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Background and study aims: Biliary stent dys-
function is mainly caused by biliary sludge that
forms as a result of bacterial adherence and sub-
sequent biofilm formation on the inner surface of
the stent. Silver ions arewell known to have excel-
lent antimicrobial activity against a wide range of
microorganisms. In this study, we designed and
constructed silver-coated plastic stent (PS) and
investigated whether the silver coating prevented
bacterial adherence and biofilm formation
through the use of electron microscopy.

Material and methods: The polyurethane PS with/
without silver coating were prepared in 6-inch
segments. The silver-based antimicrobial agents
were electrostatically applied onto the stent sur-
face. The stents were then immersed for 5 weeks
in infected human bile juice obtained from a pa-
tient with cholangitis, and electron microscopy

was used to investigate the ability of the modified
PS to prevent bacterial adherence and biofilm for-
mation.

Results: The bacterial flora did not change before
and after immersion of stents in both the group
with and without silver coating. Electron micro-
scopic observation revealed meshwork-like struc-
tures around the bacteria, characteristic of bio-
film-forming bacteria, in all stents from the con-
trol group (6/6, 100%). On the other hand, a lim-
ited number of bacteria were observed in all
stents in the silver-coated group, and no apparent
biofilm formation was observed (0/6, 0%).
Conclusions: The significance of the findings from
our study is the ability of silver-coated PS to pre-
vent biofilm formation on the stent surface,
which results in the prevention of stent occlusion.

Introduction

v

Endoscopic transpapillary stent placement is a
common procedure to bypass bile obstruction in
patients with malignant or benign diseases of the
bile duct. A major adverse effect of this procedure
is stent occlusion leading to recurrent jaundice
and cholangitis. Two types of stents routinely
used in current practice are plastic stents (PS) and
self-expanding metal stents (SEMS). Although PS
are associated with shorter stent patency than
SEMS [1-4], PS are extremely inexpensive com-
pared to SEMS, and reintervention is easily per-
formed in the event of PS occlusion. As such, if PS
had a patency duration comparable to that of
SEMS, PS would be recommended as the first
choice in the treatment of biliary obstruction.
Stent dysfunction is mainly caused by biliary
sludge that forms as a result of bacterial adher-
ence and subsequent biofilm formation on the in-
ner surface of the stent [5,6]. Following stent
placement across the sphincter of Oddi, low pres-
sure in the bile duct coupled with breaking of the

bacterial barrier facilitates reflux of intestinal
contents. This permits easy attachment, coloniza-
tion and growth of bacteria from the bile on the
inner surface of the stent, leading to an ascending
bacterial infection [7,8]. Because most species of
bacteria produce extracellular polysaccharides,
the stent surface is often covered with amorphous
slime-like coat, collectively called, biofilm. The
film can function as a physical barrier to antimi-
crobials, and renders the colony antimicrobial
resistance. The prevention of bacterial infection
before the formation of bacterial biofilms on the
surface of the stent is thus critical to achieve
long-term stent patency.

One area of rapidly increasing interest in the de-
velopment of new antimicrobials is the use of
nanoparticles to coat metals. Specific metal ions
such as silver or zinc ions possess antibacterial
properties and can be considered as antibacterial
substances. Silver ions are well known to have ex-
cellent antimicrobial activity against a wide range
of microorganisms [9], which is why silver-based
nanomaterials are being used for its bactericidal
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activity [10,11]. Interestingly, several studies have shown that
silver demonstrates a more potent bactericidal activity against
gram-negative bacteria compared to gram-positive bacteria [12,
13]. Consequently, developing a PS product with silver ions could
potentially increase stent patency and stability following place-
ment should the ions have sufficient antibacterial activity to re-
duce bacterial adhesion. Previously, Leung et al. [ 14] demonstrat-
ed that surface modification of polyurethane discs with a coating
of silver led to a reduction of adherent bacteria compared to un-
treated control discs. However, they did not address the issue of
bacterial biofilm formation, which is the main factor involved in
stent clogging. In this study, we designed and constructed silver-
coated PS and investigated whether the silver coating prevented
bacterial adherence and biofilm formation through the use of
electron microscopy.

Materials and methods

v

Study design

This study was experimental, reviewed and approved by the in-
stitutional review board of Fukushima Medical University, and
conducted in accordance with the human and ethical principles
of research set forth in the Declaration of Helsinki.

E m

Fig.1 The color and muddiness of culture media
after 5 weeks did not change in either the group

8 with and or without silver coating. a The silver-
coated group. b The non-silver-coated group.

The outline for this study is as follows: 1) preparation of poly-
urethane PS with/without silver coating; 2) immersion of the
stents for 5 weeks in infected human bile juice obtained from a
patient with cholangitis during an emergent endoscopic retro-
grade cholangiopancreatography (ERCP) procedure; and 3) in-
vestigation with electron microscopy of the ability of these mod-
ified PS to prevent bacterial adherence and biofilm formation.
Polyurethane plastic biliary stents (Flexima straight type, Boston
Scientific Japan, Tokyo, Japan), 6 in 7Fr and 6 in 8.5 Fr, were used
to prepare silver-coated PS. Silver coating was applied to 3 stents
of each size to give a total of 6 silver-coated PS and 6 control PS
without any silver coating.

Antibiotic-free human bile juice was obtained from a patient
with clinically proven obstructive jaundice and acute cholangitis
who was undergoing bile drainage during an ERCP procedure
(Sept. 7, 2015). The obtained bile juice was immediately divided
equally into 12 test tubes. Each PS was then immersed in individ-
ual test tubes and cultured in Trypticase Soy Broth (TSB, Difco;
Becton, Dickinson and Company, Franklin Lakes, NJ, USA) main-
tained at 37 °C for 5 weeks (from Sept. 7, 2015 to Oct. 15, 2015),
following which, the PS were removed from the test tubes and
subjected to observation under the electron microscope to inves-
tigate bacterial adherence and biofilm formation. In addition,
microbial validation was performed to analyze the total bacterial
flora in the bile juice before and after stent immersion.
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Silver coating technique

The silver coating technique was provided by Paint Service Corp
(Aichi, Japan). Silver-based antimicrobial agents were electrosta-
tically applied onto the wet paint surface. As the paint dried and
hardened, the silver-based antimicrobial agents were dispersed
uniformly using nanotechnology then partially pulled into the
paint surface and firmly fixed. In this study, only the outside of
the stent was coated with silver as existing technological limita-
tions render it difficult to uniformly coat the inside of the stent at
present. The silver-based antimicrobial particles do not detach
easily from the surface of the stent, ensuring antimicrobial effica-
cy and durability. The costs of the silver coating are about $5 per
PS.

Scanning electron microscopy

Samples were fixed with 4% paraformaldehyde/2.5% glutaralde-
hyde in 250 mM HEPES buffer (pH 7.2). After fixing for 30 min-
utes at room temperature, the samples were washed with phos-
phate-buffered saline (PBS) 3 times and transferred into 2% os-
mium tetroxide in PBS for another 30 minutes. The samples
were dehydrated through a graded series of ethanol concentra-
tions, which was eventually replaced with 100% tert-butyl alco-
hol then dried in a tert-butyl alcohol freeze-drying apparatus
(VFD-21S, Shinku Device, Ibaraki, Japan). After coating with os-
mium tetroxide in vacuo in a HPC-1SW coater (Shinku Device),
images of the specimens’ surface were captured with a Hitachi
SU8220 scanning electron microscope at an accelerating voltage
of 1500V according to the manufacturer’s protocol.

Results

v

Microbiologic validation

Analyses of the total bacterial flora in the bile juice before and
after immersion of the stents were performed. The following
types of bacteria were identified: Escherichia coli, Klebsiella oxy-
toca, K. pneumoniae ssp. pneumoniae, Enterococcus faecalis, and
Enterococcus gallinarum. The color and muddiness of culture
media did not change in both groups with and without silver
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. Fig.2 Electron microscopic analysis of the
non-silver-coated plastic biliary stent. Massive
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Fig.3 Meshwork-like structures around the bacteria, characteristic of
biofilm-forming bacteria, were identified. Under higher magnification,
the accumulation of bacteria in the meshwork-like structures by means of
connection to each other through fibrous secretions can be seen.

coating. Moreover, the bacterial flora did not change before and
after immersion of stents in both groups. Thus, presence of silver
coating on the PS per se did not prevent bacterial propagation
(c Fig.1).

Electron microscopic analysis

Electron microscopic observation revealed meshwork-like struc-
tures around the bacteria, characteristic of biofilm-forming bac-
teria, in all stents from the control group (6/6, 100%) (© Fig.2).
Bacterial cells were often found in such structures interconnec-
ted by fibrous materials, and massive bacteria colonies on the
polyurethane stent surfaces were developed (© Fig.3). In addi-
tion to the mesh-like structures directly associated with bacteria,
which appeared to be an initial stage of biofilm formation, flat
sludge-like structures were also found in several area of the con-
trol stent surface. Bacterial cells were often found at the edge and
this appeared to represent the extensively developed biofilm. On
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the other hand, limited number of bacteria was observed in all
stents in the silver-coated group, and no apparent biofilm forma-
tion was identified (0/6, 0%) (© Fig.4). It should be noted that
massive amounts of bacterial colonies were found in the inner
stent surfaces in both groups (© Fig.5).

Discussion

v

The major limitation of endoscopic stent placement is mainly
stent occlusion. It has been reported in the literature that the me-
dian patency of PS ranges from 80 days to 126 days [15,16], and
stent exchanges are often needed at intervals of approximately 3
months to avoid stent occlusion even if the placed PS remains
functional [17]. According to previous studies, stent occlusion is
caused by the deposition of biliary sludge, which is composed of
cholesterol crystals, calcium bilirubinate and palmitate, bacteria
and/or fungi, microbial byproducts, proteins, dietary fibers and
glycoproteins [18 - 20]. In particular, bacterial infection and bio-
film formation on the surface of biliary stents is one of the main
factors responsible for the failure of stent function. As such,
specific modifications made to the surface of PS could potentially
allow PS to achieve long-term stent patency. In this study, we in-
vestigated the efficacy of an innovative silver-coated plastic stent
construct with antibacterial properties.

In vitro studies suggest that bacterial adhesion is the driving force
in sludge development [5,21]. Moreover, unicellular bacteria in
nature prefer to gather to form a surface-attached multi-cellular
consortium known as a biofilm rather than living as isolated
planktonic cells [22]. Biofilm formation is a common phenomen-
on such that virtually any material that comes into contact with
naturally occurring fluids is rapidly covered with bacteria [23,
24]. Biofilms provide bacteria with various survival and metabol-
ic advantages over the planktonic form. By forming biofilms, bac-
teria can avail themselves of various advantages including sur-
vival in a nutrient-deprived environment, resistance to environ-
mental stresses, resistance to biocides and antibiotics, improved
abilities to acquire foreign genes, and many others [25,26].

Original article

Fig.4 Electron microscopic analysis of the silver-

coated plastic biliary stent. A limited number of

- bacteria were observed in all stents, and no appar-
| ent meshwork-like structures or biofilm formation

were identified.
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Fig.5 Massive amounts of bacterial colonies were found in the inner stent
surfaces in both groups.

One area of rapidly increasing interest in the development of new
antimicrobials is the use of nanoparticles coated with metals. Sil-
ver, for example, has shown capacity for substantial antimicrobial
activity against a diverse range of microorganisms. Silver-based
nanomaterials are thus being utilized for their bactericidal activ-
ity. Compared to antibiotics, the antimicrobial activity of silver is
effective against a wider spectrum of bacteria [27,28]. Complex
formation of silver with various components of bacteria, particu-
larly with the respiratory chain, leads to its inhibition, and there-
fore, the aerobic metabolism of microorganisms is disturbed [29,
30]. Until now, various drugs operating on this concept of anti-
microbial activity have been used for therapeutic purposes [31 -
33]. In recent years, novel antimicrobial materials/ catheters
effective in preventing the formation of bacterial biofilms have
been developed. Importantly, silver ions in particular have prov-
en to be a much more potent inhibitor of biofilm formation than
many other antibacterial agents at lower concentrations [34].
Hence, a wide range of antimicrobial catheters based on the bac-
tericidal effect of silver have been developed and marketed suc-
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cessfully. With regard to biliary stents, Leung et al. [5] reported in
1992 that the bacterial count on silver-coated PS surfaces was sig-
nificantly lower than on the surfaces of PS without any silver
coating, suggesting the ability of silver coating to prevent stent
occlusion. Wen et al. [35] recently reported the efficacy of a sil-
ver-coated stent in a porcine model of bacterial cholangitis.
Here, observations under the electron microscope revealed a
lower microbial count on the silver-coated stent surface, coupled
with a significant reduction in inflammation in the indwelling
silver-coated stent group compared to the non-coated stent con-
trol group.

Our current finding is essentially consistent to Wen’s study. We
further showed that mesh-like structures, which were apparent-
ly an initial stage of biofilm formation, were observed in all cases
on the non-coated stent surfaces, but absent on the silver-coated
stent surfaces, despite some bacterial attachment. Our findings
strongly suggest that our current method of coating silver on a
stent surface is effective in prevention of bacterial meshwork-
like structures and thus biofilm formation. Because a high den-
sity of bacterial colonies was found on the luminal side of the sil-
ver-coated stents, it is evident that silver ions are indeed effective
in preventing bacterial adhesion and proliferation of adhesive
bacteria. While Wen et al. [35] studied the changes in inflamma-
tion and bacterial adhesion on stent surfaces over a brief period
of 1 day or 7 days after stent placement, our study cultured bac-
teria on stents immersed in infected bile juice over a longer peri-
od of 30 days. Our observation showing near absence of bacterial
adhesion on the silver-coated stent surfaces after a longer dura-
tion indicates the possibility of achieving of long-term stent pa-
tency with silver-coated PS.Interestingly, unlike the observation
by Wen et al. [35], which showed that placement of silver-coated
stents resulted in significantly reduced inflammatory reaction,
we found no changes in bacterial flora in the bile after placement
of silver-coated stents. It is thus unlikely that cholangitis that has
occurred in vivo can be adequately controlled solely by silver ions
dissolved and released into the bile from a silver-coated stent.
The significance of the findings from our study is the ability of
silver-coated PS in preventing biofilm formation on the stent
surface, which results in the prevention of stent occlusion. Never-
theless, our study has several limitations. First, these observa-
tions represented in vitro measurements, which may not directly
reflect all of the conditions on a plastic stent in vivo. The covering
material in vivo would be subjected to a combination of tissue or
tumor compression forces and potentially deleterious effects of
bile, gastric fluid, pancreatic fluid, and foods we eat. Second, we
evaluated a limited number of stents, using only 6 silver-coated
PS and 6 control PS without any silver coating. Any long-term
benefit in preventing stent blockage will need to be validated by
further in vivo studies, more PS and a controlled clinical trial.

In this study, only the outer surface of the stents was coated with
silver. Coating both the inner and outer surfaces of stents could
lead to the clinical application of biliary stents with long-term
patency. Given that PS are much more cost effective than SEMS,
this approach to develop silver-coated PS with comparable pa-
tency to the SEMS could have considerable cost benefits in the
medical economy.
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