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A B S T R A C T

Interactions between bone cells and neurocytes are crucial for endosseous nerve and ensuing bone regeneration.
However, absence of neural stem cells in bone makes the innervation of implant osseointegration a major
challenge. Herein, a nanorod-like array of sodium hydrogen titanate (ST) co-doped with Co2+ and Co3+, namely
STCh that behaves as a reactive oxygen species (ROS)-scavenging enzyme, was hydrothermally formed on Ti
substrate. We show that the doped Co2+ and Co3+ locate at TiO6 octahedral interlayers and within octahedra of
STCh lattice, appearing releasable and un-releasable, respectively, leading to an increase in Co3+/Co2+ ratio and
enzyme activity of the array with immersion. The nanoenzyme-released Co2+ triggers macrophages (MΦs) to-
wards M1 phenotype, then the nanoenzyme scavenges extracellular ROS inducing M1-to-M2 transition. The
neurogenic factors secreted by STCh-regulated MΦs, in combination with the released Co2+, promote mesen-
chymal stem cells to differentiate into neurons and Schwann cells compared to sole Co2+and ST. STCh array
greatly enhances nerve reconstruction, type-H capillary formation and ensuing osseointegration in normal rat
bone, and antibacteria via engulfing S. aureus by MΦs and osteogenesis in infective case. This nanoenzyme
provides an alternative strategy to orchestrate endosseous nerve regeneration for osseointegration without
loading exogenous neurotrophins in implants.

1. Introduction

Osseointegration of orthopaedic implants is formed via inducing de
novo bone formation on their surfaces, which is initiated by immune
cells-derived inflammatory responses, involving the interactions of cells
such as macrophages (MΦs), mesenchymal stem cells (MSCs), endo-
thelial cells (ECs) and the others in order [1]. Bone is recently found to
be highly innervated by endosseous sensory nerve and sympathetic
nerve [2], these nerves are essential upstream regulators of neo-
vascularization and osteogenesis [3]. For example, neuropeptides such
as sensory nerve-secreted calcitonin gene-related peptide (CGRP) and
substance P (SP) could promote angiogenesis and osteogenesis by
upregulating vascular endothelial growth factor A (VEGF-A) and bone
morphogenetic protein 2 (BMP2) [2], while sympathetic nerve-secreted
vasoactive intestinal peptide (VIP) could promote osteogenesis by
upregulating Wnt/β-catenin signaling pathway and suppressing

osteoclastogenesis [2]. Neurotrophins, such as nerve growth factor
(NGF) and brain-derived neurotrophic factor (BDNF) secreted by sen-
sory nerve, are also required for bone formation and vascularization [2,
4,5]. While sensory fibers are parallel to blood vessels in bone, neuro-
peptide Y (NPY) and tyrosine hydroxylase (TH) positive sympathetic
fibers were identified to wrap around blood vessels [5–7].

Endosseous nerve fibers comprise neuronal axons and surrounding
Schwann cells [2,6], however, their regeneration and ensuing innerva-
tion of osseointegration hardly achieve by neurogenic differentiation of
neural stem cells due to their absence in bone, bone marrow and peri-
osteum [2]. As a kind of pluripotent stem cells abundant in bone, MSCs
are shown to commit to osteoblasts, adipocytes and chondrocytes, but
are unable to spontaneously differentiate into neural cells [8,9].
Recently, MSCs have been proven to transdifferentiate into neural cells
by additional chemical stimulations, such as neuron-like cells by
materials-loaded and released neurotrophins like NGF or BDNF [10,11]
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and ions of Ca2+ [12], Mg2+ [13], Fe3+ [14] or Si4+ [15], as well as
Schwann cells by materials-loaded and released neurotrophins like NGF
or neuregulin 1 (Nrg1) [16,17] and ions of Ca2+, Mg2+ or Si4+ [18].
Although the neurotrophins show a greater impact on neural differen-
tiation of MSCs than ions [19], the short half-lives of these biological
factors extremely limit their effectiveness in clinic [20,21]. Thereby, the
strategy to promote neural differentiation of MSCs with exogenous
neurotrophins loading within materials for endosseous nerve regenera-
tion is expected to be alternative.

Dependent on the local cues, MΦs may polarize towards a pro-
inflammatory (M1) or a pro-healing (M2) phenotype to secret diverse
cytokines influencing cell migration, angiogenesis and osteogenesis. For
instance, M1 cells-secreted tumor necrosis factor-α (TNF-α), interleukin-
1β (IL-1β) and VEGF-A as well as M2 cells-secreted platelet-derived
growth factor-BB (PDGF-BB), transforming growth factor-β1 (TGF-β1)
and stromal cell derived factor-1 (SDF-1) are known to promote MSC
migration [1,22]. M1 cells-secreted VEGF-A as well as M2 cells-secreted
PDGF-BB, angiopoietin-1 (ANG1) and SDF-1 are shown to promote the
migration and sprouting of ECs [1,22]. M1 cells-secreted VEGF-A and
M2 cells-secreted IL-4, IL-10, PDGF-BB, BMP2 and TGF-β1 are given to
promote the recruitment and osteo-differentiation of MSCs [1,22,23].
Besides these angiogenic/osteogenic factors, MΦs have been recently
demonstrated to secrete neurotrophic factors, such as NGF [24–26], glial
cell line-derived neurotrophic factor (GDNF) [26], BDNF [27] and
prostaglandin E2 (PGE2) [28] byM1 cells as well as BDNF [27], NGF [24,
25] and TGF-β1 [29] by M2 cells, and all the factors contribute to the
neuronal differentiation of MSCs [26,27,29–32]. Also, VEGF-A secreted
by M1 cells and IL-10, NGF and Nrg1 secreted by M2 cells [33] were
found to promote MSCs towards Schwann cells [34–36]. Therefore, it is
an expected strategy to trigger the neural differentiation of MSCs by
modulating the phenotype of MΦs to endogenously secrete the afore-
mentioned cytokines.

Given that MΦs in sustained M1 phenotype could produce copious
extracellular reactive oxygen species (ROS) such as H2O2 and •O2− ,
resulting in delayed angiogenesis and osteogenesis [37], it is vital to
endow materials with ROS-scavenging property for M1-to-M2 shift.
Inspired by the native ROS-scavenging enzymes such as superoxide
dismutase (SOD) known to remove •O2− and catalase (CAT) known to

remove H2O2 [37], several SOD- and CAT-mimetics, especially
Fe2+-Fe3+ [37], Mn2+-Mn4+ [38] or Ce3+-Ce4+ [39] co-doped materials
have been developed recently. Among them, the high atomic ratios of
Fe3+/Fe2+, Mn4+/Mn2+ and Ce4+/Ce3+ in the crystal lattices of mate-
rials showed to decrease extracellular ROS levels and consequently
resulted in M1-to-M2 phenotype switch [37–39]. Notably, cobalt ions
also exist in multiple valence states, predominantly in divalence and
trivalence [40]. Although the Co2+ ions stemming from CoCl2 were
shown to facilitate M1 polarization [41], whether the Co2+-Co3+

co-doped materials have the effect of SOD-/CAT-mimetic enzyme to
scavenge ROS or not and in which manner the Co2+ and Co3+ incor-
porate into the crystal lattices of materials remain to be explored.

In this work, we optimally fabricated a nanorod-like array of STCh —
sodium hydrogen titanate (ST) co-doped with Co2+ and Co3+ on Ti using
hydrothermal growth and incorporation, and drew main results to pre-
sent in Scheme 1. Particularly, STCh array presents the doped Co2+ at
TiO6 octahedral interlayers and Co3+ in octahedra, not only spontane-
ously releasing Co2+ but also acting as a novel SOD/CAT-like nano-
enzyme to scavenge ROS and this effect being enhanced with solution
immersion. In vitro, STCh derives bone marrow-derived MSCs (BMSCs)
to differentiate into neurons and Schwann cells via releasing Co2+, also
elicits MΦs in a strong M1 response initially and thereafter in M2
response via Co2+ stimulus and ROS scavenging. Under synergistic ac-
tions of released Co2+ and conditionedMΦs-secreted neurogenic factors,
STCh array renders BMSCs to differentiate into more sensory neurons but
less sympathetic neurons. In rat bone, STCh strongly accelerates neural
network (especially sensory fibers) reconstruction, angiogenesis
(particularly type-H capillaries) and osseointegration in normal case,
and a strong antibacterial effect through phagocytosis of Staphylococcus
aureus (S. aureus) by MΦs in infective case. It provides a new insight into
orchestrating endosseous neural network reconstruction for osseointe-
gration without loading exogenous neurotrophins in implants.

2. Materials and methods

2.1. Preparation and cobalt ion doping of nanorods-arrayed coatings

Pure titanium (Ti) were processed into disks (Ø 14 × 2 mm) and

Scheme 1. Schematic illustration showing the fabrication procedures for a nanorod-like array of STCh — sodium hydrogen titanate (ST) co-doped with Co2+ and
Co3+ to achieve endosseous neural network reconstruction and osseointegration in normal case and antibacteria through phagocytosis of S. aureus by MΦs in
infective case.
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pillars (Ø 1 × 10 mm), followed by cleaning with acetone, ethanol and
distilled water, as described in Supplementary information (SI) 1.1. A
two-step hydrothermal treatment was performed to obtain ST nanorod
arrays grown on the un-etched (UE) and acid-etched (AE) Ti. In brief,
each Ti was placed in an autoclave containing 10 mL of 1 M NaOH
(Sigma-Aldrich, USA) solution and hydrothermally treated at 100 ◦C for
90 min. Then, each of the obtained samples was further immersed in 10
mL of 0.5 M NaOH solution and hydrothermally treated at 220 ◦C for
210 min. The obtained ST array coated on the un-etched and acid-etched
Ti samples were named UE-ST, AE0.5-ST, AE5-ST, and AE10-ST,
respectively. Based on the results displayed in Fig. S1, the following
ST specifically refers to AE5-ST. For doping of cobalt ions, the ST-
arrayed Ti discs were placed in autoclaves containing [Co2+]as of 0.05,
0.1, 10, and 50 mM, respectively, and hydrothermally doped at 100 ◦C
for 2 h. The array was hydrothermally doped at [Co2+]as of 10 mM,
namely STCh. The STCh-arrayed Ti discs were further immersed in a
phosphate-balanced solution (PBS, Servicebio, China) at 37 ◦C for 14
days without refreshing. The obtained array was named STCh-I.

2.2. Ionic release and ROS scavenging capacity of the arrays

The STCh-arrayed Ti discs were immersed in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, USA) at 37 ◦C for a series of periods (1, 3,
7, and 14 days) without refreshing the media. The discs-immersed media
were collected to examine ionic concentrations of Na, Co, and Ti using
an inductively coupled plasma-mass spectrometry (ICP-MS, Agilent
7700, USA).

The •O2
− , H2O2 and total ROS scavenging abilities of the arrays (ST,

STCh, and STCh-I) as well as insoluble Co2O3-coated Ti were investigated
comprehensively, involving a SOD detection kit (Nanjing Jiancheng
Bioengineering Institute, China), a CAT detection kit (Nanjing Jiancheng
Bioengineering Institute) and 1,1-diphenyl-2-picrylhydrazyl (DPPH)
ethanol solution (0.5 mM, Sigma), respectively. The plain test solutions
(namely BLANKs) and the test solutions supplemented with Co2+ in a
dose equal to that released from STCh for 14 days (namely SUPPL-Co2+)
were employed as controls. The adsorption of each resultant solution
was tested by a Multiscan GO microreader (Thermo Fisher, USA). Five
replicates were performed in each kind of ROS scavenging test.

2.3. In vitro cell response to ST and STCh arrayed discs

2.3.1. Cell culture
BMSCs, MΦs (RAW264.7), and HUVECs were gifted by the Stem Cell

Bank (Chinese Academy of Sciences, China), and their culture was
described in detail in SI 1.3.1.

2.3.2. Responses of BMSCs on ST and STCh arrayed discs
BMSCs seeded on tissue culture plate (TCP) and incubated in the

culture medium supplemented with Co2+ in a concentration identical to
that released from STCh at the corresponding incubation time (namely
TCP + Co2+) were selected as controls. BMSCs seeded on TCP were
incubated in the culture medium supplemented with 20 ng/mL NGF
(Sigma-Aldrich) and 10 ng/mL basic fibroblast growth factor (bFGF,
R&D Systems, USA) (namely TCP + NGF + bFGF) as a positive control
for neuron, as well as BMSCs seeded on TCP being incubated in the
culture medium supplemented with 5 μM forskolin (Beyotime, China)
and 20 ng/mL bFGF (namely TCP + Forskolin + bFGF) as a positive
control for Schwann cell. The mRNA expressions of hypoxia-inducible
factor-1α (HIF-1α), β-III-Tubulin, neurogenic differentiation 1 (Neu-
roD1), glial fibrillary acidic protein (GFAP), S100, CGRP, SP, TH and
LIM homeobox transcription factor 1 beta (Lmx1b) by adhered BMSCs
were tested with real-time quantitative polymerase chain reaction (qRT-
PCR) using a LightCycler@96 PCR analyzer (Roche, USA) and normal-
ized to the housekeeping gene glyceraldehyde-3-phosphate dehydroge-
nase (Gapdh). The sequences of the above gene primers are listed in
Table S1.

The protein expressions of β-III-Tubulin and GFAP by the committed
BMSCs were detected using immunofluorescence staining, as described
in detail in SI. The protein levels of HIF-1α, signal transducer and acti-
vator of transcription 3 (STAT3) and phosphorylated STAT3 (pSTAT3)
in BMSCs of TCP + Co2+, ST and STCh groups for 24~168 h were
examined by Western blot, as described in detail in SI 1.3.3.

2.3.3. Responses of MΦs on ST and STCh arrayed discs
The phenotype-dependent mRNA expressions of M1 markers (CD86

and inducible nitric oxide synthase, iNOS) along with transcription
factor HIF-1α and M2 markers (CD206 and Arginase 1, Arg1) in MΦs
cultured on the discs for 6~168 h were tested with qRT-PCR. The se-
quences of the above gene primers are listed in Table S2.

The intracellular ROS of MΦs cultured on the discs were stained
using 2′, 7′-dichloroflorofluorescin diacetate (DCFH-DA). The stained
cells were then imaged using the Eclipse fluorescence microscope
(Nikon, Japan).

The mRNA expressions of PTGES (synthase gene of PGE2), NGF and
Nrg1 by MΦs were tested with qRT-PCR. The sequences of the above
gene primers are listed in Table S3. MΦs-secreted PGE2, NGF and Nrg1
were respectively detected by corresponding ELISA kits (Elabscience,
China).

2.3.4. Co-culture of BMSCs with MΦs on the ST and STCh arrayed discs
The co-culture model was established as schemed in Fig. S10. BMSCs

migrated to the bottom side of transwell membranes (Corning/Costar,
USA) were used for the following examinations. After co-culture for
24~168 h, the mRNA and protein expressions of the neural-related
markers were detected as mentioned in Section 2.3.2. The mRNA ex-
pressions of runt-related transcription factor 2 (Runx2), Osterix and
Osteocalcin by the committed BMSCs were tested with qRT-PCR as
mentioned before, and the sequences of the involved gene primers are
listed in Table S4.

2.4. In vivo implantation tests of ST and STCh pillars

2.4.1. Implantation of the arrayed pillars both in normal and infective cases
Male Sprague-Dawley (S-D) rats (~200 g weight) were employed for

implantation of the pillars, which obeyed the guidelines and were
approved by the Institutional Animal Care and Use Committee (IACUC)
of Xi’an Jiaotong University (approval NO. XJTUAE2024-1921).
Following anesthesia of the rats by isoflurane inhalations, a hole with
a size of Φ1.5 mm × 10 mm was drilled on each of both hind limb
femoral shafts of a rat, the ST- and STCh-arrayed pillars were inserted
into the holes followed by suturing of the muscle, subcutaneous tissue,
and skin. After the surgery, the rats were housed in separate cages and
allowed to move freely. In parallel, 100 μL of S. aureus (106 CFU/mL,
ATCC 25293) was injected into the femoral medullary cavity of both
hind limbs using a microsyringe to create the bacteria-infective model.
The pillars were divided into four groups: ST, ST + LPS, ST + IL-4, and
STCh. For the group of ST + LPS or ST + IL-4, before the injection of ST-
coated pillars, 100 μL of PBS containing 200 μg lipopolysaccharide (LPS,
Sigma, USA) or 100 ng IL-4 (Sigma, USA) was injected into the femoral
medullary cavities. No antibiotic was administered.

2.4.2. Immunofluorescent staining
Immunofluorescent staining was performed to test cellular responses

and nerve fibers and blood vessels forming within the tissues adjacent to
the pillars-removed spaces (PRS). In brief, the rats were sacrificed at a
series of implantation periods: 1, 3, and 7 days, and the uninfected and
S. aureus-infected femurs with implanted pillars were picked up, fol-
lowed by fixation in 4 % PFA and decalcification in 10 % EDTA solution
for 4 weeks. Then, the arrayed pillars were removed, and the resultant
femurs were dehydrated in ethanol, embedded into paraffin, and cut
into ~5 μm thin foils. The fluorescence staining examinations included
MΦ phenotype indicative markers C–C chemokine receptor type 7
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(CCR7) and Arg-1 stained respectively with anti-CCR7 and anti-Arg-1
antibodies (Servicebio) in infective case, EC indicatives CD31 and
endomucin (Emcn) stained respectively with anti-CD31 and anti-Emcn
antibodies (Servicebio), neuron indicative β-III-Tubulin stained with
anti-β-III-Tubulin antibody (Servicebio), sensory neuron indicative SP
stained with anti-SP antibody (Servicebio), sympathetic neuron indica-
tive TH stained with anti-TH antibody (Servicebio), and cellular nuclei
stained with DAPI (Servicebio) were conducted in normal cases. After
that, the stained foils were observed using a Panoramic scanner (3D
HISTECH, Hungary) and fluorescence intensities were analyzed using
ImageJ software.

2.4.3. Osteogenic evaluations of the arrayed pillars
The pillars-contained femurs both in normal and infective cases

retrieved post implantation of 6 weeks were examined for new bone
formation using Micro-CT, push-out force examination, Van Gieson
(VG), and polychrome sequential fluorescence staining, respectively, as
demonstrated in details in SI.

2.5. Statistical analysis

The results were described as mean ± standard deviation (SD). The

data were analyzed using SPSS software (USA) with one-way ANOVA
method.

3. Results and discussion

3.1. Microstructure of the Co-doped nanorods-arrayed coatings on
titanium substrates

Firm adhesion of coatings to metallic implants is necessary for their
long-span service. However, the hydrothermally grown ST nanorods-
arrayed coating usually displays a relatively weak adhesion to smooth
Ti with a scratch-tested critical load (Lc) of 20.95 ± 0.91 N, as reported
in our previous work [1]. To overcome the drawback, AE-derived
coarsening of Ti discs was herein carried out prior to hydrothermal
growth of ST coatings; with the optimized coarsening, i.e., AE of Ti for 5
min to set up the root-mean-square roughness (Rq) of 220 nm, the
resultant ST coating exhibits the highest Lc of 43.40 ± 1.13 N, as
described in SI and Fig. S1.

The hydrothermally grown ST nanorods-arrayed coating on the 5
min-AE-treated Ti is bilayer structured, comprising a thin layer of
nanogranulates adjacent to Ti, and an overlapping layer of quasi-vertical
nanorods with a diameter of 70.1 ± 2.5 nm, length of ~2 μm and

Fig. 1. Topographies and microstructures of ST and STCh arrays. SEM pictured surface and cross-sectional images of (a) ST and (c) STCh as well as elemental
distribution profiles of Na, Ti, O and Co with different colors along the cross-sections. TEM panoramic bright-field and EDX mapping images of the nanorods picked
up from (b) ST and (d) STCh as well as HRTEM images and SAED patterns from the yellow rectangle-marked regions on the nanorods. (e) XRD patterns of ST and
STCh. (f) Raman spectra of ST and STCh. (g) High-resolution XPS spectra of Co 2p detected on STCh and corresponding atomic percents of Co2+ or Co3+ relative to
total Co ions. (h) Schematic diagrams of atom stack models of ST and STCh along with their layered structures.
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interrod spacing of 72.4± 3.2 nm (Scanning Electron Microscopy (SEM)
images in Fig. 1a). This array consists of monoclinic ST with a formula of
NaxH2-xTi2O5 (Transmission Electron Microscopy (TEM) selected area
electron diffraction (SAED) pattern in Fig. 1b and X-ray Diffraction

(XRD) pattern in Fig. 1e), in which the individual nanorod stacks by
TiO6 octahedra in the radial direction, i.e., a-axis [200] and growing
along the b-axis [020] (Fig. 1b).

Subsequently, the ST-arrayed Ti discs were mounted in autoclaves

Fig. 2. Topographies and microstructures of STCh-I as well as ionic release behaviors and ROS scavenging properties of the arrays. (a) Na, Co, and Ti ion
concentration of DMEM immersing STCh array as a function of immersion time. (b) SEM pictured surface and cross-sectional images of STCh-I (the resultant array that
STCh array immersed in DMEM solution for 14 days) as well as elemental distribution profiles of Na, Ti, O and Co with different colors along the cross-section. (c)
TEM panoramic bright-field and EDX mapping images of the nanorods picked up from STCh-I as well as HRTEM image and SAED pattern from the yellow rectangle-
marked region on the nanorod. (d) High-resolution XPS spectra of Co 2p detected on STCh-I and corresponding percents of Co2+ or Co3+ relative to total Co ions. (e)
Schematic diagram of Co2+ released from STCh into DMEM via exchanging with Na+. (f) SOD-like activities of ST, STCh, and STCh-I for removal of •O2

− . (g) CAT-like
properties of ST, STCh, and STCh-I for removal of H2O2. (h) DPPH assayed total ROS scavenging activities of ST, STCh, and STCh-I. BLANK: the plain test solutions;
SUPPL-Co2+: the test solutions supplemented with Co2+ in dose equal to that released from STCh for 14 days; data are presented as mean ± SD, *p < 0.05, **p < 0.01,
***p < 0.001, and NS: no significance.
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containing aqueous solutions with Co2+ concentrations ([Co2+]as) of
0.05, 0.1, 10, and 50 mM, respectively, and hydrothermally doped at
100 ◦C for 2 h. All the resultant arrays keep unchangeable in
morphology compared to the primitive one (Fig. S2), and the Co con-
tents detected on the arrays-coated Ti discs by energy dispersive X-ray
(EDX) tend to increase with [Co2+]as, reaching the highest dose at
[Co2+]as of 10mM, without further increasing even at [Co2+]as of 50mM
(the inserted data in Fig. S2). In details for the array hydrothermally
doped at [Co2+]as of 10 mM, namely STCh, Co ions appear to incorporate
into its nanorods in whole length uniformly (EDX elemental profiles in
Fig. 1c, mapping images in Fig. 1d) with a doping dose of 7.7 ± 1.0 at%
(Table S5). This incorporation leads to the decrease in Ti and Na con-
tents without altering O content within the nanorods of STCh (Table S5),
suggesting that the doped Co ions substitute Ti ions partially and Na ions
mostly, both of which are known to locate respectively within TiO6
octahedra and at TiO6 octahedral interlayers of ST lattice [42]. This
viewpoint is supported by the evidence that the doping of Co ions does
not alter phasic structure (XRD patterns in Fig. 1e and SAED patterns in
Fig. 1b vs d), but results in right shift of XRD peaks (Fig. 1e) and decrease
of interplanar spacings (high-resolution TEM (HRTEM) images in Fig. 1b
vs d), owing to the radius of Co2+ (0.65 Å) [43] smaller than those of
Ti4+ (0.68 Å) [1] and Na+ (0.95 Å) [44]. To identify the doping sites of
Co ions in STChmore directly, Raman spectra were detected on STCh and
ST arrays as shown in Fig. 1f and the bond vibration modes corre-
sponding to the Raman peaks are listed in Table S6. After Co doping, the
vibration peak of Na–O bond locating at 131 cm− 1 disappears while the
vibration peak of the Na+ -substituted ions locating at 330 cm− 1 ap-
pears, indicating that Co ions are doped into TiO6 octahedral interlayers;
moreover, the stretching peak of Ti–O–Ti bond in TiO6 octahedra,
locating at 276 cm− 1, decreases and shifts towards left, indicating the
substitute of Ti ions by Co ions.

Co ions are known to be changeable in valence state [40]. To identify
their valence states, X-ray photoelectron spectroscopy (XPS) analyses
were conducted (Fig. S3) and a Co 2p high-resolution XPS spectrum of
STCh array is shown in Fig. 1g. Clearly, STCh contains both Co2+ and
Co3+with atomic percentages of 42 % and 58 % relative to total Co ions,
as drawn according to that both kinds of the ions present binding en-
ergies at 796.04 and 780.55 eV [45] as well as at 800.10 and 785.12 eV
[45], respectively. As known, there are two kinds of cationic doping sites
in ST crystal lattice, i.e., octahedral interlayer for divalent cations such
as Sr2+ [46], and Ti4+ position within TiO6 octahedra for trivalent cat-
ions such as Eu3+ [43]. Also reportedly, when Fe2+ ions were doped in
Na2Ti3O7 to locate at Ti4+ sites, they would be compensated to a higher
valence state Fe3+ according to the law of charge conservation [37]. It
can be thereby deduced that the partial turnover of Co2+ to Co3+ in STCh
is due to the compensation effect of valence state for Ti4+. Collectively,
our results confirm that in STCh, Co ions are doped at dual sites of the
monoclinic lattice, i.e., in the form of Co2+ to locate at TiO6 octahedral
interlayers for substituting Na+, and in the form of Co3+ to locate within
TiO6 octahedra for substituting Ti4+, as schematically shown in Fig. 1h,
endowing STCh with a formula of (CoyNax-yH2-x)(CozTi2-z)O5. Notably,
the incorporation of Co ions into STCh array was evaluated to have no
negative effect on its adhesion to Ti, with a Lc as high as 43.47 ± 1.11 N
(Fig. S4).

3.2. Ionic release of STCh array and its ROS scavenging capacity acting as
nanoenzyme

By immersing the STCh-arrayed discs in cell culture medium, DMEM,
up to 14 days, the ionic concentrations of the resultant media were
assessed as Fig. 2a. Visibly, the Ti ions released from STCh are quite rare,
but the Co ions released from STCh are pronounced while the Na ion
concentrations of the media decline with immersion, suggesting that
STCh array is insoluble in DMEM and its release of Co carries out via
ionic exchange with Na in DMEM. Correspondingly, the immersed STCh
array in DMEM for 14 days, referred to as STCh-I, does not exhibit any

change in topography (Fig. 2b) and phase (Fig. S5 and SAED in Fig. 2c),
but shows increased interplanar spacings and Na content as well as
reduced Co content (HRTEM and elemental mapping images in Fig. 2c
and Table S5) compared to STCh. To identify which kind(s) of Co2+ and/
or Co3+ to be released, XPS scan of Co 2p peak was reconducted on STCh-
I, showing that the atomic percentage of Co2+ relative to total Co ions
decreases to 39 % while that of Co3+ increases to 61 % (Fig. 2d)
compared to those of STCh (Fig. 1g), indicating that the released Co ions
are primarily Co2+ leading to an increased Co3+/Co2+ atomic ratio in
STCh-I crystal lattice. Given that the Eu3+ doped within the TiO6 octa-
hedra of ST are hard to release owing to the high bond energy of Eu3+-O
[43], our results (Fig. 2a–d) indicate that the Co2+ doped at TiO6 octa-
hedral interlayers release out of STCh lattice spontaneously via ionic
exchange with Na+ in DMEM while the Co3+ doped within TiO6 octa-
hedra release out hardly, as schematically shown in Fig. 2e. This ex-
change of Co2+ with Na+ is deemed to be attributed to low bond energy
of Co2+-O relative to Co3+-O [47] and to be derived by the Co2+-induced
high lattice distortion energy.

Prolonged excessive ROS in peri-implant milieu are known to sustain
MΦs in M1 phenotype, harmful to osteogenesis, while native enzymes
SOD and CAT scavenge •O2− and H2O2, respectively [37]. Next, we
examined the ROS-scavenging capacities of ST, STCh and STCh-I arrays,
together with insoluble Co2O3-coated Ti, by immersing them in the test
solutions of •O2

− -contained nitro blue tetrazolium formazan,
H2O2-contained ammonium molybdate, and ethanolic DPPH (used for
detecting total ROS including •O2

− , H2O2, •OH, 1O2, •O2
2− , etc.),

respectively; also employing the plain test solutions (namely BLANKs),
the test solutions supplemented with Co2+ in dose equal to that released
from STCh for 14 days (namely SUPPL-Co2+) as controls. Notably,
SUPPL-Co2+, Co2O3 lattice-fixed Co3+ and ST array are shown to be
solely lack of the ROS-scavenging capacity in details to remove •O2−

(Fig. 2f), H2O2 (Fig. 2g) and total ROS (Fig. 2h) compared with corre-
sponding BLANKs. However, STCh co-doped with Co2+ at octahedral
interlayers and Co3+ within octahedra behaves as both SOD and CAT,
exhibiting a considerable ROS-scavenging effect, and this effect is
further enhanced with solution immersion as evidenced by STCh-I
(Fig. 2f–h), owing to the increased atomic ratio of Co3+ to Co2+ in the
solution-immersed STCh (e.g., STCh-I) crystal lattice.

It is given that the Fe3+-Fe2+ or Mn4+-Mn2+ doped titanates and
Ce4+-Ce3+ doped titania act as SOD- and CAT-like enzymes, due to the
strong charge transfer of these valence-mixed ion pairs [37–39].
Inspired by the catalytic equations of above mimetic enzymes, based on
Fig. 2f–h depicted results, we deduce that our Co2+ and Co3+ co-doped
STCh array removes •O2

− likely according to Equations (1) and (2), and
removes H2O2 likely according to Equations (3) and (4), acting as a
novel SOD- and CAT-like nanoenzyme for ROS scavenging.

•O2
− + 2Co3+ = 2Co2+ + O2 + H+ (1)

2Co2+ + 2H+ + O2 = 2Co3+ + H2O2 (2)

H2O2 + 2Co3+ + 2OH− = 2Co2+ + 2H2O + O2 (3)

H2O2 + 2Co2+ = 2Co3+ + 2OH− (4)

3.3. STCh array-derived neural differentiation of MSCs

Co2+ ions are shown to have dose-dependent toxicity to bone-
associated cells [41,48]. To this concern, we tested the cytocompati-
bility of STCh array using BMSCs, MΦs and HUVECs, showing that STCh
array exhibits the viability and proliferation of these cells identical to
TCP and pure Ti, and the dose of Co2+ ions released from STCh array
does not induce cytotoxicity to MΦs, BMSCs and HUVECs (Fig. S6).

To explore the effect of STCh on BMSC differentiation into neuron or
Schwann cell, BMSCs seeded on TCP and incubated in the culture me-
dium supplemented with Co2+ in concentration identical to that
released from STCh at corresponding incubation time (namely TCP +
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Co2+) was selected as a control, together with BMSCs seeded on TCP and
incubated in the culture medium supplemented with NGF and bFGF
(namely TCP + NGF + bFGF) as a positive control for neuron [9] or
forskolin and bFGF (namely TCP + Forskolin + bFGF) as a positive
control for Schwann cell [49].

As shown in Fig. 3a1, the BMSCs on TCP stimulated by NGF and bFGF
highly express neuron specific markers β–III–Tubulin and NeuroD1 at
mRNA level. Similarly, STCh array elicits the BMSCs seeded on it to

considerably express β–III–Tubulin and NeuroD1 higher than TCP +

Co2+ and far higher than ST array at gene (Fig. 3a1) and protein (Fig. 3b
and S7a) levels. Moreover, the BMSCs cultured on STCh for 72~168 h
reveal neuronal shape as featured by neurites (arrows-marked), but nor
do the BMSCs on ST (Fig. 3b). Next, we identified the type of neurons
differentiated from BMSCs. The BMSCs on STCh array are shown to
differentiate into both sensory and sympathetic neurons over time, with
markers CGRP and SP specific for sensory neurons (Fig. 3c) as well as TH

Fig. 3. Responses of the BMSCs seeded on ST and STCh arrays at given culture time points. (a1) mRNA expressions of β-III-Tubulin and NeuroD1 together with
(a2) mRNA and protein levels of transcriptional factor HIF-1α by the committed BMSCs. (b) Fluorescence staining images (merged) of β-III-Tubulin (green) and nuclei
(blue) within the committed BMSCs (The yellow arrows marked the neuronal shape as featured by neurites). (c) CGRP and SP, (d) Lmx1b and TH, (e1) GFAP and S100
mRNA expressions, together with (e2) protein expressions of transcriptional factor STAT3, phosphoralyted STAT3 (pSTAT3) and the corresponding fold ratio of
pSTAT3/STAT3 by the committed BMSCs. (f) Fluorescence staining images (merged) of GFAP (red) and nuclei (blue) within the committed BMSCs. Data are pre-
sented as mean ± SD, n = 3, *p < 0.05, **p < 0.01.
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Fig. 4. Responses of the MΦs seeded on ST and STCh arrays at given culture time points. (a) mRNA expressions of CD86 and iNOS as well as CD206 and Arg1 by
the MΦs seeded on the arrays, together with on TCP + Co2+ as a control. (b) mRNA expressions of HIF-1α by the MΦs seeded on the arrays. (c) Intracellular ROS
fluorescence staining images of the MΦs seeded on the arrays, and corresponding statistics of fluorescence intensities. (d) mRNA expressions of PTGES (synthase gene
of PGE2), NGF and Nrg1, secretions of (e) PGE2, NGF and Nrg1 as well as (f) VEGF-A and BMP2 by the MΦs seeded on the arrays. Data are presented as mean ± SD, n
= 3, *p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001, and NS: no significance.
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Fig. 5. Responses of the BMSCs seeded on transwell permeable membrane (TPM) to MΦs adhered on ST and STCh arrays in co-culture model at given
incubation time points. (a1) mRNA expressions of β-III-Tubulin, NeuroD1 and (a2) mRNA and protein levels of transcriptional factor HIF-1α by the BMSCs that were
recruited onto TPM bottom side and then committed. (b) Fluorescence staining images (merged) of β-III-Tubulin (green) and nuclei (blue) within the committed
BMSCs onto TPM bottom side (The yellow arrows marked the neuronal shape as featured by neurites). mRNA expressions of (c) CGRP and SP, (d) Lmx1b and TH, (e1)
GFAP, S100 and (e2) protein expressions of pSTAT3 and transcriptional factor STAT3 together with corresponding fold ratios of pSTAT3 versus STAT3 by the
committed BMSCs onto TPM bottom side. (f) Fluorescence staining images (merged) of GFAP (red) and nuclei (blue) within the committed BMSCs onto TPM bottom
side. (g) mRNA expressions of Runx2, Osterix and Osteocalcin by the committed BMSCs onto TPM bottom side. Data are presented as mean ± SD, n = 3, *p < 0.05,
**p < 0.01.
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and Lmx1b specific for sympathetic neurons (Fig. 3d) lower than those
expressed by TCP + NGF + bFGF-stimulated BMSCs, but higher than
those expressed by TCP + Co2+-stimulated BMSCs and far higher than
those expressed by the BMSCs on ST array. These results indicate that
STCh array can directly stimulate differentiation of BMSCs into neurons,
especially sensory and sympathetic neurons, ascribing to the dual
stimuli of the released Co2+ predominantly and the nanotopographic
effect quite weakly.

As shown in Fig. 3e1, the BMSCs on TCP stimulated by forskolin and
bFGF highly express Schwann cell specific markers GFAP and S100 at
mRNA level. Likewise, STCh array triggers the adhered BMSCs to
apparently express these specific markers higher than TCP + Co2+ and
much higher than ST array at mRNA (Fig. 3e1) and protein (Fig. 3f and
S7b) levels. Moreover, the BMSCs cultured on STCh array for 24~168 h
gradually exhibit an elongated bipolar shape that is unique for Schwann
cells [50], and this shape feature is much more visible than that of the
BMSCs cultured on ST at each culture time (Fig. 3f). These results
indicate that STCh array can directly stimulate differentiation of BMSCs
into Schwann cells, ascribing to the released Co2+ predominantly and
the nanotopographic effect weakly. Notably, the nanorod-like topog-
raphy plays a slightly obvious role in Schwann cellular differentiation
relative to neuronal differentiation, in spite of the role being weak.

To clarify why STCh array stimulates BMSCs to differentiate into both
neurons and Schwann cells more pronouncedly than ST array, the
transcriptional factors HIF-1α and STAT3 in the committed BMSCs on
STCh and ST were assayed. Visibly, STCh array stimulate BMSCs to ex-
press HIF-1α at both gene and protein levels (Fig. 3a2 and S8), pSTAT3 at
protein level (Fig. 3e2) higher than TCP + Co2+ and far higher than ST
array. Highly expressed HIF-1α was reported to mediate the enhanced
expression of miR-124a in BMSCs, which downregulates anti-neural
small C-terminal phosphatase 1 (SCP1) and SRY-box transcription fac-
tor 9 (SOX9), promoting neuronal differentiation of BMSCs [51].
Concomitantly, HIF-1α encodes β–III–Tubulin [52] and NeuroD1 [53],
leading to their expressions. Also, highly expressed pSTAT3 was proven
to mediate the enhanced expression of miR-21 in MSCs, which down-
regulates SOX2, promoting MSCs to differentiate into Schwann cells
[54]. Concomitantly, pSTAT3, SMAD1 and the transcriptional coac-
tivator p300/CBP form a complex, inducing transcriptions and thereby
expressions of GFAP and S100 [55]. Radically, cellular hypoxia medi-
ates HIF-1α expression [56] and STAT3 phosphorylation [57], while
Co2+ can incur cellular hypoxia [56]. Thus, our STCh array can upre-
gulate HIF-1α expression (Fig. 3a2 and S8) and enhance STAT3 phos-
phorylation (Fig. 3e2) via releasing Co2+ (Fig. 2a), deriving BMSCs to
differentiate into neurons that express β–III–Tubulin and NeuroD1
(Fig. 3a1), and Schwann cells that express GFAP and S100 (Fig. 3e1),
respectively.

3.4. STCh array-derived macrophage responses

Based on the specific cytokines CD86/iNOS for M1mark and CD206/
Arg-1 for M2 mark [1], MΦ phenotype response to STCh array was
assayed along with ST array and TCP + Co2+ by qRT-PCR (Fig. 4a) and
flow cytometry (Fig. S9). MΦs conditioned by TCP + Co2+, i.e., seeded
on TCP and stimulated by Co2+ with dose equal to that released from
STCh at corresponding culture time, express CD86 and iNOS highly but
CD206 and Arg-1 rarely over culture of 6~168 h, being pronouncedly
polarized to M1 phenotype in a Co2+ dose-dependent manner. However,
ST array triggers MΦs to express CD86 and iNOS visibly at 6 h but
damply since 24 h, and so conversely do CD206 and Arg-1, indicating ST
array induces MΦs in M1 response at 6 h and in M2 response since 24 h,
owing to the physical stimulus of nanorod-like topography [1].
Compared to TCP + Co2+ and ST, STCh array is evidenced to evoke the
adhered MΦs in M1 response prior to 72 h and in M2 response thereafter
(Fig. 4a and S9), which may be contributed to the nanorod-like topog-
raphy, and overriding chemical stimuli of STCh array-released Co2+ and
-derived nanoenzyme effect.

Regarding the underlying mechanisms, besides the topographic ef-
fect of nanorods onMΦ phenotype as given in our previous work [1], the
released Co2+ from STCh was tested to evoke MΦs expressing the tran-
scription factor HIF-1α more pronouncedly than ST array (Fig. 4b),
while HIF-1α high expression is proven to elevate inducible NO synthase
and thus induce M1 polarization of MΦs [58]. Moreover, STCh array acts
as SOD- and CAT-like enzyme with an extracellular ROS-scavenging
effect, and the effect is gradually enhanced with immersion in media
(Fig. 2f–h). This extracellular ROS-scavenging has been demonstrated to
activate the transcription factor STAT6 of MΦs, mediating their polari-
zation towards M2 phenotype [59]. Given M1 MΦs intrinsically
revealing a high level of intracellular ROS in contrast to M2 MΦs [60],
the examined result that the intracellular ROS level of MΦs on STCh
array appears pronounced at 24 h and attenuated at 72 h with level as
low to undetectable as that of MΦs on ST (Fig. 4c), further supports the
role of STCh array as a nanoenzyme in the regulation of M1-to-M2
phenotype transition.

Given the role of PGE2/NGF in promoting neuronal [30–32] and
NGF/Nrg1 in boosting Schwann cellular [16,36] differentiation of
BMSCs, the secretion profiles of these neurogenic factors by MΦs seeded
on STCh array were examined. STCh array triggers MΦs to more pro-
nouncedly express PTGES (synthase gene of PGE2) and NGF (Fig. 4d)
and secrete PGE2 and NGF compared to ST array (Fig. 4e), with secretion
declining for PGE2 and enhancing for NGF over culture time of 24~168
h. Moreover, Nrg1 secretions by MΦs on STCh and ST arrays tend to
increase (Fig. 4e) following its expressions (Fig. 4d) with culture; how-
ever, post 72 h, STCh elicits MΦs to secrete more Nrg1 than ST. In
combination of Fig. 4a with e, it is indicated that STCh array can stim-
ulates MΦs to considerably secrete neurogenic factors PGE2, NGF and
Nrg1 in a MΦ phenotype-dependent manner, consistent with elsewhere
reported — M1 MΦs secreting PGE2 and NGF [24–26,61], M2 MΦs
secreting NGF and Nrg1 [24,25,33]. In addition, STCh array was also
detected to trigger MΦs to secrete angiogenic factor VEGF-A and oste-
ogenic factor BMP2 in a MΦ phenotype-dependent manner, i.e. M1 MΦs
secreting VEGF-A and M2 MΦs secreting BMP2 (Fig. 4f), consistent with
the finding drawn on ST array in our previous work [1].

3.5. Neural and osteogenic differentiation of MSCs derived by STCh array
released Co2+ and conditioned MΦs in vitro

Inspired by our result that STCh array can stimulate differentiation of
BMSCs into neurons (Fig. 3a1) and Schwann cells (Fig. 3e1) predomi-
nantly via releasing Co2+ but also stimulate MΦs to secrete neurogenic
factors PGE2, NGF and Nrg1 (Fig. 4e), we further assayed the neurogenic
responses of BMSCs to both STCh-released Co2+ and the neurogenic
factors secreted by STCh-conditioned MΦs via transwell co-culture
model (i.e., BMSCs co-cultured with MΦs seeded on the arrayed discs,
schematically as Fig. S10). In terms of β–III–Tubulin and NeuroD1 ex-
pressions at gene (Fig. 5a1) and protein (Fig. 5b and S11a) levels as well
as neurites-featured cellular shape, STCh array exhibits a higher ability
to promote neuronal differentiation of BMSCs than ST array in the co-
culture model. Notably, both the arrays evoke BMSCs to differentiate
into neurons more pronouncedly in the co-culture case compare to the
mono-culture case (Fig. 3a1 and b). Regarding the neuronal type, based
on the gene expressions of CGRP/SP (Fig. 5c) and TH/Lmx1b (Fig. 5d),
BMSCs are derived to differentiate into more sensory neurons by both
STCh and ST arrays, andmore sympathetic neurons by ST array in the co-
culture case compare to the mono-culture case (Fig. 3c and d). In the co-
culture model, however, STCh array renders BMSCs to differentiate into
more sensory neurons but less sympathetic neurons than ST array. In
light of GFAP and S100 expressions at mRNA (Fig. 5e1) and protein
(Fig. 5f and S11b) levels as well as elongated bipolar shape, STCh array is
shown to also promote differentiation of BMSCs into Schwann cells more
obviously compare to ST array in the co-culture case, and both the arrays
evoke BMSCs to differentiate into Schwann cells more pronouncedly in
the co-culture case compare to the mono-culture case (Fig. 3e1 and f).
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These results indicate a much stronger role of the neurogenic factors
secreted by STCh-conditioned MΦs than the STCh-released Co2+ in
promoting neuronal and Schwann cellular differentiation of BMSCs.
Thereby, the expected strategy that promote neural differentiation of
MSCs without loading exogenous neurotrophins in implants for nerve
regeneration, may be feasible via modulating endogenous MΦs by STCh-
arrayed implants.

To clarify why STCh array promotes neural differentiation more
strongly in the co-culture case, the gene and protein expressions of
transcriptional factors HIF-1α and STAT3 in the committed BMSCs were
assayed as Fig. 5a2, S12, and 5e2. As known, STCh array can stimulate
MΦs to secrete neurogenic factors PGE2, NGF and Nrg1 (Fig. 4e). Besides
STCh-released Co2+, PGE2 and NGF were reported to individually
enhance HIF-1α expression via the PGE2 receptor 2 (EP2)-dependent
pathway [62,63] and NGF-TrkA pathway [64], respectively; their

synergistic actions induce BMSCs to more strongly express HIF-1α in the
co-culture case (Fig. 5a2 and S12) compare to the mono-culture case
(Fig. 3a2 and S8), and consequently promote neuronal differentiation
via miR-124a/SCP1/SOX9 pathway [51] as mentioned in Section 3.3.
Different fromNGF that was reported to promote differentiation of MSCs
into both sensory and sympathetic neurons [2], PGE2 was demonstrated
to promote differentiation of MSCs into sensory neurons but inhibit their
differentiation into sympathetic neurons both through the PGE2 receptor
4 (EP4)-CREB pathway [61,65,66]. Also, Nrg1 was demonstrated to
inhibit differentiation of MSCs into sympathetic neurons through
downregulating TH, given that TH could mediate sympathetic neurons
from MSCs through activating the ERK/JNK pathway [67]. As shown in
Fig. 4e, STCh array triggers MΦs to secrete more PGE2 and NGF
compared to ST array from 24 to 72 h, while post 72 h STCh elicits MΦs
to secrete more NGF and Nrg1 than ST in spite of the declined secretion

Fig. 6. Characterization of nerve fibers and blood vessels within the tissues surrounding the ST and STCh arrayed pillars implanted in rat bone marrow.
Fluorescent staining of (a) nuclei (blue), β-III-Tubulin (green) and CD31 (red) adjacent to PRS at 1, 3, and 7 d of implantation as well as quantified fluorescence
intensities. Yellow and white arrows indicate sensory nerve fibers and vessels, respectively. (b) nuclei (blue), SP (yellow), TH (pink) adjacent to PRS at 1, 3, and 7 d of
implantation as well as quantified fluorescence intensities. Yellow and white arrows indicate sensory nerve fibers and sympathetic nerve fibers, respectively. (c)
Fluorescent staining images (merged) of nuclei (blue) as well as CD31 (red) and Emcn (green) marked vessels adjacent to PRS at 7 d, together with quantified
fluorescence intensities of CD31 and Emcn. (d) Micro-CT reconstructed 3D angiography images of capillaries around ST and STCh coated pillars at 14 d post-
implantation, and quantitation of vascular volume and vascular surface area. Data are presented as mean ± SD, n = 4, *p < 0.05, **p < 0.01, ***p < 0.001.
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of PGE2. The temporally enhanced secretions of PGE2 and Nrg1, over-
lapping the sustained enhanced secretion of NGF, by STCh-conditioned
MΦs compared to ST-conditioned MΦs, result in STCh array to promote
BMSCs to differentiate into more sensory neurons but less sympathetic
neurons than ST array in the co-culture case. On the other hand, NGF
and Nrg1 were reported to individually induce pSTAT3 activation [68,
69], consequently their synergistic actions induce BMSCs to more
strongly enhance pSTAT3 expressions in the co-culture case (Fig. 5e2)
compare to the mono-culture case (Fig. 3e2), and thus promote Schwann
cellular differentiation via miR-21/SOX2 pathway [54] as mentioned in
Section 3.3.

Also, we assayed the action of STCh array on osteogenic differenti-
ation of BMSCs in the co-culture model along with ST array. In light of
the mRNA expressions of Runx2, Osterix and Osteocalcin in the
committed BMSCs (Fig. 5g), STCh array is shown to foster osteoblastic
differentiation of BMSCs compared to ST array. Reportedly, Co2+ in the
concentration range of 1~5 ppm could promote osteogenic differenti-
ation of MSCs [41], and so did MΦs-secreted cytokines such as PGE2,
NGF, VEGF-A and BMP2 [1,4,6,7]. Correspondingly, our results show
that the STCh-released Co2+ concentrations at the given time points
(Fig. 2a) fall in this range, and STCh array-conditioned MΦs secrete a
totally higher amount of cocktail containing PGE2, NGF, VEGF-A and
BMP2 than ST array-conditioned MΦs (Fig. 4e and f), which lead to the
enhanced osteoblastic differentiation of BMSCs as derived by STCh array

compared to ST array in the co-culture model.

3.6. In vivo neural network reconstruction, type-H capillary formation
and bone-implant integration of STCh-arrayed pillar

STCh and ST arrayed pillars were implanted in the femoral marrow
cavities of S-D rats for a series of periods to assay the cellular responses,
formation of nerve fibers and blood vessels within the temporary tissues
around the pillars and subsequent de novo bone apposition on the pillars.
It is known that β-III-Tubulin specifically stems from neuron distributing
over its sphere-like cell body and fibrous neurites [3], while CD31
specifically stems from ECs [70]. At early stage post-implantation of the
pillars, the immunofluorescence staining images of β-III-Tubulin, CD31
and DAPI-stained nuclei within the tissue sections adjacent to PRS are
shown in Fig. 6a. On day 1, around ST array although a number of
diverse cells appear, β-III-Tubulin green dots are weak in fluorescence
intensity and spare, while CD31 red dots are almost invisible; around
STCh array, however, both β-III-Tubulin and CD31 dots increase in in-
tensity and number compared with those around ST array. This result
indicates that neurons appear prior to ECs, and STCh array display a
much stronger role in promoting neuronal differentiation of endosseous
BMSCs than ST. With extending implantation to day 3 and further to day
7, β-III-Tubulin and CD31 dots around both ST and STCh become pro-
nounced and then gradually arrange in fiber/belt, respectively,

Fig. 7. Characterization of newly formed bone surrounding ST and STCh arrayed pillars implanted in rat bone marrow for 6 weeks. (a) Micro-CT recon-
structed images of newly formed bone around the pillars, and corresponding quantification of BV/TV, Tb. N and Tb. Sp. (b) VG staining images of newly formed bone
surrounding the pillars (BM: bone marrow; NB: newly formed bone). (c) Statistics of BIC ratios based on (b). (d) Polychrome sequential fluorescent labeling images to
show the formation process of new bone around the pillars: TE-labeled early Ca2+-rich matrix, AL-labeled ensuring amorphous mineral, and CA-labeled subsequently
crystallized mineral, together with (e) statistics of TE-, AL- and CA-labeled fluorescence areas, respectively. (f) Push-out forces of the arrayed pillars. Data are
presented as mean ± SD, n = 6, *p < 0.05, **p < 0.01, and NS: no significance.
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indicating the gradual formation of nerve fibers and later capillaries.
Notably on day 7, the nerve fibers display two spatial orientations
relative to capillaries. In details, a more part of nerve fibers parallel to
capillaries (yellow-arrow marked) and a few parts of nerve fibers
intertwining capillaries (white-arrow marked) present around STCh
array, while nerve fibers with opposite parts present around ST array. To
identify neuronal type, we further stained sensory neuron-specific
marker SP, and sympathetic neuron-specific TH in the tissue sections
adjacent to PRS, as shown in Fig. 6b. Clearly, from day 1 to day 7 of
implantation, SP yellow dots and TH pink dots around both ST and STCh
arrays become pronounced in intensity and number; however, STCh
array gives raise to the surrounding nerves with more sensory type than
sympathetic type, while ST array renders the surrounding nerves with
more sympathetic type than sensory type. In combination of Fig. 6a with
b, it is suggested that sensory nerve fibers are parallel to and sympa-
thetic nerve fibers wrap capillaries, consistent with the spatial orienta-
tions between nerves and blood vessels reported elsewhere [3,4].
Collectively, compared with ST array, STCh array displays a much
stronger role in promoting neurogenesis, with more sensory type than
sympathetic type; it also promotes angiogenesis both in vitro and in vivo
(Fig. S13, CD31-stained images of Fig. 6a on day 7). In particular the
formation of type-H capillaries as identified by high expressions of both
CD31 and Emcn (Figs. S13b, e, and f as well as Fig. 6c taken on day 7).
Panoramically, the peri-implant capillaries are much pronounced for
STCh-arrayed pillar compared to ST-arrayed pillar (Fig. 6d taken on day
14).

Next, we examined the osteogenic ability of STCh-arrayed pillar at
week 6 together with ST-arrayed pillar. Micro-CT images show that STCh
induces more pronounced new bone formation compared to ST, vali-
dated by the quantitation of bone volume/total volume (BV/TV),
trabecular number (Tb. N), and trabecular separation (Tb. Sp) within the
ring region of 50 μm in width around the pillars (Fig. 7a). VG staining
images demonstrate that STCh induces a thicker layer of new bone to
deposit directly on its surface with a bone-to-implant contact (BIC) ratio
compared to ST (Fig. 7b and c), indicating an improved osseointegration
of STCh. Furthermore, the formation process of new bone around STCh-
and ST-arrayed pillars was demonstrated by labeling the bone matrix
sequentially with tetracycline hydrochloride (TE) at week 1, Alizarin red
S (AL) at week 3 and calcein (CA) at week 5. In general, following the
secretion of collagen fibrils by osteoblasts, bone matrix mineralization
undergoes a series of steps: initial formation of amorphous Ca–P com-
plexes that can be labeled by TE [71], subsequent crystallization of the
amorphous Ca–P complexes into small-sized and low-ordered apatite
crystals which can be labeled by AL [72], and then fusing to large-sized
and high-ordered apatite crystal plates which can be labeled by CA [73].
Furthermore, the push-out force of STCh-arrayed pillar is ~120 N, 1.3
times greater than that of ST-arrayed pillar (Fig. 7f). Taken together, as
confirmed by Fig. 7d, e and f, STCh significantly accelerates the miner-
alization of its surrounding newly formed bone matrix at each of the
steps, and promotes the formation of mineralized bone matrix compared
to ST.

On the advantage of STCh-derived peri-pillar tissues and osseointe-
gration over those derived by ST, we present discussions as follows.
Osseointegration of implants is known to be formed via inducing de novo
bone apposition on their surfaces [1]. The de novo bone formation not
only involves the interactions of cells such as MΦs, MSCs and ECs in
order [1], but also is recently found to be innervated by endosseous
sensory and sympathetic nerves as essential upstream regulators of
vascularization and osteogenesis [2,6]. Our results show that in a
stimulated body fluid (such as DMEM), Co2+ and Co3+ co-doped STCh
array, on one hand spontaneously releases Co2+ out of its lattice and
detains Co3+ within its lattice (Fig. 2a–e), on the other hand acts as a
nanoenzyme to scavenge ROS, and this ROS scavenging effect is further
enhanced with immersion (Fig. 2f–h) owing to the increased Co3+/Co2+

ratio in its resultant lattice. Via releasing Co2+, STCh array is shown to
upregulate HIF-1α expression (Fig. 3a2) and enhance STAT3

phosphorylation (Fig. 3e2), deriving BMSCs to differentiate into neurons
(Fig. 3a1 and b) and Schwann cells (Fig. 3e1 and f), respectively.
Furthermore, contributed to the overriding chemical stimuli of the
released Co2+ and later the nanoenzyme-derived ROS scavenging, STCh
array is shown to evoke MΦs in M1 response prior to 72 h and in M2
response thereafter (Fig. 4a), while ST array induces MΦs in M1
response at 6 h and in M2 response since 24 h owing to the physical
stimulus of nanorod-like topography. The arrays-conditioned MΦs were
observed to considerably secrete neurogenic factors PGE2, NGF and
Nrg1 as well as angiogenic VEGF-A and osteogenic BMP2 in a MΦ
phenotype-dependent manner, i.e., M1 cells secrete PGE2, NGF and
VEGF-A while M2 cells secrete NGF, Nrg1 and BMP2 (Fig. 4a–e, f).
Under the synergistic actions of STCh-released Co2+ and the neurogenic
factors secreted by STCh-conditioned MΦs in vitro, STCh array is shown
to promote neuronal (Fig. 5a1 and b) and Schwann cellular (Fig. 5e1 and
f) differentiation of BMSCs more pronouncedly compared to ST array; in
particular, STCh array renders BMSCs to differentiate into more sensory
neurons (Fig. 5c) but less sympathetic neurons (Fig. 5d) than ST array.
This in vitro result on neural differentiation of BMSCs is in agreement
with and account for the endosseous neuronal differentiation of MSCs
and subsequent formation of nerve fibers (Fig. 6a), and in particular the
in vivo result that STCh array gives raise to the surrounding nerves with
more sensory type than sympathetic type and so conversely does ST
array (Fig. 6b). Reportedly, Co2+ could promote the expression of
HIF-1α and its downstream VEGF-A in ECs, promoting angiogenesis
[56]. M1 MΦs-secreted PGE2 [28], VEGF-A [56] and M2 MΦs-secreted
BMP2 [1] could promote angiogenesis. Most Importantly, early regen-
erated nerves-secreted CGRP and SP are given to promote angiogenesis
[4,5]; in particular, CGRP has been recently found to promote the for-
mation of type H vessels [74]. Benefiting from the synergistic effects of
Co2+ and the aforementioned inducible factors, the capillaries and in
particular type-H capillaries stimulated by STCh array are enhanced
both in vitro (Fig. S13) and in vivo (Fig. 6c and d). Regarding osteo-
genesis, besides Co2+ [41] and MΦs-secreted cytokines PGE2, NGF,
VEGF-A and BMP2 [1,4,6,22,25], sensory nerve-secreted CGRP, SP and
NGF [2,4,6] as well as sympathetic nerve-secreted VIP [2] were also
reported to play important promoting roles. These cues derived by STCh
array lead to the enhanced osteoblastic differentiation of BMSCs
(Fig. 5g) as mentioned in Section 2.5, which in combination with the
type-H capillaries that further secrete pro-osteogenic factors such as
VEGF-A and BMP2 [1], orchestrate the consequent new bone formation
and osseointegration to be more pronouncedly enhanced around
STCh-arrayed pillar compared to ST-arrayed pillar (Section 3.5).

3.7. Phagocytosis of the arrays-conditioned MΦs on S. aureus in vitro and
in vivo

Bacterial infection occurs frequently during implantation, leading to
osteomyelitis and serious consequences, thereby implants are required
to have a direct (e.g., loading antibacterial ions) or immune bacteria-
killing activity at early stage [75]. Given that Co2+ has a
dose-dependent bacteria-killing ability [76], we assayed the bacteria on
Ti incubated in DMEM supplemented with Co2+ in dose equal to that
released from STCh on day 1 (1.08 ppm, Fig. 2a), along with bacteria on
Ti incubated in DMEM, using Spread plate method (SPM). Notably, the
viable bacteria in both cases are similar in number (Fig. S14), which is
attributed to the fact that the Co2+ released from the array fell signifi-
cantly below the minimum bacterial concentration of Co2+ (400 ppm)
[77], excluding the contribution of the Co2+ dose released from STCh to
antibacterial function. Alternatively, MΦs are known to be able to clear
bacteria via phagocytosing in M1 phenotype but lack of the ability in M2
phenotype [75]. To this end, the phagocytosis of S. aureus by the
arrays-conditioned MΦs was assayed in vitro, using SPM via culture of
the S. aureus phagocytosed in the MΦs conditioned by ST and STCh,
along with culture of the S. aureus phagocytosed in the MΦs conditioned
by ST supplemented with LPS (namely ST + LPS) and ST supplemented
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Fig. 8. In vitro and in vivo phagocytosis of S. aureus by the arrays-conditioned MΦs, and formation of new bone surrounding ST and STCh arrayed pillars in
S. aureus-infected rat bone marrow. (a) Optic photographs and statistics of bacterial colonies on agar plates, obtained from culture of the S. aureus phagocytosed in
the MΦs conditioned by ST and STCh along with ST + LPS (positive control) and ST + IL-4 (negative control) for 24 h. (b) TEM and (c) fluorescence staining images of
the arrays-conditioned MΦs containing bacteria; in (b), blue and white arrows indicating MΦ nuclei and bacteria, respectively; in (c), MΦ F-actin being stained in red
and S. aureus being stained in green. (d) Optic photographs of S. aureus colonies by rolling the 3 days-implanted ST and STCh coated pillars on blood agar plates and
re-culturing for 24 h, together with the corresponding antibacterial rates; ST + LPS and ST + IL-4, i.e., ST-coated pillars being inserted into rat femoral shafts
followed by injection of PBS containing LPS and IL-4, respectively. (e) Giemsa staining images of peri-implant tissues at days 1, 3, and 7 of implantation (red arrows
indicating bacteria), and quantification of bacteria within the tissues. (f) Fluorescent staining images of nuclei (blue), Arg1 (green), and CCR7 (red) adjacent to PRS,
together with the corresponding quantified fluorescence intensities of Arg1 and CCR7. (g) Micro-CT reconstructed images and (h) VG staining images of new bone
around the pillars implanted for 6 weeks, and quantification of BV/TV, Tb. N and Tb. Sp based on (g) as well as statistics of BIC ratios based on (h). Data are presented
as mean ± SD, n = 4, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and NS: no significance.

X. Cai et al.



Bioactive Materials 42 (2024) 1–17

15

with IL-4 (namely ST + IL-4) as controls, based on that MΦs evoked by
LPS are M1 while stimulated by IL-4 are M2 [58]. The spread plate
method (SPM)-tested photographs of bacterial colonies in Fig. 8a show
that the STCh-conditioned MΦs possess the ability to engulf S. aureus
roughly similar to the ST+ LPS-conditioned MΦs, and much higher than
the MΦs conditioned by ST and ST + IL-4, owing to the distinct polar-
ization phenotypes of MΦs derived by STCh (mainly M1) and ST (mainly
M2) within 24 h (Fig. 4a). This efficiency was further identified by TEM
(Fig. 8b) and fluorescence staining (Fig. 8c) analyses of the
arrays-conditioned MΦs that engulf S. aureus. Compared to the
ST-conditioned MΦs, the STCh-mediated MΦs uptake more S. aureus
(white arrow marked in Fig. 8b) and internalize them adjacent to actin
fibers of MΦs (Fig. 8c). These internalized bacteria have been demon-
strated to firstly locate within phagosomes and keep alive, then to be
transported to lysosomes for lysosomal degradation and eventually
cleared [78].

We further implanted ST- and STCh-arrayed pillars into S. aureus-
infected femoral marrow cavities of S-D rats for 7 days to assess the
phagocytosis of S. aureus by arrays-conditioned MΦs and their mediated
MΦ polarization in vivo. The numbers of S. aureus adhered to the arrayed
pillars and within peri-implant tissues were measured by rolling the
pillars on blood agar plates and re-culturing for 24 h, and Giemsa
staining of the tissue sections adjacent to PRS, respectively. At day 3 of
implantation, the S. aureus adhered on the implanted pillars exhibit a
decrease in number following ST + IL-4 > ST > STCh > ST + LPS
(Fig. 8d), inversely proportional to the bacteria phagocytosed by the
pillars-conditioned MΦs in vitro (Fig. 8a), suggesting that STCh array
may trigger immune anti-bacteria with antibacterial rate as high as 99.8
% in vivo (right panel of Fig. 8d). Correspondingly, as shown in Fig. 8e,
STCh array makes the S. aureus within the peri-pillar tissue greatly
reduce compare with ST array at each implantation time point of days 1,
3 and 7, even almost invisible at day 3 and thereafter. To validate the
origin of immune anti-bacteria, we conducted the immunofluorescence
staining of the tissue sections adjacent to PRS obtained at days 1, 3 and 7
of implantation, focusing on staining phenotypic markers CCR7 (specific
for M1 MΦs) and Arg-1 (specific for M2 MΦs) together with cellular
nuclei. Visibly, the MΦs within the tissue surrounding STCh-arrayed
pillar express CCR7 highly and Arg-1 lowly (CCR7highArg-1low) on day 1,
while express CCR7lowArg-1high on day 7 (Fig. 8f). This may be attrib-
uted to the STCh-released Co2+ induced M1 polarization of MΦs on day
1, resulting in engulfing S. aureus and consequently clearing S. aureus
within peri-STCh tissue later (Fig. 8e); the displayed M2 polarization of
MΦs on day 7 is likely attributed to the role of STCh nanoenzyme in
scavenging ROS within local inflammatory environment, as supported
by Fig. 4a–c. By contrast, the MΦs within the tissue surrounding ST-
arrayed pillar express CCR7highArg-1low on day 7 (Fig. 8f). This may
be attributed to the S. aureus infection (such as secreting LPS) induced
M1 polarization of MΦs, leading to their phagocytosis of bacteria and
consequently significant decrease of S. aureus within peri-ST tissue on
day 7 (Fig. 8e).

The results depicted in Fig. 8a–f demonstrate that STCh array can
intensely trigger MΦs for immune anti-bacteria in S. aureus-infected
femur of S-D rats at early stage and thereafter transit MΦs into pro-
healing phenotype quickly. Owing to these effects, the STCh-arrayed
pillar was examined to show good osteogenic (Fig. 8g) and osseointe-
grative (Fig. 8h) abilities in S. aureus-infected femoral marrow cavities of
S-D rats, which are slight low than those presented in uninfected case
(Fig. 7a and b), but significantly higher than those presented by the ST-
arrayed pillar in S. aureus-infected case (Fig. 8g and h).

4. Conclusion

A nanorod-like array of Co2+ and Co3+ co-doped sodium hydrogen
titanate (STCh) has been fabricated on Ti. STCh array is shown to not
only spontaneously release Co2+, but also act as a novel nanoenzyme to
scavenge ROS with this effect being enhanced over immersion. In vitro,

STCh nanoenzyme array derives BMSCs to differentiate into neurons and
Schwann cells via releasing Co2+, also elicits MΦs in a strong M1
response during a short period and thereafter in M2 response via Co2+

stimulus and later ROS scavenging, leading to the conditioned MΦs to
considerably secrete neurogenic factors. Under the synergistic actions of
the Co2+ and neurogenic factors, the nanoenzyme array promotes
neuronal and Schwann cellular differentiation of BMSCs more signifi-
cantly compared to sole Co2+ stimulus. This in vitro result is consistent
with the rat endosseous neuronal differentiation of MSCs and formation
of sensory and sympathetic nerves around STCh. In rat bone, STCh
nanoenzyme reveals a strong role in accelerating neural network
(especially sensory fibers) reconstruction, angiogenesis (particularly
type-H capillaries) and subsequent osseointegration in normal case, and
a strong antibacterial effect via phagocytosis of S. aureus by MΦs and
osseointegration in infective case. Physiological neuronal functions such
as calcium spark generation will be considered in our future research. In
conclusion, this study provides a new insight into orchestrating endo-
sseous neural network reconstruction for osseointegration without
loading exogenous neurotrophins in implants.
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