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ABSTRACT: Tissue engineering has made significant progress as a cartilage repair alternative. It is crucial to promote cell
proliferation and migration within three-dimensional (3D) bulk scaffolds for tissue regeneration through either chemical gradients or
physical channels. In this study, by developing optimized silk fiber-based composite scaffolds, millimeter-scaled channels were
created in the corresponding scaffolds via facile physical percussive drilling and subsequently utilized for auricular cartilage
regeneration. We found that by the introduction of poly-L-lactic acid porous microspheres (PLLA PMs), the channels incorporated
into the Antheraea pernyi (Ap) silk fiber-based scaffolds were reinforced, and the mechanical features were well maintained.
Moreover, Ap silk fiber-based scaffolds reinforced by PLLA PMs containing channels (CMAF) exhibited excellent chondrocyte
proliferation, migration, and synthesis of cartilage-specific extracellular matrix (ECM) in vitro. The biological evaluation in vivo
revealed that CMAF had a higher chondrogenic capability for an even deposition of the specific ECM component. This study
suggested that multihierarchical CMAF may have potential application for auricular cartilage regeneration.

1. INTRODUCTION

Auricular reconstruction for microtia generally relies on either
the gold standard of the autologous rib cartilage technique or
auricular prostheses implantation in the clinic.1−3 Innate
limitations, including donor-site morbidity and extrusion or
rejection for long-term implantation, have stimulated us to
develop alternative strategies for cartilage regeneration.
Cartilage tissue engineering provides a promising pathway to
overcome the aforementioned limitations.4−7 In the case of
cartilage regeneration, various biomaterials, including collagen,
gelatin, silk, hyaluronic acid, poly-L-lactic acid (PLLA),
polyglycolic acid, poly(lactic acid-co-glycolic acid), and
polycaprolactone, have been employed to construct tissue-
engineering scaffolds, which provide similar microenviron-
ments to mimic the intrinsic extracellular matrix (ECM).6,8,9 In
addition, mechanical features and porous or channeled
structures have significant influence on cell adhesion,
proliferation, migration, and differentiation.9−13 Generally,
physical composite techniques or 3D printing is used to
prepare polymeric scaffolds with desired physicochemical

features to achieve cell seeding and subsequent tissue
regeneration.6,9,10 Previously, in our group, we prepared silk
fiber-based composite scaffolds by integrating natural macro-
molecules [gelatin, silk fibroin, and Antheraea pernyi (Ap) silk
fiber] with PLLA porous microspheres (PMs) stimulated by a
“steel bar reinforced concrete” structure. Such scaffolds offer
distinct mechanical properties close to those of native auricular
cartilage and have excellent multihierarchical porous struc-
tures.9,10,14 In addition, silk fibroin with basic amino acids and
gelatin rich in Arginyl−Glycyl-Aspartic acid (RGD) sequences
favored chondrocyte adhesion.15,16 More importantly, we
found that scaffolds consisting of Ap silk fibers demonstrated
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superior chondrocyte adhesion, proliferation, and glycosami-
noglycan (GAG) secretion than their Bombyx mori (Bm) silk-
based counterparts due to both mechanical advantages and
RGD sequences in silk from non-mulberry wild species.9,15

Nevertheless, the chondrocytes seeded on the silk fiber-based
composite scaffolds could not infiltrate into the scaffolds and
only formed a layer of cartilage film on the surface. Therefore,
it is necessary to guide seed cells to migrate from the surface to
the inner section and distribute uniformly in silk fiber-based
composite scaffolds to achieve optimized auricular cartilage
regeneration.
In fact, the efficiency of cell migration and proliferation in

the scaffolds plays an important role in subsequent tissue
regeneration. Generally, there are two categories to promote
cell ingrowth in scaffolds. From the chemistry point of view,
these cellular behaviors were generally manipulated through
signal molecule incorporation into scaffolds.17,18 On the other
hand, physical characteristics, including the pore size, topology,
and mechanics of scaffolds, as well as culture types affect cell
infiltration, migration, and tissue ingrowth.10,12,19,20 In
particular, various physical channels have been created in
scaffolds to realize optimal tissue regeneration in the field of
cartilage and vascularized artificial tissues due to sufficient
nutrient supply.21−23 For cartilage regeneration, the natural
decellularized cartilage-derived matrix enables cell migration
throughout the scaffold followed by matrix deposition along
the channels.21,22 As a typical ECM-derived biomaterial,
collagen is usually utilized to blend with other organic or
inorganic materials to provide cellular attachment sites and the
desired mechanics for scaffolds. Oriented channels within the
collagen-based scaffolds improved cell migration and infiltra-
tion for the optimized regeneration of osteochondral
defects.13,24 Moreover, the repair efficacy of osteochondral
defects can be further enhanced by incorporating stromal cell-
derived factor-1 or mesenchymal stem cell exosomes in radially
oriented scaffolds.25,26 Similarly, inorganic scaffolds, including
hydroxyapatite or β-tricalcium phosphate, could also improve
bone tissue regeneration due to favorable cell infiltration and
migration from various channels.17,27,28 It is obvious that
physical channels are beneficial for cell seeding and migration
followed by tissue ingrowth and regeneration due to nutrient
diffusion and spatial access. Therefore, it is important to
investigate the effect of physical channels in Ap silk fiber-based
scaffolds (AF) and Ap silk fiber-based scaffolds reinforced by
PLLA PMs (MAF) on cartilage regeneration.10,17,19

In this study, we prepared AF and MAF for auricular
cartilage tissue regeneration according to our previously
proposed scenario of “steel bar reinforced concrete.”9,10

Then, facile physical percussive drilling was applied to achieve
composite scaffolds with vertically ordered channels and to
realize a multihierarchical structure ranging from microns of
pores of microspheres and bulk scaffolds to milliscale
channels.10,29 Subsequently, the physical features and chon-
drocyte proliferation and migration were investigated. Finally,
chondrogenesis was evaluated primarily in vivo.

2. RESULTS AND DISCUSSION

2.1. Fabrication of Silk Fiber-Based Composite
Scaffolds. Figure 1 shows the Scanning electron microscopy
(SEM) images of the microstructure of silk fiber-based
composite scaffolds in cross and vertical sections. We
discovered interconnected heterogeneously porous structures
in the scaffolds as blank groups without PLLA PM inclusion,
and the diameter of the irregular pores produced by gelatin
lyophilization was approximately 300−600 μm. The PLLA
PMs, as one component for reinforcement of the scaffolds, had
a spherical structure with interconnected pores. PLLA PMs
ranged in size from 270 to 300 μm in diameter, with pore
diameters ranging from 19 to 31 μm. The PLLA PMs were
distributed adequately throughout the composite scaffolds
(Figure 1c,d,g,h). In fact, a multihierarchical structure of the
scaffolds made up of microporous microspheres (19−31 μm)
and macroporous bulk scaffolds (300−600 μm) was proposed
for continuous cell ingrowth. However, the results of cartilage
regeneration in vivo were unsatisfactory in previous studies.10,14

Inspired by the physical channels in various scaffolds for the
supply and transport of nutrients and oxygen,6,13 channels in
the range of 1200−1540 μm were manufactured by a custom
punch in the composite scaffolds (Figure 1b,d,f,h). Micro-
porous microspheres, macroporous bulk scaffolds, and
millimeter-channeled scaffolds were used to realize an optimal
and controllable multihierarchical architecture (Figure 1d,h).
According to the findings, the scaffold pore size plays a critical
role in tissue repair and regeneration as the pore size range and
pore geometry can promote particular interactions and affect
cell behavior.19,30 Furthermore, another study found that a
large pore size promotes nutrition delivery, whereas a small
pore size optimizes cellular interactions.31 The stiffness of the
scaffolds, together with the multihierarchical structure, may

Figure 1. SEM images of the cross sections and vertical sections of (a,e) AF, (b,f) CAF, (c,g) MAF, and (d,h) CMAF.
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enhance cell−cell interactions and maintain the chondrocyte
phenotype.32

2.2. Physical Properties of Silk Fiber-Based Compo-
site Scaffolds. Figure 2a shows that the porosities of AF, Ap
silk fiber-based scaffolds containing channels (CAF), MAF,
and Ap silk fiber-based scaffolds reinforced by PLLA PMs
containing channels (CMAF) were 79.9 ± 1.4, 81.7 ± 1.7, 77.1
± 1.5, and 79.9 ± 1.0%, respectively. Despite the fact that CAF
and CMAF were manufactured as millichannels with a custom-
made punch for further study, the porosity showed no
significant change. The porosities of AF, CAF, MAF, and
CMAF were within the desired range for cell growth and
adhesion, indicating that they had appropriate structures for
nutrition and waste exchange as well as oxygen diffusion to
ensure cell survival.30

Swelling behavior is a significant distinguishing feature of
scaffolds, serving as a standard for the absorption and storage
of large quantities of water.33 As shown in Figure 2b, the
swelling ratios of AF, CAF, MAF, and CMAF were assessed by
immersing them in PBS and weighing them at certain time
intervals. Despite the fact that all samples revealed swelling, the
scaffolds with customized millichannels exhibited superior
swelling ability compared to their counterparts. Within 4 h, the
scaffolds had absorbed PBS and attained equilibrium. Finally,
the swelling ratios of AF, CAF, MAF, and CMAF were
estimated to be approximately 712.3, 746.7, 665.3, and 701.9%,
respectively, which illustrated that all samples had a good
capacity for absorption and storage of liquids. In other words,
all composite scaffolds were beneficial for maintaining a moist
environment. When composite scaffolds were implanted in
vivo, the moist environment could promote rapid wound
recovery.34 Certainly, the outstanding swelling behavior of

composite scaffolds was mainly attributed to gelatin in the
composite scaffolds.35 According to the literature, gelatin not
only has a good ability to absorb and retain liquids but also
stimulates the growth of granulation tissue to accelerate wound
healing after implantation in vivo.36

Scaffolds represent physical support for cell proliferation and
migration as well as space available for tissue regeneration.37

Long-term physiologic loads should be maintained by silk
fiber-based composite scaffolds.38 As a result, porous scaffolds
should present appropriate architectural and mechanical
properties.29 According to Figure 2c, the compressive modulus
of MAF (1.30 ± 0.04 MPa) and CMAF (1.28 ± 0.11 MPa)
was significantly higher than that of AF (0.29 ± 0.02 MPa) and
CAF (0.27 ± 0.02 MPa). These findings indicated that the
mechanical properties of the scaffolds with and without PLLA
PMs differed significantly, which was in agreement with our
previous studies.9,10,14 The mechanical properties of scaffolds
fabricated by natural biomaterials are inadequate.39 By the
introduction of PLLA PMs, the compressive modulus of the
porous scaffolds was enhanced dramatically. MAF and CMAF
had mechanical properties similar to those of native auricular
cartilage.40 However, there was no significant change in
mechanical properties between scaffolds with and without
customized millichannels. In summary, the results revealed that
manufacturing customized millichannels in scaffolds (CMAF)
did not change the mechanical properties, which allowed shape
maintenance during tissue repair and regeneration and enabled
stress transfer and load bearing.37 As reported, reconstruction
of auricular cartilage failed frequently owing to a lack of
sufficient mechanical properties.41 Imitating the mechanical
properties of native auricular cartilage is the guarantee for
composite scaffolds as an alternative to auricular cartilage

Figure 2. Porosity (a), swelling ratio (b), compressive modulus (c), and mass loss (d) of AF, CAF, MAF, and CMAF.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00846
ACS Omega 2022, 7, 15064−15073

15066

https://pubs.acs.org/doi/10.1021/acsomega.2c00846?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00846?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00846?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00846?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


regeneration. Moreover, although the composite scaffolds were
designed for auricular cartilage regeneration, they had a
promising application in nasal cartilage repair because the
amount of PLLA PMs in scaffolds could be adjusted to achieve
the mechanical properties required by other damaged
cartilage.10,42

Since chondrocyte infiltration into composite scaffolds takes
several weeks, it is essential for the composite scaffolds to
maintain stable function and geometry.20 In general, the
degradation of all samples showed a similar pattern. Within 28
days, the mass losses of AF, CAF, MAF, and CMAF were
approximately 24.0, 26.9, 21.6, and 23.4%, respectively (Figure
2d). The ultimate mass loss was within 30%. As the main

component of composite scaffolds, gelatin has fast degrad-
ability.35 However, the incorporation of PLLA PMs slowed the
mass loss of the scaffolds in the in vitro degradation test. In
addition, as the component of implantable scaffolds in vivo, the
slow degradation of PLLA PMs was beneficial to form a
slightly acidic microenvironment, which could prevent wound
infection directly in favor of the proliferation and effect of
immune cells.34 Moreover, the scaffolds with customized
millichannels showed slightly higher degradation. The
appropriate degradation guarantees the required support
during tissue formation.37 The scaffolds need a suitable
degradability along with adequate mechanical properties to

Figure 3. DNA content (a) and scaffold volume-normalized DNA content (b) in AF, CAF, MAF, and CMAF over 28 days.

Figure 4. SEM images of the cross sections and vertical sections of chondrocyte morphology: (a,e,i,m) AF, (b,f,j,n) CAF, (c,g,k,o) MAF, and
(d,h,l,p) CMAF after culture for 7 and 14 days.
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maintain an appropriate appearance during auricular cartilage
reconstruction in plastic surgery fields.10

2.3. Cell Proliferation Evaluation. Over a period of 14
days, DNA analyses were conducted to assess chondrocyte
proliferation in the composite scaffolds. Figure 3a shows that
the DNA content on the first day was equal, indicating that the
scaffolds seeded chondrocytes at the same level. Although no
evident differences were found, the DNA content on the third
day was slightly higher than that on the first day. The DNA
content of the scaffolds containing customized millichannels
(CAF and CMAF) increased on the 7th and 14th days
compared with their counterparts (AF and CAF). The DNA
content of AF, CAF, MAF, and CMAF increased from
approximately 2.5-fold, 3.3-fold, 2.6-fold, and 4.5-fold,
respectively, after 14 days of culture when compared to
those on day 1 (Figure 3a). This result indicated more
chondrocytes inside scaffolds with customized millichannels
compared to their counterparts. Therefore, we assumed that
the chondrocytes on the surface of CAF and CMAF migrated
and proliferated in the millichannels. The DNA contents were
normalized to further eliminate differences caused by the
scaffold volume, and the normalization of total DNA content
with the scaffold volume showed a similar trend. These
findings demonstrated that scaffolds containing customized
millichannels promoted chondrocyte attachment and prolifer-
ation compared to scaffolds without millichannels.15

2.4. Cellular Morphology and Distribution in Silk
Fiber-Based Composite Scaffolds. The SEM images in
Figure 4 display the chondrocyte distribution in AF, CAF,
MAF, and CMAF from the cross and vertical sections. A
considerable number of chondrocytes proliferated on scaffolds
after culturing for 7 days. The chondrocytes were distributed
more densely, occupied the irregular pores (300−600 μm)
formed by gelatin, completely covered the surface of the
scaffolds, and generated larger aggregates on the scaffolds on
the 14th day, indicating the existence of ECM.16 These results
may be attributable to the diverse components and multi-
hierarchical architecture in silk fiber-based composite scaffolds,
which may impact chondrocyte adhesion, distribution, and
nutrient diffusion. Although the hydrophobic surface of PLLA
PMs in silk fiber-based composite scaffolds has no benefit for
cell adherence, the inclusion of silk fibroin and gelatin
dramatically enhanced chondrocyte attachment in scaf-
folds.15,16 The RGD sequence in the Ap silk architecture was
found to provide excellent cell adherence, viability, and
proliferation.9 When the macropore is more than 100 μm, it
is beneficial for chondrocytes to congregate and increase
chondrocyte−chondrocyte and chondrocyte matrix interac-
tions.30 Furthermore, chondrocytes were only attached on the
top surface for AF and MAF (Figure 4m,o), indicating that in
addition to the porosity of the scaffolds, interconnectivity
between the pores was essential for cell migration to achieve

Figure 5. Total GAG content (a) and scaffold volume-normalized GAG content (b) in AF, CAF, MAF, and CMAF on days 1 and 28.

Figure 6. Total collagen content (a) and scaffold volume-normalized collagen content (b) in AF, CAF, MAF, and CMAF on days 1 and 28.
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high-quality engineered cartilage.31 In addition, more chon-
drocytes were found in the millichannels of CAF and CMAF
(Figure 4n,p). The results suggested that the physical
millichannels supported the migration of chondrocytes into
the interior of CMAF and allowed for the exchange of cellular
metabolites and nutrients during chondrocyte proliferation.17

CMAF was found to be effective at promoting cartilage tissue
regeneration.
2.5. GAG Secretion Assay. Chondrocytes generate GAGs,

which are essential ECM components in the cartilage.9,43 GAG
secretion indicated the ability of the composite scaffolds to
generate new ECM.15 Figure 5a shows that the total GAG
content was equal on the first day. However, on day 28, the
total GAG content of AF, CAF, MAF, and CMAF showed a
considerable increase compared to that on day 1, especially in
CMAF. In comparison to their counterparts (AF and CAF),
the total GAG content secreted in MAF and CMAF exhibited
an increase. Moreover, the total GAG contents of CAF and
CMAF were significantly higher than those of AF and MAF.
On the 28th day, the content of total GAG increased
approximately 1.6-fold, 1.8-fold, 2.3-fold, and 2.6-fold for AF,
CAF, MAF, and CMAF, respectively. When the total GAG
content was normalized against scaffold volume, a similar trend
was seen. All results indicated that the scaffolds with PLLA
PMs and customized millimeter channels are beneficial for
GAG secretion. Certainly, it has been reported that the
microstructure of 3D scaffolds, including the pore size and
pore volume, has certain effects on the secretion of ECM and
chondrocyte growth.44 CMAF exhibited a great advantage in
cartilage matrix deposition.
2.6. Collagen Secretion Assay. Collagen is the most

abundant component of the ECM in cartilage, which provides
chondrocytes with a favorable microenvironment.15,33 Figure
6a indicates that the total collagen content in all composite
scaffolds was approximately 106 μg on day 1. After 28 days, the
content of collagen in AF, CAF, MAF, and CMAF increased
7.9-fold, 8.7-fold, 8.8-fold, and 9.9-fold, respectively. Similarly,
upon normalization with the scaffold volume, the contents of
collagen in AF, CAF, MAF, and CMAF were approximately
7.7-fold, 8.7-fold, 9.2-fold, and 10.1-fold, respectively, on day
28. These results suggested that scaffolds containing
customized millichannels efficiently promoted the secretion
of collagen by chondrocytes, which improved the mechanical
properties during the formation of cartilage.45 CMAF possesses
good assistance in the development of high-quality cartilage
tissue with abundant collagen.
2.7. In Vitro Immunocompatibility. The composite

scaffolds can induce an immune response, and an over-
abundance of this response can result in failure of auricular
cartilage regeneration.9,46 The main orchestrators of the
immune response have been identified as macrophages.47

Therefore, we investigated the tendency of silk fiber-based
composite scaffolds to stimulate the secretion of TNF-α from
murine macrophage cells. Figure 7 indicates that after 24 h of
incubation, the contents of TNF-α in AF, CAF, MAF, and
CMAF were comparable to that in the negative control. The
results illuminated that the composite scaffolds did not induce
any severe immune response, which was in agreement with our
previous study.9 Certainly, this result provided feasibility for in
vivo experiments.
2.8. In Vivo Evaluation of Chondrogenesis. Figure 8a−

h show the hematoxylin and eosin (H&E) staining of the
chondrocyte distribution in AF, CAF, MAF, and CMAF

scaffolds. The CAF and CMAF composite scaffolds showed
that a considerable number of chondrocytes were located
throughout the scaffolds and aggregated together, whereas
chondrocytes were only distributed on the surface of the AF
and MAF. More importantly, chondrocytes entered the interior
of the CMAF (Figure 8h). Alclan blue staining of the four
scaffolds highlighted the deposition of GAGs (Figure 8i−p).
More extensive Alclan blue staining occurred on the edge of
the AF and MAF (Figure 8i,k). However, GAG deposition was
more uniformly distributed in the CAF and CMAF groups
(Figure 8j,l). The results were consistent with Figures 4 and 5.
Collagen type II was identified in the ECM by immunohis-
tochemistry (IHC). Figure 8q−x reveal that collagen type II
was deposited in all composite scaffolds. Nevertheless, collagen
type II staining was darker in CAF and CMAF scaffolds. All
results illustrated that the CMAF primarily exhibited an
outstanding chondrogenic capability for consistent ECM
component deposition. Considering that the raw materials of
composite scaffolds are commercially available and the
preparation process is simple and convenient, we will continue
this work in large animals to evaluate the chondrogenic
capacity over the long term for auricular cartilage repair and
regeneration in the future.

3. CONCLUSIONS
In summary, based on the simple idea of “steel bar reinforced
concrete” scaffolds, physical channels were created on Ap silk
fiber-based composite scaffolds with no effect on their
mechanical features. Compared to the control groups,
CMAF, as a stable framework, provided the most appropriate
microenvironment to promote chondrocyte migration and
synthesis of cartilage-specific ECM in the scaffolds. The
proliferation of chondrocytes in the scaffolds was beneficial to
the formation of high-quality engineered cartilage. Scaffolds
containing physical channels have potential applications in the
field of cartilage tissue engineering in the future due to their
ability to guide cell migration.

4. MATERIALS AND METHODS
4.1. Materials. The materials used were carboxyl-

terminated PLLA (Mw: 50,000, Daigang Biomaterial, Jinan,
China), dichloromethane (Tianjin University Kewei Company,
China), ammonium bicarbonate (Adamas-β, Shanghai, China),
poly(vinyl alcohol) (Sinopec Chongqing Svw Chemical Co.,
Chongqing, China), gelatin (GeneRun, Tianjin, China), A.
pernyi cocoons (Ap silk fibers, Dandong, Liaoning, China), silk
fibroin from B. mori cocoons (Beijing Sinolactide Medical

Figure 7. TNF-α release from the mouse macrophage cell line RAW
264.7.
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Technology Co., Beijing, China), high-glucose Dulbecco’s
modified Eagle’s medium (DMEM, HyClone, USA), fetal
bovine serum (FBS, Clack, Australia), and a H&E staining kit
(Solarbio, Beijing, China). Hoechst 33258 solution (Kuma-
moto, Japan) and a Mouse TNF alpha Uncoated ELISA Kit
were acquired from Invitrogen. Animal Cell Pas Alclan Blue
Kit (GENMED, USA) and Collagen II IHC staining kit
(GENMED, USA) were also used.
4.2. Fabrication of Silk Fiber-Based Composite

Scaffolds Containing Millichannels. Degummed Ap silk
fibers and PLLA PMs were obtained first according to our
previous study.9 Then, the dispersed solution (15 mL) was
produced by combining aqueous solution silk fibroin (45 mg),
gelatin (1.35 g), and PLLA PMs (0 or 200 mg). Subsequently,
to make the composites, the dispersion solution and
degummed Ap silk mesh (40 mg) were physically blended
and vacuum freeze-dried. The composites were cross-linked
with EDC solution for 8 h, washed 3 times with distilled water,
and freeze-dried. Finally, the composite scaffolds, including AF
and MAF, were obtained and sliced into small cuboids (10 mm
× 10 mm × 4 mm). To obtain composite scaffolds containing

millichannels, a custom-made punch was used to realize CAF
and CMAF.

4.3. Characterization of the Scaffolds. 4.3.1. Morphol-
ogies and Porosity. A scanning electron microscope (ZEISS,
Germany) was applied to examine the morphologies of AF,
CAF, MAF, and CMAF in both vertical and cross-sectional
directions. The samples were sputter-coated with gold.
Furthermore, the images were analyzed by ImageJ software.
The pore sizes of AF, CAF, MAF, and CMAF were measured
from the horizontal cross section of the composite scaffolds
using different SEM images (n = 3). The porosity was assessed
by examining the percentage area of the scaffold surface
occupied by the pores compared to the entire visible cross-
sectional area of the photograph.15

4.3.2. Swelling Behavior of Scaffolds. We weighed the dry
scaffolds (Wd) before immersing the samples entirely in PBS at
37 °C. The hydrated scaffolds were recorded (Ww) at
predefined time intervals after the liquid on the surface was
removed. The following equation was used to estimate the
swelling ratio

Figure 8. H&E (a−h), Alclan Blue (i−p), and Col II IHC (q−x) staining images of AF, CAF, MAF, and CMAF after cultivation in vitro for 4 weeks
and in vivo for another 4 weeks. The regions corresponding to the magnified stained pictures are shown by red squares.
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= − ×W W Wswelling ratio(%) ( )/ 100%W d d

4.3.3. Mechanical Measurement. To evaluate the mechan-
ical properties of AF, CAF, MAF, and CMAF, a universal
material testing machine (INSTRON, USA) was utilized in
this study. Prior to the test, the cuboid-shaped scaffolds were
incubated in PBS for 30 min at 37 °C. After the liquid of the
scaffolds on the surface was wiped gently, the length, width,
and height of all samples were noted. The compression speed
was set at 1 mm/min, and the experiments were repeated until
the sample height was reduced by 50%.
4.3.4. Degradation Test In Vitro. To examine the

degradation of all scaffolds, the scaffolds were immersed in
PBS and shaken at 37 °C and 100 rpm, and the weight (m0)
was recorded. PBS was refreshed every 3 days. The scaffolds
were lyophilized and weighed (mt) on days 7, 14, 21, and 28
after being cleaned three times with distilled water (mt). The
following equation was used to calculate the mass loss ratio of
the scaffolds

= − ×m m mmass loss ratio(%) ( )/ 100%t0 0

4.4. Chondrocyte Isolation, Proliferation, and Seed-
ing on the Scaffolds. All of the procedures in this study were
performed with permission from the Animal Ethical and
Welfare Committee of the Experimental Animal Center of the
Institution of Radiation Medicine, Chinese Academy of
Medical Science. Six 5-week-old rabbits were sacrificed to
harvest fresh chondrocytes. After a series of treatments of the
rabbit ears, the auricular cartilages were sliced into pieces
under sterile circumstances and then digested with trypsin
(0.25%) for 30 min and type IV collagenase (0.2%) for 2−4 h
at 37 °C. Finally, the dispersion was filtered, centrifuged, and
resuspended in the culture medium, which consisted of
DMEM, FBS (10%), and penicillin−streptomycin solution
(1%). The cells were trypsinized and subcultured in new Petri
dishes when they reached 80−90% confluency. We utilized P2
rabbit chondrocytes in this study. The sterilized scaffolds were
soaked in DMEM for 1 h. The samples for the four groups
were seeded with chondrocyte suspension (1 × 107/mL, 100
μL). All samples were given culture medium (1 mL) after 4 h
of incubation, and the medium was refreshed every 2 days.
4.5. In Vitro Biological Evaluation. 4.5.1. Cell Prolifer-

ation. The total DNA content was quantified using the Animal
Tissues/Cells Genomic DNA Extraction kit (Solarbio, Beijing,
China) to quantify chondrocyte proliferation on the composite
scaffolds. In summary, scaffold-seeded chondrocytes were
digested and subjected to a variety of elution procedures.
Both DNA samples (20 μL) and Hoechst 33258 solution
(0.2% V/V) (180 μL) were added to a 96-well plate, followed
by incubation away from light for 5 min, and the fluorescence
was detected at 356/492 nm (excitation/emission). To
minimize scaffold size differences, the DNA content of the
composite scaffolds was determined using the standard curve
and normalized against the scaffold volume.
4.5.2. Cell Morphology and Distribution. The cell-laden

scaffolds were washed gently with PBS and soaked in 4%
paraformaldehyde for 2 h to investigate the morphology and
distribution of chondrocytes on the composite scaffolds
cultivated for 7 and 14 days. All samples were instantly dried
using the critical point drying technique after they were
dehydrated with ethanol and isoamyl acetate. Finally, the
chondrocytes on the scaffolds were sprayed with gold and
examined by SEM.

4.5.3. GAG Secretion Assay. The content of GAGs secreted
in the composite scaffolds was assessed using the Cell GAG
Total Content DMMB Colorimetry Kit (GENMED, USA)
according to the manufacturer’s guidelines. The scaffolds were
digested for 16 h in total. The GAG sample was treated with
the DMMB reagent. After vortex movement for 15 s,
incubation at room temperature for 30 min, centrifugation,
and removal of the supernatant liquid, propanol solution was
added, and the absorbance was detected at 656 nm. To remove
scaffold size discrepancies, the contents of GAGs on the
composite scaffolds were quantified using the standard curve
and normalized against the scaffold volume.

4.5.4. Collagen Secretion Assay. Throughout the Sircol
Soluble Collagen Assay (Biocolor, Britain), the total collagen
content was measured. In short, pepsin (0.1 mg/mL) was
applied to composite scaffolds for 48 h at 4 °C. The samples
were centrifuged after the addition of Isolation & Concen-
tration Reagent and placed at 4 °C overnight. Subsequently,
the supernatant liquid was combined with Sircol Dye Reagent
and shaken for 30 min at room temperature. Ice-cold acid-salt
wash reagent was added to the collagen-dye pellet after
centrifugation and removal of the supernatant liquid. All
samples were centrifuged again. Finally, alkali reagent was
added to dissolve all of the bound dye. The absorbance was
recorded at 555 nm. The composite scaffold cultured without
seed chondrocytes was used as the blank group. To eliminate
scaffold size discrepancies, the contents of collagen on the
composite scaffolds were measured by the standard curve
provided by the kit and normalized against the scaffold volume.

4.5.5. In Vitro Immunocompatibility. The immunocompat-
ibility of AF, CAF, MAF, and CMAF was evaluated with the
murine macrophage cell line (RAW 264.7). The spent medium
without scaffolds was regarded as the negative control. After
the incubation of the scaffolds and RAW 264.7 cells for 24 h,
the spent medium was collected and analyzed for TNF-α using
a Mouse TNF alpha Uncoated ELISA Kit. In brief, 50 μL/well
of detection antibody was added to a 96-well plate that
contained the combination of samples and capture antibodies
and incubated for 1 h. After three washes, diluted streptavidin-
HRP was added and incubated for 30 min. Each washed well
was filled with chromogen (TMB) solution and incubated in
the dark for 15 min. Finally, with the addition of the stop
solution, the content of TNF-α was measured at the
absorbance of 450 nm.

4.6. In Vivo Chondrogenesis Estimation in Nude Mice.
All of the procedures in this experiment were performed with
permission from the Animal Ethical and Welfare Committee of
the Experimental Animal Center of the Institution of Radiation
Medicine, Chinese Academy of Medical Sciences. In the
experiment, 12 female BALB/c nude mice that were 5 weeks
old, which weighed between 16 and 22 g, were divided into
two groups at random to assess the in vivo compatibility and
chondrogenesis potential. The cell-laden scaffolds (AF, CAF,
MAF, and CMAF) were implanted in vitro for 4 weeks into the
nude mice subcutaneously. Specifically, the AF and CAF were
implanted in the left- and right-hand sides of the first group of
mice. Similarly, the mice in the second group were implanted
with MAF in the left side and CMAF in the right side. For the
duration of the experiment, all mice were maintained under
IVC conditions. The nude mice were sacrificed at 4 week
intervals to extract the scaffolds for further study. The scaffolds
were fixed in 4% paraformaldehyde for 48 h and then
dehydrated in 30% sucrose aqueous solution for 3 days before
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being embedded in the optimal cutting temperature com-
pound. Finally, a microtome (Leica, Germany) was employed
to cut vertical slices with a 5 μm thickness. The distribution of
chondrocytes was shown using H&E staining, the deposition of
sulfated proteoglycans was evaluated using the Animal Cell Pas
Alclan Blue Kit, and collagen II was observed using the
Collagen II IHC staining kit.
4.7. Statistical Analysis. Data were plotted as the mean ±

standard deviation (n = 3). SPSS Statistics 26.0 software (IBM,
USA) was used to evaluate quantitative data. Statistical
significance was defined at p < 0.05 (*P < 0.05, **P < 0.01,
***P < 0.001).
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