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High rates of ligament damage require replacements; however, current
synthetic materials have issues with bone integration leading to implant
failure. Here we introduce an artificial ligament that has the required
mechanical properties and can integrate with the host bone and restore
movement in animals. The ligament is assembled from aligned carbon
nanotubes formed into hierarchical helical fibres bearing nanometre

and micrometre channels. Osseointegration of the artificial ligament is
observedin an anterior cruciate ligament replacement model where clinical
polymer controls showed bone resorption. A higher pull-out force is found
after al3-week implantation in rabbit and ovine models, and animals can
run and jump normally. The long-term safety of the artificial ligament is
demonstrated, and the pathways involved inintegration are studied.

Ligaments and tendons are made up of fibrous connective tissues
and are vital for joint movement and stability'*. Ligaments link bones
together whereas tendons connect muscle to bone. Because these
tissues transmit high tensile forces, they must be strong, flexible
and stable®*”’. Native ligaments composed of organic molecules are
easily damaged under high loads in vigorous exercise. Annually, nearly
one out of 1,250 persons worldwide requires surgical reconstruction
of their anterior cruciate ligament (ACL)®’. Obtaining grafts that are
mechanically strong and integrate sufficiently well with host bone to
withstand high loads under vigorous joint motions is both critical and

challenging for effective functional recovery of force-transmitting
connective tissues*'°.

Autografts and allografts are considered optimal choices for
ACL surgical reconstruction because they are intrinsically bioactive,
promoting cell proliferation and new tissue growth. However, they
are generally scarce and may suffer from potential risks such as
donor-site morbidity and disease transmission>*"", Synthetic polymeric
grafts such as poly(ethylene terephthalate) (PET), polycaprolactone
and silk have also been designed for clinical practice®?. However,
polymeric grafts have poor longevity because they generally degrade

'State Key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular Science and Laboratory of Advanced Materials, Fudan
University, Shanghai, China. 2Department of Orthopedic Sports Medicine, Huashan Hospital, The Sports Medicine Institute, Fudan University, Shanghai,
China. ®State Key Laboratory of Genetic Engineering and Collaborative Innovation Center for Genetics and Development, School of Life Sciences,
Institute of Biomedical Sciences, Human Phenome Institute, Zhongshan Hospital, Fudan University, Shanghai, China. “Department of Integrative
Medicine, Huashan Hospital, The Academy of Integrative Medicine, Fudan University, Shanghai, China. *Department of Aeronautics and Astronautics,
Fudan University, Shanghai, China. ®Vision Research Laboratory, School of Life Sciences, State Key Laboratory of Medical Neurobiology, Collaborative
Innovation Centre for Brain Science, Fudan University, Shanghai, China. "These authors contributed equally: Liyuan Wang, Fang Wan, Yifan Xu,

Songlin Xie, Tiancheng Zhao, Fan Zhang.
penghs@fudan.edu.cn

e-mail: cshiyill@gmail.com; sunxm@fudan.edu.cn; peiningc@fudan.edu.cn; chend@fudan.edu.cn;

Nature Nanotechnology | Volume 18 | September 2023 | 1085-1093

1085


http://www.nature.com/naturenanotechnology
https://doi.org/10.1038/s41565-023-01394-3
http://orcid.org/0000-0002-1573-9217
http://orcid.org/0000-0002-2583-8593
http://orcid.org/0000-0001-7527-5760
http://orcid.org/0000-0003-0566-1660
http://orcid.org/0000-0003-3910-5398
http://orcid.org/0000-0002-2142-2945
http://crossmark.crossref.org/dialog/?doi=10.1038/s41565-023-01394-3&domain=pdf
mailto:cshiyi11@gmail.com
mailto:sunxm@fudan.edu.cn
mailto:peiningc@fudan.edu.cn
mailto:chend@fudan.edu.cn
mailto:
penghs@fudan.edu.cn
mailto:
penghs@fudan.edu.cn

Article

https://doi.org/10.1038/s41565-023-01394-3

ﬁ Collagen fibril

Collagen fibre
7 ST g

184, ,%//ﬂ/m:/ §

Fig.1|Hierarchical structure of native ligament and an HHF. a, Schematic
illustration of native ACL connecting the femur and tibia. Native ligament is
hierarchically composed of subfascicular bundles made up of collagen fibres,
whichare organized bundles of collagen fibrils. b, TEM image of a multiwalled
CNT (diameter, ~10 nm). Scale bar, 5 nm. ¢, SEM image of a primary fibre formed
from continuously twisting an aligned CNT sheet. Scale bar, 10 pm. d, SEM image
of asecondary fibre (diameter, ~-80 pum) obtained by twisting together 30 primary
fibres, which end up helically aligned around the axial direction. Scale bar,

40 pm. e, SEM image of an HHF (diameter, ~160 pm) twisted from four secondary
fibres. Scale bar, 80 um. f, SEM image of an HHF being folded and twisted into a
larger fibre with a double-helix structure. Scale bar, 150 pm. g, Magnified view
of cshowing how the aligned CNTs form nanometre-scale channels. Scale bar,
1um. h, Magnified view of d showing how neighbouring primary fibres form
micrometre-scale channels. Scale bar, 1 pm. i, Magnified view of f showing how
micrometre-scale channels form among secondary fibres. Scale bar, 10 pm.

and/or weaken in vivo™', More importantly, synthetic polymers are
inert and poor at inducing osteogenesis for graft-to-bone healing,
leading to bone tunnel enlargement and graft failure that require
revision surgeries'¢. Biofunctionalization of inert polymer grafts by
seeding them with cultured cells and/or transforming growth factor
is widely used to enhance osteogenesis>'”'¢, However, inadequate
osseointegration remains a common experience. These procedures
are also expensive and can cause unexpected complications such as
ectopic bone formation and inflammation'>". Realizing strong and
lasting high-performance grafts that integrate effectively with hard
bones remains an unmet need.

The unique and high-performing functions of natural tissues
are attributed to their anisotropic structure, which is typically com-
posed of hierarchically organized organic components?. The liga-
ment, for instance, is a hierarchy of nanometre-sized collagen fibrils

organized into micrometre-sized collagen fibres and subfascicular
bundles’ (Fig. 1a). The longitudinally aligned arrangement of colla-
gen fibrils and fibres strengthens the ligament, allowing it to trans-
fer high stress loads from joint motions. Nanometre-scale channels
between collagen fibrils and micrometre-scale channels between
collagen fibres and bundles form a favourable environment for cell
attachment and proliferation, and promote the recruitment differ-
entiation of mesenchymal stem cells (MSCs)***. We hypothesized
that if this hierarchically aligned structure could be assembled from
strong one-dimensional building blocks to form multiscale chan-
nels, it would be possible to obtain strong synthetic grafts that also
offer the right environment for cell and tissue growth to achieve
effective biointegration.

Inthis study, we report such a high-performing artificial ligament
comprising carbon nanotubes (CNTs) assembled into hierarchical
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Fig.2 | ACL reconstruction using an HHF in arabbit model. a,b, Schematic
(a) and photographs (b) showing the procedure of ACL reconstruction surgery
using an HHF as an artificial ligament. The HHF is threaded through drilled
tunnels (2 mm diameter) and fixed with a knot at the ends. Scale barsinb,1 mm.
¢, Representative three-dimensional pCT reconstructed images of femoral and
tibial tunnel 4 and 13 weeks after HHF implantation show new bone tissues are
formed. Images are representative of eight independent experiments. Scale bar,
2 mm.d, Typical nCT images of femoral tunnel scanned in a coronal plane (top
row) and tibial tunnel scanned in an axial plane (bottom row) after implanting
an HHF (left) or a clinical PET fibre (right) for 13 weeks. Tunnel defects are
recovered in the HHF group, while tunnel enlargement occurs in the PET fibre
group. Images are representative of eight independent experiments.
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Scale bar,2 mm. e,f, Average diameters of tibial (e) and femoral (f) tunnels
afterimplanting an HHF (green symbols) or a clinical PET fibre (yellow symbols)
graft for 4 and 13 weeks. Continuous narrowing and enlargement of bone
tunnels are quantitatively indicated for the HHF and graft groups, respectively.
n=>5biologically independent experiments for each group. g,h, Ratios of bone
volume (BV) to total volume (TV) and bone surface (BS) to TV in tibial (g) and
femoral (h) tunnels after implantation for 4 and 13 weeks. n = 5 biologically
independent experiments for each group. Statistical significance ine-h

was determined by unpaired two-tailed ¢-test: n.s., not significant (P> 0.05),
*P<0.05,**P<0.01,**P<0.005 and ***P < 0.001. All data are expressed as
mean *s.d.

helical fibres (HHFs) with anisotropic structures resembling native
ligament. We show that these HHFs successfully repaired the ACLs in
rabbits and sheep, effectively restoring the animals’ ability to stand,
walk and hop. The nanometre and micrometre channels formed
between the aligned fibres were shown to encourage bone regenera-
tion and complete repair of the bone tunnel defects.

Assembly and characterization of HHFs

Like collagen fibrils in native ligament, CNTs form the building blocks
of our artificial ligament as they are biocompatible, lightweight and
have high tensile strength and a large surface area®?%. The CNTs,
which have amultiwalled structure and adiameter of ~10 nm (Fig. 1b),
were prepared by chemical vapour deposition and floating chemical
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Fig.3|Biointegration of HHF grafts and controls. a,b, Schematic (a) and
photograph (b) of pulling-out test for the implanted grafts. Pull-out force is
traced as the grafts are pulled out from the bone tunnel. Scale bar, 1 cm.

¢, The maximum pull-out force of native ligament, HHF, carbon fibre and PET
fibre grafts with the same diameter after implantation for 4 and 13 weeks.n=3
biologically independent experiments for each group. All data are expressed
asmean = s.d. d, Photographs comparing the hindlimb before (left) and

13 weeks after (right) ACL reconstruction using an HHF as an artificial ligament.
e, Schematic of the right hindlimb of a rabbit and the key joints relevant for
movement. The knee is marked with an orange dot for kinematic analysis.

f, Schematics comparing the hindlimb kinematics during movement for a torn
and reconstructed ligament. Consistent with images in e, rabbits with HHFs as
artificial ligaments completed the jump (n = 20). g,h, H&E-stained images

of bone tunnels after HHF implantation for 4 weeks (g) and 13 weeks (h).

Bright field

Newly formed bones fill the tunnels between the defected bone and HHF after

4 weeks (g), and new bone grows into the channels among primary fibres of

the HHF after 13 weeks. Right panels: magnified images of dashed boxes in left
panels. Scale bars, 500 pm (left); 100 um (right).i,j, Picrosirius-red-stained
slices of native bone tissues (i) and bone tunnel implanted with an HHF (j) under
bright-field and polarized light. Anisotropically arranged collagen components
(greeninright panel of j) resembling those (green in right panel of i) in native
bone are observed at the interfacial region between the HHF and host bone. Scale
bar,100 pum. k, Raman analysis of native bone (grey) and the interface between
newly formed bone and implanted HHF graft (green) after 13 weeks showing
the characteristic PO,> peaks for calcium phosphate and amide 1l for collagen.
1, Picrosirius-red-stained slices of bone tunnelimplanted with a PET graft show
almost no collagen at the PET fibre and host bone interface. Scale bar, 100 pm.

vapour deposition methods, and were assembled into micron-sized
helical primary CNT fibres (Fig. 1c) that resemble collagen fibres by
continuously twisting aligned CNT sheets***° (Supplementary Fig. 1).

When these multi-ply primary fibres are twisted together, we obtained
submillimetre-scale secondary CNT fibres that are equivalent to subfas-
cicular bundles in native ligament (Fig. 1d). Further twisting together
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secondary fibresresulted in our millimetre-scale HHF graft (Fig. le,f).
The number of yarn wet snarls was used to evaluate the residual force™.
Theyarnwet snarls of the HHFs were almost O turn/25 cm and this was
stably maintained for over 1 week, indicating that negligible resid-
ual stress was produced after formation of the stable double-helix
structure. The diameter of the HHFs can be readily tuned by changing
the numbers of primary and secondary fibres; channels of resultant
fibres ranging from tens to hundreds of nanometres formed among
the aligned CNTs (Fig. 1g). Similarly, micrometre-scale channels are
found among the aligned primary fibres (Fig. 1h) and secondary fibres
(Fig. 1i) of the hierarchically assembled helix.

The CNT fibres used to construct the HHFs have mechanical prop-
erties superior to those of clinical polyester fibres and autogenous
ligaments™'*? (Supplementary Note 2), and are also structurally
stable, withstanding 1,000,000 cycles of continuous bending and
complex deformations (Extended Data Fig. 1). HHFs exhibit similar
moduli (0.472 + 0.12 GPa) and stiffness (79.43 + 746 Nmm™) to
native ligaments*** (Supplementary Note 3). Consistent with this,
finite-element simulation of stress distribution in the HHFs sug-
gested that hierarchical channelsinside can effectively accommodate
deformations of the constituent CNTs?® (Supplementary Note 4). This
mechanical profile makes the HHFs intrinsically durable and suitable
for load-bearing grafts. Moreover, for in vivo use, systematic experi-
mental analyses demonstrated that HHFs were biocompatible and
safe at both the molecular and histological levels over the long term
(Supplementary Note 5).

HHFs encourage osseointegrationinvivo

Toevaluate the biointegration of HHFs with native bones, we implanted
HHFsinaclassic rabbit ACL reconstruction model. Following a stand-
ard surgical procedure® (see Methods for details), tunnels (2 mmin
diameter) were drilled in the femur and tibia (Supplementary Figs. 6
and 7) and HHFs (diameter, 1.5 mm) were threaded through the tunnels
(Fig. 2a,b). Carbon fibres were chosen as a control group to verify
that the nanostructure of HHFs can promote osseointegration
(Supplementary Fig. 8). To counteract the complex biological effects,
we chose helical PET fibres (the current state-of-the-art synthetic
ligament grafts) as control groups to compare bone-repairing perfor-
mances with the HHFs. All the grafts were implanted into the tunnels
under the same conditions.

Microcomputed tomography (uCT) imaging shows that both
femoral and tibial tunnels narrowed significantly after HHF implanta-
tion (Fig. 2c,d). The tibial tunnels narrowed by 29.9% after 4 weeks and
by 41.9% after 13 weeks (Fig. 2e and Extended Data Fig. 4a). At week 13,

the average diameter (1.16 mm) of the tibial tunnel was less than the
diameter of the HHFs (1.5 mm); newly formed bones had completely
occupied the tunnel space and some had also grown into the HHFs.
Theregenerated bone had the same tubular microstructure as native
bone and no clear boundaries were seen between the HHFs and the
new bone, indicating that strong osseointegration had occurred*
(Fig. 2d). An obvious narrowing was also observed in the femoral
tunnel (Fig. 2f).

In contrast, obvious enlargements both in femoral and tibial
tunnels occurred after implantation of PET fibres. The tibial tunnels
enlarged by 45.0% after 4 weeks and by 52.1% after 13 weeks of implan-
tation (Fig. 2e). Such a continued enlargement resulting fromthe lack
of osteogenesis will eventually cause implant failure®”. Commer-
cially available carbon fibre grafts also displayed asimilar bone tunnel
enlargement (Extended Data Fig. 4b). More seriously, the implanted
carbonfibre ruptured at week 13 due to poor flexibility (Extended Data
Fig. 4d). Quantitative analysis indicated that both the ratios of bone
volumetototal volume (BV/TV)andbonesurface tototal volume (BS/TV)
for the HHF group increased with postoperative time (Fig. 2g,h). The
BV/TVandBS/TV values for HHF were approximately three times higher
thanfor the PET fibre and carbon fibre groups (Fig. 2g,h and Extended
DataFig. 4c). The average BV/TV ratio (0.42) of the regenerated bone
atweek 13 for HHFs was similar to the values of native tibia and femur
in a rabbit model”. The above comparisons of bone repair between
the HHF and control groups suggested that the nanometre channels
played animportantrole in osseointegration, whichis further verified
by the additional groups of hierarchical helical PET fibres with both
nanometre and micrometre channels and helical PET fibres with only
micrometre channels (Supplementary Note 9).

To quantify the interfacial strength between HHFs and adjacent
native bone, we measured the pull-out force, that is, the binding force
required to pull out the HHF implant from the bone tunnel, to show the
osseointegration degree®*° (Fig.3a,b). Inweek 4, theimplanted HHFs
showed apull-out force three times higher (-150 N) than those between
allograftsand bones*** (Supplementary Fig. 9). After the HHFs had been
implanted for longer times, these grafts required more force to pull out
asshown by the high failure force of 200 Ninweek 13, 3.6 times higher
than that between carbon fibres and bone, and 1.4 times higher than
that between PET fibres and bone (Fig. 3c and Extended Data Fig. 5a).
These values are similar to the forces required to break atypical native
ligament, indicating good bone-graft integration. Scanning electron
microscopy (SEM)images further showed abundant regenerated tissues
onthe pulled-out HHF graft, whereas asmooth surface without attached
tissues was seen on the pulled-out PET fibres (Extended Data Fig. 5b),

Fig. 4| HHF promotes osteogenesis. a, GO and KEGG enrichment based on
proteomics analysis of MSCs cultured on HHFs and helical PET fibres show
upregulated osteogenesis-related signalling pathways for the four time points
(hour 6,day1, day 3and day 5). n = 5 biologically independent experiments for
eachgroup. b, Heatmap analysis of differentially expressed proteins related
to osteogenesis of MSCs cultured on HHFs and helical PET fibres for the above
four time points. n = Sbiologically independent experiments for each group.
c,d, Onday 5, MSCs cultured on HHFs expressed higher amounts of typical
osteogenesis-related proteins (c¢) and genes (d) than those cultured on helical
PET fibres. Horizontal dotted lines in cand d represent mean of helical PET
fibre group. n = 5 biologically independent experiments for each group.
Dataincandd are expressed as mean + s.d. Statistical significance incand d)
was determined by unpaired two-tailed ¢-test: n.s., not significant (P> 0.05),
*P<0.05,*P<0.01,**P<0.005and ***P < 0.001. e, GO and KEGG enrichment
based on proteomic analysis of MSCs show upregulated osteogenesis-related
signalling pathways for different pairwise comparisons (carbon component:
helical carbon fibre versus helical PET fibre; micrometre channel: helical PET
fibre versus PET plate; nanometre channel: HHF versus helical carbon fibre).
n=>5biologicallyindependent experiments for each group. f, Heatmap analysis
of differentially expressed proteins related to osteogenesis of MSCs cultured

on PET plate, helical PET fibre, helical carbon fibre and HHF. n = 5 biologically
independent experiments for each group. g,h, MSCs cultured on PET plate,
helical PET fibre, helical carbon fibre and HHF for 5 days express different levels
of typical osteogenesis-related proteins in the MAPK (g) and WNT signalling
pathways (h). Protein expression is increased in HHF and associated with other
subgroups (PET plate, helical PET fibre and helical carbon fibre). Horizontal
dottedlinesin gand hrepresent mean of PET plate group. n = 5biologically
independent experiments for each group. Dataingand h are expressed as

mean + s.d. Statistical significance in g and h was determined by unpaired two-
tailed t-test between two groups and one-way ANOVA among multiple groups:
n.s., notsignificant (P> 0.05), *P < 0.05,**P < 0.01, ***P < 0.005 and ****P < 0.001.
i, Schematicillustrating how HHF promotes osteogenesis viathe MAPK, WNT
and TGF-p signalling pathways. j, Heatmap analysis of differentially expressed
proteins obtained from rabbit joints implanted with HHFs and helical PET fibres
for2weeks. n =3 biologically independent experiments for each group. Pathway
enrichment analysis in a and e was performed by DAVID (https://david.ncifcrf.
gov/) and ConsensusPathDB (http://cpdb.molgen.mpg.de/CPDB). Pvalue is
calculated based on the hypergeometric distribution and the significant pathway
(P<0.05) was used for further study.
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consistent with cell culture results showing far less osteoblast adhesion
and proliferation on PET thanon CNT sheets (Extended Data Fig. 5c). Due
tothestronginterfacial strength caused by bone regeneration on HHFs,
all eight rabbits implanted with HHFs as artificial ligaments recovered
andwere ableto complete freejumps 13 weeks after ACL reconstruction
surgery (Fig. 3d-f, Extended Data Fig. 5d and Supplementary Movie1).
In contrast, control rabbits with tornligaments on their hindlimbs failed
to complete ajump (Supplementary Movie 2).

Furthermore, consistent with pCT and biomechanical findings,
haematoxylin and eosin (H&E)-stained sections revealed that regen-
erated bone had grown into the implanted HHFs. After 4 weeks of
implantation, newly formed bones were observed at the interfacial
region between HHFs and native bone (Fig. 3g) and the bone density
around HHFs increased after 13 weeks (Fig. 3h). Most of the newly
formed bone grew into the micrometre-scale channels between the
primary fibres, which helped anchor the HHF grafts to the host bone.
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Fig. 5| ACL reconstruction using HHF graft restores mobility inalarge
animal (sheep) model. a, Photographs of a postoperative sheep running witha
normal posture inmonth 9. Yellow arrow indicates the ligament on the right leg
reconstructed with an HHF graft. Scale bars, 10 cm. b, Picrosirius-Red-stained
slice of the bone tunnel at month 9 shows collagen tissue in the interfacial region
between the HHF and native bone. Scale bar, 3 mm. ¢, H&E-stained image of the
bone tunnelin month 9 shows dense, newly formed bone tissues regenerated in
the interfacial region between the HHF and native bone. Scale bar, 3 mm.

d, Magnified view of yellow box in ¢ shows newly formed bone tissues (yellow
arrow) in the channels within the HHF. Scale bar, 100 pm.

In particular, a thick layer of anisotropic collagen resembling those
innative bone tissues was observed at the interfacial region between
HHFs and host bone (Fig. 3i,j). Collagen formation is fundamental
for the calcification and mineralization of bones*’, Raman spectra
further verified the formation of hydroxyapatite and collagen tissue
at the interfacial region: characteristic signals of PO,* for calcium
phosphate and amidelll for collagen were both detected*** (Fig. 3k).
In contrast, little to no regenerated bone and collagen was seen at
the interfacial region of PET fibre and carbon fibre grafts (Fig. 3l and
Extended DataFig. Se,f).

We further performed a series of histological analyses to under-
stand the osseointegration process induced by the implanted HHFs.
The histological results showed HHFs could promote the activities
of both osteoblasts and osteoclasts to enhance bone modelling and
remodelling, and collagen bundles could be gradually formed around
and inside the HHFs at the early stage of osseointegration (Extended
DataFig. 6a-c). Moreover, the CD31/vascular endothelial growth factor
(VEGF)***” and calcitonin gene-related peptide (CGRP)**-stained images
indicated the formation of vessels and nerves in week 4 (Extended
DataFig. 6d,e).

Compared with the enlargement of bone tunnel defects observed
with PET grafts, the tunnel defect was continuously repaired to
0.86 mm after a longer time (18 months) of HHF implantation, and
densebonetissue completely occupied the tunnel and even the micro-
metre channels of the HHFs (Extended Data Fig. 7). Moreover, both
vessels and nerves were formed in the micrometre channels of the
HHFs (Supplementary Figs.16 and 17), whereas few vessels and nerves
occurred inthe PET grafts.

HHFs induce expression of osteogenic proteins

To understand how HHFs induce osteogenesis, we cultured MSCs on
HHF and PET fibres for different periods of time and simultaneously
performed both proteomic and transcriptomic analysis to screen for

all possible osteogenesis-related proteins and genes that might be
induced by HHFs (see Methods for details).

As shown in Fig. 4a,b, integrins that mediate focal adhesions
and mitogen-activated protein kinases (MAPKs, including MAP2K1
and MAP2K2) began to upregulate at hour 6 in the HHF group.
Osteogenesis-related protein COL1a1/COL1a2 and proteins relevant
to the wingless-integrated (WNT) signalling pathway appeared on
daysland3 (Fig.4b).Inparticular, WNT, transforming growth factor-f3
(TGF-B) and integrin-mediated signalling pathways were highly
enriched (Fig.4a). Onday 5, osteogenesis-related proteins, genes and
osteoblast markers were significantly upregulated in the HHF group.
Forinstance, alkaline phosphatase (ALP, an early marker for osteogenic
differentiation) and COL1 (which stimulates osteoblast differentiation),
at the protein level, and secreted phosphoprotein 1 (OPN, a matrix
protein produced before mineralization) and sex-determining region
Y-box 9 (SOX9, atranscription factor to control skeletal development),
at the mRNA level, were highly overrepresented in the HHF group
(Fig.4c,d).Both proteomicand transcriptomic results (Extended Data
Fig. 8a,b) indicate that HHFs promoted osteogenesis via MAPK, WNT
and TGF-B signalling pathways. Because cells are inherently sensitive
to their microenvironment, these signalling pathways were probably
activated in response to the topography (that is, the hierarchically
arranged nanometre and micrometre channels) and chemistry (that
is, the carbon content) of the HHFs.

To investigate how the topographical and chemical features of
HHFs differentially activate the signalling pathways, we pairwise com-
pared the osteogenic differentiation of MSCs on six control substrates
with designed components and topographical features (Extended Data
Fig. 8c). The controls included: (1) carbon plates with carbon compo-
nents but without micrometre and nanometre channels, (2) helical
carbon fibres with carbon components and only micrometre channels,
(3) HHFs with carbon components and both micrometre and nanometre
channels, (4) PET plates without micrometre and nanometre channels,
(5) helical PET fibres with only micrometre channels and (6) hierarchical
helical PET fibres based on PET and with micrometre and nanometre
channels. First, both the comparative proteomics and transcriptomics
of helical carbon fibres versus helical PET fibres (Fig. 4e and Extended
Data Fig. 8f), and proteomics in HHFs versus hierarchical helical PET
fibres (Supplementary Fig. 20) indicated the carbon components could
activate the MAPK signalling pathway. Second, comparisoninboth heli-
cal PET fibres versus PET plates and helical carbon fibres versus carbon
plates revealed that the WNT signalling pathway could be induced by
micrometre channels (Fig. 4e and Supplementary Fig. 18). Third, com-
paring HHFs and helical carbon fibres showed that nanometre channels
dramatically upregulated all the major osteogenic pathways, including
theintegrin, MAPK, WNT and TGF-f signalling pathways (Fig. 4e). Typical
osteogenesis-related proteinsincluding EGFR, RAF1and MAPK14 in the
MAPK signalling pathway, B-catenin and CCND1 in the WNT signalling
pathway, and TGF-B1and SMAD?3 in the TGF-3 signalling pathway were
overrepresented in the HHF group (Fig. 4f-h). Similar results were seen
atthemRNA level (Extended Data Fig. 8d,e). Comparisons between hier-
archical helical PET fibres and helical PET fibres further verified that the
nanometre channels could activate the integrin, WNT and TGF-f3 signal-
ling pathways (Supplementary Fig.19). Based on all the above pairwise
comparisons, we conclude that HHFs, as a carbon material with both
micrometre and nanometre channels, can activate osteogenic-related
signalling pathways (Fig. 4i), and that nanometre channels are more
osteogenic than micrometre channels and carbon components.

We furtherimplanted HHFs and helical PET fibres into rabbits and
performed proteomic analysis in vivo. The results showed that the
MAPK, WNT and TGF-3 signalling pathways were significantly upregu-
lated in the HHF group (Fig. 4j and Extended Data Fig. 8g), accompa-
nied by the upregulation of typical osteogenesis-related proteins.
The proteomic analysis in vivo also indicated upregulated collagen
in the HHF group, which is consistent with the Masson-Goldner- and
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Picrosirius-Red-stained results. Together, these results demonstrate
that HHFs caninduce osteogenesis viaintegrin-linked MAPK, WNT and
TGF-B signalling pathways both in vitro and in vivo.

HHFs restore movementin large animals

Assessment of the in vivo integration and mechanical performance
of HHFs in large animal models is necessary to advance human clini-
cal trials of this material. We further implanted HHFs in a sheep ACL
reconstruction model (Supplementary Figs. 21and 22). Consistent with
therabbitmodel, the tibial tunnel narrowed by over 20% after 13 weeks
of HHF implantation, while obvious tunnel enlargement (from initial
7.5 mm to 9 mm) occurred for PET fibres at week 13 (Extended Data
Fig.9a,b). Moreimportantly, anenlargement of over 50% was observed
at the end of the bone tunnel with PET fibres. For commercial LARS
(Ligament Advanced Reinforcement System) grafts (Scientific
Research and Application Laboratory) made from PET fibres*’, simi-
lar bone tunnel enlargement (~30%) was observed after 3 months of
implantation (Supplementary Fig. 23). Further histological exami-
nation of Picrosirius-red-stained slice under polarized light showed
dense collagen tissue in the interfacial region between the HHFs and
native bone at week 13, and newly formed bone tissues were regener-
ated in the channels within the HHFs (Extended Data Fig. 9d-f), while
only fibrous tissues and few new bones were aggregated around and
inside LARS grafts and allografts*~'. Sheep treated with HHF grafts
could stand and walk with a normal gait without limping after 13 weeks
(Extended Data Fig. 9c and Supplementary Movie 3). Continuous
repair of bone tunnel defects was further verified by evaluating the
sheep with longer HHF implantation times of 9 and even 21 months,
and observing that the animals were able to run and jump normally
(Fig. 5, Supplementary Fig. 24 and Supplementary Movie 4). These
results indicate that strong osteogenesis occurred even in a large
animal model.

Conclusion

The results presented here demonstrate that hierarchically arranged
CNT fibres integrate remarkably well with native bone and are suffi-
ciently strongto serve asartificial ligaments. When used to replace torn
ACLs in rabbits, the bone tunnel defects were completely repaired by
theregenerated bone, in strong contrast to >50% tunnel enlargement
for clinical polymer grafts. In addition, these fibres encouraged the
formation of new bone in the femoral and tibial tunnels. The regener-
ated bone showed similar microstructures to native bone. We show
osteogenesis on these fibres is driven by their multiscale channels
and carbon component. This work shows great promise for the clini-
cal translation of hierarchically helical artificial ligaments to human
beings, opening up a new avenue to solve the urgent clinical problem
for repairing the ligament-bone joint to withstand high and dynamic
stress loading. We believe this strategy of twisting materialsinto hier-
archical assemblies with multiple length scales may be generalized
to other biocompatible and mechanically strong one-dimensional
nanomaterials or micromaterials to obtain similar high-performance
artificial tissues.

Online content

Any methods, additional references, Nature Portfolio reporting
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information; details of author
contributions and competing interests; and statements of data
and code availability are available at https://doi.org/10.1038/
$41565-023-01394-3.
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Methods

Materials preparation

The preparation methods for the CNT fibres are introduced in the
Supplementary Information. HHFs were prepared by twisting multi-ply
CNT fibres with two ends stabilized, followed by a retwisting process
after thetwo ends were folded together. Inaddition, PET fibres (Kinetic
Medical) and carbon fibres (Toray Industries) were also assembled
into the same helical structure as the HHFs by the twisting method.
Electrospinning PET films with nanostructure (Foshan Lepton Preci-
sion Measurement and Control Technology) were cutinto strips with
awidth of 500 pm and then twisted into helical structures similar to
those of the HHFs.

ACL reconstruction on New Zealand white rabbits

Animal experiments were approved by the Institutional Animal Care
and Use Committee at Fudan University (number 2019Huashan
Hospital)JS-118). Allanimals were housed at the animal care laboratory
at the College of Pharmacy in accordance with the regulations set by
the National Institutes of Health.

After 2 weeks in quarantine, a total of 85 skeletally mature male
New Zealand rabbits (3-3.5 kg at the time of surgery) were included
in the study. The animals were randomly divided into three groups: a
PET fibre group (n =16), a carbon fibre group (n =16) and an HHF group
(n=16).Inthese groups, the PET and carbon fibre grafts had the same
helical structure, diameter (1.5 mm) and length (5.0 cm) as the HHF
grafts. The diameter and length were measured by microscopy and
witharuler, respectively. Each group wasimplanted by different types
of grafts described above.

ACL reconstruction surgery was performed on the right knees.
Briefly, after the rabbits had been anaesthetized by intravenous admin-
istration of 3% pentobarbital (30 mg per kg (body weight)), they were
fixed on the operation table in the supine position. A medial 3 cm
parapatellarincision was made after skin preparation and disinfection
with2.5%iodophor solution. The skin and subcutaneous tissue was dis-
sected layer by layer. The medial patellar retinaculumwas incised and
the patellar was dislocated manually to better identify the structure
of the right knee joint. The native ACL was exposed and transected at
the midsubstance by a sharp scalpel as illustrated in Supplementary
Fig. 6a,b. The Lachman test was performed after the procedure with
positive results, confirming the discontinuity of the native ACL. The
bone tunnels with a diameter of 2.0 mm were created by using a
Kirschner wire (2 mm in diameter) to drill from inside out at the site
of femoral insertion and then behind the tibial insertion of the ACL
(Supplementary Fig. 6¢,d). The artificial ligament was pulled into the
tunnel with PDS Il guide wire (Ethicon). The femoral end of the graft
wasknotted, and the knot was sutured to the periosteumusing No. 4-0
Ethibond (Ethicon). Thetibial end of the graft was knotted, and the knot
was sutured with the kneein the posterior Lachman test position using
No. 4-0 Ethibond. After graftimplantation, irrigation and consecutive
cyclingloads (20 times) were performed, and layered closure with inter-
rupted sutures was used to close the knee capsule, subcutaneous tissue
andtheskin. Alltherabbits were left free to ambulate in their cages after
surgery. Intramuscular prophylactic antibiotic injections (800,000 IU
of penicillin) and wound cleaning were performed immediately after
the operation once a day for 3 daysin series.

Biomechanical pull-out tests

Therabbits were divided into five groups: two groups were implanted
with HHF grafts for 4 and 13 weeks, two groups were implanted with
PET grafts for 4 and 13 weeks, and one control group had noimplanted
grafts. Each group comprised three rabbits. In these groups, PET fibre
and carbon fibre grafts showed the same helical structure, diameter
(1.5 mm) and length (5.0 cm) as the HHF grafts. The diameter of all the
bone tunnels was the same (2.0 mm). The femur-graft-tibia complexes
were removed from the three rabbits in each group for mechanical

testing. The soft tissues around the knee joint were carefully removed
from the complex to make sure the only connectivity between femur
and tibia was the graft. All mechanical tests were conducted with an
electronic universal material testing system (AGS-X, Shimadzu). The
femur and tibia were secured into the testing apparatus with fixation
bolts and dental cement. The ultimate failure load was tested with an
elongationrate of 2 mm min™after 5 N static preloading for 5 min. The
test continued until the graft was pulled out of the tunnel. The ultimate
failureload was recorded.

RCT evaluation and analysis

After the macroscopic evaluation, specimens of femur-graft-tibia
complex were used for uCT (Bruker SkyScan 1176, operated at 65 kV
and 380 pA) evaluation with aslicing thickness of 17 um. The obtained
datawere used for theimage reconstruction of the femur-graft-tibia
complexes in the axial direction, which were further imported into
CTAn and CTVox. The images were analysed and processed into
three-dimensional models via CTVox to analyse the longitudinal sec-
tion of the femoral and tibial tunnels. Through the CTAn analysis, the
average diameter of the tunnel and the variation ratio were calculated.
In addition, the BV/TV and BS/TV were analysed.

Histological examination

After pCT scanning, specimens of femur-graft-tibia complex were
fixed in 10% formalin for 1 week. Then they were dehydrated with
acetone. Every experiment was technically repeated five times. For
hard-tissue slicing, the specimens were further dehydrated with an
EXAKT 510 dehydration system (EXAKT Technologies). After hydration,
the specimens were further embedded in resin by using an EXAKT 520
resin infiltration system. The resin was sectioned with an EXAKT 300
CP cutting system perpendicular to the longitudinal axis of the femur
and tibia tunnel, and ground into 10 pm slices with an EXAKT 400 CS
grinding system. The sections were stained with H&E and toluidine
blue to observe the growth of bony trabeculae, osteoblasts, osteoclasts
and osteocytes. The images were visualized and captured by inverted
microscopy (IX71SBF2, Olympus Corporation).

To verify the osseointegration of the HHFs at the early stage,
rabbitsimplanted with the HHFs for 1-4 weeks were killed. The joint tis-
sues containing HHFs were fixed with 4% paraformaldehyde, and sliced
into ~3-pm-thick sections using a microtome (Leica RM 2135, Leica
Microsystems). For Picrosirius Red staining, the slices were stained with
0.1% Picrosirius Red solution (Head Biotechnology, 26357-02). For Mas-
son-Goldner staining, the slices were successively stained with Goldner
I (Morphisto, 25642-2), Goldner Il (Morphisto, 26966-2) and Goldner
11l (Morphisto, 26007-11). For methylene blue-acid fuchsin staining,
the slices were stained by methylene blue Solution A and B (Leagene,
DB0088) to evaluate the osteoblast activity. For tartrate-resistant acid
phosphatase (TRAP) staining, the slices were successively stained with
TRAP dye solution (Servicebio, G1050), haematoxylin (Servicebio,
G1004) and ammonia (Servicebio, G1040) to observe the amount of
osteoclasts.

The immunohistochemical staining of CD31 and VEGF was per-
formed to verify the revascularizationinduced by theimplanted HHFs.
For CD31 staining, nucleus was labelled with DAPI Fluoromount-G
(Servicebio, G1012). The primary antibodies were anti-CD31 antibod-
ies (1:200, ABclonal, A2104). The secondary antibody was anti-rabbit
IgG (H +L) (1:400, Cell Signaling, 4412S). The CD31-positive vessels
were stained by both DAPland anti-CD31antibodies (blue and green).
For VEGF staining, nucleus was labelled with DAPI Fluoromount-G
(Servicebio, G1012). The primary antibodies were VEGF antibod-
ies (1:20, Invitrogen, XF3629101A) and the secondary antibody was
anti-rabbitIgG (H + L) (1:400, Cell Signaling, 4412S). The VEGF-positive
vessels were stained by both DAPland VEGF antibodies (blue and red).

The immunohistochemical staining of CGRP was performed to
verify the reinnervationinduced by theimplanted HHFs. Nucleus was
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labelled with DAPI Fluoromount-G (Servicebio, G1012). The primary
andsecondary antibodies were CGRP antibody (1:200, ABclonal, A5542)
and anti-rabbitIgG (H + L) (1:400, Cell Signaling, 4412S), respectively.
The CGRP-positive nerves were stained by both DAPI and CGRP anti-
bodies (blueand green). Theresulting samples were imaged at x20 on
aNikon C2+microscope.

Forlong-termin vivo safety studies, rabbitsimplanted with HHFs
for different durations were killed. The joint tissues containing HHFs
were fixed as above. Nucleus was labelled with DAPI Fluoromount-G
(Servicebio, G1012) and sections were stained using an H&E staining kit
(Servicebio, G1005) and aMasson’s trichrome staining kit (Servicebio,
G1006). For immunohistochemical staining, the primary antibodies
were F4/80 antibodies (Servicebio, GB11027) and secondary antibody
was Cy3-conjugated goat anti-rabbit IgG (H + L) (Servicebio, GB25303).

For TEM characterization, fresh organs were fixed with 2.5%
glutaraldehyde for 12 h and successively dehydrated using 30%, 50%,
70%, 80%, 90%, 95% and 100% ethanol for 15 min. After embedding in
epoxy resin, the organs were sliced into ~80-nm-thick sections using
amicrotome (Leica EM UC7, Leica Microsystems). The sections were
subsequently stained with lead citrate solution and uranyl acetate for
5-10 min, and finally dried for TEM observation (JEM-2100F,JEOL).

Enzyme-linked immunosorbent assay

At 4 and 13 weeks after implantation of HHFs, blood samples from
the rabbits were collected and stored at 4 °C for 24 h before use.
Serum was obtained by centrifuging the blood sample at 3,000g for
15 min. Concentrations of alanine aminotransferase, interleukin-1,
tumour necrosis factor-a and interferon-p were measured by
enzyme-linked immunosorbent assay kits (Shanghai Enzyme-linked
Biotechnology).

Transcriptome sequencing, proteomics sequencing and data
analysis

For invitro experiments, MSCs (1 x 10° cells) were cultured on helical
PET fibres and HHFs for 6 h, 1 day, 3 days and 5 days before the cells
wereisolated for proteomic analysis. MSCs (1 x 10° cells) were cultured
on carbon plates, helical carbon fibres, HHFs and PET plates, helical
PET fibres, and hierarchical helical PET fibres for proteomic and tran-
scriptomic analysis. For in vivo experiments, HHF and PET fibres were
implanted into rabbits for 2 weeks and the bone surrounding the
implants was collected for proteomic analysis. We used a fast-sequence
proteomic workflow™ to identify 7,321 proteins with a1% protein false
discovery rate. The differentially expressed proteins (two-tailed
unpaired Student’s ¢-test, P < 0.05) at each time point for both the
HHF and PET fibre groups were subsequently screened through the
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases to identify the underlying signalling pathways that
areactivated by either topographic features or chemical components
of HHFs.

RNA-seq data analysis. For transcriptome sequencing, MSCs were
treated with Trizol reagent (Beyotime Biotechnology, RO016) and
stored at —80 °C before sequencing. RNA was extracted from cells
according to the reagent protocols. For library preparation of RNA
sequencing, a total of 500 ng RNA per sample was used as the input
material for the RNA sample preparations. Sequencing libraries
were generated using Ribo-off rRNA Depletion Kit (H/M/R) (Vazyme
N406-02) and VAHTS Universal V6 RNA-seq Library Prep Kit for Illu-
mina (Vazyme, NR604) following the manufacturer’s recommenda-
tions. Index codes were added to attribute sequences to each sample.
Transcriptome sequencing was performed using Illumina HiSeq X10
(Ilumina). For quantification, the relative abundance of the transcript
was measured by anormalized metric, FPKM (fragments per kilobase of
transcript per million mapped reads). For further analysis, transcripts
with an FPKM score >1 were retained.

Liquid chromatography-tandem mass spectrometry. Digested
peptides were analysed on a Q-Exactive HFX (Thermo Fisher Scientific)
interfaced with an Easy-nLC1200 nanoflow LC system (Thermo Fisher
Scientific). Peptide samples were redissolved with 0.1% formic acid
(Sigma, FO507) in water and loaded onto a homemade trap column
(100 pm x 2 cm; pore size, 120 A; particle size, 3 pm; SunChrom), sepa-
rated by ahomemade silica microcolumn (150 pm x 30 cm; pore size,
120 A; particle size, 1.9 pm; SunChrom). A 150 min gradient of 4-100%
mobile phase B (80% acetonitrile, Honeywell, 34967; 0.1% formicacid)
at a flow rate of 600 nl min™ was used. The protein quantification
consisted of an MS1 scan at a resolution of 120,000 (at 200 m/z) with
anautomated gain control value of 3 x 10°, amaximum injection time
of 80 msand ascanrange fromm/z300t01,400. The Top60 precursor
ions from MS1were selected for MS2 scans with higher-energy collision
dissociation detected in the Orbitrap first (R (resolution) = 7,500 at
200 m/z; automated gain control target, 5 x 10*; maximum injection
time, 20 ms; isolation window, 1.6 m/z; normalized collision energy,
27%; dynamic exclusion of previously acquired precursor ions was
enabled at 12 s). MS raw files generated by liquid chromatography-
tandem mass spectrometry were processed with the proteomics cloud
platform Firmiana® using the Mascot v.2.4 search engine against the
human NCBI reference proteome database. For each identified pep-
tide, the extracted-ion chromatogram (XIC) was extracted by search-
ing against MS1 based on its identification information, and then the
abundance was estimated by calculating the area under the extracted
extracted-ion chromatogram curve. As for protein abundance calcula-
tion, the non-redundant peptide list was applied to assemble proteins
according to the parsimony principle. Finally, a traditional label-free,
intensity-based absolute quantification (iBAQ) algorithm was used to
estimate protein abundance, which divided the protein abundance
(derived from the intensities of identified peptides) by the number of
theoretically observable peptides.

Pathway enrichment analysis. Pathway enrichment analysis was
performed by DAVID (https://david.ncifcrf.gov/) and ConsensusPathDB
(http://cpdb.molgen.mpg.de/CPDB). The Pvalueis calculated based on
the hypergeometric distribution and the significant pathway (P < 0.05)
was used for further study.

ACL reconstruction onsheepinvivo

The sheep experiments were approved by the Institutional Animal Care
and Use Committee at Fudan University and the Institutional Animal
Care and Use Committee of Shanghai Jiao Tong University Animal
Department (number PLJC20-0078-1). All animals were housed at the
animal carelaboratory at the College of Pharmacy in accordance with
the regulations set by the National Institutes of Health.

Nine healthy adult Chinese Hu sheep (seven males, 2 years old,
weighing 52.3-55.4 kg) were selected. The ACL reconstruction pro-
cedure was performed on the right knee under general anaesthesia.
A medial arthrotomy was performed, and patella was laterally dis-
placed. The fat pad was partially excised to expose the ACL. The knee
joint was then flexed to 140°. The native ACL was carefully resected
by using a scalpel. A femoral and tibial tunnel was positioned and
drilled at the centre of the ACL anatomic footprintinside out by using
K-wire with a diameter of 2 mm. Then, the bone tunnels were further
dilated to 5.0 mm (Supplementary Fig.21a). Aguiding suture loop was
first passed through the tibial and femoral tunnel (Supplementary
Fig. 21b). Two strands of HHFs (diameter, -2 mm) were then passed
through the tunnel and fixed by an adjustable-loop cortical suspen-
sion device (GraftLoop, Ligatech) at the femoral side and a screw at
the tibial side (Supplementary Figs. 21c,d and 22). The HHFs were
tensioned with 30 knee flexion-extension cycles so that no obvious
graft-tunnel motion was observed. At the tibial side, the HHFs were
tied withasurgical knot and reinforced with one additional square knot
(Supplementary Fig. 21e). After fixation, the ligament knot was sutured
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with surrounding tissue. The knee joint was flushed with saline and
the wound was sutured layer by layer. After surgery, the sheep were
allowed free activity in separated cages and were well taken care of. The
wounds were inspected and disinfected every 3 days and the sutures
were removed after 14 days. The gait of the sheep was also evaluated
postoperatively.

Evaluation of ACL reconstructionin the sheep model

The sheep werekilled after 13 weeks, 9 months and 21 months postop-
eratively. The articular capsule was cut open and articular cavity was
exposed for morphology evaluation. The knees, including femur and
tibia, were dissected for further testing. The specimens were first fixed
inneutral formalin liquid with a concentration of 10% for the follow-up
histological examination.

The CT scanning (Toshiba Aquilion Prime) of tibia was conducted
withaslice thickness of 0.6 mm.Images were acquired at 140 kV witha
scanning baseline of B40S. Three-dimensional CT image reconstruc-
tion was performed with a Vitreaimaging workstation (Vital Images).
The plane parallel to the longitudinal axis of the femoral bone tunnel
was reconstructed using a multiplanar reformation technique. Femo-
ral tunnel diameters at aperture, midpoint and exit, and the maximal
tunnel diameter in the femoral side, were measured with a DICOM
Viewer (Vitrea, v.6.7.1). The femoral tunnel midpoint was defined as
the midpoint between aperture and exit along the longitudinal tun-
nel axis. For the histological examination, an uncalcified tibial bone
block containing complete bone tunnel were embedded in polymethyl
methacrylate. By using a hard tissue section method, the bone block
was sectioned into10-um-thick slices at the middle point of the tunnel
and along the direction parallel to the longitudinal axis of the bone
tunnels. The intraosseous portions were then stained with H&E and
Picrosirius Red dye, respectively. A panorama of the femoral tunnel
was produced by ZEN 3.0 software (Zeiss) to observe the histological
morphology of graft and graft-bone interface.

Statistics and reproducibility

Statistical analysis was performent with Graphpad Prism 9.0 and
Microsoft Excel 2016. The results are expressed as mean +s.d. The
statistical differences between two groups and among multiple groups
were analysed using unpaired two-tailed ¢-test and one-way analy-
sis of variance, respectively. P values: n.s., not significant (P> 0.05),
*P<0.05,*P<0.01, **P<0.005 and ***P < 0.001). Experiments in
Fig.1b-f,Supplementary Figs.1a,b, 8,12,18aand 19a, and Extended Data
Figs. 1li-k, 2e,f, 5e,f, 8c and 9d,f were repeated three times with dis-
tinct samples. Experiments in Figs. 3g-j,l and 5b,c and Extended Data
Fig. 3a-c were repeated four times with distinct samples. Experi-
mentsinSupplementary Figs. 4,13,14,15,16 and 17 and Extended Data
Figs. 2a-d, 5b,c, 6a-e and 7b,c were repeated twice with distinct
samples.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Source data are available for Figs. 2 and 3 and Extended Data Figs. 1,
2,4 and 5in the associated source data files. The transcriptomics raw
data have been deposited in NODE (https://www.biosino.org/node)
under accession number OEP002944. All raw data of mass spectrum
have been deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) viatheiProX partner repository

with the dataset identifier PXD032128. Source data are provided with
this paper.
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Extended Data Fig.1| The mechanical properties of CNT fibres. a, Photograph
showing rolls of continuous CNT fibres. b, ¢, Photographs showing high strength
and light weight of the CNT fibre, respectively. d, Typical specific strength-strain
curve of aCNT fibre. e, Mechanical performance of CNT fibre compared to

other fibre materials such as metals, polymers and carbon fibres. o is breaking
strength, E is Young’s modulus, and p is density. f, Tensile tests performed on
CNT fibres show they display stable breaking strengths (o) after 10,000,100,000
and 1,000,000 bending cycles. The CNT fibres with length of 1 cm are bent

witha curvature radius of 0.247 cm. Tensile tests are performed (with an initial
applied stress of 0 MPa) by changing the displacement to determine the breaking
strength (o) of the CNT fibres. Breaking strength after bending is normalized to
breaking strength before bending (0,). n = 4 independent samples. Each point
represents an independent measurement. All data are expressed as mean +

s.d. g, h, Photographs showing high flexibility of the CNT fibre under twisting

(g) and looping (h).i,j, SEMimages of a knotted CNT fibre at low and high
magnifications, respectively. k, A Chinese knot formed by the CNT fibre.
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Extended Data Fig. 2| The biocompatibility of HHF. a, SEM images of MSCs
cultured on the control glass group and CNT sheets for 5 days. b, F-actin labelled
immunostaining images of the control glass group and CNT sheets after
culturing MSCs for 5 days. Red: F-actin; blue: cell nucleus. ¢, d, F-actin labelled
immunostaining image (c) and SEM image (d) of HHF after culturing MSCs

for 5 days. Red: F-actin; blue: cell nucleus. e, f, H&E (e) and picrosirius red (f)
staining show HHF graftintegrates well with bone and skeletal muscle after HHF
implanted in rabbits for 13 weeks. g-j, Concentrations of typical plasma markers
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inrabbit serum after HHF implantation, showing the high biocompatibility
of HHF in molecular level. Alanine aminotransferase (ALT) (g), interferon-B
(IFN-B) (h), interleukin-1(IL-1) (i), and tumour-necrosis factor-a (TNF-a) (j)
concentrations varied within their normal physiological ranges. Concentrations
of plasma markers are determined using enzyme-linked immunosorbent assay.
Each point represents the concentration of plasma markers in each rabbit.
n =5biologically independent experiments for each group. All data are expressed
asmeanzs.d.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Histological analysis to show high structural stability
of HHF graftinvivo. a, H&E sections of cardiac muscle, liver, spleen, lung and
kidney after 13 weeks of HHF implantation show no CNT residues. Control:
rabbits without HHF. b, Masson’s trichrome-stained tissue sections of cardiac
muscle, liver, spleen, lung and kidney after 13 weeks of HHF implantation do
not show any collagen deposition and peribronchial lymphocyte aggregation

inany of the organs. Control: rabbits without HHF. Red: cytoplasm, muscle and
erythrocytes; blue: collagen. ¢, F4/80 immunostaining of cardiac muscle, liver,
spleen, lung and kidney after HHF implanted in rabbits for 13 weeks do not show
any inflammatory cell infiltration in any of the organs. Control: rabbits without
HHF. Nucleus is stained with DAPI (blue); inflammatory cells are stained by both
DAPIand F4/80 antibodies (blue and green).

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-023-01394-3

a Week 4

HHF

Femoral

Tibia

b Carbon fibre

Femoral

Extended Data Fig. 4 | See next page for caption.

Week 13

PET fibre

Week 13

HHF

PET fibre

Il Week 0
Week 4
Bl Week 13

Femoral

Week 4
I Week 13

Tibia

BV/TV

Tibia

0.3+
| Week 4

B Week 13

Femoral Tibia

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-023-01394-3

Extended Data Fig. 4 | ACL reconstruction using HHFs and controls in a rabbit
model. a, nCT images of the femur and tibia of rabbits after surgery for 4 and

13 weeks with HHF and PET fibres as the ACL grafts. b, Three-dimensional images
rebuilt from pCT data of the femur and tibia of rabbits after the surgery for 4 and
13 weeks with carbon fibres as the ACL graft. ¢, Average diameters, ratios of bone
surface (BS) to total volume (TV) and bone volume (BV) to TV of femoral and tibia

tunnels of rabbits after implanting carbon fibres for 4 and 13 weeks.

n =5biologically independent experiments for each group. All data are expressed
asmean *s.d.d, Photographs of the femur-graft-tibia complex specimens of
rabbits after the surgery for 13 weeks with HHF, PET fibres and carbon fibres as
the ACL grafts.
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Extended DataFig. 5| Bio-integration of HHF grafts and controls. a, Force- of theright hindleg with ACL torn (up) and reconstructed using the grafts
strain curves of pull-out tests for native ligament, HHF, carbon fibreand PET fibre ~ of HHF (below) during one hopping process. e, H&E staining of the bone tunnel
after implantation for 13 weeks. b, SEM images showing the surface of after the surgery for 13 weeks with PET fibre and carbon fibre as the ACL graft.
the pull-out HHF and PET fibre implants after 13 weeks of implantation. f, Picrosirius-red-stained slices of bone tunnel implanted with carbon fibre
¢, Immunostaining and SEM images of osteoblasts cultured on the CNT sheets under bright field (left) and polarized light (right) show almost no collagen at the
and PET fibres for 5 days, respectively. d, Photographs showing the moving trial carbon fibre/host bone interface.
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Extended Data Fig. 6 | Histological analysis to show the activity of
osteoblasts, re-established crimp, re-vascularization and re-innervation
induced by HHF implanted in rabbits. a, Methylene blue-acid fuchsin-stained
slices of bone tunnel after HHF implantation in rabbits. Dark blue: osteoblasts;
purple grey: osteoid tissue; red: newly formed bone. b, Masson Goldner-stained
slices of bone tunnel after HHF implantation in rabbits. Red: mature bone; green:
collagen; red-green: newly formed bone. ¢, Picrosirius-red-stained slices of bone
tunnel implanted with HHF under bright field. Collagen tissues are gradually
formed at the interfacial region between HHF and host bone from Week1to

Week 4. d, (i) VEGF-stained images. Nucleus is stained with DAPI (blue); vessels
are stained by both DAPI and VEGF antibodies (blue and red). The position of
HHF is marked with white pentalpha. (ii) Magnified view of yellow box in

(i) shows VEGF-positive vessels are formed at the interface of HHF/native bone.

e, (i) CGRP-stained images. Nucleus is stained with DAPI (blue); nerves are stained
by both DAPland CGRP antibodies (blue and green). The position of HHF is
marked with white pentalpha. (ii) Magnified view of yellow box in (i) shows
CGRP-positive nerves are formed at the interface of HHF/native bone.
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& i 2
Extended Data Fig. 7 | ACL reconstruction in a rabbit model after 18 months
of HHFs and PET fibres implantation. a, pCT images showing a coronal section
ofafemoral tunnel (top) and an axial section of a tibial tunnel (bottom, yellow
arrow) after 18 months of HHF and PET fibre implantation, showing new
bonetissues are completely occupied in the tunnel between the host bone
and HHF. b, H&E-stained images of rabbit joint section after 18 months of HHF

| N N\ 100 ym

‘ __ . < > —
implantation show dense tissue around HHF (black) and good integration of HHF
withsurrounding bone. ¢, Picrosirius-red-stained slices of rabbit joint implanted
with HHF for 18 months under bright field (left) and polarized light (right) show
newly formed bones inside the channels among the primary fibres of HHF. A thick
layer of anisotropic collagen (green) around the primary fibres of HHF is formed.
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Extended Data Fig. 8 | HHF promotes osteogenesis in vitro and invivo by
activating osteogenesis-related signalling pathways. a, MSCs cultured on HHF
express higher levels of typical osteogenesis-related genes than those cultured
on helical PET fibre. Horizontal dotted lines represent mean of helical PET fibre
group. n =5biologicallyindependent experiments for each group. All data are
expressed as mean + s.d. Statistical significance was determined by unpaired
two-tailed t-test (n.s., not significant, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.005
and ***P <0.001). b, GO and KEGG enrichment based on transcriptomic analysis
of MSCs cultured on HHF and helical PET fibre show upregulated osteogenesis-
related signalling pathways. n = 5biologically independent experiments for

each group. ¢, SEM images of different substrates for MSC culturing. (i) PET
plate. (ii) Helical PET fibre. (iii) Helical carbon fibre. (iv) HHF. d, Heatmap analysis
of differentially expressed genes related to osteogenesis of MSCs cultured

on PET plate, helical PET fibre, helical carbon fibre and HHF. n = 5 biologically
independent experiments for each group. e, MSCs cultured on PET plate,

helical PET fibre, helical carbon fibre and HHF express different levels of typical
osteogenesis-related genes in MAPK (up) and WNT (below) signalling pathway.
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Horizontal dotted lines represent mean of PET plate group. n = 5biologically
independent experiments for each group. Data are expressed as mean £ s.d.
Statistical significance was determined by unpaired two-tailed t-test between
two groups and one-way ANOVA among multiple groups (n.s., not significant,
P>0.05,*P <0.05,*P < 0.01,***P < 0.005 and ****P < 0.001). f, GO and KEGG
enrichment based on transcriptomic analysis of MSCs show upregulated
osteogenesis-related signalling pathways for different pairwise comparisons
(carbon component: helical carbon fibre vs helical PET fibre; micrometre
channel: helical PET fibre vs PET plate; nanometre channel: HHF vs helical carbon
fibre). n =5 biologically independent experiments for each group. g, GO and
KEGG enrichment based on proteomic analysis of rabbit bone implanted with
HHF and helical PET fibre show osteogenesis-related signalling pathways are
upregulated invivo.n =3 biologically independent experiments for each group.
Pathway enrichment analysis in (b, f, g) was performed by DAVID (https://david.
ncifcrf.gov/) and ConsensusPathDB (http://cpdb.molgen.mpg.de/CPDB),
Pvalueis calculated based on the hypergeometric distribution and the
significant pathway (P value <0.05) was used for further study.
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HHF, Week 13 PET fibre, Week 13 Week 13

Extended Data Fig. 9 | ACL reconstruction using HHF graft restores mobility standing with a normal gait in Week 13. d, H&E-stained image of the tibial tunnels

inalarge animal model of sheep. a, CT images of tibias in a coronal plane using after 13 weeks of implanting HHFs. e, Enlarged view of yellow box marked in (d).
HHFs and PET fibres as grafts after surgery for 13 weeks. The tunnels are marked The newly-formed bone tissues are observed in the channels within the HHF.
withyellow dashed lines. b, CT images of the tibia scanned in axial plane at the f, Picrosirius-red-stained slices of the bone tunnels after implanting HHFs for
position marked with blue linesin (a). ¢, Photograph of the postoperative sheep 13 weeks.
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Tensile machine (TA Instruments-Waters LLC ElectroForce 3220), Ultraviolet-visible spectrometer (Perkin-Elmer Lambda750), Nikon C2+,
Transmission electron microscopy (JEM-2100F, JEOL, Ltd.), Digital single lens-reflex camera (5D Mark IV, Canon Inc.) with a macro lens (EF 100
mm 2.8L IS macro, Canon Inc.), Micro-computed tomography for rabbits (SkyScan 1176, BRUKER), Micro-computed tomography for sheep
(Toshiba Aquilion Prime), Inverted microscopy (IX71SBF2, Olympus Corporation), Raman (Renishaw, NTEGRA Spectra Il), Q Exactive HF-X mass
spectrometer (Thermo Fisher Scientific), Easy-nLC 1200 nanoflow LC system (Thermo Fisher Scientific), lllumina HiSeq X10 (lllumina, USA),
Electronic universal material testing system (AGS-X, Shimadzu, Co.), EXAKT 510 dehydration system (EXAKT Technologies Inc.), Microtome
(Leica RM 2135, Leica Microsystems), Illumina HiSeq X10 (lllumina, USA)

Data analysis The micro-computed tomography images of femur-graft-tibia complexes of rabbits were analyzed and processed into 3D models via the
CTVox (BRUKER, V1.6.4.0) to analyze the longitudinal section of the femoral and tibial tunnel.
The panorama of femoral tunnel of sheep was produced by ZEN 3.0 software (ZEISS) to observe the histological morphology of graft and graft-
bone interface. Femoral tunnel diameters at aperture, midpoint, exit as well as the maximal tunnel diameter of sheep were measured through
DICOM Viewer (Vitrea, V6.7.1).
The von Mises stress distribution along the fibre model was simulated using the ABAQUS software 6.13.
The mass spectrometry raw files were processed in Firmiana, searched against human National Center for Biotechnology Information (NCBI)
RefSeq protein database using Mascot 2.4 (Matrix Science Inc, London, UK).
The data analysis was conducted using Graphpad Prism 9.0 and Microsoft Excel 2016.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The mass spectrometry raw files were processed in Firmiana, searched against human National Center for Biotechnology Information (NCBI) RefSeq protein
database using Mascot 2.4 (Matrix Science Inc, London, UK). For mRNA quantification, the relative abundance of the transcript was measured by a normalized
metric, FPKM (Fragments Per Kilobase of transcript per Million mapped reads). Pathway enrichment analysis was performed by DAVID (https://david.ncifcrf.gov/)
and ConsensusPathDB (http://cpdb.molgen.mpg.de/CPDB).

The transcriptomics raw data have been deposited in NODE (https://www.biosino.org/node) under the accession number OEP002944.

All raw data of mass spectrum have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the iProX partner
repository with the dataset identifier PXD032128.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were provided in the Methods section or figure legends for each experiment.
No statistical method was used to predetermine the sample size for each study.
The sample sizes were chosen on the basis of the previous similar works (Knee Surg. Sport Tr. A. 2021, 29, 3678; Orthop. J. Sports. Med, 2021,
9, 663), that help us to observe reliable and reproducible conclusions.

Data exclusions  No data were excluded from this study.

Replication All experiments were reliably reproduced and all conclusions were reproducible from these experiments. Details of experimental replicates
are given in the figure legends.

Randomization  All the animals, cells and samples were randomly allocated to the experimental group and the control group.

Blinding Blinding was not performed, because there was no subjective test in this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies

Antibodies used Primary mouse anti-F-actin (1:200, Abcam, ab205), Alexa Fluro 488 goat anti-mouse IG (H+L)(1:400, Life Technologies, A11001),
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Antibodies used Alexa Fluro 647 goat anti-mouse |G (H+L) (1:400, Life Technologies, A21235), F4/80 antibodies (1:500, GB11027, Servicebio), Cy3-
conjugated goat anti-rabbit IgG (H+L) (1:400, GB25303, Servicebio), anti-CD31 antibodies (1:200, ABclonal, A2104), anti-rabbit 1gG (H
+L) (1:400, Cell Signaling, 4412S), VEGF antibodies (1:20, Invitrogen, XF3629101A), CGRP antibody (1:200, ABclonal, A5542)

Validation All antibodies were well-recognized in the field and were verified by the supplier. The validation statements can be found on their
manufactures' websites as below:
Primary mouse anti-F-actin (1:200, Abcam, ab205): https://www.abcam.cn/f-actin-antibody-nh3-ab205.html
F4/80 antibodies (1:500, GB11027, Servicebio): https://www.servicebio.cn/goodsdetail?id=1330
anti-CD31 antibodies (1:200, ABclonal, A2104): https://abclonal.com.cn/catalog/A2104
VEGF antibodies (1:20, Invitrogen, XF3629101A): https://assets.thermofisher.cn/TFS-Assets/LSG/certificate/Certificates-of-Analysis/
MA513182_XF3629101A.PDF
CGRP antibody (1:200, ABclonal, A5542): https://abclonal.com.cn/catalog/A5542

Eukaryotic cell lines

Policy information about cell lines
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Cell line source(s) Mesenchymal stem cells (SCSP-405) were obtained from Cell Bank of Shanghai, Chinese Academy of Sciences (Shanghai,
China).
Authentication The cell lines are certified by the manufacturers (i.e. morphology) and maintained with selection medium according to

manufacturer's suggestion.
Mycoplasma contamination Cell lines were all tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The skeletally mature New Zealand rabbits (males, age of 4 months at the time of surgery, weights ranged from 3 to 3.5 kg) were
purchased from Yinhai Animal Husbandry professional cooperative (Tongxiang, China).
The healthy adult Chinese Hu Sheep (males, age of 2 years old at the time of surgery, weights ranged from 52.3 to 55.4 kg) were
purchased from Shanghai Jiagan Biotechnology Co., LTD (Shanghai, China).

Wild animals This study did not involve wild animals.
Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight The rabbits experiments were approved by the Institutional Animal Care and Use Committee at Fudan University. The sheep
experiments were approved by the Institutional Animal Care and Use Committee at Fudan University and the Institutional Animal
Care and Use Committee of Shanghai Jiao Tong University Animal Department. All animals were housed at the animal care laboratory
at the College of Pharmacy in accordance with the regulations set by the National Institutes of Health.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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