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Objective: To investigate the siRNA transfection efficiency of dual-functionalized
graphene oxide (nGO-PEG-PEI) on implant surface and the osteogenesis of the
implant.
Methods: Nanosized nGO-PEG-PEI was prepared and optimized for siRNA delivery.
Titania nanotubes (NTs) were biomodified with nGO-PEG-PEI/siRNA by cathodic
electrodeposition, designated as NT-GPP/siRNA. Cytocompatibility of NTGPP/siRNA was evaluated by cell adhesion and proliferation. Cellular uptake and
knockdown efficiency of the NT-GPP/siRNA were assessed by MC3T3-E1 cells.
SiRNA-targeting Ckip-1 (siCkip-1) was introduced to the implant, and a series of in
vitro and in vivo experiments were carried out to evaluate the osteogenic capacity of
NT-GPP/siCkip-1.
Results: Dual-functionalized GO by PEG and PEI was successfully synthesized. By cathodic electrodeposition, nGOPEG-PEI/siRNA particles could deposit homogeneously on the titania nanotube surface, forming NT-GPP/siRNA with
sustained silencing of the target gene. Together with Ckip-1siRNA of osteogenic potential, both the osteogenic
differentiation on the NT-GPP/siCkip-1 implant surface in vitro and the new bone formation around the implant in vivo
were significantly promoted.
Conclusion: Dual-functionalized GO (nGO-PEG-PEI) could be a promising delivery system for siRNA-based implant
biomodification. NT-GPP/siRNA shall provide a general approach for developing advanced implants with therapeutic
siRNAs for the purpose of improving osteogenesis.
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Figure 1. Characterization of nGO-PEG-PEI. (A) AFM and TEM images of GO, nGO-PEG, and nGOPEG-PEI. (B) Dynamic light scattering (DLS) measured size of GO, nGO-PEG, and nGO-PEG-PEI.
(C)Zeta potential of GO, nGO-PEG, and nGO-PEG-PEI in water. (D) The percentage of C, H and N
element of nGO-PEG and nGO-PEG-PEI assessed by vario Micro cube.

Figure 3. nGO-PEG-PEI/siRNA deposition and release. (A) Fluorescence images of NT-GPP/siRNA with Cy3-labeled
siRNA after cathodic electrodeposition with different voltages (a) and the quantified siRNA density on the samples (b)
analyzed by fluorescence plate reader. (B) Fluorescence CLSM images of 10V NT-GPP/siRNA after incubation under
neutral condition for different durations (a) and the cumulative siRNA release profiles of NT-GPP/siRNA (b) monitored by
fluorescence plate reader.

Figure 2. siRNA transfection of nGO-PEG-PEI. (A) Agarose gel retardation study of nGO-PEG-PEI/siRNA
mixtures at indicated N/P ratios. (B) Relative cell viability data of MC3T3-E1 cells treated by nGO-PEGPEI/siRNA at indicated N/P ratios for 24 h as determined by CCK-8 assay. *p <0.05. (C) Confocal laser
scanning fluorescence images and (D) Flow cytometric data of MC-3T3E1 cells 6 h after transfection.***p <
0.001 vs control, &&&p< 0.001 vs N/P 20, ### p< 0.001 vs N/P 30.

Figure 4. Characterization of NT-GPP/siRNA. (A) SEM and (B) AFM images of PT, NT, and NT-GPP/siRNA. White
arrows indicate the nGO-PEG-PEI /siRNA complex entered into the nanotubes and the interfibrous space. (C) 3D
reconstruction images and roughness of PT, NT, and NT-GPP/siRNA analyzed by AFM. Sa: surface roughness average. (D)
Images of the water 5 seconds after contacting the Ti surfaces and the quantified contact angle.

Figure 5. Cell adhesion and proliferation on NT-GPP/siRNA. (A) Cell morphology observed by SEM after
culturing for 24. (B) CLSM observation of cytoskeleton reorganization after 24 h of incubation on PT, NT, and
NT-GPP/siRNA. Actin was visualized using rhodamine-phalloidin (red) and nuclei using DAPI (blue).

Figure 6. Transfection and gene knockdown of NT-GPP/siRNA. (A) Cellular internalization of siRNA (green) of NTGPP/siRNA after 24 h of culturing (B) GFP expression of cells after 2 days culturing on NT-GPP/siGFP targeting GFP and
NT-GPP/siNC with non-targeted siRNA by fluorescence microscope. (C) Relative Ckip-1 mRNA expression levels
measured by real-time PCR. **p< 0.01.

Figure 7. Osteogenic differentiation on NT-GPP/siCkip-1. (A) Staining and quantification of ALP production (a), collagen
secretion(b), and ECM mineralization (c) on the different Ti samples after culturing for 7, 14, and 21 days. (B) The mRNA
expression level of the osteogenesis-related genes ALP, Col-1, BMP-2 and Runx2 on different samples determined by real time
PCR 7 days after incubation. Data represent the mean expression relative to that of GAPDH. The experiments were repeated
independently at least 3 times. **and ***p< 0.01 and 0.001 vs PT. ## and ###p< 0.01 and 0.001 vs NT. &&&p< 0.001 vs NTGPP. ^^^p< 0.001 vs NT-GPP/siNC.

Figure 8. In vivo osseointegration of NT-GPP/siCkip-1. (A) Schematic illustration of the implant process and in vivo
osseointegration evaluation (d) Osseointegration evaluated by Van-Gieson staining and EDX line scanning of the
bone-to-implant area (blue frame). (B) VG staining of the hard tissue sections after 1 month of implantation (a) and the
corresponding analysis of BIC (bone-to-implant contact) from the histomorphometric measurements (b). New bone on
implant surface was stained into red. ***p<0.001 vs PT, ###p< 0.001 vs NT, &&&p< 0.001 vs NT-GPP, ^^^p< 0.001
vs NT-GPP/siNC. (C) SEM inspection (a) and EDX line scanning (b) of the elements in the direction perpendicular to
the bone-to-implant interface.

