
ISSN 1759-9660

Analytical
Methods
www.rsc.org/methods Volume 5 | Number 1 | 7 January 2013 | Pages 1–292

www.rsc.org/methods
Registered Charity Number 207890

As featured in:

See Sauer-Budge et al., 

Anal. Methods, 2013, 5, 273–280.

Showcasing research into anti-fouling surface coatings by 

Dr Alexis Sauer-Budge and Dr Andre Sharon’s group at the 

Fraunhofer Center for Manufacturing Innovation, Brookline, 

MA, USA and the Departments of Biomedical Engineering and 

Mechanical Engineering, Boston University, MA, USA.

Comparison of anti-fouling surface coatings for applications in bacteremia 

diagnostics

To accurately diagnose microbial infections in blood, it is essential to recover as 

many microorganisms from a sample as possible; this depends signifi cantly on their 

adhesion to the surfaces of diagnostic devices. In this paper, we describe machined 

polypropylene and acrylic devices for concentrating bacteria, and compare how 

various surface coatings impact the recovery of low numbers of bacteria.

Image supplied courtesy of Dr Jennifer Campbell.

PAPER
Nizkorodov and Laskin et al.
An approach toward quantifi cation of organic compounds in complex 
environmental samples using high-resolution electrospray ionization mass 
spectrometry



Analytical
Methods

TECHNICAL NOTE

Pu
bl

is
he

d 
on

 1
1 

O
ct

ob
er

 2
01

2.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

19
 8

:5
5:

44
 P

M
. 

View Article Online
View Journal  | View Issue
aCenter for Manufacturing Innovation, Frau

E-mail: asauerbudge@fraunhofer.org; Fax: +
bDepartment of Mechanical Engineering, Bo
cDepartment of Biomedical Engineering, Bos

† Electronic supplementary information (E
of the blunt-nosed devices are specied. S

Cite this: Anal. Methods, 2013, 5, 273

Received 26th June 2012
Accepted 10th October 2012

DOI: 10.1039/c2ay25662b

www.rsc.org/methods

This journal is ª The Royal Society of
Comparison of anti-fouling surface coatings for
applications in bacteremia diagnostics†

Anna K. Boardman,a Sandra Allison,a Andre Sharonab and Alexis F. Sauer-Budge*ac

To accurately diagnose microbial infections in blood, it is essential to recover as many microorganisms from

a sample as possible. Unfortunately, recovery of such microorganisms depends significantly on their

adhesion to the surfaces of diagnostic devices. Consequently, we sought to minimize the adhesion of

methicillin-sensitive Staphylococcus aureus (MSSA) to the surface of polypropylene- and acrylic-based

bacteria concentration devices. These devices were treated with 11 different coatings having various

charges and hydrophobicities. Some coatings promoted bacterial adhesion under centrifugation,

whereas others were more likely to prevent it. Experiments were run using a simple buffer system and

lysed blood, both inoculated with MSSA. Under both conditions, Hydromer’s 7-TS-13 and Aqua 65JL

were most effective in reducing bacterial adhesion.
Introduction

The recovery of microorganisms from blood or other normally
sterile uids is crucial for proper diagnosis and treatment of
infection. To obtain accurate results, it is necessary to maximize
the number of organisms collected from a given sample. This
can be challenging due to the fact that the concentrations of
pathogenic organisms in the blood can vary enormously.1,2 One
example of this wide range of concentrations is the case of
bacteremia, a condition where viable bacteria are present in the
circulating blood. For this condition the concentration of
bacteria is normally in the range of 1–100 cfu mL�1, but can be
up to 103 cfu mL�1 in severe cases.3–5

The prompt diagnosis and treatment of bacteremia is of
signicant interest to health care professionals. This condition is
oen the result of a severe infection introduced to the body by an
infected catheter or other device. When le undiagnosed,
bacteremia can lead to systemic inammatory response syndrome
(SIRS) and ultimately sepsis.6 The identication of SIRS is based
upon the recognition of two or more of the following symptoms:
fever (or hypothermia), accelerated heart rate or respiratory rate
and abnormal white blood cell count.7 Symptom identication
can oen be slow and inaccurate, and once SIRS is correctly
diagnosed, patients are oen at high risk for developing sepsis,
the 13th leading cause of death in the US.8 Consequently, it is
necessary to develop quick and accurate diagnostics for detecting
bacteria in blood, urine, and other normally sterile uids.
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When developing diagnostics for detecting bacteria, adhe-
sion to the diagnostic device’s surface should be considered.9–11

Bacterial adhesion is a complex process that is affected by many
factors.12,13 Both specic and non-specic interactions affect the
bacteria’s ability to attach to the surface, as well as surface
properties (chemical composition, charge, roughness) and the
associated ow conditions.14–18

The chemical composition of the surface can inuence
bacterial adherence to a surface.19–23 Materials with different
functional groups change bacterial adhesion depending on
material hydrophobicity and charge.24 For example, Chu and
Williams studied the effects of physical congurations of
suture materials on bacterial adhesion.25 They showed that
polydioxanone sutures exhibited slight affinity towards the
adherence of Escherichia coli and Staphylococcus aureus;
however, Dexon sutures had much higher affinity towards
the two bacteria. Additionally, if the surface chemistry of
the material is modied or changed, bacterial adhesion
can be affected. James and Jayakrishnan proved that surface
thiocyanation of PVC decreased adhesion of S. aureus and
Staphylococcus epidermidis because of the change in hydro-
philicity of the native PVC (as measured by contact angle)
from 72� to 50�.26

Surface charge can affect the bacterial adhesion. At a neutral
pH, bacteria are commonly negatively charged; consequently, a
slight repulsion to negatively charged surfaces is expected. For
example, Kiremitci-Gumusderelioglu and Pesmen showed that
bacterial adhesion was reduced on negatively charged PMMA/
AA, but it increased on positively charged PMMA/DMAEMA.27

Similarly, Terada et al. found that E. coli’s adhesion to modied
PE sheets, where the functional groups were positively
charged, was signicantly higher than that of negatively
charged functional groups on the modied PE sheets.28,29
Anal. Methods, 2013, 5, 273–280 | 273
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The material’s surface roughness can also play a large role in
bacterial adhesion. Surface irregularities promote bacterial
adhesion whereas very smooth surfaces do not.30,31 One reason
could be that rough surfaces have a greater surface area and the
depressions in the roughened surfaces provide a favorable
location for colonization. Taylor et al. produced a range of
roughness on PMMA and tested bacterial adhesion. Large
augmentations in roughness produced by silicone carbide
paper (grades P400 and P120) had no signicant effect on
adhesion compared to the smooth surface. But, a small increase
in surface roughness using silicon carbide paper P1200 resulted
in a noteworthy increase in bacterial adhesion.32 In a compar-
ison of polished, unpolished, and abraded stainless steel, it was
shown that on the roughest surface (abraded), most of the
S. aureus remained on the surface whereas on the smoothest
surface (polished), signicantly less bacteria were present.33

Due to the multiplicity of factors that can affect the adhesion of
bacteria, a survey studying the bacterial adhesion to a variety of
surface coatings would be a useful resource to researchers
developing bacterial diagnostics and other medical devices.

In this paper, we describe machined polypropylene and
acrylic devices for concentrating bacteria and compare how
various surface coatings impact the recovery of low numbers of
bacteria. We investigated the surface coatings in two model
matrices: a simple buffer and lysed whole blood. Ideally, the
surface of the device would prevent bacterial adhesion, and yet
not be anti-microbial to facilitate a wide-range of downstream
bacterial diagnostics (e.g. both genetic-based and culture-based
methods). Additionally, the surface of the device would enable
the recovery of very low numbers of bacteria in a complex matrix
(e.g. blood) so as to be useful for the development of in vitro
bacteremia diagnostics. Bacterial adhesion to commercially
available and in-house coatings was tested.

Materials and methods
Blunt-nosed devices

The devices were created from polypropylene or acrylic (MSC
Industrial Supply Company). Thesematerials weremachined into
the cone-shaped devices shown in Fig. 1 with surface nishes (Ra)
ranging from 0.1–0.5 mm on the interior surfaces. Details on the
fabrication of these devices can be found in the ESI.†

Polypropylene was the material of most interest due to its
common use in laboratory consumables and all coatings were
applied to it. However, one of the coating vendors suggested
using acrylic to produce a more effective coating. As a result,
some acrylic devices were also tested.
Fig. 1 Images of the blunt-nosed devices. Left: angled top view. Right: top view.

274 | Anal. Methods, 2013, 5, 273–280
Device coatings

Hydrophobicity and charge were two factors likely to play a role
in bacterial adhesion. To better understand these factors,
coatings were chosen from four commercial vendors with a
range of surface charges and hydrophobicities. Table 1 provides
details of these vendors and coatings. Blunt-nosed devices were
shipped to these vendors for application of coating. Upon
return, the devices were sterilized with ethylene oxide gas
(Andersen Products) prior to use.

All the devices treated with experimental coatings were
compared to identical devices treated with the triblock copol-
ymer Pluronic F127 (Sigma-Aldrich). This material has been
used to reduce bacterial adhesion in other studies and could be
easily applied in our laboratory.34 The blunt-nosed devices
were coated by submerging them in a beaker of Pluronic solu-
tion (0.5 g L�1) and placing the beaker in a sonic bath for
10 minutes.

Also, Pluronic F127 was used to coat the inside of 15 mL
polypropylene centrifuge tubes (Fisher Scientic). It was deter-
mined that almost 100% of bacteria were recovered when the
15 mL conical tubes were coated with Pluronic F127, so these
tubes were used as standards.
Bacterial culture

Methicillin-sensitive S. aureus (MSSA) strain Wichita (ATCC
29213) (a gram-positive bacteria with a dynamic surface which
consists of proteins, carbohydrates, and lipids) was used in the
study.35 It was grown in suspension in Luria–Bertani (LB) broth
(Fischer Scientic) at 37 �C and 25 rpm for 16 h.34 Before use, it
was diluted with water to approximately 103 cfu mL�1.
Simple buffer system tests

Whole human blood is a very complex system containing
various types of cells, lipids, proteins and ions. Prior to working
with blood, it was desirable to test a simple buffer system to
reduce the number of variables that could inuence bacterial
adhesion. A solution of phosphate-buffered saline (PBS) (Fisher
Scientic) and bovine serum albumin (BSA) (Sigma-Aldrich) was
chosen for this system. PBS was used to mimic the ions found
in blood and BSA was added to represent the most abundant
blood protein, albumin.

A solution was made containing 1 part of 0.05% BSA, 2 parts
of 1� PBS and 1 part of 103 cfumL�1 MSSA bacteria diluted with
water. The nal solution of BSA, PBS, and bacteria contained
approximately 100 cfu per 400 mL. This concentration was
veried by plating 200 mL of the solution on an LB agar plate,
incubating overnight at 37 �C, and counting the number of
resulting colonies.

Each of the coated blunt-nosed devices and centrifuge tubes
were lled with 400 mL of the above solution. The samples were
spun in a swinging bucket centrifuge (Eppendorf 5810 R) at
3200 RCF for 5 minutes to concentrate the bacteria to the
bottom of the devices/tubes. Next, 350 mL of the supernatant
were drawn off and discarded. (In initial studies, the superna-
tant was also interrogated by quantitative plating, but few to no
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Description of the commercial coatingsa

Company Coatings Hydrophilic or hydrophobic Charged Main structure General coating process

AST HydroLAST Slightly hydrophilic Positive (weak) ND Dip coated
Negative (weak) ND Dip coated
Neutral ND Dip coated

BioCoat Hydak B-23KX2/L-578 Hydrophilic Negative Hyaluronic acid Dip coated
Hydromer 7-TS-13 Hydrophilic Neutral Polyvinylpyrrolidone Dip coated

Aqua65JL Hydrophilic Neutral Polyvinylpyrrolidone Dip coated
IST Philix Hydrophilic ND SiO2 Vacuum vapor delivery

Hydrophilic ND PEG Vacuum vapor delivery
Hydrophilic ND Al2O3 Vacuum vapor delivery

Repellix Super-hydrophobic ND ND Vacuum vapor delivery

a ND, not disclosed.
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bacteria were ever found in the supernatant. To save on mate-
rials, the supernatant was not plated further). The remaining
50 mL (the “pellet”) was aspirated with a pipette and deposited
on an LB agar plate. Aer adding 70 mL of sterile deionized
water to each device/tube, the water was pipetted up and down
to remove any loosely adhered bacteria (the “wash”) and
deposited on a separate LB agar plate.

These plates were incubated at 37 �C overnight and the
resulting colonies were counted the next day. Those numbers
were compared to the number of colony forming units originally
added to the devices/tubes to determine how many bacteria
could be removed with just aspiration and howmany needed an
additional rinse to be removed.
Whole blood and lysis buffer tests

Additionally, tests were performed using whole human blood
inoculated with bacteria. The procedure was identical to the
simple buffer system solution, except that a blood solution
replaced the PBS and BSA solution. Each 410 mL of the blood
solutions contained 360 mL 0.005% Tween-20 (Sigma-Aldrich),
40 mL pooled whole human blood (GoldenWest Biologicals) and
10 mL of 103 cfu mL�1 MSSA. The low concentration of the
detergent Tween-20 was chosen based on its ability to lyse blood
cells without being antimicrobial. The in-house developed lysis
solution is able to preferentially burst red blood cells by a
combination of osmotic pressure and preferential solubiliza-
tion of the blood cellular membranes, while maintaining the
integrity of the bacterial cell walls.
Results and discussion

All of the coatings, except the coatings from IST, were produced
via dip-coating (Table 1). Dip coating is a useful process to
obtain thin uniform lms on substrates of various shapes. The
dip coating process is divided into ve stages: immersion, start-
up, deposition, drainage, and evaporation. The deposition stage
is a key stage where the thin layer deposits itself on the
substrate as the substrate is withdrawn from the solution of the
coating material. It is necessary to extract the substrate at a
constant uniform speed since; in general, the speed determines
the thickness of the coating. While this technique produces
This journal is ª The Royal Society of Chemistry 2013
high quality, uniform coatings, it requires precise control and a
clean environment. Comparatively, the environment in the
vacuum vapor delivery system used for IST’s coatings is in a
vacuum, which inherently is very clean and eliminates any
moisture variation that could affect surface modication coat-
ings. Also, this process produces very smooth and uniform
coatings (in the nm range), even in small areas because of the
vaporized precursors.

Fig. 2 and 3 show the percentage of bacteria recovered from
our coated devices and tubes when tests were run using the
simple buffer system (Fig. 2) and lysed whole blood (Fig. 3). In
these gures, each bar represents the average recovery observed
for a single type of coating. The dark gray portions of the bars
correspond to the amount of bacteria recovered from the pellet
of each device or tube while the light gray portions of the bars
show the additional residual bacteria recovered during the
subsequent wash step. Since removal of the pellet involved a
single aspiration and was less mechanically rigorous than the
wash, higher pellet recovery rates were expected for coatings
with greater resistances to bacterial adhesion.

When assessing the performance of each coating, two main
factors were considered: the overall recovery of bacteria as well
as howmany bacteria were recovered from the pellet versus from
the wash. We rationalized that the bacteria collected in the
pellet were less adhered to the surface than those recovered in
the subsequent more vigorous wash step. Accordingly, the pellet
recovery was an important factor to bear in mind and it was
observed that the recovery varied considerably between
coatings.

To determine whether the results were statistically signi-
cant, Student t-tests were performed for each of the tested
coatings against the controls (Pluronic-coated devices and
Pluronic-coated commercial tubes). Summaries of the statistical
analysis are shown in Tables 2 and 3.
Pluronic-coated polypropylene tubes and blunt-nosed devices
(control conditions)

Polypropylene tubes and blunt-nosed devices were coated with
Pluronic F127 and were considered positive control conditions
in our study. Pluronic is a tri-block copolymer of poly(ethylene
oxide) (PEO) and poly(propylene oxide) (PPO). Due to its
Anal. Methods, 2013, 5, 273–280 | 275
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Fig. 2 Comparison of coatings in a simple buffer system (PBS–BSA). The bottom (dark shading) bars represent the bacterial recovery from the pellet at the bottom of
the disposable. The top (light shading) bars represent the bacterial recovery after 70 mL of deionized water were added to the chamber and pipetted up and down. Each
bar represents the mean of at least three replicate experiments with a single standard deviation shown.
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PEOn–PPOm–PEOn conguration, the copolymers physically
adsorb dissimilarly onto surfaces of different hydrophobicities;
on a hydrophilic surface the two terminal blocks of PEOn anchor
to the surface compared to the attachment of the central block
PPOm when the surface is hydrophobic.36 Since polypropylene is
slightly hydrophobic, the PPOm block adheres to the surface,
leaving the PEOn chains to be suspended in the adjacent solu-
tion, creating a brush conformation. The brush conformation of
PEOn produces non-adhesive properties due to its highly
hydrated polymer chains. These chains can be compacted by an
approaching particle, which results in less-mobile polymer
chains and a repulsive osmotic force. Both of these results
discourage close contact of the particle and, therefore, decrease
adhesion.37,38 Therefore, Pluronic-coated commercial poly-
propylene tubes and blunt-nosed devices were used as our
positive controls.
Fig. 3 Comparison of coatings in pooled whole blood. The bottom (dark shadi
disposable. The top (light shading) bars represent the bacterial recovery after 70 mL of
represents the mean of at least three replicate experiments with a single standard

276 | Anal. Methods, 2013, 5, 273–280
The bars to the far le in each graph show the recovery
obtained from 15 mL commercial polypropylene centrifuge
tubes coated with Pluronic. Previous tests in our laboratory
showed that these conditions yielded almost 100% recovery of
MSSA, and subsequently we used these values as the standards
to which all the coatings would be compared. We found that
approximately 100% of the bacteria were recovered from the
control tubes when the simple buffer system was used (79% in
the pellet and 28% in the wash). When lysed blood was used
about 80% of the MSSA was recovered (59% in the pellet and
23% in the wash).

In addition to the Pluronic-coated polypropylene tubes, we
also coated polypropylene and acrylic blunt-nosed devices with
Pluronic. These devices were machined, not molded like the
commercial tubes, and were used as a second control condition
to which we compared the coated devices’ recoveries. While the
ng) bars represent the bacterial recovery from the pellet at the bottom of the
deionized water were added to the chamber and pipetted up and down. Each bar
deviation shown.

This journal is ª The Royal Society of Chemistry 2013
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Table 2 This table summarizes the statistical significance of the recovery rates
obtained from the simple buffer tests. Each row represents a single coating and
the columns represent the control conditions to which they are being compared.
A negative sign (�) signifies that the coating's recovery was worse than the
control condition (p < 0.05). A positive sign (+) indicates that the coating's
recovery was better than the control condition (p < 0.05). A zero (0) means
that coating's recovery was not significantly different from the control condition
(p > 0.05)

Pellet recoveries Total recoveries

Pluronic
coated
devices

Pluronic
coated
tubes

Pluronic
coated
devices

Pluronic
coated
tubes

AST – weakly positive � � � �
AST – weakly negative � � 0 �
AST – neutral � � 0 �
BioCoat – PP � � 0 �
BioCoat – acrylic � � � �
Hydromer – 7-TS-13 + 0 + 0
Hydromer – Aqua
65JL

+ 0 0 �

IST – Al2O3 + 0 + �
IST – Al2O3 + SiO2 0 � 0 �
IST – super-
hydrophobic

0 � 0 �

IST – PEG 0 � 0 �
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commercial tube recovery rates were considered to be the
maximum possible under perfect conditions, the recovery rates
from the Pluronic-coated blunt-nosed devices were in fact a
more realistic control condition to which to compare the coat-
ings because the surfaces were manufactured using the same
process. The commercial tubes may have additional surface
Table 3 This table summarizes the statistical significance of the recovery rates
obtained from the lysed blood tests. Each row represents a single coating and the
columns represent the control conditions to which they are being compared. A
negative sign (�) indicates that the coating's recovery was worse than the control
condition (p < 0.05). A positive sign (+) means that the coating's recovery was
better than the control condition (p < 0.05). A zero (0) signifies that coating's
recovery was not significantly different from the control condition (p > 0.05)

Pellet recoveries Total recoveries

Pluronic
coated
devices

Pluronic
coated
tubes

Pluronic
coated
devices

Pluronic
coated
tubes

AST – weakly positive � � � �
AST – weakly negative 0 � 0 0
AST – neutral 0 � � �
BioCoat – PP 0 0 0 0
BioCoat – acrylic 0 0 0 0
Hydromer – 7-TS-13 + 0 + 0
Hydromer – Aqua
65JL

+ 0 + 0

IST – Al2O3 0 � 0 0
IST – Al2O3 + SiO2 0 � 0 0
IST – super-
hydrophobic

0 � 0 0

IST – PEG 0 � 0 0

This journal is ª The Royal Society of Chemistry 2013
coatings or treatments that inuence bacterial adhesion; our
efforts at researching the manufacturing method were unpro-
ductive. Therefore, the machined blunt-nosed devices were
used as our benchmarks.

When the simple buffer system was used with the poly-
propylene devices coated with Pluronic, we observed total
recovery rates of approximately 80% with nearly equal amounts
of bacteria coming from the pellet and wash. These gures
remained roughly the same when blood was used, once again
with similar recoveries obtained from the pellet and wash.

When acrylic blunt-nosed devices were treated with Pluronic,
recovery rates were comparable to those seen in the commercial
tubes when both the simple buffer system and lysed blood were
used. For the simple buffer system, recoveries were found to be
85% in the pellet and 28% in the wash. For lysed blood,
recoveries were found to be 38% in the pellet and 49% in the
wash. Overall, the Pluronic-coated acrylic devices performed
better than the equivalent polypropylene devices. However,
polypropylene is a much more common material in biomedical
devices due to its ability to be autoclaved, its strength to with-
stand high centrifugation, and ease in molding. Subsequently,
the polypropylene devices were of greater interest to us than
the acrylic devices.

AST coatings – positive, negative and neutral charged coatings

In the simple buffer system, the weakly negative and neutral
AST coatings had about 70% total recovery, which was compa-
rable to Pluronic-coated devices. However, the weakly positive
coating had 0% recovery, presumably because the negatively
charged bacteria adhered to the positively charged coating.
Also, all AST coatings had very low pellet recoveries, indicating
that the bacteria were adhered to the coating surface, rather
than concentrated into the pellet.

AST’s weakly positive coating rendered the lowest recovery
rate of all the coatings when lysed blood was used. This coating
had only a 17% total recovery, found entirely in the pellet. AST’s
other coatings also resulted in low overall recoveries when
compared to Pluronic-coated devices using lysed blood. On the
other hand, the neutral and negative coatings resulted in pellet
recoveries that were statistically similar to those seen with the
Pluronic-coated devices. More bacteria were collected in the
pellet using lysed blood as compared to the simple buffer
system presumably because of the additional components
present in blood (such as cells, cell fragments, proteins, fat, etc).
These components can interact with the bacteria and block the
walls of the devices, which can interfere with the electrostatic
association. All of these factors could help to concentrate
bacteria under centrifugation.

BioCoat coatings – hyaluronic acid

The main component of BioCoat’s coatings is hyaluronic acid, a
lubricant found in body tissue. Given its hydrophilic, biocom-
patibility, and non-thrombogenic nature, good interactions
with the blood system were predicted. BioCoat’s coatings were
applied to both polypropylene and acrylic blunt-nosed devices
for the simple buffer system and the lysed blood experiments.
Anal. Methods, 2013, 5, 273–280 | 277
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An acrylic device was used in addition to polypropylene because
the manufacturer advised that the coating might not adhere
properly to polypropylene. In the simple buffer system, the
acrylic device had a slightly better recovery in the pellet
compared to the polypropylene device. However, the total
recovery of the bacteria of both devices was around 75% when
the wash was taken into account.

In the blood and lysis buffer test, little difference was
observed between the polypropylene and acrylic devices. Both of
the two materials had almost 80% recovery between the pellet
and the wash. The acrylic device performed slightly better in the
pellet recovery than the polypropylene device with 61% and
43%, respectively, conrming predictions of a better coating on
an acrylic material.

Overall, regardless of the material or the experimental
conditions, devices treated with BioCoat’s coatings did not
prevent bacterial adhesion better than similar devices treated
with Pluronic. Under the best conditions, BioCoat’s coatings
performed as well as Pluronic-coated controls. When
comparing BioCoat’s coatings to the other negatively charged
AST coating, BioCoat achieved slightly higher recoveries.
However, because Biocoat’s coating performed better on acrylic
than the more common polypropylene, it is not as good of a
candidate for devices that are required to be made of
polypropylene.

Hydromer coatings – polyvinylpyrrolidone

Hydromer provided two coatings: 7-TS-13 and Aqua 65JL. The
primary constituent of these coatings was stated to be poly-
vinylpyrrolidone, a transparent polymer which has chemical
and biological inertness, low toxicity, and biocompatibility.
Given these properties, high pellet recoveries were expected. In
the simple buffer system experiments, the 7-TS-13 coating gave
very high bacterial recoveries in the pellet (72%) and when the
pellet recovery was combined with the wash recovery (26%),
almost 100% bacterial recovery was obtained. Both the pellet
and total recoveries were comparable to those seen with the
Pluronic-coated commercial tubes and signicantly greater
than the Pluronic-coated devices. The Aqua 65JL coating
produced high recoveries; however, the total recovery was lower
than that of the commercial tubes and was comparable to that
of the Pluronic-coated devices.

Almost 100% total recovery was obtained from Hydromer’s
two coatings when whole lysed blood was used. The pellet
recovery for 7-TS-13 was 61% and Aqua 65JL was 49%. Both the
pellet and total recoveries were signicantly better than the
Pluronic-coated devices and comparable to the commercial
tubes treated with Pluronic.

IST coatings – hydrophilic and super-hydrophobic coatings

Four coatings were obtained from IST: Al2O3, SiO2 (atomic layer
deposited), super-hydrophobic, and poly(ethylene glycol) (PEG).
In the simple buffer test, the SiO2, super-hydrophobic and PEG
coatings did not perform well (around 65% total recovery) when
compared to the other IST coating, Al2O3, which was the only
IST coating with higher recoveries than the Pluronic-coated
278 | Anal. Methods, 2013, 5, 273–280
devices (around 90% total recovery). The disappointing PEG
results were surprising, given its reputation as a biocompatible
cell repellent surface. PEG is a water-soluble, nontoxic, and non-
immunogenic polymeric material that reduces non-specic
effects of protein adsorption and colloidal aggregation. The
large number of hydrogen bonds between PEG and water
molecules produces large repulsive forces with proteins,
resulting in resistance to non-specic protein binding.39,40 The
degree to which a PEG coating successfully reduces bacterial
adhesion is dependent on the length of the polymer. The PEG
coating available through IST was mPEG (EGn where n ¼ 9),
which is a relatively short polymer with an average molecular
weight of around 400 Da. Comparatively, PEG chains with high
molecular weight (n z 30) are frequently graed onto the
surface of materials to improve the biocompatibility and
decrease bacterial adhesion.41–44

In the lysed blood tests, IST’s PEG coating had the best result
of the four IST coatings tested, which was more consistent with
our hypothesis based on PEG’s exceptional resistance to protein
adsorption. The PEG coated devices had almost 90% total
recovery; however the pellet recovery was quite low at 39%,
indicating that most of the bacteria were weakly adhered to the
surface and became dislodged during the wash step. The other
three coatings (Al2O3, SiO2, super-hydrophobic) each had less
than 80% total recovery and none of them had over 50% of the
bacteria present in the pellet. The Al2O3 coating was tested
because the devices could be coated quickly, even though Al2O3

has been found to attract bacteria.45 The SiO2 coating is essen-
tially a glass coating on the polypropylene blunt-nosed device.46

Untreated glass can adhere biological organisms, suggesting
that the bacteria could have adhered to the coating. The low
recovery of the super-hydrophobic coating was unexpected
since the aqueous solution should have very minimal interac-
tions with the coating wall due to its high hydrophobicity.
Super-hydrophobic coatings have contact angles greater than
150� but can have a low or high adhesive force.47 On these
devices, the aqueous solutions had a low adhesive force, and
adopted a non-wet-contact mode, so it was expected that the
bacterial solutions would have negligible contact with the
surface. Some evidence exists to support the hypothesis that
super-hydrophobic coatings can prevent biolm formation and
bacterial colonization.48,49 However, with 67% total recovery
and, of that, only 28% in the pellet, the performance of the
super-hydrophobic coating was lackluster. It may be due to the
fact that in the conditions of our experiments, the centrifugal
forces overcome the repulsive hydrophobic forces resulting in
poorer performance than that may be achieved with other
experimental parameters (e.g. implantable devices).
Conclusions

In these experiments, commercial centrifuge tubes and
machined polypropylene and acrylic devices were treated with
several different coatings in an effort to reduce bacterial adhe-
sion under centrifugation. It was found that the range of
bacteria recovered from the devices and tubes varied
This journal is ª The Royal Society of Chemistry 2013
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considerably with some coatings resulting in almost no
recovery, and others allowing almost 100% recovery.

Of all the coatings tested, two in particular showed the most
promise: Hydromer’s 7-TS-13 and Aqua 65JL. The 7-TS-13
coating resulted in total recoveries comparable to those seen
with Pluronic-coated commercial tubes or Pluronic-coated
devices, when both lysed blood and the simple buffer system
were used. This was also true for the Aqua 65JL coating except
that its total recoveries were slightly lower than those corre-
sponding to Pluronic-coated commercial tubes when the lysed
blood model was used.

When just the recovery rates from the pellets were consid-
ered, the Hydromer coatings still outperformed the others
tested. When either the simple buffer or lysed blood tests were
used, both Hydromer coatings showed pellet recoveries similar
to those of the coated commercial tubes and better than those
of the Pluronic-coated blunt-nosed devices. Although the
7-TS-13 coating was not statistically better than the 65JL
coating, its average recoveries were higher and it was the only
coating of all those tested that out-performed the Pluronic-
coated devices under the simple buffer and lysed blood condi-
tions for both the total recovery and pellet recovery. These
coatings were applied via dip coating, which worked well with
the size and shape of our device. Future testing will need to be
performed for coating smaller dimensions.

By studying this array of coatings, we were able to gain insight
into the best coatings to minimize MSSA adhesion to coated
polypropylene and acrylic devices. Based on the obtained data, we
were able to determine that Hydromer’s 7-TS-13 coating was the
most effective in resisting bacterial adhesion, even in devices in
which the bacterial interactions with the surface were driven via
centrifugation. In the development of in vitro diagnostic devices
for the detection of bacteremia, coatings such as Hydromer’s 7-
TS-13 are critical so the low numbers of bacteria found in solu-
tion are not lost to non-specic binding to the surface. With the
increasing focus onminiaturization andmicrouidic devices that
have high surface area to volume ratios, coatings that reduce
bacterial adhesion are of even greater importance.
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