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Accurate detection and sensing of bacteria are becoming increasingly important not only

in microbiology but in a variety of fields including medicine, food, public health, and

environmental science. However, even new rapid methods are not convenient enough.

Here, we describe a simple and efficient label-free bacterial detection system using the

polydiacetylene (PDA) liposomes immobilized on the 3D polydimethylsiloxane (PDMS)

micropillars. Our system utilizes the colorimetric response of amine functionalized PDA

vesicles to surfactin, a bacterial cyclic lipopeptide commonly released by Gram-positive

Bacillus species as an antibiotic. To improve the sensitivity of PDA vesicles to surfactin by

increasing the number and surface area of immobilized vesicles, the PDA vesicles were

immobilized on the micropillar structure to give a hierarchical 3D PDA vesicle structure.

For the fabrication of the 3D micropillar structure, polydimethylsiloxane (PDMS) was

used to overcome the limitations imposed by silicon-based fabrication. In contrast to

the 2D-PDA-PDMS system, which could only hardly detect the presence of 500µM

surfactin, the 3D-PDA-PDMS system could efficiently detect the presence of 5µM

surfactin and the initial presence of 4 × 101 cells/ml of Bacillus subtilis NCIB3610, which

actively produces surfactin. Furthermore, bacterial strains that are known to produce

no surfactin, such as Staphylococcus aureus Newman, Escherichia coli DH5α, and

Pseudomonas aeruginosa PA14 were not detected by our system suggesting that the

3D-PDA-PDMS system is highly specific to surfactin but not to other chemicals produced

by bacteria. Taken together, our results suggest that the 3D-PDA-PDMS system can

sensitively and selectively be used for the high throughput detection and screening of

biotechnologically important surfactin-producing bacterial strains.

Keywords: biointerfaces, label-free sensor, liposome, polydiacetylene, surfactin, bacteria sensor,

polydimethylsiloxane
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INTRODUCTION

Many bacteria are considered to be harmful pathogens in several
plants and animals including human beings (Duc et al., 2005;
DuPont, 2007; Apetroaie-Constantin et al., 2009). However,
certain bacterial strains are used as materials for genetic
engineering and an industrial workhorse for the economic
production of numerous enzymes, proteins, and antibiotics
(Darken et al., 1960; Konings et al., 1997; Clardy et al.,
2009). B. subtilis as a model of Gram-positive bacteria have
been intensively characterized in a variety of ways for the
microbiological research as well as biotechnology (Härtig and
Jahn, 2012; Thwaite and Atkins, 2012). B. subtilis can synthesize
and secrete a well-known biosurfactant surfactin. The surfactin
produced by various strains of B. subtilis is recognized as a
cyclic heptapeptide bound to the carboxyl and hydroxyl groups
of a 13–15 carbon fatty acid (Peypoux et al., 1999; Zhu et al.,
2014). Importantly, the surfactin has much potential in a
variety of commercial applications such as strong surface activity
(Grangemard et al., 2001; Yoneda, 2001; Razafindralambo
et al., 2004), hemolytic activity (Deleu et al., 2003), and
antimicrobial/fungal activities (Liu et al., 2012). Thus, it is worth
developing sensing materials to detect B. subtilis by using the
surfactin as an indirect mediator.

The technologies for the purpose of bacterial detection can
be classified into conventional methods and newly employed
technologies. The conventional methods such as specimen
culture and colony counting, which are sensitive and selective
enough but often have long processing times (5–7 days),
are labor-intensive and require trained personnel (Fournier
et al., 2013; Ahmed et al., 2014). More recently, rapid
detection method technologies have been developed such as
polymerase chain reaction (PCR) technology, immunoassays
(ELISA) and immunomagnetic separation method. PCR is
an advent technique of genetic analysis with an extreme
sensitivity (Burnham and Carroll, 2013; Croxen et al., 2013).
Yet, incorrect pairing and sample matrix inhibition in PCR
reactions may lead to false positive results, and it is possible
that a genetically mutated strain could escape the matching
process even after correct probing (Espy et al., 2006; Fernández-
No et al., 2011). The ELISA method only requires extra labels
of antibodies, whereas the immunomagnetic separation method
often needs a combination of other methods. Critically, these
techniques are generally time-consuming and costly due to the
requirements of particular types of equipment and reagents. New
types of detection methods have been made possible through
biosensors.

Biosensors is a rapid and cost-effective method that combine
biomaterial compounds with a physicochemical transducer with
the ability to obtain a measurement with minimal perturbation of
the sample (Deisingh and Thompson, 2004; Ahmed et al., 2014).
The recognition of the biomaterials in biosensor can be achieved
either by using a label or label-free systems. Labels have been
essential in bioanalytical research; however, this technique has
several drawbacks such as only providing an endpoint reading,
noncontinuousmonitoring, andmultiple washing stages, thereby
reducing throughput effectivity and increasing the cost. Due to

these considerations, the development of label-free biosensors
that can reduce assay cost and complexity while providing
quantitative information with high throughput effectivity is an
important research goal.

Polydiacetylene (PDA)-based sensor as label-free bacteria
detection has been intensively investigated due to its unique
stimulus-induced significant color-changing properties from
brilliant blue to red (Silbert et al., 2006; Scindia et al., 2007;
Meir et al., 2008; Lee et al., 2016; Park et al., 2016). The
fact that such a visible color change occurs in response to a
variety of environmental perturbations including temperature,
heat, mechanical stress, pH, and solvents lead to a nonspecific
colorimetric response. Therefore, specifically designed ligands
have been introduced as the terminal group of PDA for
detecting specific types of bacterial strains with high sensitivity,
such as glycine terminated PDA for colorimetric signaling of
bacterial pore-forming toxin (Ma and Cheng, 2005), peptide
functionalized PDA for detecting bacterial lipopolysaccharide
(Wu et al., 2011), aptamer-based PDA for Escherichia coli
O157:H7 detection (Wu et al., 2012), amine functionalized PDA
for detecting surfactin from B. subtilis NCIB3610 (Park et al.,
2016) and a EuIII-EDTA functionalized PDA for recognizing
calcium dipicolinate (DPA), a major component of Bacillus
anthrax endospores (Seo et al., 2017). However, the majority of
the PDA-based sensors that have been reported were prepared in
the form of a liposome in aqueous solution or thin film as two
dimensional (2D) structures (Silbert et al., 2006; Scindia et al.,
2007; Meir et al., 2008; Pires et al., 2011; Park et al., 2016; Seo
et al., 2017).

The high selectivity of amine functionalized PDA solutions
toward surfactin has been reported in a number of works
(Deleu et al., 2003; Bouffioux et al., 2007; Park et al., 2016).
The interaction of amine functionalized PDA has been tested
with various targets including the various surfactants (anion
and cation), simple anions, and fatty acids. The simple anions,
short-chain fatty acids, and cation surfactants did not trigger
colorimetric changes in PDA liposomes. Considering the pKb
values of the terminal amine group on the PDA, it is expected that
ammonium cation and electrostatic interaction with the negative
charges of surfactin occurs (Park et al., 2016). Furthermore, the
fatty acid chain of surfactin also can enhance the binding affinity
with carbon backbones in PDA by van der Waals interaction and
due to its amphiphilic nature, it can penetrate into the charged
bilayer. (Hupfer et al., 1983; Deleu et al., 2003; Bouffioux et al.,
2007; Park et al., 2016).

A label-free bacteria sensor for detecting bacteria producing
surfactin by using amine functionalized PDA was introduced
by (Park et al., 2016). However, by embedding the PDA with
the medium agar, the PDA platform possesses several drawbacks
such as poor stability, low sensitivity, and the inability for precise
quantitative analysis. Therefore, to overcome the problems
associated with PDA embedded systems, in this study PDA was
immobilized in the form of vesicles. Our previous study reported
the immobilization of PDA liposomes onto hierarchical 3D
networked nanostructures to overcome the intrinsic limitations
of the 2D system and affords a significant increase in the
sensitivity of PDA (Lee et al., 2016). However, this sensor was
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fabricated on the micropillar silicon substrate, which also has
a limitation. The hardness of silicon poses limits to its broad
application in the biosensor (Zhou et al., 2010). Other problems
are the high cost of the fabrication process and the involvement
of dangerous chemicals (Moschou and Tserepi, 2017). These
limitations motivated the development of other chip materials
that can be easily fabricated and are compatible with broader
biological applications.

In this article, we developed a PDA vesicle-based sensor on
PDMS micropillars (3D-PDA-PDMS) for detecting B. subtilis.
In order to develop immobilized polydiacetylene vesicles
on polydimethylsiloxane micropillars (3D-PDA-PDMS), amine
functionalized diacetylene monomers PCDA-EDEA and PCDA-
EDA were prepared. The mixture of PCDA-EDEA and PCDA-
EDA, which has different lengths of amine ligands and has gaps
along the length of its hydrophilic exterior, can ensure a better
adherence and reaction (Kim et al., 2005; Park et al., 2016).
The assembled vesicles of PCDA-EDEA and PCDA-EDA were
formed with the molar ratio 1:1, which is the optimal mixture
ratio, as reported elsewhere (Kim et al., 2005). The chromatic
change in PDA caused by the surfactin was used as an indirect
sensing method to readily detect the presence of bacteria and
a high throughput screening tool for certain bacterial strains
that produce surfactin. Polydimethylsiloxane (PDMS) was used
to fabricate a micropillar template by controlling the diameter,
height, and gap of the pillars.

MATERIALS AND METHODS

Reagents and Materials
10,12 pentacosadynoic acid (PCDA) was purchased
from GFS chemicals. Sylgard 184 elastomer kit was
purchased from Dow Corning and 3-(2-aminoethylamino)
propyldimethoxymethylsilane (AEAPDMS) was purchased
from Junsei. 2,2’- (ethylenedioxy)bis-(ethylamine; EDEA),
ethylenediamine (EDA), octadecyltrichlorosilane (OTS),
glutaraldehyde (GA) 25% in H2O and surfactin from B. subtilis,
98% (HPLC) were purchased from Sigma Aldrich.

Bacterial Strains and Culture Condition
NCIB3610 (Purchased from Korean Agricultural Culture
Collection, No.10854) and CU1065 (Ollinger et al., 2006)
were used as surfactin-producing and -defective strains of B.
subtilis, respectively. Two other Bacillus genus strains, B. cereus
ATCC11778 (KCTC1012) and Bacillus licheniformis ATCC14580
(KCTC1918), were purchased from the Korean Collection for
Type Cultures. For the test of Gram-negative bacterium which
does not produce surfactin, E. coli DH5α (Novagen) strain was
used. The Staphylococcus aureus Newman (Ji et al., 2015) and
Pseudomonas aeruginosa PA14 (Heo et al., 2010) strains were
used as representative pathogens of Gram-positive and Gram-
negative bacteria, respectively. All of the strains were routinely
grown in Lysogenic Broth (LB) with a shaking incubator (210
rpm/37

◦

C) for the designated incubation times as described
in the results and discussion section. Bacterial growth was
monitored by measuring absorbance at 600 nm using UV-Vis
spectrophotometer (Shimadzu, Japan).

The Fabrication of PDMS Micropillars
The PDMS micropillars were fabricated using the two-step
replica method (Supplementary Figure 1). A three-dimensional
pillar silicon wafer was used as the master mold. The uncured
PDMS mixture (base: curing agent, 10:1 w/w) was poured on
the master mold and cured at 80

◦

C for an hour. After cooling
down the process, the hole patterned-PDMS was detached from
the master mold. Before undergoing second step molding, the
hole patterned-PDMS mold was exposed to UV-ozone cleaner
(Nippon Laser, Japan) for 10min to decrease the hydrophobicity
for further modification. The UV-ozone treated hole patterned-
PDMS molds were treated with OTS in an ethanol solution for
30min under nitrogen atmosphere. The substrate was washed
several times with ethanol. The uncured PDMS mixture (base:
curing agent, 10:1 w/w) was poured on the OTS treated hole
patterned-PDMS mold and cured at 80

◦

C for an hour. After the
cooling down process, the micropillar PDMS was peeled off from
the hole patterned-PDMS mold.

Preparation of the Diacetylene Vesicles
The amine-terminated diacetylene monomers PCDA-EDEA and
PCDA-EDA were synthesized by employing standard procedures
(Kim et al., 2003). A mixture of EDEA and EDA terminated
diacetylene monomers were dissolved in chloroform in a test
tube. The solvent was evaporated by a stream of N2 gas, and
deionized water was added to the test tube to give the desired
concentration of lipid (1mM). The resultant suspension was
sonicated (Fisher, USA) for 15min at 80

◦

C followed by filtering
for removing dispersed lipid aggregates by using a 0.8µm filter
and cooled at 4

◦

C overnight.

Surface Modification and Immobilization of
Diacetylene Lipid Vesicles on the PDMS
Micropillars
The surface modification process is shown in Figure 1. The
PDMS substrates were set in a UV-Ozone cleaner (Nippon
Laser, Japan) for 10min to form hydroxyl groups. The substrates
were silanized in a 4.2mM of AEAPDMS in anhydrous ethanol
(Daejung, Korea) for 3 h at room temperature. The substrates
were rinsed five times with anhydrous ethanol and dried in
the nitrogen atmosphere inside the glove box. The AEAPDMS
modified substrates were incubated in a solution containing 2.5%
v/v glutaraldehyde in deionized water for 5 hrs. The substrates
were washed with deionized water to remove unreacted reagents
and further dried under a stream of nitrogen. The surface
morphology of AEAPDMS and GA modified substrate was
identified by atomic force microscope (Park Systems, Korea) with
NCHR non-contact tip, and the thickness of the resulted layer
was measured by an ellipsometer (Rudolph Research, USA). The
GA formation on the quartz substrate was confirmed by using
a UV/Vis/NIR spectrometer (PerkinElmer, USA). The liposome
was dried in air for 3 h. The aldehyde-modified substrates were
placed in a diacetylene lipid vesicles solution for 1 h followed
by rinsing with deionized water and dried under a stream
of nitrogen. The immobilized diacetylene lipid vesicles were
irradiated under UV light (1 mW cm−2) with a wavelength of
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FIGURE 1 | AFM images of (A) AEAPDMS modified substrate and (B) glutaraldehyde modified substrate, (C) UV-Vis spectra of glutaraldehyde solutions and

glutaraldehyde modified quartz substrate.

254 nm for 1min. The morphology and size of the immobilized
PDA liposome were analyzed by scanning electron microscope
(Hitachi, Japan) operated at a beam energy of 15 kV. The
immobilized PDA liposome was coated with platinum before the
imaging process.

Determination of the Surfactin
Concentration
Fluorescence Measurement
In order to quantify the amount of surfactin produced from
bacterial cells by measuring the fluorescence, cell-free culture
media were directly incubated with immobilized PDA vesicles.
To recover the supernatants after cell cultures, the cells were
discarded by centrifugation with 15,000 × g for 5min. After
immersing the immobilized PDA vesicles in the supernatants
for 1 h at 25

◦

C, the immobilized PDA vesicles were washed
with ethanol and deionized water. The fluorescence microscopy
images were taken from the optical microscope (Olympus,
Japan) and analyzed by using ImageJ (National Institute of
Health, USA). To determine the detection limit of surfactin
by immobilized PDA vesicles, a dose-dependent test was
performed using various starting cultures with different initial
concentrations of bacterial cells from 4× 107 to 4× 101 cells/ml
(assuming that OD 600 =1 correspond to 8 × 108 cells/ml, Park
et al., 2016). The selectivity of the immobilized PDA vesicles to
the surfactin was tested using seven different strains of bacteria:
B. subtilis NCIB3610, B. subtilis CU1065, B. cereus ATCC11778,
B. licheniformis ATCC14580, S. aureus Newman, P. aeruginosa
PA14, and E. coli DH5α. The initial inoculum with a cell density

of 4 × 107 cells/ml was cultured for 24 h. The surfactin standard
curve was generated using fluorescence signals obtained from the
2D or 3D-PDA-PDMS immersed in different concentrations of
the standard surfactin ranging from 500 nM to 1mM.

High-Pressure Liquid Chromatography
The cell-free media supernatants were recovered as described
above for fluorescence measurement. The concentration of
surfactin in the supernatants was determined using an HPLC-
UV/Vis quantification method. The analysis was performed
with standard high-pressure liquid chromatography (HPLC)
(Agilent, Germany) equipped with a reverse phase column (C18
150 × 4.6mm, 120A, Hyperclone, USA) at 30◦C. An isocratic
method was performed with 80% acetonitrile and 20% 3.8mM
trifluoroacetic acid for 25min. The peptide bonds of the surfactin
were detected at a wavelength of 210 nm.

RESULTS AND DISCUSSION

The routine procedure for immobilizing the assembled vesicles
of PCDA-EDEA and PCDA-EDA is by using glutaraldehyde (GA)
on a solid support with a surface amine functional group (Kim
et al., 2005). In this study, dialkoxysilanemonomers (AEAPDMS)
were used to generate themonolayer and amine functionalization
on the surface of PDMS for uniform immobilization of
glutaraldehyde. In order to obtain a preliminary clue for
ensuring the formation of a monolayer on the sensor template,
2D silicon substrate, and quartz substrate were used for
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FIGURE 2 | (A) SEM images of immobilized PDA liposome in film structure, (B) corresponding fluorescence images of Immobilized PDA liposome in film structure

obtained after heating treatment, (C) SEM images of immobilized PDA liposome in vesicle structure, (D) corresponding fluorescence images of Immobilized PDA

liposome in vesicle structure obtained after heating treatment.

FIGURE 3 | (A) SEM images of immobilized PDA vesicles on PDMS micropillars, fluorescence microscopic image of PDA immobilized on PDMS micropillars from

(B) top view, (C) side view, (D) visible spectra of immobilized PDA vesicles on quartz substrate, before (blue line) and after (red line) 1 h incubation in 0.1mM surfactin.
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FIGURE 4 | Schematic of (A) PDA-surfactin interaction through the ionic interaction between the hydrophilic head of surfactin and amine group of PDA and fatty acid

chain of surfactin with carbon backbones in PDA, (B) procedure of surface modifications and immobilization of PCDA on the PDMS micropillars.

FIGURE 5 | Fluorescence microscopic image of (A) 2D-PDA-PDMS, (B) 3D-PDA-PDMS after exposure to various concentration of surfactin, (C) plot of fluorescence

intensity of PDA sensors in 2D and 3D-PDA-PDMS as a function of surfactin concentration in log scale.
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FIGURE 6 | Comparison of the bacterial growth and surfactin production of NCIB3610 and CU1065 strains as a function of the cultivation time. Each of supernatant

samples was analyzed by HPLC.

FIGURE 7 | Comparison of the surfactin-detecting sensitivities between B. subtilis NCIB3610 and B. subtilis CU1065. The fluorescence images of sensor platform

after exposed to media supernatants of (A) NCIB3610 strain and (B) CU1065 strain, (C) Plot of 3D-PDA-PDMS measurement of surfactin production levels

depending of the initial cell concentrations.

Frontiers in Materials | www.frontiersin.org 7 September 2018 | Volume 5 | Article 57

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Jannah et al. 3D-PDA-PDMS Label-Free Bacterial Sensor

surface characterization. The surface properties of the amine-
modified and GA modified substrate were characterized by
using an ellipsometer and AFM. The measured thickness
of the AEAPDMS monolayer on the Si substrate after 3 h
of modification was 11 ± 1 Å, and the average thickness of
GA was about 8 Å which is in agreement with its theoretical
thickness (Salem et al., 2010). Figures 1A,B showed 1.0 ×

1.0µm AFM images of the AEAPDMS modified and GA
modified Si substrate, respectively. The non-contact mode AFM
images did not show any aggregated multilayer formation after
AEAPDMS modification with the RMS value of 0.18 nm, and
it was similar to RMS value after GA modification. Based
on these results, the resultant layer of GA is regarded as
a monolayer. However, a successful surface modification on
the sensor template cannot be decided just by looking at the
morphology, to confirm a successful GA modification on an
AEAPDMS-modified substrate. Figure 1C shows the UV-visible
spectrum of GA solution and immobilized GA on the quartz
substrate where the GA has sharp characteristic absorption at
203 nm, which has been assigned to the π-π∗ transition of the
carbonyl group (Tang et al., 2016) whereas the immobilized GA
on the quartz substrate has similar sharp spectral peaks as that of
the GA solution at 216 nm with a redshift of 13 nm. A successful
modification of the sensor template with the GA molecules
can offer the reproducibility and uniformity of immobilized
diacetylene vesicles.

A reliable biosensor platform requires structure uniformity
and stability of the receptor on the sensor template. Since the
diacetylene is a colloidally dispersed liposome, it can be formed
as a film or vesicle during the immobilization process (Carpick
et al., 2000; Teschke and de Souza, 2002; Kim et al., 2006).
However, the vesicle form has been reported to be more sensitive
than the film form (Song et al., 2002; Davis et al., 2014; Lee
et al., 2016). Figures 2A,B shows the SEM and fluorescence
images of immobilized PDA on the 2D PDMS substrate in
film form, while Figures 2C,D shows the SEM and fluorescence
images of the immobilized PDA on the 2D PDMS in vesicle
form at approximately 30-80 nm in size which is in agreement
with previous study (Park et al., 2016). The fluorescence images
were obtained after heat treatment (100

◦

C, 1min). The heat
treatment induces a blue to the red transition of the PDA
since the blue phase PDA is non-fluorescent. As presented in
Figures 2B,D, the fluorescence intensity of the vesicle form
immobilized PDA is two times higher than the film form, which
is in agreement with a previous report (Song et al., 2002). The
vesicle form of the PDA is presumed as a spherical form that
has a higher surface area than the film form of the PDA. Since
there is a proportional relationship between the fluorescence
intensity and surface area, the vesicle form emitted a higher
intensity compared to the film form (Reimhult et al., 2002; Stoner
et al., 2016). Therefore, in this study, we selected immobilized
PDA in vesicle form to develop a PDA-based label-free bacteria
sensor.

The immobilized PDA vesicles on PDMS micropillars (3D-
PDA-PDMS) were also prepared under the same conditions
used for the 2D PDMS substrate. The SEM images of fabricated
PDMS micropillars show height, gap and diameter around 5,

4 and 2µm respectively as presented in Supplementary Figure
2. As presented in Figure 3A and Supplementary Figure 3, the
PDA vesicles were also immobilized uniformly on the 3D PDMS
micropillars substrate. For proving a successful immobilization
of PDA vesicles on the 3D PDMS micropillars substrate,
fluorescence images (Figures 3B,C) and UV-visible spectra
(Figure 3D) of the PDA after 0.1mM surfactin incorporation
were obtained. The fluorescence image of the top view
(Figure 3B) and the side view (Figure 3C) prove the efficiency
of the PDA immobilization and UV-visible spectra. Figure 3D
presents a significant UV absorption shift from the blue phase
(645 nm) to the red phase (545 nm) after 0.1mM surfactin
incorporation.

Figures 4A,B illustrate the surfactin based label-free bacterial
sensor platform using 3D-PDA-PDMS. Thus, in pursuance of
a feasible sensor platform using immobilized PDA vesicles, the
2D and 3D-PDA-PDMS were exposed to various concentrations
of surfactin. As shown in Figure 5A, the fluorescence signals
from the 2D-PDA-PDMS were hardly observable until 500µM
of surfactin whereas a red fluorescence intensity from 3D-PDA-
PDMS was significantly enhanced with increasing concentration
of surfactin in a range from 5µM to 1mM (Figure 5B).
Figure 5C displays a calibration curve which consists of plots of
fluorescence intensity as a function of the surfactin concentration
at log scale. The calibration curve was used for quantitative
estimation of the surfactin by a linear regressionmodel for curve-
fitting analysis. The R-squared of the experimental data of the
3D-PDA-PDMS was 0.99. The detection limit of the 2D and
3D-PDA-PDMS were found to be 500 and 5µM, respectively.
Thus, an increase in the sensitivity of at least 100 times was
obtained with the 3D over the 2D-PDA-PDMS. These results
clarify our previous study conducted using 3D networked PDA
for quantification of α-cyclodextrin (Lee et al., 2016) where the
large increase in the sensitivity of the 3D-PDA system over 2D-
PDA system was not only due to the increment of the template
surface area but was also caused by the significant increase in the
target molecule accessibility to interact with immobilized PDA.
Moreover, the immobilized PDA on the 2D system tends to form

TABLE 1 | Quantification and comparison of surfactin levels measured by using

the immobilized PDA lipid vesicles and HPLC method.

Initial Bacteria

Concentration

(cells/ml)

NCIB3610

(mM)

CU1065

(mM)

3D-PDA-PDMS HPLC 3D-PDA-PDMS HPLC

4 × 107 0.45 0.5 0.064 0.08

4 × 106 0.42 0.43 0.06 0.067

4 × 105 0.37 0.4 0.05 0.06

4 × 104 0.29 0.3 0.05 0.06

4 × 103 0.24 0.25 0.05 0.055

4 × 102 0.17 0.18 0.05 0.05

4 × 101 0.12 0.13 0.05 0.05

NCIB3610 and CU1065 strains of B. subtilis were inoculated with different amount of initial

cells.
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an aggregate that prevents the accessibility of the target molecules
whereas the 3D system increases the accessibility of the target
molecules through the ordered pathways of the 3D templates.
The reproducibility of the 3D-PDA-PDMS was evaluated by
repeatedly assaying using the coefficient of variation (CV, n= 3).
The CV value of the 3D-PDA-PDMS was calculated to be 0.78%.
A small CV value calculated at <2% for this method indicates
the precision of the developed platform. In addition, the accuracy
of the 3D-PDA-PDMS was observed by the standard addition
method. The % recovery values for the accuracy of the 3D-PDA-
PDMS on the quantification of the surfactin was calculated to
be 96.8%. This complies with the % recovery values for a unit
concentration of 0.5mM. Therefore, the results of the developed
platform show a good accuracy of surfactin quantification.

To investigate the sensing ability of our platform as a label-
free bacterial sensor, we first examined the surfactin-induced
chromatic response using two different Gram-positive B. subtilis
strains (the NCIB3610 strain as a normal surfactin-producer and
the CU1065 strain as a surfactin-defective producer), as described
previously. For quantitative evaluation and comparison of
surfactin production during bacterial growth, both strains were
cultivated in the growth medium. Cell-free media were obtained
after 0, 4, 8, 12, and 24 h (Figure 6). The CU1065 strain was likely
to reach a stationary phase around 12 h, while the NCIB3610
strain was able to continuously grow for 24 h, indicating that
CU1065 achieved the maximum growth yield earlier than that
of the NCIB3610 strain. Consistent with previous studies, our
data also show that the production levels of surfactin have
a correlation with the growth pattern where the maximum
production of the surfactin occurs at the end of the exponential
growth phase (Kim et al., 1997; de Oliveira et al., 2013; Mubarak
et al., 2017).

Next, to evaluate our platform as an effective bacterial
detection platform, we determined the detection limit of the
initial bacteria concentration by 3D-PDA-PDMS. We prepared
various bacterial solutions of NCIB3610 and CU1065 strains
with different initial cell concentrations ranging from 4 ×

107 to 4 × 101 cells/ml. The sensor platforms were exposed
to each media supernatant after 24 h of cultivation, and
the corresponding fluorescence intensities were measured. As

shown in Figures 7A,B, even in the groups where the initial
concentration was 4 × 101 cells/ml (for both NCIB3610
and CU1065), distinguishable changes of fluorescence intensity
were observed compared to the control group (no cell).
Furthermore, the initial cell concentrations of the surfactin-
producing NCIB3610 strain displayed a strong linear positive
correlation with the concentrations of surfactin (which was
calculated based on the standard curve as shown in Figure 5C)
produced by live cells in growth media (Figure 7C). In order
to confirm our 3D-PDA-PDMS based surfactin quantification
method, the data deduced in Figure 7C was further verified by
direct comparison with the results obtained from the HPLC
quantification method (Table 1). The results from our 3D-PDA-
PDMS method were in good agreement with those using the
HPLC method since the calculated t (tcal) were less than table t
(ttab) with ttab of 2.45 (df= 6 and α = 0.05).

As described above, despite the similar cell concentration,
our 3D-PDA-PDMS platform exhibited a significant difference
in color changes between surfactin-producing NCIB3610 and
surfactin-defective CU1065 strains. This observation strongly
suggests that other chemicals, except for surfactin, produced
by bacteria are not efficiently sensed by our 3D-PDA-PDMS
platform. To further investigate the specificity of the 3D-PDA-
PDMS platform to surfactin, five additional well-characterized
bacteria were selected: B. licheniformis ATCC14580 [close
relative to B. subtilis and surfactin-positive (El-sheshtawy
et al., 2016)], B. cereus ATCC11778 (surfactin-lacking Bacillus
strain), S. aureus Newman (surfactin-lacking Gram-positive
pathogenic bacterium), P. aeruginosa PA14 (surfactin-lacking
Gram-negative pathogenic bacterium), and E. coli DH5α
(surfactin-lacking Gram-negative model bacterium). After
cultivation of the cells for 24 h, their media supernatants were
then exposed to 3D-PDA-PDMS, followed by observation of
fluorescence images. As expected, only our 3D-PDA-PDMS
incubated with cultured media from B. licheniformis exhibited
a notable color change, whereas no remarkable change was
observed for the other tested strains (Figure 8). Since there
was no significant difference in the growth yield between the
surfactin-producers and non-surfactin-producers, the color
change detected by our 3D-PDA-PDMS seems to be mainly

FIGURE 8 | Fluorescence images of sensor platform after exposed to the media supernatant of different bacterial strains which were grown in LB for 24 h.
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due to the presence of surfactin rather than the other chemicals
produced by the cells.

CONCLUSION

We developed a sensitive and reproducible 3D-PDA-PDMS
for a surfactin-based label-free bacteria sensor by utilizing the
chromatic response of immobilized amine functionalized PDA.
The surface of amine-modified PDMS was uniformly modified
with glutaraldehyde for facilitating PDA immobilization. The
potential applications of 3D-PDA-PDMA as a feasible bacterial
sensor was investigated through quantitative analysis of surfactin.
The sensitivity of 3D-PDA-PDMS was approximately 100
times higher than that of the 2D-PDA-PDMS. The sensitivity
enhancement of the 3D-PDA-PDMS was caused by the
increment of total binding sites and the facile accessibility of
the target molecules. The 3D-PDA-PDMS system can detect the
presence of 5µM surfactin and the initial presence of 4 × 101

cells/ml of Bacillus subtilis NCIB3610 which actively produce
surfactin. Furthermore, the bacterial strains known to produce
no surfactin were not detected by 3D-PDA-PDMS. It is therefore
suggested that 3D-PDA-PDMS is highly specific to surfactin.
The sensing ability of the 3D-PDA-PDMS was assessed through
a comparison with the standard HPLC method. The results
of the surfactin concentration produced by bacteria measured
by 3D-PDA-PDMS were in agreement with those measured
by HPLC. In summary, the 3D-PDA-PDMS can be used for

sensitive and selective high throughput detection and screening
of surfactin-producing bacterial strains.
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