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Abstract

Titanium is widely utilized for manufacturing medical implants due to its inherent mechanical 

strength and biocompatibility. Recent studies have focused on developing coatings to impart 

unique properties to Ti implants, such as antimicrobial behavior, enhanced cell adhesion and 

osteointegration. Ca and Si-based ceramic (CS) coatings can enhance bone integration through 

release of Ca and Si ions. However, high degradation rates of CS ceramics create a basic 

environment that reduces cell viability. Polymeric or protein-based coatings may be employed 

to modulate CS degradation. However, it is challenging to ensure coating stability over extended 

periods of time without compromising biocompatibility. In this study, we employed a fluorous­

cured collagen shell as a drug-loadable scaffold around CS nanorod coatings on Ti implants. 

Fluorous-cured collagen coatings have enhanced mechanical and enzymatic stability and are 

able to regulate the release of Ca and Si ions. Furthermore, the collagen scaffold was loaded 

with antimicrobial peptides to impart antimicrobial activity while promoting cell adhesion. These 

multifunctional collagen coatings simultaneously regulate the degradation of CS ceramics and 

enhance antimicrobial activity, while maintaining biocompatibility.
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INTRODUCTION

Titanium is widely utilized for manufacturing medical implants owing to its mechanical 

properties and biocompatibility. However, Ti is bio-inert and cannot resist bacterial invasion. 

Weak bone integration and bacterial infection are the two main causes of implant failure 

in clinic. Therefore, coating strategies are employed to impart properties such as anti­

fouling behavior, enhanced osteointegration, and drug-loading to enhance wound-healing 

and prevent bacterial infections. For instance, Ca and Si based ceramic (CS) coatings 

have been developed to enhance bone integration through the release of Ca and Si 

ions during the degradation process.1, 2, 3, 4, 5, 6, 7 Extracellular Ca2+ supply increases 

intracellular calcium level through Ca2+ channels, resulting in enhanced osteogenesis 

differentiation of osteoblasts.2, 3 Si binds to glycosaminoglycan thereby crosslinking 

collagen and proteoglycan and acts as an initiator of osteoblast mineralization.8, 9, 10 CS 

ceramics are also utilized as drug loadable scaffolds for delivering antimicrobial agents.11 

Unfortunately, high degradation rates of CS ceramics often cause increased basicity and 

low cell vitality.12 Doping ions in the lattice (e.g. Zn, Sr and Cu) and compositing non­

degradable components into CS ceramics are the two main strategies utilized to regulate 

degradation.13, 14 However, ion doping amounts generally have threshold values due to their 

dose-dependent cytotoxicity. Incorporating components can increase the stability of CS­

based matrix efficiently. The incorporated components include poly (lactic-co-glycolic acid), 

graphene oxide, TiO2 and alginate etc. However, some of the incorporated components may 

be cytotoxic and therefore compromise biocompatibility.4, 9, 12, 15, 16, 17

Coatings on the CS ceramic layer may be employed to regulate degradation rate and impart 

multifunctionality to the implant.7 Several protein-based coatings provide functionality 

such as antimicrobial behavior, wear-resistance, drug loadability, hydrophilicity and 

hydrophobicity.18, 19, 20 Proteins are naturally occurring, biodegradable and biocompatible 

precursors which make them attractive for biomaterial coatings. However, they lack aqueous 

stability, exhibit poor mechanical strength, and rapidly degrade in enzymes. Collagen I 

(Col-I) is the major component of extracellular matrix in mammalian tissue, and has been 

widely used in biological modification of implants to enhance tissue repair.18 Col-I is 
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biodegradable, biocompatible and can act as a drug-loadable scaffold,19 but Col-I based 

matrixes or coatings directly formed by commercial Col-I solution are unstable in aqueous 

environments and lack sufficient mechanical strength and stability against proteolytic 

damage.21

Recently, we developed a thermal treatment strategy for stabilizing collagen films through 

the thermal curing of collagen films in a fluorous solvent-perfluoroperhydrophenanthrene 

(PFHP).22 PFHP-based fluorous curing retains most of the protein secondary structure 

as compared to heat-cured films by minimizing rearrangement of proteins at the 

interface.20, 22, 23 Consequently, fluorous-cured collagen films show enhanced mechanical 

and enzymatic stability while retaining protein structure and biocompatibility.22 In this 

study, we utilized collagen-based films on a CS nanorod layer as multifunctional coatings 

for Ti implants. We hypothesized that fluorous-cured collagen coatings may act as a barrier 

to regulate the release of Ca and Si ions through the CS ceramic layer, while simultaneously 

enhancing cell adhesion. Furthermore, the collagen coating can act as a loadable scaffold for 

the release of antimicrobial agents including peptides.

Antimicrobial peptides (AMPs) exhibit potent and broad-spectrum antimicrobial activity, 

low cytotoxicity, and low immunogenicity.24 AMPs have been successfully loaded in 

commercial collagen scaffolds and have demonstrated biocidal activity.25 In this study, we 

developed multifunctional coatings for Ti implants by combining a pectolite nanorod coating 

and an AMP-loaded collagen shell. The PFHP-cured collagen shell is expected to regulate 

nanorod degradation thereby enhancing osteointegration while minimizing cytotoxicity. 

Incorporation and controlled release of AMPs imparts antimicrobial activity to the system. 

As shown in Figure 1, we fabricated pectolite nanorods (NCS) on Ti implants through micro 

arc oxidation (MAO) and hydrothermal treatment (HT). Following fabrication, collagen 

solutions containing AMPs were spin-coated and cured in PFHP to create a barrier for the 

ceramic surface as well as an antimicrobial coating. We demonstrated that PFHP treated 

collagen shells reduce degradation of nanorods and improve osteoblast behavior; the loaded 

AMP retains antibacterial activity after PFHP treatment and has long-lasting antibacterial 

activity.

RESULTS AND DISCUSSION

Microstructure of coatings

Ti substrates were first coated with pectolite nanorods by the protocol described in ref (6, 

7). NCS consists of calcium sodium hydrogen silicate (NaCa2HSi3O9, pectolite) and rutile. 

Cadoped TiO2 was coated on Ti substrate by micro arc oxidation and then hydrothermally 

treated (HT) in an alkaline solution containing SiO3
2− and Na+. This alkaline environment 

causes migration of Ca2+ in TiO2 to the coating surface and subsequent reaction with Na+, 

SiO3
2− and OH− in the HT solution, forming pectolite nuclei. Prolonged HT treatment 

enabled growth of nuclei into nanorods. All the surfaces were covered by nanorods with 

an average diameter of 200 nm. They consisted of C, O, Ti, Ca, Si, Na and P (Table S1 

and Figure 2). The amount of C detected on NCS was about 0.1At% (Figure 2), which 

is presumably due to adsorbed contamination. After spin-coating with pure Col-I (NCS-C) 

and Col-I incorporated with AMP (NCS-CA), the amounts of C increased to 1.8 and 3.7 % 
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respectively. PFHP treatment did not change the C amounts (NCS-C-P and NCS-CA-P are 

samples of NCS-C and NCS-CA after PFHP treatment respectively). Nanorod topography 

did not change in nano and micro scales (Figures 2 and S1 respectively) but thin webbed 

films could be observed between the nanorods (marked with arrows in Figure 2), indicating 

that Col-I formed conformal coatings on the nanorods. Treatment on NCS including spin­

coating and fluorous-curing showed no significant change in its composition (linear graph in 

Figure 2).

Elemental compositions of coatings were verified using XPS, as shown in Figure 3. The 

bare NCS surfaces consisted of C, O, Ti, Si, P, Ca, and Na wherein C was ascribed to 

physical adsorption from the environment, Ti and P was from the dissolution of TiO2 during 

formation of nanorods,6 and the other elements are attributed to the nanorods (Figure 3(a)). 

After spin-coating, peaks of Ti, Si, P, Ca, and Na decreased in strength, indicating the 

nanorods were covered. On the contrary, the peak strength of C increased significantly, and 

N was additionally detected, indicating presence of collagen. PHFP induced no obvious 

changes of C and N in peak strength and no new F peaks (600–700 eV) were observed. This 

confirms that PFHP is not incorporated into collagen film during treatment, consistent with 

our previous research.22

Analysis of XPS spectra further validated chemical compositions (Figure 3(b)). The high­

resolution spectrum of C1s from different surfaces were deconvoluted into six peaks 

(Figure 3(c)), and they were centered at 283.3, 284.8, 286.1, 287.5, 288.3 and 289.3 eV 

corresponding to different chemical bonds. The main peak at 284.8 was ascribed to carbon­

carbon backbones. The peaks at higher binding energies (e.g., 287.5, 288.3 and 289.3 eV) 

are typical of amide groups of carbon in collagen (C-O/O-C=O, N-C=O/C=O, C-C).26, 27 

The amounts of C and N detected by XPS and deconvoluted amide groups confirmed that 

nanorods had been successfully covered with Col-I as well as AMP.

The surface of NCS-CA-P was scratched to and observed on TEM to further evaluate the 

microstructure. The nanorods from NCS-CA-P (Figure 4(a)) are 200–300 nm in diameter, 

which are in accordance with those observed in Figure 2. The distinct spots in SAED pattern 

(Figure 4(b)) and inter-planar spacings of lattice fringes by HRTEM (Figure 4(c)) confirm 

that the nanorods are calcium sodium hydrogen silicate (NaCa2HSi3O9, pectolite, JCPDS 

card # 33-1223), indicating the PFHP treatment did not change the phase composition of 

nanorods. When the edges of nanorods were enlarged, a thin layer about 10 nm covering 

the nanorod was be observed on NCS-CA-P (Figure 4(d)). The squares marked with 1 and 

2 in Figure 4(d) were detected by EDX, respectively (Figure S2). C amount in square 2 was 

much higher than that in square 1 (Figures 4(d) and S2), indicating that the thin layer was 

Col-I with AMP. Cu peaks were ascribed to the grid background.

Wettability and ion release

Surface hydrophilicity plays an important role in metal corrosion, protein adsorption as 

well as cell response.7, 28 Hydrophobic coatings act as a barrier to protect the surface from 

corrosion.28 The contact angles of different surfaces were measured as shown in Figure 5(a). 

The average contact angle is 63° on bare Ti. Pectolite nanorods greatly improve surface 

hydrophilicity due to the chemical composition and nanotopography.29, 30 However, Col-I 
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coating increases the water contact angle to 60°. When Col-I was incorporated with AMP, 

NCS-CA has a much higher contact angle ~91°. After treatment in PFHP, the contact angles 

increase further as compared to the untreated ones which may be attributed to reorganization 

of collagen fibers, as explained in our previous work.22

The effect of the collagen shell on the degradation rate of the nanorods were evaluated 

by monitoring the ion release profile of NCS, NCS-C and NCS-C-P during prolonged 

immersion, as shown in Figures 5(b)–5(c). Initially, the concentrations of released Ca and 

Si follow the order: NCS>NCS-C>NCS-C-P. The concentration increased as immersion 

duration increased. The microstructures of nanorods on the three samples after immersion 

for 28 days were observed by SEM in Figures 5(d)–(f). Compared with those before 

immersion, nanorods were much sharper and thinner on NCS (Figure 5(d)), only slightly 

thinner on NCS-C (Figure 5(e)) and well-maintained on NCS-C-P (Figures 5(f)). Residual C 

can be detected on NCS-C and NCS-C-P. This residual C demonstrates that the Col-I layer 

after PFHP treatment can protect NaCa2HSi3O9 nanorods from serious degradation during 

immersion. Previous research shows that as-prepared Col-I films are not water-stable.21, 22 

After treatment in PFHP, Col-I has a higher contact angle, and is more compact and stable 

than untreated collagen films and acts as a barrier in reducing the degradation reaction 

of NaCa2HSi3O9 with H2O.31 Incorporation of AMP in the collagen shell should not 

significantly affect rate of degradation.32 Previous research indicates that significant new 

bone formation on Ti implants is observed after ~ 4 weeks.33 We therefore concluded that 

the collagen shell can successfully regulate NCS degradation for effective osteointegration 

after implantation.

AMP releasing and antibacterial property

Implant infections account for 45% of all nosocomial infections, often leading to implant 

failure, chronic infections, and tissue necrosis.34 For this reason, multifunctional coatings 

that impart antibacterial activity while simultaneously enhancing osteointegration are being 

increasingly studied for medical implants. Previous research has demonstrated antibacterial 

activity through photodynamic/ sonodynamic therapy35, 36, 37 or controlled release of ions 

(e.g., Ag+ and Zn2+) incorporated into implant coatings.38, 39 However, photo-related 

or sonodynamic therapies need a sensitizer and excitation source to generate reactive 

oxygen species, and metal ions generally have dose-dependent antibacterial activity and 

cytotoxicity. We utilized AMPs owing to their broad-spectrum activity, low cytotoxicity, and 

immunogenicity and loadability into collagen scaffolds.24, 25

Ideally, a localized drug should exhibit a high concentration burst release for effective 

protection against infection and prevention of drug-resistance, followed by a prolonged 

release for effective eradication of bacteria.40, 41 The release of AMP by NCS-CA and 

NCS-CA-P were evaluated and shown in Figure 6(a). Burst release as well as prolonged 

release of AMPs was observed from both samples. More AMP was released from NCS-CA 

than from NCS-CA-P. AMP release was mainly controlled by molecular diffusion and the 

degradation of the coating.27 PFHP treatment made Col-I more stable which resulted in the 

sustained release of AMP from NCS-CA-P, compared to NCS-CA.
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As PFHP treatment was conducted at 180 °C, the stability of the AMPs to the treatment 

conditions was evaluated through measuring antibacterial efficacy against planktonic and 

adherent S. aureus for NCS-CA-P and NCS-CA before and after immersion in 0.9 wt% 

NaCl (PBS) solution for 28 days (Figure 6(b)). Bare Ti has no antibacterial activity and 

was used as control. As prepared NCS-CA-P and NCS-CA exhibit good antibacterial 

activity against both planktonic and adherent S. aureus. Contact-killing activity (Ra) and 

antibacterial-release activity (Rp) for the two sample are almost 100%. After immersion, 

as part of AMP was released from the surface, antibacterial activity of NCS-CA and 

NCS-CA-P both decreased (Marked in red sample labels in Figure 6(b)). About 60% 

of adherent bacteria and 50% planktonic bacteria were also killed by NCS-CA-P, which 

was much higher than NCS-CA. S. aureus adhesion on coated and uncoated surfaces after 

24 h of culture were further confirmed by live/dead assay and SEM imaging, as shown in 

Figure 6(c). S. aureus with smooth and intact surfaces were observed on Ti (stained green). 

However, mostly dead bacteria (stained red) were observed on as prepared NCS-CA and 

NCS-CA-P. After immersion, more live bacteria were seen on NCS-CA than on NCS-CA-P, 

which can be attributed to quicker release of AMP from NCS-CA as compared to NCS-CA­

P (Figure 6(a)). AMP penetrates bacterial membrane, leading to the leakage of intracellular 

substance and eventual death of bacteria.24 Damaged bacterial membranes were observed 

on the AMP loaded samples through SEM and further confirmed the antibacterial activity 

from AMP release (marked with arrows in Figure 6(c)). We therefore concluded that 

AMP maintained activity post PFHP treatment at 180 °C and endow the collagen shell with 

long-lasting biocidal activity.

In vitro osteoblast response evaluation

Cell viability was evaluated through the MTT assay which measures the mitochondrial 

activity of hFOB1.19 on different surfaces after incubation for 1, 3 and 6 days, as shown in 

Figure 7(a). After 1 d of incubation, cells growing on nanorods with a Col-I shell (NCS-C 

and NCS-C-P) showed higher mitochondrial activity than those on bare nanorods-coated Ti 

(NCS). When Col-I was incorporated with AMP, mitochondrial activity of cells was reduced 

on NCS-CA, but no obvious change was observed on NCS-CA-P. Osteoblast viability is 

significantly enhanced when pH value is around 8–8.5,42 but higher pH can be harmful 

to cells and diminish viability.43 Collagen shell reduces the degradation of NCS nanorods 

thereby increasing cell adhesion. While increasing the concentration of AMP improves 

antibacterial activity, it compromises the cytocompatibility.

The dosage and release rate of AMPs must be controlled. The burst release of AMP from the 

unstable Col-I (NCS-CA) inhibited cell adhesion. After 3 d of incubation, the mitochondrial 

activity of cells was highest on Ti, followed by the PFHP treated, the PFHP untreated and 

bare nanorods. After 6 d of incubation mitochondrial activity of cells on NCS was much 

lower than that on Ti, indicating poor cytocompatibility. PFHP treated samples had similar 

mitochondrial activity of cells with Ti and higher than those on the PFHP untreated (NCS-C 

and NCS-CA).

The distributions and viabilities of cells seeded on different surfaces after 1 and 3 days of 

incubation were further confirmed by live/dead staining. The dead cells were counted in 
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Figure 7(b) and Figure S3 shows the distribution of dead cells after 1 d of incubation on 

different surfaces by a microscope. The dead cells were observed on NCS whether at 1 d 

and 3 d of incubation. Col-I coatings, especially after PFHP treatment, showed more live 

cells as compared to bare nanorods. The morphologies of cells after 1 day of culture were 

observed through actin-nucleus staining fluorescence (Figure 8) and SEM (Figure S5). Most 

cells on Ti were elongated, indicating that they did not spread well on the surface. The cells 

adhering on NCS-C, NCS-C-P and NCS-CA-P displayed typically polygonal morphologies 

and organized filamentous actin bundles, indicating that they spread well. On NCS or 

NCS-CA, although the cells were polygonal, the filamentous actin bundles were thinner and 

fewer in number indicating poor adhesion (left two rows in Figure 8).

Combining the degradation behavior and cell cytocompatibility assessment (Figures 6(a), 

7 and 8), we concluded that bare nanorods could not support osteoblast growth. Collagen 

shell contributed to increased cytocompatibility on nanorods. When AMP, burst release of 

AMP was incorporated in the shell, cytocompatibility decreased due to AMP cytotoxicity 

(NCS-CA) however, PFHP treatment is able to mitigate this by effectively regulating AMP 

release.Based on the results in Figures 7 and 8, NCS-C-P and NCS-CA-P were selected 

to evaluate the osteogenesis function of osteoblasts. Expressions of osteogenesis-related 

genes in the cells on NCS-C-P and NCS-CA-P were monitored for 14 days, as shown 

Figure 9 (Ti was used as a control). It is known that Runx2 is a transcription factor 

for early differentiation of osteoblast. ALP, OPN, and OCN are the early, middle, and 

late-stage markers of osteoblast differentiation. Their expression indicated that NCS-C-P 

and NCS-CA-P accelerated the cell differentiation compared with uncoated Ti. Stabilized 

collagen shell protects the pectolite nanorods from rapid degradation (Figure 5) in addition 

to reduced burst release of AMP (Figure 6(a)). The sustained release of Ca and Si combined 

with the surface nanotopography contribute to improved osteoblast differentiation (Figure 9) 

and ECM mineralization (Figure S4) on NCS-CA-P and NCS-C-P.

CONCLUSION

Pectolite nanorods effectively release Ca and Si ions but hamper cell adhesion and growth 

due to acute cytotoxicity from rapid degradation. Fluorous-cured collagen coatings allowed 

regulation of the rate of nanorod degradation, thereby controlling Ca and Si ions in the 

environment. Collagen coating also enhances cytocompatibility of the implant. Furthermore, 

Col-I coating acts as a loadable scaffold for antimicrobial peptides that impart antibacterial 

activity to the implant and act as a barrier to reduce degradation of nanorods. Pectolite 

nanorods with AMP-doped Col-I shell have both osteoblast response and antimicrobial 

activity. Overall, this study demonstrates a novel strategy for fabrication of highly effective 

multifunctional coatings for bone regeneration applications using a pectolite nanorod coating 

with a collagen shell.

EXPERIMENTAL METHODS

Preparation of the CS nanorod (NCS) coating

Commercially obtained pure Ti (Ø 14×2 mm, 99.99 wt%) was micro arc oxidized (MAO) 

as an anode for 3 min by a pulsed power supply with an applied voltage of 500 V, a pulse 
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frequency of 500 Hz, and a duty ratio of 7.5%. The electrolyte contains 0.3 M calcium 

acetate, 0.03 M β glycerophosphate disodium and 1.25% acetic acid. After MAO treatment, 

the samples were immediately washed with distilled water and hydrothermally treated in 

an aqueous solution containing 2M Na2SiO3 and NaOH at 240 °C for 24 h. The obtained 

samples were ultrasonically washed in distilled water, dried in air, and labelled NCS (Ca-Si 

nanorod coating).

Structural characterization of the coatings

Surface morphologies and element composition were measured by a field emission 

scanning electron microscope (FESEM, JSM-6700F, JEOL, Japan) equipped with an energy 

dispersive X-ray spectrometer (EDX; DX-4, Philips, Netherlands). Phase components were 

analyzed by X-ray diffraction (X’Pert PRO, PANalytical Co., The Netherlands) using Cu 

Kα rays. Chemical species of different surfaces were evaluated by a monochromatic X-ray 

photoelectron spectroscope (XPS; Axis Ultra, UK) with Mg-Kα radiation as an X-ray 

source and the photoelectron take-off angle was set at 45°. C1s (hydrocarbon C/C, C/H, 

284.8 eV) was used to a standard.

Evaluation of wettability, ion, and AMP release from the coatings

The wettability of coatings was measured using a surface contact angle measurement 

technique (DSA30, Kruss, Germany). A single drop of distilled water distilled water (2.5 

μL) was dropped onto each sample and high-resolution images were obtained. Captured 

images were utilized to estimate the contact angles through the analysis software (DSAI).

For measuring the release of Ca and Si ions, NCS, NCS-C and NCS-C-P were separately 

immersed in 1 mL 0.9 wt% NaCl (PS) solution at 37 °C for 1–28 days, successively. 

At the pre-determined time points, the supernatant was collected, and the solution was 

replaced. The refreshment of the supernatant at the pre-determined timepoints is crucial 

to maintain the pH of the coating environment. As the nanorods degrade, the pH of the 

solution increases which may affect the rate of degradation of the nanorods. Furthermore, 

refreshment of supernatant is closer to the in vivo environment where constant flow of 

biological fluids is expected to regulate the pH of the environment. The concentrations of 

Ca and Si ions released were measured by inductively coupled plasma-mass spectrometry 

(ICP-MS; Nu Instruments, Wrexham, UK).

For the AMP release study, different concentrations of HHC-36 was dissolved in PS to 

prepare a series of standard solutions. A calibration curve was obtained by fitting the 

measured absorbance values at 279 nm (Thermo Scientific Multiskan GO) versus the 

corresponding AMP concentrations. NCS-CA and NCS-CA-P were immersed 1 mL of PS 

for 0–28 days at 37 °C. At each pre-determined time, the absorbance of resultant solution 

was measured at wavelength of 279 nm, and the AMP concentrations were calculated based 

on the calibration curve.

In vitro cytocompatibility of osteoblast

Osteoblasts (hFOB1.19) purchased from the Institute of Biochemistry and Cell Biology of 

Chinese Academy of Sciences (Shanghai, China) were inoculated in Dulbecco’s modified 
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Eagle’s medium (DMEM; HyClone, USA) supplemented with 10% fetal bovine serum 

(HyClone, USA), 1.2 mg/mL Na2CO3, 0.5 mM sodium-pyruvate (Sigma, USA), and 0.3 

mg/mL Geneticine418 (Sigma, USA) in a humidified atmosphere incubator with 5% CO2 at 

37 °C. The Medium was refreshed every 2 days.

hFOB1.19 cells were seeded on each sample at a density of 2 × 104 cells/well and incubated 

for 1, 3 and 6 days, according to the instruction which has been described elsewhere.7 

Each test was repeated four times. Live/dead viability/cytotoxicity kit (Invitrogen, Eugene, 

OR) was used to identify viable and dead cells on different samples after 1 and 3 days 

of culture. Epifluorescence images were obtained on an Olympus BX52 microscope. The 

cell morphologies on different sample after incubation for 1 d were also observed. The 

cell-adhered samples were washed with PBS for three timed, fixed with 2.5% glutaraldehyde 

at 4 °C, dehydrated in ethanol, dried in vacuum, coated with gold, and observed by FESEM.

Actins and cell nucleus were stained with a staining kit (FAK100, Millipore, USA) after 

24 h of incubation on different surfaces. Cells were fixed with 4% paraformaldehyde, and 

permeabilized by 0.1% Triton X-100 (Sigma, USA). Then 37.5 ng/mL TRITC-conjugated 

phalloidin were added and were incubated at 37 °C for 60 min for actin staining. After 

washed three times using PBS buffer, that, 0.1 ng/mL 6-diamidino-2-phenylindole (DAPI) 

was added in each well and incubated in at 37 °C for 5 min to stain cell nucleus. Finally, 

the samples were washed three times using PBS buffer and observed by an epifluorescence 

(SMZ745T, Nikon, Japan).

TRIzol reagent ((Life Technologies, USA) was used to isolate total RNA from each sample 

after 14 days of incubation. The obtained RNA was reverse transcribed into complementary 

DNA using a PrimeScript RT reagent kit (Abcam, UK). The expression of osteogenic 

differentiation markers such as Alkaline phosphatase (ALP), runt-related transcription 

factor 2 (Runx2), osteopontin (OPN), osteocalcin (OCN) and collagen I (Col-I) were 

quantified by LightCycler 96 real-time PCR instrument (Roche, Switzerland) with SYBR 

FastStart Essential DNA Green Master Mix (Roche, Switzerland). The housekeeping gene 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as endogenous reference to 

normalize calculation through the 2−ΔΔCT method. The sequences of specific primer sets was 

shown in Table S2.

In vitro antibacterial test

Staphylococcus aureus (S. aureus, ATCC 25293) were inoculated to obtain bacteria in the 

midlogarithmic phase of growth, and then suspended in Mueller Hinton Broth to a final 

concentration of ~1×105 colony-forming units/ mL.

The AMP-loaded samples (NCS-CA and NCS-CA-P) and those after 28 days of immersion 

in PBS were employed to evaluate the short- and long-term antibacterial activity, 

respectively. Bare Ti was evaluated as control. 1 mL of bacterial solution was added in 

each well with a sample. After incubation at 37 °C for 24 h, the planktonic survivals in 

the resultant solutions were measured according to the National Standard of China GB/T 

4789.2 protocol to evaluate the antibacterial activity due to AMP release. Simultaneously, 

the samples were rinsed three times by PBS and the adhered bacteria were detached 
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by ultrasonic vibration in 1 mL of PBS for 5 min. The obtained bacterial solutions 

were sampled to measure the viable bacteria to evaluate the contact-killing activity. The 

AMP release-based antimicrobial activity of different coatings were calculated as Rp (%) 

= (B−A)/B×100%, where A and B are the number of viable bacteria in the solutions 

incubated with the samples and control, respectively, whereas the contact-killing behavior 

was calculated as Ra (%) =(D−C)/D×100%, where C and D are the number of viable 

bacteria on the coating and Ti, respectively.

A Live/Dead Backlight Bacterial Viability Kit (L13152) was used for quantifying adherent 

cell viability on each substrate after 24 h of culture according to the instruction. Fluorescent 

images were obtained by an Olympus BX52 microscope. Bacterial morphologies on the 

samples after cultured for 24 h were also observed by SEM following the same instruction 

of cell described in Section 2.4.

Statistical analysis

SPSS 14.0 software (SPSS, USA) was used to analyze the data. The level of significance 

was determined by a one-way ANOVA followed with a Student-Newman-Keuls post hoc 

test. p<0.05 and p<0.01 were considered to be significant and highly significant, separately. 

Data are presented as the mean ± SD, n=4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ALP alkaline phosphatase

AMPs Antimicrobial peptides

CS Ca and Si-based ceramic

Col-I Collagen I

DMEM Dulbecco’s modified Eagle’s medium

HHC-36 KRWWKWRR-NH2

EDX energy dispersive X-ray spectrometer

FESEM field emission scanning electron microscope

HT hydrothermal treatment
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MAO micro arc oxidation

NCS pectolite nanorods

NCS-C NCS spinning coated with collagen I

NCS-CA NCS spinning coated with collagen I and AMP

NCS-C-P NCS-C experienced PFHP treatment

NCS-CA-P NCS-CA experienced PFHP treatment

OPN osteopontin

OCN osteocalcin

PS 0.9 wt% NaCl solution

PFHP perfluoroperhydrophenanthrene

Ra contact-killing activity

Rp antibacterial-release activity

XPS X-ray photoelectron spectroscope

Runx2 runt-related transcription factor 2
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Figure 1. 
Schematic depicting the fabrication of collagen coatings. Pectolite (NaCa2HSi3O9) nanorods 

are first coated on Ti implant., then collagen I (Col-I) doped with antimicrobial peptide 

(AMP) is spin-coated onto the nanorods, and then heated in fluorous solvent (PFHP) for 

stabilization. The Col-I shell not only slows down the NCS degradation, but also acts as a 

scaffold for loading and controlled release of AMP.
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Figure 2. 
Surface morphologies of nanorods (NCS), collagen-coated NCS with (NCS-CA) and 

without (NCS-C) AMP, and PFHP-cured collagen coatings (NCS-C-P and NCS-CA-P). 

Collagen coating results in weblike films between nanorods as depicted by white arrows 

in the SEM images. Average C content is seen in red in the images and in XRD patterns 

of different samples. As expected, C content increased with incorporation of Collagen and 

AMP on the surface.
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Figure 3. 
(a) Full XPS spectra of different coatings and (b) elemental compositions detected on 

different coatings by XPS. Decrease in peak signal from Ca, Si, P, Ti, and O as well as 

increased signal of C and N indicates presence of collagen coating. (c) high-resolution 

spectra of C1s for different coatings further confirmed presence of collagen on nanorods.
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Figure 4. 
TEM micrographs of the nanorods scratched from NCS-CA-P: (a) bright-field image (b) 

corresponding SAED pattern and. (c) HRTEM image of the nanorod confirm presence of 

200–300 nm calcium sodium hydrogen silicate nanorods (d) enlarged image of the square 

marked in (a) of NCS-CA-P showing collagen shell and C content of the shell.
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Figure 5. 
(a) Contact angle and corresponding digital photograph of water droplets of different 

surfaces. PFHP-treated collagen shell increases hydrophobicity; (b) Ca and (c) Si release 

kinetics from NCS, NCS-C and NCS-C-P in 0.9 wt% NaCl for different immersion times 

show that PFHP-treated collagen shell (NCS-C-P) has the least amount of release. Surface 

morphologies of NCS (d), NCS-C (e) and NCS-C-P (f) after immersion in 0.9 wt% NaCl 

for 28 days; The tables inserted (d), (e) and (f) show the C, Ca, and Si amounts on the 

corresponding surfaces; arrows marked in (d) and (e) show the nanorods after significant 

degradation. PFHP treatment results in least degradation of nanorods.
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Figure 6. 
(a) Cumulative release of AMP from NCS-CA and NCS-CA-P up to 28 days shows that 

PFHP treatment resulted in sustained release of AMP; (b) contact and release antibacterial 

ratio of NCS-CA and NCS-CA-P before and after immersion for 28 days shows that 

60% toxicity towards adherent bacteria and 50% toxicity towards planktonic bacteria; (c) 

live-dead assay (upper row) and the corresponding SEM images (lower row) of S. aureus 

cultured on different surfaces after 24 h of incubation.
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Figure 7. 
(a)MTT assays of cell adhesion after 1 day and proliferation after 3 and 6 days of incubation 

on different surfaces; (b) dead cell numbers after 1 and 3 days of incubation on different 

surface. (*) p<0.05 and (**) p<0.01compared with Ti control, (#) p < 0.05 and (##) p < 0.01 

compared with NCS. As can be seen, collagen shell enhances cytocompatibility. While AMP 

increases cytotoxicity, PFHP treatment mitigates this by regulating AMP release.

Zhang et al. Page 20

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Cell nucleus (blue) and actin (red) fluorescence images (merged channel) of osteoblasts after 

24 h of culture on different surfaces. Cells show polygonal morphologies and organized 

actin bundles on collagen coated nanorods indicating enhanced cell adhesion.
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Figure 9. 
Gene expressions of osteoblasts cultured on different surfaces after incubation for 14 

days indicates accelerated cell differentiation on NCS-CA-P and NCS-C-P as compared 

to uncoated Ti. (#) p<0.05 and (##) p<0.01 compared with Ti, and (&) p<0.05 and (&&) 

p<0.01 compared with NCS-C-P.
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Table 1.

Treatment process for fabricating different surfaces and labelling notations.

Sample Name

Spin-coating (I) PFHP Treatment
(II)

Col-I (3 mg/mL) AMP (6 mg/mL) 180 °C, 15 min

NCS-C √

NCS-C-P √ √

NCS-CA √ √

NCS-CA-P √ √ √
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