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Background and Purpose: In clinical application of dental implants, the functional state of dendritic cells (DCs) has been suggested
to have a close relationship with the implant survival rate or speed of osseointegration. Although microscale surfaces have a stable
osteogenesis property, they also incline to trigger unfavorable DCs activation and threaten the osseointegration process. Nanoscale
structures have an advantage in regulating cell immune response through orchestrating cell adhesion, indicating the potential of
hierarchical micro/nanostructured surface in regulation of DCs’ activation without sacrificing the advantage of microscale topography.
Materials and Methods: Two micro/nanostructures were fabricated based on microscale rough surfaces through anodization or
alkali treatment, the sand-blasted and acid-etched (SA) surface served as control. The surface characteristics, in vitro and in vivo DC
immune reactions and B2 integrin-FAK signal expression were systematically investigated. The DC responses to different surface
topographies after FAK inhibition were also tested.

Results: Both micro/nano-modified surfaces exhibited unique composite structures, with higher hydrophilicity and lower roughness
compared to the SA surface. The DCs showed relatively immature functional states with round morphologies and significantly
downregulated B2 integrin-FAK levels on micro/nanostructures. Implant surfaces with micro/nano-topographies also triggered lower
levels of DC inflammatory responses than SA surfaces in vivo. The inhibited FAK activation effectively reduced the differences in
topography-caused DC activation and narrowed the differences in DC activation among the three groups.

Conclusion: Compared to the SA surface with solely micro-scale topography, titanium surfaces with hybrid micro/nano-topographies
reduced DC inflammatory response by influencing their adhesion states. This regulatory effect was accompanied by the modulation of
B2 integrin-FAK signal expression. The B2 integrin-FAK-mediated adhesion plays a critical role in topography-induced DC activation,
which represents a potential target for material—cell interaction regulation.

Keywords: micro/nanostructure, dendritic cell, osteoimmunology, B2 integrin-FAK signal, surface modification

Introduction

Dental implants are widely applied for the treatment of tooth loss with prominent therapeutic effects and high survival rates, as
proven by numerous 10-year studies.' Titanium (Ti) and its alloys, with good biocompatibility and suitable mechanical
properties, are the main biomedical materials used for the manufacturing of dental implants, and have been modified by
various technologies for optimizing osseointegration properties.** Following implant positioning, numerous cells participate
in implant—host interactions, and immune cells are the earliest to arrive and play critical regulatory roles during this process.’
However, as foreign objects, titanium implants initiate immune reactions to different extents, which may potentially trigger

unexpected inflammation and lead to fibrosis formation and implant rejection.® Considering that these side effects eventually
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Graphical Abstract
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cause irreversible implant failure, avoiding or transforming risks related to immune response should be considered in
biomaterial design.

After implantation, the innate and adaptive immune systems work together to build up a microenvironment around the
implant and regulate the surrounding cell behavior.” Receptors on antigen-presenting cells (APCs) such as macrophages and
dendritic cells will recognize the proteins adsorbed to the biomaterial surface and trigger phagocytosis.*® As a key type of
APCs,’ dendritic cells (DCs) present antigens and pathogens and play an important role in inducing the primary immune
response.'® In the innate immune system, DCs secrete cytokines such as IFN-y and IL-12, which can activate or modulate
other immune cells including eosinophils, macrophages, and natural killer cells."' In the adaptive immune system, DCs
display peptide-major histocompatibility complexes that select rare antigen-specific T cells and initiate immune responses,
generate cytotoxic T cells and activate B cells which perform their specific functions.'> Upon contact with pathogens and
inflammatory stimuli, DCs undergo activation and maturation to present antigens.'® Although mature DCs take part in fighting
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against tumors and pathogens, they readily give rise to an excessive inflammatory response and implant rejection. DCs can not
only initiate immune responses but also exhibit tolerogenic properties in immature states.'®> Immature DCs, deficient in cell-
surface costimulatory molecule expression, exhibit tolerogenic potential which may prolong allograft survival.'* The
tolerogenic properties of DCs are associated with T-cell anergy'> and regulatory T-cell differentiation through the secretion
of anti-inflammatory factors.'® IL-10 secreted from tolerogenic DCs has also been shown to promote the differentiation of
regulatory T cells, resulting in the suppression of inflammation and contributing to tissue healing.'”'® Although the exact
effects of DCs on biomaterial-host interactions have not been thoroughly investigated, the reduced activation of DCs has been
suggested to dampen the inflammatory responses against implants, and thus guarantee and facilitate successful implant
integration.'”

In clinical scenarios, implants with microscale surface topography are commonly used due to their good
performance in inducing osteoblast differentiation and obtaining initial tissue locking.?® However, the hydrophobic
microscale rough surfaces, with a low energy,?' incline to facilitate the maturation and activation of immune
members, including DCs, and induce an unfavorable immune condition that delays osteogenesis or threatens
osseointegration.”?*?* Modification, such as endowing titanium with a hydrophilic surface, has been proven to
alter immune cell functions, thereby accelerating the osseointegration process.”*2® For this reason, nanoscale
topography has been designed on the titanium surface for strengthening the regulatory effect on immune cell
functions.”**” To endow the implants with combined advantages of both the microscale and nanoscale topography,
nanoscale superstructure has been established onto a microscale basement to form a hybrid surface. Micro/
nanostructures display biomimetic topography with high surface area and high porosity so that they imitate the
extracellular matrix architecture of the host bone tissue and enhance the attachment of osteogenesis-related cells.?®
Such hierarchical micro/nano-topography on the biomaterial surface exhibited mixed features, resulting in improved
immunomodulatory and osseointegration abilities compared with the microscale topography alone, as indicated by
several studies concerning osteogenesis and the immune response on titanium alloy surfaces.?’>' However, it is not
clear whether nanomodification can modulate the activation of DCs or could maintain its immunotolerogenic state to
ensure the successful host-biomaterial integration.

Implant surfaces have been designed to suppress the local inflammatory response and avoid excessive immune
reactions.>® After biomaterial positioning, infiltrated cells perceive and respond to extracellular substrate through
various surface sensors including integrins, followed by cytoskeletal network remodeling, focal adhesions formation
and the adjustments of cell shape, motility and function.>*>* Based on the mechanical signal connection between
cell membrane and nucleus, the extracellular stimuli of topography were transmitted into the cell to propagate
downstream signals, like PI3K/AKT, RHOA/ROCK**-*® and trigger corresponding immune responses. Integrins not
only mediate cell-matrix adhesion but also control the cell sensing of geometry and rigidity of the extracellular
environment.>” Therefore, integrins have been demonstrated to play unique roles in the regulation of cell-topogra-
phy interactions. B2 integrin (ITGB2) is expressed in most myeloid cells, including DC subsets, and participates in

basic physiological and immune functions.***’

B2 integrin has regulatory functions in immune cell migration and
adhesion®® and is required for mediating DC adhesion as well as biomaterial-induced immune activation.*'**> The
blockage of B2 integrin can inhibit the adhesion of DCs and lower the extent of DC activation on polystyrene and
poly(lactic-co-glycolic) acid films.*' Integrin clustering induces the concentration and activation of a cytoplasmic
tyrosine kinase, FAK.** As a critical downstream member of integrin as well as an effector in controlling cell
adhesion and migration, FAK mediates signal transduction and participates in integrin-mediated cell functional
adjustments.***> Although B2 integrin has a close relationship with DC activation, whether the titanium surface
affects DC activation through B2 integrin/FAK signal pathway remains unclear.

Therefore, we fabricated two micro/nano-hybrid topographies based on micro-level rough surfaces and employed the
sand-blasted and acid-etched (SA) surface as a control, so as to investigate the potential role of micro/nanostructured
topography in modulating DC activation and further elucidate the mechanism by which topography induced immune
responses through the exploration of the B2 integrin/FAK signal pathway during this process.
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Materials and Methods

Preparation and Characterization of Titanium Specimens

Titanium disks (thickness=1mm, diameter=21 mm or 10 mm) or titanium screws (diameter = 2.2 mm, length = 4 mm)
were fabricated from commercially pure grade 4 titanium (Zhengfengyuan and Anchi, PR China). The disks were blasted
with 250-um corundum particles and washed with 2 wt% HF to form the primary micro-scale basements. For SA surface
preparation, the specimens were further immersed in the mixture of 98% H,SO, and 36.5% HCI solution (H,O/HCI/H,
SOy, 2:4:3, v:v) at 90°C for 20 min to create a microscale topography. To fabricate surfaces with micro/nano structures,
two kinds of specimens were prepared. For the sand-blasted, acid-etched and anodized (SAN) surface preparation,
titanium specimens and platinum plates were connected to the anode and cathode of a DC constant power supply
(Kwangduck FA, Korea), respectively. The specimens were treated at 20 V for 40 min in an electrolyte containing 0.5 wt
% HF. For the sand-blasted, acid-etched and alkali-heated (SAA) group, titanium specimens were immersed in 5
M NaOH aqueous solution maintained at 80°C for 8 h. All specimens were washed with distilled water and sterilized
in an autoclave before use. Surface composition and topography were characterized by X-ray energy-dispersive spectro-
metry (EDS) and field-emission scanning electron microscopy (FE-SEM; Hitachi S-4800, Japan). Surface roughness was
analyzed using a contact profilometer (SJ-210, Japan), while hydrophilicity was analyzed using an OCA20 drop shape
analysis system (DSA100, Germany).

Animal Experiment

Twelve Sprague-Dawley rats (male, 300 g) were purchased from the Animal Experiment Center of Sun Yat-sen
University. All animal experiment procedures were carried out in accordance with the methods approved by the
Institutional Animal Care and Use Committee of Sun Yat-sen University (Application NO.2021001341). The welfare
and treatment of the laboratory animals were carried out following the “Animal management regulations of China” and
“Guangdong experimental animal management regulations”, published by State Scientific and Technological
Commission of The People’s Republic of China and People’s Government of Guangdong Province, respectively.

The rats were randomly divided into experiments of two time points, and the rat femurs in each time point were randomly
assigned into the SA, SAN and SAA groups. Rats were anaesthetized with 2% sodium pentobarbital (Sigma, USA).
Subsequently, a 1 ¢cm incision was made on the medial side of the knee joint, and the muscles were separated to expose
the distal femur. On the inner side, 4-mm-deep holes were prepared using a 2-mm implant drill with sufficient saline cooling.
Titanium specimen screws were positioned into the holes, and the surgical layers were successively sutured.

Immunohistochemistry (IHC) Analysis and Histological Evaluation

IHC staining and histological evaluation were performed to evaluate the immune response after implant placement
in vivo. For IHC staining, six rats were sacrificed at 7 days after surgery. The femurs with titanium screws were excised
and kept in 10% neutral formalin for further evaluation. The femurs were decalcified in 10% EDTA (Sigma-Aldrich) for
45 days. The solution was replaced every 3 days followed by dehydration in a graded ethanol series (80—100%). The
sample was then embedded in paraffin to prepare 5-um-thick thin sections utilizing a modified interlocked diamond saw
(Leica Microtome, Wetzlar, Germany). For immunohistochemistry analysis, the sections were blocked with 5% BSA and
incubated with anti-rat CD83 (1:100, #AF5233, Affinity, China) immunohistochemistry primary antibodies. The sections
were then sequentially staining with undiluted horseradish peroxidase (HRP)-conjugated secondary antibody, diamino-
benzidine (DAB) substrate, and hematoxylin. The stained samples were visualized using a digital scanner (Leica Aperio
AT2, Germany), and the IOD (integrated optical density) of CD83-positive cells was quantified by Image Pro Plus
software. For histological evaluation, the sections were stained with hematoxylin and eosin (H&E) to evaluate the
inflammatory infiltration extent.

Dendritic Cell Culture
The murine myeloid-derived immature dendritic cell line DC2.4 (Fuheng, China) was used in this study. DCs were
cultured in RPMI 1640 medium with 10% fetal bovine serum (FBS) and maintained in 5% CO, and 95% air in
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a humidified incubator at 37°C. The DCs were subcultured when they reached 80% confluence. In subsequent assays,
unless specified otherwise, cells were subcultured on different titanium disks in 12-well plates with an initial density of
2x10° cells per well.

Cell Proliferation Assays

Direct cell counting assay and Cell Counting Kit-8 (CCK-8) analysis were used to detect cell proliferation. DCs were
seeded in 48-well plates containing titanium specimens at a density of 2x10* cells per well and cultured for 1, 2, or 3
days. For cell counting assay, cells were collected to form a single-cell suspension, followed by counting with an
automatic cell counter (Nexcelom, USA). For CCK-8 analysis, complete medium containing 10% CCK-8 solution
(Dojindo, Japan) was added and cells were incubated for 1.5 h. The medium was then collected, and the absorbance was
measured at 450 nm using a multiskan ascent microplate reader (Tecan, Sunrise, Zurich, Switzerland).

Flow Cytometry Analysis for DCs Apoptosis and Surface Marker

Flow cytometry analysis was performed for DCs apoptosis and maturation-related surface marker detection. After 24 h of
culturing on titanium surfaces, DCs were collected by non-EDTA trypsin and washed twice with phosphate buffered
saline (PBS). An Annexin V-fluorescein isothiocyanate apoptosis detection kit (Dojindo) was used for apoptosis
detection. Cells in each group were resuspended with 100 pL of binding buffer at a density of 10° cells/mL.
Subsequently, the cells were incubated with Annexin V-FITC and propidium iodide (PI) for 15 min in the dark. Data
were acquired with a flow cytometer (CytoFlex, Beckman, USA) and analyzed using CytExpert (Beckman). The
apoptosis rates were calculated. For surface marker detection, cells were resuspended in PBS containing 2% bovine
serum albumin (BSA) and stained with APC-labeled CD80 primary antibody (eBioscience, USA) for 1 h. After washing
twice, data were acquired and analyzed as above.

Quantitative Reverse Transcription Polymerase Chain Reaction (qQRT-PCR)

The maturation and inflammation-related genes expression of DCs was evaluated by qRT-PCR. After culturing for 4 h or
24 h on titanium surfaces, the RNA of the DCs was collected using an RNA Quick Purification Kit (Yishan, China). The
cells were disrupted in lysis buffer followed by the addition of the same volume of ethanol. The samples were mixed
vigorously, centrifuged at 12,000xg, and rinsed with wash buffer. After being dissolved in elution buffer, 500 ng total
RNA was reverse transcribed to cDNA using a reverse transcription kit (TaKaRa, Japan). qRT-PCR was performed using
SYBR Premix EX Taq (TaKaRa) in an ABI PRISM 7300 qRT-PCR system. The target genes were IL-15, MHC-II, CD83
and [L-10, while the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was served as
a reference. The related primer was shown in Table S1. Calculation of fold change was determined by the 224" method.

Fluorescent Microscopy

Immunofluorescence staining was performed to detect the cytoskeleton and CD83 expression of DCs. DCs were seeded
on tissue culture plates or on titanium disks in 48-well plates at a density of 2x10* cells per well. For cytoskeleton
staining, after culturing for 4 h or 24 h, the samples were fixed with 4% paraformaldehyde at room temperature for 15
min and then permeabilized with 0.1% Triton X-100 in PBS for 10 min. F-actin was stained with FITC-phalloidin (1:100,
C1033, Beyotime, China) and focal adhesion (FA) was detected with anti-vinculin antibody (1:100, ab129002, Abcam,
UK) conjugated with Cy3-labeled second antibody (1:200, AS007, Abclonal, China), following which the nuclei were
visualized with 4',6-diamidino-2-phenylindole (DAPI, C1005, Beyotime, China). Fluorescence images were captured
using a confocal fluorescence microscope (Zeiss LSM780, Switzerland) under the magnification of 40x.

For CD83 immunofluorescence assay, after culturing for 24 h, cells were fixed with 4% paraformaldehyde for 15 min
and washed three times with PBST (0.1% Tween 20 PBS) at room temperature. The samples were blocked with 2% BSA
in PBST and then incubated with CD83 antibody (1:50, A4234, Abclonal, China) for 60 min, following which they were
stained with Cy3-labeled second antibody (1:200, AS007, Abclonal, China) for 60 min. The nuclei were stained by DAPI
(C1005, Beyotime, China). Fluorescence images were captured, and the relative quantitative immunofluorescence
intensity was measured using ImagelJ through calculating the gray value.
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Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was utilized to detect the typical secreted markers which reflected the DCs activation states. The DCs culture
medium was collected after 1 day of culturing. The medium was centrifuged at 12,000xg, and the supernatant was
collected and stored at —80°C until further utilization. The cytokine concentrations of IL-12 and IL-10 in the supernatant
were detected using ELISA kits (Cusbio, China) according to the manufacturer’s instructions. The absorbance at 450 nm
was read, and the standard curve was constructed to quantify the cytokine concentrations.

For in vivo IL-12 detection, six rats were sacrificed 3 days after surgery. Then, 1-mm-thick tissues surrounding the
titanium screw were harvested carefully by a trephine and then stored in liquid nitrogen. 100mg of samples were
homogenized with 1mL PBS on the ice and then centrifuged for 10 min at 12,000xg and 4°C. The supernatant was
collected, and the cytokine concentration of IL-12 was detected as described above.

Western Blot Analysis

Western blot assays were used for detecting the protein expression of related signal pathway. After culturing for 4 h or 24 h, the
cells on SA, SAN and SAA groups were lysed by RIPA lysis buffer (Beyotime, China), and total protein was collected after
centrifugation at 12,000xg for 15 min. The protein concentration was assessed using a bicinchoninic acid assay kit (Cwbio,
China). Overall, 20 pg of total protein was separated using sodium dodecyl sulphate—polyacrylamide gel electrophoresis and
transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, USA). After blocking with 5% nonfat milk for 1 h at
room temperature, the PVDF membrane was incubated with the primary antibodies at 4°C overnight. The primary antibodies
included ITGB2 (1:1000, 72607, CST, USA), FAK (1:2000, ab40794, Abcam, UK), p-FAK (1:1000, ab81298, Abcam, UK),
AKT (1:10000, ab179463, Abcam, UK), and p-AKT (1:1000, ab192623, Abcam, UK) antibodies. GAPDH (1:2000, 5174T,
CST, USA) was used as a control. After washing three times with TBST (TBS with Triton X-100), the membranes were
incubated with goat anti-rabbit secondary antibodies for 1 h at room temperature. The protein bands were incubated with an
enhanced chemiluminescence substrate kit (ThermoFisher, USA) and then visualized with a chemiluminescence imaging
system (GeneGnome XRQ, Syngene, UK). Image] software was used to assess the relative band intensities.

Effect of FAK Inhibitor on DCs’ Behavior

To detect the role of FAK in DCs’ behavior, the responses of DCs on different topographies after FAK inhibition were also
tested. Besides the application of inhibitor, all the experiments’ procedure were performed as mentioned above. Cells were
seeded into 96 well plates with 10 uM, 5 uM, 1 uM, 0.1 uM or without TAE226, a specific FAK activation inhibitor,
respectively. The proliferation activity of cells was detected by CCK-8 at 1, 2, and 3 days after culturing. To detect the effect
of FAK inhibitor on CD80 expression of DCs, cells were cultured for 24 h with 1 uM or without TAE226, respectively, and
the data were detected by Flow cytometry analysis. For inflammatory-related genes expression, cells were cultured on
titanium plates (SA, SAN and SAA) with complete medium containing 1uM TAE226. After 24 h of culture, RNA was
collected and inflammation-related genes IL-1f, MHC-II, CD83 and IL-10 were detected by qRT-PCR. Immunofluorescence
staining were performed to detect the cell morphology and CDS83 expression after the samples were cultured with 1pM
TAE226 for 24 h. Regarding the detection of signaling pathway after FAK inhibition, samples were cultured with 1pM
TAE226 for 24 h and the expression level of FAK, p-FAK, AKT, and p-AKT were detected with Western Blot.

Statistical Analysis

Unless otherwise specified, data are reported as the mean + standard deviation (SD) for each group with at least three
replicates. The data were analyzed by analysis of variance followed by Bonferroni’s multiple comparison test with
GraphPad Prism 8 software (San Diego, CA, USA). Statistical significance was indicated by p < 0.05.

Results

Surface Characterization
SEM analysis showed that in the SA group, the titanium surface had micro-scale topography with undulating, irregular
gullies. After anodization, uniform nanotubes with diameters of approximately 100 nm presented on the titanium surface

5122 "o International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yang et al

in the SAN group. In the SAA group, the surface had a net-like morphology containing irregularly distributed pores of
varying sizes, and the main structures of pores appeared as 100 nm in diameters (Figure 1A).

The hydrophilicity of each group was analyzed by contact angle measurement. Among the groups, the contact angle was
largest in the SA surfaces (76.63° + 4.62°). In comparison, the samples of SAN and SAA groups had higher hydrophilicity,
with the contact angles of approximately 1.43° + 2.03° and 19.93° + 8.49°, respectively (Figure 1B and C).

The roughness tests showed that the SA group had higher roughness 2.82 + 0.06 (Sa) than the SAN and SAA groups,
which yielded roughness values of 2.28 = 0.02 (Sa) and 2.57 £+ 0.10 (Sa), respectively (Table 1). The EDS results showed
that the proportion of oxygen on the titanium surface increased after micro/nano-modification, while the proportion of
titanium decreased accordingly (Figure S1).

DCs’ Viability and Morphology
Through cell counting assays and CCK-8 analysis, we found that DCs presented higher proliferation rate in the SAN
group, compared with that of the SA or SAA groups at all time points, with the SA and SAA groups exhibiting similar
proliferation level (Figure 2A).

For DCs’ morphology detection, we stained the cytoskeletons of cells cultured on tissue culture plate or titanium
samples for 4 h or 24 h. DCs showed a round morphology on tissue culture plate at 4 h and 24 h without the stimulation
of materials (Figure S2). After 4 h, the cells in the SA, SAN and SAA groups showed similarly round morphologies, with

A

SA

Contact angle (°)

20

0_
SA SAN SAA

Figure | Surface characterization of titanium samples. (A) SEM images showing the surface morphologies of the samples: SA (a, d) with consisting of micro-level irregular
concavities and ridges without nanoscale structures, SAN (b, €) and SAA (c, f) showing microscale basements with specific surface nanostructures. Work distance: 4.4mm,
Extra high tension: 5kV, Magnification: %X5.0k—20.0k. The yellow bars are 100nm length. (B and C) The results of contact angle test on different titanium surfaces. Data
represented as mean+SD, n=3. **P < 0.0] when compared to the SA group.
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Table | Roughness Measurements of
Samples (n=3, Mean * SD)

Samples Sa (pm) Sq (nm)
SA 2.82+0.06 3.57+0.08
SAN 2.28+0.02%* | 2.88+0.03**
SAA 2.57£0.10% 3.250.17

Notes: Sa (arithmetic mean height); Sq (root mean
square height). *P < 0.05 and *P < 0.01 when
compared to the SA group.

several cells exhibiting slight spreading (Figure S3). After 24 h of attachment, the cells in the SA group showed star-like
or irregular adhesion patterns with outstretched branches, while cells in the SAN and SAA groups retained rounder
shapes without obvious branches (Figure 2B).

Flow cytometry showed that the DCs on different titanium surfaces had similar apoptosis rate, indicating that the micro-
or micro/nanostructures of titanium surface had no obvious cytotoxic effect on the DCs’ viabilities (Figure 2C and D).

Expression of Genes Related to DC Activation

The expressions of genes related to DC activation were evaluated using qRT-PCR at 24 h after cell seeding on the titanium
surfaces (Figure 3A). After 24 h culture, among the groups, the expressions of CD83, MHC-II, and IL-1§ genes, which are
related to DC maturation or inflammation states, were highest in the SA group. Lower gene expressions were found in the
SAN and SAA groups, with SAN showing the lowest expressed level of MHC-II and IL-1f genes, and SAA showing the
lowest expression level of CD83 gene. The expression of anti-inflammation gene /L-/0 was lowest in the SA group and
highest in the SAA group, which showed an opposite trend with those genes mentioned above. After 4 h culture, the
expression of CD83, MHC-11, IL-1§ and IL-10 genes showed no significant differences among three groups (Figure S4).

Flow Cytometry Detection of DC Surface Markers

Using flow cytometry, we detected the expressions of DC maturation markers CD80 at 24 h after the cells were
seeded on the titanium surface (Figure 3B). At 24 h after seeding, the expressions of CD80 in the SA group were
higher than those in the SAN and SAA groups with the rate of CD80-positive cells decreasing in the order of SA >
SAN > SAA.

Immunofluorescence of DCs’ Marker

Immunofluorescence was utilized for DCs’ surface marker CD83 detection (Figure 3C). The calculated results of staining
pictures showed that the CD83 fluorescence intensity was highest in the SA group, while the difference in CD83
fluorescence intensity between the SAN and SAA groups was not significant (Figure 3D).

ELISA Determination of Inflammatory-Related Cytokines

The expressions of IL-10 and IL-12 cytokines related to DC maturing status were detected by ELISA after culturing for
24 h (Figure 3E). The expression of IL-10 was significantly higher in SAN and SAA groups compared to the SA group
and the expression of IL-10 was slightly higher in the SAN group than in the SAA group. The results demonstrated that
the expression of IL-12 was obviously higher in SA group than SAA group, while the difference was not significant
between SA and SAN groups.

Detection of B2 Integrin-FAK-AKT Signals

At 4 h and 24 h after seeding the DCs on the titanium surface, we collected cell proteins to detect changes in the 2
integrin-FAK-AKT signal pathway through Western blotting (Figure 4A—D). The expression of B2 integrin was higher
in the SA group than in the SAN and SAA groups, and the differences were significant at both 4 h and 24 h. Meanwhile,
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Figure 2 Analysis of DC viability and morphology on different titanium surfaces. (A) Cell counting assay and CCK-8 detection of cell proliferative activity at |, 2 and 3 days.
(B) The fluorescent staining images of vinculin (Red), F-actin (Green) and nuclei (Blue) showing the DC morphologies on different titanium surfaces at 24 h. Arrows: branch-
like protrusion of DCs. (C) Analysis of DC apoptosis at 24 h by flow cytometry and (D) the calculation of apoptosis rate (Early apoptosis and late apoptosis). Data
represented as mean%SD, n=3. *P < 0.05 when compared to the SAN group.

Abbreviation: NS, not significant.

the SAA group expressed the lowest level of B2 integrin. The expressions of p-FAK and FAK, which had similar
tendency to B2 integrin when compared with GAPDH, were simultaneously higher in the SA group than in the SAN and
SAA groups with significant differences at both 4 h and 24 h. Regarding the downstream pathway, no significant
differences in the expressions of p-AKT and AKT were observed among the three groups at 4 h. At 24 h, the expression

of p-AKT and the phosphorylation ratio of p-AKT/AKT were significantly higher in SA group than in SAN and SAA
groups.
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Figure 3 DC immune responses on different titanium surfaces. (A) Relative gene expressions of activation markers IL-1B, CD83, MHC-Il and IL-10 at 24 h. (B) Flow
cytometry results showing the expressions of activation-related markers CD80 at 24 h. (C) Immunofluorescence staining images showing the CD83 expressions of DCs on
different titanium surfaces at 24 h, (D) and the relative CD83 fluorescence intensities. (E) The detection of IL-10 and IL-12 secreted by DCs utilizing ELISA after 24
h culture. Data represented as meanSD, n=3. **P < 0.0] when compared to the SA group; "P < 0.05 and *P < 0.01 when compared to the SAN group.

In vivo Experiment
Seven days after implantation, H&E staining results showed a small amount of the inflammatory cell infiltrates in three
groups (Figure 5A). We detected the expressions of CDS83 via the immunohistochemical staining of the tissues
surrounding the screw threads (Figure 5A). Significantly higher IOD value of CD83-positive-staining cells was measured
in the SA group than in the SAN and SAA groups (Figure 5B).

Three days after implant placement, the samples were harvested for ELISA detection. We evaluated the expression of
IL-12 in the tissues around the implants and found that among three groups, the IL-12 concentration was lowest in the
SAA group, and highest in the SA group (Figure 5C).

DCs Responses After FAK Inhibition

The proliferation activity of DCs decreased significantly cultured at relatively higher concentration of TAE226 (10 uM
and 5 pM). When cultured with the inhibitors below 1 pM of concentration, cells presented no significant difference in
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Figure 4 Detection of DC adhesion and maturation-related signals. The protein bands of B2 integrin, p-FAK, FAK, p-AKT, and AKT and the relative expressions of p-FAK/
GAPDH and p-AKT/AKT at 4 h (A and B) and 24 h (C and D). Data represented as mean+SD, n=3. *P < 0.05 and **P < 0.0 when compared to the SA group.
Abbreviation: NS, not significant.

cell proliferation ability compared with the control group within 2 days (Figure S5). The expression of CD80 after treated
with 1pM of TAE226 was downregulated when compared with untreated group (Figure S6).

After cultured with 1puM TAE226 for 24 h, the expression of CD83, MHC-II and IL-1B in the SA group were
significantly down-regulated, while their differences among three groups were also narrowed . IL-10 expression was up-
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regulated, without significance difference among three groups(Figure 6A). The relative expression of p-FAK decreased
significantly with no significant differences among three groups. Although p-AKT expression was slightly higher in SA,
no significant differences were counted among the three groups (Figure 6B). Cells exhibited round morphology with
rarely stretched pseudopodia on all titanium surfaces (Figure 6C), and their differences in the fluorescence intensity of
CD83 were not significant (Figure 6D).
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Abbreviation: NS, not significant.

Discussion
The response of immune cells has proven relevant to the success ratio of implant bone integration. After implantation, the
unwanted immune cascade of defense cells is detrimental to wound healing and tissue integration.***’ Most immune

cells, such as macrophages, DCs, and T cells, have bifunctional anti-inflammatory and proinflammatory properties.**>°
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Therefore, transforming the immune cells into a favorable immune direction and reducing the unnecessary immune
response by processing the implant materials are important considerations in immune-informed biomaterial
development.*’>! An ideal biomaterial elicits an appropriate immune cell response that guarantees tissue restoration
while also promoting osteogenesis behaviors of tissue repair cells.

Modification of biomaterial surfaces is a feasible strategy for altering unfavorable immune responses. Tailoring the
biomimetic titanium surface on Ti material has attracted much attention for it advantages in biocompatibility and
osseointegration.”” In natural condition, the structure of bone tissue varies at the micro- and macro-size scales.”
Cortical bone reveals different scale of porous structures with the cancellous bone.** Recently, investigations in
biomimetic surface designs have shifted towards hierarchical micro/nanostructures which mimic the natural bone matrix
and promoting the implant-host immune reactions. Previous researches indicated that the nanostructures simulated the
size and the arrangement of nanoscale collagen fibers of the bone tissue,”> while the hierarchical micro/nanostructures
better mimicked the natural extracellular matrix (ECM) of bone, which was mainly composed of 50-500 nm collagen
fibers.>® Bai et al unraveled that micro/nanostructure in such ranges was biomimetic which warrant the amelioration of
inflammation and acceleration of osseointegration.”® Therefore, tailoring the biomimetic titanium surface on Ti material
has attracted much attention for it advantages in biocompatibility and osseointegration. In this study, we established the
nano-scale supra-structure onto micro-scale basement which was constructed by sandblasted and acid etching, in order to
mimic the structure of clots with 3D fiber networks in the early healing stage, which not only enables a robust
osteoimmunomodulation effect but also significantly enhances osseointegration.’’>® Our hierarchical micro/nano-
topographies had similar microscopic structures that successfully obtained preferable immune responses, which proved
that biomimetic designs had a considerable prospect in clinical application.

Surfaces with micro/nano-topographies possess the advantages of osteogenic differentiation and initial stabilization

inherited from the microscale basement,’ 9,60

along with the ability to regulate cell proliferation and immune response
originating from the nanoscale structure.®'**> Anodic oxidation has been widely used to build uniform nanotubes,’* while
alkali/heat treatment is commonly used to form irregular nanonets.®> The effects of nanotopography on DC behaviors
have neither been investigated nor have the effects on DC behaviors been compared between microtopographies and
nanotopographies. Thus, we established two different nanotopographies on microscale substrates and compared their
effects on DCs with SA surfaces. Both the main structures of nanotubes in SAN and nanonets in SAA were designed with
similar sizes for comparison and were proven to have good biocompatibility and osteogenesis behaviors in earlier
studies.®*® Surface characterization showed that both the SAN and SAA groups had slightly lower roughness and
significantly higher hydrophilicity than the SA group, which was due to the nanostructure exhibiting a less rugged
surface than the microstructure.®® We speculated that the nanostructure with higher surface areas enables the hydro-
philicity reactions to take place, while the anatase phase formed on titanium surface also contributes to the hydrophilic
characteristics.®” Previous research proposed that proper roughness was beneficial for modulating immune responses,®®
and the micro/nanostructured surfaces in this study manifested medium roughness, which had the potential to trigger
a weaker proinflammatory response of macrophages.®” However, the dynamic relationships between roughness and DC
behaviors are still unclear. The SAN and SAA surfaces here share similar characteristics with the modSLA surface with
hydrophilic treatment, which was shown to benefit implant osseointegration by promoting a tolerant DC phenotype,””
indicating that hydrophilicity also plays a critical role in determining DC responses. Therefore, considering the changes
in hydrophilicity and roughness after surface modifications, we will further explore whether modified topography
modulates DC behaviors via changed surface characteristics, such as roughness and hydrophilicity, or the topography
factor itself.

Behaviors of DCs cultured on the materials can be altered by surface modification. The proliferation of cells was
significantly improved in the SAN group compared to the SAA and SA groups while they all had similar apoptosis rate,
indicating that differences in nanostructure pattern also influences cellular basic physiological behaviors. However, cell
proliferation was determined by a wide variety of factors, which did not reach a unified conclusion.”'””* We hypothesize
that the orderly arranged nanotubes that accelerate protein adsorption enhance cellular proliferative activity.”* The
expression of surface markers or inflammatory factors in DCs represents their immune status. In the present study,
after culturing for 24 h, qRT-PCR analysis showed that the expression levels of genes related to DC maturation and
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inflammation were significantly higher in the SA group than in the SAN and SAA groups, while the SA group showed
a relatively lower anti-inflammatory gene expression. Flow cytometry and immunofluorescence analyses confirmed that
the expression levels of DC maturation markers CD80 and CD83 were lower in the SAN and SAA groups than in the
control. These findings demonstrated that micro/nanostructures inhibited DC activation and reduced the expression of
inflammatory-related factors, in accordance with findings revealing that micro/nanostructures inhibit the proinflammatory
response of other typical immune cells, such as macrophages.”® Activated DCs secrete IL-12 and promote the Th1/Th17
inflammatory response, whereas tolerogenic DCs express the anti-inflammatory cytokine IL-10, which prevents tissue
damage.'”">7® The in vitro ELISA results demonstrated that the expression of IL-12 was slightly higher in the SA group
than in the other two groups and the significant difference only existed between the SA and SAA groups, while the level
of IL-10 was significantly higher in the SAN and SAA groups than in the SA group. Considering the higher cellular
proliferative activity in SAN compared to SA, as demonstrated by cell counting and CCK-8 analysis, IL-12 secretion
would be significantly increased in SA compared to the other two groups if normalizing for cellular proliferative activity.
Therefore, we concluded that DC activation and the release of related factors can be altered by modifying the microscale
surface with nanostructures. Slight differences were found between the nanotube and nanonet structures. Although the
nanotubes in the SAN group induced more favorable DC proliferation activity, the DCs on the nanonets in the SAA
group expressed lower levels of maturation-related genes, surface markers, and proinflammatory cytokines. These
divergences between DC activation and behaviors on different surfaces suggest that the local environment also affects
DCs in addition to their activation status. The slight differences between micro/nano-topographies in affecting DC
behaviors may be due to changes in multiple aspects of physical properties, such as hardness, surface charge and
superficial structure, which influence cell surface integrin ligand arrangement, nutrient uptake, and multiple physiological
activities.”” " The effects of specific local environmental factors on DC behaviors thus require further study.

DCs adhesion condition, influenced by surface morphology of titanium through B2 Integrin-FAK signals, can
determined DCs’ immune response. Possible processes of titanium micro/nanostructured topography that influence
dendritic cells via f2 Integrin-FAK signals are summarized in the graphical abstract. The surface topography affects
the cell behaviors most directly via cell sensing and adhesion.*” Numerous studies have focused on adhesion-guided
surface modification to improve the cell response from the perspective of immune regulation.*”-’**! We evaluated the
attachment process by F-actin and vinculin staining, revealing the distinct adhesion morphologies among the experi-
mental groups. Although cells in the three groups adhered with almost the same morphologies at 4 h, the DC adhesion
showed more bifurcations and a wider spreading extent in the SA group than in the SAN and SAA groups at 24 h. These
differences in attachment behavior were associated with the activated states of the DCs to some extent.*? Previous studies
supported that the shaping of cell adhesion determined their immune responses, indicating the feasibility of immune
status regulation by modulating cell adhesion conditions.* From this perspective, we investigated the changes in p2
integrin-FAK signal, which dominantly participated in cell environmental perception and adhesion. In the early stage of
adhesion, the DCs showed no differences in activation or cytokine secretion among the groups at 4 h, while the
expression of B2 integrins was significantly higher in the SA group than in the other two groups in the late stage of
adhesion (24 h). Both p-FAK and FAK were also highly expressed at 24 h in the SA group, which might be due to FAK’s
role as one of the main components of adhesion plaques, accompanied by FAK-related signal activation, as a result the
relative expression of p-FAK/GAPDH was calculated in representing the overall FAK level. Similar trends were also
observed at the 4 h time point, indicating that the SA morphology stimulated the expression of DC integrins in the early
stage of cell attachment, thereby inducing rapid FAK activation and pseudopodia formation. Moreover, the spreading of
DCs shared the same trend with FAK expression, which was also confirmed by Serrels® that cell adhesion was
significantly related to FAK. B2 Integrin-FAK activation induces DC activation via downstream pathways, among
which the PI3K/AKT signal pathway is important for regulating complicated cell physiological activities.®> PI3K/AKT
was also proven to positively regulate DC maturation along with their functional status.*® In the present study, the
activated AKT of different groups showed the same trend as FAK expression at 24 h. However, the differences in
activated AKT between groups were not significant at 4 h, consistent with the DC activation state. Therefore, we
concluded that the activation of PI3K/AKT was closely related to DC activation and PI3K/AKT signal was activated by
integrin-FAK along with cell adhesion processes, leading to completely different DC performances between 4 h and 24
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h. We demonstrated the regulatory effect of the B2 integrin-FAK-AKT signal chains on DC activation on titanium
surfaces. FAK signal not only controls AKT but also regulates other downstream effectors, such as MAPK and the Rho-
GTPase family,*”*® which play specific roles in modulating DC immune responses. We found that AKT expression was
not significantly suppressed after FAK inhibition, which may be due to other signals upstream of AKT remaining
normally expressed. The inhibited FAK influenced DC adhesion and suppressed the topography-mediated DC activation
differences, which inspired us to conclude that adhesion-related signals control topography-cell interactions and that
regulating FAK-related signals affected the influence of the environment on cell adhesion and function. It was
noteworthy that after FAK inhibition, the expression of anti-inflammatory related gene IL-10 was elevated. We
speculated that FAK inhibitor significantly reduced the DCs activation on titanium surface and enabled DCs to maintain
a relatively high expression of IL-10. Our results supported that the inhibited FAK alleviated the impact of titanium on
DCs and further reduced the activation level. For this reason, we believe that directly regulating the upstream integrin-
FAK pathway by adjusting the topography of the implant surface is a more effective way to regulate the cell response
than changing downstream signals via biological methods. However, integrins and FAK perform complex roles in DC
activation as well as other fundamental activities, while inhibition of FAK also influences the proliferation and viability
of DCs. Therefore, the specific effects of B2 integrin-FAK signal on the biological behaviors of DCs, the precise
utilization of adhesion signals in controlling the DC immune response as well as the involvement of other integrin
families in this process require further verification.

Through in vivo studies, we investigated the local expression of markers and cytokines related to DC activation and
found that the in vivo results had similar trends to the in vitro results. Although CDS83 has been proven to be a typical
marker of mature DCs while the inflammatory cytokine IL-12 is the major bioactive product from DCs in immune

s 9 1,92
communlcatlon,89’ 0 919

such indices also exist in some other immune cells, such as macrophages and B lymphocytes.
Watford”® revealed that other immune members, especially macrophages, also secreted a certain amount of IL-12 in vitro,
while DCs are the major source of IL-12 in vivo. Therefore, our in vivo results revealed the overall immune cell
functional status, which represented DCs around implants to a great extent. The present study was limited to the
behaviors of DCs, while the interaction of DCs with other immune cells was not investigated because of the complex
immune networks in vivo. We believe that the regulatory effects of cells can also influence DCs, while the cell—cell
interactions call for further exploration. The in vivo behaviors of micro/nanostructures on osseointegration were better
than those of microstructures,”™* but the direct clues of DC behaviors and osseointegration have not been thoroughly
explored. Thus, future work will focus on exploring the specific roles of DCs in osseointegration and the contributions of

different DC phenotypes to osseointegration.

Conclusion

Titanium surfaces with hybrid micro/nano-topographies reduced dendritic cell inflammatory response by influencing their
adhesion states compared to the SA surface with solely micro-scale topography. This regulatory effect was accompanied
by modulating expression of B2 integrin-FAK, an adhesion-related signal chain which was proven to have a close
relationship with DC activation. There also existed slight differences of DC activation on two typical nanostructures,
among which nano-net exhibited more immature DCs’ phenotype as well as less inflammatory responses. The changes in
the adhesion-related B2 integrin-FAK signaling pathway were initiated in the early stage of adhesion, while the changes
in downstream signals and DCs’ activation appeared in the late stage of adhesion. The inhibition of FAK signal could not
only reduce the mature level of DCs but also narrow the differences among various topography-induced DCs’ activation
activities, which represented an effective target for biomaterial topography design and cell interaction regulation.
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