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A B S T R A C T   

Limited surface lubrication and bacterial biofilm formation pose great challenges to biomedical implants. 
Although hydrophilic lubricated coatings and bacterial resistance coatings have been reported, the harsh and 
tedious synthesis greatly compromises their application, and more importantly, the bacterial resistance property 
has seldom been investigated in combination with the lubrication property. In this study, bioinspired by the 
performances of mussel and articular cartilage, we successfully synthesized self-adhesive lubricated coating and 
simultaneously achieved optimal lubrication and bacterial resistance properties. Additionally, we reported the 
mechanism of bacterial resistance on the nanoscale by studying the adhesion interactions between biomimetic 
coating and hydrophilic/hydrophobic tip or living bacteria via atomic force microscopy. In summary, the self- 
adhesive lubricated coating can effectively enhance lubrication and bacterial resistance performances based 
on hydration lubrication and hydration repulsion, and represent a universal and facial strategy for surface 
functionalization of biomedical implants.   

1. Introduction 

The two key challenges associated with biomedical implants are 
limited surface lubrication and bacterial biofilm formation, which can 
induce serious tissue damage and a series of consecutive complications 
[1]. Despite the development of lubricated coatings [2,3] and 
anti-bacterial coatings (containing bacterial resistance materials [4,5] 
and bactericidal materials [6,7]) in recent years, the lubrication and 
bacterial resistance properties of the biomedical implants have failed to 
combine well in previous studies. Accordingly, it is particularly mean-
ingful to design an innovative method for surface functionalization that 
considers both enhanced lubrication and bacterial resistance 
performances. 

In nature, super-lubricated system, typically the articular cartilage in 
a healthy joint, performs an extremely low coefficient of friction (COF, 
0.001–0.03) [8,9]. It has been reported by Klein et al. that articular 
cartilage attains low COF owing to the hydration lubrication mechanism 
of charged phosphatidylcholine lipids [10], which can tightly attract 
many water molecules to form a tenacious hydration layer. Specifically, 

when subjected to shear force, the hydration layer can respond in a 
fluidlike manner to minimize drag and thus result in a small COF. 
Inspired by this mechanism, zwitterionic polymers that biomimick 
charged phosphatidylcholine lipids in articular cartilage, such as poly 
(2-methacryloxyethyl phosphorylcholine) (PMPC), have been widely 
investigated for enhancing lubrication [11–14]. However, the harsh and 
tedious synthesis, and more importantly, the stability of these lubricated 
coatings greatly limit their clinical applications. 

On the other hand, infection of biomedical implants is generally 
caused by the formation of a bacterial biofilm, which is initiated due to 
the reversible bacterial adhesion on the surface [15,16]. The bacteria 
contain different proteinaceous extracellular appendages [17–20] that 
contribute to adhesion directly or indirectly [21]. Therefore, inhibiting 
the initial adhesion of protein and bacteria is the key to prevent biofilm 
formation. Previous studies have shown that surface modification of 
PMPC or other zwitterionic polymers is an effective way to protect the 
substrate from protein adsorption [22,23] and bacterial adhesion 
[24–26]. Basically, it is not energetically feasible for the protein and 
bacteria to replace the hydration layer formed on the superficial surface 
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of the substrate. However, the anti-adhesion mechanism has seldom 
been deeply reported on the nanoscale, especially in combination with 
the lubrication property. 

In our previous studies [27,28], we successfully synthesized a 
self-adhesive copolymer material (DMA-MPC) using dopamine meth-
acrylamide (DMA) and MPC via free radial polymerization, and pre-
liminarily reported the bacterial resistance property [29]. Here, we 
aimed to generate a stable biomimetic coating and explore the lubrica-
tion and bacterial resistance performances on both the macroscale and 
the nanoscale (Fig. 1). Consequently, dopamine-assisted codeposition 
with the DMA-MPC copolymer (PDA/DMA-MPC) was used in this study 
[30–32]. Dopamine acted as an anchoring and intercalated agent to 
facilitate the progressive assembly of multi-layered coating. Further-
more, we investigated the interactions between the as-fabricated lubri-
cated coating and the representative hydrophilic/hydrophobic tip or 
living bacteria by atomic force microscopy (AFM) under force mea-
surement, which was a universal method for the examination of surfa-
ce− surface interactions [33–36]. It was hypothesized that the 
biomimetic coating developed herein could not only effectively enhance 
lubrication property based on hydration lubrication, but also achieve 
excellent bacterial resistance owing to hydration repulsion [37]. 

2. Materials and methods 

2.1. Materials 

High purity titanium alloy (Ti6Al4V, 99%) sheet was purchased from 
Goodfellow Cambridge Ltd., Huntingdon, UK. Dopamine hydrochloride, 
sodium tetraborate, methacrylic anhydride, deuterium solvent and tert- 
butyl hydroperoxide (TBHP) were purchased from J&K Scientific Ltd., 
Beijing, China. Azodiisobutyronitrile (AIBN), Tris-HCl buffer and poly-
styrene (PS) microspheres were purchased from Aladdin Bio-Chem 
Technology Co., Ltd., Shanghai, China. 2-Methacryloxyethyl phos-
phorylcholine (MPC) was purchased by Joy-Nature Co., Nanjing, China. 

2.2. Synthesis of DMA-MPC copolymer 

Dopamine methacrylamide (DMA) was synthesized based on the 
following procedures. Dopamine hydrochloride (5 g), sodium tetrabo-
rate (10 g) and sodium bicarbonate (4 g) were dissolved in deionized 
water (100 mL) under N2 atmosphere. Methacrylic anhydride (5 mL) 
was dissolved in tetrahydrofuran (25 mL) and then added dropwise to 
the above solution (pH = 8). The mixture was stirred overnight under N2 
atmosphere. Afterwards, the reacted mixture was adjusted to pH = 2 
using hydrochloric acid (1 M), extracted with ethyl acetate (50 mL) and 
filtered with magnesium sulfate for purification. Subsequently, the 
product was collected by filtering after precipitation with mineral ether. 
DMA-MPC copolymer was synthesized by free radical polymerization 
using AIBN as the initiator. Briefly, DMA and MPC with different mass 
ratios (total weight: 1 g) were dissolved separately in N, N-dime-
thylformamide (50 mL) under N2 atmosphere. Afterwards, AIBN (5 mg) 
was added and the solution was stirred at 68 ◦C for 24 h. Finally, the 
mixture was dialyzed against deionized water and freeze dried to obtain 
the DMA-MPC copolymer. 

2.3. Fabrication of copolymer-coated surfaces 

All the bare Ti6Al4V sheets were chemically mechanically polished 
and cleaned by ultrasonication in deionized water for 10 min. The DMA- 
MPC copolymer solutions (4 mg/mL) were prepared in Tris-HCl buffer 
(pH = 8.5, 0.5 M). The Ti6Al4V sheets were immersed in the copolymer 
solutions under ambient condition in the dark for 24 h. For the dopa-
mine assisted codeposition process, the Ti6Al4V sheets were exposed to 
oxygen plasma for 1 min to remove the potential contaminants and 
obtain hydroxylated surfaces. A mixture of dopamine (4 mg/mL) and 
DMA-MPC (4 mg/mL, 1:4) was dissolved in Tris-HCl buffer, and then the 
Ti6Al4V sheets were coated according to the protocol described above. 
Afterwards, the Ti6Al4V sheets were rinsed with deionized water and 
dried under vacuum. The dopamine solution (4 mg/mL) and DMA-MPC 
copolymer solution (4 mg/mL) were used to modify the Ti6Al4V sheets 

Fig. 1. Illustration showing the facile fabrication of PDA/DMA-MPC biomimetic coating for (A) excellent lubrication property based on hydration lubrication 
mechanism and (B1–C2) enhanced bacterial resistance property based on hydration repulsion: (B1) quantitative evaluation of dynamic adsorption of proteins on 
copolymer-coated Au–Ti sensors using QCM, (B2) qualitative/quantitative evaluation of bacterial resistance of copolymer-coated Ti6Al4V substrates, and force 
measurements probing the interactions between biomimetic coating and (C1) hydrophobic tips or (C2) living bacteria on the nanoscale using AFM. 
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as controls. 

2.4. Characterizations of copolymer-coated surfaces 

The 1H nuclear magnetic resonance (NMR) spectra of DMA and 
DMA-MPC were recorded using a NMR spectrometer (JNM-ECS400, 
JEOL, Japan), with dimethyl sulfoxide-d6 (DMSO‑d6) and D2O as the 
deuterium solvents, respectively. The surface elemental analyses of the 
Ti6Al4V sheets were evaluated using an X-ray photoelectron spectros-
copy (XPS, PHI Quantera II, Ulvac- Phi Inc., Japan) spectrometer with a 
15 kV Mg Kα radiation source. The static water contact angles (WCA) 
were measured by a contact angle goniometer (OCA-20, Dataphysics 
Instruments, Germany) using a sessile drop method. The surface mor-
phologies of the Ti6Al4V sheets were investigated using an atomic force 
microscope (AFM, Dimension ICON, Bruker, Germany) under tapping 
mode with a scan area of 1 μm × 1 μm and a scan rate of 1 Hz. The 
average surface roughness values of the Ti6Al4V sheets were calculated 
from at least five measurements. 

The adsorption of DMA-MPC or PDA/DMA-MPC on the bare Ti6Al4V 
sheet was analyzed using a quartz crystal microbalance (QCM, Q Sense 
Explorer, Biolin Scientific, Sweden). The Au–Ti sensor was prepared via 
a sputter treatment of the original Au sensor using a sputter meter (JS-3, 
Institute of microelectronics of the Chinese academy of science, China) 
to obtain a 15 nm thick titanium film. The Au–Ti sensor was placed into 
the flow chamber, and then air and Tris-HCl buffer (pH = 8.5, 0.5 M) 
were pumped over the sensor surface in sequence and stabilized each for 
10 min to generate the baseline. Subsequently, DMA-MPC solution (1:4) 
or a mixture of dopamine and DMA-MPC (1:4) solution in Tris-HCl 
buffer (concentration: 4 mg/mL) was pumped into the flow chamber 
for 7 h, which was followed by rinsing of deionized water for 10 min. 
The flow rate of the solutions used for all the steps was 100 μL/min, and 
the temperature was 25 ◦C. The adsorbed mass (Sauerbrey mass) and 
thickness (Sauerbrey thickness) of the copolymers on the sensors were 
calculated by the Sauerbrey equation [38] as shown below, where ΔF 
was the resonant frequency shift of the sensor, and n represented the 
overtone number (n = 3 in this work, the ordinate of Fig. 3E was pro-
cessed based on this data). 

Δm = − 17.7∗
ΔF
n

(
ng

/
cm2)

Δδ = 17.7∗
ΔF

100n
(nm)

In order to evaluate the durability of the copolymer coating, the 
Ti6Al4V sheets modified with fluorescent copolymer were prepared and 
fixed in a custom-made rectangular microfluidic channel for flow 
scouring test, and the stability of the copolymer coating on the substrate 
was quantitatively monitored by the change of fluorescence intensity at 
various time intervals. Briefly, the fluorescent copolymer (DMA-MPC- 
FOM) was synthesized by free radical polymerization similarly to the 
preparation of DMA-MPC, and the mass of monomers was 0.2 g of DMA, 
0.8 g of MPC, and 0.04 g of fluorescein O-methacrylate, respectively. 
Afterwards, the hydroxylated Ti6Al4V sheets were coated with the 
DMA-MPC-FOM. The microfluidic device consisted of two parts, 
including the Ti6Al4V@DMA-MPC-FOM substrate as the lower part and 
the microfluidic channel as the upper part (height: 100 μm; width: 600 
μm), which was made by lithography using polydimethylsiloxane 
(PDMS, Dow Corning Corp., USA). The punched holes at both ends of the 
channel were connected with a syringe pump (LSP01-1A, LongerPump, 
China) by suitable pipes. Phosphate buffer solution (PBS) was used in 
the flow scouring test with a flow rate of 6 μL/min (the shear stress 
across the channel was about 4 dyne/cm2), and the fluorescence in-
tensity at the same location on the Ti6Al4V sheet was monitored by a 
fluorescence microscope (Ti2–U, Nikon, Japan). 

2.5. Tribological tests 

The tribological tests were performed using the AFM (MFP-3D-SA, 
Asylum Research, USA) at room temperature under contact mode. The 
PS microsphere (diameter: 5 μm) was glued on the jut of the tipless 
silicon cantilever (TL-CONT, NanoWorld AG, Ne, Switzerland) via 
curing adhesive, which was irradiated with ultraviolet light for 50 min. 
The spring constant of the cantilever (KN: 0.2 N/m) was determined by 
the frequency calibration method [39], and the lateral sensitivity of the 
cantilever was obtained by the improved wedge calibration method 
[40]. The tribological tests were conducted with a normal force of 
100–400 nN (corresponding to the contact pressure of 34.4–54.6 MPa), a 
scan rate of 2 Hz, a sliding distance of 20 μm and a scan area of 20 μm ×
20 μm, and the lubricating medium was deionized water. The COF 
values were calculated from the average of three data points to ensure 
validity. 

2.6. Protein and bacterial resistance of copolymer coating 

QCM was used to quantitatively evaluate the dynamic adsorption of 
bovine serum albumin (BSA) on the copolymer coatings. The Au–Ti 
sensors were coated with DMA-MPC or PDA/DMA-MPC using the 
method as described above and placed into the flow chamber. Air and 
PBS were pumped over the sensor surface in sequence to generate the 
baseline. Then the BSA solution in PBS (1 mg/mL) was pumped into the 
chamber at a flow rate of 100 μL/min at 25 ◦C, which was followed by 
rinsing of PBS until the measurement was stable. 

Escherichia coli (E. coli, ATCC8739) was incubated in Luria-Bertani 
(LB, Sigma-Aldrich, USA) medium overnight, and the bacterial suspen-
sion was diluted to a concentration of approximately 1 × 106 CFU/mL. 
The samples (Ti6Al4V, Ti6Al4V@DMA-MPC and Ti6Al4V@PDA/DMA- 
MPC in parallel) were sterilized under ultraviolet light for 1 h. After-
wards, the samples were placed in a 24-well plate and incubated with 1 
mL of bacterial suspension in an aerobic incubator at 37 ◦C for 24 h or 8 
d (the fresh LB solution was updated daily). For some of the samples 
incubated for 24 h or 8 d, the bacterial suspensions were removed, and 
the samples were gently washed with sterile PBS for three times, fixed 
with 2.5% glutaraldehyde at 4 ◦C overnight, and sequentially dehy-
drated using a graded series of ethanol solutions (20%, 40%, 60%, 80% 
and 100%). Finally, the samples were sputter-coated with platinum and 
then examined using a scanning electron microscope (SEM, SU8220, 
Hitachi, Japan) to investigate the bacterial resistance property. For the 
other samples incubated for 8 d, the biofilm formation on different 
surfaces was visually observed after being removed from the bacterial 
suspension. Afterwards, the samples were gently cleaned with sterile 
PBS for three times and sucked dry with absorbent paper. Then the 
samples were placed in sterile tubes, and 1 mL of LB solution was added 
to every tube. The bacteria were dislodged from the surfaces after vortex 
oscillation for 1 min, and the samples were taken out and washed again 
with 1 mL of LB solution. The LB solutions were collected, and the 
bacterial resistance of the copolymer coating was quantitatively char-
acterized by spread plate method. Briefly, 100 μL of bacterial suspension 
in LB was inoculated onto the triplicate solid agar plates and then 
incubated at 37 ◦C overnight. The different colonies were counted, and 
the bacterial resistance ratio of the copolymer coating was calculated 
based on the following formula, where NTi6Al4V represented the bacterial 
number of the Ti6Al4V group, and NSample represented the bacterial 
number of the Ti6Al4V, Ti6Al4V@DMA-MPC, and Ti6Al4V@PDA/ 
DMA-MPC groups, respectively. 

bacterial ​ resistance ​ ratio ​
(
%
)
=

(
NTi6Al4V − NSample

)/
NTi6Al4V × 100  

2.7. Force measurements between hydrophilic/hydrophobic AFM tip and 
copolymer coating 

The normal force measurements between hydrophilic/hydrophobic 
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tip and copolymer coating were performed using AFM in deionized 
water. The hydrophilic AFM tips were prepared by modifying the PS 
microspheres with PMPC according to our previous study [14]. Briefly, 
0.5 mL of aqueous suspension of amine-modified PS microspheres (25 
mg) was mixed with 30 mL of MPC aqueous solution (50 mM), and then 
100 μL of TBHP was added as the initiator. The mixture was reacted at 
80 ◦C under N2 atmosphere for 12 h. Subsequently, the PS microspheres 
were collected by centrifugation, dried under vacuum, and glued on the 
jut of the tipless silicon cantilever using the method as described above. 
For the preparation of hydrophobic AFM tips, the PS microspheres were 
sputter-coated with a 10 nm thick platinum layer, and immersed in 
1-dodecanethiol solution in ethanol (1 mmol/L) for 24 h to form a 
self-assembled methyl group-terminated surface, followed by drying 
under vacuum. The surface morphologies and elemental compositions of 
the AFM tips were examined by SEM associated with an energy 
dispersive spectrometer (EDS). To confirm the successful preparation of 
the hydrophobic AFM tips, the same procedure was used to modify the 
PS plate, and the WCA values of platinum treated PS plate (PS@Pt) and 
1-dodecanethiol treated PS@Pt were measured for comparison. 

The spring constant of the hydrophilic/hydrophobic AFM tips was in 
the range of 0.10–0.25 N/m. Before the normal force measurements, the 
AFM tips against different substrates (including bare Ti6Al4V, 
Ti6Al4V@DMA-MPC and Ti6Al4V@PDA/DMA-MPC) were immersed in 
deionized water for 10 min to allow for the stretching of the polymer 
chains. During the force measurement, the tip was driven to approach 
and touch the substrate at a velocity of 1 μm/s until the maximum 
contact force reached 10 nN, and then it was retracted immediately from 
the substrate at the same velocity. A force-distance curve was recorded 
automatically in the approach and separation process. The adhesion 
force was determined by the absolute value of the difference between 
the baseline and the lowest point in the separation curve, and the 
adhesion energy was calculated by the regional integration of the sep-
aration curve below the baseline. The force measurements were con-
ducted for at least 30 various locations on the substrate, and at least two 
independent AFM tips were tested to ensure validity. 

2.8. Force measurements between copolymer-coated AFM tip and bacteria 

To measure the interactions between copolymer coating and bacteria 
on the nanoscale, two contact surfaces were prepared, including an 
immobilized bacteria (E. coli) coated Ti6Al4V substrate and a DMA-MPC 
or PDA/DMA-MPC coated AFM tip. The PS microspheres were sputter- 
treated with a titanium film (thickness: 15 nm), coated with DMA- 
MPC or PDA/DMA-MPC for 24 h using the method as described 
above, and finally dried under N2 atmosphere. The AFM tips were 
sterilized under ultraviolet light for 1 h before the force measurements. 
The bacteria-coated substrates were prepared with the assistance of 
dopamine as a wet bio-adhesive. Briefly, the Ti6Al4V sheets were 
immersed in dopamine solution (4 mg/mL, dissolved in Tris-HCl buffer) 
in the dark for 10 h. Next, the substrates were washed with sterile PBS, 
dried under N2 atmosphere, and placed in the 24-well plate for sterili-
zation under ultraviolet light for 1 h. Afterwards, the substrates were 
incubated with 1 mL of E.coli suspension (1 × 108 CFU/mL) at 37 ◦C for 
48 h in the aerobic incubator, and fresh LB medium was added to the 
suspension per 12 h. The bacterial coverage on the substrates was 
examined using a digital microscope (VHX-100, Keyence, Japan) to 
ensure sufficient density. The bacterial suspensions were removed, and 
the substrates were gently washed with 0.85% NaCl for three times. 
Meanwhile, the activity of bacteria was checked using a Live/Dead 
Baclight bacterial viability kit (L7012, Thermo Fisher Scientific, USA). 
Briefly, equal volumes of SYTO 9 (1.5 μL, green fluorescent nucleic acid 
stain) and propidium iodide (1.5 μL, red fluorescent nuclear and chro-
matin counterstain) were combined in a microfuge tube and dissolved in 
deionized water (1 mL) in the dark. The dye mixture (200 μL) was added 
dropwise to the surface of the substrate and incubated at room tem-
perature for 15 min in the dark. The excrescent dye was removed, and 

the substrates were gently washed with 0.85% NaCl for three times. 
Afterwards, the bacterial viability was checked using a laser scanning 
confocal microscope (LSM710, ZEISS, Germany) before the force 
measurements. 

The calibration of copolymer-coated AFM tips was performed using 
the same method as described above, and the spring constant of the tips 
in sterile PBS was in the range of 0.10–0.25 N/m. The force measure-
ments were conducted in sterile PBS, during which the tip was driven to 
approach the substrate at a velocity of 1 μm/s until the maximum con-
tact force reached 2 nN. The AFM tip contacted with the substrate with 
different dwell times of 0, 10 and 30 s and then retracted from the 
substrate at the same velocity. The adhesion force and adhesion energy 
were calculated based on the methods as described above. Each force 
measurement was repeated on at least 10 different locations on the 
substrate, and at least three independent tips were tested. The force- 
distance curves of bare and DMA-MPC coated AFM tips were used as 
controls. The bacterial viability was further checked following the force 
measurements to ensure the validity of the tests. 

3. Results and discussion 

3.1. Design and synthesis of self-adhesive lubricated coating 

The self-adhesive copolymer DMA-MPC consisted of a synthetic self- 
anchoring agent DMA and a lubrication unit MPC. The DMA and DMA- 
MPC were synthesized according to our previous protocols [27–29], 
with the detailed information provided in Supporting Information. In 
order to obtain copolymers with diverse contents of lubricated groups 
for screening, three different proportions of copolymers were prepared 
to examine lubrication property. Therefore, DMA-MPC with the mass 
ratio of 1:4, 1:1 and 4:1 (DMA/MPC) was applied to modify the titanium 
alloy (Ti6Al4V) substrate, namely Ti6Al4V@DMA-MPC. Fig. 2A shows 
the 1H NMR spectrum of the three kinds of DMA-MPC. The 1H NMR 
spectrum of DMA is provided in Fig. S1. The signals at 7.87 and 6.87 
ppm are assigned to DMA, and the signal at 3.16 ppm corresponds to the 
characteristic groups of MPC. The XPS presents the elemental compo-
sitions of the samples. As shown in Fig. 2B, compared with bare Ti6Al4V, 
the presence of N 1s (402.0 eV) and P 2p (133.3 eV) peaks for 
Ti6Al4V@DMA-MPC confirms the successful modification of DMA-MPC 
on Ti6Al4V. In addition, the WCA also prove the modification process, 
which are greatly decreased from 78.6◦ for Ti6Al4V to 35.2◦, 40.8◦ and 
52.8◦ for the three kinds of Ti6Al4V@DMA-MPC, respectively (Fig. 2C). 
Generally, the enhanced hydrophilicity is attributed to the phosphor-
ylcholine groups in MPC, in which the zwitterionic charges (− PO4

− and 
–N+(CH3)3) have excellent hydration property. 

A series of tribological tests were performed using AFM in contact 
mode to investigate the lubrication property of the DMA-MPC co-
polymers. Fig. 2D displays the schematic illustration of the tribological 
measurement, using a typical contact friction pair setup with PS 
microsphere and different Ti6Al4V substrates. Fig. 2E shows the COF 
values under four normal force conditions, and the corresponding 
maximum contact pressures are 34.4 (100 nN), 43.4 (200 nN), 49.6 
(300 nN) and 54.6 MPa (400 nN), respectively. The COF values for the 
three proportions of Ti6Al4V@DMA-MPC are all lower than that of 
Ti6Al4V, which is in good agreement with our previous study [29]. 
Generally, the Ti6Al4V@DMA-MPC at the mass ratio of 1:4 results in the 
most significant reduction in the COF value, which decreases dramati-
cally from 0.136 to 0.025 (81.3%, 34.4 MPa). Additionally, there is no 
obvious difference for the Ti6Al4V@DMA-MPC at the mass ratio of 1:4 
and 1:1. The enhanced lubrication is attributed to the hydration lubri-
cation mechanism of the phosphorylcholine groups as described above 
[10]. Overall, the tribological test indicates that the DMA-MPC at the 
mass ratio of 1:4 produces optimal lubrication enhancement, and thus 
the following experiments are performed using this copolymer. 
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3.2. Dopamine-assisted codeposition of lubricated coating for bacterial 
resistance 

To obtain a stable self-adhesive lubricated coating for bacterial 
resistance, a dopamine-assisted codeposition technique was applied to 
optimize surface modification of the copolymer DMA-MPC on the 
Ti6Al4V substrate. The Ti6Al4V substrate was previously treated with 
plasma to generate hydroxylated surface, which could effectively 
strengthen the coordination (or chelating) bonding between the cate-
chol groups (in dopamine and DMA) and the substrate. Subsequently, a 
series of surface modifications on the Ti6Al4V substrate were conducted 
for further evaluation, including Ti6Al4V@PDA, Ti6Al4V@DMA-MPC 
and Ti6Al4V@PDA/DMA-MPC. 

The elemental compositions of the samples characterized by XPS are 
shown in Fig. 3A. The presence of the P 2p (133.3 eV) peak in 
Ti6Al4V@DMA-MPC and Ti6Al4V@PDA/DMA-MPC confirms the suc-
cessful modification of the copolymers on the substrate. It is also proved 
by the high-resolution narrow spectrum of P 2p in Fig. S2A, where a 
typical peak is observed for both Ti6Al4V@DMA-MPC and 
Ti6Al4V@PDA/DMA-MPC. Additionally, the characteristic peak of N 1s 
(402.0 eV) for Ti6Al4V@PDA indicates the successful modification of 
PDA on the substrate. The high-resolution narrow spectra of N 1s are 
deconvoluted into five types, which correspond to the amide and qua-
ternary ammonium groups (− NHCO− , –N+(CH3)3) in DMA-MPC and 
other there related amine complexes (R–NH2, R–NH3

+, RC = N− ) within 
PDA, respectively (Fig. 3B). The reduced ratio of Ti 2p/N 1s further 
indicates that the copolymer DMA-MPC has been successfully modified 
on the Ti6Al4V substrate. 

The WCA of hydroxylated Ti6Al4V is significantly higher than that of 
the samples following surface modification (Fig. 3C), which further 
verifies the successful coating process. Actually, hydrophilicity is asso-
ciated with the polar groups (e.g. phosphorylcholine group) and the 
surface roughness. The surface morphologies of the samples 

characterized by AFM are shown in Fig. 3D. Ti6Al4V@PDA has a rela-
tively higher surface roughness (Ra: 14.5 nm) and leads to a better 
surface wettability (WCA: 26.1◦), compared with hydroxylated Ti6Al4V 
(WCA: 52.5◦) under the condition of wetting. The increased surface 
roughness of the PDA coating is mainly ascribed to the agglomeration 
stacking and inhomogeneous deposition between the PDA molecules 
[41,42]. As indicated in previous studies [43,44], PDA coating can 
assemble via the interactions of covalent bond and noncovalent bond 
between various heterogeneous derivatives. Specifically, the non-
covalent self-assembly process involves intermolecular interactions such 
as hydrogen bond, π− π stacking, cation− π interaction and van der Waals 
interaction. The incorporation of DMA-MPC results in a relatively 
smooth and uniform PDA/DMA-MPC coating on the Ti6Al4V substrate, 
and the surface roughness greatly reduces to 1.7 nm. Generally, 
dopamine-assisted codeposition with DMA-MPC can decrease the 
agglomeration stacking and inhomogeneous deposition of PDA, and 
facilitate the progressive assembly of multi-layered DMA-MPC coating. 
It has been indicated that the cation− π interaction is the primary 
mechanism for intermolecular assembly in the construction of 
dopamine-related coating [45], and the strong interaction exists not 
only within PDA molecules but also between DMA-MPC and PDA. In 
addition, the interaction between aromatic rings in PDA and zwitter-
ionic charges of phosphorylcholine in MPC segment, such as 
phenol-phospholipid hydrogen bond and cation− π interaction between 
the quaternary ammonium groups and aromatic rings, also mediates the 
compound deposition. Consequently, PDA, as an intercalated agent, can 
effectively facilitate the self-adhesive coating process. 

To further characterize the self-adhesion and self-assembly behavior 
of the biomimetic coating, QCM with dissipation monitoring was 
employed to quantitatively evaluate the copolymer adsorption perfor-
mance. The frequency change (ΔF) of the sputter-treated QCM sensor 
(Au–Ti) reflects the change in the adsorbed mass (Sauerbrey mass) [38]. 
The resulting ΔF obtained for the DMA-MPC and PDA/DMA-MPC 

Fig. 2. Material characterizations and tribological measurements. (A) 1H NMR spectra of three different proportions of copolymers DMA-MPC. (B) XPS and (C1–C4) 
WCA of bare Ti6Al4V and three kinds of Ti6Al4V@DMA-MPC. (D) Schematic illustration showing the setup of tribological measurements, with a typical contact pair 
between PS microsphere and Ti6Al4V substrate. (E) The COF values under four normal force conditions in the tribological measurements. 
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coating during exposure to a corresponding copolymer solution fol-
lowed by H2O rinsing is shown in Fig. 3E. The Sauerbrey mass of the 
DMA-MPC and PDA/DMA-MPC coating on the Au–Ti sensor is 1616.1 
and 2492.2 ng/cm2 within 7 h, and the Sauerbrey thickness is 16.2 nm 
and 24.9 nm. Moreover, the relatively inconspicuous change of dissi-
pation (ΔD) indicates slight viscoelasticity of the biomimetic coating. 
Consequently, it is considered that the as-fabricated coating can be 
roughly regarded as a rigid membrane. In addition, the dry thickness of 
the DMA-MPC and PDA/DMA-MPC coatings on Ti6Al4V substrate for 
24 h is approximately 20 nm and 33 nm, which is tested by ion beaming 
stripping technology using XPS. Overall, the above data indicate that 
dopamine-assisted codeposition generates a much thicker and relatively 
soft coating compared with the copolymer coating. Furthermore, the 
great reduction in WCA of the Au–Ti sensors after QCM measurement 
(Fig. S2B) further confirms the adsorption of the copolymers on the 
substrates. 

The durability of the copolymer coating was quantitatively charac-
terized by monitoring the change of fluorescence intensity in the 
microfluidic channel under flow scouring test. As shown in Fig. 3F1-F4, 

the fluorescence intensity of Ti6Al4V@DMA-MPC-FOM gradually de-
creases as the scouring time increases, especially with a faster reduction 
at day 1, which is attributed to the shedding of the weakly adsorbed 
copolymers. However, as can be seen from Fig. 3F5, the fluorescence 
intensity basically reaches stable at day 3, which proves that the 
copolymer coating has good durability and stability. 

Similar to the results of above tribological test, the PDA/DMA-MPC 
coating also has excellent lubrication property. As shown in Fig. S3A, 
the COF of Ti6Al4V@PDA is just slightly decreased compared with the 
hydroxylated Ti6Al4V, which is probably owing to the relatively rough 
surface. However, Ti6Al4V@DMA-MPC and Ti6Al4V@PDA/DMA-MPC 
still maintain low COF values, and there is no significant difference 
between these samples. The slight increase in the COF value for 
Ti6Al4V@PDA/DMA-MPC, compared with that of Ti6Al4V@DMA- 
MPC, can be attributed to the incorporation of PDA, where a higher 
surface roughness and the local surface inhomogeneity may affect the 
lubrication performance. Moreover, it is noted that the lubrication 
property of the PDA/DMA-MPC coating is stable under different contact 
pressures. 

Fig. 3. (A) XPS of four different Ti6Al4V substrates. (B) High-resolution narrow spectrum of N 1s for (B1) Ti6Al4V@PDA, (B2) Ti6Al4V@DMA-MPC and (B3) 
Ti6Al4V@PDA/DMA-MPC. (C) WCA and (D) surface morphologies of (C1, D1) Ti6Al4V, (C2, D2) Ti6Al4V@PDA, (C3, D3) Ti6Al4V@DMA-MPC (1:4) and (C4, D4) 
Ti6Al4V@PDA/DMA-MPC (1:4). The Ti6Al4V substrates were treated with plasma to obtain hydroxylated surfaces. (E) Frequency and dissipation changes associated 
with the self-adhesive biomimetic coating for (E1) DMA-MPC and (E2) PDA/DMA-MPC. (F) Quantitative characterization of the durability of the copolymer coating 
by monitoring the change of fluorescence intensity in the microfluidic channel under flow scouring test. The fluorescence images of various scouring times: (F1) 0 h, 
(F2) 7 h, (F3) 1 d, and (F4) 3 d (F5) The change of fluorescence intensity at different scouring times. 
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Bacterial adhesion is generally divided into three stages, which be-
gins with a reversible initial adhesion. It is followed by the transition to 
an enhanced irreversible adhesion and finally develops into a mature 
biofilm [15]. Therefore, inhibiting initial bacterial adhesion is the key to 
prevent biofilm formation. Previous studies have indicated that many 
bacterial cells contain various proteinaceous extracellular appendages 
that have direct or indirect roles in adhesion [21], such as the flagellum, 
pili, curli and so on [17–20]. Consequently, protein and bacterial 
resistance of the biomimetic coating were firstly investigated on the 
macroscale. QCM was applied to quantitatively evaluate the dynamic 
adsorption of the representative protein (BSA) on the bare and 
copolymer-coated Au–Ti sensors. The bare and DMA-MPC coated Au–Ti 
sensors were used as control. It is clearly shown from Fig. 4A that the 
PDA/DMA-MPC coating has superior anti-protein adhesion property, in 
which the Sauerbrey mass of BSA adsorption (60.2 ng/cm2) is signifi-
cantly lower than that of either the bare (1185.9 ng/cm2) or DMA-MPC 
coated (219.5 ng/cm2) sensors. Similarly, the results of bacterial resis-
tance experiments examined using spread plate method and SEM are 
consistent with the QCM measurement, as shown in Fig. 4B and C and 
Fig. S3B. The samples were carried out by spread plate assay after 
culturing for 8 days. Fig. 4B1 shows the bacterial resistance ratio and 
Fig. 4B2-B4 illustrates the colony images of different substrates. It is 
clear that the bacterial resistance ratio of Ti6Al4V@DMA-MPC and 
Ti6Al4V@PDA/DMA-MPC is larger than 80%. Interestingly, the 

bacterial resistance ratio of Ti6Al4V@PDA/DMA-MPC is as high as 98%, 
indicating that the copolymer coating has excellent hydration repulsion 
for bacterial resistance. 

After the bacteria contact with a surface, the initial 24 h is considered 
to be the “decisive period” to prevent bacterial adhesion. Therefore, the 
bacterial resistance property of the samples (bare or copolymer-coated 
Ti6Al4V) is discussed by incubation in E. coli suspension for 24 h. 
Clearly, the bare Ti6Al4V substrate (Fig. 4C1) suffers from severe bac-
terial adhesion, whereas only very few adherent bacteria are observed 
on the surface of Ti6Al4V@DMA-MPC (Fig. 4C2) or Ti6Al4V@PDA/ 
DMA-MPC (Fig. 4C3). Similarly, after incubation in E. coli suspension 
for 8 d, the representative SEM images shows very small amount of 
bacteria adhesion on the surface of Ti6Al4V@DMA-MPC (Figure S3B2) 
and even less for Ti6Al4V@PDA/DMA-MPC (Figure S3B3), compared 
with that of bare Ti6Al4V substrate (Figure S3B1). Meanwhile, the 
biofilm formation of Ti6Al4V@PDA/DMA-MPC is significantly weaker 
than that of bare Ti6Al4V and Ti6Al4V@DMA-MPC. These results are 
attributed to the tenacious hydration layer formed around the zwitter-
ionic charges of the phosphorylcholine groups in MPC, which can 
generate a strong repulsive force on the bacteria when they approach the 
surface for adhesion [29]. Additionally, Tanaka et al. have also proposed 
the “intermediate water concept” for the interpretation of 
water-mediated repulsive force, in which the physical barrier of the 
intermediate water plays an important role in preventing protein 

Fig. 4. (A) Frequency and dissipation changes associated with dynamic adsorption of BSA on bare and copolymer-coated Au–Ti sensors. (B) The bacterial resistance 
property tested by spread plate assay. (B1) The bacterial resistance ratio of different substrates. The colony images of (B2) bare Ti6Al4V, (B3) Ti6Al4V@DMA-MPC, 
and (B4) Ti6Al4V@PDA/DMA-MPC with the bacterial count as 100%, 17.5%, and 1.9%, respectively. (C) Representative SEM images showing E. coli adhesion on the 
Ti6Al4V substrates after culturing for 24 h: (C1) bare Ti6Al4V, (C2) Ti6Al4V@DMA-MPC, and (C3) Ti6Al4V@PDA/DMA-MPC. 
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adsorption on the substrate [46]. Overall, the QCM, spread plate assay, 
and SEM results indicate that the dopamine-assisted PDA/DMA-MPC 
coating effectively enhances anti-protein and bacterial resistance on the 
macroscale. 

3.3. Interactions between copolymer coating and hydrophilic/ 
hydrophobic AFM tips 

To probe the potential interactions between the biomimetic coating 
and bacteria on the nanoscale, a series of force measurements were first 
performed to examine adhesion between the copolymer coating and 
hydrophilic/hydrophobic AFM tips under aqueous conditions. The hy-
drophilic AFM tips were prepared by coating PMPC on the surface of the 
PS microspheres, and the hydrophobic AFM tips were fabricated by 
coating the PS microspheres with the self-assembled 1-dodecanethiol 
layer, which was used to mimic the hydrophobic domains within the 
proteins and proteinaceous extracellular appendages in bacteria. The 
SEM and EDS results of different AFM tips are displayed in Fig. S4. The 
comparison of WCA between the Pt-treated PS plate (PS@Pt) and PS@Pt 
following self-assembly of the 1-dodecanethiol layer (Fig. S5A) supports 
the successful preparation of the hydrophobic AFM tips. 

Fig. 5 shows the representative force-distance curves in the force 
measurements during the approach and separation process of the hy-
drophilic (Fig. 5A) and hydrophobic AFM tips (Fig. 5B) against the 
substrates of bare Ti6Al4V, Ti6Al4V@DMA-MPC and Ti6Al4V@PDA/ 
DMA-MPC. All the measurements indicate the short-range steric repul-
sion force in the approach process from the hard-wall repulsion. 
Notably, the hydrophobic AFM tips show longer range of repulsion, 
compared with the hydrophilic AFM tips. It is considered that the 
gradual increase from the bare Ti6Al4V to Ti6Al4V@PDA/DMA-MPC is 
due to the mutually exclusive hydrophobic interactions, which indicates 
that the PDA/DMA-MPC coating can act as an energy barrier to prevent 
or delay the adsorption of protein or bacteria. However, in the case of 
the hydrophilic AFM tips, there are strong attractive forces toward the 
two hydrophilic surfaces due to the capillary force [47], which are 
produced by the hydrated meniscus of the MPC domains within the 
opposing two surfaces (Fig. 5A2, A3). The attractive forces present in a 
relatively long range (larger than 1000 nm) are initially caused by the 
fusion of water molecules from the topmost hydration layers, which are 
generated by the charge-dipole interactions between zwitterionic 
charges and water molecules. The attractive force for bare Ti6Al4V is 
weaker in the approach process. However, there is an obvious jump-in at 
the distance of 60 nm and after that the attractive force starts to appear 
(Fig. 5A1). This is attributed to the capillary force that is caused by the 
fusion of the hydration layer in PMPC and the hydrated hydroxylated 
Ti6Al4V surface. 

Regarding the separation process, a short-range (extending for a 
distance of approximately 150 nm) adhesion force is observed between 
the bare Ti6Al4V and hydrophilic AFM tips (Fig. 5A1), indicating the 
presence of capillary force and also electrostatic, van der Waals and 
hydrogen bond forces. Note that the latter three interactions exist in all 
force measurements. The repulsion between the bare Ti6Al4V and hy-
drophobic AFM tips is almost completely reversible with no hysteresis 
(Fig. 5B1), which indicates that no adhesion forces can be detected in 
this case. On the contrary, a typical pattern of oscillatory adhesion forces 
is observed for the hydrophilic AFM tips against Ti6Al4V@DMA-MPC 
and Ti6Al4V@PDA/DMA-MPC (Fig. 5A2, A3). This is attributed to the 
penetration of the hydrophilic AFM tips into the DMA-MPC domains of 
the substrates, resulting in unraveling and stretching of the polymer 
chains in the separation process [33]. The largest adhesion force be-
tween the hydrophilic AFM tips and Ti6Al4V@PDA/DMA-MPC reflects 
the extra energy of stretching between PDA and DMA-MPC (Fig. 5A4). 
Additionally, the increased extension distance of the adhesion force for 
Ti6Al4V@PDA/DMA-MPC (~1000 nm), compared with that of 
Ti6Al4V@DMA-MPC (~800 nm), may be ascribed to the rearrangement 
of the PDA and DMA-MPC chains. Since DMA-MPC is not covalently 

bound to PDA, the polymer chains can rearrange to form a more optimal 
conformation during the separation process [5]. As shown in Fig. 5B2, 
B3, a different pattern of oscillatory adhesion forces is produced for the 
hydrophobic AFM tips against Ti6Al4V@DMA-MPC and 
Ti6Al4V@PDA/DMA-MPC, with decreased extension distances and 
reduced values of adhesion forces (Fig. 5B4). The hysteresis is owing to 
the mutually attractive hydrophobic interactions [33,47,48] between 
the methyl groups in the end-domains of 1-dodecanethiol and aromatic 
groups or methyl residues in the polymer chains. It is anticipated that 
although the asymmetric configurations between the polymer and 
1-dodecanethiol can hinder penetration [34], the hydrophobic AFM tips 
still penetrate into the copolymer coatings to some extent. Furthermore, 
the adhesion forces and adhesion energies obtained from the separation 
process (Fig. 5A4, B4) show clearly that the hydrophobic AFM tips 
generate smaller values in comparison with the hydrophilic AFM tips 
when interacting with the copolymer coatings. The increased values of 
adhesion forces and adhesion energies for the substrates with copolymer 
coatings, compared with the bare Ti6Al4V, are attributed to the use of a 
relatively high normal load (10 nN), resulting in the penetration of the 
AFM tips into the copolymer coatings. In summary, the strongest 
repulsion with the longest range of the hydrophobic AFM tips in the 
approach process indicates that the PDA/DMA-MPC coating plays a 
significant role in preventing or delaying initial adsorption of protein or 
bacteria. Therefore, further research is performed to investigate the in-
teractions between the copolymer coatings and living bacteria. 

3.4. Repulsive force between copolymers-coated AFM tips and bacteria on 
the nanoscale 

To further evaluate the initial bacterial resistance properties of the 
copolymer coatings on the nanoscale, a series of force measurements 
were conducted to investigate the interactions between the copolymer 
coatings and living bacteria in sterile PBS using AFM. The two contact 
surfaces included a copolymers-coated AFM tip and an immobilized 
bacteria (E. coli)-coated Ti6Al4V substrate. The AFM tips (with PS mi-
crospheres) were sputter-treated with a titanium layer and coated with 
the copolymers according to the protocol of modifying the Ti6Al4V 
substrates. The bacteria-coated Ti6Al4V substrates were prepared using 
a poly-dopamine wet bio-adhesive [49,50], which could effectively 
immobilize bacteria on the substrate and meanwhile ensure the viability 
of the bacteria during the force measurements. 

The SEM and EDS results of the copolymers-coated AFM tips are 
shown in Fig. S4, which indicate that the coating process is successful. 
Fig. 5C1 displays the schematic illustration of the force measurements, 
in which the copolymers-coated AFM tip is driven to gradually approach 
and touch the bacterial Ti6Al4V substrate at a maximum contact force of 
2 nN. Subsequently, it is retracted from the substrate at the same ve-
locity with different dwell times of 0 s, 10 s and 30 s. It is noted that due 
to the geometry limitation of the PS microspheres, only a few bacteria 
are allowed to contact with the AFM tips. However, the microscopy 
image of the substrate (Fig. 5C2) shows that the substrate has reached a 
sufficiently dense coverage of bacteria, which ensures the validity of the 
measurements on randomly selected locations for statistical analysis. 
Fig. 5C3 illustrates representative microscopy image during the force 
measurements between the copolymers-coated AFM tip and the 
bacteria-coated substrate, and the comparison of the microscopy images 
for the substrates with or without bacteria are shown in Fig. S5B. 
Importantly, the bacteria immobilized on the substrate maintain excel-
lent viability, as observed from the Live/Dead fluorescence staining 
images before (Fig. 5C4) and after (Fig. 5C5) the force measurements. 
More importantly, no obvious fluorescence is detected on the AFM tips 
following the force measurements, indicating the robustness of the test 
as the bacteria are not removed from the substrate under the experi-
mental conditions. 

Fig. 5D1-D3 shows representative force-distance curves in the force 
measurements of the bare titanium-coated tip (Ti tip), DMA-MPC-coated 
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Fig. 5. Representative force-distance curves during approach and separation process in the force measurements using AFM for (A1-A3) hydrophilic tip and (B1–B3) hydrophobic tip against the bare Ti6Al4V, 
Ti6Al4V@DMA-MPC and Ti6Al4V@PDA/DMA-MPC substrates. The inset figures are the SEM images of the tips. (A4, B4) Statistical analysis of adhesion force and adhesion energy obtained from the separation process. 
(C1) Schematic illustration showing the force measurements between copolymer-coated AFM tip against bacteria-coated substrate, with different dwell times of 0 s, 10 s and 30 s (C2) Microscopy images of the bacteria- 
coated substrate. (C3) Microscopy images in the force measurements between AFM tip and bacteria-coated substrate. The green fluorescence indicates that the immobilized bacteria are alive (C4) before and (C5) after 
the force measurements. (D) Representative force-distance curves during approach and separation process in the force measurements for (D1) Ti tip, (D2) Ti@D-M tip and (D3) Ti@P/D-M tip against bacteria-coated 
substrates. (E) The adhesion force and adhesion energy between three different AFM tips and bacteria-coated substrates obtained from the separation process under the dwell time of (E1) 0 s, (E2) 10 s and (E3) 30 s. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Ti tip (Ti@D-M tip) and PDA/DMA-MPC-coated Ti tip (Ti@P/D-M tip) 
against the bacterial Ti6Al4V substrates under different dwell times, 
respectively. Again, all the force measurements show the hard-wall 
steric repulsion in the approach process. Compared with the Ti tip, the 
Ti@D-M tip and Ti@P/D-M tip indicate gradually increased range of 
repulsion force due to the mutually exclusive hydrophobic interactions. 
These results are similar to the findings as shown in Fig. 5B, which 
indicate that the strong energy barrier of the PDA/DMA-MPC copolymer 
has the best bacterial resistance effect owing to the stable hydration 
repulsion layer. In the separation process, it is clear that the adhesion 
force and adhesion interaction range are observed to increase at higher 
surface dwell time for the three kinds of AFM tips. It is considered that 
the longer dwell time allows for the bacteria to adapt to the topography 
of the contact surface more effectively. This results in an increased 
contact area that may generate more specific interactions between the 
AFM tips and bacteria, such as electrostatic, van der Waals and hydrogen 
bond forces. Interestingly, the adhesion force or adhesion interaction 
range of the Ti@P/D-M tip is lower or shorter than the Ti@D-M tip and 
Ti tip under all experimental conditions, which indicates that the Ti@P/ 
D-M tip can provide a relatively larger hydration repulsion to resist 
bacterial adhesion. The statistical histograms (Fig. 5E1-E3) of the 
adhesion force and adhesion energy intuitively display the comparison 
among the three AFM tips against bacteria under various dwell times. 
For example, the adhesion force between Ti@P/D-M tip and bacteria is 
approximately 0.88 nN under the dwell time of 30 s, which is smaller 
than that of Ti@D-M tip (1.04 nN) and Ti tip (2.37 nN). Similarly, the 
adhesion energy between Ti@P/D-M tip and bacteria is also the lowest 
(1.39E-16 J), compared with that of Ti@D-M tip (1.93E-16 J) and Ti tip 
(3.42E-16 J). In summary, the Ti@P/D-M tip generates the strongest and 
longest range of repulsion in the approach process and also the lowest 
adhesion force and shortest adhesion interaction range in the separation 
process. These results reveal that the biomimetic PDA/DMA-MPC 
coating greatly enhances the bacterial resistance performance. 

4. Conclusions 

In the present study, motivated by the performance of mussel and 
articular cartilage, a bioinspired self-adhesive lubricated copolymer 
coating was developed for the purpose of enhancing bacterial resistance. 
The dopamine-assisted codeposition technique was used to fabricate 
optimal biomimetic PDA/DMA-MPC coating on the substrate to simul-
taneously achieve lubrication and bacterial resistance properties. 
Additionally, the mechanism of bacterial resistance was reported by 
investigating the interactions between the biomimetic coatings and 
hydrophilic/hydrophobic tips or living bacteria on the nanoscale via 
AFM force measurements. The results showed that the biomimetic 
copolymer coating performed excellent lubrication property based on 
the hydration lubrication mechanism, and effectively enhanced bacte-
rial resistance both on the macroscale and nanoscale owing to hydration 
repulsion. In conclusion, the self-adhesive lubricated copolymer coating 
developed here can be a promising strategy in surface functionalization 
of biomedical implants for enhancing bacterial resistance. 
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