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Dopamine,  a  component  of  marine  mussel  adhesive  proteins,  plays  an  important  role  in  various  fields
such as  biosensors,  bioelectronics,  as well  as tissue  and  pharmaceutical  engineering.  In  this  study,  we
describe  a simple  approach  to  prepare  a dopamine-functionalized  Ag nanocomposite.  Using  AFM,  XPS,
and  SEM  analysis,  we  demonstrated  that dopamine  is  effectively  coated  onto  a  glass  substrate  and  that
silver  (Ag)  nanoparticles  are  successfully  attached  and  well  dispersed  on the dopamine-covered  glass.
Furthermore,  absorbance  analysis,  adhesion  assay,  and  Kirby-Bauer  disc  diffusion  tests  are  show  that  the
dopamine/Ag  nanocomposite  exhibits  good  antibacterial  efficiency  and  inhibits  bacterial  cell adhesion.
ilver nanoparticles
ntibacterial efficiency
iocompatibility

The  biocompatibility  of  the  nanocomposites  towards  endothelial  cells  was  also  assessed  using  the  MTT
assay.  The  present  data  show  that  dopamine/Ag  nanocomposites  are  selective  compatible  with  endothe-
lial  cells  and toxic  for bacterial  cells.  The  findings  of the present  study  can  thus  support  a safe  and  efficient
strategy  to develop  medical  devices  and intra-devices  or intra-catheters  for  the  prevention  of nosocomial
and  catheter-mediated  blood-stream  infections  and/or  endothelial  injury  complications.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Bacterial biofilms are the surface-associated communities of
ndesirable attached microorganisms encased in a hydrated extra-
ellular polymeric substances (EPS) matrix [1,2]. They represent a
idespread and expensive problem, because such accumulation of
acteria could occur everywhere in water-based equips in contact
ith different materials, and also because once the biofilm state

s established, it is almost impossible to eliminate with an inher-

∗ Corresponding author at: Department of Chemistry and Center for Nanoscience
nd Nanotechnology, National Sun Yat-Sen University, Kaohsiung 80424, Taiwan.

E-mail address: shsieh@faculty.nsysu.edu.tw (S. Hsieh).
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352-9407/© 2016 Elsevier Ltd. All rights reserved.
ently external resistance. The formation of bacterial biofilms on
indwelling medical devices is of particular concern, as these bac-
teria hold a significantly increased (10–1000 fold) resistance to
antibiotics, [3,4] which makes them a major cause of morbidity and
mortality in nosocomial infections (NI) worldwide [5,6]. In order
to reduce the growing incidence of NI cases and associated hospi-
talization costs, there is an immediate need for the development
of antimicrobial surfaces able to resist microorganism attachment
and prevent bacterial infection.

A variety of antimicrobial surfaces have been generated through
impregnation of materials with active biocides or adsorption of

antimicrobial agents onto substrate surfaces, allowing the slow
release of the agents into the near surroundings or their direct
targeting to the adhered cells [7,8]. However, the destabiliz-

dx.doi.org/10.1016/j.apmt.2016.05.003
http://www.sciencedirect.com/science/journal/23529407
www.elsevier.com/locate/apmt
mailto:shsieh@faculty.nsysu.edu.tw
dx.doi.org/10.1016/j.apmt.2016.05.003
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ng effect, potential toxicity, and increased antibiotic resistance
f antimicrobial agents limit their biomedical applications [6,9].
ecently, several studies have explored a mussel-inspired method

nvolving polydopamine (PDA) as a biomimetic surface modifier
n various organic and inorganic substrates, including metals,
emiconductors, polymers, and ceramics. Owing to the multiple
unctional groups present in the PDA thin film formed on the
ubstrate surface, the PDA-functionalized surfaces could be easily
onjugated with organic components, promoting electroless metal
epositions and nanomaterials coating [10–14]. In addition, PDA-

unctionalized hybrid metal nanoparticles (NPs) such as Ag NPs,
nd have shown antibacterial potency. Sureshkumar et al. have
eported that dopamine coating anchoring silver (Ag) NPs onto

agnetic nanofibers grants antibacterial activity to the magnetic
g nanocomposite [15]. Xu et al. fabricated a microfiltration mem-
rane deposited with dopamine and then functionalized with Ag
nd Au nanoparticles, and demonstrated its antibacterial efficacy
gainst gram-negative Escherichia coli and gram-positive Staphylo-
occus aureus [16]. Therefore, alternative antimicrobial strategies
ased on nanoparticles, typically Ag, have the potential to over-
ome the limitations of antimicrobial agents, including antibiotic
esistance [1,17,18]. However, such synthetic processes often need
arsh conditions and multi-step synthesis procedures, and may  be
armful for cell survival [19,20]. Thus, facile and simple methods

or preparing biocompatible and antimicrobial nanomaterials are
eing pursued.

In this study, we introduce an approach to create an antibacterial
urface by simple immersion and coating of a biomimetic molecu-
ar dopamine onto glass substrates, a process which enhances the
dsorption of Ag NPs. We  evaluate the dopamine/Ag nanocompos-
te exhibits antimicrobial characteristics against model microbes
. coli and also possess anti-biofilm formation potential. More-
ver, we demonstrate that the selective biocompatibility of the
repared dopamine/Ag nanocomposite towards endothelial cells.
he present results offer a potential strategy for preventing the for-
ation of bacterial biofilms on indwelling medical devices and for

ecreasing the incidence of nosocomial infections, exploiting the
emarkable adhesion properties of dopamine for anchoring Ag on

 variety of substrates.

. Materials and methods

.1. Sample preparation

Before the experiments, organic contaminants (such as dust par-
icles, grease or silica gel) were washed away from the micro cover
lass (12 mm,  Matsunami) substrate surface by using an Extran neu-
ral cleaning agent (Merck). Next, we removed any oxide layer
hat may  have built up on the substrate surface using ethanol
ACS HPLC grade). Finally, the substrates were rinsed rigorously
ith Milli-Q water (18.2 M� cm at 25 ◦C) and dried under a stream

f nitrogen gas to eliminate any ionic or heavy metal contam-
nants. A stock Tris solution (1 M)  was prepared by dissolving
ris (3.6342 g) (Sigma-Aldrich) in deionized (DI) water and adjust-

ng the pH value to 8.5 using 6 M HCl. The dopamine solution
10 mM)  was obtained by dissolving 2 mg  dopamine hydrochlo-
ide (Sigma-Aldrich) in 1 ml  Tris buffer (10 mM,  pH 8.5). In order
o prepare dopamine-coated (labeled just “Dopamine” hereafter) or
opamine/Ag-coated (“Dopamine/Ag”) glass substrates, the glasses
ere directly immersed in freshly dopamine solution for 6 h, rinsed

ith Milli-Q water, and dried under a stream of nitrogen gas. The

lass-coated dopamine was further deposited with 0.5 M AgNO3
or different time intervals (3, 6, 16, or 24 h) at room temperature.
he fabricated Dopamine/Ag substrates were finally rinsed with
ials Today 4 (2016) 31–39

Milli-Q water and dried in a nitrogen gas stream, and subsequently
subjected to characterization.

2.2. Characterization

Each sample (Dopamine and Dopamine/Ag (3 h) nanocompos-
ites) was measured by AFM (Asylum Research, MFP-3D

TM
). All

AFM topography images were acquired in AC mode under ambient
condition and were used a silicon cantilever (Olympus AC240TS)
with a normal spring constant of 2.0 N/m. The image resolu-
tion is 512 × 512 pixels. X-ray photoelectron spectroscopy (XPS)
investigated the elemental composition of dopamine or dopamine-
deposited silver (Dopamine/Ag) onto cover glass using a JEOL JPS
9010 MX equipped with a monochromatic Mg  K� X-ray radiation
source. We  used Fityk (0.9.8), an open-source spectra modelling
program, for peak fitting. The intensity and position of the peaks
corresponding to the Ag, C O, C N, C O, C OH, C C, C H and
R NH2 bonds in these substrate were quantified by fitting Gaus-
sian functions to features in the pair distribution function within
Fityk.

2.3. Bacterial growth activity

To determine the effects of the Dopamine/Ag nanocompos-
ite in bacterial growth, different nanocomposites were prepared
by depositing AgNO3 on the dopamine-coated glass for vari-
ous time intervals (3, 6, 16, and 24 h). Bacterial E. coli cells
(1 × 108 cells/ml) were co-incubated with cover glasses (Control),
Dopamine nanocomposite and/or Dopamine/Ag nanocomposite at
37 ◦C for 3 h with shaking. The bacterial growth activity was further
determined by measuring the supernatant E. coli turbidity using
absorbance detection at 570 nm.

2.4. Biofilm formation

Bacterial biofilms were prepared on flat-bottomed 24-well
plates (Nunc), as described below [21]. Briefly, an E. coli suspen-
sion was prepared in Luria-Bertani (LB) broth from 16 h shaking
cultures. The suspensions were diluted in a ratio of 1:20 with nor-
mal  LB broth. Samples (1 × 108 cells/ml) were introduced into the
wells and incubated at 37 ◦C for 3 h without shaking cultures. Each
well was washed twice with double-distilled water to remove non-
adherent bacteria. The E. coli biofilms were analyzed quantitatively
using crystal violet assay. Crystal violet solution 0.2% crystal violet
(Sigma-Aldrich) and 4% paraformaldehyde in phosphate-buffered
saline (PBS) was  added (300 �l/well) and incubated at room tem-
perature for 10 min, followed by removal of supernatant fluid,
rinsing twice with double-distilled water, and drying in air. The bac-
terial residue, stained with crystal violet, was re-dissolved with a
300 �l crystal violet elution buffer (ethanol absolute 50% and acetic
acid 0.1% in double-distilled water) and shaken for 15 min. A 100 �l
aliquot from each well was transferred onto a micro-titer plate,
and the spectrometric absorbance at 595 nm was measured using
a micro-plate reader (Anthos 2010).

2.5. Microscopy and imaging

To validate the efficacy of the nanocomposites for bacterial
adhesion, the E. coli suspension (1 × 108 cells/ml) was intro-
duced into 24 wells containing either Dopamine or Dopamine/Ag
nanocomposite and incubated at 37 ◦C for 3 h without shaking.
The cultured plate was then washed twice with PBS to remove

non-adherent bacteria, and adhered bacterial cells were further
incubated with 200 �l DiI working dye (Invitrogen, Cat. No. D3899)
at 37 ◦C for 30 min. After twin washes with double-distilled water,
images were acquired by a Leica DM 6000B inverted fluorescence
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icroscope equipped with an OLMPLUS digital CCD camera. The
ed fluorophores images were monitored using R-DIL channels, and
he original magnification was 400×. The DiI dye was  dissolved
n dimethyl sulfoxide (DMSO) (stock solution: 20 mg/ml), and the

orking solution (2 �g/ml) was prepared by diluted DiI stock solu-
ions using pre-warmed PBS.

.6. Scanning electron microscope (SEM)

E. coli was cultured on glass surfaces coated with dopamine
r dopamine-Ag at 37 ◦C for 3 h. The bacterial cells were washed
ith PBS and fixed in 10% glutaraldehyde solution (Sigma, 25%) for

0 min. The cells were then prepared with platinum coating using
latinum-coated conductive substrates (JEOL, JFC-1600). The scan-
ing electron microscopy images were obtained with a JEOL SEM
000F microscope at an accelerating voltage of 5 kV.

.7. Disc diffusion test

E. coli suspensions were prepared in LB broth from 16 h shak-
ng cultures. The suspensions were diluted with LB broth, and
00 �l (108 cfu/ml) were swabbed onto microfiber filter paper discs
6 mm)  impregnated with dopamine solution (10 mM)  or dopamine
2 mg/ml) deposited with AgNO3 (0.5 M).  The discs were placed on
op of an agar plate. The plates were then incubated at 37 ◦C for
6 h, and the zone of inhibition of bacterial growth was used as a
easure of susceptibility.

.8. Cytotoxicity assay

EA926 endothelial cells, a human endothelial cell (HEC) variant
rom American Type Culture Collection (ATCC), were cultured in
ulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented
ith 10% fetal bovine serum (FBS, Gibco), 2 mM l-glutamine

Hyclone), 100 mg/ml  streptomycin (Hyclone), and 100 U/ml peni-
illin (Hyclone). Cells were maintained in a humidified air incubator
5% CO2, 37 ◦C) [22]. For the biocompatibility assay, cells were main-
ained in 3-cm petri dishes (1 × 105 cells/dish, 1 ml)  containing the
opamine-coated or dopamine/Ag-coated substrate and incubated

or 24 h; the cell viability, either upon or beyond these substrates,
ere then recorded and measured using optical microscope and
TT  assay, respectively.

.9. Statistical analysis

All results are expressed as the mean ± standard error (SE) of
t least three independent experiments. P < 0.05 was  considered
ignificant.

. Results and discussion

.1. Surface characterization of Dopamine/Ag nanocomposites

Dopamine, whose chemical structure mimics adhesive pro-
eins in mussels, can be deposited through self-polymerization to
orm thin, surface-adherent polydopamine (PDA) films onto either
norganic or organic materials surfaces [11,14,23,24]. The charac-
erization of these materials surfaces has highlighted their potential
pplication in various fields, including biosensors [7,25] and tissue
ngineering [26–28]. Recently, PDA-functionalized hybrid nano-
aterials have been developed, which showed great potential in
atalysis [29], medical metallic implants [30], and anti-fouling
pplications [16]. The present study introduces a simple method
or preparing dopamine-functionalized hybrid silver nanoparticle
ubstrates, and examines their efficacy towards microorganism
ials Today 4 (2016) 31–39 33

inhibition, their anti-biofouling properties, and their biocompat-
ibility. First, we  characterize the morphology of the Dopamine/Ag
substrate, using atom force microscopy (AFM). Fig. 1 shows AFM
topographical images of various modifications of cover glass. Fig. 1a
shows that the bare cover glass exhibits a flat surface. Following
coating with dopamine, which self-polymerizes and form a thin
film on the glass support surface (Fig. 1b), the surface morphology
was obviously altered and the corresponding root-mean-square
roughness (RMS, 0.81 nm)  increased in comparison with Fig. 1a
(RMS = 0.20 nm). The larger size of the particles in Fig. 1b may  be due
to polydopamine particles adsorbed onto the substrate. Further-
more, Fig. 1c shows the morphology of the Dopamine/Ag substrate
obtained after depositing with AgNO3 for 3 h on the polydopamine
thin film. The bright spots in the image indicate that Ag NPs were
successfully deposited and well-dispersed on the PDA  film, and the
corresponding RMS  roughness values were dramatically increased
(12.35 nm)  over those of the control groups (Fig. 1a and b). The
approximate size of the Ag NPs can be identified in about 37 nm
by the 1 × 1 �m2 image line scan shown in the lower panel of
Fig. 1c. Fig. 1d shows the size distribution of Ag NPs, determined
from the AFM topographical images in an area containing 1516
nanoparticles. The width of the size distribution of Ag nanoparticles
deposited on the dopamine-coated substrate is 28.8 ± 7.2 nm.

Fig. 2 presents the XPS spectra of the Dopamine and
Dopamine/Ag substrates. The survey spectrum shows the pres-
ence of oxygen, nitrogen, silver, and carbon in the substrate surface
(Fig. 2a). More information about the chemical composition of the
two substrates is given by the high-resolution spectra. As shown in
Fig. 2b, the doublet peaks at 378.2 and 372.2 eV match the reported
data for Ag 3d3/2 and Ag 3d5/2 of elemental silver, thus confirm-
ing the successful reduction of Ag nanoparticles on the dopamine
layer [31]. This conclusion agrees well with that based on the AFM
topography images. The binding energies at 531.6 eV in Fig. 2c cor-
responds to the O 1s peak, indicating that catechol was  oxidized
into quinone groups (C O), whereas the strong oxygen O 1s peak at
535 eV represents the contribution from hydroxyl groups (C OH)
of the catechol. The shift of the O 1s of C OH to higher energy
(536.2 eV) can be attributed to the catechol or quinone groups in
dopamine chelating Ag+ ions and further inducing the reduction of
Ag+ ions to Ag nanoparticles [30]. As illustrated in Fig. 2d, the peaks
located at 285.2 and 287.2–288.6 eV can be attributed to C C/C H
and C O groups, respectively [32]. While the peak at 291.6 eV is
due to �–� transitions in the aromatic ring. [30], Fig. 2e shows the
N 1s spectrum, with the binding energy at 402.2 attributed to the R-
NH2 groups on the dopamine layer. The N 1s binding energy shift to
403.6 eV can be attributed to the spontaneous reduction and chela-
tion of Ag and Ag nanoparticles on the surface [16]. Dopamine is a
major component of marine mussels; it is a catecholamine that also
plays an important role in medical and physiological processes. Sev-
eral functional groups such as amino, imino, hydroxyl, and catechol,
as well as �–� interactions, [11,33] confer to PDA good adhesive-
ness for many solid materials surfaces in hydrated environments.
Altogether, our results demonstrate that a PDA layer can be formed
on the glass substrate surface, and that Ag NPs can be successfully
functionalized on the PDA layer. These findings can attract con-
siderable interest in the potential applications of dopamine/silver
nanocomposites.

3.2. Dopamine/Ag nanocomposite exhibit antimicrobial activity
and anti-biofilm formation

Next, we  detect the effects of the Dopamine/Ag nanocom-

posite for bacterial growth activity. As shown in Fig. 3a, our
data reveal that Dopamine/Ag nanocomposites (3, 6, 16, and
24 h of Ag NPs deposition) possessed an excellent antimicrobial
activity (81.4 ± 1.9%, 64 ± 3.4%, 36 ± 5.8%, and 28.4 ± 3.2%, respec-
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ig. 1. AFM topography image (5 × 5 �m2) of (a) bare cover glass surface, (b) polyd
he  inset image (1 × 1 �m2) in each figure is a magnification of the 5 × 5 �m2 ima
istribution of Ag NPs deposited on polydopamine film.

ively), as compared with control and dopamine groups (100 ± 7.9%
nd 101.5 ± 1.5%, respectively). We  further examined the effect
f Dopamine/Ag nanocomposites on E. coli biofilm formation
sing crystal violet assay. Fig. 3b shows that the Dopamine/Ag
anocomposites exhibit an excellent inhibition of bacterial adhe-
ion (65.7 ± 1.1%, 48 ± 2.3%, 41.5 ± 2.2%, and 38.8 ± 0.7% for 3, 6,
6, and 24 h of Ag NPs deposition, respectively), as compared with
ontrol and dopamine groups (100 ± 4% and 162.6 ± 1.4%, respec-
ively). Furthermore, the fluorescence image obtained using DiI
ye staining also highlights a significant inhibition of bacterial
dhesion by Dopamine/Ag nanocomposites (Fig. 3c). The bacte-
ial adhesion is further quantified in Fig. 3d. Dopamine/Ag groups
how attachment inhibition of 29.8 ± 4.7, 24.2 ± 6.1, 8.6 ± 1.1, and
.3 ± 1.6 (×104 cells/cm2) for 3, 6, 16, and 24 h of Ag NPs deposi-
ion, respectively, as compared with 40.1 ± 7 and 94.5 ± 13.4 (×104

ells/cm2) of control and dopamine groups, respectively. A sim-
larly results for antimicrobial against E. coli adhesion also has
emonstrated with dopamine/Ag-coated onto culture plate (Fig.

1). These results indicate that the Dopamine/Ag nanocomposite
uppresses not only bacterial adhesion and further inhibits the
iofilm onset, but also disturbs bacterial growth activity. Moreover,
he antimicrobial efficiency and inhibition of biofilm formation
ne film on cover glass, (c) Ag nanoparticles (NPs) deposited on polydopamine film.
e scans below each image show substrate profiles from the 1 × 1 �m2 image. (d)

appear to time-dependent of Ag NPs deposition. Previously studies
have demonstrated that antibacterial mechanism of silver is may
owing to ionic silver (Ag+) releases from Ag NPs and interacts with
thiol groups (present in cysteine and other compounds) and forma-
tion of S-Ag or disulfide bonds, therefore destroy bacterial proteins,
interrupt the electron transport chain, and DNA lost its replica-
tion ability. In addition, the cell death of Ag NPs exposed bacteria
may  be caused by cell membrane osmotic collapse and the release
of intracellular material [34–36]. Indeed, our data also support
that ionic silver (Ag+) can be released into aqueous solutions with
an Ag-deposited time dependent manner (354.6 ± 0.7, 607.4 ± 2.1,
1850.5 ± 5.0 and 2755.5 ± 3.8 �g l−1 of Ag+ ion releasing form 3 h,
6 h, 16 h and 24 h of Ag deposited-times of Ag/dopamine nanocom-
posites, respectively.) (Table S1), and believe that the released ionic
silver is toxicity to bacterial cells during 3 h incubation. We  there-
fore propose the ionic silver (Ag+) releases from Dopamine/Ag
nanocomposite can interfere the bacterial growth and inhibit bac-
terial adhesion.
Next, we investigated the antimicrobial activity of the
Dopamine/Ag nanocomposite using SEM. Fig. 4 shows that bacte-
rial cells reveal entirety morphology and exhibit a good adhesive
ability to the Dopamine nanocomposite (Fig. 4a). Conversely, bacte-



M.-L. Kung et al. / Applied Materials Today 4 (2016) 31–39 35
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Table 1
Zone inhibition measurements using the Kirby-Bauer disc diffusion test to assess
the antibacterial activity of dopamine-deposited with AgNO3.

Control Dopamine

AgNO3

0 h 3 h 6 h 16 h 24 h

Inhibitory activity – – 13.9 ± 0.4 14.2 ± 0.3 14.7 ± 0.6 15.4 ± 0.58
ig. 2. Near-surface XPS elemental analysis of dopamine and Ag-deposited dopamin
b–e)  High-resolution spectra of Ag 3d, O 1s, C 1s, and N 1s.

ial cells were almost absent on the Dopamine/Ag nanocomposite,
hich shows well dispersed Ag NPs on the dopamine-deposited

lass substrate (Fig. 4b). In addition, the antimicrobial efficacy of
opamine/Ag was further examined using the Kirby-Bauer disc
iffusion assay. Bacterial cells were swabbed onto LB agar plates
nd allowed to grow for 16 h. Primary screening revealed that
opamine/Ag nanocomposites exhibit a superior antimicrobial
ctivity (Fig. 5). In addition, the significant antimicrobial activity of

opamine/Ag were further demonstrated and recorded (13.9 ± 0.4,
4.2 ± 0.3, 14.7 ± 0.6, and 15.4 ± 0.58 mm for 3, 6, 16, and 24 h of Ag
Ps deposition, respectively) (Table 1). These results show that the

(mm)a

a Each value is the mean of three replicates of the diameter (mm) of the inhibition
zone in the bacterial layer. Values are mean of three independent experiments.
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Fig. 3. Antimicrobial performance of dopamine/Ag coated glass surfaces against E. coli biofilm formation. The E. coli cultures (1 × 108 cells/ml) were seeded on the glass surface
for  3 h at 37 ◦C. E. coli (a) turbidity and (b) biofilms were determined quantitatively at an optical density of 570 nm. (c) Image of E. coli adhesion on glass surfaces as examined
by  inverted fluorescence microscope. (d) Amount of attached cells on each substrate. (‘*’ denotes a significant difference from the control group, *P < 0.05; **P < 0.001). Scale
bar  = 50 �m.
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ig. 4. SEM images of cells grown onto glass surfaces coated with dopamine or do
ecorded after 3 h of incubation; the inset panel shows the cell morphology. (b) E
ell-dispersed Ag NPs on the dopamine-coated glass.

opamine/Ag nanocomposite has good potential in applications
imed at biofouling prevention.

Microfouling, the undesirable attachment and subsequent
rowth of microorganisms on submerged surfaces, is a ubiqui-
ous problem in many areas including medicine and health care
37,38]. The inhibition of microorganism-mediated biofilm forma-
ion in medical catheters or implanted devices would decrease
osocomial infection and complications. In the present study, we
eveloped a dopamine-coated substrate deposited with Ag NPs,
nd demonstrated its antimicrobial efficiency through the inhi-
ition of bacterial growth and attachment. We  found that the

ioinspired dopamine surfaces can assist the deposition of Ag NPs
nto the glass substrate in a short-term deposition reaction (3 h),
hich can lead to excellent antimicrobial efficacy.
ne deposited with AgNO3. (a) Adherent E. coli cells on the dopamine-coated glass
ells were almost absent on the dopamine/Ag coated glass. The inset panel shows

3.3. Dopamine-based Ag nanocomposite selective retains the
biocompatibility for human endothelial cells

Silver nanoparticles have shown cytotoxicity both in micro-
organisms [39] or in mammalian cells [40], but different biological
influences are also observed during cells exposed to ade-
quate concentrations [41,42]. To investigate the influence of the
Dopamine/Ag nanocomposites for cell survival, the viability of
EA926 endothelial cells were detected. EA926 cells were co-
incubated with the Dopamine/Ag nanocomposites for 24 h and the
cytotoxicity was  recorded and evaluated using microscopy and

MTT  assay. We  examine the cell viability on both the surface and
the surrounding of Dopamine/Ag nanocomposites. Fig. 6a shows
that cells were plated on the different dopamine nanocomposites,
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Fig. 5. Antimicrobial efficacy of Ag-deposited dopamine measured using the Kirby-
Bauer disc diffusion test. (A) Control; (B) Dopamine; (C) Dopamine/Ag 3 h; (D)
Dopamine/Ag 6 h; (E) Dopamine/Ag 16 h; (F) Dopamine/Ag 24 h.

Fig. 6. in vitro cytotoxic effects of Dopamine/Ag nanocomposite on the endothelial cell lin
nanocomposite for 24 h. The cell viability on the dopamine/Ag nanocomposite surface (a) a
cells  would not survive at the dopamine/Ag nanocomposite surface, while they can main
(c)  The cell viability of (b) was further determined quantitatively using MTT  assay. Contro
ials Today 4 (2016) 31–39 37

and a well biocompatibility was  observed on the control group
and the dopamine group. However, we also observe a severe cyto-
toxicity on the surface of Dopamine/Ag nanocomposites (either
short (3 h) or long time (24 h) deposition of Ag NPs). Owing to our
data has demonstrated that the E. coli turbidity could be inhibited
during bacterial cells co-incubated with Dopamine/Ag nanocom-
posites (Fig. 3a), we further detect the cell viability beyond the
Dopamine/Ag nanocomposites. Our result shows that the Ag NPs on
the Dopamine/Ag nanocomposite does not obviously affect the sys-
tematic cell viability and cell morphology (Fig. 6b). The cell viability
was quantitated using MTT  assay, and suggests that Dopamine/Ag
nanocomposite does not induce a culture systemic cell death
(92.2 ± 5.5, 92.2 ± 5.5, 90.0 ± 6.2, 89.7 ± 4.5, and 88.6 ± 6.9 for 0,
3, 6, 16, and 24 h of Ag NPs deposition, Fig. 6c). These results
suggest that the Dopamine/Ag nanocomposite is a selective bio-
compatible and harmless for endothelial cells. Ag NPs are toxic for
many types of cells, including endothelial cells in aqueous systems.
[40,43,44] Here, we  showed that the Dopamine/Ag nanocomposite
prepared by depositing Ag NPs on a glass substrate using a mussel-
inspired method is selective harmless for endothelial cells and

toxic for bacterial cells (Fig. 7). Previously documents have demon-
strated that catheter-related bloodstream infection (CRBSI) is the
most common cause of nosocomial bacteraemia and can poten-

e EA926. Cells were grown on 3 cm petri dishes and co-cultured with dopamine/Ag
nd/or on the culture dish (b) was imaged using microscopy. These results show that

tain their good morphology and viability around the dopamine/Ag nanocomposite.
l group is indicates that cells co-culture with cover slide substrate.
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Fig. 7. The characteristics of antibacterial and biocompatible for Dopamine/Ag nanocomposites could be a potential substrate for medical devices. (a) The glass substrate as a
c terial
d xcelle
f

t
w
o
f
f
T
t
r
i

4

r
v
s
b
m
A
s
a
D
l
a
d
c
c

ontrol.  (b) Dopamine is deposited onto the glass substrate, which reveals a well bac
opamine-deposited substrate (Dopamine/Ag nanocomposite), which shows the e

or  endothelial cells.

ially lead to increased mortality and costs. Therefore, once patients
ere suffered from CRBSI, it represents that patients have a seri-

us threat from sepsis. Currently, the main treatment strategies
or catheter-related sepsis involve removing the infected catheter
rom the patient and/or administering an antibiotic therapy [38,45].
hereby, our dopamine-deposited Ag NPs nanocomposites is selec-
ive harmless for endothelial cell and can provide a novel route for
educing the incidence of catheterization-mediated microorganism
nfections and catheter-related endothelial injury complications.

. Conclusions

The analysis of dopamine-deposited Ag nanocomposites
evealed a small size (28.8 ± 7.2 nm)  and good dispersion of sil-
er nanoparticles on the substrate surface. The Dopamine/Ag
ubstrate shows excellent antimicrobial activity and reduced
iofilm formation, which suggests good antifouling potency and
icroorganism inhibition properties for these nanocomposites.

ccording to previous studies [38,45], catheter-mediated blood-
tream infections play an important role in nosocomial bacteraemia
nd increased complications. Here, we demonstrate that the
opamine/Ag nanocomposite is selective harmless for endothe-

ial cells and toxic for bacterial cells, and can therefore underpin

 safe and efficient strategy towards medical devices and intra-
evices or intra-catheters for the prevention of nosocomial and
atheter-mediated blood-stream infections or endothelial injury
omplications.
 growth and adhesion as well as biocompatibility. (c) Ag NPs was modified onto the
nt toxicity for bacterial cells and selective retains the biocompatible and harmless
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