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Bioceramic Scaffolds with Antioxidative Functions for ROS
Scavenging and Osteochondral Regeneration

Cuijun Deng, Quan Zhou, Meng Zhang, Tian Li, Haotian Chen, Chang Xu, Qishuai Feng,
Xin Wang, Feng Yin,* Yu Cheng,* and Chengtie Wu*

Osteoarthritis (OA) is a degenerative disease that involves excess reactive
oxygen species (ROS) and osteochondral defects. Although multiple
approaches have been developed for osteochondral regeneration, how to
balance the biochemical and physical microenvironment in OA remains a big
challenge. In this study, a bioceramic scaffold by 3D printed akermanite (AKT)
integrated with hair-derived antioxidative nanoparticles
(HNPs)/microparticles (HMPs) for ROS scavenging and osteochondral
regeneration has been developed. The prepared bioscaffold with
multi-mimetic enzyme effects, which can scavenge a broad spectrum of free
radicals in OA, can protect chondrocytes under the ROS microenvironment.
Importantly, the bioscaffold can distinctly stimulate the proliferation and
maturation of chondrocytes due to the stimulation of the glucose transporter
pathway (GLUT) via HNPs/HMPs. Furthermore, it significantly accelerated
osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs).
In vivo results showed that the bioscaffold can effectively enhance the
osteochondral regeneration compared to the unmodified scaffold. The work
shows that integration of antioxidant and mechanical properties via the
bioscaffold is a promising strategy for osteochondral regeneration in OA
treatment.

1. Introduction

Osteoarthritis (OA), a chronic degenerative disease, which is
characterized by chronic inflammation and cartilage degra-
dation, leading to cartilage lesion and subchondral bone de-
fect in terminal OA.[1,2] Current treatment strategies include
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microfracture, autograft/allograft, and
joint replacement. Although microfrac-
ture can partly repair cartilage, the newly
formed tissue is inferior and consisted of
fibrocartilage.[3] Autograft/allograft might
lead to secondary trauma, pain, or immune
rejection, which limits their applications in
osteochondral reconstruction.[4,5] Arthro-
plasty and joint replacement are regarded
as feasible therapeutic strategies for termi-
nal OA but there is a lifespan limit for the
artificial implants.

Tissue engineering scaffolds are alter-
native strategies to overcome the current
treatment limitations in order to perma-
nently repair the damaged tissue and
recover osteochondral defects.[6,7] A grow-
ing number of bioscaffolds mimicking the
composition and physical properties of
natural bones have been designed to treat
OA. For instance, 3D printing bioceramic
scaffolds offer good physical properties
and biocompatibility for osteochondral
regeneration.[8–10] Ion-doped bioceramic
scaffolds and micro/nanometer-structured

scaffolds can provide the mechanical support and release ions
simultaneously to facilitate cartilage and subchondral bone
regeneration.[11,12] However, these bioscaffold-based strategies of-
ten suffer from insufficient regeneration of osteochondral tissues
hindered by the strong inflammatory environment of OA. There-
fore, an ideal bioscaffold should preserve the capability to balance
both physical and biochemical microenvironments in OA.
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In OA development and progression, multiple ROS and
reactive nitrogen species (RNS) are generated due to oxidative
stress in the inflammatory environment.[13–15] High levels of
ROS inhibited matrix synthesis and impairment of the natural
osteochondral regeneration process by damaging the mitochon-
drial DNA and inducing chondrocyte apoptosis.[16,17] Moreover,
ROS leads to cartilage degeneration and calcification by inhibit-
ing extracellular matrix (ECM) formation and facilitating ECM
catabolism.[18] Therefore, it is essential to suppress ROS during
the osteochondral regeneration process. Although antioxidants,
such as N-acetylcysteine and melatonin, have been tested, they
show fast metabolism in the knuckle.[19,20] Furthermore, metal
nanomaterials and nanozymes have been developed to balance
the oxidative environment for OA treatment.[20–22] However,
lacking of mechanical properties limits their further applications
for osteochondral regeneration.[23] Hence, developing an antiox-
idative tissue engineering scaffold that could simultaneously reg-
ulate the biochemical and physical microenvironment in OA is
urgently needed.

Previously, it was reported that the nanoparticles and mi-
croparticles from human hair mainly consist of melanin
and keratin, which are ideal biomedical materials for tissue
engineering.[24] Keratin-based biomaterials play superior perfor-
mance in tissue regeneration.[25] Recent studies demonstrated
that melanin possesses excellent activities in scavenging oxidant
stress and protecting healthy tissue.[26–28] The aforementioned
studies indicate that HNPs and HMPs hold great potential
for ROS scavenging and osteochondral regeneration. Further-
more, AKT is a typical bioceramic with distinct bone-forming
bioactivity.[29,30] Hence, we developed a unique bioceramic
scaffold by 3D printed AKT integrated with HNPs/ HMPs
for osteochondral regeneration in OA. HNPs and HMPs with
excellent biocompatibility and biosafety were isolated from
human hair and showed good ROS scavenging activity. Their
chondrogenic and osteogenesis induction effects were discov-
ered. To prepare a stable bioceramic scaffold with antioxidative
activity, HNPs/HMPs were further integrated with AKT scaf-
folds via a gentle apatite mineralization method to achieve both
antioxidative and mechanical properties. We hypothesized that
HNPs/HMPs integrated with AKT scaffold (HNP/HMP-AKT)
might synergistically balance the biochemical and physical
microenvironment in OA, which could promote osteochondral
regeneration. The underlying mechanism of the bioscaffolds
for maturation of chondrocytes, osteogenic differentiation of
BMSCs, and in vivo osteochondral regeneration efficacy was
investigated.

2. Results

2.1. HNPs and HMPs Showed the Multi-Mimetic Enzyme Effects
to Scavenge Free Radicals

Schematic illustration of HNPs and HMPs preparation was
shown in Figure 1A. In this study, HMPs were isolated from
the black human hair through an alkaline dissolving method.[24]

TEM images showed that HMPs had a rod-like morphology
with an average length of approximately 1.0 μm and an aver-

age width of 350 ± 50 nm (Figure 1B). HMPs were decomposed
into HNPs after ultrasonic treatment, and the average diame-
ter of the HNPs was 60 ± 15 nm (Figure 1C). The size of both
HNPs and HMPs was similar in different pools (Figure S1A1–5,
Figure SB1–5, Supporting Information). Furthermore, dynamic
light scattering (DLS) analysis was utilized to confirm the particle
size of HNPs and HMPs (Figure S1C, Supporting Information).
As reported previously, human hair mainly consists of keratins
and melanins.[24] To further confirm the compositions of HNPs
and HMPs, FT-IR and UV-vis analyses were conducted. The re-
sults indicated that HNPs and HMPs had a distinct absorption
peak similar to that of keratin (3000–2800 cm−1) and possessed
a rapidly increased absorbance value in the UV region, which
demonstrated that keratins and melanins were the main compo-
nents of HNPs and HMPs (Figure 1D, Figure S1D, Supporting
Information).

Furthermore, the antioxidant activity of HNPs and HMPs
was evaluated by measuring the free radicals and H2O2 scav-
enging capacity. Superoxide anion is one type of free radical
that is harmful to cartilage and bone.[31] Superoxide dismutase
(SOD) is an antioxidant enzyme in organisms, that can catalyze
superoxide anion disproportionation to generate oxygen and
hydrogen peroxides. To investigate the SOD-like activity of HNPs
and HMPs, a SOD detection kit was used. HNPs and HMPs
showed a similar trend to that of the natural SOD enzyme in
scavenging superoxide anions, which indicated that HNPs and
HMPs had a decent SOD-like activity (Figure 1E, Figure S1E,
Supporting Information). To further evaluate whether HNP
and HMP could scavenge the hydrogen peroxides generated
by SOD disproportionation, the catalase (CAT)-like activity was
measured. A CAT assay kit and a portable dissolved oxygen tester
were used to study the CAT-like activity of HNPs and HMPs.
The results indicated that HNPs and HMPs had a similar role
as that of CAT in H2O2 clearance, and the oxygen production
increased with the enhancement of HNPs or HMPs (Figure 1F,
Figure S1F, Supporting Information). To further investigate the
nitrogen free radical scavenging effect, DPPH free radicals were
employed. DPPH free radicals are a typical nitrogen free radical
used for evaluating the antioxidation capability of an antioxidant,
which has dramatic absorbance at 400–600 nm wavelengths. The
optical images and UV-vis spectra indicated that the absorbance
value decreased dramatically with the increased concentrations
of HNPs and HMPs, and the clearance efficiency increased to
80% after reacting with HMPs (3.125 mg ml−1) for 30 min (Fig-
ure 1G and Figure S1H,I, Supporting Information). In addition
to nitrogen free radical scavenging effect, hydroxyl radical scav-
enging activity was investigated. The Fenton reaction was used to
generate hydroxyl radicals. After treatment with HNPs or HMPs,
the residual hydroxyl radicals were reacted with salicylic acid (SA)
to generate the characteristic absorbance at 510 nm. The UV-vis
analysis and digital photos demonstrated that HNPs and HMPs
significantly scavenged hydroxyl radicals within a concentration
range of 0.049–3.125 mg ml−1 (Figure 1H). Specifically, solutions
reacted with 3.125 mg ml−1 of HNPs or HMPs were almost color-
less, and the UV-vis spectrum showed that up to 95% clearance
efficiency of hydroxyl radicals could be achieved (Figure S1G,
Supporting Information).
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Figure 1. Preparation and characterization of HNPs and HMPs. A) Preparation of HMP and HNP. B) and C) showed the TEM images of HMPs and HNPs,
respectively. D) The FT-IR spectrum of HNPs and HMPs. Compared with artificially synthesized melanin, HNPs and HMPs had a distinct absorption
peak similar to keratin (3000–2800 cm−1), which reflected the C–H absorption of the alkane structure and demonstrating the existence of great amount
of keratin. E) SOD-like activity of HNPs and HMPs. F) CAT-like activity of HNPs and HMPs. G) Nitrogen free radical scavenging effect of HNPs and
HMPs. As compared to the same concentration of HNPs, HMPs significantly scavenged DPPH free radicals within the concentration range of 0.78–
3.125 mg ml−1. Repeat number: n = 5. ***p < 0.001 (one tailed Student t-test). Error bars represent mean ± SD. H) Hydroxyl radical scavenging effect
of HNPs and HMPs. SA reacted with H2O2 or Fe2+ were used as controls. HNPs and HMPs have CAT-like and SOD-like activities, and possessed good
antioxidant effects for nitrogen free radical and hydroxyl radical scavenging.
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2.2. HNP and HMP Endowed Bioceramic Scaffolds with
Antioxidant Activities

In this study, the well-designed morphology of pure AKT
scaffolds was successfully developed via a 3D printing technol-
ogy. Then, HNPs/HMPs were integrated into AKT scaffolds
via an apatite mineralization method.[32] SBF was used as a
biomineralized solution for dispersing HNPs and HMPs. The
scaffolds obtained from treating with SBF+HNPs/HMPs were
HNP-AKT/HMP-AKT scaffolds, while the scaffolds treated with
SBF alone were SBF-AKT scaffolds. In digital photos, pure AKT
scaffolds displayed a uniform macropore morphology with a
well-crystallized surface (Figure 2A1,2). After coating scaffolds
with HNPs/HMPs, they maintained the well-designed microp-
orous structure (Figure 2C1, Figure 2D1). Under SEM, the pure
AKT scaffold showed a dense and well-crystallized surface (Fig-
ure 2A2,3). However, the HMP-AKT scaffold had a rough surface,
whereas the SBF-AKT scaffold and HNP-AKT scaffold were cov-
ered with different sizes of nanoparticles (Figure 2B2–D2). Using
different biomineralized raw materials, different surface struc-
tures and coating thicknesses were obtained (Figure 2B3–D3).
The scaffolds only treated with SBF had a globular nanoflower
surface with a thickness of 1.2 μm. When combined with HNPs,
a dense nanoparticle surface approximately 0.6 μm of thick was
obtained in HNP-AKT scaffolds. Instead of HNPs, HMPs were
dispersed in SBF and then used to incubate with AKT scaffolds.
The obtained HMP-AKT scaffolds had a uniform rough surface
with a thickness of 3.5 μm. Based on the previous studies,
surface modification may change the compressive strength of
scaffolds. To investigate mechanical properties, the scaffolds
were prepared with a height of 10.0 ± 0.705 mm and a diameter
of 8.0 ± 0.685 mm (Figure S2A, Supporting Information). The
results indicated that the compressive strength of AKT scaffolds
had no significant difference before and after coating with
HNPs or HMPs, which was approximately 10 MPa (Figure S2B,
Supporting Information). After incubating at 37 °C in Tris–HCl
solution for 5 weeks, the degradation of scaffolds had no distinct
difference in each group, and the weight loss of scaffolds was
approximately 15% (Figure S2C, Supporting Information).
Furthermore, the release profile of Si, Ca, and Mg in Tris–HCl
solution was investigated. Si, Ca, and Mg release increased over
time and the release rates had no obvious difference among
groups (Figure S2D–F, Supporting Information). In the optical
images, color changes in scaffolds indicated that HNPs and
HMPs were successfully coated on AKT scaffolds (Figure S2A,
Supporting Information). Compared to the FT-IR spectra of pure
HNPs and HMPs, the FT-IR spectra of the HNP-AKT and HMP-
AKT scaffolds further confirmed the existence of HNPs and
HMPs in the scaffolds (Figure S2G, Supporting Information).
Additionally, HNPs and HMPs could withstand release from
scaffolds during the incubation period (Figure S2H, Supporting
Information).

Based on the superior antioxidant activity of HNPs and HMPs,
the antioxidant activity of HNP-AKT and HMP-AKT scaffolds
was systematically studied. DPPH free radical scavenging activ-
ity was previously studied. In Figure S3A1–4 (Supporting Infor-
mation), the color of the DPPH free radical solution significantly
faded as time increased in the HNP-AKT and HMP-AKT groups,
and that of the pure DPPH and SBF-AKT groups was slightly

faded, whereas the AKT group changed to red-orange color. UV-
vis spectra further confirmed that HNP-AKT and HMP-AKT scaf-
folds obviously scavenged DPPH free radicals as compared to the
scavenging ability of AKT scaffolds and SBF-AKT scaffolds (Fig-
ure S3B1–4, Supporting Information). The cumulative clearance
of DPPH in the HNP-AKT and HMP-AKT groups was approx-
imately 90% at 120 h (Figure 2E). Furthermore, the superoxide
anion scavenging effect of scaffolds was assessed by using a SOD
enzyme assay kit. It was found HNP-AKT scaffolds significantly
scavenged superoxide anions as compared with pure AKT scaf-
folds (Figure 2F). Further studies demonstrated that HNP-AKT
and HMP-AKT scaffolds had CAT-like activity, which could react
with H2O2 to generate oxygen and water (Figure 2G, Figure S2I,
Supporting Information). Oxygen bubbles generated in scaffolds
further confirmed that HNP-AKT and HMP-AKT scaffolds pos-
sessed the CAT-like activity (Figure 2H).

2.3. HNPs and HMPs Promoted Cell Adhesion and Proliferation
in Scaffolds

A cell counting kit-8 (CCK-8) assay was used to evaluate the ad-
hesion and proliferation of chondrocytes and rBMSCs in scaf-
folds. After 24 h of incubation, HNP-AKT scaffolds significantly
promoted the adhesion of chondrocytes and rBMSCs as com-
pared with the adhesion observed with SBF-AKT scaffolds (Fig-
ure S4A,B, Supporting Information). The cell attachment rate of
chondrocytes in HMP-AKT scaffolds was distinctly higher than
that of SBF-AKT scaffolds at 24 h, whereas the rBMSCs attached
to HMP-AKT scaffolds were similar with the SBF-AKT scaffold,
and yet both were higher than that of AKT scaffolds. Further-
more, the proliferation of rBMSCs in HNP-AKT and HMP-AKT
scaffolds was obviously superior to that of SBF-AKT and AKT
scaffolds, whereas the proliferation activity of chondrocytes was
similar in the experimental groups (Figure S4C,D, Supporting
Information). SEM and CLSM were further utilized to evaluate
cell attachment and distribution in scaffolds. CLSM analysis fur-
ther confirmed the stimulating effect of HNP-AKT and HMP-
AKT scaffolds on rBMSCs and chondrocytes. In CLSM images,
the chondrocytes and rBMSCs in the HNP-AKT and HMP-AKT
groups showed more widespread cytoskeletons than those in the
AKT group, whereas the cells in the AKT scaffolds showed hardly
any cytoskeleton. Moreover, there were more cells attached to
the HNP-AKT and HMP-AKT scaffolds than to the AKT scaf-
folds (Figure 3A2–D2, 3A4–D4, and Figure S5, Supporting In-
formation). SEM images further showed that chondrocytes and
rBMSCs were widespread well in the HNP-AKT and HMP-AKT
groups, and the cells showed better-defined cytoskeletons and
plump morphology as compared to those of the SBF-AKT and
AKT groups (Figure 3A1–D1, 3A3–D3, and Figure S6, Supporting
Information).

2.4. HNPs and HMPs Protected Chondrocytes from OA
Environment

To investigate the potential mechanism by which HNPs and
HMPs protected chondrocytes from the inflammatory envi-
ronment, the expression of inflammation related genes was
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Figure 2. Characterization of AKT scaffolds before and after modifying with HNPs/HMPs. Photographs of A1) pure AKT scaffold, B1) SBF-AKT scaffold,
C1) HNP-AKT scaffold, D1) HMP-AKT scaffold. SEM images of the surface of A2) pure AKT scaffold, B2) SBF-AKT scaffold, C2) HNP-AKT scaffold, D2)
HMP-AKT scaffold. A3–D3) The cross-section surface of scaffolds. E) Nitrogen free radical scavenging effects in 120 h. F) Superoxide anion radical
scavenging effects. As compared with AKT scaffolds, HNP-AKT scaffolds and HMP-AKT scaffolds distinctly scavenged superoxide anion radicals. Repeat
number: n = 5. ***p < 0.001 (one-way ANOVA followed by Dunnett’s multiple comparisons test). Error bars represent mean ± SD. G) The oxygen is
produced in 25 mM of H2O2. H) Photographs of the oxygen bubbles in scaffolds after treating with H2O2. The surface of pure AKT scaffold displayed
a dense morphology, while the HMP-AKT scaffold has a rough surface, and the SBF-AKT scaffold and HNP-AKT scaffold were covered with different
sizes of nanoparticles. The coating thickness of SBF-AKT, HNP-AKT, and HMP-AKT were about 1.2 μm, 0.6 μm, and 3.5 μm, respectively. Furthermore,
HNP-AKT and HMP-AKT scaffolds showed the ability to significantly scavenged nitrogen free radical, superoxide anion radical, and H2O2, as well as
have CAT like activity.
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Figure 3. Morphology of chondrocytes and rBMSCs cultured on AKT scaffolds before and after biofunctionalization. A1–D1) and A3–D3) showed the SEM
images of chondrocytes and rBMSCs cultured on the surface of scaffolds, respectively. A2–D2) and A4–D4) displayed the CLSM images of chondrocytes
and rBMSCs incubated in the scaffolds, respectively.

measured (Figure 4). First, IL-1𝛽 was used to prepare an OA
chondrocyte model. N-acetyl-L-cysteine (NAC), a common an-
tioxidant, was used to inhibit inflammatory factors and ROS pro-
duction in chondrocytes. After incubating with different concen-
trations of HNPs or HMPs, OA chondrocytes were subjected to
RT-qPCR analysis. Compared with the IL-1𝛽 group, HNP and
HMP significantly inhibited the expression of ECM degenera-
tion related genes (MMP3, MMP13, and Adamts-5) and inflam-
matory factors (IL-1𝛽, IL-6, TNF-𝛼, COX-2), while the expression
of IL-10 (anti-inflammatory factor) was elevated at the concentra-
tion of 3.125 mg ml−1 (Figure 4D–K). Interestingly, HNPs and
HMPs had better effects on down-regulation of inflammation re-
lated genes as compared with NAC (2 mM). Moreover, the gene
expression of HIF-1𝛼 and TIMP3 was distinctly increased after

co-culturing with HNPs and HMPs (Figure 4B,C). Additionally,
the ROS scavenging effect of HNPs and HMPs was further in-
vestigated. Compared to the results observed in the positive con-
trol group (Rosup), HNPs and HMPs significantly inhibited ROS
produced in chondrocytes within a concentration range of 0.049–
3.125 mg ml−1 (Figure 4M). The quantification data showed that
the residual ROS in the NAC group was similar to that in the
group treated with HMPs at a concentration of 3.125 mg ml−1

(Figure 4L). Furthermore, the ROS scavenged capability of the
combination of NAC and HNPs/HMPs was investigated. It was
found that the combination of NAC and HNPs/HMPs did not
show better ROS scavenging ability as compared to pure NAC
groups or HNPs/HMPs treated groups, suggesting there was no
synergistic effect.

Adv. Sci. 2022, 2105727 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2105727 (6 of 16)



www.advancedsciencenews.com www.advancedscience.com

Figure 4. HNPs and HMPs protected chondrocytes from the osteoarthritis environment. A) Schematic illustration of HNPs and HMPs protected chon-
drocytes from osteoarthritis environment. B) HIF-1𝛼 gene, C) TIMP3 gene, D) MMP3 gene, E) MMP13 gene, F) Adamts-5 gene, G) IL-1𝛽 gene, H) IL-6
gene, I) IL-10 gene, J) TNF-𝛼 gene, K) COX-2 gene, L) quantification of ROS. The relative intensity of ROS was quantified by using an image pro plus 6.0
software. M) ROS changed in chondrocytes before and after being treated with HNPs/HMPs or NAC combined with HNPs/HMPs. It was found that the
combination of NAC and HNPs/HMPs has no synergy on ROS scavenging as compared to pure NAC group and HNPs/HMPs treated groups. In the
OA model, HNPs and HMPs distinctly promoted the expression of HIF-1𝛼 and TIMP3, as well as significantly down regulated the osteoarthritis-related
genes as compared to IL-1𝛽 treated group (MMP3, MMP13, Adamts-5, IL-1𝛽, IL-6, TNF-𝛼, and COX-2). All the above experimental groups, except the
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2.5. HNPs and HMPs Stimulated Chondrocyte Maturation and
rBMSC Osteogenic Differentiation

To investigate the stimulating effect on chondrocytes and rBM-
SCs, HNPs and HMPs were cocultured with chondrocytes and
rBMSCs. CCK-8 was employed to study the proliferation of chon-
drocytes and rBMSCs. The results indicated that HNPs and
HMPs (0.049–3.125 mg ml−1) significantly promoted the pro-
liferation of chondrocytes after 7 d of incubation (Figure S7A,
Supporting Information). The proliferation of rBMSCs was en-
hanced by incubation with HNPs and HMPs at concentrations
of 0.195–1.56 mg ml−1 and 0.049–0.195 mg ml−1, respectively
(Figure S7B, Supporting Information). To further investigate cell
proliferation, a cell cycle and apoptosis analysis kit was used to
treat cellular samples, and then flow cytometry was employed to
analyze the proliferation cells. In the cell cycle, DNA synthesis
begins in the S phase, and the amount of DNA doubles in the
G2M phase. Thus, cell proliferation can be proven by measur-
ing the number of cells that stay in the S phase and the G2M
phase. Compared to the CTR group, chondrocytes and rBMSCs
treated with HNPs or HMPs possessed a high population of cells
in the S phase or in the G2M phase, which indicated that HNPs
and HMPs improved the proliferation capability of chondrocytes
and rBSMCs within a concentration range of 0.049–1.56 mg ml−1

(Figure S7C,D, Supporting Information).
Based on the good proliferative activity, the maturation of

chondrocytes was investigated (Figure 5). The gene expression
of COL II, SOX9, aggrecan, and N-cadherin (NCAD) was dis-
tinctly enhanced after culturing with HNPs (0.78–3.125 mg ml−1)
for 7 d (Figure 5B–E). Additionally, the chondrocytes cultured
with HMPs (3.125 mg mL−1) significantly expressed the COL II
gene, and obviously enhanced the expression of SOX9 and ag-
grecan within a low concentration range. Immunofluorescence
was used to further investigate the maturation of chondrocytes.
CLSM images and quantification data showed that HNPs and
HMPs significantly elevated the expression of aggrecan (Fig-
ure 5K and Figure S8A, Supporting Information) and COL II pro-
teins in chondrocytes (Figure S9, Supporting Information).

To further elaborate the potential mechanism by which HNPs
and HMPs promote chondrocyte maturation, the expression of
GLUT-1, GLUT-3, GLUT-4, and GLUT-8 genes in the GLUT
pathway was measured and the glucose uptake of chondrocytes
was investigated (Figure 5G–J). Realtime quantitative polymerase
chain reaction (RT-qPCR) analysis demonstrated that the expres-
sion of GLUTs was obviously increased in the chondrocytes cul-
tured with HNPs (0.049–3.125 mg ml−1). Additionally, HNPs and
HMPs (3.125 mg ml−1) distinctly enhanced the expression of
HIF-1𝛼 in chondrocytes (Figure 5F). Importantly, CLSM images
and flow cytometry showed that HNPs and HMPs distinctly pro-
moted the glucose uptake in chondrocytes (Figure 5L and Fig-
ure S10, Supporting Information).

To further determine the stimulation effect of HNPs and
HMPs on HIF-1𝛼, siRNA for HIF-1𝛼 was used to pretreat chon-
drocytes. After pretreating with siRNA-HIF-1𝛼, the expression of
HIF-1𝛼 in chondrocytes was obviously inactivated as compared
to the CTR group. Whereas the expression of HIF-1𝛼 was signif-
icantly increased in HNP and HMP groups as compared to the
group only treated with siRNA-HIF-1𝛼 (Figure S11A, Support-
ing Information). Furthermore, the expression of COL II, SOX9,
aggrecan, and NCAD, which are related to chondrocyte matu-
ration, was significantly enhanced after co-culturing with HNPs
and HMPs. Additionally, the gene expression of GLUT-1, GLUT-
3, GLUT-4, and GLUT-8 in the GLUT pathway was further en-
hanced in HNP and HMP groups (Figure S11, Supporting Infor-
mation).

Furthermore, osteogenic differentiation of rBMSCs was eval-
uated (Figure 6A). RT-qPCR results indicated that HNPs and
HMPs significantly improved the expression of COL I, OCN, and
OPN genes within the concentration range of 0.049–3.125 mg
ml−1 (Figure 6B–D). CLSM images further showed that HNPs
and HMPs distinctly stimulated the expression of COL I in
rBMSCs (Figure 6E and Figure S8B, Supporting Information).
To further evaluate the early marker and terminal marker of
osteogenic differentiation, rBMSCs were cultured in HNPs and
HMPs osteoinductive media for 14 d and 21 d, respectively.
The results of alkaline phosphatase (ALP) activity and ALP
staining showed that HNPs and HMPs significantly stimulated
the expression of alkaline phosphatase in rBMSCs (Figure 6J,
Figure S8C, Supporting Information). Alizarin red staining and
quantification data showed that HNPs and HMPs distinctly pro-
moted the formation of calcium nodules within a concentration
of 0.049–3.125 mg ml−1 (Figure 6I,K). To further investigate the
underlying mechanism by which HNPs and HMPs promote
osteogenic differentiation, the expression of the RhoA, HIF-1𝛼,
and TIMP3 genes was evaluated. RT-qPCR results showed that
HNPs and HMPs significantly stimulated the expression of
RhoA and TIMP3 genes within a concentration range of 0.049–
3.125 mg ml−1, whereas that of HIF-1𝛼 was 0.049-0.78 mg mL−1

(Figure 6F–H).
To further investigate the upregulated effect of HNPs and

HMPs on RhoA, a GEF-Rho GTPase inhibitor (Y16, 10 μM)
was employed to inhibit the expression of RhoA in rBMSCs. As
compared to the pure Y16 treated group, HNPs and HMPs dis-
tinctly enhanced the RhoA gene within a concentration range
of 0.049–3.125 mg ml−1 (Figure S12A, Supporting Information).
Furthermore, related genes of osteogenic differentiation, such
as OCN and OPN, were significantly enhanced in rBMSCs (Fig-
ure S12E,F, Supporting Information). Additionally, TIMP3 and
BMP2 were obviously elevated in the HMP group at a certain con-
centration of 3.125 mg ml−1, while HNPs significantly increased
TIMP3 expressed at 0.049 mg ml−1(Figure S12C,D, Supporting
Information).

CTR group, were incubated with IL-1𝛽 to fabricate an OA chondrocyte model. The IL-1𝛽 group was only incubated with IL-1𝛽, and the CTR group was
untreated, the other groups were incubated with different concentrations of HNPs/HMPs for seven days after pretreating with IL-1𝛽. The relative gene
amount of CTR groups was set as 1. NAC, an antioxidant, was used to inhibit inflammatory factors and ROS produce in chondrocytes. HNPs and HMPs
significantly scavenged the production of ROS in chondrocytes. Repeat number: n = 6. In q-PCR experiments, the statistical analysis between the IL-1𝛽
group and the other groups was conducted. In ROS scavenged experiments, the statistical analysis between the Rosup group and the other groups was
conducted. **p < 0.01, ***p < 0.001 (one-way ANOVA followed by Dunnett’s multiple comparisons test). Error bars represent mean ± SD.
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Figure 5. HNPs and HMPs stimulated the maturation of chondrocytes. A) Schematic illustration of HNPs stimulated chondrocyte maturation. After
co-culturing with different concentrations HNPs/HMPs for seven days, the relative genes B) COL IIs, C) SOX9, D) Aggrecan, E) NCAD, F) HIF-1𝛼, G)
GLUT-1, H) GLUT-3, I) GLUT-4, J) GLUT-8 of chondrocyte maturation were elevated. K) The expression of Aggrecan protein in chondrocytes. L) Glucose
uptake of chondrocytes cultured with HNPs/HMPs. HNPs and HMPs significantly promoted chondrocytes maturation via stimulating HIF-1𝛼 and GLUT
pathway related genes. The relative gene amount of CTR groups was set as 1. Repeat number: n = 6. In the experiment, the statistical analysis between
the CTR group and the other groups was conducted, *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA followed by Dunnett’s multiple comparisons
test). Error bars represent mean ± SD.
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Figure 6. HNPs/HMPs accelerated the osteogenic differentiation of rBMSCs. A) Schematic illustration of HNPs and HMPs accelerated osteogenic
differentiation. B) COL I gene, C) OCN gene, D) OPN gene. E) The expression of COL I protein in rBMSCs. F) RhoA gene, G) HIF-1𝛼 gene, H) TIMP3 gene.
Compared with the CTR group, the osteogenic differentiation of rBMSCs in HNP and HMP groups was significantly elevated at a certain concentration
range after seven days. I) Alizarin red quantification for 21 days. J) and K) showed the ALP staining and Alizarin red staining of rBMSCs incubated with
HNPs/HMPs for 14 days and 21 days, respectively. Compared with the CTR groups, relative ALP activity, and calcium deposits distinctly enhanced after
rBMSCs incubating with HNPs/HMPs (0.049–3.125 mg ml−1) for 14 and 21 days, respectively. HNPs and HMPs accelerated osteogenic differentiation
via stimulating RhoA mediated by HIF-1𝛼. The relative gene amount of CTR groups was set as 1. Repeat number: n = 6. In the experiment, the statistical
analysis between the CTR group and the other groups was conducted, *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA followed by Dunnett’s
multiple comparisons test). Error bars represent mean ± SD.

2.6. HNP-AKT Scaffolds Promoted the In Vivo Osteochondral
Regeneration

Based on the superior in vitro biological activities, HNP-AKT
scaffolds were selected to investigate the in vivo regeneration
efficacy. An osteochondral defect model was fabricated in New
Zealand white rabbits, and then scaffolds were implanted into
the defect regions. Optical images of joint samples harvested at
weeks 6 and 12 were taken (Figure S13, Supporting Information),
and the corresponding micro-CT images were collected (Figure 7
and Figure S14, Supporting Information). Overall, there was no
inflammatory reaction in any of the samples. Glossy white tis-
sue was found in the HNP-AKT and CTR groups at 12 weeks,
whereas large residual void spaces were found in the pure AKT

and SBF-AKT groups (Figure S13A2–D2, Supporting Informa-
tion). The transverse view of micro-CT images showed that much
more neocalcified tissues existed in the HNP-AKT group than in
the AKT group, whereas a large vacancy remained in the CTR
group. Barely calcified tissue was observed in the SBF-AKT group
at 12 weeks (Figure 7A1–D1). Sagittal views of 3D reconstruction
micro-CT images indicated that the neotissue was only gener-
ated in the margin and top surface of the defect region in the
CTR group, whereas the neo-bone tissue was abundant and well-
distributed in the HNP-AKT group (Figure 7A2–D2). Further-
more, the bone mineral density (BMD) of the HNP-AKT group
was elevated as compared to that of the CTR and SBF-AKT groups
at 12 weeks (Figure S15B, Supporting Information). The relative
bone volume fraction (BV/TV) and trabecular number (Tb. N) of
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Figure 7. Osteochondral regeneration in vivo. A1–D2) showed the Micro-CT images of the defects at 12 weeks post-surgery. A1–D1) and A2–D2) displayed
the transverse view and sagittal view of Micro-CT images, respectively. The green color, red color, and grey-white color in Micro-CT images stand for new
bone, scaffold, and native bone, respectively. Micro-CT images indicated that HNP-AKT group showed much more new bone tissue that than the other
three experimental groups. E–H) HE staining, I–L) TB staining, M–P) VG staining. The scale bar in Micro-CT images was 2 mm and the scale bars in
the small images of HE, TB, and VG staining were 200 μm.

Adv. Sci. 2022, 2105727 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2105727 (11 of 16)



www.advancedsciencenews.com www.advancedscience.com

the HNP-AKT group displayed an increasing trend at 12 weeks
compared to that of other groups (Figure S15C,D, Supporting In-
formation).

To further investigate the hyaline cartilage and subchondral
bone regenerative efficacy of HNP-AKT scaffolds, histological
analysis including H&E staining, TB staining, and improved
Van Gieson’s picrofuchsin (VG) staining was carried out. It
further demonstrated that there was no inflammatory reaction
after implantation of HNP-AKT scaffolds for 6 weeks and 12
weeks (Figure 7 and Figure S14, Supporting Information). H&E
staining images showed that there was a large vacant space with
few tissues in the CTR and SBF-AKT groups at 6 weeks, whereas
the defect region in AKT and HNP-AKT groups was covered with
much more neotissue compared to that of the above two groups
(Figure S14E1–H3, Supporting Information). The defect region
in the HNP-AKT group was well-covered with a considerable
amount of new bone tissue at 12 weeks, and there was a thin
layer of neo-bone on the top of the AKT scaffold, whereas the
defect region in the CTR and SBF-AKT groups showed no new
bone tissue (Figure 7E–H). In TB staining, large amounts of
glycosaminoglycans and well-integrated hyaline cartilage were
observed in the defect region of the HNP-AKT group at week 12
(Figure 7L). However, hyaline cartilage in the defect region of the
SBF-AKT group was lacking, and few glycosaminoglycans were
found in the CTR and AKT groups (Figure 7I–K). Furthermore,
high magnification images showed that the orderly continuous
osteochondral interface at the border zone was well-integrated
with the new hyaline cartilage and subchondral bone in the
HNP-AKT group at 12 weeks, which were similar to the original
structure of natural osteochondral tissue (Figure S16, Supporting
Information). In VG staining, the green color, hyacinthine color,
and red color represent collagen fiber, hyaline cartilage, and bone
tissue, respectively. These results indicated that organization
was significantly improved and the presence of new cartilage
and subchondral bone tissues in the HNP-AKT group was
significantly increased compared to other groups (Figure 7M–P,
Figure S14M1–P3, Supporting Information). The new bone was
well-integrated into the HNP-AKT scaffold, whereas the new
tissue in the CTR, AKT, and SBF-AKT groups was disordered
and less abundant. To further investigate the tissue integration,
images of the border zone between new and old tissue were
acquired (Figure S17, Supporting Information). After 12 weeks
of regeneration, new hyaline cartilage in the HNP-AKT group
nearly completely integrated with the surrounding cartilage, and
the hyaline cartilage possessed abundant ECM and a large num-
ber of normal chondrocytes. The new tissue of the SBF-AKT and
AKT groups connected with old cartilage via the green collagen
fiber. And the neotissue had fewer immature chondrocytes than
the HNP-AKT group had. Compared to the other three groups,
the CTR group had a notable border between the old and new
tissues. Based on the aforementioned staining results, the ICRS
score was obtained (Figure S15A, Supporting Information).
Compared to the score of the AKT and SBF groups, the HNP-
AKT group had the best score at both 6 weeks and 12 weeks. The
results of histological analysis demonstrated that HNP-AKT scaf-
folds distinctly facilitated the reconstruction of osteochondral
tissue.

3. Discussion

Biochemical and physical microenvironments in OA need to be
considered simultaneously for osteochondral regeneration. High
levels of ROS and RNS could impede the natural regeneration
process of osteochondral tissues in OA. It has been approved
that ROS scavengers are effective for anti-inflammatory thera-
peutics in OA. In the meanwhile, proper mechanical support is
crucial for osteochondral regeneration due to the complex biome-
chanical microenvironment and anisotropic spatial architecture.
Hence, tissue engineering scaffolds with antioxidative functions
which could balance the biochemical and mechanical physical
microenvironment might be the ideal material for osteochon-
dral regeneration in OA. In this study, this synergistical effect
could be achieved by designing the 3D printed bioceramic scaf-
fold which was stably integrated with natural oxidants derived
from hair. Our results indicated that the prepared scaffolds could
scavenge a broad spectrum of free radicals that exist in OA, pro-
tect chondrocytes under the ROS microenvironment, and sig-
nificantly enhance osteochondral regeneration in vivo. Conse-
quently, the scaffolds integrated with HNPs/HMPs not only pos-
sessed superior ROS scavenging activity, but also provided proper
mechanical support to balance the biochemical and physical mi-
croenvironment for cartilage and subchondral bone regeneration
in OA.

Functionalization of bioceramic scaffolds with HNPs and
HMPs requires mild reaction strategies in order to maintain the
ROS scavenging activity and biological activities. For combining
nano/micro particles with 3D scaffolds, hydrothermal methods
or chemical methods involving organic solvents are commonly
used. However, the main components of HNPs and HMPs are
keratins and melanins, which could be easily denatured and lose
bioactivity easily at high temperatures or in organic solvents.
Thus, a gentle and green apatite mineralization method was em-
ployed to integrate HNPs and HMPs into 3D scaffolds. Com-
pared to the high temperature used in the hydrothermal method,
apatite mineralization was conveniently conducted in a body tem-
perature environment (≈37 °C), which could maximally maintain
the bioactivity of HNPs and HMPs. In addition, AKT scaffolds
with well-interconnected and highly uniform macropores were
prepared through the 3D printing method. During the mineral-
ization process, environmentally friendly SBF was used to accel-
erate mineralization and protect HNPs and HMPs from denatu-
ration. As the HNPs and HMPs contained abundant functional
groups and displayed electronegativity. The process of integrat-
ing HNPs and HMPs into 3D scaffolds may be interpreted as
follows: First, during electrostatic gravitation, the electronegative
HNPs/HMPs were bonded with the electropositive Ca2+ ions in
scaffolds and attached to the scaffold surface.[33,34] Subsequently,
abundant functional groups in HNPs/HMPs could adsorb Ca2+

and PO4
3− ions in SBF to form a Ca-P and HNPs/HMPs com-

posite surface in AKT scaffolds.[35–37]

In OA pathogenesis, multiple free radicals induce chondro-
cyte apoptosis, ECM degradation, cartilage degeneration, and
subchondral bone dysfunction.[38,39] It is of great significance to
scavenge a broad spectrum of radicals for efficient osteochon-
dral regeneration in OA therapy. In this study, HNP-AKT and
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HMP-AKT scaffolds not only scavenged DPPH free radicals and
hydroxyl radicals, but also exhibited SOD-like and CAT-like activ-
ities, which could obviously scavenge superoxide anions and hy-
drogen peroxide. With CAT-like activity, the HNP-AKT and HMP-
AKT scaffolds could significantly scavenge hydrogen peroxide,
one of the byproducts of the SOD catalytic reaction, and gener-
ated oxygen for osteogenesis.[40] Hence, HNP-AKT and HMP-
AKT scaffolds with the appropriate mechanical properties are ex-
cellent candidates to regulate oxidative stress and recreate the
healthy environment that is beneficial for osteochondral regen-
eration.

Interestingly, the scaffolds could distinctly stimulate the
proliferation and maturation of chondrocytes due to the up-
regulation of HIF-1𝛼 and GLUT pathway related genes by
HNPs/HMPs. Previously, antioxidant has the capability to up-
regulate the expression of HIF-1𝛼 and active the followed bi-
ological consequences.[41,42] The change of HIF-1𝛼 influences
the glyco-metabolism intracellular, and glucose transporters help
transport glucosamine and N-acetyl glucosamine through the cell
membrane to regulate inflammation.[43,44] Also, glucose trans-
porters are involved in glycosaminoglycan synthesis.[45,46] In
chondrocytes, endogenous glucosamine is derived from glucose
metabolism and is a key raw material for synthesizing chon-
droitin sulfate. In the clinic, glucosamine is a common drug in
OA therapy via improving glycosaminoglycan synthesis. How-
ever, the short retention and insufficient dose in joints hindered
the therapeutic effect. In this study, HNPs and HMPs could stim-
ulate the GLUT pathway to regulate glucosamine and enhance
endogenous glycosaminoglycan synthesis to improve therapeu-
tic effects for osteochondral regeneration. Our results showed
that HNPs and HMPs significantly stimulated the expression
of cartilage-specific genes, including COL II, SOX9, aggrecan,
and NCAD. After pretreating with siRNA-HIF-1𝛼, the expression
of HIF-1𝛼 and GLUT pathway-related genes, including GLUT-
1, GLUT-3, GLUT-4, and GLUT-8, still could be significantly
enhanced by HNPs and HMPs. The underlying mechanism of
HNPs and HMPs stimulating the maturation of chondrocytes
and reconstruction of hyaline cartilage may be elucidated as
follows. In chondrocytes, HNPs and HMPs first enhanced the
intracellular hypoxic environment, and then the expression of
HIF-1𝛼 was heightened. Subsequently, HIF-1𝛼 mediated the ex-
pression of GLUT-1 and GLUT-3. The elevated GLUT signifi-
cantly improved the expression of cartilage-specific genes (COL
II, SOX9, aggrecan, and NCAD) and promoted the synthesis of
glycosaminoglycan and ECM (such as aggrecan and COL II pro-
teins). Furthermore, GLUT could also promote the transporta-
tion of glucose, thus providing energy for cell activity and pro-
viding important materials for chondroitin sulfate production in
chondrocytes. Hence, HNP-AKT and HMP-AKT scaffolds could
stimulate chondrocyte maturation and cartilage repair due to the
upregulation of HIF-1𝛼 and enhancement of the GLUT pathway
via HNPs and HMPs.

4. Conclusion

In this study, a novel antioxidative bioceramic scaffold
(HNP/HMP-AKT) with ROS scavenging and osteochondral
regeneration capabilities was successfully demonstrated to
simultaneously balance the biochemical and physical microen-

vironment in OA. Importantly, the bioscaffold could distinctly
stimulate the proliferation and maturation of chondrocytes
due to the stimulation of the GLUT pathway via HNPs/HMPs.
The aforementioned results suggested that this bioscaffold
with a broad ROS scavenging spectrum and osteochondral
regeneration activity could meet the demands for simultaneous
anti-inflammation and rehabilitation, offering a smart strategy
for OA treatment.

5. Experimental Section
Extraction and Characterization of HNPs and HMPs: HMPs were iso-

lated from human hair by using an alkaline extraction method. Human
hair used in this study was contributed by the volunteers from the group.
This experiment was approved by the Medical Ethics Committee, Shang-
hai East Hospital, School of Medicine, Tongji University. In brief, 2 g of
hair was added to 1 M at 60 °C in NaOH (Sinopharm Group Co. Ltd.,
China) under slight stirring. Subsequently, the extract was dialyzed and
centrifuged at 2000 rpm to obtain HMPs. HNPs were obtained by HMP
ultrasonication. Finally, HNPs and HMPs were purified in ultrapure wa-
ter (UPW) and lyophilized for further reaction. The transmission electron
microscopy (TEM) images of HNPs and HMPs were obtained from a JEM-
2100F transmission electron microscope. FT-IR detection was conducted
under a Perkin-Elmer Spectrum Two FT-IR spectrophotometer. The parti-
cle sizes of HNPs and HMPs were measured by a Malvern (Nano-ZS90)
dynamic light scattering particle sizer. Ultraviolet and visible absorption
spectra were recorded on a Cary 60 UV-Vis spectrophotometer (Agilent
Technologies, USA).

Antioxidant Effect of HNPs and HMPs: To investigate the nitrogen free
radical scavenging capability of HNPs and HMPs, diphenylpicrylhydrazyl
(DPPH) free radicals were used. Briefly, 2 mg of DPPH was dissolved in
48 ml of dehydrated alcohol to prepare the DPPH working solution. Then,
HNPs/HMPs were added to the DPPH working solution and incubated at
37 °C in a shaking bath for 30 min. Subsequently, photographs were taken
and the UV-vis spectrum was recorded. Furthermore, the superoxide dis-
mutase (SOD)-like activity of HNPs and HMPs was investigated by using
a total SOD enzyme assay kit (A001-3, Nanjing Jiancheng Bioengineering
Institute, China).

Next, the catalase (CAT)-like activity of HNPs and HMPs was evaluated
via two methods. Method one: a CAT assay kit (A007-1) produced by Nan-
jing Jiancheng Bioengineering Institute was used to measure the CAT-like
activity of HNPs and HMPs. Method two: according to the principle of the
CAT catalytic hydrogen peroxide (H2O2, Sinopharm Group Co. Ltd, China)
production of oxygen, a portable dissolved oxygen tester (JPB-607A, Leici,
Shanghai Yidian Scientific Instrument Co., Ltd, China) was employed to
measure the CAT-like activity of HNPs and HMPs indirectly. The concen-
tration of H2O2 chosen to investigate the CAT-like activity of HNPs and
HMPs was 10 mM. In brief, HNPs/HMPs and H2O2 were added to 10 ml
of anaerobic UPW under slow stirring. The dissolved oxygen was recorded
by a portable dissolved oxygen tester.

Based on the aforementioned studies, the hydroxyl radical scavenging
activity of HNPs and HMPs was evaluated. First of all, the hydroxyl radical
was generated through the Fenton reaction of 5 mM H2O2 and 1.8 mM
FeSO4 (Sinopharm Group Co. Ltd., China) at 37 °C for 10 min. Subse-
quently, HNPs/HMPs were added into the hydroxyl radical solution. After
allowing a reaction for 30 min, the amount of hydroxyl radicals remaining
was evaluated by measuring the characteristic absorbance at 510 nm. The
characteristic absorbance was generated by reacting 1.8 mM salicylic acid
(SA, Macklin, China) with residual hydroxyl radicals. Photographs of the
reacted solutions were captured by a digital camera.

Preparation of HNP-AKT Scaffolds and HMP-AKT Scaffolds: A 3D
printed biomaterial formulation containing 5 g of AKT powder, 0.14 g
of sodium alginate, and 2.6 g of 20.0 wt% F-127 was prepared to fab-
ricate AKT scaffolds. The biomaterial formulation was extruded through
a 0.22 mm nozzle by using a GeSiM 3D printer to obtain the primary
scaffolds. Then, the primary scaffolds were dried overnight and calcined
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at 1350°C to obtain pure AKT scaffolds. To maintain the bioactivity of
HNPs and HMPs, the apatite mineralization method was employed to
prepare HNP-AKT scaffolds and HMP-AKT scaffolds. Briefly, 50 mg of
HNPs/HMPs were dispersed in 10 ml of simulated body fluid (SBF, pH
7.4) to obtain the HNP/HMP working solution, respectively. The exact con-
centrations of the electrolytes and ions present in the Simulated Body Fluid
are as follow: Na+ 142.0 mM, K+ 5.0 mM, Mg2+ 1.5 mM, Ca2+ 2.5 mM,
Cl− 103.0 mM, HCO3

− 10.0 mM, HPO4
2− 1.0 mM, SO4

2− 0.5 mM. Sub-
sequently, the HNP/HMP working solution was transferred into a 15 ml
centrifuge tube containing approximately 1.0 g of pure AKT scaffolds and
placed in a 37 °C constant temperature shaking bath with a speed of
120 rpm to obtain HNP-AKT or HMP-AKT scaffolds, respectively. Pure
AKT scaffolds treated with pure SBF under the same conditions became
SBF-AKT scaffolds. Pure AKT scaffolds and SBF-AKT scaffolds were used
as controls. The Simulated Body Fluid is a metastable solution, with the
composition of sodium chloride, potassium chloride, dipotassium hydro-
gen phosphate, magnesium chloride, calcium chloride, tris, and sodium
bicarbonate, especially supersaturated calcium ions and phosphate ions.

Characterization of HNP-AKT scaffolds and HMP-AKT scaffolds: Pho-
tographs and scanning electron microscopy (SEM) images of AKT scaf-
folds before and after modification with HNPs/HMPs were obtained from
a digital camera and Hitachi S-4800 SEM (Tokyo, Japan), respectively. The
FT-IR spectrum of the scaffolds was recorded by a Perkin-Elmer Spec-
trum Two FT-IR spectrophotometer. To conduct a mechanical test, cylin-
drical scaffolds with a height of 10.0 ± 0.705 mm and a diameter of 8.0 ±
0.685 mm were prepared. Scaffolds were subjected to mechanical test-
ing (1.00 mm min−1) via using an INSTRON 5566 (Germany) universal
mechanical test machine. To investigate degradation properties, scaffolds
were treated with Tris–HCl solution for 1, 3, 7, 14, 21, and 35 d. The Tris–
HCl solution volume to scaffold mass was 200 ml g−1. The Tris–HCl so-
lution was refreshed and harvested at the set time point. Then, an induc-
tively coupled plasma atomic emission spectroscopy (ICPAES, 710ES, Var-
ian, USA) was employed to measure the Ca, Mg, and Si levels in the Tris–
HCl. After treatment with Tris–HCl, scaffolds were dried for 12 h. Then, the
degradation rate of scaffolds was accurately measured. Additionally, the re-
lease of HNPs and HMPs from scaffolds was studied in UPW. HNP-AKT
and HMP-AKT scaffolds were soaked in UPW for 2–20 d in a 37 °C constant
temperature shaking bath. The UPW volume used with the scaffolds was
1 m l per scaffold. The UPW was refreshed and harvested at different time
points. Subsequently, a detergent compatible Bradford protein assay kit
(P0006C, Beyotime, China) was used to measure concentrations of HNPs
and HMPs in the UPW. All experiments were performed in sextuplicate.

Antioxidant Capability of HNP-AKT Scaffolds and HMP-AKT Scaffolds:
To evaluate the antioxidant capability of the antioxidative scaffolds, the
nitrogen free radical and hydroxyl radical scavenging activities, as well as
the SOD-like and CAT-like activities were studied. To investigate the nitro-
gen free radical scavenging capability of scaffolds, the DPPH working solu-
tion was prepared as the aforementioned method, and then scaffolds were
immersed into DPPH working solution for 2–120 h. Digital photographs
and UV-vis spectra of the DPPH working solution before and after react-
ing with the scaffolds were recorded at the set time points. The SOD-like
activity of the scaffolds was evaluated by employing a total SOD enzyme
assay kit. Briefly, the SOD working solution was prepared following the
manufacturer’s protocol, and then scaffolds reacted with the SOD work-
ing solution at 37 °C for 1 h. After the SOD working solution was separated
from the scaffolds, 2 ml of chromogenic reagent was added into the work-
ing solution at room temperature for 10 min. Finally, the absorbance at
550 nm of the final solution was measured by a UV-vis spectrophotome-
ter. The CAT-like activity of HNP-AKT scaffolds and HMP-AKT scaffolds
was evaluated by using a CAT assay kit (A007-1, Nanjing Jiancheng Bio-
engineering Institute, China) and a portable dissolved oxygen tester. CAT
working solution was prepared following the manufacturer’s protocol, and
then scaffolds reacted with the CAT working solution at 37 °C. At the set
time points, the working solution was separated from the scaffolds, and
then ammonium molybdenum acid was used as a chromogenic reagent
to evaluate the residual H2O2. Subsequently, the absorbance at 405 nm of
the final solution was measured via a UV-vis spectrophotometer. Further-
more, 25 mM of H2O2 was used to verify the CAT-like activity of HNP-AKT

scaffolds and the HMP-AKT scaffolds. Briefly, a scaffold and H2O2 were
added into 10 ml of anaerobic UPW water under slow stirring, and the dis-
solved oxygen was recorded by a portable dissolved oxygen tester. Finally,
oxygen bubbles generated on the surface of the scaffolds were captured
after reaction for 20 min.

Cell Culture of Chondrocytes and rBMSCs: Primary chondrocytes were
isolated from 3 weeks old New Zealand White rabbits. Chondrocytes
were cultured in Dulbecco’s modified Eagle’s medium (C11885500BT,
Gibco, Thermo Fisher Scientific) which contained 10% fetal calf
serum (10099141, Gibco, Thermo Fisher Scientific) and 1% penicillin-
streptomycin (15140122, Gibco, Thermo Fisher Scientific). rBMSCs
(RBXMX-01001) were purchased from Cyagen Biosciences and cultured
in a special mesenchymal stem cell basal medium (RBXMX-9001, Cyagen
Biosciences, USA).

Cell Proliferation Assay: Cell proliferation of chondrocytes and rBM-
SCs cultured with HNPs/HMPs was studied by a CCK-8 (CK04, Dojindo,
Japan) assay. Briefly, the aforementioned cells were seeded into 96-well
plates (2 × 103 cells per well) and incubated with different concentrations
of HNPs/HMPs for 1–7 d. Then, the cells were incubated with CCK-8 work-
ing solution for 2 h, and the absorbance was measured at 450 nm. In or-
der to display the proliferation of cells visually, the absorbance values at
different time points were used directly. Furthermore, flow cytometry was
further used to investigate the proliferation of rBMSCs and chondrocytes.
After chondrocytes and rBMSCs were incubated with HNPs/HMPs for 3
d, cell cycle and apoptosis analysis kit (C1052, Beyotime, China) were em-
ployed to investigate cell cycles, and a Flow Jo 3.0 software was used to
analyze the data. The different concentrations of HNPs/HMPs were pre-
pared as follows: 50 mg of dried HNPs or HMPs was dispersed in the
cell culture medium to make 16 ml (3.125 mg ml−1). Then, the obtained
HNP/HMP solutions were diluted to 1/2 (1.56 mg ml−1), 1/4 (0.78 mg
ml−1), 1/8 (0.39 mg ml−1), 1/16 (0.195 mg ml−1), 1/32 (0.098 mg ml−1),
and 1/64 (0.049 mg ml−1).

Protection of OA Chondrocytes In Vitro: To investigate the related mech-
anism of HNP and HMP protected chondrocytes, the HIF pathway and
inflammation-related genes were evaluated. First, IL-1𝛽 (10 ng ml−1) was
used to prepare an OA chondrocyte model in vitro. After incubating with
different concentrations of HNPs/HMPs for 7 d, OA chondrocytes were
subjected to RT-qPCR analysis following the aforementioned method. The
OA related genes (MMP3, MMP13, Adamts-5, IL-1𝛽, IL-6, IL-10, TNF-𝛼,
and COX-2) and HIF pathway related genes (HIF-1𝛼 and TIMP3) were
measured. To investigate the ROS scavenging capability of HNPs and
HMPs in chondrocytes, a DCFH-DA probe (S0033, Beyotime, China) was
used. Before treatment with Rosup solution, 2 mM of NAC, or differ-
ent concentrations of HNPs/HMPs combined with/without NAC (2 mM)
were incubated with chondrocytes for 24 h. Subsequently, the chondro-
cytes were incubated with a DCFH-DA probe according to the manufac-
turer’s protocol. Finally, fluograms were captured by an EVOS FL Auto
imaging system, and quantitative data were obtained from an Image-Pro
Plus software. NAC, which could inhibit inflammatory factors and ROS
production in chondrocytes, was used as the positive control group. The
Rosup group was only treated with a compound mixture from the ROS
assay kit, while the CTR group was untreated.

Differentiation of Chondrocytes and rBMSCs: Based on the superior
proliferative activity of cells, chondrocyte maturation and rBMSC os-
teogenic differentiation were investigated via quantitative real-time tran-
scriptase polymerase chain reaction (RT- qPCR). After 7 d of incubation
with HNPs/HMPs, the total RNA of cell samples was extracted and re-
verse transcribed by using a ToYoBo RNAprep Micro Kit (FSK 201, ToY-
oBo, Japan). Subsequently, the cDNA was subjected to RT-qPCR via using
a SYBR Green qPCR Master Mix (QPK-201, ToYoBo, Japan) and a Light Cy-
cler apparatus (Step One Plus Real-Time PCR system, Thermofisher, USA).
After operating the RT-qPCR cycle conditions, a 2−ΔΔCt method was used
to calculate target gene expression. The target genes in chondrocytes were
COL II, SOX9, aggrecan, NCAD, HIF-1𝛼, glucose transporter (GLUT)-1,
GLUT-3, GLUT-4, and GLUT-8. The target genes in rBMSCs were COL I,
OCN, OPN, RhoA, HIF-1𝛼, and TIPM3. In RT-qPCR analysis, GAPDH was
employed as a reference gene, and the gene expression of the CTR group
was set as 1. All experiments in this part were performed in sextuplicate.
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All the primer sequences used in PCR experiments were prepared via Invit-
rogen OLIGO 7.0 software. The primer sequences are shown in Table S1,
Supporting Information.

Furthermore, specific proteins involved in chondrogenesis and osteo-
genesis were investigated via an immunofluorescence technique. In brief,
4% paraformaldehyde was used to fix cellular samples after incubation
with HNPs/HMPs for 3 d. Subsequently, the cellular samples were treated
with a primary antibody (aggrecan: Abcam ab3773; COL II: Abcam ab3092;
COL I: Abcam ab6308) and a second antibody (Abcam ab150105 or Abcam
175472). Then, DAPI was used to observe nuclei. Finally, argon laser lines
of 405 nm, 488 nm, and 568 nm were used to capture the confocal laser
scanning microscopy (CLSM) images. The quantitative data were obtained
from Image-Pro Plus software.

Additionally, alkaline phosphatase (ALP) activity and calcium nodules in
the osteogenesis process were further investigated. After incubating in os-
teogenic induction medium with different concentrations of HNPs/HMPs
for 14 d, an ALP assay kit (P0321, Beyotime, China) and BCIP/NBT phos-
phatase color development kit (C3206, Beyotime, China) were used to
quantify and identify the expression of ALP in rBMSCs. The absorbance
data and digital photographs were obtained from a multifunction mi-
croplate reader (ELx808, BioTek, USA) and an optical microscope (Op-
tika, Italy), respectively. To investigate the deposition of calcium nodules
generated in rBMSCs, alizarin red staining was processed after incuba-
tion with osteogenic induction medium with different concentrations of
HNPs/HMPs for 21 d. In brief, the alizarin red staining solution (Cyagen
Biosciences, USA) was utilized to incubate the glutaraldehyde-fixed rBM-
SCs, and the calcium nodules were observed via an optical microscope.
Subsequently, the cellular samples were treated with 100 mM cetylpyri-
dinium chloride (Macklin, China) and the absorbance was measured at
570 nm. In this part, experiments were conducted in sextuplicate. The
HNP/HMP osteogenic induction medium was prepared as follows: 50 mg
of dried HNPs or HMPs was dispersed in osteogenic induction medium
to make 16 ml (3.125 mg ml−1). Then, the obtained solution was diluted
to 1/4 (0.78 mg ml−1), and 1/64 (0.049 mg ml−1). The rBMSCs cultured
with osteogenic induction medium without HNPs and HMPs were used
as a control group.

The Promotion of HIF-1𝛼 and RhoA: To further determine the stimula-
tion of HIF-1𝛼 in chondrocytes and induction of RhoA in rBMSCs, siRNA
for HIF-1𝛼 and Y16 for RhoA were used to pretreat with cellular samples,
respectively. In brief, 100 pmol siRNA (Gene Pharma, China) and 5 μl
lipo6000 (C0526, Beyotime, China) were used to pretreat chondrocytes
for 24 h before incubating with HNPs/HMPs for 7 d. The sequences of the
siRNA for HIF-1𝛼 were as followed. Sense sequence: GGGCCGUUCAAU-
UUAUGAATT. Antisense sequence: UUCAUAAAUUGAACGGCCCTT. Also,
10 μM of Y16 was used to pretreat with rBMSCs before co-culturing with
HNPs/HMPs for 7 d. Subsequently, total RNA of cell samples was ex-
tracted and RT- qPCR was conducted. The target genes in chondrocytes
were HIF-1𝛼, COL II, SOX9, aggrecan, NCAD, GLUT-1, GLUT-3, GLUT-
4, and GLUT-8. The target genes in rBMSCs were RhoA, HIF-1𝛼, TIPM3,
BMP2, OCN, and OPN. GAPDH was employed as a reference gene, and
the gene expression of the blank control group (CTR) or Y16 group was
set as 1. All experiments in this part were performed in sextuplicate.

Glucose Uptake of Chondrocytes In Vitro: To study whether HNPs and
HMPs could facilitate the glucose uptake in chondrocytes, a glucose up-
take assay kit (ab204702, Abcam, Britain) was used. After incubating chon-
drocytes with HNPs/HMPs for 3 d, a glucose uptake mix was used to cul-
ture the chondrocytes for 30 min. Subsequently, glucose uptake in chon-
drocytes was observed under an EVOS FL Auto imaging system (Life Tech-
nologies, Thermo Fisher Scientific, USA). The quantitative data were ob-
tained from Image-Pro Plus software. Moreover, flow cytometry detec-
tion was further used to investigate glucose uptake. After treatment with
HNPs/HMPs and glucose uptake mix, chondrocytes were collected, and
flow cytometric analysis was conducted. Phloretin is a natural polyphe-
nol that can inhibit glucose transport by suppressing GLUT-1, SGLT1, and
SGLT2 activity. In this study, phloretin was used as a control to inhibit glu-
cose transport by suppressing GLUT-1 activity.

Adhesion and Proliferation of Chondrocytes and rBMSCs on Scaffolds: Ul-
traviolet radiation was applied to sterilize scaffolds before the experiment.

Scaffolds were then inoculated with chondrocytes and rBMSCs (0.5 × 104

per well) after being transferred into 48-well plates, respectively. At differ-
ent time points (1 d, 3 d, and 7 d), samples were transferred into new
48-well plates and incubated with CCK-8 working solution for 2 h. Sub-
sequently, the absorbance of the solution was evaluated at 450 nm. In
addition, chondrocytes and rBMSCs (5.0 × 104 per well) were incubated
with scaffolds for 4 h, 12 h, and 24 h to evaluate cell adhesion and cell
morphology. At the set time points, scaffolds were transferred to a new
48-well plate and incubated with the CCK-8 working solution for 2 h. Sub-
sequently, the absorbance was detected and the adhesion rate was cal-
culated. Before SEM and CLSM analyses were performed, cells were sub-
jected to the following protocols. In brief, 4% paraformaldehyde was used
to anchor cellular samples, and then graded ethanol was used to dehy-
drate cellular samples. For CLSM analysis, diamidinophenylindole (DAPI,
Sigma-Aldrich, USA) and rhodamine-phalloidin (Amyjet Scientific, Wuhan,
China) were used to stain nuclei and cytoskeletons. The distribution and
microfilaments of cells were observed via a Leica confocal laser scanning
microscope. All experiments in this part were performed in sextuplicate.

In Vivo Osteochondral Regeneration: All rabbits were treated according
to the guidelines of the Institutional Animal Care and Use Committee of
Tongji University. Twenty-four adult rabbits (≈2.5 kg) were used to fab-
ricate an osteochondral defect model (diameter: 6 mm, height: 6 mm).
Then, scaffolds were implanted into the defect region with a top surface
level that was the same as the tidemark. The defects treated with nothing
served as the blank control group (CTR, n = 6), and the other defects were
transplanted with HNP-AKT scaffolds (n = 6), or implanted with SBF-AKT
scaffolds (n = 6), or embedded with AKT scaffolds (n = 6). At week 6 and
week 12, knee samples were collected for osteochondral regeneration eval-
uation. After knee samples were treated with paraformaldehyde for 48 h,
a micro-CT (Skyscan 1172, Bruker, Germany) was used to obtain relative
bone information. A Data Viewer and CTAn software were applied in the
data analysis process. Additionally, a CT vox short cut software was used to
obtain the transverse view and sagittal view of images. Hematoxylin eosin
(H&E, Beijing Solarbio Science & Technology Co., Ltd.), improved Van
Gieson’s picrofuchsin (VG), and toluidine blue (TB) staining were used
to evaluate the osteochondral regeneration effect. Six hard tissue slices in
each group were used in each histological staining experiment. Finally, an
EVOS FL Auto imaging system was employed to capture the optical im-
ages. Six investigators were blinded to the International Cartilage Repair
Society (ICRS) score.

Statistical Analysis: In this study, all data statistical analyses were con-
ducted to use the software of SPSS 22.0 and showed as mean ± SD. Re-
sults are representative of two independent experiments. Statistical pa-
rameters for each experiment were displayed in relevant figure legends.
The value of n stands for the number of replicates, and P stands for the
probability value. Furthermore, the information of the sample size and the
probability value was displayed in figure legends. The P-value less than
0.05 was considered statistically significant. The data were demonstrated
with * for 0.01 < p < 0.05, ** for 0.001 < p < 0.01, and *** for p < 0.001.
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