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Abstract The authors describe a microfluidic system func-
tionalized with a chromatic nanomaterial (polydiacetylene;
PDA) and conjugated to the antimicrobial enzyme lysostaphin
(LST) as a means for specific detection of Staphylococcus
pathogens and to simultaneously perform antimicrobial func-
tions. The LST-loaded PDA vesicles were deposited in a fish
gill-like structure on the inner surface of the microchannels.
They undergo a color transition from blue to red and enhance-
ment of fluorescence under external mechanical stimulus that
is caused by the interaction between Staphylococcus and LST
which has antimicrobial activity against Staphylococcus. Due
to its fish gill-mimicking structure, the PDA coated channel
has a high surface-to-volume ratio, and this maximizes the
binding efficiency between Staphylococcus suspended in the
fluid and the LST-PDA coating on the microchannels.
Consequently, >80% of the Staphylococcus are eliminated in
the channels within a short reaction time. As a result, the LST-

PDA-coated channel surfaces undergoes color change from
blue to red, and red fluorescence pops up. In contrast, no
enzymatic reaction and no color transition is observed when
an E. coli suspension is applied. The results show that this
multifunctional microfluidic system can specifically detect,
and can exert an antimicrobial effect on, Staphylococcus.
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Introduction

Microfluidic systems that handle a small amount of fluid in
microchannel are an emerging tool used in various engineer-
ing fields, such as chemical engineering, biomedical engineer-
ing, and mechanical engineering [1]. The miniaturized dimen-
sions and high surface-to-volume ratios of microfluidic de-
vices enable cost-effective, biosensing applications with high
sensitivity and selectivity [2, 3]. Thus, the research and devel-
opment of microfluidic systems is active and ongoing [4].

Of particular interest, microfluidic devices for biomedical
applications take advantage of the unique functions of biolog-
ical molecules by immobilizing proteins on the channel sur-
faces [5]. For instance microfluidic systems with antibody that
is a target-specific biomolecule are enabling highly sensitive
diagnosis and sensing of target molecules with few microliter
of biomarker due to their rapid mass transfer in microfluidic
channels [6]. As another example, microfluidic systems with
enzyme provide the most suitable small-scale reaction plat-
forms for synthesizing DNA or RNA at high efficiency [7].

More interestingly, microfluidic applications with biomol-
ecules were not limited to single-function devices where one
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type of antibody or enzyme is immobilized but also functional
nanomaterials were added to improve the functions of biomol-
ecules [8]. For example, fluorescent nanoparticles were con-
jugated to antibodies to improve the sensitivity and reaction
activity of immunoassays [9, 10]. Similarly, in an enzyme
microreactor, nanoparticles were employed to indicate enzy-
mic reactions in situ [11]. Another example of a multifunc-
tional microfluidic device is a reusable enzyme reactor devel-
oped using nanoparticle and enzyme interactions [12], thereby
expanding applications of microfluidic systems by providing
additional functions to biomolecules immobilized in
microfluidic channels.

This report describes a multifunctional microfluidic system
with an enzyme-based antibacterial function that can also de-
tect bacteria via sensor materials coupled to the enzyme.
Lysostaphin (LST) is an enzyme with antibacterial activity
against Staphylococcus, which causes a cardiac disorder, a
nerve disorder, a respiratory disease, hematosepsis and food
poisoning [13, 14]. LSTwas then conjugated to the surface of
polydiacetylene (PDA) vesicles that have a color transition
from blue to red and fluoresce when physical or chemical
stimuli are applied to the vesicles [15]. To obtain microfluidic
channels with both antibacterial and detection functions, the
channel surface was conjugated to PDAvesicles and then LST
was functionalized on the surface of the PDA vesicles.
Furthermore, to maximize the reaction efficiency between
the bacteria and the channel surface, our channel structure
was inspired by the comb-like fish gill that has a high efficien-
cy in exchange of gas and biomolecules when water passes
through the structure [16–18]. As a result, we created a mul-
tifunctional microfluidic system capable of simultaneous de-
tection and elimination of bacteria in a single device. Our
multifunctional channels are applicable to biomedical devices
and diagnostic applications, including intravenous (IV) lines,
surgical tubing, point-of-care testing, and other applications.

Materials and methods

Chemicals

LST (L9043), 10,12-pentacosadiynoic acid (PCDA) (76492),
propylene glycol monomethyl ether acetate (PGMEA)
(484431) and N-hydroxysuccinimide (NHS) (130672) were
purchased from Sigma-Aldrich (St. Louis, MO, USA)
(h t tp : / /www.s igmaaldr ich .com) . 3-Aminopropyl
t r ie thoxys i lane (APTES, 98%) (A10668) , 1- (3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) (A10807) and 99% HEPES (A14777) were purchased
from Alfa Aesar (Ward Hill, MA, USA) (http://www.alfa.
com). APTES (5% v/v) and HEPES buffer (5 mM pH 7.5)
were prepared with deionized water (Direct-Q3, >18.
0 MΩ∙cm at 25 °C) from Merck Millipore (Billerica, MA,

U S A ) ( h t t p : / / w w w . m e r c k m i l l i p o r e . c o m ) .
Polydimethylsiloxane (PDMS) prepolymer and curing agent
(Sylgard 184) were purchased from Dow Corning (Midland,
MI, USA) (http://www.dowcorning.com), and 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
(850345P) was obtained from Avanti Polar Lipids,
(Alabaster, AL, USA) (http://www.avantilipids.com). SU-8
2150 from Microchem (Newton, MA, USA) (http://www.
microchem.com) was used as negative photoresist, and BSA
(Albumin fraction V heat shock isolation pH 7.0) from Bio
Basic, Inc. (Markham, Ontario L3R 8 T4, Canada) (http://
www.biobasic.com) was used as blocking buffer. Beef
extract (0114) and Peptone (211677) were purchased from
Amresco (Solon, OH, USA) (http://www.amresco-inc.com)
and BD (San Diego, CA, USA) (http://www.bd.com),
respectively. Except for the APTES solution, HEPES buffer
and culture media, all solutions were prepared with 5 mM
HEPES buffer.

Fabrication of gill-like microfluidic channels

The microchannels were fabricated by a soft lithography pro-
cess [19]. First, we coated SU-8 2050 on a silicon wafer at
200 μm thick using a spin coater (SP-60P, Shinu Mst, Korea).
The microchannel patterned film mask covered the SU-8
above the silicon wafer, and UV light (365 nm of wavelength)
was irradiated through the patterned area of the film mask to
polymerize specific regions. The microchannel patterned
mold was completed after the removal of unpolymerized
SU-8 using PGMEA as the developer. A PDMS solution of
prepolymer and curing agent at a 10 to 1 ratio (w/w) was
poured onto the microchannel patterned mold, and bubbles
were removed using a vacuum pump. The PDMS solution
was cured in a convection oven at 60 °C for 4 h. Cured
PDMS was detached from the mold and punched by a
micro-punch to make inlet and outlet holes for fluid injection.
The PDMS replica was attached to the slide glass by a plasma
bonding method immediately prior to the experiment. The
film mask was designed to mimic fish gill structure by using
AutoCAD software (Autodesk Inc., USA) (http://www.
autodesk.com). The oval-shaped pillars in the microchannel
were constructed at 30, 45 and 60°.

PDA vesicle preparation

PDAvesicles were prepared by a previously reported method
[20]. First, PCDA and DMPC in a 4 to 1 ratio were dissolved
in chloroform in a glass vial. Lipid-dissolved chloroform was
evaporated by a gentle stream of argon gas, and the residual
solvent was removed in a vacuum. HEPES buffer (5 mM,
pH 7.5) was added to obtain a final lipid concentration of
2 mM. The vial was placed in an 80 °C water bath for
15 min. The solution was sonicated using a probe sonicator

4564 Microchim Acta (2017) 184:4563–4569

http://www.sigmaaldrich.com
http://www.alfa.com
http://www.alfa.com
http://www.merckmillipore.com
http://www.dowcorning.com
http://www.avantilipids.com
http://www.microchem.com
http://www.microchem.com
http://www.biobasic.com
http://www.biobasic.com
http://www.amresco-inc.com
http://www.bd.com
http://www.autodesk.com
http://www.autodesk.com


(VCX 500, Sonics, USA) (http://www.sonics.com) at 27%
power for 15 min to disperse the PDA vesicles. This PDA
solution was filtered with a 0.8 μm syringe filter and stored
at 4 °C overnight to stabilize the PDA solution.

Immobilization of PDA vesicles and lysostaphin
in the microfluidic channel

PDA vesicles and LST were sequentially conjugated to the
surface of the microchannels through an EDC/NHS coupled
reaction [21, 22]. First, the PDA vesicles were activated by
2 mM of EDC and NHS for 2 h at room temperature on a
rotary shaker. After the reaction, unreacted EDC and NHS
were removed by centrifugation at 14,000 g for 10 min using
a 3 kDa centrifugal filter. Activated PDA vesicles were con-
jugated to the surface of a microchannel functionalized with
an amine through APTES. Next, 5% APTES solution (v/v)
was immediately injected into the microfluidic channel after
the device was sealed by plasma bonding for 2 min. Activated
PDA vesicles were then injected into the microchannels and
placed at room temperature for 2 h for the conjugation reac-
tion. To conjugate LSTonto the surface of the PDAvesicles in
the microchannels, HEPES buffer containing LST (200 μg·
mL−1) was injected into the microchannels, and the device
was placed at room temperature for 2 h (Fig. 1a). After the
reaction, the microchannels were washed with HEPES buffer
to remove extra LST. BSA solution (2 mg·mL−1) was injected
to mask the unreacted surface of PDA vesicles in the
microchannels, and the device was washed with HEPES buff-
er. The conjugated PDA vesicles were then irradiated with
254 nmUV light for 3 min to induce a color transition to blue.

Flowing a bacterial solution through a microfluidic
channel

S. epidermidis (ATCC 14990), the target bacterium, was ob-
tained from the Korean Culture Center of Microorganisms
(KCCM) (http://www.kccm.or.kr). These bacteria were
cultivated in a culture medium containing 3 g·L−1 beef
extract and 5 g·L−1 of peptone at pH 7.0 and 37 °C
overnight in a shaking incubator at 127 rpm to concentration
of 1.8 × 109 cfu·mL−1. E. coli, the negative control, was also
cultivated in LB broth under the same conditions to
concentration of 1.01 × 109 cfu·mL−1. In the antibacterial
experiment, antibacterial activity was determined by the
turbidimetric enzyme activity assay with slight modification
[23]. Each bacterial solution was injected into the
microchannels at a flow rate of 30 μL·min−1 at room
temperature. To determine the antibacterial activity, the
OD600 value was measured using a spectrophotometer
(Genesis 10UV, Thermo Scientific, USA) (http://www.
thermofisher.com). After the solution was injected, 2 mL of
bacterial solution from the microchannel was collected and

analyzed by spectrophotometer (Genesis 10UV, Thermo
Scientific, USA) (http://www.thermofisher.com) to compare
the OD600 value with the initial OD600 value before injection
into the microchannel.

Microscopy experiment

Microchannels were observed by an inverted microscope
(Eclipse TI-U, Nikon, Japan) (http://www.nikon.com). To
take fluorescent images, a metal halide lamp (C-HGFI,
Nikon, Japan) and green fluorescent filter (G-2A, Nikon,
Japan) were applied to expose specific light at 510–560 nm
in wavelength. The obtained images were further analyzed
using Image J Software (NIH, Bethesda, MD) (https://
imagej.nih.gov/ij/download.html) to measure fluorescence
intensity for quantitative analysis.

Results and discussion

Microfluidic channel inspired by a fish gill

We have devised a microfluidic channel structure inspired by
a fish gill that has a large surface-to-volume ratio to maximize
the reaction between bacteria and the channel surfaces where
LST-PDA vesicles were coated (Fig. S1). The fish gill has a
comb-like lamellar structure in the constricted area, which has
a high gas exchange efficiency when water passes through the
structure [16–18]. We fabricated pillars mimicking the comb-
like lamellae structure on the interior of the microfluidic chan-
nels; thus, the bacteria reacted more effectively with the LST-
PDA conjugated on the surfaces of the pillars and channels.
The height, width and length of the channels were 200 μm,
1 mm and 2 cm, respectively. The inclusion of pillars 500 μm
in length and 100 μm in width within the channel made the
surface-to-volume ratio three times higher than that of a chan-
nel without the pillars.

Immobilization of PDA vesicles on the interior
of the channel

To provide the two functions of antibacterial activity and de-
tection, we coated both the pillar and channel surfaces with
PDAvesicles and then conjugated LSTonto the surface of the
PDA vesicles. Diacetylene monomers form self-assembled
vesicles in aqueous solution, and subsequent UV illumination
polymerizes the diacetylene monomers, creating PDA vesi-
cles. After polymerization, the blue PDA vesicles undergo a
color transition to red and fluoresce enhancement in response
to external stimuli, such as mechanical stress [24]. The me-
chanical stress applied to the PDA vesicles induces distortion
in polymerized network of the PDA vesicles, which widens a
HOMO-LUMO energy band gap, resulting in the change of
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Fig. 1 Schematic illustration of the entire reaction on the microfluidic
surfaces: a Fabrication of PDA-LST-conjugated PDMS channel. PDA
vesicles can be activated using EDC/NHS chemistry. Amine groups on
the PDMS surface and activated PDA vesicles were bound through the
EDC/NHS reaction. LST, an amine-rich enzyme, can also be coupled to

activated PDA using the same chemistry. b The antibacterial reaction of
LST induces a color transition of the PDA vesicles. LST lysed
Staphylococcus by cleaving pentaglycine in their cell walls, and the me-
chanical stress during the reaction between LST and bacteria made the
PDA vesicles change color from blue to red
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optical property of the PDA vesicles [25]. In this study, the
color change and fluorescence enhancement occurred in re-
sponse to the mechanical stress of antibacterial reaction be-
tween LST and S. epidermidis (Fig. 1b).

The PDA vesicles used for our experiments ranged from
100 to 200 nm in size. DMPC was added among the
diacetylene monomers at a ratio of 1:4 to increase the sensi-
tivity of the color transition of PDA vesicles [26]. We conju-
gated PDA vesicles to the surface of the pillars and channels
through an EDC/NHS reaction between the carboxyl end of
diacetylene and the amine-rich surface of PDMS treated by
oxygen plasma and APTES. We observed aggregation of the
PDA vesicles when a high concentration of reaction mixture
was used; thus, 2 mM PDAvesicles and NHS and EDC solu-
tions were used to prevent aggregation. To verify the conju-
gation of PDA vesicles on the surfaces, a color change was
induced by flowing 1 N NaOH solution through the channels
after UV illumination for 3 min, and fluorescence was ob-
served along the surfaces of the channels (Fig. S2).

Antibacterial activity by LST

LST is an enzyme that cleaves the pentaglycine cross-bridge
in the cell wall of certain Staphylococci [12]. LST-PDA con-
jugated onto the channel and pillar surface lyses
Staphylococci, whose cell wall is composed of a pentaglycine
cross-bridge, via cell wall damage. S. epidermidis at a concen-
tration of 1.8 × 109 cfu·mL−1 after 24 h of incubation flowed
through the channel. The OD600 was measured to compare the
death rate before and after the bacteria flowed through the
channels. The OD value dropped by 80 ± 8.32 (SD)% when
S. epidermidis was flowed through the PDA-LST-conjugated
channel, whereas almost no change was observed in the neg-
ative control lacking LST. Moreover, E. coli remained intact
when flowed through LST-PDA-coated channels (Fig. 2) [27].

Our data show promising results because previous work
with antibacterial solutions in a stagnant state showed a death
rate of 70–80%; in contrast, in our system, bacteria were con-
tinuously flowed through the channel with a limited retention
time and exposure to LST prior to flowing out of the channels
but had a similar death rate [28–30]. Our system with contin-
uous flow in the microchannels can be used for more practical
applications, such as IV injection lines, tubing, or pipelines.

To investigate the effect of angles of the pillar, we made
pillars at various angles, 30, 45 and 60°, to the flow direction.
Of the three angles, 60° led to the largest decreases in OD of
88.3%, and 30° and 45° led to decreases of 83.9% and 86.6%,
respectively (Fig. S3); this finding is attributed to the ratio of
the cross-sectional area of the pillars within the channels. A
higher cross-sectional area will create turbulent flow in the
channels, resulting in higher mixing efficiency and antibacte-
rial activity on the surface of the channels [31].

The specificity of LST to S. epidermidis was shown by
using E. coli as a control. Since E. coli does not have
pentaglycine in the cell wall, E. coli should not react with
LST, and the OD values remained the same before and after
flowing through the channel. Fig. 2 shows that the LST-coated
channels reacted specifically with S. epidermidis but not with
E. coli. In addition, the channels with bare surfaces also did
not demonstrate activity against either E. coli or
S. epidermidis.

Detection of S. epidermidis using the chromatic transition
of PDA

To observe the chromatic transitions of channel surfaces
coated with PDA-LST on reaction with S. epidermidis, the
channels were viewed under a fluorescence microscope. A
notable color change occurred, as shown in Fig. 3c,
whereas no or little color change was observed in Fig.
3a and b when E. coli was flowing on the PDA-LST-
coated surface and S. epidermidis was flowing on the
PDA only surface, respectively. The slight change found
in Fig. 3b was due to some non-specific binding to
unblocked PDA surfaces attributed to the culture medium.
Further quantitative analysis performed using Image J in-
dicated that the fluorescence intensity in Fig. 3c was al-
most five times as high as that of the other control exper-
iment (two-tailed t-test, p-value <0.01) as shown in Fig.
3d, showing the specifici ty of color changes to

Fig. 2 The OD value decreases as the reaction between LST and
S. epidermidis increases. With no LST, the OD values remained the
same before and after each bacterial suspension flowed through the
channels. The OD values changed considerably when S. epidermidis
flowed through the PDA-LST-conjugated channels. The PDA-LST-
conjugated channel can kill S. epidermidis and has specificity against
S. epidermidis. Data (n = 5) were collected with five different sets of
devices
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S. epidermidis. The color changes were specifically attrib-
uted to the reaction between LST and Staphylococcus.

Using E. coli, we showed the specificity of the channel to
S. epidermidis. Only when S. epidermidis flowed through, did
the PDA- and LST-conjugated channel exhibit the color tran-
sition of PDA vesicles (Fig. 3c). The channels with E. coli
(Fig. 3a) or without LST (Fig. 3b) did not undergo the transi-
tion. Even when LST was present in the channel, the fluores-
cence intensity of PDAvesicles with S. epidermidis was more
than 20 times higher than that of the channels with E. coli
(two-tailed t-test, p-value <0.001) as shown in Fig. 3d.
These results indicate that the color transition of PDAvesicles
was induced by the reaction between LST and S. epidermidis
and that the channel has specificity for S. epidermidis.
However, correlation of fluorescence intensity and bacteria
concentration was not further analyzed because the amount
of chromatic PDA vesicles coated on the channels was not
enough to differentiate fluorescence intensities. To improve
the sensitivity issue, we can have layer-by-layer coatings of
sensing materials or use other chromatic materials, such as
quantum dots, that have higher light/fluorescence intensity.

Conclusions

In this study, we developed a microfluidic system that enables
chromatic detection of S. epidermidis while simultaneously

providing antibacterial activity in microfluidic channels
coated with LST-conjugated PDA vesicles. Furthermore,
we mimicked the fish gill structure to obtain a high
surface-to-volume ratio and increase the reaction efficien-
cy between S. epidermidis and the microfluidic surfaces.
The results showed the high efficiency of the antibacterial
activity compared with the previous work with suspended
LST solution, and the simultaneous, specific reaction with
S. epidermidis that enabled the chromatic detection of
S. epidermidis. Our system can also be modified using
different enzymes or antibodies for the purpose of simul-
taneous detection and elimination of bacteria or fungi
present in solution. In addition, the methods presented
here should be applicable to any channel surfaces with
functional groups where chemical ly modifiable.
Although this system offers multi-functions to channel
surfaces, potentially applicable to clinical settings, the de-
tection limit of this system can be an issue. However, the
multifunctional system and its applicability to any type of
channels are still beneficial as compared to previous work
(Table S1). Therefore, once sensitivity of the system is
improved, the microfluidic channels shown in this work
can be widely used not only in biomedical devices, such
as for the diagnosis of pathogens or prevention of IV line
contamination, but also in industrial applications, such as
pipelines in plants and real-time detection and elimination
of pathogens for safe tubing.

Fig. 3 Chromatic transitions on
the microfluidic channels. When
E. coli flowed through (a) an
LST-positive channel (PDA-con-
jugated channel), no noticeable
change in fluorescence intensity
was observed. When
S. epidermidis flowed through the
channels, the channel surfaces
with bare PDA vesicles (b) ex-
hibited slight color changes due to
non-specific interactions, but the
changes were less than those of
(c) the LST-positive channel.
Dotted lines and arrows show the
boundary of the channels and the
direction of bacterial flow, re-
spectively. Scale bar = 500 μm.
(d) The amount of change in
fluorescence intensity depended
on the specific reaction between
LST and S. epidermidis. Data
(n = 6) were collected from six
different devices. Two-tailed t-
test. (**) and (***) indicate
p < 0.01 and p < 0.001,
respectively
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