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A B S T R A C T

In clinical work, the main challenges for titanium (Ti) implantation are bacterial infection and aseptic loosening,
which severely affect the survival rate of implants. The first 4 weeks post-operation is the infection peak phase of
implants. Inhibiting implant infection caused by bacteria adhesion and proliferation during the early phase as well
as promoting subsequent osteointegration is essential for implant success. Herein, we constructed a quaternary
ammonium carboxymethyl chitosan (QCMC), collagen (COL I) and hydroxyapatite (HAP) multilayers coating on
Ti substrates via a modified layer-by-layer (LBL) technique and polymerization of dopamine. The QCMC/COL/
HAP coating exhibited a multi-antibacterial property with a two-phase function: (1) At the first 4 weeks post-
operation, the covalently bonded QCMC could be slowly degraded and demonstrated both contact-killing and
release-killing properties during the infection peak phase; (2) At the second phase, osteogenesis and
osseointegration-promotion capabilities were enhanced by HAP under the effective control of infection. The
multifilm coating was degraded for more than 45 days under the action of collagenase I, and displayed good
biocompatibility in vivo and in vitro. Most importantly, the coating exhibited a long-lasting antibacterial activity
for more than 3 months, against the main pathogenic bacteria of peri-implant infections. Both in vitro studies and
in vivo animal models revealed a desirable osteogenic differentiation capacity of Ti-CCH. Therefore, our study
reports a two-phase, long-lasting multi-antibacterial coating on Ti-CCH and indicates potential applications of the
modified LBL strategy in orthopaedic fields, which is enlightening for developing practical implant and scaffold
materials.
1. Introduction

Titanium (Ti) and its alloy have been extensively used as orthopaedic
implants for their excellent mechanical properties, good biocompatibility
and superior erosion resistance. During tooth implant surgery, a thor-
oughly sterile environment is difficult to obtain since over 600 bacterial
species harvest in oral cavity [1]. Planktonic bacteria may adhere to the
Ti surface during the screwing process or enter the tissue wound after
operation. Once a structured biofilm has formed on the implant surface, it
protects adherent bacteria from the host defence system and external
therapeutic agents via several mechanisms, which eventually leads to
implant failure [2–4]. Although structural modifications such as sand-
blasting and acid etching have been widely used clinically to improve the
bioactivity of pure Ti, it is limited to endow the implant with desirable
antibacterial functions [5]. Moreover, it was reported that the incidence
of infection for Ti implants was about 10%, and nearly two-thirds of
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infected implants failed before functional loading [6]. Therefore, the
shortcomings of structural modifications are driving the development of
biological coatings on Ti. Recently, progress has been made to reduce
bacterial adhesion and biofilm formation through various bioactive
coatings in order to prevent implant infection and failure [7–9]. Never-
theless, Ti coatings utilizing un-covalent bonding such as electrostatic
interaction and hydrogen bond, were not stable and were quickly
degraded during the early phase after implantation [10,11]. On the other
hand, Ti coatings using traditional covalent bonding might undergo a
burst release of antibacterial agents, and only maintain a deficient con-
centration for killing bacteria in a later phase [12]. The infection peak
phase of the implant remains for 4 weeks post-operation, while the total
stability of implants reaches to a steady state at the eighth week after
implantation and becomes completely stable until 3 months [13,14]. As a
consequence, all of the above methods could not promise the implant
surface with stable and effective antibacterial properties over time.
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Fig. 1. Schematic illustration of construction of the QCMC/COL I/HAP coating on Ti-CCH and its two-phase effects.
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To confer the implant with desirable properties, different methods
such as plasma spraying, anodization and layer-by-layer (LBL) technique
have been deeply investigated to fabricate bioactive coatings [4,15,16].
Among them, LBL has been proved to be a highly effective method to
immobilize multi-components of the extracellular matrix (ECM) on bio-
materials since reported by Decher et al. [17]. Nevertheless, the in-
teractions responsible for the LBL multifilm were largely electrostatic,
which was unstable under physiological condition [18]. Recently, Ao
et al. [19,20] proposed a modified LBL technique to develop multifilm
structure with amido bond crosslinking. The reaction between carboxyl
and amino groups was catalyzed by EDC/sulfo-NHS crosslinker to form
the LBLmultifilm structure. Compared to the conventional LBL technique
which utilized electrostatic interaction and physical crosslinking, the
modified LBL multifilm was stable in tris-buffer and degraded slowly
under the action of collagenase solution. This indicated that the modified
LBL technique could be applied in developing antibacterial coatings to
obtain long-lasting, release-killing and contact-killing properties. To
endow implants with effective antibacterial activity, a large number of
antibacterial agents have been utilized such as antibiotic, graphene
oxide, nano-silver, chitosan, etc. [7,9,21]. Chitosan is a natural polymer
widely used in tissue engineering and drug delivery system due to its
biocompatibility, biodegradability, bioadhesivity as well as bioactivity
[12]. As a chitosan derivative, quaternary ammonium carboxymethyl
chitosan (QCMC) is an ideal water-soluble antibacterial agent, in which a
large number of carboxyl and amino groups has been considered bene-
ficial for the construction of covalently bonded multifilms [11,22].

Implant-related infection often occurs in the first 4 weeks post-
operation [13]. In this phase, desirable antibacterial materials are
needed for the prevention and control of infection. Moreover, osseoin-
tegration and the second stability of implants starts building during the
end of this phase, which is essential for the improvement of total stability
of implant and the final implant success. Thus, after the first 4 weeks of
implantation, good osseointegration-promotion capability as well as
acceptable antibacterial activity is required. Immobilizing enzymes, cy-
tokines or main components of ECM on biomaterial surfaces have shown
considerable role in inducing particular cell responses and strengthening
the tissue-implant interface [20]. In this study, collagen (COL) and hy-
droxyapatite (HAP) were utilized to mimic the ECM of natural bone and
induce osseointegration [23–25]. Both QCMC and COL were chemically
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crosslinked, and HAP was bonded using poly dopamine as binding agents
[26,27]. The QCMC/COL/HAP multilayer coating might endow the
implant with a long-lasting, multi-antibacterial property and a two-phase
function. At the first 4 weeks post-operation, the covalently bonded
QCMC could be slowly degraded. The degraded QCMC exhibited
release-killing effect and the remaining QCMC in coatings could achieve
contact-killing property during the infection peak phase; then during the
second phase, osteogenesis and osseointegration might be promoted due
to the osteoinductivity of HAP. The null hypotheses tested were: 1) The
QCMC/COL/HAP multilayer structure can not be constructed via modi-
fied LBL technique and poly dopamine binding methods. 2) QCMC can
not be slowly degraded from the multilayer structure for a long period of
time. 3) The QCMC/COL/HAP multilayer structure has no long-lasting,
multi-antibacterial effects and a two-phase function.

2. Experimental section

2.1. Materials

Ti disc (10 mm*10 mm*0.5 mm) and rod (10 mm*Ф1mm) were
obtained from Sante Material (Taizhou, China). Carboxymethyl chitosan
(CMC), 2-Morpholinoethanesulphonic acid (MES) buffer, dopamine hy-
drochloride and cetylpyridinium chloride were purchased from Solarbio
(Beijing, China). EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride), sulfo-NHS (N-hydroxysulfosuccinimide) and type-I
collagenase were obtained from Sigma-Aldrich (St. Louis, MO, USA). Rat
tails were provided by the Experimental Animal Center. Cell Counting
Kit-8 (CCK-8) was purchased from Dojindo (Shanghai, China). DAPI dye
solution was purchased from Beyotime (Shanghai, China). Minimum
Essential Medium alpha basic (α-MEM), Fetal Bovine Serum (FBS) and
phosphate balanced solution (PBS) were provided by GIBCO (Grand Is-
land, USA). Bicinchoninic acid (BCA) protein assay kit was obtained from
Comwin (Beijing, China). Alkaline phosphatase (ALP) assay kit was
purchased from Jianchen (Nanjing, China). Brain heart infusion broth
(BHI) was purchased from HuanKai Microbial (Guangdong, China).
Osteogenic differentiation mediumwas purchased from Cyagen (Suzhou,
China). Hematoxylin-eosin staining kit was purchased from Biosharp
(Beijing, China). Other chemical reagents were obtained from Macklin
(Shanghai, China). Staphylococcus aureus (ATCC 25923), Staphylococcus



Table 1
The grouping details in each experimental section.

Experimental
section

Groups Numbers of
rats

Micro-CT analysis and Bone
histopathology

Microbiological evaluation Weight and blood
detection

Time for
sacrifice

Biocompatibility Ti-OH 5 5 femurs with implants – All of rats 6 weeks
Ti-CCH 5

Anti-infection Ti-OHþPBS 10 5 femurs with implants 5 implant rods and 5 weighed femurs for
quantitation

– 4 weeks
Ti-OHþS. aureus 10
Ti-
CCHþS. aureus

10

Pro-osteogenesis Ti-OHþPBS 5 5 femurs with implants – – 8 weeks
Ti-OHþS. aureus 5
Ti-
CCHþS. aureus

5

– represent no treatment.
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epidermidis (ATCC 12228) and Enterococcus faecalis (ATCC 29212) were
obtained from Microbial Culture Collection Center.
2.2. Methods

2.2.1. Synthesis and characterization of QCMC and COL I
The synthesis of QCMCwas described in the literature [28]. Briefly, 5

g CMC was completely dissolved in double-distilled water (ddH2O) and
(3-Chloro-2-hydroxypropyl) trimethylammonium chloride (CTA) were
slowly dropped into CMC solution. The mixture solution was stirred at
80 �C for 8 h, followed by dialysis against pure water for 5 days and
lyophilization. In this study, CMC was a long-chain polymer with
repeating units and functioned as a reactant to synthesize QCMC. The
repeating unit in CMC was called as “chitosan oligosaccharide unit”. In
order to explore the optimal reactant proportion of CTA and CMC,
different molar ratios of CTA to chitosan oligosaccharide units from 3:1
to 6:1 were employed. COL I was extracted from rat-tail tendons and
dissolved in 0.2% acetic acid, followed by dialysis against dipotassium
hydrogen phosphate solution and lyophilization [29]. Fourier transform
infrared (FTIR; Nicolet 6700, Thermo Scientific, USA) spectroscopy was
used to characterize the synthetic QCMC and COL I. Elemental analysis
(Vario EL cube, Elementar, Germany) was used to evaluate the content of
nitrogen (N) and carbon (C) elements in QCMC synthesized using a series
proportion of CTA. The substitution degree of quaternary ammonium
groups was calculated as described in Supplementary information.

2.2.2. Construction of Ti-CCH coating
The modified multilayer structures were constructed by the LBL

technique as described in the literature (Fig. 1) [20]. Firstly, Ti substrates
were immersed in 5 M NaOH solution at 80 �C for 12 h, ultrasonically
cleaned and dipped in deionized water at 60 �C for 7 days with the water
changed daily, then the Ti was named Ti-OH. A 95% ethanol solution was
prepared and the pH was adjusted in a range from 4.5 to 5.5 using acetic
acid. Five volume percent of silane coupling agent KH550 was hydro-
lyzed in the pH-adjusted ethanol solution and the mixture was placed for
5 min at room temperature. Then Ti-OH substrates were immersed into
the aforementioned solution with continuously magnetic stirring for 2 h,
followed by ethanol washing and vacuum drying at 110 �C for 30 min.
After silane coupling treatment, the Ti-OH was named Ti-NH2.

Afterward, the modified LBL self-assembly coating was constructed
by EDC/sulfo-NHS crosslinkers [19]. Firstly, 5 mg/mL QCMC and 1
mg/mL COL solutions were prepared respectively, and the pH was
adjusted to 5.0 by using MES buffer. Then 2.5 mg/mL EDC was added
into QCMC solution and stirred for 10 min to activate carboxyl groups. In
order to stabilize carboxyl groups, 0.63 mg/mL sulfo-NHS was added and
the pH was adjusted to 7.2–7.5 with PBS immediately. Thereafter,
Ti-NH2 samples were immersed into above QCMC solution and stirred
for 15 min. Themethods for grafting COLwere the same as that of QCMC.
After crosslinked with QCMC and COL, the Ti-NH2 was named Ti-CC.
Then HAP was added using self-polymerization method as described in
3

the literature [13]. Briefly, Ti-CC substrates were immersed into 50 mM
tris-buffer (pH ¼ 8.5). Then 5 mg/mL HAP and dopamine hydrochloride
were added separately, vibrating for 24 h. The above steps of coating
QCMC, COL and HAP were treated as one cycle, and a total of six cycles
were performed. After the coating completed, Ti-CC were named Ti-CCH.

2.2.3. Characterization of Ti-CCH coating
The characterizations of the samples were performed at different

steps of fabricating the coating. Scanning electron microscopy (SEM;
Merlin, Zeiss, Germany) was employed to observe the surface
morphology of Ti coating in each step of construction and the thickness of
the final coating. X-ray photoelectron spectroscopy (XPS; Escalab 250,
Thermo-VG Scientific, USA) was then performed to analyze the elemental
components and valence states on the Ti surface. Water contact angle
measurement (OCA40 Micro, Dataphysics, Germany) and confocal laser
scanning microscope (CLSM; LSM700, Zeiss, Germany) were employed
to evaluate the hydrophilicity and surface roundness of different Ti
substrates. Young's modulus of Ti-CCH was measured by atomic force
microscopy (Dimension fastscan bio, Bruker, Germany) in the peak force
quantitative nanomechanics mode and was analyzed by the Derja-
guin–Muller–Toporov model. To further evaluate the mechanical stabil-
ity of QCMC/COL/HAP coating, Scratch test and SEM were employed to
evaluate the mechanical stability of QCMC/COL/HAP coating on Ti-CCH.

2.2.4. Biocompatibility and biodegradability of Ti-CCH coating
The proliferation rate of MC3T3 E1 osteoblastic cells after co-cultured

with Ti-OH and Ti-CCH samples for 1, 3 and 7 days was measured using
CCK-8 assay. Fluorescent actin staining assay was conducted to evaluate
the cell adhesion to Ti-OH and Ti-CCH surface. The release of QCMC was
detected by anthrone–sulfuric acid reaction, using glucose as a standard.
Briefly, Ti-CCH substrates were immersed into 2 mL collagenase solution
(1 mg/mL collagenase I and 50 mmol/L tris-HCL) and 50 mmol/L tris-
HCL separately and incubated in 37 �C for 45 days. The solutions were
collected and renewed every 2 days, following the anthrone-sulfuric acid
detection [19].

Twenty-week-old Sprague Dawley (SD) rats were employed to build
femur implant models for evaluating the biocompatibility of Ti-CCH. Ten
SD rats were randomly divided into two groups. The grouping details of
each experimental section can be seen in Table 1. Ti-OH and Ti-CCH rods
(n ¼ 5) were implanted into the left femurs of the rats as described in
previous studies [30,31]. Briefly, the rats were anesthetized, the distal
femur and intercondylar fossa were then exposed. Dental drill was used
to make a 1-mm-diameter, 10-mm-depth hole through the intercondylar
fossa, then a rod with or without infection was placed into the hole. The
incision was sutured in layers. The body weight of rats per group was
measured weekly, and venous blood samples were collected 3 and 6
weeks after surgery, neutrophil (NE) and hemoglobin (HGB) of the blood
samples were measured. After implantation for 6 weeks, rats were
sacrificed by cervical vertebrae. Femurs were removed and
immersion-fixed in 4% paraformaldehyde in PBS upon collection and



Fig. 2. Characterization of the synthetic QCMCs, COL I and QCMC/COL I/HAP multifilm coating on the titanium surface. (a) FTIR spectra of the synthetic QCMCs and
COL I. (b) XPS spectra of Ti, Ti-OH, Ti-NH2 and Ti-CCH. (c) Water contact angle of Ti, Ti-OH, Ti-NH2 and Ti-CCH (n ¼ 3). (d) CSLM images of the surface roughness of
Ti, Ti-OH, Ti-NH2 and Ti-CCH (n ¼ 3). (e) Young's modulus mapping via AFM of Ti and Ti-CCH. Different lowercase superscript letters indicate significant differences
(n ¼ 3). *P＜0.05.
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then transferred into 75% ethanol after 24 h. The femurs samples were
scanned and bone morphometry was analyzed using a Micro-CT scanner
(Inveon PET/CT, Siemens, Germany). After Micro-CT scanning, the fe-
murs were decalcified in 0.5 mol/L EDTA solution for 3 weeks. The im-
plants in femurs were removed and underwent paraffin embedding,
section, followed by hematoxylin and eosin (HE) staining.
4

2.2.5. Long-lasting and multi-antibacterial activity assessments
ATCC 25923, ATCC 29212 and ATCC 12228 were employed to study

the antibacterial properties of Ti-CCH. The concentration of bacteria was
adjusted to 106 CFU/mL and the contact and release-antibacterial ac-
tivity was evaluated by spread plate method [32]. It was known that the
contact ability of bacteria was relatively influenced by the surface



Table 2
Elemental analysis and grafting ratio of quaternary ammonium groups in QCMCs.

CTA:Glucose unit Element content (%) C/N ratio Grafting ratio (%)

C N

3:1 38.14 5.61 6.80 87.5
4:1 38.81 5.76 6.74 94.54
5:1 37.88 5.60 6.76 92.14
6:1 36.96 5.46 6.77 90.96
CMC 30.38 3.68 8.25 –

CTA: (3-Chloro-2-hydroxypropyl) trimethylammonium chloride; CMC: carbox-
ymethyl chitosan; N: nitrogen; C: carbon; – represents no data.
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properties of biomaterials. Since the surface of Ti-OH was similar to
Ti-CCH's, we used Ti-CCH and Ti-OH as experimental and control groups
separately to evaluate the contact-antibacterial activity of Ti-CCH. The
contact ability of bacteria on titanium substrate was studied so that there
was no control check group in this section. Briefly, Ti-CCH and Ti-OH
substrates were cocultured with 2 mL each bacteria suspension at 37
�C for 12 and 24 h, followed by ultrasonically washing with 3 mL PBS.
Then the bacteria suspensions were serially diluted 100-fold, plated onto
BHI plate and incubated for 24 h. To investigate the release-antibacterial
activity, BHI, Ti-OHþBHIþtype I collagenase, Ti-CCHþBHIþtype I
collagenase were separately co-cultured at 37 �C for 24 h and the solu-
tions were filter sterilized. Ten microliter of 106 CFU/mL of three bac-
teria suspensions were added into 1 mL of above solutions, incubated at
37 �C with shaking at 150 rpm for 24 h and evaluated by spread plate
method. The inhibition effect of Ti-CCH on biofilm formation was further
assessed by SEM. Live/dead staining was conducted to further study the
antibacterial activity of Ti-CCH. The evaluation of long-lasting antibac-
terial activity of Ti-CCH was conducted with spread plate method as
described in the previous study, in which S. aureus was utilized as
representative [33]. Briefly, Ti-OH and Ti-CCH substrates were stored at
sterile PBS for 0, 3, 6, 9 and 12 weeks separately. The samples were
transferred to 24-wells-plate at each designated time and co-cultured
with 2 mL of 106 CFU/mL S. aureus suspensions at 37 �C for 24 h, fol-
lowed by ultrasonically washing with 3 mL PBS. Then the bacteria so-
lutions were serially diluted 100-fold, plated onto BHI plate and
incubated for 24 h.

2.2.6. Anti-infection evaluation of Ti-CCH
The femur implant infection model was constructed as described in

previous study [13]. Briefly, Ti-OH and Ti-CCH rods were immersed into
PBS or 106 CFU/mL of S. aureus suspension for 10 min. Then Ti-OH and
Ti-CCH rods were implanted into the left femurs of rats as mentioned
before. The grouping details are shown in Table 1. After implantation for
4 weeks, rats were sacrificed by cervical vertebrae. The implants of 15
rats were removed in a bacteria-free environment and ultrasonically
cleaned in PBS for 5 min, followed by gradient diluted for bacterial
colony counting. After implants removal, the femurs were weighed,
frozen in liquid nitrogen and were grounded into powder. The powder
was ultrasonically cleaned in PBS for 5 min, followed by gradient diluted
for bacterial colony counting. Quantitation of bacteria in bone tissues
was calculated by CFU/g. In addition, Femurs of the other 15 rats were
removed and immersion-fixed in 4% paraformaldehyde in PBS upon
collection and then transferred into 75% ethanol after 24 h. The femurs
samples were scanned, and bone morphometry was analyzed using a
Micro-CT scanner. Then femurs were decalcified in 0.5 mol/L EDTA so-
lution for 3 weeks. The implants in femurs were removed and underwent
paraffin embedding, section, followed by hematoxylin and eosin (HE)
staining.

2.2.7. Assessment of osteogenesis abilities
MC3T3 E1 osteoblastic cells were employed to evaluate the osteo-

genesis property of Ti-CCH by using ALP activity detection and Alizarin
red staining. Briefly, MC3T3 E1 cells were adjusted to a density of 5*104/
mL, and were cocultured with Ti-OH and Ti-CCH respectively for 7 and
14 days with osteogenic induction. The ALP activity and total protein
concentration in the cell lysates were measured by using a microplate
reader at a wavelength of 562 nm. Mineralized nodules were visualized
by Alizarin red staining after coculturing for 28 days with osteogenic
induction. Ten percent of cetylpyridinium chloride was added to dissolve
the stain for the quantitative assay.

The femur implant infection model was constructed as mentioned
above. After implantation for 8 weeks, rats were sacrificed by cervical
vertebrae. Femurs of 15 rats were removed and immersion-fixed in 4%
paraformaldehyde in PBS for 24 h upon collection, followed by 75%
ethanol. The femurs samples were scanned, and bone morphometry was
analyzed by using a Micro-CT scanner. Then femurs were decalcified in
5

0.5 mol/L EDTA solution for 3 weeks. The implants in femurs were
removed and underwent paraffin embedding, section, followed by he-
matoxylin and eosin (HE) staining.

2.3. Statistical analysis

Data were expressed as the mean � standard deviation. Statistical
analysis was evaluated by SPSS 20.0 (IBM Corp., Chicago, USA) with
Student's t-test and one-way analysis of variance (ANOVA) followed by
Bonferroni multiple comparisons for data with homogeneity of variance,
and Wilcoxon's nonparametric test for data with heterogeneity of vari-
ance. P < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of QCMC and COL I

As a novel promising chitosan derivative, QCMC was given consid-
erable attentions and confirmed to be a functional polymer, which con-
tained a great number of bioactive groups [22]. To synthesize QCMC,
carboxymethyl and quaternary ammonium groups were grafted to chi-
tosan to enhance its water solubility and antibacterial property. It is
known that the ECM of natural bone consists of abundant COL I, which
provides the structural scaffold and forms the organic matrix [23]. In
order to mimic the natural bone micro-environment and endow the
implant with promising antibacterial property, QCMC and COL I were
synthesized for constructing implant coating according to previous
studies [28]. The FT-IR spectra of COL I and QCMC are presented in
Fig. 2a. The main absorption bands of CMC were 3430 cm�1 (O–H
stretch), 2920 cm�1 (C–H stretch) and 1070 cm�1 (C–O stretch), while
1603 cm�1 and 1419 cm�1 were assigned to the asymmetric and sym-
metric stretching vibrations of –COOH groups, respectively. Compared to
CMC, a new absorption peak at 1478 cm�1 emerged in the absorption
bands of QCMC, indicating that quaternary ammonium group was suc-
cessfully grafted to CMC [22,34]. Furthermore, QCMC had been char-
acterized by NMR in our previous study, which proved the grafting of
quaternary ammonium group [35]. The three main bands of the synthetic
COL I were 1630 cm�1, 1551 cm�1, and 1232 cm�1, related to amide I, II,
and III, respectively. The peaks found in the region between 3100 cm�1

and 3400 cm�1 occurred due to the O-H and N-H stretching of amide A,
indicating that COL I was successfully synthesized. In order to obtain
QCMCwith the maximum grafting yield, a series of experiments utilizing
different reactant ratios were conducted. The graft ratios of quaternary
ammonium group were calculated according to the content of C and N
elements in different QCMCs. The results of elemental analysis showed
that the grafting ratio of quaternary ammonium group was at its highest,
reaching 94.5% when the molar ratio of CTA/chitosan oligosaccharide
unit was 4:1 (Table 2). Therefore, QCMC with the highest grafting ratio
has been used for the following study to obtain a higher antibacterial
activity of coating.



Fig. 3. SEM images showing the surface morphology of Ti, Ti-OH, Ti-NH2, Ti-CC, Ti-CCH and the thickness of the multifilm coating on Ti-CCH.
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3.2. Fabrication and characterization of Ti-CCH

The modified LBL technique and polymerization of dopamine were
proved to be highly effective methods for immobilizing macromolecular
on biomaterials [13,36]. In the present study, QCMC, COL I and HAP
were grafted into the multifilm structure. It was known that pure Ti was
an inert metal without sufficient bioactive [37]. Therefore, essential
pre-treatments such as alkali-heat treatment and silane coupling were
conducted in order to form stable bonds among QCMC, COL I and Ti
surface. After alkali-heat treatment, XPS revealed that the O1s signal of
Ti-OH increased significantly, with a binding energy over 531 eV, which
belonged to hydroxyl groups (Fig. 2b). The considerable amount of polar
grafted hydroxyl groups could react with water and form hydrogen bonds
[38]. Accordingly, the surface of Ti-OH was the most hydrophilic with a
contact angle around 23� (Fig. 2c). After silane coupling, the hydroxyl
groups could react with the coupling agent and eventually form ami-
dogen groups on the Ti surface, which was proved by the typical N1s
peak with binding energy among 399–400 eV in XPS. Moreover,
compared to the smooth surface of Ti, Ti-OH showed a palisade structure
with increased surface roundness (Psa value ¼ 1.548) after alkali-heat
treatment. Then a disordered 200–400 nm wide nano-grid structure on
Ti-NH2 was observed with a slightly decreased surface roundness (Psa
value¼ 1.397) after silane coupling (Figs. 2d and 3). The bioactivity of Ti
surface was improved so that QCMC could react with amino groups on
Ti-NH2 surface, catalyzed by EDC/NHS crosslinkers. It was worth noting
6

that Ti-CCH still maintained the nano-grid structure with a thicker pore
wall and smaller pore size around 50–200 nm after macromolecules
covering, with a thickness of 123 μm (Fig. 3). The nano-grid structure
generated a great special surface area, providing additional conjugation
sites for biomolecules as well as cells, which have been reported to be
beneficial for the adhesion and proliferation of osteoblast [39,40].
Moreover, HAP with a diameter around 200 nm was deposited in the
pore and uniformly distributed among the substrate surface of Ti-CCH,
which could mimic the natural bone micro-environment and induce
adhesion and proliferation of osteoblasts [23]. However, characteristic
peak of calcium and phosphorus element of HAP was not observed in
XPS. As an energy spectrometry technique, XPS was used to determine
the composition, chemical formula and electronic states of elements
contained in materials with high sensitivity. Nevertheless, the detection
is limited to 1–10 nm below the surface of materials and the detection
region was elliptic with a long axis of 400 μm, which was randomly
selected. In the LBL multifilm, HAP particles were crosslinked in the
nano-grid structure, and dopamine could self-aggregate and adhere on
the titanium surface while grafting HAP. Therefore, calcium and phos-
phorus elements in HAP might be covered by other macromolecules and
could not be detected effectively using XPS. Since part of hydroxyl groups
were covered by biomolecules, the hydrophilia of Ti-CCH decreased with
an increase of contact angle to 50�, though which was still lower than
that of Ti (contact angle around 75�, Fig. 2c). A hydrophilic surface is
beneficial for cells adhesion and decreasing bacteria attachment, which



Table 3
Element contents on different Ti substrates evaluated by XPS.

Element content (%)

C N O Si Ti

Ti 35.32 3.07 39.43 2.2 16.54
Ti-OH 26.49 0.96 49.07 1.23 18.23
Ti-NH2 37.87 4.04 38.12 8.38 7.1
Ti-CCH 78.78 2.16 13.53 3.35 0

C: carbon; N: nitrogen; O:oxygen; Si: silicon; Ti: titanium.
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are crucial for tissue healing and implant integration [41]. It was re-
ported that a contact angle between 35� and 80� has been considered
beneficial for bone regeneration, with 55� reported as the optimum for
cell adhesion and proliferation [42]. Therefore, Ti-CCH showed a desir-
able surface property for attracting cells adhesion and proliferation.

Young's modulus test of Ti-CCH was conducted to evaluate the
biomechanical compatibility of coatings [43]. As shown in Fig. 2e, the
Young's modulus of Ti was around 3.7 Gpa, which subsequently
decreased to around 1.8 Gpa after QCMC/COL/HAP coating construct-
ing. It has been reported that the Young's modulus of periodontal liga-
ments of natural tooth is around 68.9 Mpa [44]. This result indicated that
the Young's modulus of the coating on Ti-CCH was closer but still much
higher than periodontal ligament compared to Ti. Therefore, the
biomechanical compatibility of Ti-CCH still needs to be improved.
Further studies should concentrate on the influence factors of the Young's
modulus, including the number of multifilm layers, the concentration of
Fig. 4. The scratch testing combined with SEM for evaluation of coating on Ti-CCH.
acoustical emission (AE) during the scratching process. (b) Low- and high-magnifica
substrates. Pd: probing depth, Ft: force of friction, AE: acoustical emission.
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reactants and reaction time, to optimize the biomechanical compatibility
of Ti-CCH. Apart from the visualized evidence from SEM, the surface
elements and their valence states evaluated by XPS also confirmed the
successful construction of QCMC/COL/HAP multifilm coating (Table 3
and Fig. S1). After crosslinking, Ti-CCH showed an obvious C1s peak at
around 288 eV, representing the grafting of carboxyl groups. The
disappearance of Ti2p peak and weakening of Si2p peak indicated the
decreasing of the content of Ti and Si elements on Ti-CCH surface, which
was a result of LBL films covering. Moreover, the carbon (C) content
increased from 26.49% to 78.78% and Ti content decreased from 18.23%
to 0% during the coating process. The content of silane (Si) increased and
was at its highest, reaching 8.38% after silane coupling, followed by a
decrease to 3.35% when covering QCMC, COL and HAP. The above re-
sults revealed that multifilm structures were successfully constructed.
However, due to the aforementioned deficiency of XPS technique, the
grafting degree of QCMC on Ti-CCH could not be calculated. The amount
of QCMC on Ti-CCH was further evaluated in the degradation
experiment.

When the Ti-CCH implants are implanted into the body, the sur-
rounding bone tissue will generate mechanical friction on the surface of
the implanted material. Therefore, we conducted the scratch test to
evaluate the mechanical stability of QCMC/COL/HAP coating. In the
scratch test, parameters such as probing depth (Pd), scratching time,
force of friction (Ft) and acoustical emission (AE) were continuously
recorded with the increasing of scratch length. These parameters would
undergo an abrupt change when the coating was broken. Therefore, the
binding force of coating could be evaluated and Fig. 4a shows the change
(a) The change of probing depth (Pd), scratching time, force of friction (Ft) and
tion SEM micrographs taken at the site of scratching on the surface of Ti-CCH



Fig. 5. Biocompatibility of Ti-CCH in vitro. (a) Cell proliferation of MC3T3-E1 preosteoblasts in Ti-CCH, Ti-OH and CK groups (n ¼ 3). (b) Morphology of MC3T3-E1
preosteoblasts cultured for 1 day in Ti-CCH, Ti-OH and CK groups (red for F-actin and blue for cell nucleus). ns indicates no significant difference.

R. Lin et al. Materials Today Bio 15 (2022) 100330
of different parameters during the scratching process. No abrupt change
was observed along the scratching period. Fig. 4b shows low- and high-
magnification SEMmicrographs, respectively, taken on the top surface of
the Ti-CCH coating at the location where scratch testing was conducted
(progressively from left to right). The scratching was exerted by the
conical diamond stylus with a load from 0.02 up to 20 N for a length
about 3 mm, which introduced plastic deformation on the surface of Ti-
CCH coating. However, neither microcracks nor areas of spalling in the
coating could be observed around the scratch, which demonstrated the
high strength of attachment of the coating to the titanium substrate,
thereby meeting the requirements of the ASTM C1624-05 Standard
(requiring resistance up to 20 N) for biomaterials' applications [45].
Hence, the first null hypothesis that “The QCMC/COL/HAP multilayer
structure can not be constructed via modified LBL technique and poly
dopamine binding methods” has to be rejected.

3.3. Biocompatibility assessment of Ti-CCH

In the aforementioned characterization method, different titanium
samples were included in order to characterize the variation of surface
properties during the characterization steps. While in the following cell
or animal experiments, Ti-OHwas selected as control group to reduce the
random error due to the similar nano-grid surface compared to Ti-CCH
according to previous studies [33,46]. The LBL multifilm coating was
successfully fabricated and devoted to function on implant. Accordingly,
the cytotoxicity of Ti-CCH should be thoroughly assessed to guarantee a
good biocompatibility. In this study, MC3T3-E1 osteoblastic cells were
employed to evaluate the biocompatibility of Ti-CCH in vitro. No signif-
icant difference was found among groups regarding the cells proliferation
rate by using CCK-8 assay after cocultured for 1, 3 and 7 days (Fig. 5a).
Moreover, fluorescent actin staining indicated that osteoblastic cells
adequately stretched on both Ti substrates. As for Ti-CCH, cells exhibited
an obvious elongated cytoskeleton (Fig. 5b). This can be attributed to the
positively charged QCMC chain, with a high density of amino groups that
promoted cell attachment and provided superior biocompatibility for the
structure [37]. Therefore, Ti-CCH exhibited excellent biocompatibility
and did not impair osteoblastic cells behavior.

To further evaluate the biocompatibility of Ti-CCH, an implant
femoral model was constructed and the local as well as systemic reactions
of SD rats were assessed. After implantation, the body weight of rats from
Ti-OH and Ti-CCH groups continuously increased within 6 weeks and
showed no significant difference (Fig. 6a). Blood examination indicated
that the average level of NE was similar between the two groups at 3 and
6 weeks after surgery. The average level of HGB of Ti-CCH was lower
than that of Ti-OH. However, no significant difference was found be-
tween Ti-OH and Ti-CCH groups regarding neutrophil and HGB levels
(Fig. 6b). These results indicated that the systemic inflammatory
8

response induced by the implants were similar between groups. It had
been demonstrated that hemolysis was one of the main challenges for the
application of cationic surface coatings [47]. Nevertheless, our results
showed that there was no significant difference regarding the level of
HGB between Ti-OH and Ti-CCH groups, whichmight due to the blocking
effect of the crosslinked COL I. Moreover, Fig. 6c shows the 3D images of
femurs in Ti-OH and Ti-CCH groups by using Micro-CT reconstruction.
The results indicated more new bone was generated in Ti-CCH group
compared to that of Ti-OH. The quantitative analysis of generated new
bone in the region of interest can be observed in Fig. 6d. As two main
peri-implant bone tissue indexes, the values of BV/TV and Tb.Th in
Ti-CCH group were significant higher than those of Ti-OH group. Bone
histopathological analysis showed that an abundance of trabecular and
hyperchromatic bone marrow cells were observed in peri-implant
marrow cavities in both groups with more new bone deposition in
Ti-CCH group (Fig. 6e). The results were consistent with cell evaluation
in vitro and indicated that Ti-CCH can serve as a non-toxic and biocom-
patible implant.

3.4. Biodegradability of multifilm coating on Ti-CCH

It is known that the total stability of implants undergoes a trough at
the first 4 weeks post-operation, for which a long-lasting antibacterial
coating is required to guarantee a high success rate of implant. For
traditional LBL technique, multilayer films formed by electrostatic
interaction are usually unstable in physiological conditions [48]. In the
present study, we employed a modified crosslinking LBL technique to
form stable amido bonds [20]. Anthrone–sulfuric acid reaction had been
demonstrated to be a useful method for carbohydrate detection with high
sensitivity [49]. Therefore, our study utilized this method for the
detection of the release of QCMC, and the result showed that our coating
could serve as a reservoir for slow continuous release of QCMC for more
than 45 days. Although Ti-CCH underwent a high-dose release of QCMC
at first, it followed by a long-lasting release around 100–200 μg every two
days. Moreover, nearly 88% of QCMC was released at the first month,
reaching an amount of approximately 4377 � 193 μg, while the
remaining QCMC was continuously released at a low-dosage (Fig. 6f). It
was revealed that wound and implant sites are rich in collagenase during
the healing process, so that QCMC could be sustainedly released under
the action of collagenase in vivo [50]. Indeed, the collagenase simply used
in vitro experiment was at a high concentration and was different from
that of in vivo environment, where a series of factors including other
proteases, local trauma, inflammation situation could influence the ac-
tivity of collagenase. The interaction of the aforementioned factors
finally decided the degradation of the multifilm coating. Thanks to this,
the multifilms coating and QCMC were expected to be degraded for a
longer period of time in vivo and exhibited a long-lasting antibacterial



Fig. 6. Biocompatibility of Ti-CCH implant in vivo and the degradation of the coating under the action of collagenase. (a) The changes of body weight over time (n ¼
5). (b) Blood neutrophil and hemoglobin levels at 3 and 6 weeks (n ¼ 5). (c) 3D reconstruction images of femurs with implants using Micro-CT. (d) Quantitative
analysis from Micro-CT: the bone volume/total volume, BV/TV; the mean trabecular thickness, Tb.Th (n ¼ 5). (e) Histological images of transverse and longitudinal
sections from a femur stained with hematoxylin and eosin at 6 weeks. The black arrows indicate new bone formation around the implant. (f) Degradation of the
coating under the action of collagenase in vitro (n ¼ 3). *P＜0.05. ns indicated no significant difference.
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effect. In this study, we conducted the in vitro collagenase experiments
and the concentration of collagenase was 1 mg/mL as described in pre-
vious studies [19,51,52]. Therefore, the second null hypothesis that
9

“QCMC can not be slowly degraded from the multilayer structure for a
long period of time” has to be rejected.



Fig. 7. Antibacterial effect of Ti-CCH in vitro. (a) Release-killing effect evaluated using spread plate method. (b) Quantitative analysis of the release-killing ratios
against three bacteria (n ¼ 3). (c) Contact-killing effect evaluated using spread plate method. (d) The number of viable bacteria adhered on the Ti-OH surface after
cocultured for 12 h and 24 h (n ¼ 3). (e) The adhesion and morphology of bacteria on the surfaces of different groups. ***P＜0.001.
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3.5. Antibacterial activity in vitro

The colonization of bacteria on implant plays pivotal roles in the
formation of bacterial biofilm. Once the biofilm has formed, bacteria
would be protected against the host defence system and therapeutic
agents. Moreover, the gene mutations of microorganism can be induced
10
and cause drug-resistance, leading to peri-implantitis [53]. Thus, there is
a compelling need to pursue implants with an effective broad-spectrum
antibacterial coating to eradicate infection rapidly in an early phase of
post-operation. The antibacterial property of QCMC was endowed by the
quaternary ammonium groups, which was positively charged and could
bind to anionic bacterial membranes via electrostatic force, leading to



Table 4
Antebacterial rates of Ti-CCH evaluated in the contact-killing experiment.

S. aureus S. epidermidis E. faecalis

12 h 86.5% 88.8% 88.7%
24 h 85.2% 89.4% 90.6%

Fig. 8. Antibacterial effect of Ti-CCH in vitro. (a) Live/dead fluorescent detec-
tion of bacteria contacted with the coating (green fluorescence for live bacteria,
red fluorescence for dead bacteria). (b) Long-lasting antibacterial ability of Ti-
CCH against S. aureus (n ¼ 3).
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membrane disruption and cytoplasmic leakage [54]. The binding was
nonspecific so that most of bacteria could be killed, and meanwhile
drug-resistant infections could be prevented [55]. In our previous study,
the antibacterial concentrations of QCMC against Streptococcus mutans
(S. mutans) and Enterococcus faecalis (E. faecalis) were investigated, which
indicated the desirable antibacterial ability of QCMC [35]. Data reported
in the literature suggested that 67% of infections of implant were caused
by S. aureus and S. epidermidis. The presence of the Staphylococcus bac-
teria in body could cause implant infections and biofilm formation at
later times [42]. Furthermore, S. aureus, S. epidermidis and E. faecaliswere
commonly used as target bacteria for evaluating new antibacterial
implant materials [56,57]. Among the 3 types of bacteria, S.aureus
exhibited specific affinity for titanium surface with a strong virulence,
which was the most common bacteria causing implant-related infections
[58]. Therefore, S.aureus was used as a model bacteria for our
long-lasting studies. As has been shown in the spread plate results, the
rates of anti-S. aureus, S. epidermidis and E. faecalis in a mediumwere from
75.0% to 90.5% in the first month (Fig. 7a and b). This indicated that
QCMC of Ti-CCH can be sustainedly released to the surrounding envi-
ronment and eradicated most bacteria with high risk for causing
peri-implantitis. Even though a few bacteria broke through the
anti-bacterial barrier and attached on the implant surface, 85.2% to
89.4% of S. aureus and S. epidermidis as well as 90.6% of E. faecaliswould
be killed by the remaining QCMC on the bottom layers of multifilm
structures after cocultured for 24 h (Fig. 7c and d). The antibacterial rates
against three bacteria in the contact-killing experiment were listed in
Table 4. Based on the results of this investigation, it seems that our
coatings constructed via the use of the covalently bonded LBL technique
could be a promising antibacterial material with effective release-killing
and contact-killing properties.

In addition, SEM was performed to visualize the anti-adhesion ac-
tivity of Ti-CCH (Fig. 7e). After cocultured for 1 day, there were signif-
icantly more bacteria attached on Ti-OH compared to Ti-CCH. After 3
days, bacteria started interacting and aggregating to form biofilms on Ti-
OH, while only a few bacteria attached to Ti-CCH with crumpled and
ruptured membranes. Furthermore, Ti-CCH exhibited efficient bacteri-
cidal effect confirmed by live/dead staining (Fig. 8a). Green represented
live bacteria, while red represented dead as well as membrane-damaged
bacterial cells. The vast majority of three strains of bacteria were colored
green on Ti-OH but red on Ti-CCH, revealing that Ti-CCH was developed
with strong antibacterial capabilities. It's noteworthy that the total sta-
bility of implants undergoes a trough and the osteogenic interface is the
weakest in the first 4 weeks post-operation, which becomes completely
stable until 3 months [33]. Therefore, our expectation was that the
antibacterial effect of implant coatings could last for at least 4 weeks and
ideally more than 3 months. In order to evaluate the long-lasting anti-
bacterial effect of Ti-CCH under physiological condition without high
concentration of collagenase, S. aureuswas chosen for investigation using
the spread plate method. The results showed that the anti-S. aureus rate
decreased from 92.7% to 88.8% in the first 3 weeks and remained 68.4%
until 12 weeks (Fig. 8b). These results indicated that Ti-CCH provided a
promising antibacterial effect along the healing process of implant.

3.6. In vivo evaluation of antibacterial activity of Ti-CCH

To further evaluate the antibacterial activity of Ti-CCH, an in vivo SD
rat femoral infection model was constructed. After implanted for 4
weeks, the spread plate method was employed for detection of coloni-
zation bacteria of implants and the surrounding bone tissue (Fig. 9a). The
11



Fig. 9. Antibacterial effect of Ti-CCH implant in vivo. (a) In the rat femur infection model, the spread plate method was used to characterize the bacteria dwelling in
the Ti rod and around the bone tissue after 4 weeks of post-operation. (b) The number of S. aureus adhered on the implant rods and the around bone tissue 4 weeks
post-operation (n ¼ 5). (c) 3D reconstruction images of femurs with implants using Micro-CT. (d) Quantitative analysis from Micro-CT: the bone volume/total volume,
BV/TV; the mean trabecular thickness, Tb.Th (n ¼ 5). *P＜0.05.
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result showed that the number of colonies derived from bacteria adhered
to implants and surrounding bone tissue in Ti-CCHþS.aureus group was
significantly lower than that of Ti-OHþS.aureus group. No S.aureus col-
ony was observed in Ti-OHþPBS group. The quantitative analysis was
shown in Fig. 9b.

The infection of femur implant was detected by using Micro-CT and
bone histopathological analysis. High resolution 3D images of femurs are
shown in Fig. 9c. After implantation for 4 weeks, obvious osteolytic
destruction was seen at the femoral condyles and cortical bone adjacent
to implant site in the Ti-OHþS.aureus group. However, only slight
osteolysis was observed in the Ti-CCHþS.aureus group and no obvious
12
abnormalities were shown in the Ti-OHþPBS group. Quantitative anal-
ysis of BV/TV and Tb.Th showed that no significant difference was found
between the Ti-CCHþS.aureus group and the Ti-OHþPBS group, while
the values of the Ti-OHþS.aureus group were the lowest (P < 0.05)
(Fig. 9d). Bone histopathological analysis showed extensive cortical bone
destruction with a large number of inflammatory cells in Ti-OHþS.aureus
group after implantation for 4 weeks. Nevertheless, in the Ti-
CCHþS.aureus group, fibrous tissue at peri-implant site was observed
without a large number of inflammatory cells. Sequestrum was occa-
sionally seen at longitudinal sections of the femurs. New bone tissue was
also formed at peri-implant site in Ti-OHþPBS group without obvious



Fig. 10. Histological images of transverse and longitudinal sections from a femur stained with hematoxylin and eosin 4 weeks after implantation. The black arrows
indicate new bone formation around the Ti implant. The red arrows indicate inflammatory tissue. The yellow arrow indicates sequestrum.

Fig. 11. Osteogenesis differentiation of MC3T3-E1 preosteoblasts on Ti-CCH substrates. (a) Alkaline phosphatase (ALP) detection after 7 and 14 days of osteogenic
induction (n ¼ 3). (b) Alizarin Red S staining and quantitative calculation after 28 days of osteogenic induction (n ¼ 3) (Black arrows indicate mineralized nodules)
***P＜0.001, ns indicates no significant difference.
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inflammatory response (Fig. 10). It has been demonstrated that the im-
plantation of biomaterials could induce a tissue response around the
implant site, which called locus minoris resistentiae and was susceptible
to bacteria adhesion and infection [59,60]. As has been shown in the
literature, the first 4 weeks after implantation was the peak phase of
infection [61]. Based on the results of this investigation, Ti-CCH could
effectively prevent infection during this high-risk period. Thus, the third
null hypothesis that “The QCMC/COL/HAP multilayer structure has no
long-lasting, multi-antibacterial effects and two-phase function” has to be
partially rejected.
3.7. Osteogenesis activity of Ti-CCH in vitro and in vivo

After the first phase of high-risk infection, the osseointegration occurs
and the second stability of implant starts building. Accordingly, bio-
materials with desirable osteogenesis activity are paramount to set up the
total stability of implant in advance and promote the healing of bone
tissue [62]. In this study, HAP was crosslinked in our QCMC/COL/HAP
coating to serve as an osteogenesis core [63,64]. According to the liter-
ature, MC3T3-E1 cells as precursors of osteoblasts are commonly used as
the cell model in studying osteogenic development [65]. After cocultured
with Ti-OH and Ti-CCH respectively for 7 and 14 days, there were no
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significant differences regarding the alkaline phosphatase (ALP) activity
between the two groups (Fig. 11a). However, scattered mineralized
nodules were observed in Ti-CCH, whereas few red mineralized nodules
can be seen in Ti-OH group after cocultured for 28 days. There was sig-
nificant difference regarding the quantitative assay of alizarin red
staining between groups (Fig. 11b). ALP was an enzyme produced by
osteoblast and involved in the early bone mineralization process, while
mineralization nodules are the later markers of osteoblastic differentia-
tion [66]. In the early mineralization process, no significant activity of
ALP was detected, which might be attributed to relatively insufficient
number of HAP and blocking effect of the existing COL and QCMC bio-
macromolecules. HAP particles were covering in the nano-grid layer--
by-layer structure. Therefore, with the degradation of multifilm coating,
HAP particles were exposed and could interact with osteoblasts. After
cocultured for 28 days, the upper films gradually degraded and the
infection of implant could be prevented and controlled, thus enabling the
second-phase function of HAP to induce osteogenesis.

To further evaluated the osteogenesis activity of Ti-CCH, an in vivo SD
rat femoral infection model was constructed. After implanted for 8
weeks, the femurs of rats were collected and undergone Micro-CT scan-
ning. High-resolution 3D images of the femurs are demonstrated in
Fig. 12a. In Ti-OHþS.aureus group, peri-implant osteoporosis with less



Fig. 12. Evaluation of osseointegration of Ti-CCH implants in vivo. (a) 3D reconstruction images of femurs with implants using Micro-CT. (b) Quantitative analysis
from Micro-CT: the bone volume/total volume, BV/TV; the mean trabecular thickness, Tb.Th (n ¼ 5). (c) Histological images of transverse and longitudinal sections
from a femur stained with hematoxylin and eosin after implantation for 8 weeks. The black arrows indicate new bone formation around the Ti implant. The red arrows
indicate inflammatory tissue. *P＜0.05.
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trabecular number was observed. On the contrary, thicker bone sub-
stance and more trabecular number were seen in the Ti-CCHþS.aureus
group. Quantitative analysis of BV/TV and Tb.Th indicated no significant
difference between the Ti-CCHþS.aureus group and Ti-OHþPBS group,
while both of them were higher than those of Ti-OHþS.aureus group (P<

0.05) (Fig. 12b). Bone histopathological analysis further showed exten-
sive bone destruction with a large number of inflammatory cells infil-
trated in tissue (red arrow) and no bone was formed in Ti-OHþS.aureus
group. However, continuous cortical bone was observed and obvious new
bone was formed (black arrow) in both Ti-CCHþS.aureus group and Ti-
OHþPBS group (Fig. 12c). The Ti-CCH substrate constructed in this study
owned a nano-grid structure, which is beneficial for cells adhesion and
proliferation. Sequestrum could be observed in Ti-CCHþS.aureus group
14
(yellow arrow), which indicated that inflammation caused by the bac-
terial infection could lead to the necrosis of bone tissue, but was effec-
tively controlled by QCMC on Ti-CCH. Then osteogenesis of implant was
induced in the later stage, which were consistent with the two-staged
function of our QCMC/COL/HAP coating. Therefore, our study proved
that the QCMC/COL/HAP coating could enhance the generation of new
bone around implant under the control of infection. According to the
aforementioned results, the third null hypothesis was rejected. The pre-
sent study mainly focused on the two-phased function of Ti-CCH implant.
It proved that the modified LBL coating could exhibit multi-antibacterial
effect during the phase of high-risk infection and then induce osteo-
genesis at the second phase, namely 4 weeks after implantation under the
control of infection. Data reported in the literature suggested that bone
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ingrowth into the porous coating at 3 months after surgery was sufficient
to generate mechanical stability [67]. Based on the results of the SEM
observation, the morphology of our coating was porous with a nano-grid
structure. Thus, we surmised that the osseointegration could be favored
through the improvement of mechanical interlock of bone growth into
the porous implant structure [68,69]. Apart from the surface
morphology, the mechanical stability of coating adhered on implant is
important for the strength of osseointegration [70,71], which has been
evaluated through the scratch test (Fig. 4). The results showed that the
binding force of our coating was more than 20 N, which also provided the
basis underlying the initial steps involved in achieving high-strength
osseointegration. Nevertheless, the implant infection model employed
in the present study was established in the femur of the SD rat rather than
the alveolar bone of rabbit or dog, and mechanical pullout force test
could not be conducted due to the limitation imposed by the current
animal model [33]. Thus, much more work needs to be done to fully
elucidate the strength of osseointegration in future studies by using big
animal models.

4. Conclusions

In this work, we successfully fabricated a two-phase and long-lasting
multi-antibacterial QCMC/COL/HAP coating utilizing the modified LBL
technique and polymerization of dopamine. Based on the results of this
investigation, it seems that the QCMC/COL/HAP coatings could be a
promising antibacterial material with effective release-killing and
contact-killing activities to eradicate infection rapidly during an early
phase of post-operation. While the implant interface comes to the phase
of osseointegration, it promoted bone formation and osteogenesis as well
as maintaining a desirable antibacterial effect. The coating possessed
desirable biocompatibility and could release QCMC for more than 45
days during the healing of implant, which was of great significance for
developing practical implant and scaffold materials.
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