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Nature derived biopolymers such as polysaccharides and collagen have attracted considerable attention in

biomedical applications. Despite excellent biocompatibility and bioactivity, their poor mechanical

properties could not meet the requirement for skin regeneration. In this study, cellulose nanocrystal

(CNC) was incorporated into the calcium cross-linked sodium alginate/gelatin (SA/Ge) scaffold to

reinforce its physicochemical properties. A novel sodium alginate/gelatin/cellulose nanocrystal (SA/Ge/

CNC) scaffold was successfully prepared through electrostatic interaction of sodium alginate and gelatin,

ionic cross-linking of calcium ions with sodium alginate, and incorporation of CNC. Afterwards, the SA/

Ge and SA/Ge/CNC scaffolds were fully characterized and compared with scanning electron microscopy

images, swelling behaviors, tensile strengths and contact angles. The involvement of CNC produces

a hybrid SA/Ge/CNC scaffold with desired porous network, moderate swelling behavior, and superior

mechanical strength (from 18 MPa to 45 MPa). Furthermore, in vitro cytotoxicity and cell growth assay

using mouse embryonic fibroblast cells validated that SA/Ge/CNC scaffold was non-toxic and can

prompt cell adhesion and proliferation. The in vivo skin regeneration experiments using the SA/Ge/CNC

scaffold group showed an improved skin wound healing process with accelerated re-epithelialization,

increased collagen deposition and faster extracellular matrix remodeling. Overall, the results suggested

that the SA/Ge/CNC hybrid scaffold with enhanced mechanical performance and wound healing efficacy

was a promising biomaterial for skin defect regeneration.

1. Introduction

Skin is the largest and one of the most important organs of

humans, acting as a protective blockage to the invasion of

harmful microorganisms and damage from certain environ-

mental conditions.1,2 Dermal tissue defects following burns,

surgical excision, skin trauma and chronic ulcers remain

a challenging clinical problem and cause a substantial cost

burden on the public.3,4 The traditional treatments for skin

repair include implantation of autologous, allogeneic and

exogenous skin gras, which are usually constricted by the lack

of donor sources, costly medical expenses and undesirable

immunological response.5,6 Therefore, it is urgently desirable to

develop an ideal substitute which is structurally, functionally,

and mechanically similar to healthy skin.7 The recovery of

injured skin tissue is a highly ordered biological process, which

involves hemostasis, inammation reaction, formation of

granulation tissue, re-epithelialization, and matrix remodel-

ing.8,9 With better understanding of the wound repair and

management process, numerous biomaterials have been

created to mimic the natural environment for skin regenera-

tion, and accelerate cell proliferation and induce extracellular

matrix (ECM) reproduction.10,11

To date, a number of naturally derived polymers, including

polysaccharides and proteins have been widely utilized in the

eld of tissue engineering scaffolds, due to their excellent

hydrophilicity, biodegradability and biocompatibility.12–14 In

particular, sodium alginate, a seaweed-derived polysaccharides,

is preferred for its gelling property, excellent biocompatibility,

and source-abundance.15–17 Besides, alginate is composed of

consecutive and alternately arranged a-L-guluronic and b-D-

mannuronic blocks and is able to cross-link with divalent metal

ions (e.g. Ca2+, Zn2+).18,19 Collagen is an important component of

skin and provides resistance to connective tissues. Gelatin is

a hydrolyzed product from collagen with desired features of

prompting hemostasis and guiding cell adherence, prolifera-

tion and differentiation.15,20 Combining two or more different

polymers by cross-linkers has been reported to be an effective

method to create a new scaffold, which can get rid of their

disadvantages and integrate their advantages.21,22 For example,

the composite materials blending alginate with gelatin together

have gained much attention because of superior physico-

chemical and biological properties.23,24 That hybrid alginate/

gelatin materials get over the respective drawbacks of
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constituents, such as the rapid degradation rate, high swelling

degree of gelatin, and weak mechanical properties of alginate.25

Nevertheless, the composite materials still existed some limi-

tations like inadequate mechanical strength and loose network

structure.26

To overcome these deciencies, we integrated cellulose

nanocrystals (CNC) into the composite scaffolds as a functional

additive to improve their physical, chemical and biological

performances. CNC is a kind of unique nanomaterial, which

derived from natural cellulose bers.27 It has excellent proper-

ties of high aspect ratio, low toxicity, excellent mechanical

performance and good biocompatibility. One major application

of CNC is acting as reinforcing agent in composites. It is well

known that the high mechanical strength of CNC ascribed to its

highly crystalline structure and the existence of intra- and inter-

molecular hydrogen bonds. The incorporation of CNC can form

effective interfacial interaction between the reinforcement

material and matrix. Furthermore, the large surface area and

abundant surface hydroxyl groups of CNC provide the possi-

bility of chemical modications and drug delivery. Due to its

outstanding characteristics, CNC has been considered as an

ideal reinforcing component for polymer matrix integra-

tion.21,28,29 The combination of CNC with sodium alginate and

gelatin is expected to synthesize a nanocomposite with

improved mechanical and biological properties.

To date, most skin substitutes and tissue engineered scaf-

folds are still in the research and development stages. The

current commercialized products such as Dermagra, Apligraf,

MatriDerm, PriMatrix and AlloDerm should be viewed as “smart

dressings”, rather than true skin equivalents. They are cellu-

larized, decellularized or bioengineered matrices that maintain

and support a healing environment through facilitating cell

adhesion and proliferation, as well as skin appendages regen-

eration.30 In this study, a novel hybrid scaffold comprised of

sodium alginate, gelatin and CNC was prepared by using the

solvent casting method. Compared with the commercial prod-

ucts, the SA/Ge/CNC scaffold reconstructs and remodels

wounds in a similar way. Moreover, the SA/Ge/CNC scaffold is

inexpensive, renewable, biocompatible, and easy to prepare in

a large scale.

As shown in Scheme 1A, the synthesis of SA/Ge/CNC scaffold

involved electrostatic interaction of gelatin and alginate,

incorporation of cellulose nanocrystals and crosslinking of

alginate with calcium ions. The appropriate sodium alginate/

gelatin ratio and CNC concentration were systemically investi-

gated and chosen. All the scaffolds were characterized in terms

of their structures, swelling behaviors, mechanical properties

and contact angles. Additionally, mouse embryonic broblast

cells (NIH 3T3) were used to assess the in vitro cyto-

compatibility of scaffolds. Finally, in vivo wound repair experi-

ments on full-thickness excision wound models of SD rats were

further implemented to evaluate their biological application

potential through both macroscopic and microscopic observa-

tion (Scheme 1B). The results demonstrated that SA/Ge/CNC

scaffold can be considered as a potential substitute for skin

tissue engineering.

2. Materials and methods
2.1 Materials

Sodium alginate (from brown algae, molecular weight of 20–40

kDa) and gelatin (Type B, from porcine skin) were purchased

from Sigma-Aldrich (USA). Cellulose nanocrystals (CNC,

extracted from cotton pulp, prepared by sulfuric acid hydrolysis,

length between 150–200 nm, diameter 4–7 nm; solid content

about 1.2 wt% in suspension) was obtained from Haojia

Chemicals, Tianjin, China. Anhydrous CaCl2, chloral hydrate

(10%) and phosphate buffer saline (PBS, pH ¼ 7.4) were

acquired from Kelong Chemicals, Chengdu, China. 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

and dimethyl sulfoxide (DMSO) were purchased from Shanghai

Aladdin Bio-Chem Technology Co., Ltd. Dulbecco's Modied

Eagle's Medium (DMEM), fetal bovine serum (FBS), penicillin

and all other culture media and reagents were purchased from

Gibco™ (United States). All the reagents were of laboratory

reagent grade.

For the skin regeneration study, 12 male rats weighing 200–

220 g were obtained from Chengdu Dashuo Experimental

Animal Co., Ltd. All the surgical procedures on rats were

approved by the animal care and use committee of State Key

Laboratory of Oral Diseases, Sichuan University. During the

experiment, all the animals were kept in individual cages and

were fed with a commercial rat food and water ad libitum.

2.2. Methods

2.2.1 Preparation of sodium alginate/gelatin scaffold. The

sodium alginate was dissolved in distilled water (3 wt%) under

continuous stirring for 18 h at room temperature until

a homogeneous solution was obtained. The aqueous solution of

gelatin (3 wt%) was prepared by dispersing gelatin powder into

distilled water at 60 �C under constant stirring for 2 h to ensure

complete dissolution. Subsequently, the two biopolymer solu-

tions were vigorously mixed together at different ratios and

stirred at room temperature for 24 h. Aer sonication for 1 h to

get rid of remaining air bubbles, the resulting SA/Ge blend

solution with designed ratios were poured into Petri dishes (d¼

90 mm). To dry the solution and get the dried lms, the Petri

dishes were placed into a normal oven at 45 �C for 2 days.

Aerwards, 15 ml CaCl2 aqueous solution (2 wt%) was added

into each Petri dish for 30 min to achieve cross-linking of

sodium alginate with Ca2+. Then the scaffolds were washed with

distilled water for three times to remove the extra free reagents.

Ultimately, the prepared scaffolds were put into the oven again

for drying until the weight didn't change any more. The detailed

content and varying volume ratios of alginate and gelatin are

listed in Table 1.

2.2.2 Preparation of sodium alginate/gelatin/CNC scaffold.

To introduce CNC into SA/Ge scaffold, the original CNC

aqueous solution (1.2 wt%) was diluted to yield the nal

concentration of 0.1, 0.5, 1 wt%, respectively. Then the CNC

solutions of various concentrations were added into the SA/Ge

mixture. Equal volume of distilled water was added to serve as

a control sample. The SA/Ge/CNC composites with different
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ratios (Table 1) were stirred overnight to obtain the nal

homogeneous dispersion. The casting and CaCl2 cross-linking

procedures were similar to the preparation process of SA/Ge

scaffolds mentioned above.

2.3 Characterization of scaffolds

2.3.1 The morphological characterization of CNC and

scaffolds. The aqueous solution of CNC was diluted to the

concentration of 0.01 wt% and its morphology was studied by

atomic force microscopy (AFM; Seiko Instruments Inc, Japan).

For the cross-section morphology observation, the SA/Ge scaf-

folds and SA/Ge/CNC scaffolds were lyophilized and character-

ized using scanning electron microscopy (SEM; JSM-5900LV,

JEOL, Tokyo, Japan) at an accelerating voltage of 15 kV. Mean-

while, a more accurate measurement of the average pore size

was done with the application of soware Smile-View. 100 pores

were chosen randomly in each kind of scaffold from their SEM

images to estimate the average pore size. Besides, in order to

obtain the three-dimensional (3D) reconstruction and estimate

the porosity of lyophilized scaffolds, micro-CT analyze was

performed using an X-ray CT scanner (SKYSCAN 1172, German).

Scheme 1 (A) The illustration of the SA/Ge/CNC scaffold. (B) The skin regeneration improved by the SA/Ge/CNC scaffold in SD rats.

Table 1 The content and different ratios of alginate, gelatin and CNC

for the synthesis of SA/Ge and SA/Ge/CNC scaffolds

Sample

3 wt%

Alginate (ml)

3 wt%

Gelatin (ml)

1 wt%

CNC (ml)

H2O

(ml)

SA/Ge (1 : 2) 30 60 0 0
SA/Ge (1 : 1) 45 45 0 0

SA/Ge (2 : 1) 60 30 0 0

SA/Ge (4 : 1) 72 18 0 0

SA/Ge/CNC (0) 40 20 0 5
SA/Ge/CNC (0.1%) 40 20 0.5 4.5

SA/Ge/CNC (0.5%) 40 20 2.5 2.5

SA/Ge/CNC (1%) 40 20 5 0
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2.3.2 Fourier transform infrared spectroscopy (FTIR). FTIR

spectroscopic measurements were carried out for characteriza-

tion of functional groups of SA/Ge scaffold and their interac-

tions with CNC. The FTIR spectra of freeze-dried CNC, SA/Ge

scaffold and SA/Ge/CNC scaffold were characterized using

a Thermo Nicolet 6700 spectrometer.

2.3.3 Swelling behavior. The swelling degree of SA/Ge

scaffolds and SA/Ge/CNC scaffolds were measured by

a general gravimetric method. First of all, the dried scaffolds of

each group were cut into 1 cm � 3 cm strips and their dry

weight were documented. Then, all the samples were immersed

in a PBS solution (pH ¼ 7.4) at room temperature. At pre-

determined time intervals (t ¼ 5 min, 30 min, 1 h, 2 h, 6 h,

and 24 h), the swollen samples were withdrawn and the exces-

sive water on the sample surface was wiped off with lter paper.

Aer weighing, the samples were placed into PBS solution

again. The swelling degree was expressed as the following

equation:

Swelling degree (%) ¼ (W2 � W1)/W1 � 100%

where W2 and W1 represent the weight of the swollen and dry

samples, respectively.

2.3.4 Mechanical properties. The tensile behavior of scaf-

folds was determined using the mechanical testing instrument

(INSTRON 5565, USA) at a tension mode. The scaffolds were

sectioned into uniform rectangular strips (1 cm� 3 cm) and the

thickness was measured at ve different locations by a digital

micrometer caliper to calculate the average. All the samples

were mounted on the mechanical testing instrument with

a uniform gauge length of 15 mm. Under a loading speed of 1

mm min�1, the scaffolds were stretched until reaching their

breaking points. At least six replicates from each group were

tested. The numbers of shis and loading at rupture were

recorded and the nal tensile strength was calculated based on

the formula:

s ¼ Fb/So

(s ¼ tensile strength, Fb ¼ the maximum force loading at the

breaking points, So ¼ the cross-sectional area)

2.3.5 Contact angle. To investigate the inuence of CNC on

the hydrophilicity of scaffold, the SA/Ge/CNC scaffolds with

various concentrations of CNC were detected by a contact angle

measuring machine (Rame-Hart, Mountain Lakes, NJ, USA).

Water droplet with a volume of 3 ml was dropped on the scaffold

to calculate the angle which the liquid–vapor interface made

with the solid surface. The measurement was taken at four

different points on each sample and the nal contact angle was

presented as the average value and standard derivation of four

points.

2.4 In vitro cell viability and cell morphology assay

The in vitro cell viability of SA/Ge/CNC scaffold was measured by

MTT assay. In this study, NIH 3T3 cells were selected. The cells

were seeded in 96-well plates and incubated under a humidied

atmosphere in the presence of 5% CO2 at 37 �C. Aer being

sterilized with ethylene oxide for 8 h, the scaffolds (100 mg)

were then immersed in DMEM solution (1 ml) for 24 h to extract

the leachate. Subsequently, the original leachate (100 mg ml�1)

were diluted to various concentrations (0.78, 1.56, 3.13, 6.25,

12.5, 25, 50 and 75 mg ml�1, n ¼ 6). Then, 100 ml leachate at

each concentration was added into culture wells separately. The

culture wells without leachate were set as control and wells with

leachate were used as the experimental groups. Aer incubation

for 1 d, 20 ml of MTT solution (5 mg ml�1) was added into each

well and further cultured at 37 �C for 4 h. Aerwards, the

medium was replaced by 150 ml DMSO solution for each well to

dissolve the formed formazan crystals. The ultra-violet (UV)

absorbance at 570 nm was quantied using an ELISA reader

(BioTek Instruments, Inc., Winooski, Vermont, USA).

For the cell morphology and adherence evaluation, NIH 3T3

cells were seeded onto SA/Ge/CNC scaffolds in humidied

condition at 37 �C and 5% CO2. Aer incubation for 3 days, the

scaffolds were xed with 2.5% glutaraldehyde solution for 2 h

and then rinsed with PBS (pH ¼ 7.4) for at least three times.

Aerwards, the scaffolds were dehydrated twice in a series of

graded ethanol. Finally, the samples were visualized by SEM

and the images were photographed.

2.5 Skin regeneration in SD rats

Twelve healthy 8 week-old male SD rats (weighing 200–220 g)

were randomly divided into two groups: (1) SA/Ge group, and (2)

SA/Ge/CNC group; each group had 6 animals. All the rats were

anaesthetized by an injection of 10% chloral hydrate (2.5 ml

kg�1) and removed the dorsal hair with a shaving machine.

Aer disinfecting with iodophor, two square full-thickness

excision defects (1.5 cm � 1.5 cm) were created symmetrically

on the bilateral sides of each SD rat's back using surgical scis-

sors (Scheme 1B). The SA/Ge scaffolds and SA/Ge/CNC scaffolds

were covered on the right defects (anatomical position). At four

corners of wounds, biodegradable sutures were applied for

xation. Wounds on the le side of both groups were set as

a control, which were not treated with scaffolds. Finally, all the

wounds on both sides were covered with dressings (3M Health

Care, Germany) for protection. At 7 and 14 days aer treatment,

the macroscopic morphology of defects were observed and

photographed at a stable distance. Then, rats were sacriced to

collect wound skin along with surrounding healthy tissues for

further study (3 rats from each group on days 7 and 14 post-

wounding). The harvested tissue samples were xed in 10%

formaldehyde overnight. Aer a series of dehydration proce-

dures with graded ethanol, the tissues were embedded in

paraffin and sectioned into 5 mm thick slices for hematoxylin–

eosin (H&E) and Masson's trichrome staining. The sections

were observed by a microscope (Nikon ECLPSE, Japan) and the

images were captured.

2.6 Statistical analysis

The statistical analysis was performed by SPSS 25.0 soware

(SPSS Inc., Chicago, IL, USA). The mean values and standard

deviations were calculated for the pore size, swelling

percentage, mechanical strength, contact angle, in vitro cell
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viability and in vivo skin defect regeneration research. P values <

0.05 indicates a statistically signicant difference.

3. Results and discussion
3.1 Selection of the optimum ratio of SA/Ge in scaffold

Before preparation of SA/Ge/CNC hybrid scaffold, the optimum

ratio of SA and Ge in SA/Ge scaffold was investigated rstly. The

scaffolds were measured various physical properties such as

morphology, swelling behavior, and mechanical strength, etc.

The pore size and distribution among scaffolds are highly

related to cell adherence, proliferation, and nutrient exchange

in matrix.20 Scaffold with porous structure renders fast effi-

ciency of biomolecules transportation with environment and is

an ideal material for the skin tissue engineering.31 Fig. 1A shows

the SEM photographs of SA/Ge scaffolds with different ratios at

�200 magnication. The cross-section morphology of all scaf-

folds presented a porous and interconnected structure. The

average pore dimension of scaffolds was displayed in Table 2. It

was observed that as the ratios of SA/Ge increased, pores in

scaffolds became more homogeneous and the pore size

appeared smaller. On the contrary, the increased proportion of

Ge led to a more disordered and non-uniform composite

network with larger pores. Additionally, the pore size of SA : Ge

¼ 2 : 1 group and SA : Ge ¼ 4 : 1 group showed no much

signicant difference in SEM images.

The swelling behavior of scaffolds is a crucial feature in

terms of its potential for skin regeneration applications. An

appropriate swelling degree can maintain the moist environ-

ment of wound and protect it from excessive dehydration. At the

same time, the swelling ability inuences the diffusion of

nutrition and absorption of exudates.9 Thus, the swelling

behavior of different SA/Ge scaffolds were tested. As shown in

Fig. 1B, the four groups all indicated continuous enhancement

of swelling degree and reached equilibrium aer being

immersed in PBS for approximately 6 h. Compared with the

Fig. 1 Physical characteristics of SA/Ge scaffolds (A) SEM images of SA/Ge scaffolds with different SA/Ge ratios: (a) SA/Ge ¼ 1 : 2, (b) SA/Ge ¼

1 : 1, (c) SA/Ge ¼ 2 : 1, (d) SA/Ge ¼ 4 : 1. The bar corresponds to 500 mm. (B) Swelling degree, (C) maximum tensile strength at breaking points,

and (D) representative shift–loading curves of SA/Ge scaffolds in different ratios. * and ** denote significant difference at p < 0.05 and p < 0.01

levels, respectively.
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other three groups, the group of SA : Ge ¼ 1 : 2 displayed the

maximum swelling degree of 677%. Subsequently, a decline of

swelling degree was observed as the ratio of SA/Ge increased

from 1 : 2 to 1 : 1 and 2 : 1, whose swelling degree were 677%,

548%, 403%, respectively. However, the swelling degree of

SA : Ge ¼ 2 : 1 group (403%) was slightly lower than that of

SA : Ge¼ 4 : 1 group (425%) (p < 0.05). This phenomenon was in

accordance with the results of morphology analysis. Yuan et al.

reported that swelling behavior is related to the composition

and cross-linking degree of the scaffold.17 The high swelling

degree of SA/Ge scaffolds might be due to plenty of hydrophilic

groups on SA and Ge molecules. Besides, it is reported that the

higher density the scaffold is, the lower swelling degree it

possesses. The 2 : 1 group with higher degree of cross-linking

possessed denser network, smaller pore size and less space to

trap the liquid, which contributed to its lower swelling degree.

The mechanical properties of different groups were pre-

sented in Fig. 1C and D, which showed the ultimate tensile

strength and shi–loading curves, respectively. The tensile

strength of four groups was in the range of 14.3–25.6 MPa.

Among the four groups, SA/Ge¼ 1 : 2 group with higher content

of gelatin had the lowest mechanical strength of 14.3 MPa,

while the tensile strength of SA/Ge ¼ 1 : 1 group increased to

17.3 MPa aer decreasing the ratio of gelatin. Meanwhile, SA/Ge

¼ 2 : 1 group displayed the best mechanical behavior of

25.6 MPa, which had slight superiority over the SA/Ge ¼ 4 : 1

group (22.8 MPa). The results of mechanical properties were in

accordance with the pore dimension. SA/Ge scaffolds with

smaller pore sizes also exhibited better mechanical perfor-

mance because of higher cross-linking degree and more

entangled network structure.

Overall, the results from the morphology, pore size, swelling

behavior, and tensile strength tests were comprehensively consid-

ered. The SEM results indicated that the pore size of SA : Ge¼ 2 : 1

group and SA : Ge ¼ 4 : 1 group were similar and both presented

a homogeneous and dense network with suitable pore size. More-

over, SA/Ge scaffold at ratio of 2 : 1 displayed more excellent

mechanical performance than the other three groups. Besides,

SA : Ge ¼ 2 : 1 group also possessed a moderate swelling degree

which could provide a relative humid environment for wounds

without excessive dehydration.32–34 Thus, from the above results, the

ratio of SA : Ge ¼ 2 : 1 was selected for further study with CNC to

deeply improve its properties.

3.2 Morphology and chemical evaluation of CNC and SA/Ge/

CNC scaffold

In order to observe the morphology of CNC in detail, the orig-

inal suspension (1.2 wt%) was diluted to the concentration of

0.01 wt% and observed by AFM. The results exhibited that CNC

possessed a long spindle-like shape with the length between

150–200 nm (Fig. 2A). The macroscopic photograph of SA/Ge/

CNC scaffold (SA : Ge ¼ 2 : 1, 0.5 wt% CNC) was documented

by digital camera and displayed in Fig. 2B. The SA/Ge/CNC

scaffold possesses an opaque appearance with light yellow

color. Furthermore, micro-CT analysis was programmed to

reconstruct the inner micro-morphology and investigate the

porosity of SA/Ge/CNC scaffold. Fig. 2C showed the micro-CT

scan result of SA/Ge/CNC sample (SA : Ge ¼ 2 : 1, 0.5 wt%

CNC). It can be seen from the image that the lyophilized scaf-

fold formed a three-dimensional entangled network with large

numbers of tiny uniform pores, which were in agreement with

the observation of SEM. Besides, the porosity was calculated as

bone surface/bone volume (BS/BV) of 65.3493 mm�1 and

trabecular thickness (Tb.Th) of 0.0306 mm. The results indi-

cated that SA/Ge/CNC scaffold possessed uniform porous

network structure.

In this study, the SA/Ge/CNC hybrid scaffold was prepared by

a simple and amendable way. At the rst step, the solutions of

gelatin and sodium alginate were mixed together. As shown in

Scheme 1A, the amino group on gelatin and carboxyl acid group

on alginate had electrostatic attraction with each other and

formed the alginate–gelatin backbone of the network.35 Subse-

quently, CNC was added and participated in the construction of

structure. The incorporation of CNC led to increased hydrogen

bonding interactions of CNC with SA and Ge polymers as well as

between CNCs.28,36 Due to the similar structure of poly-

saccharides, CNC and SA have good chemical compatibility.

CNC can involve in the construction of alginate-based scaffolds

and act as a nanoreinforcement to intensify the mechanical

stability.37,38 Hence, the involvement of CNC enabled more

intermolecular interactions between CNC and the formed SA/Ge

backbone, which enriched the composite biopolymers and

formed a dense and rigid network structure. At the nal step,

calcium ions were used to cross-link the G-blocks in alginate

molecules and form the egg-box structure, which generated the

second network of scaffold.18,39

The FTIR spectroscopy analysis was carried out to conrm

the incorporation of CNC in SA/Ge scaffold (Fig. 2D). The typical

absorption bands corresponding to SA and Ge could be

observed in the spectrum of SA/Ge scaffold as reported.40 The

characteristic bands of SA at around 1620 cm�1 (the carbonyl

(C]O) bond) and 1416 cm�1 (asymmetric and symmetric

stretching peaks of carboxylate salt groups) were visible. For

gelatin, themain absorption bands at around 1659 cm�1 (amide

I, C–O, and C–N stretching), 1547 cm�1 (amide II) and

1243 cm�1 (amide III) were also observed.41 The spectrum of

Table 2 The average pore size of SA/Ge and SA/Ge/CNC scaffolds

Sample

SA/Ge SA/Ge/CNC

1 : 2 1 : 1 2 : 1 4 : 1 Without CNC CNC (0.1%) CNC (0.5%) CNC (1%)

Average pore size (mm) 302 � 43 276 � 31 165 � 30 177 � 24 210 � 40 183 � 27 157 � 31 120 � 16
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CNC showed characteristic absorption bands at around

2900 cm�1, 3000 cm�1 and 1430 cm�1, which belong to C–H

stretching, O–H stretching and CH2 scissoring band, respec-

tively.42 A higher absorption from 3600 cm�1 to 3200 cm�1

appeared in the spectrum of SA/Ge/CNC scaffold, which sug-

gested an increase of hydrogen bonds resulting from the

interaction between SA/Ge backbone and CNC.36 The results of

FTIR indicated the presence of CNC in the hybrid scaffold as

wells as the interaction between them.

3.3 Selection of the optimum ratio of CNC in SA/Ge/CNC

scaffold

CNC is a tough, biodegradable and renewable polymer which is

primarily obtained from cellulose bers. Owing to its distinctive

properties, CNC was utilized in our study and acted as a rein-

forcing agent in polymer nanocomposites. To further explore

the inuence of CNC on the properties of scaffold and select its

optimum concentration, cross-sectionmorphology observation,

water absorption ability, mechanical strength, and contact

angle were systemically examined. The SEM images of SA/Ge/

CNC scaffolds were presented in Fig. 3A, which showed

a porous and entangled network structure. The average pore

size and size distributions were measured to study the effect of

CNC on the interconnectivity and homogeneity of scaffolds

(Table 2). As the concentration of CNC enhanced from 0 to 1%,

the pore diameters shrank from 210 � 40 mm to 120 � 16 mm.

The pore sizes of 0.1% CNC group and 0.5% CNC group were

183 � 27 mm and 157 � 31 mm, respectively. The pore sizes

displayed a gradual decreasing trend with increasing CNC

concentration. Unfortunately, some collapse appeared in the

inner structure of SA/Ge/CNC scaffold with 1% CNC, which may

attribute to the aggregation of CNC at such concentration. The

results suggested that the addition of CNC could improve the

pore numbers and diminish the pore sizes.

Fig. 3B displayed the water absorption properties of SA/Ge/

CNC scaffolds. The results showed that all the samples

attained high swelling degree and the SA/Ge scaffold without

CNC reached equilibrium swelling within a relatively shorter

time. The swelling degree of control group (without CNC) was

627%, while that of 1% CNC group signicantly dropped to

207%. The swelling degrees of 0.1% CNC group and 0.5% CNC

group were 468% and 256%, respectively. It can be observed

from the gure that the incorporation of CNC signicantly

inuenced the swelling behavior of scaffolds and increased

concentrations of CNC resulted in the decline of swelling

degree. The reason can be considered that the addition of CNC

Fig. 2 (A) Atomic force microscopy image of 0.01 wt% CNC dispersed in aqueous solution. (B) Visual appearance of SA/Ge/CNC (SA : Ge¼ 2 : 1,

CNC ¼ 0.5%) scaffold (length ¼ 3 cm, width ¼ 1 cm). (C) Micro-CT image of SA/Ge/CNC scaffold (SA : Ge ¼ 2 : 1, CNC ¼ 0.5%) (diameter ¼ 10

mm). (D) FTIR spectra of SA/Ge scaffold, CNC, and SA/Ge/CNC scaffold.
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renders the scaffold a denser and tighter network, thus less

likely to absorb water.

Themechanical properties of SA/Ge/CNC scaffolds with different

CNC contents were summarized in Fig. 3C and D. The results

showed that SA/Ge scaffold without CNC had a tensile strength of

18.2 MPa, which enhanced to 20.5 MPa aer the addition of 0.1%

CNC. It's worth noting that the tensile strength dramatically raised

to 45.1 MPa aer adding 0.5% CNC into the scaffold. However, the

tensile strength of 1% CNC group showed no much signicant

difference with the 0.5%CNC group (p > 0.05). The results indicated

that the mechanical strength of scaffolds showed a tendency to

increase aer the involvement of CNC. Due to the formation of

hydrogen bonding, good interaction and compatibility of CNC with

the composite components, CNC can provide signicant enhance-

ment in mechanical properties at low volume percentages. The

increased amount of CNC in the SA/Ge/CNC scaffolds led to the

formation of denser and more highly entangled network, thus

resulting in the comparable stiffness improvement.

Fig. 3 Physical characteristics of SA/Ge/CNC (SA/Ge ¼ 2 : 1) scaffolds with different concentrations of CNC (A) SEM images of SA/Ge/CNC

scaffolds: (a) without CNC, (b) 0.1% CNC, (c) 0.5% CNC, (d) 1% CNC. The bar corresponds to 500 mm. (B) Swelling degree, (C) maximum tensile

strength at breaking points, (D) representative shift–loading curves, and (E) contact angles of SA/Ge/CNC scaffolds with different CNC

concentration: (a) without CNC, (b) 0.1% CNC, (c) 0.5% CNC, (d) 1% CNC. ** denote significant difference at p < 0.01 level.
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Contact angle is an essential indicator to judge the hydro-

phobicity as well as hydrophilicity of materials. A decrease of

water contact angle indicates the improvement of hydrophi-

licity.43 Previous studies have reported that hydrophilic bio-

composites could promote the cell proliferation and the

wettability is highly related to the barrier properties of mate-

rials.44 Here, the contact angles of different SA/Ge/CNC scaffolds

were measured to study the impact of CNC on hydrophilicity. As

shown in Fig. 3E, contact angles of all the samples were below

90� and consistently at �75� on average. The contact angles of

control group, 0.1% CNC group, 0.5% CNC group and 1% CNC

group were 77.9� � 2.68�, 75� � 2.82�, 73.7� � 2.92�, 73.5� �

2.45�, respectively. A slight downwards tendency of contact

angles could be observed with the enhancement of CNC

concentration. There was no signicant difference between

them. Therefore, CNC has no apparent effect on the hydrophi-

licity of scaffolds. On the other hand, the results conrmed the

hydrophilicity nature of simple SA/Ge and SA/Ge/CNC scaffolds.

In consideration of the microstructure, swelling degree, tensile

strength and contact angle characteristicsmentioned above, the SA/

Ge/CNC scaffold containing 0.5% CNC exhibited superior proper-

ties and was selected to further explore its bio-applications for in

vitro cytotoxicity assay and in vivo animal experiments.

3.4 Cell study on SA/Ge/CNC scaffold

An indispensable factor for tissue engineering materials is the

capacity to support cell attachment, spreading and

proliferation.23 Non-cytotoxicity and biocompatibility of mate-

rials are crucial to further clinical applications. To assess the

cytotoxicity of SA/Ge/CNC scaffold, 3T3 cells were incubated in

SA/Ge/CNC scaffold leachate with different concentrations for

24 h. The optical density of absorbance (O.D.) which reects the

cell viability was tested through a standard MTT method. As

depicted in Fig. 4A, the experimental groups (concentrations of

SA/Ge/CNC scaffold leachate ¼ 0.78, 1.56, 3.13, 6.25, 12.5, 25,

50, 75 and 100 mg ml�1) presented higher O.D. values than the

control group (concentration of SA/Ge/CNC scaffold leachate ¼

0 mg ml�1), suggesting that higher number of cells in the

scaffold leachate of experimental groups than in the control

group. The result indicates that the SA/Ge/CNC scaffold is non-

toxic and possesses good cytocompatibility.

Subsequently, the morphology, attachment, and prolifera-

tion of 3T3 cells on scaffold were investigated. The SEM images

of 3T3 cells seeded on the SA/Ge/CNC scaffolds aer 3 days were

presented in Fig. 4B. It is observed that cells adhered and

spread randomly on the SA/Ge/CNC scaffold. Besides, 3T3 cells

presented a spindle-like shape and attached with each other,

exhibiting an aggregated growth state. The safety of scaffolds is

highly related to the good biocompatibility of biopolymers and

nanoparticles. According to previous research, the RGD

sequence (Arg-Gly-Asp) of gelatin can enhance cell adhesion,

differentiation and proliferation.22,45 Additionally, the similar

chemical structure between cellulose and SA endows the

prepared SA/Ge/CNC scaffolds good compatibility and

Fig. 4 Cell study on SA/Ge/CNC (SA/Ge ¼ 2 : 1, CNC ¼ 0.5%) scaffold. (A) Cytotoxicity of 3T3 cells after 24 hour culture with scaffold leachate

(MTT assay). (B) SEM images of 3T3 cells cultured on SA/Ge/CNC scaffold for 3 days.
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possibility of cross-linking reaction. Thus, the scaffolds form

a better nanostructure for the growth and migration of cells.

Briey, the excellent biological properties of components might

contribute to the successful adherence and good spread of 3T3

cells on the scaffold, indicating that SA/Ge/CNC scaffold is

a potential candidate for wound regeneration applications.

Fig. 5 Macroscopic observation of skin wounds in control, SA/Ge, and SA/Ge/CNC groups at 1 days, 7 days, and 14 days after surgery.

Fig. 6 (A) The wound closure, (B) granulation tissue score, (C) collagen content in control, SA/Ge, and SA/Ge/CNC groups at 7 days and 14 days

after surgery.
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3.5 Skin regeneration in SD rats

To further evaluate the wound healing performance of the SA/

Ge and SA/Ge/CNC scaffolds, two square defects (1.5 cm � 1.5

cm) were modeled on the le and right sides of each SD rat's

dorsum. The scaffolds were covered on the right defects

(experimental side) as dressings for the wounds, while the le

defects were not treated with scaffolds and set as control.

According to the scaffolds covered on the experimental sides, all

the rats were randomly divided into two groups. Half of them

were sutured with SA/Ge scaffolds (SA/Ge group), and the other

half were sutured with SA/Ge/CNC scaffolds (SA/Ge/CNC group).

Both kinds of scaffolds could be xed on the four corners of

defects with absorbable sutures and resisted the pull force

(Fig. 5), which proved the remarkable mechanical strength of

scaffolds.

On the 7th and 14th days aer operation, digital photo-

graphs of wounds and the tissue sections were collected to

quantitatively assess the area of wound closure, granulation

tissue formation, and collagen deposition. Fig. 5 exhibits

the macroscopic images of defects in the control, SA/Ge, and

SA/Ge/CNC sides on day 1, 7, and 14. During the wound

healing progress, no apparent swelling or inammatory

reaction appeared on both sides of the two groups. As

observed from photographs, the area of wounds reduced

with time in all the groups. Compared to the control sides,

the experimental sides of both groups exhibited faster

wound healing rates and better skin recovery on day 7 and

14. It can be seen that the re-epithelialization of the exper-

imental side in SA/Ge/CNC group were close to completion

on day 14, whereas the same side in the SA/Ge group had not

achieved the closure of the wound. At the same time, a large

portion of the wound area in the control side was still not

completely closed. The rate of re-epithelialization can be

ranked in the order of SA/Ge/CNC > SA/Ge > control,

revealing the better wound healing efficacy of SA/Ge/CNC

scaffolds.

At different time points, the healing area of wounds were

calculated according to a standard planimetric method. The

wound closure percentages were expressed as the wound

size reduction compared to the original area of defects

(Fig. 6A). At day 14, the wound closure percentage of SA/Ge

side and SA/Ge/CNC side reached 89% and 95%, respec-

tively. In contrast, the control side exhibited the lowest

wound closure rate (80%). The healing rate of SA/Ge/CNC

side was higher than that of SA/Ge side, which suggested

that the SA/Ge/CNC scaffold has a better wound regenera-

tion performance. Meanwhile, the granulation scores and

the collage deposition scores were evaluated according to

the optical microscope images of H&E staining and Mas-

son's trichrome staining (Fig. 6B and C). The granulation

tissue formation and collage deposition play an essential

role during the wound healing process and work as

Fig. 7 H&E staining images in control, SA/Ge, and SA/Ge/CNC groups at 7 days and 14 days after surgery. The bar corresponds to 50 mm.
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indicators to assess the regeneration of epithelium. The

control side had the lowest granulation tissue accumulation

and loosest collagen bers on day 7 and 14. Fortunately, the

SA/Ge/CNC side demonstrated a better recovery perfor-

mance with 4.43 of granulation tissue formation score and

89% of collage deposition score aer 14 days post-operation.

The results indicated the positive function of SA/Ge/CNC

scaffold on skin wound healing progress.

To further evaluate the wounding healing process, the re-

epithelialized skin along with normal skin was investigated

histologically. The region of neo-epidermis, the formation of new

epidermal annexes, and the deposition of collagen are consid-

ered as indicators of the early organization and remodeling of

tissue. The histological analysis was performed on the basis of

the observation of H&E and Masson's trichrome staining results.

In the micrographs of H&E staining (Fig. 7), the thickness of the

re-epithelialized skin and the inltration of newly formed cells

were clearly visible. At 7 days aer treatment, we can nd out that

the SA/Ge side and SA/Ge/CNC side possessed more continuous

and compact epithelium tissue in the upper layer of wounds,

whereas re-epithelialization in the control side was less

pronounced. There was no obvious difference between the results

of SA/Ge side and SA/Ge/CNC side on the 7th day post-injury. But

on day 14, more microvessels proliferation and more skin

appendage maturation such as hair follicles were observed in the

SA/Ge/CNC side compared to the SA/Ge side. Such a difference

suggested that wounds treated with SA/Ge/CNC scaffolds were at

an accelerated rate of the healing process. The reformation and

realignment of collagen are viewed as the major components of

tissue remodeling phase during the wounding healing process.

The improvement of the newly formed collagen contributed to

the increase of tensile strength of tissue.46 From the Masson's

trichrome staining sections (Fig. 8), the extent and pattern of the

collagen deposition can be compared according to the amount

and density of the blue color. The light and dark blue represent

the loosely interconnected and densely packed collagen bundles,

respectively. At days 7, the accumulation of collagen was loose

and randomly organized in the control group. In contrast, the SA/

Ge group and SA/Ge/CNC group presented a higher amount of

collagen bers and appeared tightly packed. Aer 14 days, the

difference got more apparent. Compared to the other two groups,

images from the SA/Ge/CNC side demonstrated higher collagen

density and more compact collagen alignment, where the pres-

ence of darker blue was noticed. The results of Masson's tri-

chrome staining proved that SA/Ge/CNC scaffold could exert

a positive effect on the dermal re-epithelialization and recon-

struction, which were in agreement with the results of gross

observation.

Fig. 8 Masson's trichrome staining images in control, SA/Ge, and SA/Ge/CNC groups at 7 and 14 days after surgery. The bar corresponds to 50

mm.
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4. Conclusion

In summary, sodium alginate and gelatin scaffolds reinforced

by CNC were prepared via a simple and cost-effective method.

The optimum ratio of constituents was selected systemically.

The microstructure and mechanical strength of SA/Ge scaffolds

were signicantly improved with the reinforcement of CNC. 3T3

cells can effectively attach and spread on the scaffold, which

conrmed its good cyto-compatibility. In the in vivo skin

regeneration experiment on SD rats, SA/Ge/CNC scaffolds

demonstrated high efficiency to accelerate the recovery of

wounds. Taken together, the SA/Ge/CNC scaffold with porosity,

appropriate water absorption capacity, excellent mechanical

property and biocompatibility is a desirable candidate for skin

tissue engineering.
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