polymers composed of the pure HLC, pure CS, pure 

HA, pure β-GP or CCAG hydrogel exhibited significant 

differences in all six peaks: C1s (284.0-285.0 eV), C1s(286.0-

287.0 eV), C1s(287.0-288.0 eV), N1s (399.0-400.0 eV), P2p1 

(133-134 eV) and P2p3 (132-133 eV) in their XPS spectra (see 

Table 2). For the XPS spectra of nitrogen, the binding energy 

was decreased from 399.38 eV in HA to 399.31 eV in the 

CCAG hydrogel. This result is mainly due to the amide bond of 

HA being easy to hydrolyze in acidic conditions and the 

functional group -NH-C=O in HA transforming into -NH2 or -

NH3
+. The electronegativity of C=O was greater than H such 

that the binding energy of nitrogen was decreased. However, 

the binding energy of nitrogen was increased from 399.78 eV in 

CS to 399.83 eV in the CCAG hydrogel. This result is mainly 

due to the amide bond being consistent with the formation of -

CONH at -C=O sites on HLC coordinated with -NH2 sites on 

CS in CS/HLC or -NH3
+ of CS being reacted with the -COO- of 

HA. The fibers formed an amide bond such that the 

electronegativity of -C=O was greater than H, leading to the 

binding energy of -NH in CS being increased. Because the 

electronegativity of -OH was greater than -NH, the binding 

energy of C=O was decreased from 287.85 eV in HLC to 

287.77 eV in the CCAG hydrogel, and the binding energy of C-

N was decreased from 286.25 eV in CS to 286.01 eV in the 

CCAG hydrogel. Therefore, based on Fig. 1 and Fig. 2, a new 

amide bond (-CONH) and -NRH2
+ were formed.  

In addition, the binding energy of C-O was decreased from 

286.27 eV in HA to 286.01 eV in the CCAG hydrogel. The 

XPS spectra peaks of phosphorus (binding energy: 133.72 eV, 

133.49eV) were observed for the CCAG hydrogel. Compared 

with β-GP, the binding energy of P=O was increased from 

Page 4 of 23Journal of Materials Chemistry B

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
B

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

132.62 eV in β-GP to 132.72 eV in the CCAG hydrogel, which 

is mainly due to P=O in β-GP providing the unoccupied orbital 

and the -NH3
+ in HLC or HA providing an electron, forming -

NH2
+---P=O (see Scheme. 1). Therefore, the electronegativity 

of P=O was increased, and the binding energy was increased. 

Irreversibility of films-fibrous chains-hydrogels transition 

The CS/HA film, the CS-HLC/HA fibrous chains and the 

CCAG hydrogel are shown in Fig. 3 (A, B), Fig. 3 (C, D) and 

Fig. 3 (E, F), respectively. The interface of the film became 

smoother and more transparent, which may be attributed to the 

electrostatic attraction dominating the adsorption of HA to CS. 

HA is usually considered an anionic polysaccharide, and CS is 

usually considered a polycationic macromolecule. Evidently, 

the electrostatic attraction dominates the adsorption of HA to 

CS.30, 31 Wu et al.32 reported that the mixing of 2% CS and 

0.2% HA at a volume ratio lower than 1:0.1 resulted in a 

smoother surface, homogeneous features, good 

biocompatibility and good miscibility at the nanometer scale. 

Therefore, at a constant volume ratio of 5:1, HA a solution with 

various concentrations (2%, 1%, 0.5% and 0.1%) was mixed 

with 5% CS. The CS/HA fibers initially formed a thin film 

between the interface of CS and HA by layer-by-layer self-

assembly. Then, the thickness of the film was increased with 

the increased HA volume (Fig. 4A). The film was removed and 

rinsed repeatedly in distilled water until it became clear (Fig. 

4B). The film was entangled, resulting in the layered film, and 

the number of layers was increased with the increased 

concentration of HA, especially for 2% HA mixing with 5% CS 

(Fig. 4B).  

The hydrogel maintains its sol state at room temperature while 

changing to a gel at body temperature. No matter how much the 

temperature decreases or increases, the gel maintain its shape 

initially, which is required for tissue engineering, especially for 

plastic surgery. The irreversibility of the hydrogel not only 

avoids sol flow into other skin positions but also is necessary to 

improve safety. To further understand the CCAG sol-gel 

transition, the sol and gel were observed after sol immersion in 

an incubator at 37℃ for 10-30 min, as described previously33. 

The sol (Fig. 4C) appeared as a transparent liquid with a small 

amount of fibers inside the bulk of the hydrogel due to its 

interaction with the HLC, HA and CS linked by peptide bonds 

(Scheme. 1E). It has been previously established that the 

inverted test tube method can be used to measure the gel 

formation33 (see Fig. 4D). The jelly-like hydrogel is bright 

white and flexible, and it has a uniform pore size on its surface 

(Fig. 4G).  

Due to the HA being completely recovered from the 

contaminant proteins, 31 instead of using co-precipitation, self-

assembly was employed to prepare the CS-HLC/HA composite. 

Therefore, the structures of the CS-HLC/HA fibrous chains 

were changed completely, which is mainly ascribed to HLC 

playing an important role in the electrostatic attraction and 

constructing the main frame in the structure. At a constant 

volume ratio of 5:5:1, the composite of 5% CS and 3% HLC 

mixed with 0.5% of HA resulted in fibrous chains, as observed 

in Fig. 3 (C, D). The fibrous chains exhibited regular, clear, and 

especially thicker straight chains, while some thin bending 

chains crisscrossed and circled the straight chains. With the 

concentration of 0.1% HA in CCA solution, a single fibrous 

chain was observed by phase-contrast imaging. The fibers 

exhibited a dendritic structure (Fig. 4E). We also noted that 

when maintaining the reaction time and increasing the 

concentration of HA (0.5%), the thickness of the fibers was 

increased significantly (Fig. 4F). We observed that further 

assembly resulted in fibers. Some salts were separated out and 

appeared as white spheres. In Fig. 4H, fiber chains adsorbed 

and intertwined with each other, and surface sections exhibited 

homogenous chains throughout the entire film surface. Fig. 3C 

presents a model of the formation process of the CCA fibrous 

chains, where a single fibrous chain was composed of a CS 

chain, HLC chain and HA chain. From Figs. 3B, C and Fig. 4 E, 

F, H, HLC is the main-chain, CS is the sub-chain, and HA is 

the branched-chain in the dendritic structure (Fig. 4I). Thus, the 

SEM images supported the previous results obtained using the 

model of CCA chains, for which the formation process 

transitioned from a single fibrous chain to double fibrous chains 

interwound with each other to aggregated fibrous chains (Fig. 

3G). Thus, the observed inverse correlation of hydrogel 

compatibility with HA concentration was expected. 

In Fig. 4L, the CCAG hydrogel formation process via the self-

assembly method using the CCA polymer (Scheme. 1D) 

immersed in β-Gp solution at body temperature is shown. 

Compared with CS-HLC/HA fibrous chains, the structure of the 

CCAG hydrogels changed from an irregular and unclearly 

interior structure to a homogeneous and clearly interior network 

structure. The unique structure is useful for transferring the 

water and body fluids to the filling positions. Therefore, the 

self-assembled film transformed into self-assemble fibers and 

hydrogels mainly due to β-Gp playing an important role as a 

crosslinking agent, and the fibrous internal structures, 

introduction of HA, and positively charged chitosan in the 

fibers may provide more space for water and allow small 

molecules to move freely in the network. Therefore, for CCAG 

hydrogels, the sol-gel transition was irreversible. 

Gelling time dependence on temperature 

Fig. 4M shows the effect of the HA concentration on the gelling 

time of the hydrogels. Each of these gels exhibited similar 

gelatin behaviors in the temperature range of -10 to 50℃. The 

gelling time ranged from 20 min to 4 h. With the increase of 

temperature from -5℃ to 50℃, higher (35℃ to 50℃) or lower 

(-5℃ to 10℃) temperatures facilitated the ultimate formation 

of the gel into a three-dimensional porous network structure. 

The formation of the structure depends on the intertwining, 

overlap and adsorption between the distinctive molecular 

chains. A higher HA content resulted in a shorter gelling time. 

For example, the gelling time for Gel1 (2% of HA) was 6 min, 

while for Gel2 (1% of HA), Gel3 (0.5% of HA) and Gel4 (0.1% 

of HA), it was 10 min, 12 min and 25 min at 37℃, respectively. 

The various monomers and compositions allow for the 

synthesis of unique copolymers. HA-based materials offer great 
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advantages including biocompatibility and versatility in 

producing materials with a considerable range of properties. 

One of the important characteristics of the ideal scaffold 

materials is its temperature-sensitive property. The gels can be 

easily optimized to prepare softer gels using different reaction 

systems (e.g., by reducing the concentration of the monomers in 

the solution) or using different reaction methods (e.g., the film 

plays a critical role in the sol-gel transition). Moreover, the 

results of this study had important implications for the recent 

interpretation that the effect of temperature on the gelling 

process, such as the gelling time, was a recognizable factor for 

the degree of temperature sensitive. Therefore, the CCAG 

hydrogels exhibited rapid gelation in the temperature range of 

36-37℃with a nearly complete sol-gel transition within 10 min. 

Swelling ratio analysis 

To develop materials with less side biological effects caused by 

the adsorption and desorption of body fluids, it is necessary to 

identify which process is adopted, and if so, whether the 

process is reversible. PBS and physiological saline with various 

pH values were adopted as swelling media to mimic the body 

fluids to study the swelling-shrinking process of the hydrogel 

when we place it into body fluids. As observed in Fig. 5(1), the 

swelling ratio of the hydrogels in acidic or basic solution is 

usually higher than that in neutral solution because some 

functional groups of the hydrogels can be protonated or ionized 

in acidic or basic conditions. The in situ adsorption may be 

more relevant to the application of these materials as fillers 

injected into subcutaneous tissues in vivo. However, the 

swelling or deswelling of the hydrogels after immersion in 

medium is important for understanding the relationship 

between the winding, tightening, unlocking, and expanding of 

chains and the temperature or pH. The expansion and shrinkage 

of the CCAG hydrogels were dependent on the relationship 

between the correlation of the water molecules and the 

hydrophilic-hydrophobic group and their intrinsic ionic group (-

CONH, and -NRH2
+), which have different degrees of 

ionization. A similar result was observed for the PNIPAAm 

hydrogel, as reported by Li et al.34 

The CCAG hydrogel was divided into [X] and [Y], containing 

the hydrophobic block and hydrophilic block (see Table. 3A). 

As observed in Fig. 5(1), at temperatures lower than 35℃, the 

hydrophilic groups were bound with water molecules via 

hydrogen bonding, which played a critical role in the swelling 

process. At higher temperatures from 35℃ to 37℃, the 

hydrogen bonds became weaker, and the role of the hydrophilic 

group was decreased. At temperatures above 37℃, the motion 

of the water molecules was increased, which disrupted the 

hydrogen bonds and strengthened the interaction between the 

hydrophobic groups. In the CCAG hydrogels (see Table 3A), -

CONH of HLC does not ionize or accept a proton,29 while -

CONH of the side chains (HLC chains) is easily broken into –

COO- and -NH3
+ in basic or acidic solution.34 In acidic 

conditions, -NH2 does accept a proton and becomes -NH3
+. In 

basic conditions, -NRH2
+ and -COOH were ionized and became 

–NRH and -COO-. When the electric charges of CCAG 

hydrogels became electrically neutral, attractions between the 

opposite charges were larger than the repulsion between the 

same charges, leading to a state of shrinkage. The difference 

between the number of positive and negative charges led to a 

net charge, the increased repulsion of opposite charges and a 

state of gradual expansion.  

From the reasons discussed above, we could infer that the 

swelling ratio of the CCAG hydrogel is dependent on pH 

(ranging from acidic to basic) and temperature (ranging from 

20 to 60℃). Table 3B demonstrates a "shrink-thermo-shrink" 

feature in acidic condition at temperatures ranging from 20 to 

60℃, which is proved by the data in Fig. 5(1-A). The swelling 

ratio of the CCAG hydrogels increased to the maximum value 

at 35℃. The chains were expanded to a maximum, and a large 

number of media could flow into the pores of the hydrogels. 

Table 3B reveals a "thermo- equilibrium swelling" feature in 

neutral condition, the evidence of which was also observed in 

Fig. 5(1-B). When the temperature was as high as 37℃, the 

swelling ratio was not changed completely, and the swelling 

equilibrium was exhibited. Fig. 5(1-D) is also consistent with 

the phenomenon of Table 3B, revealing a "shrink-thermo-

shrink" feature in basic conditions. From Table 3B, the 

characteristic of the swelling ratio of the CCAG hydrogels also 

revealed that the swelling ratio of the hydrogels in basic media 

was higher than that in acidic media, while the lowest swelling 

ratio appeared in neutral media. Fig. 5(1-C) is also consistent 

with the above conclusions. Thus, the swelling behaviors of the 

CCAG hydrogels were dependent on the water molecules, 

hydrophobic-hydrophilic interaction and the electrostatic 

interaction of the hydrogels. 

Baker et al.35 suggested that the strong dependence of the 

swelling behavior of acrylamide hydrogels on the initial 

monomer concentrations was a reflection of increasing 

network-chain interpenetration with increasing monomer 

concentration. The swelling behaviors of natural synthetic 

hydrogels were also similar. With increased HA content, the 

absorption of hydrogels gradually increased. Therefore, Gel1 

resulted in a higher equilibrium water content or swelling ratio 

whether in acidic, neutral or basic medium. For example, the 

swelling ratio of Gel1 was higher than that of the other 

hydrogels (Gel2, Gel3 and Gel4) at various temperatures and in 

various media (Fig. 5(1)). Therefore, the CCAG hydrogel is 

pH/temperature sensitive.  

In Fig.5(2), when the CCAG hydrogels were soaked, the porous 

structure became collapsed (see A-B-C) or shrunken (see C-D) 

due to the surface tension of water pulling the polymer chains 

together during the wetting process. To avoid this problem, 

water inside the CCAG hydrogels was replaced with 

physiological saline and PBS (pH=7.4), which was similar to 

body fluids, prevented the porous structure from collapsing, 

eventually yielded the desired equilibrium swelling ratio (see 

A-E-F). One of the unique properties of CCAG hydrogels is 

that the gels are highly elastic in the swollen state (A-B-C or A-

E). Compared with conventional CS/β-Gp hydrogels25, the 

CCAG hydrogels were not easily broken when compressed. 

The elastic and rubbery properties made CCAG hydrogels 
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candidates for various applications where resilient gels were 

preferred. The resiliency of the full water-swollen CCAG 

hydrogels has never previously been observed. Elastic water-

swollen CCAG hydrogels can resist various types of stresses, 

including tension, compression, bending and twisting. 

Table 3. The swelling or shrinking of the CCAG hydrogels depends on the 

hydrophobic-hydrophilic interaction and the electrostatic interaction in 

various media: (A) pH sensitivity and (B) temperature sensitivity. 

Structure of hydrogels 

The morphology of the lyophilized CCAG hydrogels was 

examined by SEM, which revealed that the structure of the 

hydrogels changes from nonporous to microporous and the hole 

wall changes from thin to thick with different concentrations of 

HA throughout the cross-section and vertical-section (Fig. 6A). 

For β-Gp, the gel formation depended on the CCA chains, and 

an interconnectivity among pores was observed, which is likely 

due to the cross-linking effects between the phosphate group 

and -P=O through a reaction with protonated -NH3
+ in the end 

chain of HLC to a new chemical bond -RNH2
+ (as discussed 

previously). For a higher concentration of HA, the CCAG 

hydrogels did not exhibit a uniform microporous structure and 

exhibited poor pore interconnectivity (Fig. 6A, cross-section 

and vertical-section of Gel1). For a lower concentration of HA, 

the CCAG hydrogels exhibited a uniform microporous 

network, indicating good interaction between the components 

(Fig. 6A, cross-section and vertical-section of Gel3 and Gel4). 

However, for Gel2, the morphology of the cross-section and 

vertical-section consisted of a rougher structure. The bulk 

structure of the hydrogel cross-section confirmed the diffusion 

of the CCA polymers inside the hydrogels, possibly forming 

the initial phase of multilayer growth inside the intrinsic pores 

due to the negatively charged HA. However, CCA chains 

diffusion inside of the pores can affect the swelling properties 

of the resultant CCAG hydrogels. We observed that the CCAG 

hydrogels exhibited a significant change in the liquidity of the 

water molecules with various pore sizes, while there was no 

significant effect of the number of layers on the swelling 

behavior. This result suggests that the observed changes in pore 

size may be due to the HA modification of only the structure of 

the hydrogels with a more pronounced effect on the bulk 

hydrogel properties.  

In vitro enzyme degradation behavior 

In vitro degradation of the CCAG hydrogels was conducted at 

37℃ for up to 6 weeks treated by collagenase I, HAse and 

trypsin. The changes in the weight, thickness and morphology 

with the degradation were also measured. The morphology 

change of the porous CCAG hydrogels in the presence of the 

enzymatic was observed by SEM, as shown in Fig. 6A. After a 

6-week degradation in the presence of collagenase I, HAse and 

trypsin, Gel1, Gel2, Gel3 and Gel4 exhibited irregular 

microporous networks and poor pore interconnectivity, and the 

hole wall changed from thick to thin on the surface.  

After degradation by HAse, the hydrogels exhibited a rough 

and disorder pore size for all four hydrogel formulations. 

Moreover, pores were observed on the surface and even on the 

hole wall, which became thin during degradation. However, no 

pores were present in the hole wall, and numerous hole walls 

were cracked or even broken into pieces, leading to many 

pieces of residues remaining on the surface after the 

degradation by collagenase I. In contrast, small pieces of 

residue were observed and even covered the surface and 

compact porous structures appeared unclear compared with 

initially during the trypsin degradation. 

Fig. 6B illustrates the weight loss of Gel1 versus its immersion 

time in the absence of collagenase I, HAse and trypsin. As 

observed in Fig. 6B, Gel1 had very slow degradation rates in 

collagenase I, HAse and trypsin with significant differences in 

the degradation behaviors. The addition of collagenase I 

(A) 
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[X] 
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The pH-sensitive 

group of 
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Blocks 
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significantly accelerated the degradation of the CCAG 

hydrogels, which caused a decrease in the molecular weight and 

a change in the degradation behaviors. We measured the weight 

loss of Gel1 to further explain the degradation mechanism by 

collagenase I, HAse and trypsin. The degradation of the CCAG 

hydrogels consists of two stages. In the first stage, the 

molecular weight of the CCAG hydrogels decreased 

continuously with the degradation time, and significant weight 

loss occurred. In the second stage, the molecular weight of the 

CCAG hydrogels decreased to a low value and experienced 

little weight loss. After 2 weeks of incubation in enzymes, Gel1 

exhibited 12.89% weight loss in the presence of HAse, 7.32% 

weight loss in the presence of trypsin, and 23% weight loss in 

the presence of collagenase I (Fig. 6B). After 3 weeks, Gel1 

exhibited rapid weight loss with degradation time. Especially in 

the presence of collagenase I, the weight loss could reach over 

25%, while the weight loss only reached approximately 15% in 

the presence of HAse and trypsin degradation. Under the same 

conditions, Gel1 lost 30%, 20.41% and 20.5% of its initial 

weight in 6 weeks in the presence of collagenase I, HAse and 

trypsin, respectively. In contrast to the degradation of the 

CCAG hydrogels, the CCG hydrogels reported by Li et al.10 

degraded by collagenase I and HAse lost 30% and 50% of their 

initial weight, respectively, after 6 weeks. Therefore, the rate of 

degradation of the CCAG hydrogels was lower than that of the 

CCG hydrogels, in contrast to the in vitro degradation rates. As 

expected, the rates of degradation of the CCAG hydrogels were 

significantly enhanced in the presence of HAse, collagenase I 

and trypsin. In addition, the CCAG hydrogels had a highly 

porous structure, and less weight loss after degradation 

occurred with HAse and trypsin compared with collagenase I. 

The in-vitro degradation of hydrogel systems can be affected by 

various factors such as the chemical structure, molecular mass, 

formulation, morphology, and thickness of the used specimen.36 

Increased attention is currently paid to residual hydrogels 

obtained via the restriction enzyme site by enzyme degradation. 

The restriction enzyme site of collagenase I is the peptide 

hydroxyproline–Leu–Gly–Pro–Ala in the molecular chain of 

the collagen;10 the restriction enzyme site of HAse is β-1,4-

glycosidic bond between the D-glucuronic acid residues and N-

acetyl-β-D-glucose; and the restriction enzyme site of trypsin is 

Arg(Lys)-//-X, the peptide bond lying on the carboxy terminus 

of arginine and lysine. According to the above weight loss dates 

and SEM images before and after degradation, the mechanism 

of degradation occurs as illustrated in Scheme 2. The CCAG 

hydrogels were composed of HLC, CS, HA and β-Gp. After 

HAse degradation, the CCAG hydrogels broke up into A, B and 

C by cutting off the restriction enzyme site 1 and 2. As the 

CCAG hydrogels were combined with the restriction enzyme 

site of collagenase I, the chains of the hydrogel were cut into D 

and E from site 3. For trypsin, it is the restriction enzyme site 

from site 4 of the CCAG hydrogels chains. Therefore, the chain 

could be divided into F and G. According to the restriction 

enzyme site and the residues of degradation, we could infer that 

the molecular weight was decreased. 

Characteristics of hydrogels in mice 

In most situations, degradation is undesirable because the 

device is intended to remain in the body for a long period 

without any change in its functional properties and without 

inducing any significant adverse response from the tissues.37 

All the experiments were performed in compliance with the 

relevant laws and institutional guidelines. Approximately 200 

µl of the block copolymer solution was injected subcutaneously 

into Kunming mice. The sol formed a round or regular shaped 

skin protrusion (Fig. 7A). The hydrogel was not degraded until 

6 weeks (Fig. 7C). The mice were sacrificed 10 min after 

injection, and the hydrogels and tissue were removed from the 

mice (Fig. 7D). Then, the injected hydrogels could easily be 

removed (enucleated) from their capsules as a discrete entity 

using surgical scissors and tweezers. The hydrogels exhibited a 

transparent, jelly-like appearance (Fig. 7E). The appearance and 

shape of the CCAG hydrogels (Fig. 7 E and F) obtained from 

the tissue (Fig. 107) and test tube (Fig. 7G) were similar. In 

addition, the identical phenomenon in Fig. 7E and Fig. 7F 

indicated that the gelling time of the CCAG hydrogels is 10 

min at 37℃. The results indicated that the sol-gel transition was 

rapid and that the hydrogel was well suited to both the pH and 

temperature of the tissue fluid surrounding the site.  

TEM analysis 

The in vivo histocompatibility10 of the hydrogels was 

investigated by TEM analysis, and the results were compared 

with a control group (Fig. 8). The control group was 

characterized by scattered collagen fibers, visible macrophages, 

neutrophils and a small amount of cell soma. However, 6 weeks 

after injection, the appearance of the collagen fibers changed 

from sparse to scattered (Fig. 8 A, B and C).  

After the injection of Gel1, a large number of macrophages, 

inflammatory cells and collagen fibers were observed. At week 

1, the macrophages began to lose their cylindrical shape, 

whereas the engulfed foreign body did not appear (Fig. 8D). At 

week 2, the collagen fibers maintained their initial shape; 

however, macrophages and inflammatory cells on their tissue 

had become more numerous. At week 6, the collagen and 

macrophages appeared as they had at week 2, while the 

residues after degradation were slightly more abundant than the 

cell soma in the tissue (Fig. 8 D, E and F). 

At weeks 1, 2 and 6, there was a typical inflammatory response 

at the site of injection of Gel2 (Fig. 8 G, H and I). Collagen 

fibers, morphology and lipid droplets were plentiful adjacent to 

the injection site. At the tissue site, there was an irregular shape 

of macrophages encircling the collagen fibers and a large 

number of lipid droplets surrounding the cytoplasm. The 

density of the collagen fibers and lipid droplets increased 

slightly at week 2 and remained almost unaltered thereafter 

during the 6 weeks of investigation.  

However, there was a typical biological response at the site of 

the injection of Gel3, similar to the control group. After the 

injection of Gel3 at week 1, a large number of dense collagen 

fibers scattered each other, appearing first at the periphery of 
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the tissue. Six weeks following the injection, the full sparse of 

the collagen fibers were occupied by collagen matrix with only 

a few cell somas present (Fig. 8 K and L).  

Furthermore, the injection of Gel4 led to an increase in the 

number of collagen fibers and cells including macrophages, 

fibroblasts and fibrocytes (Fig. 8 M). Two and six weeks after 

injection, it was observed that the collagen fibers were 

transverse and longitudinal crossed and that the amount of 

phagocytic cells and capillaries decreased with the injection 

time (Fig. 8 N, O). 

From comparison with reports by Li et al.,10 the tissue reaction 

to the CCAG hydrogels was different from that of the CCG 

hydrogels. For the CCG hydrogels, a large number of 

macrophages lymphocytes, and fibroblasts surrounded the 

injection site, and collagen fibers, lysosomes and lipid droplets 

were observable adjacent to the tissue site. For the CCAG 

hydrogels, less macrophage surrounded the injection site, while 

the collagen fibers and lipid droplets were also observable in 

the areas surrounding the injection site. It was concluded that 

the HA concentration is the key factor affecting the 

histocompatibility of the hydrogels and even decreased the 

inflammatory reaction after injection. The degree of 

inflammation reaction caused by Gel3 was small and gradually 

disappeared over time, and this inflammatory reaction was the 

same as that of the control group. However, the inflammatory 

reaction from Gel1, Gel2 and Gel4 did not decrease with time 

and exhibited a significant difference from the control group. 

Therefore, Gel3 exhibited the lowest limitation of inflammatory 

reaction and exhibited good histocompatibility. As fibrous films 

are one of the components of hydrogels their existence and 

function will play an important role in filling tissue, which is 

mainly because the materials, as substitutes for tissue, will 

gradually adapt to the surroundings of the tissue and even 

become one part of the tissue intrinsically. 

Immunohistochemical staining of skin tissue by CD68  

To investigate the biological response to the injected CCAG 

hydrogels, the tissue surrounding the hydrogels was evaluated 

histologically after staining with CD68. From TEM analysis, 

macrophages exist mainly for the inflammatory cell. Here, we 

studied the macrophages as measures of the effectiveness of the 

histocompatibility. Immunohistochemical staining of the skin 

tissue with anti-CD68 mAb revealed that the distribution of 

CD68 was mainly in the hydrogels, subcutaneous tissue, hair 

follicles, pigment cells and fat cells at 1, 2 and 6 weeks (Fig. 9). 

However, there was no staining of sweat pores, sweat ducts, 

erector muscles, eccrine sweat glands, hair bulbs or apocrine 

sweat glands. At the gel-tissue interface, there was a thin 

capsule containing macrophage-like or fibroblast-like cells 

encircling the gels or tissue. As reported by Li et al.,10 one 

concern was that the excessive stain of the hydrogels would 

impair the biocompatibility of the CCAG hydrogels. 

Furthermore, the depth of color has very potent effects that 

include immunoreactivity and inflammatory responses. 

Therefore, stain minimization was important to be able to 

provide local anti-inflammatory activity while minimizing 

systemic effects or the dehiscence of nearby wounds. It was 

observed that the hydrogels and tissue were intensively stained. 

Even with this very long injection, the degree of stain decreased 

or disappeared mainly on the hydrogels and hair follicles; 

however, the pigment cells and fat cells were shown positively. 

Conversely, the importance of these considerations regarding 

stain was confirmed by the mildly increased positivity of Gel1 

and Gel2 compared with Gel3 and Gel4 at week 6. Therefore, 

the Gel3 and Gel4 have less inflammatory responses. 

H&E analysis 

Numerous investigators have reported the effectiveness of ideal 

materials for filling tissue in preventing the excessive 

degradation of hydrogels. These hydrogels are reported to act, 

among other mechanisms, by reducing the production of 

foreign bodies by macrophage cells and fibroblast cells without 

degrading the hydrogels and periphery tissue. The histological 

response and degradation behaviors after the injection of the 

hydrogels at 1, 2 and 6 weeks were analyzed by H&E staining 

(Fig. 10). Upon injection, the hydrogels degraded gradually 

with time in vivo; however, the degradation behaviors of Gel1, 

Gel2, Gel3 and Gel4 were different. The degradation behavior 

of the hydrogels could be changed using many approaches. The 

three-dimensional (3D) mesh structure of the hydrogels could 

be modified by altering the cross-linking density of the sol (the 

concentration of the fibers with different contents of HA) and 

the nature of the cross-link between HLC, HA and CS. Altering 

the rate of hydrogel degradation could also affect the structure 

of the hydrogels after being injected into tissue. Furthermore, 

we observed no adverse effects from the cross-linked HA in 

this study or others38,39 because of its potency such that it would 

be possible to achieve a given anti-inflammatory effect with the 

least possible alteration of the biologically benign shape after 

injection. In particular, we wished to avoid rendering it 

deformed. When hydrogels were injected into subcutaneous 

tissue, the body fluid could flow into the hydrogel pores and 

transport nutrients and water to tissue. The degradation 

behaviors include three steps: degradation from the interspaces, 

multilayer and periphery of the hydrogels. The direction is 

mainly dependent on the structure of the hydrogels.  

From Fig. 10, Gel1 exhibited a complete structure and shape. 

Only the size decreased, and the internal structure has a split of 

gap after 6 weeks. Gel2 was degraded, and the shape was 

changed, with a larger gap appearing at 2 and 6 weeks. The 

shape of Gel3 appears to not be changed entirely; however, 

some larger residual fragments of hydrogels remain in the 

tissue. For Gel4, only a small portion of residual debris of the 

hydrogels remains in the tissue. The structure of the hydrogels 

has been changed entirely. 

Therefore, Gel3 seemed to cause a lower degradation rate than 

the other hydrogels used here. It is important to note, given the 

unique function of HA to hydrogels, that this result could 

reflect an anti-inflammatory effect rather than a direct anti-

degradation effect. The fibers are mixed by HLC, HA and CS, 

which improve the ability of anti-degradation and the stability 

of the structure. The body enzyme solution and inflammatory 
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cells have been tolerated to tissue and decreased the erosion of 

the hydrogels by inflammatory cells. Furthermore, it is likely 

that the inflammatory response of un-cross-linked HA10 would 

be much higher than those tested here after mixing. In fact, our 

results indicated that the biocompatibility of CCAG hydrogels 

is comparable to that of CCG hydrogels and causes an even 

milder inflammatory response. The CCAG hydrogels may be 

an ideal injectable body filling material for use as a tissue 

engineering scaffold for the restoration of wrinkles and tissue 

cavities formed by surgery. 

Conclusions 

PH/temperature-sensitive CCAG hydrogels were successfully 

synthesized by a combination of fibers (CCA) and β-GP by 

self-assembly. Well-defined fibers were prepared from CS, 

HLC and HA and subsequently functionalized with an HA 

monomer. The CCAG hydrogels exhibited rapid gelation in the 

temperature range of 36-37℃ at neutral pH with a nearly 

complete sol-gel transition within 10 min after being 

subcutaneously injected into Kunming mice or placed in a test 

tube under 37℃. The introduction of a new amide bond (-

CONH) and -NRH2
+ into the polymerizable groups resulted in a 

“shrink-thermo-shrink” or "thermo-equilibrium swelling" 

feature from the cross-linked network under mild conditions. 

The water molecules, hydrophobic-hydrophilic interaction and 

the electrostatic interaction of the hydrogels had minimal 

effects on the swelling equilibrium, suggesting that the 

equilibrium temperature was 37℃ in physiological saline or 

PBS (pH 7.4). The swelling ratio was decreased at a lower 

proportion of HA in various media. Furthermore, the CCAG 

hydrogel had a highly porous structure, which would provide 

more space for water and small molecules to move freely in the 

network. Additionally, the chemical structure and molecular 

mass, formulation, morphology, and the thickness of the 

hydrogels significantly affected the in-vitro degradation of the 

hydrogel systems. The results indicated that the CCAG 

hydrogels had a highly porous structure and the lowest weight 

loss after degradation by HAse and trypsin compared with 

collagenase I. In-vivo assays suggest that these CCAG 

hydrogels are histocompatible and that the introduction of HA 

into fibers promoted the anti-inflammation, anti-degradation 

and stability of the structure of the CCAG hydrogels. For 

example, Gel3 (0.5% HA) triggered no adverse effects 

compared with the control group (the parameters including the 

morphology of the cell, the species of cell and the quantity of 

cell), showed negative staining after immunohistochemical 

staining of skin tissue by CD68, was resistant to morphological 

change, and was degraded slowly after H&E staining. 

Consequently, these fibers by self-assembly appear to be 

promising for tissue engineering applications, enabling control 

over the properties of hydrogels including gelling time, 

swelling ratio, and degradation in vitro and in vivo. In 

summary, the CCAG hydrogel was proven to be highly suitable 

as an injectable body filling material as well as a tissue 

engineering scaffold for the restoration of wrinkles and tissue 

cavities formed by surgery. 
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CS: chitosan 

HAc: acetic acid  

HLC: human-like collagen 

HA: hyaluronic acid 

β-GP: β-sodium glycerophosphate 

PBS: Phosphate buffered saline 

CCA: CS-HLC-HA 

CCG: CS-HLC/β-GP 

CCAG: CS-HLC-HA/β-GP 

HAse: Hyaluronidase 
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Fig. 1. FT-IR spectra of CS, HLC, HA, β-GP and CS-HLC-HA/β-GP (CCAG) hydrogel.  
72x66mm (300 x 300 DPI)  
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Fig. 2. XPS spectra of CS, HLC, HA, β-GP and CS-HLC-HA/β-GP (CCAG) hydrogel. The C1s, N1s, P2p1, P2p3 
spectrum was recorded, respectively.  

72x65mm (300 x 300 DPI)  
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Fig. 3. SEM images (×100, ×250) of CS/HA film (A, B), CS-HLC/HA fibrous chains (C, D) and CCAG 
hydrogels (E, F); (G) the model of CCA fibrous chains forming process; Scale bar for A, C and E: 30 mm; 

Scale bar for B, D and F: 120µm.  

81x82mm (300 x 300 DPI)  
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Fig. 4. (A) Visual inspection of the 5% CS mixing with various concentrations of HA (0.1 (1), 0.5% (2), 1% 
(3) and 2% (4)); (B) the CS/HA films were removed and rinsed with water; (C) visual inspection of the sol 

at 25℃ for the CCAG solution; (D) the solutions became gels after being placed in a thermo-cell at 37℃; (E) 

photomicrographs of the single fibrous chain (CS-HLC/0.1%HA); (F) photomicrographs of the fibrous chains 

(CS-HLC/0.5% HA); (G) the transparent, jelly-like appearance of CCAG hydrogels removed from 10 mL 
centrifugal tube;. (H) photomicrographs of the fibrous films of (CS-HLC/2% HA); (I) the model of CS, HLC, 
HA and β-GP; (L) the model of CCAG hydrogel; (H) effects of temperature on the gelling time during the 

gelatin process; schematic model of the CCAG hydrogel during gelatin process, showing the dependence on 
temperature. HLC is a main-chain, CS is a sub-chain, and HA is the branched-chain in β-Gp solution. Scale 

bar for E, F and H: 120 µm.  
72x66mm (300 x 300 DPI)  
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Fig. 5. (1) The swelling ratios of the gels dependence on pH and temperature. A is in PBS (pH=9), B is in 
PBS (pH=7.4) and D is in PBS (pH=5). C represents the swelling ratio of Gel3 in PBS (9, 7.4 and 5) and 
physiological saline (PS). (2) The model of the swelling-shrinking of gels in acidic or basic media (A-B-C-D) 

and in PBS (pH=7.4) or in physiological saline (A-E-F).  
91x49mm (300 x 300 DPI)  
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Fig. 6. (A) SEM images (×250) of Gel1, Gel2, Gel3 and Gel4 at 37℃ after lyophilization, Scale bar for cross-

section and vertical-section: 120 µm.; SEM images (×500) of Gel1, Gel2, Gel3 and Gel4 after degradation 
by HAse, collagenase I and trypsin, Scale bar for HAse, collagenase I and trypsin degradation: 240 µm. The 
first row: cross-section; second row: vertical-section; third row: HAse degradation; fourth row: collagenase 

I degradation; fifth row: trypsin degradation. The first column: Gel1, second column: Gel2, third column: 
Gel3, fourth column: Gel4. (B) Weight loss of Gel1 after degradation by hyaluronidase (HAse), trypsin and 

collagenase I.  
58x42mm (600 x 600 DPI)  
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Fig. 7. Approximately 200 µl of the block copolymer solution was subcutaneously injected into Kunming 
mice. (A) 1 week after injection; (B) 2 weeks after injection; (C) 6 weeks after injection; (D) the mice were 

sacrificed and the hydrogel and periphery tissue were carefully removed from the Kunming mice after 
injection using surgical scissors and tweezers; (E) the hydrogels exhibited a transparent, jelly-like 

appearance after being removed from the mice; (F) the CCAG hydrogel removed from test tube; (G) the 
CCAG hydrogel in the test tube after being placed in a thermo-cell for 10 min at 37℃. Scale bar for all: 10 

mm.  
41x21mm (300 x 300 DPI)  
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Fig. 8. TEM images at ×3500 magnification of Gel1, Gel2, Gel3 and Gel4 of the site surrounding the tissue, 
compared with the control group injection with physiological saline. The control group (A, B, C), Gel1 (D, E, 

F), Gel2 (G, H, I) and Gel3 (J, K, L) and Gel4 (M, N, O). A, D, G, J and M exhibit results 1 week after 

injection;B, E, H, K and N after 2 weeks; and C, F, I, L and O after 6 weeks. The numbers represent: 1, 
collagen fibers; 2, macrophages; 3, neutrophilic granulocytes; 4, fibroblasts; 5, fibrocytes; 6, lipid droplets; 

7, cell soma; 8, inflammatory cells. Scale bar for all: 20 µm.  
102x130mm (300 x 300 DPI)  
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Fig. 9. Images of immunohistochemical staining in mouse tissue for Gel1, Gel2, Gel3, Gel4 and the site 
surrounding the tissue.Gel1 (A, E, I, M,) Gel2 (B, F, J, N) and Gel3 (C, G, Q, O) and Gel4 (D, H, L, P).  A, B, 
C and D represent the control block one week after injection staining by CD68 without anti-CD68 mAb; E, F, 

G and H present the results 1 week after injection staining by CD68 with anti-CD68 mAb; I, J, Q and L after 
2 weeks staining by CD68 with anti-CD68 mAb; and M, N, O and P after 6 weeks staining by CD68 with anti-
CD68 mAb. G represents the hydrogel; T represents the subcutaneous tissue; FC represents the fat cells; PC 

represents the pigment cells; g-t represents the gel-tissue interfaces. Scale bar for all: 200 µm.  
123x92mm (300 x 300 DPI)  
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Fig. 10. Photomicrographs of H&E staining for Gel1, Gel2, Gel3 and Gel4 1, 2 and 6 weeks after 
injection.Gel1 (A, E, I) Gel2 (B, F, J) and Gel3 (C, G, k) and Gel4 (D, H, L). A, B, C and D represent 1 week 
after injection staining by H&E; E, F, G and H show the results 2 weeks after injection staining by H&E; I, J, 

K and L show the results after 6 weeks staining by H&E. Scale bar for all: 200 µm.  
46x26mm (300 x 300 DPI)  
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Scheme 1. Proposed mechanisms for the interaction between CS, HLC, HA and β-GP: the protonation of CS 
in acetic acid solution (A), the reaction between CS and HLC in an ice-water bath (B), HA (C), HA added in 

CS-HLC solution in an ice-water bath (D), and the CS-HLC-HA fibers added in β-GP to form the CCAG 

hydrogel (E).  
102x131mm (600 x 600 DPI)  
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Scheme 2. A schematic of the enzymatic degradation of the CCAG hydrogel in vitro. A, B and C represent 
the residual hydrogels after degradation by HAse; D and E represent the residual hydrogels after 

degradation by collagenase I; F and G represent the residual hydrogels after degradation by trypsin. Sites 1 

and 2 represent the restriction enzyme site of HAse; Site 3 represents the restriction enzyme site of 
Collagenase I; and Site 4 represents the restriction enzyme site of trypsin.  
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Page 23 of 23 Journal of Materials Chemistry B

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
B

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t


