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Abstract

On account of the poor biocompatibility of synthetic prosthesis, millions of rhinoplasty recipients

have been forced to choose autologous costal cartilage as grafts, which suffer from limited avail-

ability, morbidity at the donor site and prolonged operation time. Here, as a promising alternative

to autologous costal cartilage, we developed a novel xenogeneic costal cartilage and explored its

feasibility as a rhinoplasty graft for the first time. Adopting an improved decellularization protocol,

in which the ionic detergent was substituted by trypsin, the resulting decellularized graft was con-

firmed to preserve more structural components and better mechanics, and eliminate cellular com-

ponents effectively. The in vitro and in vivo compatibility experiments demonstrated that the decel-

lularized graft showed excellent biocompatibility and biosecurity. Additionally, the functionality

assessment of rhinoplasty was performed in a rabbit model, and the condition of grafts after im-

plantation was comprehensively evaluated. The optimized graft exhibited better capacity to reduce

the degradation rate and maintain the morphology, in comparison to the decellularized costal carti-

lage prepared by conventional protocol. These findings indicate that this optimized graft derived

from decellularized xenogeneic costal cartilage provides a new prospective for future investiga-

tions of rhinoplasty prosthesis and has great potential for clinical application.
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Introduction

At present, the widely used rhinoplasty prostheses include autolo-

gous grafts, mainly costal cartilage, and synthetic grafts such as sili-

cone and expanded polytetrafluoroethylene [1]. Owing to poor

biocompatibility of synthetic grafts, millions of recipients were

forced to choose autologous costal cartilage as grafts [2, 3].

However, autologous cartilage grafts suffer from multiple shortcom-

ings, including severe morbidity at donor site, extremely limited

availability and prolonged operation time. In particular, there are in-

evitable thoracic scars and deformities, which lead to severe pain for

recipients and affect their aesthetics [4, 5]. Therefore, there is a need

for new biomaterials as rhinoplasty prostheses.
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Decellularized cartilage grafts emerged as promising alternatives

for repairing cartilage defects with special attention. The advantage of

this biomaterial is that the micro-environment of native extracellular

matrix (ECM) in tissue or organ is preserved which still contains a va-

riety of appropriate bioactive elements without the presence of cellular

and nuclear components, thus avoiding potential immunological re-

jection. It allows for a xenogenic approach to substitute autologous

tissue which is attributed to ECM proteins highly conserved across

species. A multitude of studies on the use of acellular cartilage to re-

pair various cartilage defects have been reported [6, 7]. Regardless of

the application in plastics or orthopedics, the physical and chemical

properties of acellular cartilage determine its therapeutic effect as a

scaffold structure. Many methods have been devised to prepare decel-

lularized cartilage. The conventional method is based on multiple

cycles of treatment with ionic detergents including sodium dodecyl

sulfate and sodium deoxycholate [8, 9]. Although this method has

been proven to achieve proper removal of cellular components, it

causes severe loss of proteoglycans and cytokines, along with the sig-

nificant decrease in mechanical strength.

The effects of various decellularization methods vary widely.

Physical methods such as agitation, osmotic pressure shock and

freezing–thawing have little effect on ECM, but decellularization ef-

ficiency is very limited especially for dense tissues [10, 11].

Detergent treatment involved in chemical methods is the most com-

monly used method. Ionic detergents are effective in rupturing cyto-

plasmic and nuclear membranes, but tend to denature proteins by

disrupt protein–protein interactions [12, 13]. Non-ionic detergents

are significantly better than ionic ones in protecting ECM, while

they are often inadequate for decellularization when used alone

[14]. As confirmed in previous studies, trypsin causes the loss of at-

tachment activity in chondronectin, since the chondronectin plays

an important role in the binding of cells with ECM [15]. In addition,

trypsin is a commonly used reagent for cell experiments, which has

the characteristics of low toxicity and being inactivated by serum, so

it has little deleterious effect on the biosecurity of the graft [16].

Therefore, in this study, we tried to replace ionic detergent with

trypsin, and compared the effects of the two protocols on decellula-

rization efficiency, chemical and mechanical properties.

To our knowledge, only few decellularization protocols for cos-

tal cartilage have been reported, and there is no report about decel-

lularized xenogeneic costal cartilage as a rhinoplasty graft. In the

present study, the optimized decellularized grafts were fully charac-

terized and assessed on their compositional, mechanical and bio-

compatible properties, as well as functional evaluation in

comparison with conventional decellularized grafts.

Materials and methods

Fabrication of decellularized costal cartilage
Porcine costal cartilage was harvested from pigs (average age 6–

8 months and weight 110–120 kg) according to the Standard

NOM-062-ZOO-1999 [17]. All animal-related experiments in this

study were approved and monitored by the Institutional Animal

Care and Use Committee (IACUC) of China Medical University

(CMU2019268).

There are 14 pairs of costal cartilages per pig, and the 6th to 8th

pairs were selected owing to their suitable length, thickness and an-

gle. After the removal of surrounding muscle and perichondrium,

the costal cartilage was carved using the commercial silicone rhino-

plasty prosthesis as a mold (Fig. 1A and B). Then, the materials

were immersed in phosphate-buffered saline (PBS) solution at 4�C

for further assessment. The carved cartilages were randomly divided

into the following three groups.

Natural costal cartilage (NCC). It consists of natural cartilage as

a control group for all assays.

Sodium deoxycholate-based decellularized costal cartilage

(SDCC). This protocol slightly modified the decellularization proto-

col proposed by Baiguera et al. [18] (Fig. 1C). Following the immer-

sion in distilled water (DW) for 2 h, the cartilage was incubated in

4% sodium deoxycholate (w/v) (Sigma, St. Louis, MO) for 4 h.

After rinsing twice with DW, the tissue was treated with 1% Triton

X-100 (v/v) (Sigma) for 4 h, and then incubated in 100 U/ml

Deoxyribonuclease I (DNase I) solution (Sigma) for 3 h at 37�C.

Finally, another two more rinses with DW were carried out. The

above process was repeated 15 cycles. The above processes were per-

formed at room temperature with constant stirring at 120 rpm, ex-

cept for special instructions.

Combination method-based decellularized costal cartilage

(CDCC). It is further modified on the basis of ionic detergent decel-

lularization protocol, replacing ionic detergent with trypsin and

combining with the non-ionic detergent (Fig. 1C). Briefly, after the

immersion in DW for 2 h, the cartilage was treated with 1% trypsin

(w/v) (Sigma) for 6 h, and the enzyme solution was changed freshly

every 2 h. Following another two washes in DW, the cartilage was

submersed in 1% Triton X-100 solution (v/v) for 4 h. Subsequently,

the cartilage was subjected to nuclease digestion with 100 U/ml

DNase I solution at 37�C for 3 h. Finally, two rinses with DW were

performed. The above process was repeated 15 cycles. The above

processes were carried out at room temperature with constant stir-

ring at 120 rpm, except for special instructions.

Histological and immunohistochemical staining
Following fixation in 4% paraformaldehyde solution for 24 h, the

decellularized specimens were paraffin embedded and sectioned into

5 lm slices. After being subjected to dehydration, deparaffinization,

rehydration and wash with DW, the specimens were subsequently

stained with the following dye solution. Hematoxylin–eosin (HE)

and 40,6-diamidino-2-phenylindole (DAPI) were performed to evalu-

ate the removal of cellular and nuclear components.

Safranin O staining was used to detect the presence of glycosami-

noglycans (GAGs), which is one of the main important components

of hyaline cartilage, and affects mechanical properties and biocom-

patibility. Type II collagen was immunolocalized with rabbit anti-

human type II collagen polyclonal antibody (1:100, Abcam,

Cambridge, MA), followed by incubation with horseradish peroxi-

dase-conjugated anti-mouse antibody (1:200, Abcam) and chromo-

genic reaction with diaminobenzidine tetrahydrochloride (DAB,

Abcam).

Quantitative detection for DNA and main structural

components
The effectiveness of decellularization protocols was further analyzed

by quantifying the remaining DNA in grafts. The TIANamp

Genomic DNA Kit (Takara, China) was used to extract DNA from

the samples of each group according to the manufacturer’s instruc-

tion. Then, the extracted DNA was quantified with BioDrop

(BioLion, UK). Besides, the remnant DNA fragments were measured

by the semi-quantitative agarose gel electrophoresis test.

A hydroxyproline quantification assay with Hydroxyproline

Assay Kit (Sigma) was performed to determine the total collagen

content of each group according to the manufacturer’s instruction.
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This assay takes advantage of the characteristic that hydroxyproline

is mainly limited to collagen and uses it as an indicator of total colla-

gen content. The amount of total collagen was calculated according

to the ratio of hydroxyproline to collagen, which was 1:7.69.

GAGs content of grafts in three groups was assessed using

Dimethylmethylene Blue Assay Kit (GenMed) following the manu-

facturer’s instructions.

There are five replicate samples in each group in all quantitative

tests, and the data are normalized to dry weight.

Scanning electron microscopy assessment
Scanning electron microscopy (SEM) was used to observe the micro-

structure of samples. The samples were fixed in 0.25% glutaralde-

hyde (Sigma) for 2 h and rinsed with PBS for 15 min three times.

After dehydration through a graded series of ethanol, samples were

critical-point dried with carbon dioxide. Afterwards, the samples

were sputter coated with gold and observed under VEGA3 tungsten

scanning electron microscope (TESCAN, Czech).

Mechanical analysis
An Electric Dynamic Test System (Shenyang, China) was conducted

for detecting elastic and compressive properties. Prior to the test, the

samples were processed into the shape suitable for the test chamber

and incubated in PBS at room temperature for 2 h. Both ends of the

sample were attached to a custom-made instrument to keep the

starting distance between the two instruments constant at 10 mm.

Parameters including the Young’s modulus, stress at fracture and

strain at fracture were collected and calculated. Five replicate sam-

ples per group were tested and analyzed.

Biocompatibility evaluation

Isolation and culture of chondrocytes and fibroblasts
The chondrocytes were harvested from the nasal septum of Sprague-

Dawley rats. Briefly, the nasal septal cartilage was carefully dissected

out and washed three times with PBS. After the perichondrium was re-

moved, the cartilage was incubated with 0.25% trypsin for 30 min at

37�C. Then, the cartilage was cut into small pieces and incubated

with collagenase type II (Sigma) on a rotator for 4–5 h at 37�C until

the solid cartilage pieces disappeared. Subsequently, the cell pellet was

washed and incubated in Dulbecco’s/Ham’s F-12 medium (DMEM/

F12) (Gibco, USA) containing 10% fetal bovine serum (FBS) (Gibco)

and 1% penicillin/streptomycin (P/S) (Gibco). The medium was

refreshed every 72h and when the confluence reached 80%, the cells

were passaged at a ratio of 1:2–1:3. The second to fourth generation

cells were harvested and identified by toluidine blue staining (Fig. 5A)

and type II collagen immunofluorescence staining (Fig. 5B).

L929 fibroblasts were purchased from the Basic Medical Cell

Center of the Institute of Basic Medicine, Chinese Academy of Medical

Sciences. The cells were cultured in DMEM/F12 supplemented with

FBS and P/S. The cells are cultured in an incubator (37�C, 5% CO2)

and passaged to harvest sufficient numbers for future assessment.

Figure 1. Fabrication of decellularized costal cartilage grafts. (A) The untreated porcine costal cartilage. (B) The carved cartilage using the commercial silicone rhi-

noplasty prosthesis as a mold. (C) The decellularization protocol of sodium deoxycholate-based decellularized costal cartilage (SDCC) and combination method-

based decellularized costal cartilage (CDCC).
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Observation of cell affinity
The adhesion and survival of fibroblasts on the graft surface were

assessed by SEM to evaluate the cell affinity of the material. The cell

density of the fibroblast suspension was adjusted to 1�104/ml, and

then co-culture with the two groups of grafts. After 3 days, the me-

dium was aspirated, the cell-material complex was washed with PBS

for three times, and then fixed with glutaraldehyde and osmium

acid, dehydrated with gradient alcohol, dried, quenched and sprayed

with gold, and finally observed under SEM.

Detection of released DNA content in culture medium
DNA released from chondrocytes with ruptured cellular membranes

was detected as an assessment of the extent of damaged cells. After

the chondrocytes at a density of 1�104/ml were co-cultured with

the grafts of 1 cm�1 cm�0.3 cm for 3 days, the culture medium

was extracted and the DNA content in it was tested to analyze the

biocompatibility and biosecurity of grafts. The negative and positive

control groups were chondrocytes cultured without any samples and

with 2% Triton X-100, respectively. Five replicate samples were set

in each group, the absorbance at 260 nm was measured and the

mean value was calculated.

Cytotoxicity analysis
To evaluate the cytotoxicity of the grafts, probably generated in the

process of decellularization and/or sterilization, Cell Counting Kit-8

(CCK-8) was performed following the manufacturer’s instructions.

Briefly, the extracted medium was harvested by incubating 100 mg

samples of SDCC and CDCC in 1 ml medium at 37�C for 72 h.

Besides, negative, positive and blank control groups were prepared

by incubating chondrocytes with polyethylene, DMSO and without

cells, respectively. The chondrocytes were plated at a density of

1�104 cells per well in 96-well plates, and then cultured at 37�C

with 5% CO2. Cell proliferation was evaluated at 24, 48 and 72 h,

respectively. At each time point, 10 ll of CCK-8 solution was added

to each well, followed by incubation at 37�C for another 2 h.

Optical density was measured at 450 nm, and the mean value de-

rived from five replicates for each group was calculated.

Subcutaneous implantation experiment
Subcutaneous implantation experiment was performed to evaluate

the acute inflammatory response in the short term after implantation

of the graft. In addition to 20 rats in the blank group, SDCC and

CDCC were randomly implanted subcutaneously into the backs of a

total of 40 rats (male, 12 weeks old, weighing 200 g). Each group of

grafts was cut into a size of 1 cm�1 cm�0.3 cm. After the general

anesthesia, an incision was made on the left and right sides of the

rat’s back. The subcutaneous pocket was separated from the incision

upward. The grafts of two groups were implanted subcutaneously

on the backs of rats (Fig. 6A). The blank group only created the

subcutaneous pocket without implanting the grafts.

The rats were sacrificed by CO2 at 3, 7, 14 and 28 days after the

operation. The blood of rat was harvested from eye veins to harvest

serum for ELISA using Quantikine IL-2 Elisa Kit (R&D, USA),

Quantikine IL-4 Elisa Kit (R&D) and IFN-c Elisa Kit (NOVUS,

USA), which were employed to assess the possible systemic immune

response caused by acellular xenogeneic graft.

In addition, the grafts with adjacent tissues were collected and

fixed in 4% paraformaldehyde. Paraffin sections were made and

stained for CD 11b immunohistochemistry, which was used to ob-

serve the density and distribution of neutrophils and evaluate local

immune response to SDCC and CDCC. Briefly, following antigen

retrieval, endogenous peroxidases inactivation and serum blocking,

the sections were treated with primary antibody against CD 11b

(rabbit anti-CD 11b antibody, Abcam) at 4�C overnight.

Subsequently, the secondary antibody (goat anti-rabbit IgG1,

Abcam) was used for 30 min after three washes with PBS. Finally,

DAB chromogenic reaction and hematoxylin counterstaining were

carried out sequentially. The number of CD 11b positive cells was

Figure 2. Evaluation of decellularization effect. The DAPI (Aa) and HE (Ab) were carried out to assess the elimination of cells. The residual DNA was tested by aga-

rose gel electrophoresis (B) and quantification of residual DNA content (C). Data are expressed as the mean 6SD (n¼5). *P< 0.05 compared with NCC.
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counted at �200 magnification with five areas per sample, and

quantification was performed by Image-Pro plus software.

In vivo study for functionalities
Surgery procedure. Since the tissue level (from shallow to deep: epi-

dermis, dermis, muscle, periosteum and bone) and the area size of

the nasal dorsum of rabbit is similar to that of the human body,

adult rabbits were used as animal models for in vivo functionality

experiments. Twenty-four New Zealand white rabbits (male, 10–

12 weeks old, weighing 3.0–4.0 kg) were fed standard food and un-

limited water supply under 12 h light cycle, and randomly divided

into two groups with 12 rabbits in each group, including SDCC and

CDCC group. Firstly, rabbits were fasted for 12 h with free access to

water. Following induction of anesthesia with intraperitoneal injec-

tion of a mixture of ketamine (50 mg/kg) and acepromazine

(0.05 mg/kg), the rabbits underwent standard endotracheal general

anesthesia after induction. And the general anesthesia was kept by

isoflurane gas (as needed). After shaving and desinfection, a 1.5-cm

long incision was made at 2 cm above the tip of the nose to reach the

periosteal surface. The cavity in the lower layer of the muscle (the

upper layer of the periosteum) was created, with an area of about

5 cm�1.5 cm, and the uppermost end reached between the two

eyes. Then, the graft was gently held and placed into the cavity.

Afterwards, the incision was sutured intermittently with 6-0

absorbable sutures. Finally, all rabbits were injected intramuscularly

with penicillin and meloxicam for 3 consecutive days to prevent in-

fection and relieve pain.

Imaging examination. Since cartilage components are well dis-

played in magnetic resonance imaging (MRI), MRI was performed

at 3 and 6 months to evaluate the size, morphology and relationship

between the graft and surrounding tissue in vivo. After anesthesia,

the rabbit was placed in a prone position on the examination table,

and a metal magnetic ring was fixed on its face. The sagittal position

was selected for scanning because the graft scanned at this angle has

a comprehensive imaging effect.

Histological and biochemical analyses. At the 6 months after

the operation, the rabbits were euthanized by overdose of 1% so-

dium pentobarbital. The grafts and adjacent tissues were harvested

and underwent histological and biochemical analyses.

In the HE staining, the gross morphology and inflammation of

samples were evaluated. The junction between the graft and the sur-

rounding tissue was randomly selected, and a low magnification

field of view (10�10) was used to choose an area with a large num-

ber of inflammatory cells (neutrophils, eosinophils, basophils, lym-

phocytes and monocytes). Then five fields in high magnification

field of view (10�40) were selected to observe and count the num-

ber of inflammatory cells, and the average value was calculated.

In addition, Safranin O staining, GAGs quantification assay and

type II collagen immunohistochemistry were performed to evaluate

Figure 3. Evaluation of biochemical properties. The safranin O (Aa) and type II collagen immunohistochemical (Ab) staining revealed the distribution and alter-

ation of the main components of cartilage before and after decellularization. The assessment of total collagen (B) and GAGs (C) demonstrated that the effect of

different decellularization protocols on ECM. *P<0.05 compared with NCC, #P<0.05 compared with SDCC.
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the changes in main compositions of the grafts before and after the

in vivo implantation, which were used to investigate the degradation

and absorption of the grafts.

Statistical analysis
All quantitative results were represented as mean 6 standard devia-

tion (SD) and statistical analysis was performed using GraphPad

Prism 5.0 software (USA). The differences between two groups were

analyzed by Student’s t-test, and differences between multiple

groups were compared by one-way analysis of variance. P<0.05

was considered to be statistically significant.

Results

Preparation and decellularization effects of grafts
After the decellularization process, both SDCC and CDCC main-

tained their original length, width, thickness and morphology, but

became more whitish and softer. In particular, SDCC is more trans-

parent and loose than CDCC (Fig. 1C). The two protocols of decel-

lularization in this study fulfilled the relevant criteria [10]. No intact

cell or nuclei were visible by HE staining, and no visible nuclear

component was found in DAPI staining (Fig. 2A). The residual

DNA contents in SDCC and CDCC were dramatically less than that

in native cartilage tissue (P<0.001) and reached the criterion of

50 ng/mg (Fig. 2C). Furthermore, no visible DNA band of SDCC

and CDCC was detected in agarose gel electrophoresis (Fig. 2B).

Biochemical properties
To investigate distribution of GAGs within the grafts of three

groups, samples were processed by Safranin O staining. The result

exhibited that SDCC and CDCC were lightly stained compared with

NCC (Fig. 3A). It is worth mentioning that there were obviously

more GAGs retained in CDCC than in SDCC. The immunohisto-

chemical staining of each group showed brownish yellow without

obvious difference, indicating that SDCC and CDCC preserve the

main matrix component of type II collagen (Fig. 3A).

Biochemical assays were employed to quantitatively assess the

contents of main structural components including total collagen and

GAGs. Concerning total collagen content, CDCC and SDCC

showed a slight increase compared with NCC, but there was no sig-

nificant difference (P>0.05) (Fig. 3B). In terms of GAGs, the quan-

titative assay suggested that SDCC and CDCC were significantly

lower than NCC, while the GAG content of CDCC was significantly

higher than that of SDCC (P<0.05) (Fig. 3C).

Microstructure
The characterization of microstructure in NCC, SDCC and CDCC

was determined by SEM. The ultrastructure of CDCC has no

Figure 4. Evaluation of microstructure and mechanical properties. (A) The microstructure of SDCC and CDCC under SEM. a1 and a2 showed that chondrocytes in

SDCC were removed, but the lacuna structure after decellularization was destroyed. b1 and b2 showed that the cells in CDCC were completely eliminated with la-

cuna in good shape. Young’s modulus (B), stress at fracture (C), and strain at fracture (D) were assessed to evaluate mechanical characteristics of NCC, SDCC and

CDCC. *P<0.05 compared to NCC, #P<0.05 compared to SDCC.
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obvious changes after decellularization, preserving its intact collagen

fiber and lacuna morphology (Fig. 4A, a1, a2). The collagen fibers

of SDCC remained basically unchanged, but the morphology of the

chondrocyte lacunae changed significantly, becoming shallower or

ruptured (Fig. 4a, b1, b2).

Mechanical properties
For the rhinoplasty, the grafts need to exhibit mechanical strength

and stability after the in vivo implantation, enabling load bearing

and stress transferring, and maintaining the original morphology of

the grafts, which is vital for in vivo experiments and further clinical

application. The obtained parameters revealed that the Young’s

modulus (elastic property) and stress at fracture (compressive prop-

erty) of SDCC and CDCC were both noticeably lower than NCC

(P<0.05), but these two parameters of CDCC were remarkably

higher than those of SDCC (P<0.05). Moreover, the strains at frac-

ture of all groups were comparable (P>0.05) (Fig. 4B–D).

Evaluation of biocompatibility
Cell affinity analysis. The survival of cells on the surface of the

materials can be observed under SEM to evaluate the cell affinity of

two decellularized grafts. After fixation and dehydration, it was ob-

served that the cells could adhere and survive, along with newly pro-

liferating cells in a spherical shape, indicating that CDCC graft has

no toxicity on fibroblasts (Fig. 5C). The fibroblasts could also ad-

here and survive on SDCC (Fig. 5D).

Released DNA content in culture medium. The main potential

risk of decellularized graft is the inability to adequately remove deter-

gents used for decellularization, which may have an adverse effect on

biosecurity and biocompatibility [19, 20]. Detergents that are not

completely removed will cause a large number of host cell rupture and

death after implantation, resulting in a significant increase in the

DNA content in the culture medium. There was no significant differ-

ence in the DNA content in the culture medium between the two

decellularized groups (P>0.05). Meanwhile, the results of SDCC and

CDCC exhibited no significant difference compared with the negative

group (P>0.05), but they were remarkably lower than that of posi-

tive control (P<0.05) (Fig. 5E). It was revealed that both SDCC and

CDCC have excellent biosecurity and biocompatibility.

Cytotoxicity. As a supplement to provide a comprehensive

analysis of biocompatibility, CCK-8 assay was performed to deter-

mine the cytotoxicity of SDCC and CDCC. At 24, 48 and 72 h, re-

spectively, the OD450 of the two grafts were comparable, and there

was no statistical difference compared with the negative control

group (Fig. 5F). The data demonstrated that SDCC and CDCC had

good biocompatibility and no toxicity on chondrocytes.

Analysis of acute inflammatory response
All sixty rats survived to the scheduled time point of sampling with-

out infection or death. The ELISA assay of serum demonstrated

that, on the 3rd and 7th day after operation, the IL-2 and IFN-c of

SDCC group and CDCC group were significantly higher than those

of the blank group (P<0.05). On the 14th day, the SDCC group

was higher than the blank group (P<0.05), and there was no statis-

tical difference between the CDCC group and the blank group

(P>0.05). On the 28th day, there was no significant difference in

IL-2 and IFN-c among the blank group, SDCC group and CDCC

group (P>0.05). On the 3rd, 7th, 14th and 28th day after opera-

tion, there was no significant statistical difference in IL-4 among

these three groups (P>0.05) (Fig. 6B–D).

The immunohistochemistry of CD11b (þ) neutrophils is mainly

used to evaluate the local immune response after foreign graft im-

plantation. In the SDCC and CDCC groups, the number of CD11b

(þ) cells gradually increased between the 3rd and 7th days. On the

14th day, positive cells were presented less than before. On the 28th

day, the staining of the two groups was significantly lighter than be-

fore, and there was no obvious difference between the two groups

(Fig. 6F). The quantitative analysis of immunohistochemical

Figure 5. In vitro biocompatibility assay. (A) Toluidine blue staining of nasal septal chondrocytes. (B) Type II collagen immunofluorescence staining of chondro-

cytes. (C) Fibroblasts could survive and proliferate on the surface of CDCC. (D) The fibroblasts could be seen to survive and proliferate on SDCC. The assay of re-

leased DNA in the medium (E) and CCK-8 test of extract medium (F) were conducted to assess the cytocompatibility and cytotoxicity of CDCC and SDCC.
*P<0.05 compared with positive control.

Fabrication and evaluation of an optimized xenogenic decellularized costal cartilage graft 7



staining showed that the number of CD 11b (þ) cells in SDCC and

CDCC groups followed a trend of first increasing and then decreas-

ing. At four time points, the density of positive cells in both groups

was comparable (P>0.05) (Fig. 6E).

Functionality study
Imaging assessment. MRI of the rabbit’s nose area was performed at

3 and 6 months after surgery to investigate the graft morphology and

compatibility with surrounding tissues. Comparing the MRI at 3 and

Figure 6. In vivo biocompatibility assay. (A) Subcutaneous implantation experiment. IL-2 (B), IFN-c (C) and IL-4 (D) concentrations in serum of the Sprague-

Dawley rats implanted with SDCC and CDCC. *P<0.05 compared with blank group. (E) Quantification of immunohistochemical staining by CD 11b positive cell

counting at �400. (F) Immunohistochemical staining of graft and adjacent tissue. It exhibited the density and distribution of CD11b (þ) neutrophils in the early

stage of in vivo implantation. Images with higher magnification (�400) (scale bar¼50lm) represent the area indicated by the black box in lower magnification

images (�100) (scale bar¼200lm).
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6 months after operation, the grafts in the SDCC group became signif-

icantly smaller, while the grafts in the CDCC group remained stable

with no significant changes or slightly shrunk. At 3 months after sur-

gery, liquefaction occurred around the graft in the SDCC group, while

the graft in the CDCC group was closely connected to the surrounding

tissues. At 6 months after surgery, a liquefaction zone appeared in the

center of SDCC, suggesting that degradation occurred in the SDCC

group (Fig. 7B). On the contrary, the graft in CDCC group main-

tained a uniform density without liquefaction or necrosis. Moreover,

the graft of CDCC was tightly attached to the surrounding tissues,

forming bio-combination, without significant degradation, indicating

that the graft has good biocompatibility (Fig. 7B).

The volume changes of the grafts were evaluated using MRIs.

After implantation, the thickness of SDCC decreased significantly,

and by 6 months after surgery, it was 53% of the preoperative thick-

ness. After 6 months of in vivo implantation, the thickness of the

CDCC was slightly reduced, which was 94% of the preoperative

value, with no statistical difference. The CDCC graft basically main-

tained its shape without significant degradation, and withstood the

pressure from the skin of the nose (Fig. 7C).

Figure 7. Observation of the effect of CDCC and SDCC implanted in the nasal area. (A) The morphological changes of the nasal dorsum of rabbits before, in and

6 months after the operation. (B) Comparison of MRI image between SDCC and CDCC 3 and 6 months after implantation. (C) The changes in the volume of SDCC

and CDCC.
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Assessment of degradation and inflammatory response. The HE

staining at 6 months after surgery demonstrated that the SDCC

group had a large number of inflammatory cell invasion around the

graft, and there were large degradation fissures in the central area,

in which massive cells invaded (Fig. 8A, a1, a2). In the contrast, in

the CDCC group, a small amount of inflammatory cells were pre-

sent on the surface of the graft as indicated by the red arrows, with-

out significant degradation (Fig. 8a, b1, b2). The inflammatory cell

count analysis also confirmed that the number of inflammatory cells

in the CDCC group was dramatically lower than that in the SDCC

group (in) (Fig. 8B). In addition, a small number of host cells

appeared in the superficial area of the grafts in the CDCC group (2–

3 cells in thickness) as indicated by the black arrows (Fig. 8a, b2).

Evaluation of degradation and reconstruction in vivo. The

change in GAG and type II collagen content reflected the dynamic

result of degradation in grafts. At 6 months after surgery, Safranin O

staining showed that there were more GAGs in the CDCC group

than in the SDCC group, especially in the superficial zone of CDCC,

while SDCC grafts showed obvious light staining due to being de-

graded (Fig. 8A, c1, c2, d1, d2). Furthermore, GAGs quantitative

analysis proved that the content of GAGs in the CDCC group was

significantly higher than that of SDCC after 6 months of implanta-

tion, and the difference was more significant than before implanta-

tion (P<0.01) (Fig. 8C). Moreover, the immunohistochemical

staining of type II collagen confirmed that the collagen structure of

the CDCC graft was preserved relatively intact, and a small amount

of new collagen presented in the superficial area. However, there are

large fissures in the collagen structure of SDCC, in which too fast

degradation and absorption occurred (Fig. 8A, e1, e2, f1, f2). The

above results demonstrated that after 6 months of in vivo implanta-

tion, ECM in the CDCC was basically retained without severe ab-

sorption, compared with SDCC.

Figure 8. Histological staining 6 months after implantation in vivo. (A) HE, Safranin O and type II collagen immunohistochemical staining revealed the histological

changes in SDCC and CDCC 6 months after nasal implantation (a–b: HE, c–d: Safranin O, e–f: type II collagen immunohistochemical staining). Images with higher

magnification (�200) (scale bar¼50lm) (a2, b2, c2, d2, e2, f2) represent the area within the black box in lower magnification images (�100) (scale bar¼100lm)

(a1, b1, c1, d1, e1, f1). (B) The number of inflammatory cells in CDCC and SDCC. #P< 0.05 compared with SDCC. (C) The content of GAGs in SDCC and CDCC.
*P<0.05, **P<0.01compared with that before implantation, #P< 0.05, ##P< 0.01 compared with SDCC.
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Discussion

To date, due to the excellent biocompatibility, autologous costal carti-

lage is widely used in rhinoplasty [21–23]. However, recipients in-

creasingly refuse to accept the huge trauma caused by the cutting of

costal tissue in the pursuit of nasal beauty [24–26]. Limited by the var-

ious shortcomings of autologous cartilage, researchers have been look-

ing forward to an alternative material, which enables recipients to

avoid the pain and trauma caused by costal cartilage surgery [27–29].

Decellularized tissue materials derived from xenogeneic sources have

the characteristics of easy availability, low immunogenicity and high

biocompatibility, and are promising alternatives to autologous tissues

[30–33]. Conventional cartilage decellularization protocols include

chemical and physical methods. Chemical treatment mainly refers to

repeated washing with ionic detergents, which results in a large loss of

effective ECM components. Although the physical method has little

adverse effect on the matrix, it has been limited for its low efficiency

when applied to cartilage tissue, which requires a long time and multi-

ple cycles of freezing and thawing. To overcome the problems caused

by these conventional protocols, this study tried to replace sodium

deoxycholate with trypsin. Trypsin has the ability to cause chondroi-

tin to lose its attachment activity, which plays an important role in the

binding of cells and ECM [34]. This enzymatic reagent, which is com-

monly used to digest cells during cell passage, has low toxicity and its

activity is easily terminated. The present study devised an improved

decellularization protocol capitalizing on the combination of enzy-

matic incubation and the treatment of mild non-ionic detergents, and

successfully fabricated an optimized decellularized costal cartilage.

Our goal is to combine these methods to coordinate the balance be-

tween xenogeneic antigen removal and ECM component preservation

for promoting the therapeutic effect and clinical application potential

of decellularized cartilage [35].

Excessive remnant cellular or nuclear components are prone to

elicit unfavorable immune responses, which can lead to rejection of

xenogeneic grafts [36, 37]. In this study, it was proven that no resid-

ual cell and nucleus could be detected in CDCC and SDCC, and the

remnant DNA contents were significantly decreased to less than

50 ng/mg, without DNA fragment greater than 200 bp. These results

indicated that the optimized decellularization protocol was capable

of elimination of cellular components as effective as the conven-

tional protocol, and the optimized graft could meet the criterion of

Crapo et al. [10].

To identify the impact of the two methods on cartilage ECM,

quantitative and qualitative detections of total collagen and GAGs

were performed. Concerning total collagen content, there was no sta-

tistically significant difference in three groups of NCC, SDCC and

CDCC. In terms of GAGs, the contents of SDCC and CDCC were sig-

nificantly lower than that of NCC. But the presence of remarkably

more GAGs was detected in CDCC than SDCC, consistent with the

result observed by Safranin O staining, which was mainly due to the

mild processing of the modified protocol. The retention of cartilage

components, especially the highly hydrophilic GAGs, is more condu-

cive to the maintenance of physical properties of CDCC [38–41].

Furthermore, as demonstrated by previous studies, GAGs combine

with collagen to wrap collagen fibers on the surface of the cartilage,

acting as a molecular sieve filter and protecting the cartilage from the

attack of degrading enzymes [42]. Once the GAGs are eliminated and

rupture appear in the cartilage surface, the potential risk of cartilage

destruction is greatly increased. Therefore, preserving more GAGs is

essential to maintain the mechanical properties and protect cartilage

grafts from degradation and inflammation.

On the basis of preserving ECM components, the graft prepared

by the improved method retained better mechanical properties.

Although the Young’s modulus and stress at fracture of CDCC were

lower than that of NCC, they were significantly higher than that of

SDCC. Moreover, it is worth mentioning that the Young’s modulus

of CDCC was closer to that of human septal cartilage (9.71 MPa).

The fracture stress of CDCC was also significantly higher than that

of SDCC, indicating that CDCC was better than SDCC in with-

standing external force deformation. Possessing proper elasticity,

compression resistance and stability is one of the essential require-

ments for rhinoplasty prosthesis, which allows the graft to with-

stand the pressure from the skin and other surrounding tissues and

contributes to the maintenance of the graft shape [43, 44].

Regarding biocompatibility and biosecurity, this study con-

ducted in vitro tests, including cell affinity, DNA released in culture

medium [45] and CCK-8 assay [46], as well as in vivo tests, includ-

ing inflammatory factor ELISA and neutrophil immunohistochemi-

cal staining [47]. The possible reasons for immune rejection and

cytotoxicity of decellularized ECM materials mainly include residual

cell components and toxic substances remaining in the process of

decellularization and sterilization [20, 48, 49]. The results con-

firmed that CDCC and SDCC had excellent cell compatibility and

did not cause severe acute systemic and local immune responses.

Owing to the tissue level and area size of the nasal dorsum similar

to that of the human body, rabbits were selected as the animal model

of simulated rhinoplasty surgery to further study the in vivo function-

alities of grafts [50]. MRI results showed that liquefied zone appeared

at 3 months after implantation in SDCC, and absorption and degrada-

tion became obvious after 6 months, while CDCC roughly maintained

its original morphology during 6 months of implantation with no sig-

nificant degradation or slight contraction. HE staining revealed that

there were a large number of inflammatory cells in the marginal zone

of SDCC after 6 months of implantation, which was mainly due to the

degradation products produced by the excessive degradation of the

graft [51, 52]. In addition, inflammatory cell invasion also appeared

in the center of the graft, which destroyed the original structure and

caused liquefaction in the central zone.

The histological staining of Safranine O and type II collagen dem-

onstrated that the content and distribution of the main components of

ECM in CDCC have less changes compared with ruptured SDCC,

with no obvious absorption and degradation. Besides, the comparison

of preoperative and postoperative GAGs content exhibited that the

GAGs content of SDCC and CDCC groups both decreased after the

implantation. However, the reduction was more obvious in the SDCC

group, which further confirmed that SDCC had significant degrada-

tion and absorption, while the GAGs in the CDCC group maintained

90.47% of the pre-implantation content. In SDCC group, the lack of

bioactive ECM components and insufficient mechanical strength led

to excessive degradation of the graft, which in turn resulted in chronic

inflammation. Then, the inflammatory cells turned to accelerate the

rate of degradation and absorption [53, 54].

The above positive results demonstrate that the optimized decel-

lularized grafts have great potential for clinical application. As a

preliminary attempt of the optimization and application of xenoge-

neic costal cartilage, there is still a lot of work waiting to be per-

fected [55]. In the future, porosity and pore size need to be further

improved by puncture or laser to provide favorable conditions for

the host cell migration or exogenous cell co-culture. Besides, the

prospect of xenogeneic acellular costal cartilage applied to other car-

tilage defects such as microtia remains to be studied and explored.
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Conclusion

The present study suggested that the optimized decellularized costal

cartilage fabricated by the modified protocol preserved more struc-

tural components, with effective removal of cellular components.

Meanwhile, the mechanical properties of CDCC were more stable,

which was more conducive to maintaining the morphology and bear-

ing the load. The in vitro and in vivo biosecurity studies showed that

the optimized CDCC had excellent biocompatibility, and was con-

firmed to possess a better capacity to slow down the degradation rate,

reduce the inflammation response and maintain the graft morphology

in comparison with SDCC. In summary, the feasibility of acellular

cartilage as a rhinoplasty graft was comprehensively evaluated for the

first time, and few similar studies have been reported before. This

work provides an innovative perspective for the future in-depth inves-

tigation of decellularized costal cartilage, and contributes to the ad-

vancement of alternative strategies for rhinoplasty prosthesis.
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