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Abstract

Orthopedic implant associated bacterial infection presents a major health threat due to tendency 

for periprosthetic bacteria colonization/biofilm formation which protects bacteria from host 

immune response and conventional antibiotic treatment. Using surface-initiated atom transfer 

radical polymerization (SI-ATRP) and copper-catalyzed azide-alkyne cycloaddition (CuAAC), 

alkynylated vancomycin is conjugated to azido-functionalized side chains of polymethacrylates 

grafted from Ti6Al4V. High-efficiency CuAAC across the substrate is confirmed by complete 

surface conversion of azides by X-ray photoelectron spectroscopy (XPS) and elemental mapping 

of changing characteristic elements. The vancomycin-modified surface (Ti-pVAN) significantly 

reduces in vitro adhesion and colonization of Staphylococcus aureus (S. aureus), a main bacterial 

pathogen responsible for periprosthetic infection and osteomyelitis, compared to untreated 

Ti6Al4V, supporting retained antibacterial properties of the covalently conjugated antibiotics. 

When the surface-modified intramedullary Ti-pVAN pins are inserted into mouse femoral canals 

infected by bioluminescent Xen-29 S. aureus, significantly reduced local bioluminescence along 

with mitigated blood markers for infection are detected compared to untreated Ti6Al4V pins over 

21 days. Ti-pVAN pins retrieved after 21 days are confirmed with ~20-fold reduction in adherent 

bacteria counts compared to untreated control, supporting the ability of surface-conjugated 

vancomycin in inhibiting periprosthetic S. aureus adhesion and colonization.
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1. INTRODUCTION

Periprosthetic infection is one of the most serious complications in orthopedic surgeries, 

occurring in 1–4% of primary arthroplasties and up to 30% of revision arthroplasties,1,2 and 

exhibits an alarming upward trend despite rigorous prophylaxis and surgical approaches.3,4 

Patients suffering from these infections are often subjected to prolonged antibiotic therapy, 

multiple follow-up surgeries or even amputation, resulting in tremendous agony (5-fold 

increase in mortality) and economic burden.5–7 S. aureus, a gram positive bacterium and the 

main cause of osteomyelitis, accounts for 34% of all orthopedic implant related infections.
8,9 Foreign implant surfaces tend to encourage the colonization and biofilm formation of 

pathogens such as S. aureus (e.g. the inoculated dose of bacteria required to establish a joint 

infection is 100-fold lower for prosthetic joints than native joints10), with the dense 

biopolymer matrices protecting the bacteria from host immune response and conventional 

antibiotic treatments.11 Thus, implant surface modifications that effectively inhibit S. aureus 
adhesion/colonization and biofilm formation are of significant clinical interest. Towards this 

goal, reducing bacterial adhesion (e.g. via surface topology engineering,12 antifouling 

polymer coating13) and introducing bactericidal properties are two commonly pursued 

strategies. The latter strategy more directly aligns with the ultimate clinical goal, but current 

technologies are inadequate. For instance, delivering physically encapsulated antibiotics 

(e.g. via hydrogels14 or meshes15) to implant surface16,17 often results in sub-optimal drug 

release kinetics or cytotoxicity associated with the excessive antibiotics delivered.18,19 On 

the other hand, covalent tethering a monolayer of antibiotics via esterification/amidation 

chemistry to surface oxides of metal alloy implants20,21 was limited by the achievable drug 

density and relatively short-term efficacy (e.g. 2-week inhibition in rodents22). We 

hypothesize that antibiotics covalently conjugated to polymer brushes grafted from metallic 

implant surface where the drug density can be prospectively altered could bridge the gap of 

existing methods to inhibit bacterial growth and colonization.

To test the hypothesis, we chose to covalently attach alkynylated vancomycin through 

efficient copper-catalyzed azide-alkyne cycloaddition (CuAAC) “click” chemistry to azide-

bearing polymethacrylates surface-grafted from Ti6Al4V alloy, a common orthopedic 

Zhang et al. Page 2

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



metallic hardware,23–26 via SI-ATRP (Figure 1). Vancomycin, a glycopeptide antibiotic 

acting at the Gram-positive bacterial cell walls to block peptidoglycan synthesis, is 

considered the most effective in treating infections caused by Staphylococcus including 

Methicillin-resistant S. aureus.1,27 It is known to inhibit the transpeptidation and 

transglycosylation steps of bacterial cell wall biosynthesis through the binding of the L-Lys-

D-Ala-D-Ala termini of the nascent peptidoglycan precursor through 5 sets of H-bonds.28–30 

Of the 3 potential functionalization sites (carboxyl, N-methylleucyl or N-vancosaminyl), the 

N-vancosaminyl site farthest away from the critical binding region was chosen for installing 

the alkynyl reactive handle, through a flexible hydrophilic oligo(ethylene glycol) linker 

(PEG7, Scheme S1), to maintain antibiotic activity of covalently tethered vancomycin. We 

chose to graft polymethacrylates with azide-bearing sidechains from Ti6Al4V using SI-

ATRP to ensure good surface coverage by the polymers before conjugating alkynylated 

vancomycin to their side chains via “click” reaction. This strategy is preferred over directly 

grafting polymerizable vancomycin derivatives30–32 due to concerns over the steric 

hindrance that bulky monomers might impose on the SI-ATRP.

2. EXPERIMENTAL SECTION

2.1. Materials.

All chemicals were purchased from Sigma-Aldrich, TCI or BroadPharm, and used as 

received unless noted otherwise. Triethylamine was dried by calcium hydride and distilled 

before use. Ti6Al4V plates (0.5-mm thick, TMS Titanium, Poway, CA) were cut into 1×1 

cm2 square pieces and Ti6Al4V wires (0.5 mm in diameter, Goodfellow Corporation, 

Coraopolis, PA) were cut into 1-cm long pins, polished under water with 600, 1500, and 

3000 grit silicon carbide sandpapers, and bath-sonicated sequentially in DI water (10 min), 

acetone (10 min), dichloromethane (10 min), hexane (10 min), dichloromethane (10 min), 

and acetone (10 min), followed by annealing at 120 ºC in a vacuum oven for 12 h and 2-min 

air plasma cleaning (Harrick, PDC-001). Staphylococcus aureus (S. aureus) (ATCC 25923) 

and bioluminescent S. aureus strain Xen29 were purchased from ATCC and PerkinElmer, 

respectively. Both strains are susceptible to vancomycin treatment.

2.2. General Instrumentation.
1H NMR (500 MHz) and 13C NMR (125 MHz) were recorded on a Bruker spectrometer. 

Chemical shifts of 1H and 13C NMR were calibrated using the residual solvent peak. Mass 

spectra were acquired on a Thermo LTQ in a positive ion mode. The optical density of 

bacterial culture was measured at 600 nm on a Cary 50 UV-Vis Spectrophotometer. 

Bioluminescence imaging was carried out on an in vivo imaging system (IVIS) 

(PerkinElmer IVIS-100).

Gel permeation chromatography (GPC).—GPC was carried out on a Varian Prostar 

HPLC system equipped with two Agilent 5-mm PLGel MiniMIX-D columns, a UV–vis 

detector and a 1260 Infinity evaporative light scattering detector (Agilent Technologies). 

Tetrahydrofuran (THF) was used as an eluent at a flow rate of 0.3 mL/min at RT. Mn and 

PDI were calculated by the Cirrus AIA GPC Software using the narrowly dispersed 
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polystyrenes (ReadyCal kits, PSS Polymer Standards Service, Germany) as calibration 

standards.

X-ray photoelectron spectroscopy (XPS).—Surface compositional analyses of 

functionalized Ti6Al4V substrates were carried out on a Thermo Scientific K-Alpha XPS 

equipped with an Al Kα radiation source under the pass energy of 200 or 50 eV (for survey 

or high-resolution scan) and the spot size of 400 μm. Survey scan spectra were obtained 

from five consecutive scans of a randomly chosen area of interest while high resolution scan 

spectra were obtained from ten consecutive scans. All binding energies were referenced to 

the C1s hydrocarbon peak at 285.0 eV.

Water contact angle measurements.—Static water contact angles on flat 

functionalized Ti6Al4V substrates were recorded on a CAM200 goniometer (KSV 

Instruments). About 50-L droplet of Milli-Q water was placed on the substrate and the 

contact angles of the droplet were recorded after 30 s. The reported contact angles were 

averaged from three randomly selected regions on each substrate and the left and right 

contact angles of each droplet.

2.3. Synthesis of Functional Monomer and Alkynylated Vancomycin and 
Functionalization of Ti6Al4V by SI-ATRP.

The syntheses of the functional monomer AzTEGMA and alkynylated vancomycin VAN-

PEG7-ALK were carried out as shown in Scheme S1. Ti-Br was prepared and characterized 

per our prior reported procedure.33

AzTEG.—To a solution of NaN3 (10 g, 0.15 mol) in 60 mL of DI water, 2-(2-(2-

chloroethyoxy)ethoxy)-ethanol (17 g, 0.10 mol) was added. The reaction mixture was heated 

to 70 ºC and kept overnight. After cooling down to room temperature (RT), the aqueous 

solution was extracted with diethyl ether (3×50 mL) and dried with MgSO4 before solvent 

removal under vacuum to yield 14 g of colorless oil (80 %). 1H NMR (500 MHz, CDCl3, δ/

ppm): 3.74 (m, 2H), 3.68 (m, 6H), 3.62 (m, 2H), 3.40 (m, 2H); 13C NMR (125 MHz, CDCl3, 

δ/ppm): 72.51, 70.68, 70.39, 70.06, 61.79, 50.68. ESI-MS, positive mode (m/z): 198.5 [M

+Na]+ (cal.:198.1 for [M+Na]+).

AzTEGMA.—Methacryloyl chloride (0.60 g, 5.7 mmol) in 10 mL of CH2Cl2 was added 

dropwise into 10-mL CH2Cl2 solution of AzTEG (1.0 g, 5.7 mol) and trimethylamine (TEA) 

(0.57 g, 5.7 mmol) at 0 ºC under argon atmosphere. The reaction was gradually warmed up 

to RT and kept overnight. After filtration, the solvent was removed under vacuum and the 

residue was subjected to silica-gel column chromatography (Ethyl acetate/hexane=1/5, v/v) 

to obtain 0.8 g colorless product (58%). 1H NMR (500 MHz, CDCl3, δ/ppm): 6.13 (s, 1H), 

5.57 (s, 1H), 4.31 (m, 2H), 3.75 (m, 2H), 3.67 (m, 6H), 3.38 (m, 2H), 1.95 (m, 3H); 13C 

NMR (125 MHz, CDCl3, δ/ppm): 167.72, 136.51, 126.08, 71.06, 70.45, 69.59, 64.19, 51.04, 

18.65. ESI-MS, positive mode (m/z): 198.5 [M + Na]+ (cal.:266.1 for [M+H]+).

VAN-PEG7-ALK.—Vancomycin hydrochloride (100 mg, 0.067 mmol) and NHS-PEG7-

ALK (33 mg, 0.067 mmol) were dissolved in 1 mL of dimethylformamide (DMF) and then 
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trimethylamine (30 mg, 0.30 mmol) was added dropwise at RT. The solution was stirred for 

24 h and then precipitated into 15 mL of diethyl ether at 0 °C. After centrifugation at 8000 

rpm for 5 min, the pelleted solid was dissolved in 2 mL of mixture of acetonitrile and water 

(1/1, v/v) and desalted in a dialysis membrane tubing (Spectra/Por 6, MWCO: 1000) against 

acetonitrile and water (1/1, v/v) for 24 h, with regular change of fresh solvent every 6 h. The 

desalted solution was lyophilized to obtain 45 mg of white product (37%). 1H NMR (500 

MHz, d6-DMF, δ/ppm): 6.13 (s, 1H), 5.57 (s, 1H), 4.31 (m, 2H ), 3.75 (m, 2H), 3.67 (m, 

6H), 3.38 (m, 2H ), 1.95 (m, 3H); 13C NMR (125 MHz, CDCl3, δ/ppm): 173.88, 170.77, 

170.26, 169.56, 168.52, 167.63, 158.7, 158.44, 158.06, 157.64, 156.44, 153.67, 152.61, 

150.98, 149.72, 143.34, 141.95, 141.87, 141.68, 138.59, 136.80, 133.05, 128.53, 128.52, 

128.24, 127.81, 127.32, 126.62, 125.28, 125.16, 124.24, 124.19, 122.61, 118.62, 117.34, 

108.40, 105.54, 103.08, 102.42, 98.8, 80.95, 79.08, 78.73, 77.49, 76.69, 73.30, 72.61, 71.42, 

70.76, 70.65, 70.14, 69.59, 68.00, 64.17, 63.71, 63.48, 62.47, 61.26, 59.58, 58.35, 56.23, 

55.18, 55.04, 54.94, 51.81, 38.07, 25.21, 23.82, 23.40, 22.38, 17.88. ESI-MS, positive mode 

(m/z): 922.8 [M+Na+H]2+ (cal.:922.8 for [M+Na+H]2+). The minimal inhibitory 

concentration of VAN-PEG7-ALK against S. aureus was determined as 10 μg/ml (Figure 

S1).

Ti-pAz.—2,2’-bipyridyl (14 mg, 0.09 mmol) and trifluoroethanol (1 mL) were charged into 

a dry Schlenk flask. After three “freeze-pump-thaw” cycles to remove oxygen, the flask was 

back filled with argon followed by the addition of CuBr (5.2 mg, 0.033 mmol) under argon 

protection. The mixture was stirred for 5 min until a uniform dark brown catalyst complex 

was formed. AzTEGMA (440 mg, 1.8 mmol) and TFE (1 mL) were charged into another dry 

Schlenk flask containing Ti-Br substrates, and degassed by three “freeze-pump-thaw” 

cycles. SI-ATRP was initiated upon catalyst complex injection via a syringe and proceeded 

for 12 h at RT. Polymer formed in solution was passed through a pad of silica gel (Alfa 

Aesar, silica gel 60, mesh 230–400) to remove copper catalyst before it was dried under 

vacuum and subjected to GPC characterization, which revealed a number average molecular 

weight (Mn) of 86 kDa and a polydispersity index (PDI) of 1.4. Meanwhile, Ti-pAz 

substrates were washed with 50 mL of acetone (30-min stirring, repeated three times) to 

remove the free polymers physically absorbed on the surface before being dried under 

vacuum.

Ti-pVAN.—2,2’-bipyridyl (14 mg, 0.09 mmol) was dissolved in 0.5 mL of DMF and 

degassed via three “freeze-pump-thaw” cycles in a Schlenk flask, followed by the addition 

of CuBr (5.2 mg, 0.033 mmol) under argon protection. VAN-PEG7-ALK (20 mg, 0.01 

mmol) dissolved in 1 mL of anhydrous DMF was charged in another dry Schlenk flask 

containing Ti-pAz substrates and degassed by three “freeze-pump-thaw” cycles, followed by 

the injection of half of the freshly prepared ATRP catalyst complex. The reaction proceeded 

at RT for 12 h with vortexing and then the Ti-pAz substrates were retrieved and washed with 

70 mL of acetone (30-min stirring, repeated three times) to remove the free polymers 

physically absorbed on the surface before being dried under vacuum.
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2.4. In Vitro Anti-bacterial Properties.

In vitro bacterial culture on Ti6Al4V plates.—Sterilized Ti6Al4V and Ti-pVAN plates 

were each immersed in 1-mL S. aureus in Luria broth (LB) (1.2×105 CFU/mL) in a 24-well 

plate, and incubated for 5 h at 37 ºC with a shaking speed of 1 Hz. The retrieved plates were 

gently rinsed with 1-mL PBS three times and the adherent bacteria was fixed by 2% 

glutaraldehyde and air dried for scanning electron microscopy. For imaging by 

bioluminescence, 1-mL of bioluminescent Xen-29 in LB (2.3×106 CFU/mL) was added to 

each Ti6Al4V or Ti-pVAN plate in a 24-well plate and cultured for 7 h at 37 ºC at a shaking 

speed of 1 Hz. The retrieved plates were washed with 1-mL LB three times before being 

subjected to imaging on an IVIS-100 (n = 3; exposure time: 30 s).

Scanning electron microscopy (SEM).—The Ti6Al4V and Ti-pVAN plates retrieved 

from S. aureus culture were fixed with 2% EM-grade glutaraldehyde, serial-dehydrated/

critical-dried, coated with Au (8 nm in thickness) and imaged on a Quanta 200 FEG MKII 

scanning electron microscope (FEI Inc., Hillsboro, OR) under high vacuum at an 

accelerating voltage of 8 kV.

2.5. In vivo studies.

The animal study was carried out per procedures approved by the University of 

Massachusetts Medical School Institutional Animal Care and Use Committee (IACUC). 

Skeletally mature CL57BL/6 mice (male and female; 8–12 weeks old) were used. To enable 

longitudinal monitoring of the infection in the mouse femoral canal treated with unmodified 

Ti6Al4V intramedullary (IM) pin or Ti-pVAN pin, bioluminescent Xen-29 S. aureus was 

diluted into 104 CFU/mL stock solution in LB for surgical injection. The in vivo study 

design, longitudinal follow-up by IVIS and micro computed tomography (μ-CT), as well as 

end-point femoral histology and bacterial count on retrieved pin are described in Figure S2.

Animal surgery.—The CL57BL/6 mice were anesthetized with 2–5% isoflurane in 

oxygen by inhalation and sterile-prepared for surgery. The mouse was placed in the supine 

position and an incision was made over the knee. With the joint exposed, a medial 

parapatellar arthrotomy was created and the patella and patellar tendon were put laterally to 

visualize the intercondylar notch of the femur. A 25-gauge hypodermic needle was used to 

broach and ream the femur. A gas-tight 10-μL syringe (Hamilton, Reno, NV, USA) was used 

to draw up 4 μL of either sterile LB solution or Xen-29 S. aureus solution (104 CFU/mL) for 

injection into the reamed femoral canal. Care was taken to ensure there was no overflow 

outside of the femur. A sterile unmodified Ti6Al4V or Ti-pVAN pin (~10 mm long and 0.5 

mm in diameter) was then inserted into the femoral canal. The patella was returned to an 

anatomic position, and the skin was closed with 4–0 nylon suture. The animals were 

observed while recovering from anesthesia until they were able to fully support their own 

weight. Post-operative analgesia was accomplished with subcutaneous injections of 

buprenorphine every 12 hours for the first 48 hours following surgery.

In vivo bioluminescent imaging.—Animals were imaged on post-operative days 7, 14, 

and 21 with an IVIS-100 imaging instrument. Mice were induced with isoflurane-oxygen 

anesthesia (2%) and placed supine in the imaging cabinet. The images were acquired over 5 
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min exposure and the bioluminescence intensity was quantified by placing a 20 pixel by 20 

pixel region of interest over each femur. Background luminescence was subtracted using 

mouse implanted with Ti pin injected with 4-μL LB medium without bacteria

μ-CT.—Mice were scanned the day after operation (day 1) and at 21 days post operation on 

a Scanco vivaCT 75 system (Scanco Medical, Switzerland) at an effective voxel size of 

20.5×20.5×20.5 μm3. The proximal and distal femoral growth plates were used to determine 

the center slice of the femur and 100 consecutive slices were analyzed on both sides for a 

total analysis length of ~4 mm. For all quantifications, the bone marrow space was excluded. 

A global threshold of 260 (minimum bone densities of 549.7 mg HA/cm3 and above) was 

applied to calculate bone volume fraction (BVF) using Scanco Medical’s analysis software. 

When analyzing cortical thickness, a threshold of 50 (minimum bone densities of 63.2 mg 

HA/cm3 and above) was utilized to include the entire contoured cortical bone space despite 

some porosity within the cortical bone/around the endosteal surface.

Complete blood counts.—Blood was collected from mouse facial vein 7 days before, 7 

days after, and 21 days after surgery. Complete blood count (CBC) was carried on an Abaxis 

VetScan HM5 instrument.

Quantification of Xen29 S. aureus bound to the retrieved IM pins.—At the 21-

day or 4-month endpoint, the mice were sacrificed following the μ-CT scan. The metal pins 

were retrieved from the explanted femur of sacrificed mice and immediately put in 1-mL 

cold LB (4 ºC) and vortex for 5 min. A portion of each vortexed solution (20 μL) was loaded 

to a P100 agar plate and dispersed uniformly with a spreader. The agar plates were incubated 

at 37 ºC for 12 h to determine the bacterial CFU counts.

Femoral histology and key/scavenger organ pathology.—After the IM pin 

removal, the femoral explants retrieved at day 21 were immediately fixed in periodate-

lysine-paraformaldehyde (PLP) fixative for 48 h at 4 ºC followed by decalcification in 18% 

aqueous ethylenediaminetetraacetic acid (EDTA, pH 8.0) for 2 weeks with bi-weekly 

changes of EDTA solution.34 The decalcified explants underwent serial dehydration, paraffin 

embedding, and longitudinal sectioning (6 μm sections) before being stained for 

hematoxylin and eosin (H&E) for cellularity and by a gram stain kit (Abcam) for gram 

positive S. aureus (blue).

Heart, lung, kidney, liver, pancreas, spleen, and ribs were retrieved at 4 months post 

operation in a subset of animals and fixed and stained by H&E for comparison with organs 

retrieved from healthy age-matched controls. All histology images were taken at 50× and 

200× magnifications.

2.6. Statistics.

All statistical analysis was performed using Prism 7.0 (GraphPad Software Inc., La Jolla, 

CA). Shapiro-Wilk normality testing was used to evaluate data distribution. Pair-wise 

comparisons passing normality test were analyzed with Student’s t-test. Multiple group 

comparisons passing normality test were analyzed using one-way analysis of variance 

(ANOVA) with Tukey’s posthoc while non-parametric multiple group comparisons were 

Zhang et al. Page 7

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analyzed using the Kruskal-Wallis test. Multi-variant comparisons were carried out using 

two-way ANOVA with Tukey’s posthoc test. P-values of <0.05 were considered significant. 

All data was presented as mean ± standard error of the mean (S.E.M.).

3. RESULTS AND DISCUSSION

3.1. Ti6Al4V Substrates were Surface-modified with Vancomycin-bearing Polymer 
Brushes by SI-ATRP and CuACC

As shown in Figure 1, α-bromoisobutyryl initiator was first immobilized to the surface of 

Ti6Al4V via a phosphonic acid linker as previously described,33 with the binding energies 

for the bromium (broad peak ~70 eV corresponding to Br3d) and phosphorus (sharp peak 

~134 eV corresponding to P2p) that were absent from Ti6Al4V but characteristic for Ti-Br 

detected by XPS (Figure. 2a, red vs. black traces). SI-ATRP of functional monomer 

AzTEGMA, prepared from tri(ethylene glycol) chloride in two steps (Scheme S1), was then 

carried out on Ti-Br substrates. GPC characterization of the poly[2-(2-(2-

azidoethyoxy)ethoxy)ethyl methacrylate] (pAzTEGMA) formed in solution revealed a 

number average molecular weight (Mn) of 86 kDa and a polydispersity index (PDI) of 1.4, 

which was previously shown to approximate those cleaved off the surface following the SI-

ATRP.33,35 Successful grafting of the azido-functionalized polymer brushes on Ti-pAz 

resulted in the disappearance of XPS signals associated with the surface initiator (Br3d & 

P2p) and the appearance of the N1s signals characteristic for azide (401 and 404 eV 

corresponding to terminal N’s and the center N+ of azide, respectively; Figure 2a, blue vs. 

red traces), consistent with our prior report.33 The resulting Ti-pAz substrates were then 

further functionalized with alkynylated vancomycin VAN-PEG7-ALK (structure shown in 

Scheme S1), prepared from vancomycin and N-hydroxysuccinimide (NHS) ester of mono-

alkynylated PEG7, by CuAAC to obtain the drug-conjugated Ti-pVAN substrates. The 

flexible PEG7 linker effectively reduced the steric hindrance of vancomycin, resulting in the 

full surface conversion of side chain azides on Ti-pAz to the triazoles upon CuACC as 

supported by the disappearance of the XPS signal at 404 eV (N+) and appearance of the 

chlorine signal (~201 eV for Cl2p) only present in vancomycin for Ti-pVAN (Figure. 2a, 

green vs. blue traces). Furthermore, XPS elemental mapping of N1s and Cl2p over 400 

μm×400 μm areas further confirmed the uniform enhancement of these characteristic surface 

element signals on Ti-pVAN vs. unmodified Ti6Al4V (Figure 2b). Finally, increases in water 

contact angles were observed upon surface modifications (Figure 2c), reflecting an increased 

surface hydrophobicity after vancomycin conjugation. Overall, these data support successful 

high-density surface grafting of vancomycin-bearing polymers with excellent surface 

coverage, which would be crucial to confer its ability to inhibit bacterial colonization across 

the functionalized substrate. It is worth noting that surface grafted vancomycin-bearing 

polymers remained stable after 2-week incubation in PBS (pH 7.4) as shown by readily 

detected Cl2p signal (Figure S3).

3.2. Ti6Al4V Substrates Surface-modified with Vancomycin-bearing Polymer Brushes 
Suppressed S. aureus Colonization and Growth in Vitro.

The ability of the vancomycin modified plates (Ti-pVAN) to inhibit the colonization and 

growth of S. aureus was first examined in vitro. After incubating Ti-pVAN or unmodified 
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plates in the S. aureus suspension (1.2×105 CFU/mL) in Luria broth (LB) medium at 37 ºC 

on a shaking incubator for 5 h, the plates were rinsed with phosphate buffered saline (PBS) 

and DI water before subjected to imaging by scanning electron microscopy (SEM). Whereas 

significant colonization of S. aureus (3D aggregates) was consistently detected across the 

untreated plate by 5 h (Figure 3a, top), S. aureus was only sparsely detected as lightly 

connected cellular patches on Ti-pVAN (Figure 3a, bottom). In parallel, Xen29 S. aureus, 

which emits bioluminescence when metabolically active due to the expression of luciferase,
36 was also cultured on these plates. Ti-pVAN plates yielded weaker luminescent signal than 

those cultured on the untreated plates (Figure 3b), further supporting the antibacterial 

property of the vancomycin covalently coupled to the surface grafted polymer brushes. 

Biofilm development of S. aureus on substrates usually involves several stages,37,38 

including initial adhesion, confluent cell sheet formation, micro/macrocolony development, 

and biofilm dispersal. Here we show that the antibacterial property of Ti-pVAN translated 

into early inhibition of the colonization and growth of S. aureus which are crucial to 

inhibiting mature biofilm formation.

3.3. Ti6Al4V Pins Surface-modified with Vancomycin-bearing Polymer Brushes 
Suppressed S. aureus Colonization and Reduced Infection in the Mouse Intramedullary 
Canal.

To examine the in vivo efficacy of this surface modification strategy, Ti6Al4V pins (0.5 mm 

in diameter) emulating the metallic component of total joint replacement hardware inserted 

into the intramedullary (IM) space of long bone were modified and characterized by XPS in 

the same fashion (Figure S4). A mouse femoral canal infection model involving inoculating 

a low dose of 40 CFU bioluminescent Xen29 S. aureus in reamed femoral canal followed by 

the insertion of an unmodified Ti6Al4V or a modified Ti-pVAN IM pin was utilized to 

emulate a realistic clinical scenario where gross contamination during arthroplasty surgery is 

rare. The degree of infection was longitudinally monitored by bioluminescence in the 

femoral canal, bacterial counts on retrieved pins, complete blood counts, as well as femoral 

thickening by μ-CT, femoral histology and key/scavenger organ pathology at the 21-day 

endpoint. Proper pin position was validated with post operation μ-CT (Figure 4a). Overall, 

bioluminescence intensity increased over time in the Xen29 infected group inserted with 

unmodified IM pins while decreased in the group treated with Ti-pVAN pins, culminating in 

significantly lower (~30%) bioluminescent signals in the latter by 21 days (Figure 4b). This 

result was accompanied with more drastic reduction (~20-fold) in the amount of S. aureus 
recovered from the retrieved Ti-pVAN pin (68 CFU) vs. that on the unmodified pins (~1500 

CFU) on day 21 (Figure 4c), supporting significant in vivo inhibition of bacterial adhesion/

colonization on the Ti-pVAN implant surface. Increasing monocytes and neutrophils were 

detected from the peripheral blood collected (complete blood counts/CBC) from the infected 

mice receiving unmodified pins over 21 days (Figure 4d), consistent with an innate immune 

response to the bacterial infection. By contrast, the Ti-pVAN treated group did not show 

significant changes in CBC, consistent with a mitigated local infection and a lack of sever 

systemic immune responses. In a small set of mice, an infected group treated with Ti-pVAN 

pins and kept for longer-term observation showed that key/scavenger organs remained 

normal at 4 months post-surgery (Figure S5, n=3) and that the bacterial counts from 
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retrieved pins remained low, with 3 out of the 4 pins evaluated showing 0 CFU while the 

other showing 50 CFU (n = 4).

Interestingly, some of the femurs in the S. aureus infected groups showed cortical thickening 

and bone loss (decreased bone volume fraction) by 21 days that are consistent with 

osteomyelitis complications,39,40 although the changes were not statistically significant as 

revealed by μ-CT quantifications (Figure 5a). Femoral histology (H&E) confirmed cortical 

thickening in some of the infected mouse femurs in both pin treatment groups (Figure S6) 

and the presence of S. aureus along the thickened endosteal bone surface shown by gram 

staining (Figure 5b). These observations suggest that the vancomycin tethered on surface-

grafted polymers were only able to exert “short-range” protection against bacterial 

colonization/growth on the implant surface. Without free vancomycin that could diffuse 

towards the endosteal bone surface, bacteria further away from the implant were not 

completely eradicated, consistent with the small amount of luminescence signals still 

detected in the Ti-pVAN treated group by 21 days (Figure 4b). Nevertheless, the overall 

reduction in bacteria colonized on the Ti-pVAN implant surface is clinically meaningful as 

planktonic S. aureus remained in the marrow cavity are likely more susceptible to host 

immune response or conventional systemic antibiotic treatment applied following surgery.6

4. CONCLUSIONS

In summary, we have developed a new surface modification strategy to covalently conjugate 

vancomycin through a flexible linker to the side chains of polymethacrylates surface-grafted 

from Ti6Al4V implants. The combination of SI-ATRP and highly efficient CuAAC “click” 

conjugation ensured excellent surface coverage by the polymers and high density 

presentation of vancomycin. The covalently tethered vancomycin effectively suppressed S. 
aureus colonization on the metallic substrates. Mouse studies further confirmed that 

vancomycin modified titanium pins inserted in femoral canals infected with S. aureus also 

significantly suppressed the bacterial colonization on the implant surface compared with 

those treated with unmodified pins, resulting in mitigated infections / immune responses. 

This surface modification strategy may be extended to covalently present other antibacterial 

functional groups to combat periprosthetic infections. The synergy of this surface 

modification strategy and conventional pre/post-operative systemic administration of 

antibiotics or other therapeutics41 in eradicating periprosthetic infections remains to be 

determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthetic scheme of surface modification of Ti6Al4V by SI-ATRP and CuAAC. Br: 

bromium, pAzTEGMA: Poly[2-(2-(2-azidoethyoxy)ethoxy)ethyl methacrylate], Az: azide, 

VAN: vancomycin.
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Figure 2. 
Surface characterizations of functionalized Ti6Al4V plates. (a) High-resolution scans of 

XPS spectra. (b) XPS surface elemental color mapping over 400 μm×400 μm areas on 

unmodified Ti6Al4V and Ti-pVAN plates. (c) Water contact angles (n=3), **p<0.01 (One-

way ANOVA).
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Figure 3. 
Ti-pVAN inhibits colonization and growth of S. aureus in vitro. (a) SEM of S. aureus 
adhered on unmodified Ti6Al4V and Ti-pVAN plates after 5-h incubation with 1.2×105 

CFU/mL S. aureus in LB at 37 ºC on a shaking incubator (1 Hz). (b) Quantification of 

bioluminescent signal (n=3) after 7-h incubation of Xen29 S. aureus (2.3×106 CFU/mL) 

with unmodified Ti6Al4V vs. Ti-pVAN plates in LB at 37 ºC on a shaking incubator (1 Hz). 

No significant difference (p>0.05, Student’s t test). Insets: representative bioluminescent 

images acquired on IVIS.
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Figure 4. 
Ti-pVAN pins suppress S. aureus colonization in infected mouse femoral canal and mitigate 

infection in vivo. (a) μ-CT image confirming the proper insertion of an IM Ti6Al4V pin in 

mouse femoral canal. (b) Longitudinal bioluminescence monitoring of mouse femurs 

injected with 40 CFU S. aureus followed by Ti6Al4V or Ti-pVAN pin insertion (n=8). 

**P<0.01 (Two-way ANOVA). (c) S. aureus recovery from 21-day explanted pins (n=7), 

*p<0.05 (Student t test). Peripheral blood counts of monocytes (d) and neutrophils (e) before 

(−7 day) and after surgery (7 and 21 days; n=3). *p<0.05 (Two-way ANOVA).
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Figure 5. 
Ti-pVAN pins do not eradicate S. aureus from the endosteal bone surface of infected femoral 

canal. (a) μ-CT quantification of cortical thickness and bone volume fraction of femur 

inserted with unmodified Ti6Al4V or Ti-pVAN pins, with or without 40 CFU S. aureus 
(n=7) at 21 days post-op. No significant difference (p>0.05, One-way ANOVA for cortical 

thickness & Kruskal-Wallis for bone volume fraction). (b) Gram staining of explanted 

femurs in the infected groups after respective pin removal at 21 days post-op (n=3). Scale 

bar = 500 μm; Inset: Scale bar = 100 μm.
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