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Abstract: Catheter-related bloodstream infections are a significant problem in the clinic and
may result in a serious infection. Here, we developed a facile and green procedure for buildup
of silver nanoparticles (AgNPs) on the central venous catheters (CVCs) surface. Inspired by
mussel adhesive proteins, dopamine was used to form a thin polydopamine layer and induce
AgNPs formation without additional reductants or stabilizers. The chemical and physicochemical
properties of AgNPs coated CVCs were characterized by scanning electron microscopy, X-ray
photoelectron spectroscopy, Raman spectroscopy, and water contact angle. The Staphylococcus
aureus culture experiment was used to study the antibacterial properties. The cytocompatibility
was assessed by water soluble tetrazolium salts (WST-1) assay, fluorescence staining, and scanning electron microscopy analysis. The results indicated that the CVCs surface was successfully
coated with compact AgNPs. AgNPs were significantly well separated and spherical with a
size of 30–50 nm. The density of AgNPs could be modulated by the concentration of silver
nitrate solution. The antibacterial activity was dependent on the AgNPs dose. The high dose
of AgNPs showed excellent antibacterial activity while associated with increased cytotoxicity.
The appropriate density of AgNPs coated CVCs could exhibit improved biocompatibility and
maintained evident sterilization effect. It is promising to design mussel-inspired silver releasing
CVCs with both significant antimicrobial efficacy and appropriate biological safety.
Keywords: surface modification, central venous catheter, antibacterial activity, bio
compatibility
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Central venous catheters (CVCs) are commonly used to provide venous access for
drug delivery, intravenous fluid administration, monitoring hemodynamics, and
nutritional support in critically ill patients, but they also are a major source of hospital
acquired infection.1 Catheter-related bloodstream infections have been associated with
increased patient morbidity and mortality in the clinic.2 Generally, bacteria adhere on
the surface of CVCs followed by growth under suitable environmental conditions to
form biofilms, which is elemental to the onset of pathogenesis. To prevent catheter
colonization and catheter-related bloodstream infections, a great deal of approaches
have been developed in recent years. Current preventive strategies to decrease the risk
of these serious infections include the use of antimicrobial agent impregnated catheters
and antimicrobial lock therapy.3 For example, silver-impregnated CVCs and antiseptic
CVCs coated with chlorhexidine and silver sulfadiazine have already been used in
clinic medicine.4 Silver is widely exploited because of its good antimicrobial action to
a wide range of microorganisms.5,6 In the meantime, silver nanoparticles (AgNPs), as
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a novel form, are applied in a number of products such as
medical device and implant coatings. The catheters can be
coated internally and externally with silver containing compounds or impregnated with silver.3 Various methods have
been used for the synthesis of silver-impregnated CVCs,
such as silver iontophoretic technology, solvent casting,
electrospinning and electrospraying, plasma based deposition
processes, in situ light initiated synthesis,7–10 etc.
Recently, mussel-inspired green synthesis of AgNPs on
the surface of various materials has drawn a great attention.
It has been found that dopamine, could be auto-oxidized
to form adhesive polydopamine films onto a wide range
of inorganic and organic materials, including classically
adhesion-resistant materials, such as polytetrafluoroethylene
(PTFE).11,12 Many researches reveal that the catechol groups
in the polydopamine films could in situ generate the AgNPs
without using surfactant or reducing agents.13–18 This method
has been successfully used for surface modification on
various substrate materials, such as microspheres,13 fibers,14
and polymer films.15,16 The polydopamine films also owned
strong metal binding ability and adhering capacity to AgNPs.
Xu et al reported that polydopamine modified cotton fabrics
with AgNPs showed a higher antibacterial activity even after
30 times washes.17 Sureshkumar et al prepared a multilayer
of metal nanoparticles on polymer film and found that the
surface density of metal nanoparticles could be adjusted by
varying the polydopamine coating time.18
The commonly used CVCs in the clinic include polyurethane, silicone, and PTFE CVCs.4 However, the adhesion
force of coatings was rather weak owing to the hydrophobic
property of the CVCs, and it was difficult to prepare coatings
with good adherence on CVCs. In this study, a mild method
for preparing AgNPs/polydopamine/CVCs composites with
the AgNPs gradients was presented. The dopamine selfpolymerization was used to form surface-adherent films on
the PTFE, CVCs and then the polydopamine was applied to
produce uniformly AgNPs. The relationship of the concentration of silver nitrate solution and the density of AgNPs
was investigated. Antibacterial activity was investigated by
zones of inhibition (ZoI) assay and fluorescence microscopy
using Staphylococcus aureus. The toxicity of the AgNPs/
polydopamine/CVCs composites was evaluated by WST-1
and cell adhesion assay.

Materials and methods
Materials
Commercial CVCs (Scw Medicath Ltd, Shenzhen, People’s
Republic of China) were cleaned by ultrasound in anhydrous
ethanol and deionized (DI) water successively before use.
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Dopamine hydrochloride was purchased from Sigma-Aldrich,
St Louis, MO, USA. Tris(hydroxymethyl)-amino-methane
(Tris), silver nitrate, and hydrochloric acid were obtained
from Beijing Chemical Plant, Beijing, People’s Republic
of China. All commercially available reagents and solvents
were used without further purification.

Preparation of polydopamine-AgNPs
membrane on the catheters
The CVCs were treated with a dopamine solution (2 mg/mL,
10 mm Tris, pH 8.5) at room temperature with stirring for
20 hours and subsequently ultrasonic washed with DI water,
and dried at 60°C for 1 hour. The catheters treated with
dopamine solution were denoted as DCVC in the subsequent
discussion.
The DCVC samples were then immersed in silver nitrate
solutions with three different concentrations (1.0, 0.1, and
0.01 M) for 4 hours at room temperature. Afterward, the
samples were ultrasonic cleaned with DI water for 10 minutes
and dried at 40°C in a vacuum oven. These samples were
denoted as DCVC-Ag1, DCVC-Ag2, and DCVC-Ag3,
respectively.

Physicochemical characterization
The surface topography of the specimens was observed by
field emission scanning electron microscopy (FE-SEM,
Hitachi S4800, Hitachi, Tokyo, Japan). The chemical
composition of the surface layer was analyzed using X-ray
photoelectron spectroscopy (XPS, VG, Physical Electrons
Quantum 2000 scanning ESCA microprobe, Al Kα radiation).
The static contact angles (CAs) were measured with an
optical contact angle meter system (OCA-20, Dataphysics,
Stuttgart, Germany) at ambient humidity and temperature.
The DI water droplets used for the CA measurement were
3 µL and the three measurements were performed on each
sample for statistical accountability. Raman spectra were
recorded using Raman spectroscopy (XploRA, Horiba Jobin
Yvon, Longjumeau, France) with a 532 nm air cooled argon
ion laser at wavelengths from 50 to 2,000 cm-1.

Antibacterial assay
Samples were cut into small disks with a diameter of 6 mm
and sterilized with 75% alcohol for 1 hour and rinsed with
phosphate-buffered saline (PBS) for three times. S. aureus
strains were grown overnight in Luria-Bertani medium at
37°C for 12 hours. The bacterial concentrations were adjusted
to 105 colony-forming units (CFUs)/mL in the antibacterial
assay and dispersed uniformly on the surface of Luria-Bertani
plate. The sterile samples were laid on the top of the plate and
International Journal of Nanomedicine 2015:10
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incubated at 37°C for 12 hours. Then the diameters of zones
of inhibition against S. aureus were measured.
For the fluorescent staining assay, bacteria were inoculated on the samples mentioned earlier. The concentration of
S. aureus was adjusted to 108 CFU/mL. After co-incubated
at 37°C for 6 hours, samples were removed and rinsed
with PBS, stained using acridine orange for 15 minutes in
darkness, and then observed by fluorescence microscopy
(Olympus Corporation, Tokyo, Japan).

Biocompatibility assay
MC3T3-E1 cell (Cell Resource Center, PUMC, Beijing,
People’s Republic of China) was cultured in α-minimum
essential medium (α-MEM) containing 10% fetal bovine
serum (FBS) and incubated in a humidified atmosphere of
5% CO2 at 37°C. Before cell seeding, all the samples were cut
into 8 mm ×8 mm ×1 mm. The sterile samples were placed
in the 24-well microplates, and the cells were seeded onto
the samples at a density of 1×104 cells per well.
The viability of cells on the samples was assessed by
WST-1 cell proliferation and cytotoxicity assay kit (Beyotime,
Nantong, People’s Republic of China). After 1, 3, and 7
days of culture, 50 μL WST-1 solution was added to each
well and incubated at 37°C for 2 hours. After incubation, the
absorbance values were measured at 450 nm with a reference
wavelength of 690 nm (Infinite M200 Pro, Tecan Schweiz
AG, Männedorf, Switzerland).
For the fluorescent staining assay, cells were stained with
3 µM Calcein-AM (Sigma-Aldrich) after 3-day incubation on
the samples, and then observed by fluorescence microscopy
(Olympus Corporation). The morphology of MC3T3-E1 cells
on the samples was investigated by the SEM analysis. After 3
and 7 days of culture, samples were removed from the medium,
washed with PBS, fixed in 2.5% glutaraldehyde, and dehydrated
in series of ethanol concentrations. After the ethanol was substituted by tert-butanol, samples were lyophilized and sputter
coated with gold before examination under the SEM analysis.

Statistical analysis
Triplicate experiments were performed. The data were expressed
as the mean ± standard deviation. Analysis of the results was
carried out using Student’s t-test, with the signiﬁcance level of
P0.05 and highly signiﬁcance level of P0.01.

Results
Characterization of AgNPs modified CVC
surface
The SEM images for CVC, DCVC, and DCVC-Ag samples
are shown in Figure 1. The pristine CVC exhibited an uneven
International Journal of Nanomedicine 2015:10
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surface, which was fully covered by polydopamine after
impregnation in dopamine solution for 24 hours. After
immersing into different concentrations of silver nitrate
solutions, conductive and monodispersed spherical nanoparticles with a size of 30–50 nm could be found on the
DCVC surface, indicating that the polydopamine surface
could spontaneously reduce Ag+ ions into AgNPs without
requiring additional reducing agent. As shown in Figure 1C
and D, DCVC-Ag1 sample has the largest surface density, and the density decreased with silver nitrate solution
concentration.
The relative surface wettability was determined by the
static water CA. As shown in Table 1, the pristine catheter showed hydrophobic property with the CA value of
113.3°±2.2°. After modifying with surface-adherent polydopamine films, the DCVC showed a hydrophilic surface with
the CA value of 80.4°±1.8°. The following in situ generation
of AgNPs on the DCVC surface resulted in slightly improved
hydrophilicity. The CA value decreased as the AgNPs number increased, and that of DCVC-Ag1 samples were nearly
constant (52.2°±2.4°).
The surface chemical compositions of the CVCs films
before and after surface modification were determined by
XPS. As shown in Figure 2, the sharp peak of F1s developed
from pristine CVCs vanished after polydopamine modification. Meanwhile, no peak corresponding to N1s could be
observed on the pristine CVCs, which indicated the nitrogen
atom was derived from the polydopamine membrane on
DCVC. This result suggests that the thickness of the deposited polydopamine layer is higher than the probing depth
of the XPS technique (approximately 7.5 nm in an organic
matrix).19 The Ag concentrations determined from the XPS
survey spectra of DCVC-Ag1, DCVC-Ag2, and DCVC-Ag3
are 9.64, 6.74 and 1.19 at%, respectively (Table 1). The highresolution XPS spectra of Ag obtained from DCVC-Ag1,
DCVC-Ag2, and DCVC-Ag3 are shown in Figure 3. The
binding energies of Ag3d doublet peaks located at 368.5 and
374.5 eV can be assigned to Ag3d5/2 and Ag3d3/2 of metallic
Ag0, indicating that Ag mainly exists in the Ag0 state on the
DCVC surface.20,21
Silver is one of the best materials for making surface
enhanced Raman scattering active surfaces, and a great deal
of effort has been put into perfecting methods of forming
silver surfaces for strong surface enhanced Raman scattering signals.22 The chemical composition on the surface was
further investigated by Raman spectroscopy. As shown in
Figure 4, the peak at 1,330 cm-1 (amide III) is assigned to the
vibrational mode of dopamine, which is a distortion of the
C-C bond connecting the two oxygen-bearing carbon atoms,
submit your manuscript | www.dovepress.com
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Figure 1 SEM images of (A) CVC, (B) DCVC, (C and D) DCVC-Ag1, (E and F) DCVC-Ag2, and (G and H) DCVC-Ag3.
Abbreviations: CVC, central venous catheter; DCVC, central venous catheters coated with polydopamine films; SEM, scanning electron microscopy.
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Table 1 Surface chemical composition and water contact angle of pristine CVC, DCVC, and DCVC-Ag samples (atomic percentage
according to XPS analysis)
Atomic concentration (at%)
CVC
DCVC
DCVC-Ag1
DCVC-Ag2
DCVC-Ag3

Contact angle (°)

C1s

N1s

O1s

F1s

Si2p

Ag3d

46.21
61.25
52.43
56.25
55.29

–
5.38
4.20
5.66
5.46

8.92
23.95
21.87
25.58
27.02

37.56
0.77
5.60
0.97
1.45

7.31
8.65
6.26
4.80
9.61

–
–
9.64
6.74
1.19

113.3±2.2
80.4±1.8
52.2±2.4
59.3±3.9
66.3±2.7

Note: These data is expressed as the mean ± SD (n=3).
Abbreviations: CVC, central venous catheter; DCVC, central venous catheters coated with polydopamine films; XPS, X-ray photoelectron spectroscopy; SD, standard
deviation.

and the peak at 1,595 cm-1 (amide II) is related to in plane N-H
bending and C-N stretching of dopamine, both of which corresponding to characteristic aromatic groups in polydopamine.
The intensity of characteristic peaks of aromatic groups was
quite weak in DCVC, and no peaks could be detected in
CVC. However, the intensities of the characteristic peaks
were obviously increased in the DCVC-Ag samples, and
proportional to the density of AgNPs. SEM, XPS, and Raman
spectra provide unequivocal proofs that metallic AgNPs have
been successfully coated on the CVCs surface.
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Figure 2 The survey XPS spectra of CVC, DCVC, and DCVC-Ag3.
Abbreviations: au, arbitrary unit; CVC, central venous catheter; DCVC, central venous
catheters coated with polydopamine films; XPS, X-ray photoelectron spectroscopy.
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The ability of the DCVC-Ag samples to prevent viable bacteria colonization was verified by Zol test and fluorescence
staining. The Zol test is based on the leaching of silver
ions from the surface, the inhibition of the bacterial growth
depends on a sufficient concentration of silver ions in the
surrounding aqueous environment.23 Figure 5 shows the Zol
test results by DCVC-Ag1, DCVC-Ag2, and DCVC-Ag3 on
S. aureus. All the DCVC-Ag samples showed a clear inhibition zone, which indicated the efficient antibacterial ability of
these samples. The diameter of the bacteria inhibition zone
ranged from 0.2 to 0.35 cm against S. aureus. Based on the
Ag concentrations in Table 1, the antibacterial effect could
be modulated by the density of coated AgNPs.
The antimicrobial effect of DCVC-Ag samples was also
confirmed by bacteria viability after 6 hours of incubation.
As shown in Figure 6, large amounts of viable bacteria were
observed on the surface of DCVC (Figure 6A). There were a
relatively small number of viable bacteria on the DCVC-Ag3
(Figure 6D). Due to the increased Ag concentrations in DCVCAg2 and DCVC-Ag1, much fewer bacteria can be detected on
DCVC-Ag2 and nearly no viable bacteria on DCVC-Ag1.

Cytocompatibility assays

&9&

2V

Antibacterial characteristics of the
silvered CVC films

The WST-1 assay was used to evaluate the cytotoxicity of the
substrates on MC3T3-E1 cells, and the optical density (OD)
value was considered to indicate cell growth on different
surfaces. As shown in Figure 7, the OD value of both CVC
and DCVC increased obviously with the culture time, and
the OD value of DCVC was slightly higher than CVC. On
day 1, there was no appreciable difference on the OD value
among all the samples (P0.05). On day 3, proliferation of
MC3T3-E1 cells in DCVC-Ag1 and DCVC-Ag2 group was
markedly inhibited as compared to DCVC-Ag3 (P0.05),
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Figure 3 The high-resolution XPS spectra of DCVC-Ag1, DCVC-Ag2, and DCVC-Ag3.
Abbreviations: au, arbitrary unit; DCVC, central venous catheters coated with polydopamine films; XPS, X-ray photoelectron spectroscopy.

and the tendencies were even more obvious after 7 days
incubation. The cytotoxicity caused by the DCVC-Ag samples is due to the Ag ions released from the coated AgNPs.
In the DCVC-Ag3 group, the OD value increased with the
culture time. Though the OD values were slightly lower
than that of CVC and DCVC, the difference is statistically
insignificant. Hence, DCVC-Ag3 exhibited good cytocompatibility compared with DCVC-Ag1 and DCVC-Ag2.

Fluorescence microscopy and SEM were used to characterize adhesion and spreading of cells cultured on different
substrates after 3-day incubation. As shown in Figure 8,
well adhesion and growth of cells were seen on the surface
of DCVC. After co-incubated with different DCVC-Ag
sample for 3 days, cells showed an obvious dose-dependent
decrease in cell viability compared with that of the DCVC
group. Figure 9 shows the cell morphology on different
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Figure 4 Raman spectra of various samples: (A) CVC, (B) DCVC, (C) DCVC-Ag3, (D) DCVC-Ag2, and (E) DCVC-Ag1.
Abbreviations: au, arbitrary unit; CVC, central venous catheter; DCVC, central venous catheters coated with polydopamine films.
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Figure 5 Photographs showing the zone of inhibition assay for DCVC-Ag samples.
Abbreviation: DCVC, central venous catheters coated with polydopamine films.

substrates, which assisted to understand the cell behavior.
The spread of cells was remarkably regulated by the amount
of AgNPs. After 3 days of culture, cells on DCVC and
DCVC-Ag3 displayed a polygonal shape with prominent
filopodia protrusions. On the contrary, DCVC-Ag1 and
DCVC-Ag2 are unfavorable to cell growth. It is noted
that the filopodia protrusions vanished on DCVC-Ag1.

After 7 days, a great quantity of cells adhered to the surface
of DCVC and DCVC-Ag3, and numerous pseudopodia
spread around the cell body. The number of adherence cells
on DCVC-Ag1 and DCVC-Ag2 surfaces were significantly
less than on DCVC-Ag3, and no filopodia protrusions could
be found. The cell morphology again confirmed the best
compatibility of DCVC-Ag3. These results were consistent
with the WST-1 assay.

Discussion
Based on the earlier studies, dopamine could self-polymerize
to form nanometers thickness of multifunctional adhesive
film on various surfaces. It is known that polydopamine
can reduce the silver ions to form AgNPs. The catechol
groups in the polydopamine film could chelated with Ag,
and then in situ reduced the Ag+ to Ag0. And the Ag0 could
be bonded on the N-site and O-site in polydopamine film
and formed seed precursor. The seed Ag0 could grow to
nanoparticles through the atom by atom growth with the
reduction of Ag+.17 In this study, the particle coverage
of the surface increased with silver nitrate solution concentration obviously. The huge difference in the particle
coverage of surface is mainly due to the silver precursor
concentration.

Figure 6 Fluorescent microscope images of Staphylococcus aureus stained on (A) DCVC, (B) DCVC-Ag1, (C) DCVC-Ag2, and (D) DCVC-Ag3 after 6 hours of culture.
Abbreviation: DCVC, central venous catheters coated with polydopamine films.
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Figure 7 WST-1 assay for proliferation of MC3T3-E1 cell on different samples at various
incubation periods.
Note: Error bars represent mean ± SD (n=5), *P0.05, **P0.01.
Abbreviations: CVC, central venous catheter; DCVC, central venous catheters
coated with polydopamine films; SD, standard deviation; WST-1, water soluble
tetrazolium salts.

As an antibacterial agent, AgNPs coating has been applied
in several medical devices, among which catheters,24 drains,25
and wound dressings26 are the most prominent representatives.
When it enters the body, metallic silver will react and result
in the formation and release of silver ions, which are highly

potent as an antibacterial agent. In this study, the antimicrobial
effects of AgNPs coated CVCs were investigated. The
CVCs coated with spherical AgNPs with a size of 30–50 nm
showed strong antimicrobial ability. As shown in Figure 5, all
DCVC-Ag samples show obvious antibacterial activity and
the killing efficiency is dependent on the AgNPs dose. When
incubated with S. aureus, the DCVC-Ag samples are highly
effective against bacteria and the antibacterial ability is positively correlated with AgNPs density as shown in Figure 6.
It is worth mentioning that intensive bacteria (108 CFUs/mL)
were used in our antibacterial assay, and the condition is much
harsher than the real in vivo environments.
However, one problem of AgNPs is their biotoxicity,
thus, AgNPs coatings must be well tolerated. The biosafety
of AgNPs has attracted widespread attention for the disappointing results of metallic silver in contact with blood and
tissues.6,27 Generally, it is accepted that a high dose of silver
can induce cytotoxicity. It is also reported that the cytotoxicity of AgNPs can be attributed to continuous leaching
of Ag+ and its accumulation in the culture medium.28 Ag+
release from AgNPs was detected from many aspects (such
as size, shape, surface properties, and degree of aggregation),

Figure 8 (Continued)
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Figure 8 Fluorescence microscopy images of Calcein-AM stained MC3T3-E1 cell attached on (A and B) DCVC, (C and D) DCVC-Ag1, (E and F) DCVC-Ag2, and (G and H)
DCVC-Ag3 for 3 days.
Abbreviation: DCVC, central venous catheters coated with polydopamine films.

especially the particle size.29 In light of an earlier report, the
cytotoxicity of AgNPs was primarily mediated by a sizedependent release of Ag+, and the smaller AgNPs (with
a diameter of 50 nm) could facilitate fast dissolution and
release of Ag+.30 There is little literature discussed the toxicity
of the dopamine reduced AgNPs coatings. Sureshkumar et al
showed that the AgNPs deposited on polydopamine coated
polyethylene possessed effective biocidal properties and
did not inhibit the growth of L-929 cells mouse fibroblasts
after 24-hour co-incubation.31 But long-term toxicity should
be detected for such AgNPs coated materials. It is reported
that the biocompatibility and toxicity of AgNPs were highly
dependent on the density of AgNPs.32 The nature of the
silver particles as well as how these are incorporated in the
coating will determine the efficacy of such modified medical devices.6 In general, it has been suggested that Ag ions
are considered to be biocompatible only at relatively lower
concentrations.33–35 The cytocompatibility property of the
AgNPs coated CVCs was also studied. All the DCVC-Ag
samples showed no cytotoxicity on day 1. The results are
consistent with that from Sureshkumar et al.31 However,

International Journal of Nanomedicine 2015:10

obvious cytotoxicity were observed on DCVC-Ag1 and
DCVC-Ag2 on day 3 and day 7, which may due to the relative
high density of AgNPs. It is possible that the bacteria could be
efficiently killed without cell cytotoxicity at specific AgNPs
density. DCVC-Ag3 demonstrated both obvious antibacterial
property and good biocompatibility in this study. Thus, the
CVCs with proper AgNPs coatings via this green preparation method are promising in clinical application. Extended
future works including in vivo test are compulsory for these
CVCs with AgNPs coatings.

Conclusion
In summary, we developed a facile biomimetic strategy to
decorate uniformly small and well dispersed AgNPs on CVC
surface. The SEM results indicated that the particle size was
within the range of 30–50 nm, and the content of the nanoparticles could be controlled by the concentration of silver
nitrate solution. The XPS and Raman analysis confirmed the
presence of metallic silver particles on the CVC films. The
AgNPs coated CVC samples showed excellent antibacterial
efficacy, and the antibacterial ability was associated with
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Figure 9 The SEM images of MC3T3-E1 cell attachment on DCVC, DCVC-Ag1, DCVC-Ag2, and DCVC-Ag3 samples for days 3 and 7.
Abbreviations: DCVC, central venous catheters coated with polydopamine films; SEM, scanning electron microscopy.
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AgNPs density. The cytotoxicity was also associated with the
content of coated AgNPs. The DCVC-Ag3 sample showed
both obvious antibacterial ability and good biocompatibility.
The results suggested that antibacterial and biocompatible
AgNPs coating could be formed by carefully controlling the
size and the content of nanoparticles, which has a promising
prospect in clinical application.
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