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Abstract

Modification of implants by antimicrobial peptides (AMPs) can improve the antimicrobial activity 

of the implants. However, AMPs have some cytotoxicity in vivo when they are exposed at body 

temperature. To tackle this challenge, we propose to develop a new approach to generating a smart 

antimicrobial surface through exposure of AMPs on the surface. A polydopamine film was first 

formed on the substrates, followed by the conjugation of a temperature-sensitive polymer, (N-

isopropylacrylamide) (pNIPAM), to the film through atom transfer radical polymerization (ATRP). 

Then, AMPs were conjugated to the NIPAM on the resultant pNIPAM-modified surface through a 

click chemistry reaction. Because of the temperature-sensitive property of pNIPAM, the AMPs 

motif was more exposed to the external environment at room temperature (25 °C) than at body 

temperature (37 °C), making the surface present a higher antimicrobial activity at room 

temperature than at body temperature. More importantly, such a smart behavior is accompanied 

with the increased biocompatibility of the surface at body temperature when compared to the 

substrates unmodified or modified by AMPs or pNIPAM alone. Our in vivo study further verified 

that pNIPAM-AMP dual modified bone implants showed increased biocompatibility even when 
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they were challenged with the bacteria at room temperature before implantation. These results 

indicate that the implants are antibacterial at room temperature and can be safely employed during 

surgery, resulting in no infection after implantations. Our work represents a new promising 

strategy to fully explore the antimicrobial property of AMPs, while improving their 

biocompatibility in vivo. The higher exposure of AMPs at room temperature (the temperature for 

storing the implants before surgery) will help decrease the risk of bacterial infection, and the lower 

exposure of AMPs at body temperature (the temperature after the implants are placed into the 

body by surgery) will improve the biocompatibility of AMPs.
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1. INTRODUCTION

Bacterial infection is a predominant medical complication on the implants.1,2 To decrease it, 

the most efficient way is to construct a surface with antimicrobial agents, such as Ag, 

quaternary ammonium, and antibiotics, on the implants. However, these agents do not satisfy 

the clinical requirements because they can cause cytotoxicity3 and drug resistance.4 

Antimicrobial peptides (AMPs) are more promising antimicrobial agents because they can 

resist the infection by more types of bacteria and even by fungi.5 They can penetrate the 

bacterial cell membrane and thus could fight against drug-resistant bacteria.6,7 Hence, 

surface modification with AMPs is an approach to the antimicrobial implants.

However, AMP is cytotoxicity8-10 due to their nonspecific membrane selectivity. The AMP-

modificated surfaces presented high antimicrobial activity but with low cytotoxicity toward 

mammalian cells11-13, - while implants, such as vascular stents14 and bone repair materials,
15-16 demand high in vivo biocompatibility. The low cytotoxicity of AMPs largely prohibited 

the application of AMPs. In order to improve the biocompatibility of AMPs, it is general to 

introduce some biologically active molecules which are suitable for cell growth, such as the 

RGD peptide. Here, we show an innovative approach to exploring the antibacterial property 

of AMPs but improving their biocompatibility with stimuli-responsive smart material 

without biologically active molecules. Stimuli-responsive smart material, a very promising 

material, has gained widespread concerns.17,18 Their behaviors could respond to external 

stimuli, such as temperature, pH, light, and so on.19-21 Because of the difference in 

temperature between the operational environment and living body, it is suited to control the 
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exposure of AMPs with external stimuli. Namely, we design the implant surface in such a 

way that AMPs are exposed to perform antibacterial function at room temperature, where 

the implants are usually stored and operated but hidden inside the surface to not to cause 

cytotoxicity at body temperature after implantation.

Briefly, we constructed such a smart surface by conjugating an AMP (HHC36, 

KRWWKWWRR) to the chain of a temperature-responsive polymer, poly(N-

isopropylacrylamide) (pNI- PAM) through click chemistry (Scheme 1a). In addition, the 

antimicrobial activity and biocompatibility of the surface in vitro and in vivo were studied. 

HHC36 is chosen because it is a short peptide with a high antimicrobial activity.22,23 The 

temperature-responsive polymer is chosen pNIPAM because its low critical solution 

temperature (LCST) is ~32 °C.24,25 Below LCST (e.g., room temperature), pNIPAM is 

flexible, allowing its chain to be extended to expose AMPs and making the implants 

antibacterial. Above LCST (e.g., body temperature), pNIPAM is collapsed because of 

intramolecular H-bonding, allowing its chain to hide AMPs inside the surface, making it 

unavailable to the surroundings and thus minimizing the cytotoxicity (Scheme 1b).

2. RESULTS AND DISCUSSION

2.1. Preparation and Characterization of the AMP-Functionalized Surface.

To prepare an AMP functional surface, we first formed a polydopamine surface on the 

titanium (Ti) implants, on which pNIPAM with the uniform molecular weight (Mn) was 

formed through ATRP. Then, we conjugated an AMP (KRWWKWWRR) with the chain of 

pNIPAM click- chemically through Cu(I)-catalyzed azide-alkyne cycloaddition, forming Ti-

pNIPAM-AMP (Scheme 1).

The IR spectra results (Figure 1) indicated that we had synthesized pNIPAM successfully. 

The peaks at 1540 cm−1 for the secondary amide —N—H stretching (amide II band), 1650 

cm−1 for the primary amide —C=O— stretching (amide I band), 2971 cm−1 for the -CH3- 

asymmetric stretching, 3298 cm−1 for the secondary amide -N-H stretching were observed 

on pNIPAM, which was consistent with previous literature about the synthesized pNIPAM.
26

Then, the AMP-functionalized surface was characterized with X-ray photoelectron 

spectroscopy (XPS) (Figure S1). The N 1s high-resolution spectra of the surfaces after each 

step proved that AMP-functionalized surfaces were prepared successfully. In order to 

understand the surface compositions, the C/N ratio of Ti-AMP, Ti-pNIPAM, and Ti-

pNIPAM-AMP were analyzed from the XPS spectra (Table S1). The C/N ratio ofTi-

pNIPAM was 5.88, which was very close to the theoretical C/N ratio of pNIPAM, indicating 

that pNIPAM brush almost completely covered the surface. Ti-pNIPAM-AMP presented the 

lowest C/ N ratio, which was closer to the theoretical C/N ratio of AMP than that of Ti-

AMP. This indicated that there were more AMP molecules on Ti-pNIPAM-AMP than Ti-

AMP. The surface mass density of grafted AMP on Ti-pNIPAM-AMP was calculated to be 

about 641 ng/cm2 from quartz crystal microbalance (QCM) analysis (Figure S2).
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2.2. Temperature-Responsive Surface.

Under the temperature change cycles, the Ti-pNIPAM-AMP surface was found to be 

temperature-responsive. During the temperature change between 37 and 25 °C, the samples 

with pNIPAM showed a reversible change of contact angle, but the samples without 

pNIPAM did not (Figure 2a). QCM with dissipation (QCM-D) monitoring results also 

demonstrated a reversible change of the balanced frequency change (ΔF) (Figure 2b). When 

the temperature was changed from 37 to 25 °C at the first cycle, the change in ΔF for Ti and 

Ti-AMP is −68.6 and −71.1 Hz, which were very close. Also, the change in ΔF could be 

returned back to almost 0 Hz when the temperature was changed back from 25 to 37 °C. A 

similar curve appeared at the second and third cycles. These changes in ΔF could be 

attributed to the quartz’s response to temperature due to the absence of temperature-sensitive 

pNIPAM on the two surfaces. After pNIPAM was introduced to the surface, the 

corresponding change in ΔF was −110.9 and −85.2 Hz for Ti-pNIPAM and Ti- pNIPAM-

AMP, respectively. Such an increased change was responsive to a temperature change from 

37 to 25 °C for pNIPAM-bearing surfaces compared to the nonbearing counter-parts because 

pNIPAM could absorb water through forming H- bonding with water, making its 

conformational extension to the surroundings. Ti-pNIPAM-AMP showed a smaller change 

in ΔF than Ti-pNIPAM between 37 and 25 °C, indicating that the amount of adsorbed water 

on Ti-pNIPAM-AMP was less than that on Ti-pNIPAM (Figure 2b), probably because the 

presence of AMP blocks pNIPAM from binding water molecules. When temperature was 

changed from 25 to 37 °C, the increased change in ΔF between the surfaces with and 

without pNIPAM disappeared, indicating that the hydration water was extruded as pNIPAM 

was collapsed at 37 °C. All these data further confirm the successful construction of Ti-

pNIPAM-AMP.

2.3. Temperature-Controlled Exposure and Hiding of AMPs on the Surface.

To evaluate the exposure of the AMP response with temperature on the Ti-pNIPAM-AMP, 

AMP was replaced with a biotin-labeled molecule (biotin-PEG4-alkyne).

After incubation with fluorescein isothiocyanate (FITC)-labeled avidin at 25 °C, strong 

fluorescence was observed on the surface (Figure 3a) because of the exposure of biotin for 

recognizing

FITC-labeled avidin. However, the fluorescence nearly disappeared when the same surface 

was incubated at 37 °C (Figure 3b), indicating that the biotin-labeled molecule was not 

exposed to the environment and thus not available for recognizing FITC- labeled avidin. 

These data suggested that the AMP was exposed at a temperature below LCST, whereas they 

were buried inside pNIPAM and not exposed to the external environment at a temperature 

above LCST (Scheme 1b).

2.4. Antimicrobial Activity and Biocompatibilty in Vitro.

Free AMP showed a low concentration of minimum inhibitory concentration (MIC) against 

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) (Figure S3). The MIC of the 

PraHHC36 against S. aureus and E. coli was found to be between 8-10 and 6-8 μM, 

respectively. Then, we analyzed the quantitative antimicrobial activity of the surfaces at 
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different T’s with an agar plate method after incubation against S. aureus and E. coli for 2 h 

(Figure 4a). Interestingly, the antibacterial activity of Ti-pNIPAM-AMP against S. aureus 
was improved from 30.5 to 94.4% when temperature changed from 37 to 25 °C. Also, that 

against E. coli was improved from 32.5 to 95.1%. No residual antimicrobial Cu ions and 

bromide ions were observed on Ti- pNIPAM-AMP (Figure S4), which indicated that the 

antimicrobial activity of Ti-pNIPAM-AMP was contributed from AMPs. Meanwhile, 

antibacterial study using free AMP (Figure 4b) showed that AMP almost killed 100% of 

bacteria at both 25 and 37 °C. Therefore, the difference in the antibacterial activity of Ti-

pNIPAM-AMP at both 25 and 37 °C further confirmed our hypothesis that this surface 

exposed AMP at T < LCST, while buried AMP at T > LCST. The flexible conformation of 

pNIPAM chains at 25 °C improved the accessibility of the AMP motif, making AMP easier 

to contact bacteria and kill them. Ti- pNIPAM and Ti-AMP could not kill bacteria at both 25 

and 37 °C. Ti-pNIPAM could not kill bacteria because of the lack of antibacterial agents. 

Though Ti-AMP was incorporated with antibacterial agents, its AMP was not connected to 

the surface through a flexible linker, making it unable to perform antibacterial functions.27

We further analyzed the antimicrobial activity of the surfaces with the LIVE/DEAD method 

(Figures 5 and S5). There were many live bacteria (green fluorescence) but almost no dead 

bacteria on Ti and Ti-pNIPAM at both 37 and 25 °C. A number of dead bacteria (red 

fluorescence) with some live bacteria (green fluorescence) appeared on Ti-AMP and Ti-

pNIPAM at 25 °C. However, much more dead bacteria (red fluorescence) were observed on 

Ti-pNIPAM-AMP than on Ti-AMP at 25 °C. The Ti-pNIPAM-AMP surface exhibited a 

reduced antibacterial behavior at 37 °C compared to that at room temperature. The results 

also indicated that the antimicrobial activity of Ti- pNIPAM-AMP could be tuned by 

changing temperature.

The biocompatibility of free AMPs (HHC36) was tested with BMSC (Figure S6), and the 

results showed that free AMPs displayed some cytotoxicity after incubation with BMSCs for 

24 h at MIC. The results are similar with the previous study as they showed that AMPs were 

low cytotoxic.6,28 Interestingly, Ti- pNIPAM-AMP not only showed a high antimicrobial 

activity at 25 °C, but also exhibited improved biocompatibility for the adhesion and 

proliferation of bone marrow derived stem cells (BMSCs) at 37 °C. Cell counting kit-8 

(CCK-8) assay showed that after incubation with BMSCs for 2 d, the viability of the cells on 

Ti-pNIPAM-AMP was about 1.30,1.24, and 1.21 times those of Ti, Ti-pNIPAM, and Ti-

AMP, respectively (Figure 6a). The results of the morphology of BMSCs were consistent 

with CCK- 8 assay results (Figure 6b). BMSCs at the highest density appeared on Ti-

pNIPAM-AMP. Also, the BMSCs were spread well on Ti-pNIPAM-AMP as stretched 

cytoskeleton and round nucleus were observed. The results indicated that dual functional Ti-

pNIPAM-AMP presented the best biocompatibility among the four surfaces, which was 

caused by the hiding of AMP. The collapsed conformation of pNIPAM chains buried most 

AMPs at 37 °C in the surface of Ti-pNIPAM-AMP, limiting the accessibility of the low 

cytotoxic AMP motifs. Also, the hydrophobic environment formed by the collapse of 

pNIPAM was suggested to contribute to the improved biocompatibility of Ti-pNIPAM-AMP 

at 37 °C as it is suitable for cell growth according to a previous study.29 The hydrophobic 

environment cause by the collapse of pNIPAM also made Ti-pNIPAM present a better 

biocompatibility than Ti. However, Ti-AMP presented a better biocompatibility than Ti. This 
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discrepancy may be attributed to the absence of a flexible linker on Ti-AMP, which made 

AMPs hard to access cells.

When the implant was in contact with blood after implantation, the red blood cells may be 

damaged and may release red blood globulin, causing hemolysis. The hemolysis activity of 

the surfaces was tested with rabbit red blood cells. The surfaces showed a lower hemolysis 

activity, and the hemolysis activity of Ti, Ti-pNIPAM, Ti-AMP, and Ti-pNIPAM-AMP was 

2.01 ± 0.44, 1.27 ± 1.7, 2.23 ± 2.25, and 3.35 ± 1.77%, respectively (Figure 7). Though the 

hemolysis activity of Ti- pNIPAM-AMP was increased slightly, the value was still below the 

acceptable value of 5% and met the medical adsorbent standard of China (ISO 10994.4: 

2002). These results showed that Ti-pNIPAM-AMP presented good blood compatibility.

2.5. Antimicrobial Activity and Biocompatibility in Vivo.

The antimicrobial activity of a rod-like Ti-pNIPAM-AMP implant in vivo was evaluated by 

an infection rabbit model (Figure 8). Before implantation into tibias, the implants were 

incubated in the clinically relevant S. aureus bacteria solution (107 cfu/mL) for 2 h at room 

temperature (RT). After implantation for 7 d, the samples were explanted from the tibias and 

rolled over a blood agar plate for semi-quantification of bacteria adhered on the plate (Figure 

8a). The blood agar images showed that many bacteria (the yellow spots) appeared on Ti, but 

only a few were observed on Ti-pNIPAM-AMP, indicating that Ti-pNIPAM-AMP presented 

a high antimicrobial activity before being implanted. The quantitative antimicrobial activity 

of the surfaces of explanted samples (Figure 8b) and their surrounding tissues (Figure 8c) 

showed the excellent antimicrobial activity of Ti-pNIPAM-AMP in vivo, consistent with the 

blood agar results (Figure 8a). Nearly 100% of the bacteria on the surface of Ti-pNIPAM-

AMP were killed. These results showed that even challenged with bacteria solution before 

implantation, Ti-pNIPAM-AMP could kill the bacteria at RT, making few bacteria brought 

to rabbit model after implantation and decreasing bacterial infection in vivo.

We further study the morphology of tissues and bacterial residues with hematoxylin and 

eosin (H&E; Figure 8d) and Giemsa (Figure 8e) staining. H&E staining showed that Ti 

presented the destruction ofcortical and cancellous bone as well as tissues infiltration with a 

large number of inflammatory cells (yellow arrows) such as lymphocytes, monocytes, and 

neutrophils. Also, multinucleated osteoclasts (blue arrows) were detected on Ti, suggesting 

the presence of bacterial infection and bone resorption.30 Meanwhile, Giemsa staining 

results indicated that the bacterial infection occurred on Ti because there were a lot of 

bacteria (red arrows) around Ti implants.31 However, Ti-pNIPAM-AMP presented little 

destruction of cortical and cancellous bone and much fewer inflammatory cells. Moreover, a 

number of live bone cells (black arrows), but not signs of bacterial infection, were observed 

on Ti-pNIPAM-AMP. These results indicated that the temperature-sensitive surface we 

prepared presented not only an excellent antimicrobial activity at RT before implantation, 

but also an increased biocompatibility in vivo after implantation even when it was 

challenged with bacteria before implantation. The exposure of AMP on Ti-pNIPAM-AMP 

enabled the implants to kill the bacteria at RT before implantation, making no bacterial 

infection after implantation. When Ti-pNIPAM- AMP was implanted in vivo, the body 
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temperature made the AMP buried inside the surface on Ti-pNIPAM-AMP, decreasing the 

toxicity of the AMP to normal cells and increasing the biocompatibility in vivo.

3. CONCLUSIONS

We have developed a smart surface which can control the exposure AMPs through the 

temperature-controlled conformational change of pNIPAM chains, resulting in the 

development of an implant that shows an excellent antimicrobial activity at RT and an 

increased biocompatibility at body temperature. During the storage and usage of the 

implants at room temperature, the bacterial adhesion on the surface will contribute to 

bacterial infection. Our designed surface could exhibit an antimicrobial activity at this stage 

to inhibit the adhesion of the bacteria and kill them. After implantation into the body, the 

surface presents an improved biocompatibility. This work moves a step forward into the 

construction ofsmart functional surfaces that can switch properties through the temperature-

controlled exposure or hiding of various drug molecules.

4. MATERIALS AND METHODS

4.1. Materials.

Titanium rods were purchased from Tsinghua- Foxconn Nanotechnology Research Center. 

Dopamine, NIPAM, CuBr, sodium ascorbate, and tris(3-hydroxypro-

pyltriazolylmethyl)amine (THPTA, 95%, ligand) were purchased from Sigma-Aldrich. 

HHC36, PraHHC36, and biotin-PEG4-alkyne were purchased from GL Biochemical 

(shanghai) Co., Ltd. Tri-HCl was purchased from Shanghai Bioscience Co., Ltd. 2-

Bromoisobutyryl bromide was purchased from Aladdin. Triethylamine (TEA) was acquired 

from Guangzhou chemical reagents factory. Tris[2-dimethylamino]ethyl]- amine was 

purchased from Tokyo Chemical Industry Co., Ltd. NaN3 was purchased from Tianjin 

Fuchen chemical reagents factory. Ethylenediaminetetraacetic acid (EDTA) and 

CuSO4∙5H2O were acquired from Guangdong Guanghua Technology Co., Ltd. All the 

reagents related to cell test and assay were purchased from Sigma.

4.2. Preparation of pNIPAM Brushes on Ti.

The titanium rods were cleaned with an ultrasonic bath in ethanol and the water for 15 min, 

respectively. After being dried with nitrogen flow, the substrates (Ti) were immersed in 2 

mg/mL of dopamine solution with Tri-HCl (10 mM, pH 8.5) for 30 min. After being treated 

with an ultrasonic bath in ethanol for 15 min, the substrates (abbreviation as Ti-PDA) were 

dried with nitrogen flow and immersed in 1 mL TEA and 10 mL dichloromethane, followed 

by adding 800 μL 2-bromoisobutyryl bromide dropwise into the solution at the ice bath for 2 

h and at the room temperature for 12 h in order to generate Ti-Br. Then, the substrates were 

treated with an ultrasonic bath in ethanol for 15 min and dried with nitrogen flow. The 

polymerization of NIPAM was performed in a degassed NIPAM solution (1.13 g, 10 mmol) 

with CuBr (14.35 mg, 0.1 mmol) and tris[2-dimethylamino]ethyl]amine (50 μL, 0.2 mmol) 

in methanol/water mixed solvent (5:5, v/v) for 2 h. The substrates were treated with an 

ultrasonic bath in water for 15 min followed by a nitrogen flow and abbreviated as Ti-
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pNIPAM. The reacted solution was collected, dialyzed for 5 days, and then freeze-dried to 

obtain pNIPAM.

4.3. Functional AMP Grafting on pNIPAM Brushes of Ti- pNIPAM.

Before click chemistry conjugation, Ti-Br and Ti-pNIPAM were azidated with NaN3 to 

introduce the reaction site of click chemistry. Briefly, Ti-Br and Ti-pNIPAM were reacted 

with 0.25 g NaN3 in dimethylformamide and water-mixed solvent (8:2, v/v) at 60 °C for 12 

h and treated with an ultrasonic bath in water for 15 min, followed by a N2 flow to form new 

substrates, termed Ti-N3 and Ti- PNIPAM-N3, respectively. Then, the AMP was grafted on 

the surface via click chemistry in the solution of AMP (0.1 mM), THPTA (0.2 mM), CuSO4 

(0.1 mM), and sodium ascorbates (5 mM) in a mixture of ethanol and water (3:7, v/v). After 

3 h, the substrates were immersed in an EDTA solution (5 mM). Then, they were treated 

with an ultrasonic bath in water for 15 min, followed by a N2 flow and abbreviated as Ti- 

AMP and Ti-pNIPAM-AMP, respectively.

4.4. Infrared Spectroscopy.

The pNIPAM was pressed into discs with potassium bromide and detected with a Fourier 

transform infrared (FT-IR) spectroscopy analyzer (VECTOR-22, Bruker, Germany). The 

spectroscopy spectra (500-4000 cm−1) were collected at 4.0 cm−1 resolution with 32 scans.

4.5. XPS Assay.

The surfaces were measured by a photoelectron spectrometer (AXIS ULTR DLD, Kratos, 

England) with an Al Kα (1486.4eV) monochromaticX-raysourceatapressureof 2 × 10−9 Torr 

and a scan area of 0.7 × 0.3 mm2. Analyses consisted of a survey scan performed at a pass 

energy of 160 eV to identify all the species present, followed by high resolutions scans (40 

eV) of the species of interest.

4.6. Static Contact Angle Measurement.

The static contact angle of the surfaces was characterized with a contact angle goniometer 

(OCA15, DADAPHYSICS, England) at 25 and at 37 °C, and 1.00 μL of distilled water was 

dropped onto the surface through a stainless steel needle at a rate of 1.0 μL/s. The results are 

mean values calculated from five independent measurements on different points of the 

surfaces.

4.7. Conformational Change ofpNIPAM Chains in Response to Temperature.

The conformation of pNIPAM chains as a function of temperature was characterized with 

QCM-D monitoring (Q-Sense E4, Biolin, Sweden). Briefly, the surfaces maintained a 

baseline in phosphate buffer saline (PBS) at 37 °C. Then, the temperature was changed to 

25 °C for 20 min. When the frequency was balanced, the temperature was adjusted to 37 °C 

until the frequency was balanced again. The process was repeated for three cycles.

4.8. Fluorescence Microscopy.

The surfaces were immersed in avidin-labeled FITC solution with a concentration of 0.1 

mg/mL for 15 min in the dark at 25 and 37 °C and then rinsed with water at 25 and 37 °C, 
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respectively. The fluorescence of the surfaces was detected by fluorescence microscopy 

(Eclipse Ti-U, Nikon).

4.9. Antimicrobial Assayand Bacterial Culture.

Asingle colony of S. aureus (ATCC 29213) or E. coli (ATCC 35150) was inoculated in 

Luria-Bertani (LB) medium overnight at 37 °C. After adding 100 μL S. aureus (ATCC 

29213) or E. coli (ATCC 35150) suspension to 5 mL of fresh LB medium, S. aureus (ATCC 

29213) or E. coli (ATCC 35150) was incubated for 5 h with shaking (250 rpm) at 37 °C to 

achieve mid- log-phase growth.

4.9.1. Colony Counting Assay of the Antimicrobial Activity.—The antimicrobial 

activity of AMP solution (10, 50, and 100 μM) at 25 and 37 °C was tested with the S. aureus 
(or E. coli) suspension (1 × 107 cfu/ mL in PBS). After incubation for 2 h, the antimicrobial 

activity was evaluated with agar plates by a serial dilution method. The surfaces (0.5 cm × 

0.5 cm) were sterilized by 70% isopropyl alcohol for 2 h, placed in a 48-well culture plate, 

and rinsed with PBS buffer for 3 times. Then, 10 μL of the bacterial suspension (1 × 107 

cfu/mL in PBS) was added into each surface and incubated at 25 and 37 °C for 2 h, 

respectively. After 990 μL PBS buffer was added, the surfaces and the PBS buffer were put 

in a sterile centrifuge tube and treated with an ultrasonic bath for 10 min to detach the 

bacteria. Then, the qualitative antibacterial behaviors of the surfaces were evaluated by a 

serial dilution method with agar plates. The method to test the MIC of AMPs against S. 
aureus and E. coli is shown in the Supporting Information.

4.9.2. LIVE/DEAD Staining Assay.—The viability of bacteria adhering onto the 

surfaces was tested with the LIVE/DEAD staining.32-34 The reagent mixture was obtained 

by mixing the equal amount of fluorescein diacetate solution (0.5%) and propidium iodide 

solution (0.5%) and was added to the surfaces. After incubation for 15 min at the room 

temperature in the dark environment, the surfaces were rinsed with distilled water, and 

observed by confocal laser scanning microscope (TCS SP8, Leica, Germany) on the 

randomly chosen locations. Bacteria with intact cell membranes would be stained with green 

fluorescence, whereas those with damaged membranes would be stained with red 

fluorescence.

4.10. Biocompatibility of the Samples.

Rat bone marrow mesenchymal stem cells (BMSC, CRL-12424, ATCC, USA) were used to 

study the biocompatibility of the samples. The cells were cultured in a Dulbecco’s modified 

Eagle medium (DMEM, Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco, 

USA) and at 37 °C with a 5% CO2 atmosphere. The medium was replaced every 2 days. All 

surfaces (0.5 cm X 0.5 cm) were sterilized with 70% isopropyl alcohol for 2 h and placed 

individually into new 48-well plates. Then, the surfaces were seeded with BMSCs (20 000/

mL).

4.10.1. Cellular Viability.—After incubation for 2 days, the cellular viability of the 

surfaces was tested with CCK-8 assay. The medium was removed. Then, 200 μL DMEM 

with 10% FBS and 20 μL Cell Counting Kit-8 (CCK-8) reagent were mixed and added to 

Zhan et al. Page 9

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the surfaces. After incubation for 1 h, the optical density (OD) values at450 nmwere 

measured with an ELISA plate reader (Varioskan Flash 3001, Thermo, Finland).

4.10.2. Morphology of Cells.—After incubation for 2 days, the morphology of cells 

was observed by a confocal laser scanning microscope. The surfaces were rinsed with PBS 

at the same temperature and then fixed with 4% glutaraldehyde at —4 °C overnight. After 

being rinsed with PBS 3 times, the surfaces were immersed in FITC solution with a 

concentration of 0.1 mg/mL in the dark for 30 min, followed by rinsing with PBS. The 

surfaces were stained with 4’,6-diamidino-2- phenylindole for 5 min in the dark, rinsed with 

PBS, and observed by a confocal laser scanning microscope (Leica TCS SP8, Germany). 

The method to test the biocompatibility of free AMPs is shown in the Supporting 

Information.

4.11. Hemolytic Activity of the Surfaces.

The hemolytic activity of the surfaces was tested with rabbit red blood cells. At first, the 

rabbit red blood cells were purified by the followingprocedure: 5 mL of rabbit blood was 

added to 10 mL of PBS. After mixing, the suspension was centrifuged at 800g for 10 min. 

Then, the supernatant was discarded, and 1 mL of PBS was added again. After the process 

was repeated 5 times, Ti-AMP, Ti-pNIPAM, and Ti-pNIPAM-AMP were placed in a 48-well 

plate and incubated with 500 μL 5% red blood cell solution (dissolved in PBS) for 3 h. The 

red blood cells incubated with 0.1% Triton X-100 and PBS were used as a positive and 

negative control, respectively. Then, the red blood cell solution was collected and 

centrifuged at 800g for 10 min, followed by OD measurements at 540 nm with 100 μL of the 

supernatant in a 96-well plate.

The hemolysis value (H) of the surfaces was calculated from the equation below.

H = 100% ×
As − An
Ap − An

where As, An, and Ap are the absorbance of the surfaces, negative control (PBS), and 

positive control (0.1% Triton X-100), respectively.

4.12. Antimicrobial Activity in Vivo and Infectious Rabbit Model.

Six 2.0 kg New Zealand albino rabbits were divided into two groups at random. The 

operation was performed on the left hind leg of the rabbits. Briefly, after the rabbits were 

anaesthetized with 3% pelltobarbitalum natricum solutions (in normal saline) and xylazine 

hydrochloride injection, their left hind leg was shaved, cleaned with 75% ethanol solution, 

and draped with sterile sheets. Then, the patellar ligament ofthe left tibia was divided, and 

the metaphysis part ofthe tibia was exposed. A 3.0 mm defect of medullary cavity was made 

with dental drill, followed by adding 100 μL of sodium morrhuate solution with 5% mass 

concentration. After the samples (Ti and Ti-pNIPAM-AMP) were immersed in the S. aureus 
(SA) solution (1 × 107 cfu/mL) for 2 h at the room temperature, they were implanted into the 

defect of medullary cavity and the defect site was sealed with a bone candle. Then, the 
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patellar ligament and the skin were closed with the suture line. After surgery for 7 days, the 

rabbits were euthanized and the tibias were obtained under an aseptic environment.

4.12.1. Microbiological Evaluation.—The samples (Ti and Ti- pNIPAM-AMP) were 

explanted from the tibias and rolled over blood agar for semi-quantification ofbacterial 

adhesion on the surfaces. Then, they were placed in 5 mL nutrient broth and treated with an 

ultrasonic bath for 10 min to detach the bacteria. The qualitative antibacterial activity of the 

samples on the surface was evaluated by a serial dilution method with agar plates. After the 

substrates were explanted, tibias were divided into two equal parts. One part was freeze-

dried and grinded to powder bones (and another part was used in the experiments in the next 

sub-section), and 1 g of powdered bones was agitated in 10 mL of normal saline for 3 min. 

After centrifugation at 1000 rpm for 10 s, 0.1 mL of the supernatant was obtained and used 

to evaluate the antimicrobial activity of the samples around the tissue by a serial dilution 

method with agar plates.

4.12.2. Histopathological Evaluation.—The remaining tibia of each samples was 

fixed in 4% paraformaldehyde. After 24 h, the samples were washed with water for 24 h. 

Then, the samples were decalcified in 10% EDTA solution for 4 weeks and paraffin-

embedded. Longitudinal sections in a sagittal plane were cut into 5 μm by a microtome and 

dried on the slides. H&E and Giemsa staining were employed to evaluate the morphology of 

tissues and the bacterial residues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Scheme of Preparation and Effect of the Temperature-Sensitive Surfaces on Ti Substrates. 

(a) Surface Construction; Surface a (Ti) Was Treated with Dopamine To Form Surface b (Ti-

PDA) Coated with Polydopamine (PDA); Then, Surface b Was Treated with 2- 

Bromoisobutyryl Bromide To Form Surface c (Ti-Br); By Click Chemistry, Surface c Was 

First Converted into Surface d (Ti-N3) by Adding NaN3, and Then into Surface e (Ti- AMP) 

by Adding praAMP (the AMP, KRWWKWWRR, Modified with L-Propargylglycine); 

Surface e (Ti-AMP) Contained AMP But Lacked pNIPAM; By Atom Transfer Radical 
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Polymerization (ATRP), pNIPAM with an LCST of 32 °C, Was Formed on Surface c To 

Generate Surface f (Ti- pNIPAM); By Click Chemistry, Surface f Was Converted First into 

Surface g (Ti-pNIPAM-N3) by Adding NaN3 and Then into Surface h (Ti-pNIPAM-AMP) 

by Adding praAMP. Surface f Contained AMP Conjugated to the Chain of pNIPAM; (b) 

Temperature-Sensitive Smart Behavior of Ti- pNIPAM-AMP; At T < LCST (e.g., Room 

Temperature), the Chain of pNIPAM is Extended, Enabling the AMP to be Exposed and Act 

as an Antibacterial Agent; At T > LCST (e.g., 37 °C), the Chain of pNIPAM is Condensed 

To Bury the AMP, Making AMP Unavailable for Causing the Cytotoxicity and Thus 

Improving the Biocompatibility of the Surface
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Figure 1. 
IR spectra of NIPAM and pNIPAM.
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Figure 2. 
Characterization of different surfaces by contact angle measurement and QCM-D analysis 

under a temperature change cycle, showing that the Ti-pNIPAM-AMP surface is temperature 

responsive. (a) Contact angle of the different surfaces at 25 and 37◦C for 4 cycles. (b) QCM-

D signal, the frequency change (ΔF), of different surfaces (left) and under a corresponding 

temperature cycle (right). The definition of different surfaces can be found in Scheme 1.
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Figure 3. 
Exposure and hiding of AMPs at lower and higher temperature, respectively. Fluorescence 

images of (biotin-alkynyl)- grafted Ti-pNIPAM-AMP incubated in avidin-conjugated FITC 

solution at 25 (a) and 37 °C (b). Green fluorescence indicated that the AMPs were exposed 

on the surface. These results showed that AMPs were exposed below LCST and hidden 

above LCST.
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Figure 4. 
Exposure of AMP’s improved antibacterial behavior on Ti-pNIPAM-AMP. (a) Quantitative 

antibacterial activity of different surfaces after incubation agtainst S.aureus and E.coli for 2h 

with an agar plate method, suggesting the antimicrobial activity of the Ti-pNIPAM-AMP 

surface was responsive to tyemperature. Ti-pNIPAM-AMP presented the most antimicrobial 

activity among difference surfaces, in particular, when temperature was set at 25◦C. (b) 

Antibacterial activity of free AMPs at different temperatures after incubation against 

S.aureus and E.coli for 2h. The results indicated that free AMP presented excellent 

antimicrobial activity at different temperatures.
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Figure 5. 
Dead/live image of different surfaces after incubation against S.aureus for 2h at 37 and 

25◦C. The green fluorescence means live bacteria and the red fluorescence means dead 

bacteria. The results showed that the Ti-pNIPAM-AMP surface could kill bacteria at room 

temperature.
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Figure 6. 
Cellular viability and morphology of BMSCs on difference surface incubation for 2 d, 

showing the improved biocompatibility Ti-pNIPAM-AMP at 37◦ C. (a) CCK-8 assay of the 

viability of BMSCs on the different surfaces to evaluate their biocompatibility. (b) 

Morphology of BMSCs on the different surfaces was observed by confocal laser scanning 

microscope.
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Figure 7. 
Hemolysis activity of the indicated surface (a) and the corresponding photographs (b) after 

incubation with red blood cells for 3 h.

Zhan et al. Page 22

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
In vivo characterization of antimicrobial activity and biocompatibility of samples after 

implanted in rabbit tibiae for 7 d. Before implantation, the samples were incubated with 

bacteria at RT. (a) Images of the Petri dishes showing the presence of bacteria (yellow spots) 

after the implanted samples (Left: Ti, Right: Ti-pNIPAM-AMP) were rolled over the blood 

agar. (b,c) Antimicrobial activity of the surfaces of different samples (b) and the tissues 

surrounding the corresponding samples (c). These data suggest that Ti-pNIPAM-AMP is 

more antimicrobial than Ti, leading to much fewer bacteria on both itself and its surrounding 
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tissues. (d,e) Histological images of H&E (d) and Giemsa (e) staining. The blue and yellow 

arrows denote osteoclasts and inflammatory cells, respectively. The red arrows denote the 

bacteria observed in the tissue. The black arrows denote the live bone cells. These data 

suggest that Ti-pNIPAM-AMP presented an antimicrobial activity at RT and increased 

biocompatibility in vivo.
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