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Abstract

A novel rapid method for bacterial differentiation is explored based on the specific adhesion
pattern of bacterial strains to tunable polymer surfaces. These preliminary investigations lay the
foundation for the development of an electronically tunable array of sensors that will provide
patterns of information to feed into computational recognition algorithms to enable swift
diffentiation of bacterial species. Different types of counter ions were used to electrochemically
fabricate dissimilar polypyrrole (PPy) films with diverse physicochemical properties such as
hydrophobicity, thickness and roughness. These were then modulated into three different oxidation
states in each case. The dissimilar sets of conducting polymers were exposed to a number of
different bacterial strains. Generally, the number of cells of a particular bacterial strain that adhered
varied when exposed to dissimilar polymer surfaces, due to the effects of the surface properties of
the polymer on bacterial attachment. Similarly, the number of cells that adhered varied with
different bacterial strains exposed to the same surface, reflecting the different surface properties
of the bacteria. Five different bacterial strains, Deinococcus proteolyticus, Serratia marcescens,
Pseudomonas fluorescens, Alcaligenes faecalis and Staphylococcus epidermidis, were seeded onto
various PPy surfaces. By analysis of the fluorescent microscope images, the number of bacterial
cells adhered to each surface were evaluated. Principal Component Analysis showed that all had
their own specific adhesion pattern with respect to the set of applied PPy areas. Hence, these
strains could be discriminated by this simple, label-free method. In summary, this provides a proof-
of-concept for using specific adhesion properties of bacterial strains in conjunction with tunable

polymer arrays and pattern recognition as a method for rapid bacterial identification in situ.

1. Introduction
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Rapid bacterial detection is required in many fields including clinical diagnostics, food and water
safety, biosecurity and bioprocess control [1]. Although standard bacterial identification methods
based on culturing are powerful, accurate and dependable, they are also cumbersome, tedious and
take at least two days to deliver a result after sampling. These methods also require specific media,
laboratories and trained staff [2-4]. Despite the recent introduction of a wide range of commercially
available bacterial detection methods, including molecular biology-based techniques such as
polymerase chain reaction (PCR), restriction fragment length polymorphism (RFLP), DNA
microarray assays, and immunological techniques such as enzyme-linked immunosorbent assay
(ELISA) and flow cytometry, most of these methods remain expensive, need special pre-treatment
and require expert operators, which restricts their effectiveness as rapid and easy-to-use methods.
The use of labile components such as enzymes and antibodies also severely limits their potential

application on-line or in-line for process control.

Conjugated or conducting polymers, such as polypyrrole, have been used in biomedical and cell
biology research because they provide both electronic and ionic-charge carriers and thus make for
a good interface to electronically control, stimulate or sense biological species. They have been
used for bio-sensing [5-7], as electrodes for stimulation or recording [8, 9], for controlling cell
adhesion, proliferation [10-12] and stem-cell differentiation [13], for controlled drug release [14,
15] and even to mechanically stimulate cells [16]. They can be fabricated electrochemically using
various counter ions [17-19] and modified with a variety of biomolecules [5, 6, 20]. Surface
properties of these very well studied polymers can be effectively controlled and reproduced by
controlling the polymerisation conditions as well as by using appropriate counter ions. The use of

various types of dopants in combination with different polymerisation conditions influences



polymer surface properties like thickness, roughness, conductivity and hydrophobicity [17, 21-23]

and has been shown to influence cell viability [18, 19, 24].

Bacteria grow in two states, planktonic form and attached to surfaces as biofilms. Cell gene
expression and its phenotypes in the same microorganism differ in these two situations [25, 26].
Changing state from planktonic to biofilm formation starts by adhesion of the bacterial cell to the
surface [27]. There are two main factors affecting bacterial attachment to a surface: cellular
properties and environmental factors [28, 29]. Many surface features can affect bacterial adhesion,
including roughness, hydrophobicity and the natural properties of the surface materials [30-32].
Interaction of bacterial cells with various surfaces has been studied for many years, especially with
respect to biofouling. For instance, coating materials which have the ability to decrease bacterial
attachment to the surface have many applications in medical implants, food processing, agriculture
and ship design [33, 34]. Many reports describe that seeding different bacterial strains onto similar
surfaces results in different amounts of adherence [35, 36]. This difference could be related to the
existence of different physicochemical characteristics between species and strains [37]. Surface
proteins and extracellular organs such as pili, fimbria, flagella and curli help bacteria to attach to
the surfaces [38]. Different ratios and biochemical composition of these cell wall appendages cause
variation in adhesion properties between different bacterial species and even different strains of

the same species [39].

Despite this wealth of literature, there are no previous reports of using adhesion properties in a
systematic way to produce a programmable array for rapid, label-free detection and identification
of bacteria. We propose that identifying microorganisms based on their specific adhesive
properties to different or modulated surfaces, generating a species or strain specific adhesion

pattern, could lead to a fast diagnostic and novel bacterial detection tool.



One new method for bacterial discrimination which has been extensively reported during recent
decades is the electronic nose. E-noses are based on using a sensing array of individual gas sensors
to identify specific recognition patterns related to particular mixtures or microbial populations [40-
43]. These studies demonstrate the potential of using a specific pattern recognition array in order
to rapidly characterise an unknown sample. Here, we evaluate a novel extension of this theme by
using a set of polymers to discriminate bacteria based on their specific adhesion patterns. We have
illustrated this principle by preparing four dissimilar-doped PPy films, each in three states,
oxidised, reduced and as fabricated, with different surface properties, to discriminate five bacterial
strains belonging to different classes or orders. We envisage an array that, in combination with an
appropriate transducer and pattern-recognition software, will detect the strain specific adhesion
patterns, providing a convenient and inexpensive biosensing device able to rapidly and specifically
detect or monitor changes in microbial populations in applications such as food fermentation,
where the correct balance of species must be maintained. Furthermore, since the surface properties
of PPy films can be electrochemically modulated in real time, the opportunity exists to add a
further dynamic to the measurement to enhance differentiation and expand the range by using a

smart sensing array.



2. Experimental Section

2.1. Polypyrrole synthesis: Pyrrole monomer (Sigma—Aldrich, St. Louis, USA) was distilled and
stored at —20°C prior to usage. Four dopants were used to in situ electrochemically synthesise four
types of polypyrrole film on gold coated silicon chips. Sodium p-toluene-sulfonate (ToS) was
obtained from Acros Organics (New Jersey, USA). Dodecylbenzene sodium sulfonate (DBS) was
purchased from TCI (EUROPE N.V, Belgium). Poly (sodium 4-styrene-sulfonate) (PSS) was
purchased from Sigma-Aldrich and sodium chloride was purchased from Merck (Darmstadt,
Germany). The four PPy films were electrochemically synthesised and in situ deposited on the
gold coated silicon chips with 1 cm? (10 mm by 10 mm) accessible surface area using a constant
potential of 650 mV and a fixed charge of 100m C in an electrolyte solution containing 0.1 M
pyrrole monomers and 0.1 M of the respective dopant in de-ionised water (Milli Q, 18.2 MQ). The
solution was deoxygenated by using an oxygen-free nitrogen gas flow for 5 min before the polymer
fabrication. To reduce variation and increase reproducibility, the gold working electrodes were
cleaned using a RCA1 solution (5:1:1 mixture of D.I water, ammonia 25% and hydrogen peroxide
28%, respectively, for 10 min at 85° C) before the polymerisation process and kept in de-ionised
water prior to use. The constant potential was applied using a Compactstat.e (Ivium Technology,
The Netherlands) potentiostat. A three-electrode configuration was used where the gold coated
chip was employed as the working electrode, a platinum mesh (40 mm by 50 mm) as the counter
electrode and an Ag/AgCl electrode was used as the reference electrode. The measured deposition

current transients for the four different PPy electrosynthesis are shown in Figure S1.

2.2 Electrochemical oxidation or reduction: In order to increase the number of dissimilar surfaces
and add another, dynamic level of tuneable surface properties the PPy films were

electrochemically modulated in real time. The redox state, and thus surface properties, of the four



PPy surfaces was altered by either reducing or oxidising the PPy using a fixed potential of -0.9 V
or +0.3 V for 300s, respectively. The same three-electrode system as used for the electrosynthesis
was used except that the electrolyte was a solution of 0.1 M of the dopant in de-ionised water. The
measured current transients of the reduction and oxidation of the four different PPy surfaces are

shown in Figure S2A and S2B, respectively.

2.3 Polymer surface characterisation: One drop (10 pl) of fresh Milli Q water (18.2 MQ) water
was placed on the polymer surface and five images were recorded using a CAM?200 Optical
Contact Angle Meter (KSV Instruments, Finland). The average of the contact angle, computed by
the accompanying software, was recorded as the measured contact angle. Surface thickness and
roughness were determined using a Dektak 6M Profilometer (Veeco Instruments Inc., NY, USA).
The reported data are average of three independent experiments. The Scanning Electron

Microscopy (SEM) images were taken using a Leo 1550 Gemini SEM operating at 4.0 keV.

2.4 Bacterial Adhesion Tests: The five bacterial strains used in this study were Deinococcus
proteolyticus, Serratia marcescens, Pseudomonas fluorescens, Alcaligenes faecalis and
Staphylococcus epidermidis. All bacterial strains were acquired from the Culture Collection,
University of Goteborg, Sweden except S.epidermidis which was obtained from Linkoping
University Hospital. Bacterial strains were grown in Tryptic Soy Broth (TSB), at 37°C and 170
rpm. The bacterial cells were cultured overnight (18hrs) and then harvested by centrifugation (5
min at 3756g). Supernatant was discarded and the pellet was re-suspended in sterile phosphate
buffered saline (PBS) solution (pH 7.4). This procedure was repeated three times to remove
organic and inorganic impurities. After the last centrifugation, the concentration of the bacterial
cell was adjusted to 10® cfu/ml by measuring the adsorption at 600 nm using a spectrophotometer

(Shimadzu UV-1601 PC, Japan). The optical density equal to a concentration of 10 cfu/ml for



each bacterial strain had already been determined by the standard plate count method. Polymer
samples were placed in each well of a 6-well microtitre-plate and 7.5 mL bacterial cell suspension
was added to each well and incubated at 70 rpm for 60 minutes at 37 °C. The samples were then
gently rinsed three times with PBS to remove non- or weakly adhered cells. To quantitatively
evaluate the number of adhered bacteria to the PPy surface, bacteria were stained by ethidium
bromide (0.05 %, 45 min). Images were taken at ten random positions on the surface of each
sample using fluorescent microscope, corresponding to a total area of 1.25x10°’um?. The images

were analysed with Imagel] software (free download at http://imagej.nih.gov/ij/index.html) to

count the number of bacterial cells on each of the images. The adhesion levels were given as
number of cell/cm?, averaged from these ten images. The final reproducibility was assessed by

repeating the measurements on three independent samples [26, 30, 65].

2.5 Principal component analysis: Principal component analysis was performed using the software

SIRIUS 6.5 from Pattern Recognition Software, Norway.

3. Results

Figure S3 shows optical photographs and SEM images at various magnifications of the twelve
fabricated samples. The higher magnification SEM images show the typical nodular cauliflower
like structure of PPy. Figure 1 shows the thickness, roughness and wettability (water contact angle)
parameters of the twelve polymer samples, that is, the PPy surfaces with the four different dopants
and at three different redox states (as fabricated, oxidised and reduced). As shown in Figure 1a,
PPS-doped polymer had the most hydrophilic surface. DBS- and ToS-doped fabricated polymers
were in similar range of hydrophobicity. Altering the redox state had a significant effect on the

wettability properties in DBS- and PSS- doped polymers. Variation in the wettability of different
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redox states of ToS and Cl doped polymers was also observed, but the differences were not as
large as for DBS or PSS doped polymers. Both thickness and roughness were measured using a
profilometer. The difference in thickness between the fabricated samples was clear; only (Tos) -
and (PSS)-doped polymers were in a similar range. Applying potential in order to change the redox
state of the polymers had affected the polymer thickness. The PPy surfaces are relatively flat as
evidenced by the SEM images (Figure S3B) and the roughness values of all surfaces that were
relatively low, < 100 nm. However, the as-fabricated states of ToS- and PSS-doped polymers were
relatively rougher than the DBS- and Cl-doped polymers. Here again changing the redox state had
clearly affected the roughness. However, the nature of this change was not similar in these sets of
polymers. For example, although the oxidised state of PSS doped polymers was smoother than the
as-fabricated ones, in the Cl-doped polymers the opposite was seen. There was no significant
relationship between thickness and roughness to indicate that the type of dopant had more effect

on polypyrrole roughness properties rather than on the thickness of the polymer.

In order to prove the principle of differentiation based on controllable polymer surface properties,
five bacterial strains, D.proteolyticus, S.marcescens, P.fluorescens, A.faecalis and S.epidermidis,
belonging to four different bacterial classes. From the class of Gamma Proteobacteria, we even
chose bacteria (P. fluorescens and S. marcescens) from two different orders. The bacteria were
seeded onto the different surfaces. We chose three Gram negative and two Gram positive bacteria,
in order to investigate whether having similar surface construction gives bacteria similar adhesion
tendencies. In addition, bacteria were selected from different classes to check the possibility of
phylogenic similarity with respect to adhesion to a particular polymer surface. To quantify the
behaviour of the bacteria seeded on to these surfaces, the numbers of adhered bacterial cells on

each sample were determined as described earlier. Figure 2A shows the number of bacteria



attached to the four types of polypyrrole, which were polymerised under the same conditions, but
with different dopants and in their as-fabricated, non-switched state. Figure 2B quantitatively
shows the effect of different polymer surfaces on bacterial adhesion. As can be seen, the bacteria
show a different adhesion pattern to the various surfaces. Figure 3 illustrates the effect of the redox
state on bacterial adhesion. It shows that changing the redox state adds another level of
differentiation. For instance, the as-fabricated PSS-doped PPy surface could not statistically
differentiate between A.faecalis and S.marcescens, but when the PPy is reduced, the difference in
adhesion is significant, likewise for the example of ToS-doped PPy. Figure 4 reveals the adhesion
pattern of bacteria to all of the twelve arrays of the polymer films together with the Standard
Deviation for each test. In order to get an overview and to search for structure in this vast amount
of data, multivariate data analysis has proved to be a valuable tool. Principal component analysis
(PCA) is a statistical procedure that calculates a vector which describes the direction of the largest
variance in the experimental data, that is the direction that describes the largest differences between
observations. This vector is called the first principal component. The second principal component

is orthogonal to and thus independent of the first principal component.

The directions of the principal components in relation to the original variables or sensor responses
are defined as the loading vectors and the score vectors describe the directions of the principal
components in relation to the observations or experiments. Thus, corresponding to the loading
vectors a loading plot can be made, showing the relationships between the original variables and
how much they influence the system. A corresponding score plot shows the relation between the
observations or experiments, and groupings of observations in the score plot can be used for

classifications [44].
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For the experiments described in this study, the score plot (Figure 5A) represents the correlation
between the experiments of the various bacteria, i.e. the data of Figure 4, and the loading plot
(Figure 5B) the correlation between the observations, that is the responses from the various PPy
surfaces. The score plot thus shows how well the bacteria can be classified and since they cluster
well, they are well classified. S.epidermidis, a Gram positive organism, exhibited a distinctly
different pattern compared to the Gram negative organisms. However, D.proteolyticus, which is
an atypical Gram positive organism behaved more similarly to Gram negative bacteria than
S.epidermidis. Gram negative bacteria, used in this study, are not so closely clustered in the PCA
plot, but they showed good repeatability. In the loading plot, the importance of each particular
surface can be estimated. The further a point is positioned from the origin, the more important this
surface is in differentiating the bacteria strains. For the particular set of bacteria used in this study
it shows that DBS-doped polymers are important differentiators, while on the other hand reduced
ToS- and oxidised Cl-polymers are least important. It is also interesting to see, for instance, that
there is little differentiation capacity between reduced and oxidised PSS, and between as fabricated
ToS and as-fabricated PSS. In summary, it was clear that the five bacterial strains used showed
significantly different adhesion patterns with this set of polymer surfaces and this provides an

important proof-of-principle for the proposed methodology.

4. Discussion

Bacterial adhesion to a surface is a complex process which starts by interaction of the cell surface
structural macromolecules and the interface [45]. Many factors affect bacterial adhesion to a
surface, including the properties of the surface material, environmental conditions and also the
bacterial cell surface properties, and this makes it a complex and multifactorial phenomenon [42,

46-50]. Bacterial cell attachment to a surface is generally described by two stages; initial

11



attachment, which is rapid and reversible and involves physicochemical interactions between
bacterial cell surfaces and the material surfaces, and non-reversible attachment, which involves
specific and non-specific interactions between proteins on the bacterial surface structures and
binding molecules on the material surface, as well as physicochemical interactions [51, 52].
Changing the parameters which mainly influence bacterial attachment, such as charge,
hydrophobicity and roughness [53, 54], can increase or decrease bacterial attachment and have
found various specific applications (for example biomedical implants should inhibit bacterial
attachment while, in some cases in biotechnology, the attachment of bacteria to a surface is
desirable). The extensive literature in these areas reveals that changing surface parameters has
different effects depending on the kind of bacteria [49]. One of the surface parameters which has
a drastic effect on bacterial adhesion is hydrophobicity of both the surface of cells and materials
[55]. It has been observed that bacterial cells have a greater tendency to attach to hydrophobic
surfaces than hydrophilic surfaces. However, in some cases the surface tension of the suspending
medium and the bacteria can change this expectation [54, 56]. So, the relationship between the
number of adhering microorganisms in relation to the surface hydrophobicity still seems to be

controversial [57, 58].

Water contact angle is a parameter which indicates the hydrophobicity of surface materials. Figure
1.a demonstrates the hydrophobicity of the twelve polypyrrole samples. PSS-doped polymers have
hydrophilic surfaces property while ToS and ClI have less hydrophilic properties. These data are in
agreement with other reports which indicate the role of the dopant in the wettability of polypyrrole
[21]. The redox state altered the hydrophobicity of the polymer surfaces, but the impact of this
effect varied due to the type of dopant. DBS-doped polymer showed a drastic change in

hydrophobicity in the different redox states [59]. Comparing Figure 1.a and 2B shows some
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correlation between water contact angle and adhesion in some cases. Because changing dopant or
redox state also changes other physicochemical properties which affect bacterial adhesion, it is not
easy to resolve the impact of the individual parameters on bacterial adhesion. For our purposes,
the wettability of the polymer surfaces could be controlled by using an appropriate dopant and the
redox state conditions [17, 22, 23, 60]. Roughness is described as the typical height variation on
the surface. Many researches have tried to describe the relationship between roughness and
bacterial adhesion. Although, there is still not a general agreement on the subject of the minimum
level of roughness which affects the bacterial adhesion, a strong relationship between bacterial
adhesion and surface roughness has been highlighted [57, 61]. Almaguer et al., surveyed the
impact of surface roughness and surface chemistry on the adhesion of oral bacteria and they
reported that depending the type of bacteria, each factor could have more effect on bacterial
colonisation [46]. Not only roughness, but also the topography of the surface can affect bacterial
adhesion [62, 63]. Hsu et al., found that bacterial cells exhibit different behaviour depending on
the topographical details of the surface to which they attached [30]. So, changing one surface
parameter did not deliver a predictable result and adhesion should be considered as a complex
response related to all ambient conditions and bacterial behaviour. Figure 1.b and c show the
roughness and the thickness of the set of polymer used in this study; there was no significant
relationship between thickness and roughness. Since the mass amount of electro-polymerised
polypyrrole is directly proportional to the amount of charge passed during synthesis, all samples
were equal with respect to the amount of polypyrrole. On the other hand, the thickness of polymer
is related to the charge passed, surface area of the working electrode and the density of final
product [21]. Because in this case the charge and surface area were fixed in all samples, the

difference in thickness is related to the contribution of each dopant in the final mass product and/or

13



the different density of each polymer type. There is also no clear relation between roughness and
thickness even among the different redox state of the same doped polymer. From this it can be
concluded that the different redox states of the same doped polymers also have different
physicochemical properties, which conveniently fits with our proposed method. The type of dopant
and redox state has considerable impact on the thickness, roughness and hydrophobicity of PPy,
which in turn affects the bacterial attachment and enables us to fabricate a set of surfaces with,
varies surface properties. In our experiments, we observed that the polymer surface properties will
change not only with dopant type and redox state, but also with polymerisation technique and even
polymerisation parameters such as charge and voltage. All these affecting factors provide the
ability to make many different tunable conjugated polymer surfaces as potential constituents for a

high density array.

Many scientific articles report that related bacterial strains show different adhesion properties on
a similar surface and under the same environmental conditions, due to their different surface
proteins and/or appendices [64, 65]. Since bacterial appendices and cellular surface properties are
genetically determined and are species or even strain specific, the ability or tendency of bacterial
cells to attach to surfaces is species or strain specific and can, in principle, be used as a new method
for bacterial discrimination, detection and identification. The current study demonstrates such
inherent behaviour of five bacterial strains exposed to dissimilar surfaces and illustrates the
potential for bacterial discrimination using a variety of polymers. This principle could be expanded
for the fabrication of larger micro-fabricated arrays to provide a new kind of robust, label-free
sensor for bacterial differentiation. As a proof-of-concept of our new method, five different

bacteria, both Gram positive and Gram negative, were used.
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In classical microbiology bacterial strains differentiate by their cell wall structures into Gram
positive and Gram negative. These two groups have totally different chemical properties on their
bacterial surfaces. The Gram positive bacterial surface is composed of peptidoglycan and teichoic
acids with high oxygen: carbon ratio, which causes the surface to be more hydrophilic, whereas a
Gram-negative bacterium is composed of an outer membrane with lipids and lipopolysaccharides
with high ratio of nitrogen/carbon due to the presence of proteins, which cause the surface to be
more hydrophobic [56]. Figure 2A qualitatively demonstrates the different response of these
bacterial strains exposed to a set of different polymer surfaces. The fact that different amounts of
these bacteria adhered to the same surfaces under identical condition indicates the impact of cell
surface properties on bacterial adhesion. Figure 3 illustrates the response to a dynamic redox state
and how this increases the ability of a particular type of surface to discriminate bacterial strains.
Although, A.faecalis and S.marcescens showed the same adhesion tendency to the both the as-
fabricated PSS and ToS doped PPy, the amount of adhered bacteria on the surfaces changed

following the induced change of the polymer’s redox state.

To quantitatively illustrate the concept, as shown in Figure 2A, bacterial cell count using software
analysis of the images, Figure 2B, 3, and 4, and the subsequent PCA plot in Figure 5, reveal the
difference between bacterial adhesion properties. As has been discussed, the adhesion of bacterial
cells to a surface is a complex process which is affected by many parameters. It is hard to say
whether thickness, roughness, hydrophobicity or type of dopant has the main effect on the variation
of the number of a bacterial strains attachment to different surfaces. It could be assumed that a
combination of all these variables determined the amount of adhesion for each sample. For our
purposes, however, a precise understanding of the mechanism is unnecessary as long as a suitable

array for differentiation can be fabricated that creates a different adhesion pattern for each strain.
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Biochemical fingerprints of whole cells have provided the basis for several new bacterial detection
tools including mass spectrometry (MS), vibrational spectroscopy (Raman and infrared),
electronic noses and light scattering analyses [58]. Pattern recognition techniques utilising the
electronic nose (e-nose) in particular, have been proposed for use in many fields including
microbial detection for medicine and food quality control [43, 66-68]. Here, we introduce a new
strategy for bacterial discrimination based on bacterial adhesion properties which builds on this
established body or work, but offers a new direction for research and application. E-noses are
based on bacterial volatile organic compounds, which do not vary much within a group of related
bacteria, for example among bacterial species belonging to the same genus of bacteria. However,
the distinct differences in adhesion properties of different bacterial species or even strains have
been widely reported [45, 64, 65]. In summary, we have shown that different bacteria show
dissimilar and distinct adhesion patterns and that these can be used for bacteria discrimination.
From a phylogeny view point, D.proteolyticus and P. fluorescens are widely separated, but in this
study they showed closely similar adhesion patterns. Hence, like many new methods, correlation
with conventional taxonomy may not be present and a more pragmatic way of utilising the

approach will need to be adopted.

5. Conclusion

This work provides a proof-of-concept of using a range of simple, tunable polymers that provide
different adhesive properties as a new label-free method for bacterial differentiation. The results
demonstrate that the tendency of different bacterial strains to adhere to a similar surface is
different. Although, some bacterial strains might display a similar range of attachment to one
surface, the overall pattern of the attachment is distinct when a range of surfaces is used. These

characteristic bacterial adhesion patterns provide a simple and robust means to discriminate
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Supplementary Information

Polymer Synthesis
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Figure S1. Transient curve of the electrochemical synthesis PPy. V applied = 650 mV. Inset: a
magnification of the first 5s.
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Fig S2 A. Transient curves of the Reduction of the different PPys used. Inset: a magnification of
the first Ss.
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Polymer Oxidation
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Fig S2B. Transient curves of the Oxidation of the different PPys used. Inset: a magnification of
the first Ss.
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EHT = 400kv  Dale:19Apr2015  Time:15:24:15 EHT = 200KV Date:19Apr2015  Time 115:40:66 I EHT = 400KV  Date 19 Apr2015  Time 115:32:31
Signal A= InLens. Photo Mo. =318 . Signal A= InLens Photo No, = 324 Signal A= InLens PhotoNo. = 322

Mag = 100.00K X EHT = 400KV Date:19Apr2015 Time:15:28:07 E EHT= 400kv Dste 19Apr2015 Time 165937  /RJ™ Mag = 10000 K X EHT= 400KV Date:19Apr2015  Time:15:31:35
WD = 48mm Signal A = InLens Photo No. = 320 . Signal A= InLens Photo No. = 337 4 WD = 48mm Signal A =InLens Photo No. = 321
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PPy-Cl
Fabricated Reduced Oxidized

Mag= 500KX EHT= 4.00kv  Date :17 Apr 2015 Mag= 200KX EHT = 400kv  Date :17 Apr 2015  Time :12:25:08 Mag= 200KX EMT = 400kv Date:17 Apr2015 Time :12:20.03
WD = 4.7 mm Signal A= InLens Photo No. = 696 WD = 34 mm Signal A = InLens Photo No. = 704 & WD = 33mm Signal A = InLens Phato No. = 701

Mag= 2000 K X EWT= 400K Date:17Apr2015 Time 120841 Mag= 2000K X EMT= 400KV Date:17 Apr2015  Time :12:24:08 L Mag = 10.00 KX EHT= 400KV Dote 17 Apr2015 Time 121769 /'
WD = 4.7 mm Signal A= InLens Photo No. = 685 WD = 34 mm Signal A = InLens No.-?as WD = 33 mm Signal A=InLens Photo No, = 638

Mag= 13501 KX EHT= 400KV Date A7 Apr2015  Time:12:1044 ! Mag = 100.00K X EMT= 400KV Date:17Rpr2015  Time 122254 Mag=100.00 K X EHT= 400KV Date 17 Apr2016 Time:21852 /33
WD = 4.7 mm Signal A= InLens Photo No. = 697 \Fn/ WD = 3.4 mm Signal A = InLens Photo No. = 702 WD = 3.3 mm Signal A= InLens Photo No. =700 \*,’




Fig. S3B. SEM Images of polypyrrole doped with Cl, DBS, PSS and ToS in the as fabricated,
reduced and oxidized states at different magnifications.

Fabricated
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PPy-
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PPy-Cl

Fig. S4. Water contact angle Images of polypyrrole doped with Cl, DBS, PSS and ToS in the as
fabricated, reduced and oxidized.

different bacterial strains. Also, we have shown that by using different dopants and changing the
electropolymerisation conditions, we can easily fabricate a range of PPy films with different
surface properties. Future work will include expanding the size and diversity of the array including
dynamic addressing (i.e. real-time modulation of the surface properties), microfabrication and
miniaturisation, the use of more sophisticated multivariate analysis and pattern recognition
software, and simpler non-optical detection methods such as impedance analysis. Thereafter, we
will investigate discriminating further related bacterial strains and their discrimination in mixed
cultures. We envisage that this approach could provide a valuable in-line or on-line method for

monitoring fluctuations in microbial populations in real time.
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Figure 1. Physical properties, hydrophobicity (a) roughness (b) and thickness (c), of as-
fabricated, oxidised and reduced polypyrrole doped with different counter ion. All polymers
were fabricated under the same electrochemical conditions using 0.1 M pyrrole and 0.1 M dopant
in aqueous solution (E=650mV and Q=100mC). Oxidation and reduction of each polymer was
performed in its dopant (0.1 M) aqueous solution using +0.3v and -0.9v for 300s to oxidise or
reduce the fabricated polymer, respectively. The data are averages of three independent

experiments and error bar indicates standard deviation.

Figure 2a. Fluorescent microscope images of A.faecalis, S.marcescens, P.fluorescens
S.epidermidis and D.proteolyticus adhered on different doped polypyrrole surfaces. All polymers
were fabricated under the same conditions other than varying the counter ion, using 0.1 M
pyrrole and 0.1 M dopant in aqueous solution (E=650mV and Q=100mC). Polymer samples

were seeded with 7.5 ml of 108 cfu/ml bacterial suspension for 60 minutes in 37°C and 70 rpm.

Figure 2b. Quantitative representation of the effects of different doping of polypyrrole on
bacterial adhesion to its surface. Four doped polypyrrole films were exposed by different
bacterial suspension (7.5 ml of 108 cfu/ml, 60 min). The numbers of bacteria were determined by
fluorescent dye staining and imaging. The data are averages of three independent experiments

and error bars indicate standard deviations.
Figure 3. An example of tuning of the PPy surfaces by altering the redox state to add an

additional level of bacterial discrimination. A.faecalis and S.marcescens showed the same

adhesion tendency to the both fabricated PSS and ToS doped polypyrrole, but different adhesion
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tendencies where evident when the polymers where reduced, or oxidised, respectively. The data

are averages of three independent experiments and error bars indicate standard deviations.

Figure 4. The pattern adhesion of different bacteria on the full set of polypyrrole surfaces, both
different dopants and redox states. The data are averages of three independent experiments and

error bars indicate standard deviations.

Figure 5 (a) PCA score plot and (b) loading plot of the adhesion pattern of bacteria. The plot is

based on the data in figure 4.
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