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Abstract

Biosensors are analytical tools used for the analysis of biomaterial samples and provide an
understanding about the biocomposition, structure, and function of biomolecules and/or
biomechanisms by converting the biological tesponse into an electrical and/or optical
signal. In particular, with the rise in antibiotic resistance amongst pathogenic bacteria, the
study of antibiotic activity and transport across cell membranes in the field of biosensors
has been gaining widespread importance. Herein, for the rapid and label-free detection of
antibiotic permeation across a membrane, a microelectrode integrated microfluidic device
is presented. The integrated chip consists of polydimethylsiloxane based microfluidic
channels bonded onto microelectrodes on-glass and enables us to recognize the antibiotic
permeation across a membrane into the model membranes based on electrical impedance
measurement, while also allowing optical monitoring. Impedance testing is label free and
therefore allows the detection of both fluorescent and non-fluorescent antibiotics. As a
model membrane, Giant Unilamellar Vesicles (GUVs) are used and impedance mea-
surements were performed by a precision inductance, capacitance, and resistance metre.
The measured signal recorded from the device was used to determine the change in
concentration inside and outside of the GUVs. We have found that permeation of
antibiotic molecules can be easily monitored over time using the proposed integrated
device. The results also show a clear difference between bilayer permeation that occurs
through the lipidic bilayer and porin-mediated permeation through the porin channels
inserted in the lipid bilayer.
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1 | INTRODUCTION

Antibiotic resistance of bacteria is a growing global problem.
Especially, gram-negative bacteria infections are the most
challenging bacterial infections of our time [1-3]. Misuse of
antibiotics and bacteria's ability to adapt themselves against
almost all sorts of drugs have led to the issue of antibiotic
resistance across the globe, and unavoidably the creation of
‘multi-drug resistance’ in gram-negative bacteria [4,5]. Among
many factors, outer membrane channels/potins (Omp) that
exist in the outer cell membrane of the bacteria are considered
to play a crucial role in the resistance mechanism [6—10].
Knowing that Omps are nanoscale channels that allow the
bilayer permeation by passive diffusion along the concentra-
tion gradient of hydrophilic molecules, nutrients, and drugs
into the periplasmic space of the cell, one can imagine the
importance of the channel as the first line of defence against
any sorts of antibiotics. Channel modifications (due to envi-
ronmental factors and mutations that cause a decrease or in-
crease in porin diameter and number, change in polarity, and
selectivity) or loss of cell envelope channels are the ways in
which bacteria gain resistance to a specific antibiotic [11]. Thus,
research into antibiotic permeation through these biological
nanochannels is a key point in understanding the resistance
mechanism that bacteria grow over and after the treatment
period, as well as in developing novel rational antibiotics that
can safely penetrate the cell wall and demonstrate their action
against bacteria in the cell.

Monitoring the antibiotic permeation across a membrane
in order to facilitate the treatment of resistant bacterial in-
fections has therefore been investigated widely using different
types of on-chip biosensors [12—19]. On-chip biosensors are
commonly made of advanced miniaturized diagnostics tools
that are being used to detect and monitor the illnesses [20-22].
This advanced technology benefits from the advantages of lab
on-chip technologies consisting of sophisticated, but often
very basic, microfluidic channel networks. Microfluidic systems
have gone through many developments to perform complex
and time-consuming biological functions in a much effective
and shorter time [23—26]. These systems are also cost effective
and automated while consuming small fluid volume [27-29].

Since antimicrobial resistance has become one of the global
health problems of our time, the aim of our work was to use an
integrated microfluidic device to check the rates of antibiotic
permeation. When compared to the above studies, based on
impedance testing using a precision inductance, capacitance,
and resistance (LCR) metre, our device can perform on-chip
label-free detection. The performance of the chip is easy, and
the production is well known through classical semiconductor
processing techniques. The novelty of our reseatrch arises from
the use of impedance testing on the bilayer and porin-mediated
antibiotic permeation monitoring on-chip for the very first
time. The concept of the experiment is illustrated in Figure 1,
where the concentration of antibiotic inside and outside of the
vesicles, representing bacteria, varies over time and the change
is observed using the electrode set-up. Here mixing and the
antibiotic permeation across a membrane occurs on-chip. The

integrated chip consists of a single microfluidic channel with
two inlets for giant unilamellar vesicles (GUVs) and antibiotic,
while the microelectrodes are made up of a thin layer of Ti and
designed to be independently operating at certain durations. At
the cross sections of the microfluidic channel and microelec-
trodes, the positive and negative electrodes are met with a
particular distance. The length of the channels before each
cross section is designed for the travel of the GUVs within a
sufficient amount of time before each impedance measurement
and allows for the measurement of the antibiotic permeation
across a membrane over time, if exists. In conclusion, an
alternative on-chip label-free susceptibility assay is presented,
which would potentially be used for both autofluorescent and
non-autofluotescent antibiotics.

2 | EXPERIMENTAL SECTION

2.1 | Formation of giant unilamellar vesicles

GUVs were created by electroformation using an in-house
electroformation set-up. We used 1,2-diphytanoyl-sn-glycero-
3-phosphocholine (DPhPC) lipid (Avanti Polar Lipids) to
prepare GUVs. The physical properties of DPhPC create very
high stability of planar bilayers. DPhPC has pKa of 2.1 and
13.9; therefore, it remains neutral in a wide range of pH.
Morteover, it does not have a phase transition from —120 to
80°C [30]. 60 pl of 5 mg-ml~" of DPhPC lipid in chloroform
was spread on the conducting surface of an indium titanium
oxide (ITO)-coated glass slide within an o-ring. The chloro-
form was evaporated for 10 min in a desiccator, followed by
the addition of 600 pl of the 200 mM sucrose within the o-ring.
A sandwich structure was made with another I'TO-coated slide
(conducting surfaces facing each other). This was placed in the
set-up whereupon electroformation proceeds in three steps: (i)
the a/c voltage increases lineatly from 0 to 3 Vpp at 5 Hz in
5 min. (i) The voltage stays at 3 Vpp and 5 Hz for 2 h. (iii) The
voltage decreases lineatly to 0 V at 5 Hz in 5 min. The elec-
troformation was carried out at 37.5°C. The vesicles were
stored at 20°C and used within a week. For the preparation of
porin-loaded GUVs, 5.5 ng purified stock of OmpF was
diluted in 1% solution of octyl-polyoxyethylene (OPOE) pre-
pared in 1 ml of deionized water. 2.5 pl diluted OmpF solution
was then added to 500 pl GUVs and incubated over 1 h. Bio
beads were later added to the incubated solution to remove the
detergent, followed by a second incubation in the refrigerator.
Afterwards, the pro-GUVs were separated from the bio beads
to use in the following experiments. The size distribution of
the GUVs were carried out using Image].

2.2 | Cloning, exptession, and putification of
E. coli OmpF porin protein

Primers of the ompF gene were designed in accordance with the
pLATES51 vector in the al.ICator LIC Cloning and Expression
Kit 2 (ThermoFisher Scientifics K1251). The polymerase chain
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FIGURE 1

reaction (PCR) product of the Escherichia coli ompF porin gene
which was amplified by colony PCR using specific primers was
cloned into the pLATE51 vector. The plasmid was then
transformed into wild-type E. coli W3110 strain. Transformant
E. coli transferred to 100 ml LB broth, incubated at 160 rpm at
37°C until the ODgg value reached 0.6-0.8 absorbance. After
that, a final concentration of 0.5 mM Isopropyl §- d-1-thio-
galactopyranoside was added to the culture and 6-h shaking
incubation was continued to induce the plasmid. After incu-
bation, 100 ml bacterial cells were centrifuged at 12,000 rpm for
5 min at 4°C. After that, protein purification was cartied out
according to the procedure of the Macherey-Nagel Protino®
Ni-NTA Agarose kit. Purified proteins were analysed by west-
ern blot using anti-Histag antibody [31-33].

2.3 | Preparation of aqueous solutions

200 mM of sucrose solution was prepared in deionized water
(DI) water (pH 7). To adjust the pH of 2 mM of norfloxacin
prepared in DI water, tris(hydroxymethyl)aminomethane and
hydrochloric acid were used. For each experiment, daily pre-
pared fresh GUVs were used to maintain consistency. Figure 2
displays different ionized and non-ionized forms of norfloxacin.
Depending on the pH, four forms in a solution can be obtained:
(a) neutral, (b) zwitterion, (c) cation, and (d) anion. Neutral and

zwitterion structures are formed at pH 7, while cation and anion
forms are obtained at pH 5 and pH 9, respectively [34].

Schematic of permeation of the antibiotic molecules into the vesicles

2.4 | Chip design and fabrication

The fabrication process is divided into three stages: (a) poly-
dimethylsiloxane (PDMS)-made microfluidic chips were
fabricated using classical lithography [26]. The fabricated de-
vice has a network of microfluidic channels that are 200 pm
wide and 25 pm high. The total length of the network from the
T junction to the outlet reservoir is approximately 380 mm,
where the width of the horizontal channels is 200 pm and the
vertical channel width is 300 um. The channel design has two
inlets for receiving a solution containing GUVs and antibiotic:
—in this case, norfloxacin—and an outlet for collection of
norfloxacin-loaded GUVs.

(b) Microelectrode arrays were first designed in AUTO-
CAD and then transferred to CORELDRAW for high reso-
lution. The pattern masks were saved as .pdf format and
printed on acetate paper at Coézum Tanitim, Turkey. To allow
easy and precise integration, alignment markers were also
designed on both the microfluidic chip and the microelectrode
chip with flexibility of 50 pm. The electrode width is 100 pm,
the gap between electrode fingers which comprises positive
and negative electrodes is 50 um, and the total length of each
electrode is 10.975 mm.

Microscope slides were cut in half and the prepared sub-
strates were cleaned first in 1 M KOH solution for 10 min, and
then in acetone for another 10 min using an ultrasonic cleaner.
The substrates were then rinsed with isopropyl alcohol, DI-
water, and blow-dried with nitrogen gas. After cleaning, the
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substrates were coated with 2.5 pl positive photoresist AZ-
9620 using a single substrate spin processor. Before exposure,
the photoresist coating was soft baked for 2 min 45 s at 110°C.
The photoresist-coated substrates were placed under the
pattern mask with scotch tape and exposed to an in-house
developed UV light source for 70 s. After exposure, the
photoresist on the substrates was developed in tetraethy-
lammonium hydroxide (TEAH) for 2 min 30 s and rinsed with
DI water. The glass templates were loaded into a sputtering
chamber to deposit a 200-nm thin film of titanium at a rate of
7 nm/min. After deposition, the substrates were kept in vac-
uum for an hour before proceeding to the lift-off process.

(c) Microfluidic chip was bonded to the Ti-on glass mi-
croelectrodes after plasma exposure of the two surfaces. The
device was then placed on a hot plate at 110°C for 120 min to
enhance the adhesion. Figure 3a shows the 3D view of the
integrated device before the integration. The schematic of the
integrated device is shown in Figure 3b,c.

2.5 | Impedance measurements

The impedance measurements were measured with a precision
LCR metre (HM8118 LCR Bridge/Metre, Germany) [5,[35].
The electrical connections to the LCR metre were made by
alligator clips to the copper wires. Copper wires were attached
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FIGURE 2 Different ionized and non-ionized forms of norfloxacin
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FIGURE 3
the integrated chip

to the electrical pads on the glass chip using conductive silver
epoxy and the chip was then kept on a hotplate at 125°C for an
hour to harden the epoxy. All of the wires and the chip itself
were fixed onto the focal plane of the microscope with a tape.
A 1-mm plastic tubing was inserted into the chip inlets. A
micropump was used to inject the GUVs and antibiotic solu-
tion to the respective inlets of the microchip. All experiments
were repeated four times at 1.5 V and 100 kHz. The mea-
surements were independently taken at the positive and
negative electrodes aligned across each other — six measure-
ment points.

2.6 | Statistical analysis

Statistical analysis on all results was performed using paired
sample ¢-test in SPSS software. Statistical significance threshold
was set at 0.05 (p < 0.05). Error bars represent a standard
deviation of the mean (n = 4).

3 | RESULTS AND DISCUSSION

Herein, the authors aimed to investigate the bilayer permeation
using GUVs without porins and porin-mediated permeation
using pro-GUVs loaded with OmpF porins of E. coli. Bilayer
permeation occurs through the lipid bilayer, whereas porin-
mediated permeation refers to the transport of antibiotics
through OmpF porin in the lipid bilayer and is expected to lead
to higher permeation rates due to the natural diffusion pathway
created via the porin channels. In order to imitate the diffusion
pathway in the bacteria, GUVs were used as a model mem-
brane, because working with bacteria with only a specific porin
existing in the cell outer membrane would require extensive
microbiology work. Here GUVs were fabricated using elec-
troformation and the technique is easy to implement for the
formation of different GUVs with different lipids in a different
size. DPhPC lipids were used herein and the size distribution
analysis of the GUVs showed that approximately 95% of the
GUVs were under 30 um in size.

(c)

PDMS

Electrodes
— Glass Slide

a) 3D view of the integrated chip. (b) 2D view represents the cross section of electrodes and microchannels. () Schematic of the cross section of



104 |

KAUR ET AL.

As for the permeability testing, an LCR metre was chosen
to measure the impedance. Impedance testing has been pre-
viously reported to be sensitive to the cell type that could be
stimulated by different chemicals or drugs [36,[37]. Likewise,
we hypothesized that the uptake of antibiotics into the GUVs
could be monitored by a simple impedance testing because the
outer membrane of GUVs in solution comprises an RC circuit
[38—40] (Figure 4).

The ionic media outside and inside of the GUVs constitute
a conducting circuit, while the lipid bilayer of the GUVs acts as
a capacitor separating two ionic media. Here the charge sep-
aration which leads to a potential difference across the lipid
bilayer can be related to the concentration through a simplified
Nernst equation:

RT C,

where V' is the voltage, R is the gas constant, T is the tem-
perature, z is the valence, F is the Faraday constant, and C is
concentration. It means that V across the membrane is in
equilibrium with the concentration gradient established by the
outside ionic concentration (C,) and inside ionic concentration
(C) inside where the net ionic flux is zero. In other words, the
concentration can then be related to the impedance through
the voltage difference [41]:

Z="=""n=2/]

V. RT C,
1 zF Ci

It is evident from the equation that if the ionic concen-
tration inside the vesicle increases, then the impedance at
particular pH decreases. In this context, the measured
impedance value in our experiment would imply that the
concentration changes in and outside would mean a change in
the impedance and then could be used as a determining factor
for the permeation rates.

In line with this discussion, we measured the impedance
values of the solution containing GUVs and the antibiotic at
different pH. GUVs and antibiotics were introduced via two
independent inlets on the chip, as previously shown in
Figure 3. While the solution moved through the channel at a
flow rate of 0.5 ul/min, the impedance values were measured

Ry

_<

FIGURE 4 Left: Schematic of the lipid bilayer. Right: Simple electric
model of the membrane

at each electrode over a certain period. It is assumed that
measurement after the arrival of the solution to the measure-
ment region—electrode junctions—within 2-, 4-, 6-, 8-, and
10-min intervals would be sufficient to monitor the perme-
abilities. We placed 12 (6 positive and negative each) electrodes
underneath the channel which comprise 6 junctions. That is to
say that there was a total of six junctions (shown in Figure 3)
where impedance was measured to ensure the change in the
permeability of the antibiotic over time. The microfluidic
channel is 360 mm long and allows the travel of the solution
within about 7 min. Within minutes, the antibiotics penetrate
the GUVs through the diffusion channel [42-44]. Measure-
ments were taken at different pH to ensure the capture of
permeation rates at different conditions and to be able to
compare. Norfloxacin was chosen as a reference antibiotic due
to its fluorescence properties, which would then enable us to
double monitor the permeability both electrochemically and
optically. Permeation rates were calculated from the impedance
changes over time using the equation ‘Zgn. Ziviial/
Zgna X 1007,

Figure 5 shows the impedance results for bilayer and
porin-mediated permeation using GUVs and pro-GUVs at
different pH. As clearly seen from Figure 5ab, there is a
drop in the impedance values in both cases, and the
decrease is much sharper when using pro-GUVs, in the
order of 0.3 MQ. In particular, in bilayer permeation
testing, the permeation rates were 17%, 7%, and 11%, at
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pH 5, 7, and 9, respectively. In porin-mediated permeation
testing, where new chips were used, the error bars were
significantly lowered. The permeation rates for the porin-
mediated permeation were found to be 36%, 34%, and 31%
at pH 5, 7, and 9, respectively. The presence of the porin
resulted in significant uptake of the antibiotics obviously,
and this caused a considerable increase in the permeation
rates. It is interesting to find that the effect of pH was
more observable in the absence of the porins in the lipid
bilayer of the GUVs. However, there is no significant dif-
ference between data (the f-test demonstrates that the p-
value is higher than 0.05 [>0.05]). In contrast, the pH did
not play a significant role in the porin-mediated permeation.
Norfloxacin at pH 7 demonstrates zwitterion, whereas, at
pH 5 and pH 9, the antibiotic molecules become positively
and negatively charged [34]. The control experiments lacking
norfloxacin were also performed and found that the change
in impedance is in the order of 10 kOhm and is therefore
negligible compared to the MOhm change obtained after
the addition of norfloxacin. Though the pH effect remains
questioned and requites further studies, probably with
different antibiotics, the integrated device was capable of
detecting the changes over time and proves the proof of
concept to be a candidate for the label-free on-chip anti-
biotic permeation testing, an alternative to on-chip fluores-
cence-based assays [43].

4 | CONCLUSION

Herein, a detailed vesicle permeation of antibiotics is inves-
tigated on an integrated chip. Electroformation-generated
vesicles mimic a living cell's cell membrane, whereas imped-
ance measurements are a way of assessing label-free perme-
ation rates over time. A PDMS-made microfluidic chip
integrated onto a titanium electrode array was designed and
produced to develop the label-free on-chip assay. As a proof
of concept, the hybrid device was then used for the bilayer
and porin-mediated permeation testing. Experimental findings
show that the device is effective in understanding the
over pre-
determined times with respect to concentrations in and out
of the vesicles. Future studies should be directed towards the
single or multiplexed testing of other fluoroquinolones and
amino acids with different chemical properties such as

permeation rates using impedance changes

charge, in order to further investigate the capacity of the
integrated chip. We conclude that in various evaluations of in
vitro antibiotic permeation platforms, whether the drug is
flexible and

robust concept and the hybrid device can be widely used.

autofluorescent or non-autofluorescent; this
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