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Background: Bacterial infection is a common and serious complication in orthopedic

implants following traumatic injury, which is often associated with extensive soft tissue

damage and contaminated wounds. Multidrug-resistant bacteria have been found in these

infected wounds, especially in patients who have multi trauma and prolonged stay in

intensive care units.Purpose: The objective of this study was to develop a coating on

orthopedic implants that is effective against drug-resistant bacteria.

Methods and results: We applied nanoparticles (30-70nm) of the trace element selenium

(Se) as a coating through surface-induced nucleation-deposition on titanium implants and

investigated the antimicrobial activity against drug resistant bacteria including Methicillin-

resistant Staphylococcus aureus (MRSA) and Methicillin-resistant Staphylococcus epidermi-

dis (MRSE) in vitro and in an infected femur model in rats.The nanoparticles were shown in

vitro to have antimicrobial activity at concentrations as low as 0.5ppm. The nanoparticle

coatings strongly inhibited biofilm formation on the implants and reduced the number of

viable bacteria in the surrounding tissue following inoculation of implants with biofilm

forming doses of bacteria.

Conclusion: This study shows a proof of concept for a selenium nanoparticle coatings as a

potential anti-infective barrier for orthopedic medical devices in the setting of contamination

with multi-resistant bacteria. It also represents one of the few (if only) in vivo assessment of

selenium nanoparticle coatings on reducing antibiotic-resistant orthopedic implant

infections.
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Background
Infection is a leading complication following implantation of fixation devices for

traumatic orthopedic injuries.1–4 Traumatic wounds, such as those resulting from

accidents, military combat and/or training, often involve extensive tissue damage in

highly contaminated environments.5 Effective infection control is known to be key

in the healing and rapid recovery of injuries in such cases.6 Despite clinically

effective debridement and antibiotic treatment for these injuries, the infection

rates remain as high as 15% and 20% in traumatic extremity injuries and abdominal

wounds, respectively.7,8 The introduction of a medical device to treat the wound

and/or restore anatomic integrity can provide much needed benefits but comes with
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the risk of infection. Additionally, the relative immuno-

suppression following trauma may potentiate the growth

of either contaminating bacteria or hospital-acquired infec-

tion. Multidrug-resistant bacteria such as Acinetobacter

baumannii, Pseudomonas aeruginosa, extended-spectrum

β-lactamase-producing Klebsiella species, Escherichia

coli, and methicillin-resistant Staphylococcus strains have

been found in these infected wounds,7,8 especially in

patients who have multitrauma and prolonged stay in

intensive care units. The presence of medical devices has

been associated with the formation of biofilms (ie, bac-

teria-containing polysaccharide matrices that are extre-

mely resistant to host defenses and antibiotic

treatment).9–11 Biofilm-related device-associated infec-

tions have been shown to be a cause of both implant

failure, reoperation, and even death.12,13

In the last few decades, new strategies have been devel-

oped to tackle the problems of bacterial drug resistance and

biofilm formation. These strategies can be roughly divided

into two categories: controlled delivery of antibiotics and

development of non-drug antimicrobial materials. The anti-

biotic delivery approach aims to specifically target high

doses of drug molecules to the infection sites, limiting

sub-lethal doses and/or non-specific exposure of bacteria

to the drugs to combat further development of antibiotic

resistance.14–16 Delivery strategies to improve drug penetra-

tion into bacterial biofilms are also being actively

investigated.16 In the second category, new antimicrobial

agents which do not contain antibiotics are being developed.

Examples of this include metallic/ceramic nanoparticles

(NPs) (such as silver, copper oxide, zinc oxide, gold, tita-

nium dioxide, etc.),17–20 polymeric materials (such as

chitosan21), quaternary ammonium compounds,22,23 and

antimicrobial peptides.24 Surface modification to repel bac-

teria or kill on contact is also a promising approach.25,26

Nano-topography has been shown by a number of groups to

reduce bacteria adhesion and damage the bacteria cell mem-

brane (for a review, refer to27 and28). Negatively charged

surfaces or protein-repelling polymer coatings, such as poly

(ethylene oxide) (PEO) brushes, were also shown to prevent

bacterial adhesion.25,29 A number of polyatomic polymers

are bactericidal, and their immobilization onto surfaces

has rendered antimicrobial activities (for an extensive

review, refer to30).

Recently, selenium nanoparticles (Se NPs) – a trace,

essential, metalloid element – have appeared as a promising

antimicrobial material in both suspension and immobilized

forms.31–34 Importantly, these particles were shown to have

very low toxicity to mammalian cells, making them an

attractive antimicrobial agent.35–38 In our laboratories, we

have immobilized Se NPs on polymer surfaces and demon-

strated their in vitro antimicrobial activities.31,32

In this current study, we aimed to investigate the anti-

microbial activities of these NPs immobilized on metal

surface against methicillin-resistant Staphylococcus aureus

(MRSA) and Staphylococcus epidermidis (MRSE), two

key drug-resistant bacteria in nosocomial infections and

trauma orthopedic surgery. In vitro characterization experi-

ments of the Se particle performance against these bacteria

were followed by pilot in vivo trials in a rat femur model

inoculated with bacteria at the time of surgery.

Methods
NP synthesis and coating on titanium

plates and screws
Sodium selenite, L-ascorbic acid, and polyvinyl alcohol

(PVA) were obtained from Sigma Aldrich (Castle Hill,

NSW, Australia) and dissolved in purified water

(Millipore, Bayswater, VIC, Australia 18 MΩ/cm) to con-

centrations of 10 mM, 100 mM, and 20 mg/mL, respec-

tively. For aqueous phase synthesis of PVA-stabilized Se

NPs at room temperature, sodium selenite and PVA solu-

tions were mixed at volume ratios of 1:1. An ascorbic acid

solution was then added to this solution at a volume ratio

of 3:20 (PVA+sodium selenite: ascorbic acid). The synth-

esis solution was mixed using magnetic stirrers and left at

room temperature for 2 hrs for complete reduction of

selenite by ascorbic acid to produce elemental Se. The

reaction resulted in a solution color change from clear

white to clear red which was detected using spectrophoto-

metry (Varian Cary 50MPR, Agilent Technologies, Santa

Clara, CA, USA). The particles were then washed several

times with Millipore water by centrifugation at 10,000 rpm

(106×g) for 30 mins and collected for experiments.

For SE NP coatings, 2-hole 1.5 mm titanium plates and

screws (kindly provided by Medartis) were placed in

a beaker to which a sodium selenite solution was added and

followed by an ascorbic acid solution at a volume ratio of

3:40 (sodium selenite:ascorbic acid) and gently mixed. Se

NPs formed within ca. 60 mins and decorated the plates and

screws which were then rinsed 3 times in purified water.

Material characterization
The particles were imaged using transmission electron

microscopy (TEM). For this, a drop of particle suspension
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was placed on a TEM grid and imaged with a FEI Tecnai

TF20 transmission electron microscope operating at 200

keV. Particle size and zeta potential were investigated

using a zeta sizer (Nano ZS, Malvern Instruments,

MALVERN, UK).

The chemistry of the particles was studied using X-ray

photoelectron spectroscopy (XPS, VG ESCALAB 220i-

XL, VG Scientific, Sussex, UK) equipped with

a monochromatic Al Kα X-Ray source, which emitted

photon energy of 1,486.6 eV at 10 kV and 12 mA.

Spectra were obtained at a step size of 0.1 eV (region/

high resolution scans).

Uncoated and NP-coated plates and screws were

imaged using scanning electron microscopy (Quanta

ESEM) without conductive coatings.

In vitro antimicrobial tests
MRSA (ATCC 43300) and MRSE (ATCC 35984) were

kindly provided by Dr. Jonathan Wilksch from the

Department of Microbiology and Immunology, The

University of Melbourne (Victoria, Australia). Bacteria

were cultured overnight in brain–heart infusion broth (BHI

broth, BD Biosciences, North Ryde, NSW, Australia) in an

aerobic incubator at 37°C. At late log phase (OD650~0.8),

a 1:100 dilution of the bacterial culture in 0.9% saline (v/v)

was counted using a flow cytometer (Cell Lab Quanta,

Backman Coulter, Mount Waverley, Australia ) in the pre-

sence of 1 µL Syto 9 and 1 µL propidium iodide (PI) to

every 1 mL of saline. Syto 9 and PI were prepared accord-

ing to the manufacturer’s recommendations (LIVE/DEAD

BacLight Bacterial Viability and Counting Kit for flow

cytometry; Invitrogen, Thermo Fisher, WALTHAM, MA, USA).

Finally, the bacterial culture was diluted to a density of

2.5×106 cells/mL and 100 µL of this bacterial suspension

was inoculated together with 100 µL of the NP suspension

in a 96-well plate under aerobic condition at 37°C. The

growth of bacteria in the plate was monitored overnight by

measuring the OD of the bacterial suspension at 620 nm.

Another 96-well plate was prepared as above and used for

a live/dead assay after 4 hrs of NP treatment using a flow

cytometer, as described above.

Experiments were conducted in duplicate and repeated

at least three times unless otherwise indicated. Results

were reported as the mean ± SDs.

In vitro cell biocompatibility
Ti and Ti-Se samples were sterilized by autoclaving prior

to cell seeding.

Cell seeding

Primary human osteoprogenitor cells (hOBs) were isolated

from the knee of a male donor undergoing a knee replace-

ment as described previously and approved by the Human

Research Ethics Committee (HREC/14/QPCH/186, QUT/

1400001024). Osteoprogenitor cells were grown in growth

media (GM), containing minimum essential medium eagle -

Alpha M (αMEM), supplemented with FBS and 1% penicil-

lin/streptomycin (all from Thermo Fisher Scientific), and

used at passage 5 for seeding on the constructs. Briefly, 24-

well plates were coated with an autoclaved 1%Agar solution

(Sigma-Aldrich) and let to set, to provide non-adhesive sur-

faces. Sterilized Ti/Ti-Se constructs were placed in the center

of each well. Cell solutions were prepared at an average

concentration of 1×105 cells, and 500 µL of the cell suspen-

sions was added to each well. Well-plates were transferred

onto a rocking mixer platform (RPM4, Ratek Laboratory

Equipment) in a humidified incubator (37ºC, 95% air, 5%

CO2) overnight. Next, the suspensions were aspirated and the

constructs were washed with fresh PBS prior to being trans-

ferred to a fresh 24-well plate topped-up with GM. Media

was changed every 3 days and co-cultures lasted 7 days in

total.

Metabolic activity

Metabolic activity was measured using the PrestoBlue cell

viability assay (Invitrogen, Australia) at day 1, 4, and 7 of co-

culture. Ti and Ti-Se constructs in co-culture with primary

hOBs were incubated with GM, containing 10% v/v

PrestoBlue of the cell viability assay for 2 hrs in a humidified

incubator (37ºC, 95% air, 5% CO2). Cell-free constructs were

used as negative controls. Upon incubation, the solutions were

transferred into black 96-well plates (Corning,Mulgrave, VIC,

Australia). Fluorescence (excitation 544 nm, emission 590 nm)

was determined using a FLUOstar Omega plate reader (BMG

LABTECH, Mornington VIC, Australia) and corrected with

a negative control background.Mean ± SEs are presented with

n=6/group.

Cell morphology

Ti and Ti-Se constructs were collected after 1 and 7 days

of co-culture. Briefly, media was aspirated and the con-

structs were washed in PBS twice, before fixation in 4%

paraformaldehyde (PFA, Sigma-Aldrich) for 12 mins at

room temperature. The constructs were then incubated

with Fluorescein isothiocyanate (FITC)-conjugated phal-

loidin (200 U/mL) and DAPI (5 µg/mL) in 0.5% BSA/

PBS for 1 hr. After three washes in PBS (10 mins each),
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fresh PBS was added. Imaging was done using a Nikon

spectral spinning disc confocal microscope (SDC, X-1

Yokogawa spinning disc with Borealis modification) fitted

with a Plan Apo 10×objective. Fluorescence was recorded

in the green (ex 488 nm) and blue (ex 405 nm) channels

for actin filaments (phalloidin) and cell nuclei (DAPI),

respectively. Maximal intensity projections were made

from z-stacks with 2 µm as the step size and thickness

averaging 20 µm.

Pilot in vivo antimicrobial trial
Animal surgery

The in vivo study was conducted at the Experimental

Medical and Surgical Unit, St. Vincent’s Hospital. All

experimental protocols were approved by the Animal

Ethics Committee (AEC) of St. Vincent’s Hospital,

Melbourne, Australia. The methods were carried out in

accordance with the guidelines and regulations from the

Australian National Health and Medical Research Council

guidelines for the care and use of laboratory animals.

Sprague-Dawley rats were anesthetized using ketamine

75 mg/kg with xylazine 10 mg/kg IP then placed on isoflur-

ane 1–2% to maintain anesthesia. Rats were also injected

with carprofen 5 mg/kg SC as an analgesic. The legs of the

rats were shaved and then decontaminated using chlorhex-

idine. A small longitudinal incision of approximately 2 cm

was made allowing a lateral approach to one femur. The

bone was exposed and a surgical titanium 2-hole plate with

or without Se NP coating was applied to the bone, using

a dental drill to provide guide holes for the screws, which

were correspondingly with or without the Se NP coating.

Bacterial suspensions of the selected test doses (total 105

colony-forming unit (CFU) for MRSE and 102 CFU for

MRSA) were injected in 100 µL of sterile 0.9% saline on

top of the plate. These bacterial doses were determined for

each of the bacterial species via an initial dose screening

study as being sufficient to reliably form suitable biofilms in

this animal model (data not shown). Control animals

received plates with 100 µL of saline injected on top of the

plates. The internal fascia was then closed with 4/0 silk

sutures and the skin closed with absorbable sutures and

clips. The operation and treatment was then repeated on

the second femur.

The rats were then monitored until they recovered from

the anesthetic and rehydrated with 5–10 mL warm lactated

Ringers' solution if required. After monitoring for 3 hrs,

the rats were placed in separate cages and returned to

group housing after 48 hrs to prevent interference with

surgical sites. Four weeks after implantation, the rats were

euthanized using IV injection of Lethobarb (0.25 mL), and

the implanted plates and screws were surgically removed

to be assessed for biofilm burden.

Biofilm analysis

One plate from each animal was fixed in 4% glutaralde-

hyde followed by dehydration in ethanol and treated with

100% hexamethyldisilazane for 30 mins for scanning

electron microscopy imaging of biofilm with a gold con-

ductive coating. The other plate was fixed in 4% PFA for

1 hr followed by immunostaining for bacteria. For this,

rabbit anti-MRSA (Ray biotech, Peachtree Corners, GA,

USA) and mouse anti-Staph epidermidis (Acris

Antibodies) were used to recognize MRSA and MRSE

on the plates. Appropriate secondary antibody fluorescent

conjugates (goat anti-rabbit IgG conjugated to Alexa

Fluor 555 and rabbit anti-mouse IgG conjugated to Cy3,

both from Molecular Probes, Scoresby, VIC, Australia)

were used to bind to the primary antibodies following the

manufacturer’s instructions. After staining, the plates

were imaged with a Nikon A1R confocal microscope

using a 40X objective lens. Images were obtained at

512×512 resolution and z-stacks created with a 1 μm
step size. These were then converted to 3D reconstruc-

tions so that the full biofilm thickness could be visualized

and imaged.

Extracted screws were rinsed three times with sterile

saline to remove any free bacteria not associated with

biofilms, followed by brief (~30 seconds) vortexing and

sonicating to retrieve biofilm bacteria from the biofilm.

The bacterial suspensions were serially diluted, then plated

on blood agar, and incubated at 37°C overnight to count

the number of CFU.

The wound pockets were also swabbed with sterile

cotton swabs to assess the number of CFU in the surround-

ing tissue. The swabs were placed in sterile saline and

sonicated for 30 s to retrieve the bacteria before plating on

blood agar and incubating at 37°C overnight to determine

the number of CFU.

Results
NP synthesis and characterization
The synthesis of these Se NPs has been reported

before.32,33 Briefly, our group has characterized this

material extensively to show spherical particles of

hydrodynamic diameters ranging from 50 nm to 200

nm (using dynamic light scattering techniques and
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TEM – Figure 1). The particles were also confirmed to

have zero oxidation state (as indicated from the location

of Se 3d peak at 55.2 eV by XPS) and exhibited nega-

tive surface charges as indicated by a zeta potential of

approximately −24 mV.

In vitro antimicrobial properties
The Se NPs were first tested against MRSA. In the pre-

sence of the NPs, bacterial growth was slowed, as indi-

cated by the decrease in the slope of the growth curves

with increasing Se concentration (Figure 2A).

This trend was further confirmed using flow cytome-

try to determine the number of viable cells (Figure 2B),

which clearly showed significant decreases when the

bacteria were treated with Se NPs. This decrease was

observed at a Se concentration as low as 0.5 ppm.

Higher Se concentrations resulted in further decreases

in viable cell numbers; however, there was no signifi-

cance change in viable cell numbers among concentra-

tions above 32 ppm.

In separate experiments, MRSE which is an important

drug-resistant bacterium causing device-associated infec-

tions was treated with Se NPs. Se NPs were found to inhibit

the growth of MRSE, as indicated by decreases in the slopes

of the growth curves when the bacteria were treated with the

NPs (Figure 3A). The data were processed by subtracting the

value for blank control (no bacteria). The measurement has

a random error of approximately 0.05, thus making some

subtracted values dropping below zero. This inhibition was

further confirmed by analysis of the numbers of viable cells

(Figure 3B), which showed a reduction in cell numbers to

concentrations as low as 0.5 ppm Se.

The decrease in viable cell concentrations when treated

with selenium was not found to be linked with a significant

reduction in dead cells (Figures 2 and 3 – C1, D1, and E1);

rather it was associated with a significant reduction in the

total number of cells, indicating the inhibitory effects of

selenium.

Selenium coating applied on Ti substrates

and bioactivity testing
NP coating of titanium plates and screws and

response of osteoblasts in vitro

The same reduction chemistry used for making NPs in

suspension was used to create NP coatings on the plates

and screws. This method has been successfully used pre-

viously to create Se NP coatings on metallic and poly-

meric substrates and the coatings were found strongly

adhered.32,39 For the purpose of the pilot study, the plates

and screws were coated with Se NPs using conditions that

were used before to coat titanium substrates at a density of

approximately 6×106 particles/mm2 (measured using

Image J analysis of SEM images) and were shown pre-

viously to be non-toxic to osteoblast cells.39 This condition

was also chosen because it was shown before that this

density was sufficient to significantly inhibit the growth

of S. aureus on Se-coated polymeric surfaces.32 The par-

ticles had spherical shapes, with sizes ranging from

approximately 30 to 70 nm in diameter and uniformly

decorated the substrate surfaces (Figure 4).

We first confirmed the non-toxicity of the SE NP

coatings31–33,39,40 by direct culturing of primary osteoblast

cells. hOBs were co-cultured on Ti and Ti-Se plates up to

7 days, to assess morphology and metabolic activity

(Figure 5A). The hOB cells attached to both Ti and Ti-

Se substrates had similar morphologies after 1 day of

culture (Figure 5C).
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After 7 days, both substrates were homogeneously coated

by hOBs with elongated morphologies typical for primary

hOB cells, with no differences between Ti and Ti-Se.

Metabolic activity was also shown to be similar

between both constructs over time (Figure 5B). In conclu-

sion, the presence of Se NPs did not alter in vitro cell

response compared to uncoated titanium plates.

In vivo biofilm and bacteria analysis

First, we examined the effects of Se coatings on the numbers

of bacteria in the tissue surrounding the implants and adher-

ent to the screws. The numbers of CFU retrieved from swabs

sampling the tissue surrounding uncoated implants were

higher than those from the tissue surrounding the coated

implants (Figure 6; p=0.03). The numbers of CFU retrieved

from the screws also showed a similar trend (Figure 6).

Biofilm formation was next evaluated on the plates

which had flat surfaces that allowed confocal microscopy

to be used more effectively than on the screws. Confocal

microscopy imaging of the bacteria within the biofilms

showed thick and dense layers on the uncoated plates

compared to more individual, separated bacteria and bac-

terial aggregates on the coated plates (Figure 7A1, B1,

A2, B2).

The aggregates on the coated plates had a maximal thick-

ness of around 3 µm, while the biofilms on uncoated plates

have maximal thickness ranging from 5 µm to 16 µm, con-

firming the multi-layer structure of these biofilms.
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Discussion
Despite significant improvement in surgical hygiene techni-

ques and the use of pre-emptive antibiotics, bacterial infec-

tions remain a significant problem for medical devices such

orthopedic implants. Opportunistic bacteria adhere irreversi-

bly to a device’s surface and develop to form a polysaccharide

biofilm protecting the embedded bacteria from antibiotics and

host defense mechanisms.11,41 As a result, device-associated

infections remain serious complications, with rates ranging

from about 2% for hip-joint prostheses,42,43 and higher in

traumatic injuries in contaminated environments.44,45

Prevention of bacteria colonization and biofilm formation on

implant surfaces has, thus, been recognized as crucial because

infected devices often necessitate device removal and revision

surgeries which are costly (eg, approximately $50,000 for

a hip-joint revision46), leading to prolonged hospital stay and

increased treatment costs.

Surface topography, charges, or coatings have been

shown to be able to reduce bacteria adhesion or kill

bacteria. Surface nanotopography has been shown to

reduce bacteria attachment and even cause membrane

damage for adherent bacteria.47,48 Surface charges and

hydrophilicity have also been shown to influence bacteria

adhesion.49,50 Polymer brushes that repel bacteria (such
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Figure 3 In vitro testing results against MRSE. (A) OD growth curves of bacteria solutions treated with increasing amounts of Se NPs from 0.25 ppm to 256 ppm showing

reduced growth when bacteria were treated with Se. (B) Live/dead assay results showing reduced live cell numbers when bacteria were treated with increasing

concentrations of Se NPs. (C1, D1, and E1) Flow cytometry 2D dot plots of bacteria, treated with 0 ppm Se (ie, untreated), 0.5 ppm Se and 128 ppm Se and
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as PEO, polyethylene glycol (PEG), etc.) or kill bacteria

in contact (such as polycationic51 or NO-releasing

coatings52) have also been extensively studied. Yet,

these treatments either lack or have very short efficacy

(from several hours to few days),53 are not mechanically

stable, are toxic,50 or require complicated synthesis meth-

ods and equipment to apply on devices.25,30

Immobilization of antibiotics or antimicrobial peptides

has also been investigated, yet they suffer from toxicity

to mammalian cells54 and loss of activity.55

Inorganic NPs (such as selenium) are an advantageous

platform for the design of the next generation of antimi-

crobial coatings as they have the capacity to kill microbes

by multiple mechanisms, are stable, and can be readily

immobilized onto various surfaces. These NPs can involve

the production of ROS causing damage to various cellular

components; disruption of microbial cell membranes;

interruption of transmembrane transport processes; DNA

damage; interruption of energy transduction; and inhibi-

tion of enzyme activity.56,57 Because of their inorganic

A B

C

FED

1 mm 1 mm

5 µm5 µm 5 µm

Figure 4 Representative images of the titanium plates and screws used in in vivo experiments. (A and B) are low-magnification SEM images of a coated plate and screw,

respectively. (C) is a photograph of an uncoated plate and screw. Coated plates and screws showed the same gross appearance and microscopically smooth surface (A and

B). (E and F) are SEM images of coated plate and coated screw surfaces, respectively, showing the clear presence of Se nanoparticles compared to an uncoated surface (D).

Figure 5 In vitro biocompatibility results of osteoblasts cultured on Ti and Se-coated Ti substrates. (A) Schematic of titanium (Ti) and titanium-selenium (Ti-Se) plates being

seeded with human primary osteoprogenitor cells. (B) Metabolic activity over 7 days is similar between Ti and Ti-Se plates. (C) Morphology of primary osteoprogenitor cells

after 1 and 7 days post seeding shows the typical elongated phenotypes and full coverage of the plates, without differences between substrates.
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nature, they are highly stable compared to other antimi-

crobial agents such as antibiotics and antimicrobial pep-

tides. The inorganic NPs can also readily immobilize onto

surfaces without losing activities.

We have significant experience with Se NP synthesis,

immobilization, and testing of their antimicrobial

activities.31-33,39,40 In the current work, we focused on

their activities against two drug-resistant bacteria of sig-

nificant importance in orthopedic implant infections,

MRSA and MRSE, and evaluated their efficacy in an

infected rat femur model.

We first evaluated the dose–response of the Se NPs in

suspension form to establish their activity profiles. An aqu-

eous-based method was developed to synthesize Se NPs.

This synthesis method is based on the reduction of selenite

salt in the presence of a stabilizing agent (for the production

of NP suspensions) or a surface (for the production of NP

coatings). The Se NPs were shown to have a zero oxidation

state which is important because this form of Se is less toxic

and less soluble than other Se forms such as selenate,

selenite, and organic Se products.35–38 Our laboratory also

demonstrated that these NPs had very low toxicity against

red blood cells and embryonic fibroblast cells.40 For both

MRSA and MRSE, flow cytometry data (Figures 2C1–E2

and 3C1–E2) showed that the decrease in bacterial cell

viability seen in Figure 2A and B and Figure 3A

and B can be attributed to a reduction in bacterial cell

numbers. Several studies have indicated that metal

Uncoated
1

10

100

C
FU

 (x
10

4 )

1000 MRSA Swab of pocket around implants
Screw surface

coated Uncoated
1

10

100

C
FU

 (x
10

4 )

1000 MRSE Swab of pocket around implants
Screw surface

coated

Figure 6 Numbers of colony forming units (CFU) retrieved from wound pocket swabs and screws 4 weeks after implantation showing decreased CFU counts with the Se

NP coating. Data = mean ± SEM (n=3); * p<0.05.
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Figure 7 In vivo biofilm formation by MRSA (A1 and B1) and MRSE (A2 and B2) on implanted plates. Representative confocal microscopy snapshots of 3D reconstructions

(obtained with a 40X objective) of immunostained bacteria on uncoated (A1 and A2) and coated (B1 and B2) plates after 4 weeks of implantation.
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NPs formed from Au, Ag, and Ag/Cu induced rapid cell

lysis via membrane damage.58–60 Further, we have pre-

viously shown that Se NP did induce extensive membrane

damage in MRSA.31 Thus, the loss of bacterial cell numbers

in our study corroborates these findings that Se NPs would

induce rapid cell lysis by extensively damaging the bacteria

membrane of MRSA and MRSE.

Next the NPs were immobilized on Ti implants to form

antimicrobial coatings using the same aqueous-based elec-

troless deposition method. This method of coating is versa-

tile and has been applied to a range of both metallic and

polymeric surfaces in our laboratories. In the case of Se

NPs in suspension, PVA was used as a stabilizing agent to

provide steric hindrance and stabilize them. In the coating

formulation, the NPs were immobilized on the Ti surface,

and hence did not require a stabilizing agent. PVA itself

does not have anti-bacterial activity as is well known in the

literature and has no net charge; thus, it would not make any

difference on the material’s antibacterial activity.

The Se NPcoatings were shown to slowly release soluble

Se species which inhibit the growth of S. aureus through

mechanisms related to free intracellular thiol depletion.61

The nanotopography created by the Se NPs was also pre-

viously shown to promote bone-forming osteoblast cell func-

tions through increased select protein adsorption on the

nanorough surfaces. In the current work, we focused on

investigating this coating particularly for inhibiting orthope-

dic fixation infections associated with drug-resistant bacteria.

The Ti plates and screws were applied to rat femurs and were

challenged with MRSA or MRSE to simulate device-

associated infections. The SeNP coatingswere able to inhibit

biofilm formation (Figure 6) and associated local contamina-

tion (Figure 5) following inoculation of implants with biofilm

forming doses of bacteria. The reduction in local contamina-

tion was likely due to the in vivo release of selenium,

although this needs to be further studied.39 It could also be

likely that the swabbing process was not entirely consistent

among the samples. The collection of tissue followed by

homogenization and plating out to enumerate CFU (normal-

ized by tissue weight) would be a more standardized ways to

assess local contamination and will be followed in the future.

In a summary, this study examined the antimicrobial activ-

ity of Se NPs and their coatings against two important drug-

resistant bacteria, MRSA andMRSE, in vitro and in vivo. The

NPs were prepared by a simple aqueous-based redox synthesis

method and showed in vitro antimicrobial activity at concen-

trations as low as 0.5 ppm. NP coatings were applied to

titanium screws and plates and tested in an in vivo rat femur

model. The results from this animal study showed that the

coatings strongly inhibited biofilm formation on the implants

and reduced the number of viable bacteria in the surrounding

tissue. This study shows a proof of concept for a Se NP coat-

ings as a potential anti-infective barrier for orthopedic medical

devices in the setting of contamination with multi-resistant

bacteria. It also represents one of the few (if only) in vivo

assessment of SE NP coatings on reducing antibiotic resistant

orthopedic implant infections.

Acknowledgments
We would like to acknowledge funding from a Defence

Health Foundation Medical Research Grant, the University

of Melbourne’s McKenzie Fellowship and seed funding

from the Melbourne Materials Institute and The Bio21

Institute of Molecular Science and Biotechnology

(Bio21). We also would like to thank the Particulate

Fluid Processing Centre and the Melbourne Advanced

Microscopy Facility at Bio21for infrastructure access.

Author contributions
P.A.T and A.J.O conceived the study. P.A.T, N.B., N.O.B,

E.C.R, A.D., W.A.M, and A.J.O contributed to the design

and implementation of the research, and to the analysis of

the results and manuscript preparation. T.J.W. helped in

data interpretation and manuscript preparation. All authors

contributed to data analysis, drafting and revising the

article, gave final approval of the version to be published,

and agree to be accountable for all aspects of the work.

Disclosure
Dr Phong A Tran reports a patent antipathogenic surfaces

having selenium nanoclusters issued. Professor Anand Deva

reports grants from Mentor (Johnson & Johnson), Allergan,

Sientra, Allergan, and Motiva, during the conduct of the

study. Professor Andrea J O’Connor reports grants from

Defence Health Foundation, during the conduct of the

study. Dr Thomas J Webster reports a patent antipathogenic

surfaces having selenium nanoclusters issued. The authors

report no other conflicts of interest in this work.

References
1. Trampuz A, Zimmerli W. Diagnosis and treatment of infections asso-

ciated with fracture-fixation devices. Injury. 2006;37(2):S59–S66.
doi:10.1016/j.injury.2006.04.010

2. Zlowodzki M, Zelle BA, Cole PA, Jeray K, McKee MD. Treatment of
acute midshaft clavicle fractures: systematic review of 2144 fractures:
on behalf of the evidence-based orthopaedic trauma working group.
J Orthop Trauma. 2005;19(7):504–507.

Tran et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:144622

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.injury.2006.04.010
http://www.dovepress.com
http://www.dovepress.com


3. Mody RM, Zapor M, Hartzell JD, et al. Infectious complications of
damage control orthopedics in war trauma. J Trauma Acute Care
Surg. 2009;67(4):758–761. doi:10.1097/TA.0b013e3181af6aa6

4. Trampuz A, Widmer AF. Infections associated with orthopedic
implants. Curr Opin Infect Dis. 2006;19(4):349–356. doi:10.1097/
01.qco.0000235161.85925.e8

5. Murray CK. Epidemiology of infections associated with
combat-related injuries in Iraq and Afghanistan. J Trauma Acute
Care Surg. 2008;64(3):S232–S238. doi:10.1097/TA.0b013e3181
63c3f5

6. Hospenthal DR, Murray CK, Andersen RC, et al. Guidelines for the
prevention of infection after combat-related injuries. J Trauma Acute
Care Surg. 2008;64(3):S211–S220. doi:10.1097/TA.0b013e3
18163c421

7. Rignault DP. Abdominal trauma in war. World J Surg. 1992;16
(5):940–946.

8. Murray CK, Obremskey WT, Hsu JR, et al. Prevention of infections
associated with combat-related extremity injuries. J Trauma Acute Care
Surg. 2011;71(2):S235–S257. doi:10.1097/TA.0b013e318227ac5f

9. Donlan RM. Biofilms and device-associated infections. Emerg Infect
Dis. 2001;7(2):277. doi:10.3201/eid0702.010226

10. Reid G. Biofilms in infectious disease and on medical devices.
Int J Antimicrob Agents. 1999;11(3):223–226.

11. Stewart PS, Costerton JW. Antibiotic resistance of bacteria in
biofilms. Lancet. 2001;358(9276):135–138. doi:10.1016/S0140-
6736(01)05321-1

12. Hu H, Johani K, Almatroudi A, et al. Bacterial biofilm infection
detected in breast implant–associated anaplastic large-cell lymphoma.
Plast Reconstr Surg. 2016;137(6):1659–1669. doi:10.1097/
PRS.0000000000002010

13. Hu H, Jacombs A, Vickery K, Merten SL, Pennington DG, Deva AK.
Chronic biofilm infection in breast implants is associated with an
increased T-cell lymphocytic infiltrate: implications for breast
implant–associated lymphoma. Plast Reconstr Surg. 2015;135
(2):319–329. doi:10.1097/PRS.0000000000000886

14. Pinto-Alphandary H, Andremont A, Couvreur P. Targeted delivery of
antibiotics using liposomes and nanoparticles: research and
applications. Int J Antimicrob Agents. 2000;13(3):155–168.

15. Abeylath SC, Turos E. Drug Delivery Approaches to Overcome
Bacterial Resistance to β-lactam Antibiotics. Expert Opin Drug
Deliv. 2008 Sep;5(9):931–49.

16. Smith AW. Biofilms and antibiotic therapy: is there a role for com-
bating bacterial resistance by the use of novel drug delivery systems?
Adv Drug Deliv Rev. 2005;57(10):1539–1550. doi:10.1016/j.
addr.2005.04.007

17. Liu Y, He L, Mustapha A, Li H, Hu ZQ, Lin M. Antibacterial
activities of zinc oxide nanoparticles against Escherichia coli O157:
H7. J Appl Microbiol. 2009;107(4):1193–1201. doi:10.1111/j.1365-
2672.2009.04303.x

18. Rai M, Yadav A, Gade A. Silver nanoparticles as a new generation of
antimicrobials. Biotechnol Adv. 2009;27(1):76–83. doi:10.1016/j.
biotechadv.2008.09.002

19. Ruparelia JP, Chatterjee AK, Duttagupta SP, Mukherji S. Strain
specificity in antimicrobial activity of silver and copper
nanoparticles. Acta Biomater. 2008;4(3):707–716. doi:10.1016/j.
actbio.2007.11.006

20. Yeung KL, Leung WK, Yao N, Cao S. Reactivity and antimicrobial
properties of nanostructured titanium dioxide. Catal Today. 2009;143
(3):218–224. doi:10.1016/j.cattod.2008.09.036

21. Rabea EI, Badawy ME-T, Stevens CV, Smagghe G, Steurbaut W.
Chitosan as antimicrobial agent: applications and mode of action.
Biomacromolecules. 2003;4(6):1457–1465. doi:10.1021/bm034130m

22. Nohr RS, Gavin Macdonald J. New biomaterials through surface
segregation phenomenon: new quaternary ammonium compounds as
antibacterial agents. J Biomate Sci Polym Ed. 1994;5(6):607–619.
doi:10.1163/156856294X00239

23. Kourai H, Yabuhara T, Shirai A, Maeda T, Nagamune H. Syntheses
and antimicrobial activities of a series of new bis-quaternary ammo-
nium compounds. Eur J Med Chem. 2006;41(4):437–444.
doi:10.1016/j.ejmech.2005.10.021

24. YeamanMR, Yount NY. Mechanisms of antimicrobial peptide action and
resistance. Pharmacol Rev. 2003;55(1):27–55. doi:10.1124/pr.55.1.2

25. Roosjen A, Kaper HJ, van der Mei HC, Norde W, Busscher HJ.
Inhibition of adhesion of yeasts and bacteria by poly (ethylene
oxide)-brushes on glass in a parallel plate flow chamber.
Microbiology. 2003;149(11):3239–3246. doi:10.1099/mic.0.26519-0

26. Tiller JC, Liao C-J, Lewis K, Klibanov AM. Designing surfaces that
kill bacteria on contact. Proc National Acad Sci. 2001;98
(11):5981–5985. doi:10.1073/pnas.111143098

27. Mitik-Dineva N, Wang J, Mocanasu RC, Stoddart PR, Crawford RJ,
Ivanova EP. Impact of nano-topography on bacterial attachment.
Biotechnol J Healthcare Nutr Technol. 2008;3(4):536–544.
doi:10.1002/(ISSN)1860-7314

28. Tran N, Tran PA. Nanomaterial-based treatments for medical device-
associated infections. ChemPhysChem. 2012;13(10):2481–2494.
doi:10.1002/cphc.201200091

29. Yan S, Luan S, Shi H, et al. Hierarchical polymer brushes with
dominant antibacterial mechanisms switching from bactericidal to
bacteria repellent. Biomacromolecules. 2016;17(5):1696–1704.
doi:10.1021/acs.biomac.6b00115

30. Ferreira L, Zumbuehl A. Non-leaching surfaces capable of killing
microorganisms on contact. J Mater Chem. 2009;19(42):7796–7806.
doi:10.1039/b905668h

31. Biswas DP, O’Brien-Simpson NM, Reynolds EC, O’Connor AJ,
Tran PA. Comparative study of novel in situ decorated porous
chitosan-selenium scaffolds and porous chitosan-silver scaffolds
towards antimicrobial wound dressing application. J Colloid
Interface Sci. 2018;515:78–91. doi:10.1016/j.jcis.2018.01.007

32. Tran PA, Webster TJ. Antimicrobial selenium nanoparticle coatings
on polymeric medical devices. Nanotechnology. 2013;24(15):155101.
doi:10.1088/0957-4484/24/15/155101

33. Tran PA, Webster TJ. Selenium nanoparticles inhibit Staphylococcus
aureus growth. Int J Nanomedicine. 2011;6:1553. doi:10.2147/IJN.
S25646

34. Shakibaie M, Forootanfar H, Golkari Y, Mohammadi-Khorsand T,
Shakibaie MR. Anti-biofilm activity of biogenic selenium nanoparti-
cles and selenium dioxide against clinical isolates of Staphylococcus
aureus, Pseudomonas aeruginosa, and Proteus mirabilis. J Trace Elem
Med Biol. 2015;29:235–241. doi:10.1016/j.jtemb.2014.07.020

35. Wang H, Zhang J, YuH. Elemental selenium at nano size possesses lower
toxicity without compromising the fundamental effect on selenoenzymes:
comparison with selenomethionine in mice. Free Radical Biol Med.
2007;42(10):1524–1533. doi:10.1016/j.freeradbiomed.2007.02.013

36. Zhang J, Wang H, Yan X, Zhang L. Comparison of short-term
toxicity between Nano-Se and selenite in mice. Life Sci. 2005;76
(10):1099–1109. doi:10.1016/j.lfs.2004.08.015

37. Liu W, Li X, Wong Y-S, et al. Selenium nanoparticles as a carrier of
5-fluorouracil to achieve anticancer synergism. ACS Nano. 2012;6
(8):6578–6591. doi:10.1021/nn202452c

38. Shakibaie M, Shahverdi AR, Faramarzi MA, Hassanzadeh GR,
Rahimi HR, Sabzevari O. Acute and subacute toxicity of novel
biogenic selenium nanoparticles in mice. Pharm Biol. 2013;51
(1):58–63. doi:10.3109/13880209.2012.710241

39. Tran PA, Sarin L, Hurt RH, Webster TJ. Titanium surfaces with
adherent selenium nanoclusters as a novel anticancer orthopedic
material. J Biomed Mater Res A. 2010;93(4):1417–1428.
doi:10.1002/jbm.a.32631

40. Tran PA, O’Brien-Simpson N, Reynolds EC, Pantarat N, Biswas DP,
O’Connor AJ. Low cytotoxic trace element selenium nanoparticles
and their differential antimicrobial properties against S. aureus and E.
coli. Nanotechnology. 2015;27(4):045101. doi:10.1088/0957-4484/
27/4/045101

Dovepress Tran et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
4623

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1097/TA.0b013e3181af6aa6
https://doi.org/10.1097/01.qco.0000235161.85925.e8
https://doi.org/10.1097/01.qco.0000235161.85925.e8
https://doi.org/10.1097/TA.0b013e318163c3f5
https://doi.org/10.1097/TA.0b013e318163c3f5
https://doi.org/10.1097/TA.0b013e318163c421
https://doi.org/10.1097/TA.0b013e318163c421
https://doi.org/10.1097/TA.0b013e318227ac5f
https://doi.org/10.3201/eid0702.010226
https://doi.org/10.1016/S0140-6736(01)05321-1
https://doi.org/10.1016/S0140-6736(01)05321-1
https://doi.org/10.1097/PRS.0000000000002010
https://doi.org/10.1097/PRS.0000000000002010
https://doi.org/10.1097/PRS.0000000000000886
https://doi.org/10.1016/j.addr.2005.04.007
https://doi.org/10.1016/j.addr.2005.04.007
https://doi.org/10.1111/j.1365-2672.2009.04303.x
https://doi.org/10.1111/j.1365-2672.2009.04303.x
https://doi.org/10.1016/j.biotechadv.2008.09.002
https://doi.org/10.1016/j.biotechadv.2008.09.002
https://doi.org/10.1016/j.actbio.2007.11.006
https://doi.org/10.1016/j.actbio.2007.11.006
https://doi.org/10.1016/j.cattod.2008.09.036
https://doi.org/10.1021/bm034130m
https://doi.org/10.1163/156856294X00239
https://doi.org/10.1016/j.ejmech.2005.10.021
https://doi.org/10.1124/pr.55.1.2
https://doi.org/10.1099/mic.0.26519-0
https://doi.org/10.1073/pnas.111143098
https://doi.org/10.1002/(ISSN)1860-7314
https://doi.org/10.1002/cphc.201200091
https://doi.org/10.1021/acs.biomac.6b00115
https://doi.org/10.1039/b905668h
https://doi.org/10.1016/j.jcis.2018.01.007
https://doi.org/10.1088/0957-4484/24/15/155101
https://doi.org/10.2147/IJN.S25646
https://doi.org/10.2147/IJN.S25646
https://doi.org/10.1016/j.jtemb.2014.07.020
https://doi.org/10.1016/j.freeradbiomed.2007.02.013
https://doi.org/10.1016/j.lfs.2004.08.015
https://doi.org/10.1021/nn202452c
https://doi.org/10.3109/13880209.2012.710241
https://doi.org/10.1002/jbm.a.32631
https://doi.org/10.1088/0957-4484/27/4/045101
https://doi.org/10.1088/0957-4484/27/4/045101
http://www.dovepress.com
http://www.dovepress.com


41. Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms:
a common cause of persistent infections. Science. 1999;284
(5418):1318–1322.

42. Scharfenberger A, Clark M, Lavoie G, O'Connor G, Masson E,
Beaupre L. Treatment of an infected total hip replacement with the
PROSTALAC system: part 1: infection resolution. Can J Surg.
2007;50(1):24.

43. Choong PF, Dowsey MM, Carr D, Daffy J, Stanley P. Risk factors
associated with acute hip prosthetic joint infections and outcome of
treatment with a rifampinbased regimen. Acta Orthop. 2007;78
(6):755–765. doi:10.1080/17453670710014527

44. Yun HC, Murray CK, Nelson KJ, Bosse MJ. Infection after ortho-
paedic trauma: prevention and treatment. J Orthop Trauma. 2016;30:
S21–S26. doi:10.1097/BOT.0000000000000667

45. Cook GE, Markel DC, Ren W, Webb LX, McKee MD,
Schemitsch EH. Infection in orthopaedics. J Orthop Trauma.
2015;29:S19–S23. doi:10.1097/BOT.0000000000000461

46. Klouche S, Sariali E, Mamoudy P. Total hip arthroplasty revision due
to infection: a cost analysis approach. Orthop Traumatol Surg Res.
2010;96(2):124–132.

47. Hasan J, Chatterjee K. Recent advances in engineering topography
mediated antibacterial surfaces. Nanoscale. 2015;7(38):15568–15575.
doi:10.1039/c5nr04156b

48. Ivanova EP, Hasan J, Webb HK, et al. Natural bactericidal surfaces:
mechanical rupture of Pseudomonas aeruginosa cells by cicada
wings. Small. 2012;8(16):2489–2494. doi:10.1002/smll.201200528

49. Gottenbos B, Grijpma DW, van der Mei HC, Feijen J, Busscher HJ.
Antimicrobial effects of positively charged surfaces on adhering
gram-positive and gram-negative bacteria. J Antimicrob Chemother.
2001;48(1):7–13. doi:10.1093/jac/48.1.7

50. Gottenbos B, van der Mei HC, Klatter F, Nieuwenhuis P,
Busscher HJ. In vitro and in vivo antimicrobial activity of covalently
coupled quaternary ammonium silane coatings on silicone rubber.
Biomaterials. 2002;23(6):1417–1423.

51. Murata H, Koepsel RR, Matyjaszewski K, Russell AJ. Permanent,
non-leaching antibacterial surfaces—2: how high density cationic
surfaces kill bacterial cells. Biomaterials. 2007;28(32):4870–4879.
doi:10.1016/j.biomaterials.2007.06.012

52. Nablo BJ, Rothrock AR, Schoenfisch MH. Nitric oxide-releasing sol–
gels as antibacterial coatings for orthopedic implants. Biomaterials.
2005;26(8):917–924. doi:10.1016/j.biomaterials.2004.03.031

53. Nablo BJ, Schoenfisch MH. Antibacterial properties of nitric oxide–
releasing sol-gels. J Biomed Mater Res A. 2003;67(4):1276–1283.
doi:10.1002/jbm.a.20030

54. Marr AK, Gooderham WJ, Hancock RE. Antibacterial peptides for
therapeutic use: obstacles and realistic outlook. Curr Opin
Pharmacol. 2006;6(5):468–472. doi:10.1016/j.coph.2006.04.006

55. Alves D, Olívia Pereira M. Mini-review: antimicrobial peptides and
enzymes as promising candidates to functionalize biomaterial surfaces.
Biofouling. 2014;30(4):483–499. doi:10.1080/08927014.2014.889120

56. Dizaj SM, Lotfipour F, Barzegar-Jalali M, Zarrintan MH, Adibkia K.
Antimicrobial activity of the metals and metal oxide nanoparticles.
Mater Sci Eng C. 2014;44:278–284. doi:10.1016/j.msec.2014.08.031

57. Ravishankar Rai V, Jamuna Bai A. Communicating current research
and technological advances. . Méndez-Vilas A, editor. Mysore:
Formatex;197–209. 2011.

58. Ansari MA, Khan HM, Khan AA, et al. Interaction of silver nano-
particles with Escherichia coli and their cell envelope biomolecules.
J Basic Microbiol. 2014;54(9):905–915. doi:10.1002/jobm.20130
0457

59. Boda SK, Broda J, Schiefer F, et al. Cytotoxicity of ultrasmall gold
nanoparticles on planktonic and biofilm encapsulated gram-positive
staphylococci. Small. 2015;11(26):3183–3193. doi:10.1002/
smll.201403014

60. Rtimi S, Sanjines R, Pulgarin C, Kiwi J. Quasi-instantaneous bacter-
ial inactivation on Cu–ag nanoparticulate 3D catheters in the dark and
under light: mechanism and dynamics. ACS Appl Mater Interfaces.
2015;8(1):47–55. doi:10.1021/acsami.5b09730

61. Webster TJ, Tran PA, Antipathogenic surfaces having selenium
nanoclusters. Google Patents. 2013.

International Journal of Nanomedicine Dovepress
Publish your work in this journal
The International Journal of Nanomedicine is an international, peer-
reviewed journal focusing on the application of nanotechnology in
diagnostics, therapeutics, and drug delivery systems throughout the
biomedical field. This journal is indexed on PubMed Central,
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine,

Journal Citation Reports/Science Edition, EMBase, Scopus and the
Elsevier Bibliographic databases. The manuscript management system
is completely online and includes a very quick and fair peer-review
system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

Tran et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:144624

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1080/17453670710014527
https://doi.org/10.1097/BOT.0000000000000667
https://doi.org/10.1097/BOT.0000000000000461
https://doi.org/10.1039/c5nr04156b
https://doi.org/10.1002/smll.201200528
https://doi.org/10.1093/jac/48.1.7
https://doi.org/10.1016/j.biomaterials.2007.06.012
https://doi.org/10.1016/j.biomaterials.2004.03.031
https://doi.org/10.1002/jbm.a.20030
https://doi.org/10.1016/j.coph.2006.04.006
https://doi.org/10.1080/08927014.2014.889120
https://doi.org/10.1016/j.msec.2014.08.031
https://doi.org/10.1002/jobm.201300457
https://doi.org/10.1002/jobm.201300457
https://doi.org/10.1002/smll.201403014
https://doi.org/10.1002/smll.201403014
https://doi.org/10.1021/acsami.5b09730
http://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
http://www.dovepress.com
http://www.dovepress.com

