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1. Introduction

3D impedimetric sensors as a tool for monitoring
bacterial response to antibioticst

S. Brosel-Oliu, ®2 O. Mergel,® N. Uria, @2 N. Abramova, @3¢
P. van Rijn ©° and A. Bratov @ *?

The presence of antimicrobial contaminants like antibiotics in the environment is a major concern because
they promote the emergence and the spread of multidrug resistant bacteria. Since the conventional sys-
tems for the determination of bacterial susceptibility to antibiotics rely on culturing methods that require
long processing times, the implementation of novel strategies is highly required for fast and point-of-care
applications. Here the development and characterization of a novel label-free biosensing platform based
on a microbial biosensor approach to perform antibiotic detection bioassays in diluted solution is
presented. The microbial biosensor is based on a three-dimensional interdigitated electrode array (3D-
IDEA) impedimetric transducer with immobilized E. coli bacteria. In 3D-IDEA to increase the sensitivity to
superficial impedance changes the electrode digits are separated by insulating barriers. A novel strategy is
employed to selectively immobilize bacteria in the spaces over the electrode digits between the barriers,
referred to here as trenches, in order to concentrate bacteria, improve the reproducibility of the E. coli
immobilization and increase the sensitivity for monitoring bacterial response. For effective attachment of
bacteria within the trenches an initial anchoring layer of a highly charged polycation, polyethyleneimine
(PEI), was used. To facilitate immobilization of bacteria within the trenches and prevent their deposition on
top of the barriers an important novelty is the use of poly(N-isopropylmethacrylamide) p(NIPMAM) micro-
gels working as antifouling agents, deposited on top of the barriers by microcontact printing. The reported
microbial biosensor approach allows the bacterial response to ampicillin, a bacteriolytic antibiotic, to be
registered by means of impedance variations in a rapid and label-free operation that enables new possibili-
ties in bioassays for toxicity testing.

medicinal veterinary and even in agriculture has led to the ap-
pearance of bacterial resistance genes, which are promoted

Infectious diseases and emerging bacterial pathogens are still
one of the main public health problems worldwide." In the
last century different antimicrobial reagents like antibiotics
have been employed for the prevention and treatment of bac-
terial infections.” Antibiotics are antimicrobial drugs of natu-
ral or synthetic origin mainly used for the treatment and pre-
vention of infectious diseases in humans and employed to
promote growth of animals in the meat industry.” However,
the extensive and abusive use of antibiotics in healthcare,
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because antibiotics also act on commensal bacteria, creating
a reservoir of resistant organisms.”” Food and water are im-
portant vectors for the spreading of these resistant organisms
between humans and animals, resulting in increasing pres-
sure for ensuring safety in human consumption.® Hence, dif-
ferent methods are required to perform bacterial detection
assays and identify possible antibiotic resistances in common
pathogens.

The standard methods to study the required dosage of
antibiotics are mainly based on antimicrobial susceptibility
tests (AST), which are accomplished using classical microbio-
logical methods or automated systems.” ® These methods, are
not sufficiently fast, requiring 1-2 days of processing time to
get reliable information, and can hardly be used for rapid
diagnostics in point-of-care portable systems.'® More recently,
polymerase chain reaction (PCR) has been employed for the
detection of resistant genes. However, these methods are ex-
pensive and have not been adopted yet for resistance detec-
tion assays.'" Hence, novel technologies to study the
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effectiveness of antimicrobial drugs like antibiotics are in
high demand.

A promising option is to monitor the response of bacterial
cells to different treatments that affect their metabolic activ-
ity, the cell viability or structural changes. In this sense
microbial biosensors, consisting of a transducer with
immobilized microbial cells, are promising tools as they use
the cellular response for the detection of biologically active
agents.'> A few works for the detection of antibiotics using
microbial-based biosensors have been reported: for example,
a potentiometric microbial biosensor to detect the presence
of B-lactams, which inhibits the microbial growth,"® or an op-
tical whole-cell biosensor using engineered P. putida to detect
structurally diverse antibiotics."* Despite the fact that differ-
ent kinds of transducers may be employed to perform detec-
tion assays, a limited number of works report the study of
susceptibility of bacteria to antimicrobial compounds."™

Among the electrochemical transducers, impedance-based
sensors are really advantageous considering their ability to
perform label-free detection,'® low cost production, ease of
miniaturization and integration with other technologies like
microfluidics."”” In the case of electrochemical impedance
spectroscopy (EIS) the measurements may be performed in
Faradaic and non-Faradaic modes. In the first case a redox
couple in the electrolyte solution is required to transfer a
charge across an interface, while in non-Faradaic measure-
ments no additional reagent is necessary, and impedance
mainly depends on the electrode interfacial capacitance.'®>°

To perform impedance measurements different electrode
formats may be selected. It has been demonstrated that inter-
digitated electrode array (IDEA) transducers, consisting of a
pair of comb-like metal electrodes deposited on an insulating
substrate, are really advantageous in terms of rapid detection
kinetics, increased signal-to-noise ratio and fast establish-
ment of a steady-state signal.>’ In addition, as the measure-
ments are performed in a non-Faradaic mode without apply-
ing additional DC bias, the applied signal and the current
response are measured between the pair of electrodes of an
IDEA, eliminating the need for a reference electrode. As both
electrodes are commonly of the same material it is assumed
that the electric potential difference between them is close to
zero. The impedance of the IDEA sensor in a water solution
measured between a pair of electrodes mainly depends on
the solution conductivity and interfacial capacitance of the
electrodes.” In low conducting solutions, surface conductiv-
ity in the spacing between electrode digits may prevail over
the bulk solution conductivity and play a significant role in
the overall impedance.>**?

Recently, to enhance the sensitivity of standard planar
IDEA devices a new design based on a three-dimensional
interdigitated electrode array (3D-IDEA) sensor, in which an
insulating barrier is introduced between the adjacent
electrodes, was proposed.”® The separation of the electrode
digits of an IDEA by SiO, insulating barriers allows the en-
hancement of the effect of surface conductivity on the imped-
ance measurements. In this case the penetration of the elec-
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tric field into the bulk solution is the same as for a planar/
flat IDEA with an equivalent geometry, but the current path
along the SiO, surface is much longer, which permits the en-
hancement of the sensitivity of the device to surface conduc-
tivity changes. The applications of 3D-IDEA biosensors for
label-free detection of bacteria have been reported earlier.>*>*
In these cases the 3D-IDEA sensor surface was functionalized
with different biorecognition molecules to selectively detect
bacteria or bacterial toxins.

Accordingly, taking into account the high sensitivity of
these 3D-IDEA sensors in comparison with conventional pla-
nar IDEA,*® we assume that these devices with immobilized
bacteria may also be employed for monitoring the bacterial
response to different antimicrobial compounds. It is well-
known that among different antibiotics, ampicillin (Amp), of
the B-lactam group, inhibits bacteria cell wall synthesis and
induces cellular stress, which culminates in cell lysis.>>*’
Thus, the bacterial membrane integrity is affected, inducing
a release of cytoplasmatic compounds outside.

In this work a new biosensing platform is developed using
disposable three-dimensional interdigitated electrode arrays
(3D-IDEA) as impedimetric transducers and E. coli bacterial
cells as the recognition element against ampicillin. One of the
main challenges is the development of a reproducible method
of bacteria immobilization on the transducer unit as the repro-
ducibility of bacterial attachment is an important limitation in
the performance of microbial-based biosensors. To achieve
this, specifically synthesized poly(N-isopropylmethacrylamide)
(p(NIPMAM)) microgels (uGel) have been used.

Microgels have found considerable interest due their abil-
ity to encapsulate, protect, and release bioactive components.
Polymeric microgels are spherical particles (typically in the
size range between 100 nm and 1000 um) whose interior con-
sists of a three-dimensional cross-linked polymeric network
that entraps a considerable amount of solvent.”® One of the
remarkable features of microgel particles is that they struc-
turally respond to external stimuli like temperature, pH or
electric field applied with conformational changes.*® The use
of microgels is reported in many fields, including biosensing
applications, providing a favorable environment for enzymes
and other biomolecules to preserve their activity and func-
tional structure,®® and also in triggered drug delivery sys-
tems.*" In addition, due to their facility for tuning their struc-
ture and physical and chemical properties, microgels are also
employed as antifouling agents in biointerfaces®*>*
preventing cell adhesion.

In this study we present a novel strategy for the spatially
selective immobilization of E. coli bacteria cells in the spaces
between the barriers of a 3D-IDEA, here referred to as
“trenches”. In this case, one of the main objectives of
the work is to prevent the adhesion of bacteria on top of bar-
riers. To achieve this, poly(N-isopropylmethacrylamide)
(p(NIPMAM)) microgels were used as antifouling agents to
avoid the attachment of E. coli on top of barriers. A highly
positively charged polycation, polyethyleneimine (PEI), typi-
cally used for the formation of thin multilayer coatings was
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employed as an initial anchoring layer, allowing the
p(NIPMAM) microgel attachment mainly by electrostatic in-
teractions. Finally, the changes produced in the medium in
the presence of ampicillin and E. coli bacteria were moni-
tored in a micro-incubation chamber with a small volume
specifically designed to perform the impedimetric measure-
ments in a simple and easy-to-use format (Fig. 1).

The present study shows a promising biosensing approach
that can be employed for the determination of antimicrobial
drugs and can also be an attractive method for the detection
of other toxic contaminants that can affect the bacterial

integrity.

2. Materials and methods
2.1. Reagents and materials

The polycation polyethyleneimine (PEI, branched, average
Mw 25000, water-free) was dissolved in deionized water at
1.5 mg mL™" in accord with previously published works.**
N-Isopropylmethacrylamide (97%, NIPMAM), the cross-linker
N,N'-methylenebis(acrylamide) (99%, BIS), the surfactant
sodium dodecyl sulfate (SDS) and the initiator ammonium
persulfate (98% APS) were purchased from Sigma-Aldrich.
The dye methacryloxyethyl thiocarbamoyl Rhodamine B
(MRB) was  purchased from  Polysciences, Inc.
N-Isopropylmethacrylamide was recrystallized from hexane.
The polydimethylsiloxane (PDMS) elastomer substrate was
obtained by mixing 18 g of the prepolymer (Sylgard 184A)
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and cross-linker (Sylgard 184B, Dow Corning), vigorously
stirred with a spatula at a 10:1 ratio. The viscous mixture
was deposited on a 12 x 12 cm clean squared petri dish un-
der vacuum to eliminate the bubbles and cured at 70 °C in
an oven overnight. Ampicillin sodium salt was dissolved in
water at 10 mg mL™" to obtain a stock solution that was di-
luted till the desired concentration.

All the solutions were prepared with deionized ultrapure
water (18.2 MQ cm, arium 611 DI water purification system;
Sartorius AG, Gottingen, Germany) which was also used
for the cleaning and rinsing processes. Except for
N-isopropylmethacrylamide, all the chemicals were of analyti-
cal grade and were used as received without any further
purification.

2.2. Fabrication of 3D-IDEA sensors

3D-IDEA sensors were fabricated using conventional micro-
electronic techniques. The interdigitated electrode array was
formed on a silicon wafer covered with a 2.5 mm thick ther-
mal silicon oxide layer. As an electrode material, a highly
conductive tantalum silicide (TaSi,) was deposited using
magnetron sputtering. This layer was patterned using con-
ventional lithography giving as a result interdigitated
electrodes with 216 digits of 3 um width and 3 um gap be-
tween the adjacent electrodes. The aperture between the
electrodes is 1.4 mm and the total length between the
electrodes is 301 mm. The wafer was covered by a 4 um thick

Incubation chamber
200 pL
(Amp 10 mg/L)

Microbial biosensor

(A) Biosensing platform with the integrated (B) microbial biosensors to monitor the bacterial response to ampicillin.
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low pressure chemical vapor deposition (LPCVD) silicon diox-
ide in which electrode digits and contact pads of the trans-
ducers were opened by deep reactive ion etching (DRIE).
Thus, a 4 um high insulating barrier made of SiO, with
nearly vertical walls separating the electrode digits was
formed.

More detailed information and the complete technology of
sensor fabrication are presented in previously published
works.>*>??

2.3. Synthesis and characterization of p(NIPMAM) microgels

2.3.1. Synthesis of p(NIPMAM) microgels. In a three-
necked 250 mL flask equipped with a flat anchor-shaped me-
chanical stirrer, a reflux condenser and a nitrogen in- and
outlet, 145 mL of water, 1.812 g (14.25 mmol, 95 mol%) of
NIPMAM, 116 mg (0.75 mmol, 5 mol%) of BIS, 5 mg (0.01
mmol, 0.05%) of MRB and 69 mg (1.6 mM) of SDS were
dissolved, and the reaction mixture was degassed with N,
over 1 h. The solution was heated to 70 °C and the reaction
was started by injecting the degassed initiator solution of 34
mg APS in 5 mL water into the reaction mixture (0.15 mmol,
1 mM). 10 min later, opalescence appeared, and the reaction
was continued for a further 4 h at 70 °C and 300 rpm under
a nitrogen atmosphere. The reaction mixture was cooled
down to room temperature and stirred overnight. The micro-
gel dispersion was purified by ultracentrifugation (3 times at
40000 rpm) and followed by re-dispersion of the sediment in
water. The p(NIPMAM) microgel was freeze-dried after purifi-
cation for further use. The dried product was dissolved in wa-
ter at 0.5 wt%.

2.3.2. Microgel characterization

2.3.2.1. Zeta ({) potential measurements. Electrophoretic
mobility measurements were performed on a Zetasizer Nano-
ZS (Malvern Instruments, Worcestershire, U.K.) in disposable
capillary cells (Malvern, DTS1070) in water. Electrophoretic
mobility was measured at an angle of 17° and a wavelength 1
= 633 nm of the laser beam. The (-potential was calculated
from the electrophoretic mobility using the Smoluchowski
equation.

2.4. Preparation of the biosensing platform

2.4.1. 3D-IDEA modification with PEI First of all, 3D-IDEA
sensors were cleaned with isopropanol for 10 minutes, rinsed
with distilled water and dried under a nitrogen flow. To per-
form the deposition of PEI polycation coating on the surface,
the sensors were immersed into the PEI solution for 20 mi-
nutes to form a homogeneous monolayer. Afterwards the sen-
sors were rinsed again with distilled water and dried with a
nitrogen flow.

2.4.2. Selective p(NIPMAM) microgel immobilization on
the sensor barriers by microcontact imprinting. To attach the
p(NIPMAM) microgels on top of the barriers, a two-step pro-
cedure was implemented. First, the microgels were
immobilized on a flat PDMS to be used as a stamp and then

This journal is © The Royal Society of Chemistry 2019
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transferred from the PDMS surface to the upper surface of
the barriers by microcontact printing.

To immobilize the p(NIPMAM) microgels, small pieces of
PDMS were initially cut with the same dimensions as 3D-
IDEA chips, 3 x 3 mm. The PDMS slices were treated in an
oxygen plasma system for 10 minutes at 100 mTorr and a 0.4
L min~" gas flow using a Diener electronic Femto plasma sys-
tem (Diener Electronic GmbH, Germany) to turn the surface
hydrophilic. Immediately after the microgels were sprayed 4-
5 times on the treated PDMS pieces and were allowed to dry
at room temperature. Afterwards, to remove the excess and to
obtain a monolayer of microgels on the surface the slices
were washed 3 times during 24 hours by immersing the
pieces in Milli-Q water.

Once the PDMS stamp with the microgels was prepared,
the microcontact printing was carried out on the 3D-IDEA
sensors' surface coated with PEI to transfer the microgels on
top of the barriers. To ensure the immobilization process,
the microcontact printing was performed overnight or for 24
hours.

2.4.3. Bacteria cultivation and immobilization. Standard
bacteria of the Clinical and Laboratory Standard Institute
(CLSI), Escherichia coli ATCC 25922, were employed as model
bacteria to study the response to the antibiotic ampicillin. E.
coli was grown overnight at 37 °C in Luria-Bertani (LB)
growth medium before each assay. The optical density at 600
nm (OD600) was measured and adjusted to around 0.2 + 0.01
in LB, corresponding to a bacterial concentration of 10° CFU
mL™" (CFU - colony forming units). Bacteria cells were
harvested by 10 minute centrifugation at 5000g and washed
three times in sterile 10~> M KCI solution. Different concen-
trations from 10° to 10’ CFU mL™ in 10~ M KCI were pre-
pared by serial dilution. In the case of control experiments
with ampicillin-resistant E.coli (E. coli ATCC 25922 GFP) the
same growth procedure was employed. Additionally, after
each test the exact bacterial concentration was determined by
colony counting in LB agar plates after incubation at 37 °C
for 24 hours.

To immobilize bacteria within the 3D-IDEA trenches of
sensors modified with PEI coating and microgels on top of
the barriers, the following procedure was applied. A drop of
10 puL of 10> M KCI solution containing E. coli cells at 5 x
107 CFU mL™" was pipetted into the interdigitated area and
maintained for 20 minutes at 37 °C. A final washing step was
required to remove the cells that are not strongly bound, as
well as the ones remaining on top of the barriers. The whole
process is schematically represented in Fig. 2.

2.5. Impedance measurements

QuadTech 7600 Plus, a high precision LCR Meter analyzer,
and a VeraSTAT 3F potentiostat/galvanostat (Princeton Ap-
plied Research, USA) were employed for all impedance mea-
surements in the 10°-10° Hz frequency range with 100 mv
(amplitude) voltage excitation. The measurements were
performed in non-Faradaic mode and no DC voltage bias was
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Fig. 2 Scheme of the biofunctionalization process of 3D-IDEA impedimetric transducers with E. coli bacteria.

applied during the impedance measurements. Impedance
data treatment and equivalent circuit fitting were performed
using the Z-Plot/Z-View software package (Scribner Associ-
ates, Southern Pines, NC, USA).

All experiments were done at least in triplicate using three
sensors under the same conditions. Impedance measure-
ments during the optimization and functionalization process
were carried out in 10> M KCI solution with a controlled
conductivity of 3 pS ecm™. In the case of the microbial
changes produced by antibiotics, the impedance was regis-
tered in an incubation chamber containing 200 pL of ampi-
cillin solution at 10 ug mL™" with a conductivity of 3 uS cm™.
The conductivity of the solutions employed in test experi-
ments was controlled before and after the impedance mea-
surements with a commercial conductimeter (EC-Meter GLP
+, Crison). All the impedance measurements were carried out
at controlled room temperature.

2.6. Microscopy imaging for characterization

Confocal laser scanning microscopy (CLSM) measurements
were performed to verify the adhesion of microgels on top of
the barriers and the distribution of bacteria on the 3D-IDEA
surface using a LEICA TCS SP2 CLSM equipped with 40x NA
0.80 and 63x NA 0.90 water immersion objectives. To be ob-
served using CLSM the microgels were labelled with MRB
fluorescent dye and bacteria were stained using a Live/Dead
Invitrogen Kit Bac Light (Invitrogen, Thermo Fisher Scien-
tific) following the protocol detailed by the supplier.
Scanning electron microscopy (SEM) experiments were
employed to accurately determine the bacterial cell distribu-
tion on the IDEA sensor. After the impedance assay, the 3D-

1440 | Lab Chip, 2019, 19, 1436-1447

IDEA sensors were removed from the holder and bacteria
were fixed with 3% (v/v) glutaraldehyde solution in water for
16 hours and maintained at 4 °C. Then, the 3D-IDEA samples
were rinsed in H,O, dehydrated in graded ethanol (ranging
from 50% to absolute ethanol) and air-dried using hexa-
methyldisilazane (HMDS), following the methodology
adapted from Murtey et al.>® Prior to SEM examination, sam-
ples were coated with a 20 nm gold layer with a Bio-Rad E500
sputter coater. Finally, the surface was examined using an
Auriga-40 (Zeiss, Germany) SEM. PDMS stamps with micro-
gels were dried at room temperature, coated with gold and
also evaluated with SEM.

3. Results and discussion
3.1. 3D-IDEA biosensing characteristics

The sensitivity of 3D-IDEA sensors to monitor the surface
changes produced by different chemical or biochemical reac-
tions under different conditions was widely studied in previ-
ous works.”****” Electrochemical spectroscopy impedance is
a powerful tool to investigate surface phenomena and
changes in material bulk properties.®® In the case of
interdigitated-based sensors, the impedance in high electro-
lyte concentrations in the absence of a Faradaic process
mainly depends on the bulk solution conductivity. However,
in low conductivity solutions the surface conductivity starts
to play an essential role due to the presence of surface
charges.”® In the case of 3D-IDEA sensors this effect is more
pronounced because the major part of the electrical current
between the electrodes goes close to the surface of the bar-
riers and not through the surrounding bulk solution. This

This journal is © The Royal Society of Chemistry 2019
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permits the improvement of the sensitivity of these sensors
for evaluation of processes occurring on the electrode sur-
face. Here, 3D-IDEA sensors were employed to monitor the
surface functionalization steps, the bacterial immobilization,
and finally, the susceptibility of bacteria to antimicrobial re-
agents once integrated into the biosensing platform.

The equivalent circuit employed to study the impedance
response is presented in Fig. 3A and is formed by the fol-
lowing elements: R¢ is the contact resistance introduced by
wires and collector bars of the thin film electrodes; Cg is
the geometrical (stray) capacitance between the pair of
electrodes through the medium in contact (typically water
solution); Rg is the resistance between two electrodes of the
array; CPEp, is a constant phase element®® representing the
capacitance of the electrical double layer at the electrode-
water solution interface, attributed to the non-ideal behav-
ior of the double layer capacitance. Rc and Cg are constant
and depend only on the sensor geometry, while Rs and
CPEp,, are variables depending on the sensor surface modi-
fication processes. As previously reported,” Rg is a parallel
combination of the bulk solution resistance (Rgyrx) and the
surface resistance (Rsygrp), but it is important to note that
under the employed experimental conditions it is not possi-
ble to distinguish these two elements in the impedance
spectra. However, if the bulk solution conductivity remains
fixed, we may attribute the changes in Rg to alterations in
the surface resistance produced by superficial reactions and
modifications.>® In consequence, the lower the bulk solu-
tion conductivity the higher the sensitivity to surface con-
ductivity changes.*

The experimental impedance spectra presented in the
Nyquist plot (Z' vs. Z") (Fig. 3B) allow the observation of the
formation of a semicircle at high frequencies corresponding

2" (Q)

View Article Online

Paper

to the resistance Rs in parallel with the geometrical capaci-
tance Cg. The intercept with the Z' axis on the left side gives
the R¢ values, while the intercept on the right side gives the
value of Rc + Rs, exemplified in Fig. 3B with PEI-modified
electrodes, where Rs is the parallel combination of Rgyrx and
Rsurr- The linear response at low frequencies in the Nyquist
plot is produced by a CPE of the interfacial capacitance. More
details about the impedance spectra analysis are presented in
the ESLf

3.2. Immobilization and stability of the microgels

In order to immobilize the p(NIPMAM) antifouling microgels
on top of the barriers, the 3D-IDEA surface was first modified
with highly positively charged PEI acting as the anchoring
layer. As observed in the Nyquist plot of Fig. 3, the absorption
of PEI on the surface produced a decrease in the resistance
Rs. Previously it was shown that adsorption of branched PEI
on the sensor surface of SiO, is very fast, homogeneous and
nearly irreversible.”>*® Therefore, in this work PEI was used
to immobilize the microgels on top of the barriers and E. coli
bacteria within the trenches.

P(NIPMAM) microgels synthetized via precipitation poly-
merization employed in this study are negatively charged in
aqueous solution at neutral pH according to the measured
zeta potential ({ = -19 + 3 mV) due to the use of the nega-
tively charged initiator APS for the polymerization. This
gives the possibility of the particles to strongly adhere onto
a positively charged PEI coating layer of the 3D-IDEA based
on electrostatic attraction. Accordingly, the interaction of
p(NIPMAM) microgels with PEI by means of microcontact
printing using PDMS stamps (ESLf Fig. S1) permitted the
immobilization of microgels on top of the 3D-IDEA barriers.

-100000
i PEI
coating
-75000 |-
Native
-50000 |-

surface

-25000 P(NIPMAM)

microgel Y
\ “
Y i
\ ‘I 1
ik | | i | L
0 25000 50000 75000 100000
Rc R+ R Z'(Q)

Fig. 3 (A) Electrical equivalent circuit used for impedance spectra fitting. (B) The Nyquist plot of the 3D-IDEA measured in 10™> M KCl solution with
bare electrodes (SiO, native surface), after PEl deposition and with a p(NIPMAM) microgel on top of the barriers.
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Following from the impedance spectra observed in the
Nyquist plot in Fig. 3, after p(NIPMAM) deposition by
microcontact printing a significant increase in Rg was ob-
served. The changes observed in the impedance spectra
demonstrate that the interaction of PEI with the p(NIPMAM)
microgels is taking place. We suggest that the positive
charge introduced by PEI was partially compensated by neg-
atively charged microgels producing the increase in the sur-
face resistance. It has to be considered that the surface
modification not only provokes changes in Rg but also
slightly alters the interfacial capacitance (CPE) of the sur-
face of the sensor electrodes and the electrolyte solution be-
cause of the formation of an additional layer over the
barriers.

In order to confirm the correct immobilization of micro-
gels on the surface of 3D-IDEA and, consequently, to guar-
antee that the microgels are localized only on top of the
barriers, confocal microscopy images of the surface were
obtained. Fig. 4 shows images corresponding to the surface
of a 3D-IDEA sensor immersed in the 10> M KCI solution
after the microcontact printing process. The confocal imag-
ing was carried out in KCI solution, the same as that
employed to perform the impedance measurements, in or-
der not to alter the form of the microgels. As previously
mentioned, the structure of microgels may be affected by
environmental conditions, therefore, to maintain the hy-
drated swollen morphology p(NIPMAM) microgels were
maintained in KCI solution at room temperature (25 °C)*'
(see the ESIj Fig. S2). Thus, to reduce the variations pro-
duced by the surrounding medium all the experiments were
performed in 10> M KCI solution.

In Fig. 4 an overlay of the imaged sections at different
depths, from top to bottom of the electrodes, is presented. It
can be clearly observed that microgels labelled with MRB
(red color, corresponding to the emission spectra of Rhoda-
mine B) are completely aligned along the barriers patterns,
demonstrating that immobilization on top of barriers by
microcontact printing was successful. Additionally, the im-
ages illustrate that at the bottom of the electrode no fluores-
cence was detected, confirming the spatially specific deposi-
tion of p(NIPMAM) microgels on the sensor surface. In the

Fig. 4 Confocal microscopy image overlay of the 3D-IDEA surface af-
ter the functionalization with rhodamine-labeled (red) p(NIPMAM)
microgels on top of barriers.

1442 | Lab Chip, 2019, 19, 1436-1447
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case of control electrodes modified only with PEI, without
performing the microcontact process, no fluorescence was
observed as expected (images not shown).

After the functionalization and analysis of the surface
using CLSM, the stability of microgels was also evaluated by
studying the impedance response of modified electrodes over
time. In this case, different electrodes functionalized with
PEI + p(NIPMAM) microgels and only with PEI were
maintained in 10> M KCl solution for two days to probe the
robustness of the proposed methodology and guarantee that
the microgels remain on the barriers. These results are
shown in Fig. 5, where changes in the determined resistance
Rg are monitored for two days after the corresponding
functionalization of the electrodes.

Here considerable differences between two types of modi-
fications can be observed. In the case of PEI modified
electrodes the impedance of the sensors immersed in the KCl
solution remained practically stable with time with only
6.03% signal variation during the first 24 hours, confirming
that almost no changes on the surface occur. Sensors after
the microcontact printing process presented higher initial
values of Rs, due to the reaction between PEI and p(NIPMAM)
microgels on top of the barriers. In this case a higher in-
crease in Rs was observed during the first 24 hours (12.2%
variation). We suggest that during the incubation in KCI solu-
tion, the microgels reach their optimal hydration state, affect-
ing the superficial resistance. Nevertheless, the obtained re-
sults also confirm that after this period in the KCI solution
the impedance response remains completely stable in both
cases.

Therefore, it was decided that before bacteria immobiliza-
tion on the 3D-IDEA functionalized with PEI and microgels
the sensors should remain for at least 24 hours in KCI solu-
tion to achieve stable and reproducible microgel layer proper-
ties on the surface, as well as to obtain a stable impedance
response.

3.3. Site-specific bacterial immobilization

In order to establish the protocol of bacteria immobilization
within the trenches of 3D-IDEA functionalized with
p(NIPMAM) antifouling microgels on top of the barriers, dif-
ferent conditions were tested. First, we studied the effect of
bacterial concentration and incubation time required to ob-
tain a high density of bacteria within the trenches with high
reproducibility and, at the same time, to diminish the num-
ber of bacteria on top of the barriers due to non-specific
adsorption.

For this reason, a drop of 10 pL of KCI solution containing
E. coli concentrations from 10° to 10’ CFU mL ™" was pipetted
onto the sensor surface and incubated for either 20 or 60 mi-
nutes. At low bacteria concentrations (10° and 10° CFU mL™")
the bacteria cell density on the surface was too low and,
therefore, these concentrations were omitted considering that
a reduced quantity of bacteria in the trenches would not pro-
duce a significant response to ampicillin.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (A) Rs resistance variations in 10> M KCl solution for 3D-IDEA sensors modified with PEI (black squares) and PEI-p(NIPMAM) microgels (blue
circles) with time and (B) the Nyquist plot corresponding to the impedance spectra after each modification.

CLMS images of the electrode surfaces were acquired to
compare the bacteria distribution of E. coli immobilized on
the 3D-IDEA surface using a concentration of 10" CFU mL™"
depending on the incubation time. Live/Dead images corre-
sponding to bacteria distribution after 20 and 60 minutes
of incubation are presented in Fig. S3a and S3b of the ESL}
It was observed that after 20 minutes the majority of bacte-
ria were located at the bottom of the electrodes (in
trenches) as desired, and just a few bacteria remained on
top of the barriers. In contrast, after 60 minutes of incuba-
tion a large amount of microorganisms was observed on top
of the barriers as well as in the trenches. Here, it is worth
noting that after 60 minutes the drop of 10 pL of KCI solu-
tion containing E. coli bacteria was completely evaporated
and may facilitate the fixation of bacteria on top of the bar-
riers even in the presence of antifouling microgels. Based
on these data 20 minutes was chosen as the optimal time
for bacteria immobilization.

In addition, to observe the distribution of bacteria with
and without microgels on top of the barriers SEM images of
the surface were also acquired after 20 minutes of incuba-
tion. Thus, the distributions of bacteria on the electrodes
modified with PEI + p(NIPMAM) microgels and only with PEI
were compared, as shown in Fig. 6.

Here it can be clearly seen that the electrodes modified
with PEI and the p(NIPMAM) microgels on top of the barriers
present the majority of bacteria within the trenches (-
Fig. 6A, C and E). In the case of electrodes modified with PEI,
bacteria are homogeneously distributed on the entire surface,

This journal is © The Royal Society of Chemistry 2019

both in the trenches and on top of the barriers (-
Fig. 6B, D and F). These results are also in accordance with
those obtained by confocal imaging (see Fig. S3a. A and Bf).
This proves the effectiveness of the p(NIPMAM) microgels as
an antifouling agent to prevent bacterial attachment, which
was also demonstrated recently in more detail.**

Accordingly, the reproducibility of bacteria immobilization
on a sensor surface may be evaluated in terms of the imped-
ance response after E. coli immobilization with 3D-IDEA
modified with PEI and the p(NIPMAM) microgels and only
with PEL In the first case, Rg absolute values present a repro-
ducibility of 92.5% (n = 9) with bacteria within the trenches,
while only 71% (n = 6) was observed when bacteria are dis-
tributed on the entire surface modified with PEI Here, it is
important to note that the methodology employed for the de-
position of bacteria guarantees their significant concentra-
tion within the trenches with high reproducibility. Therefore,
under the experimental conditions employed bacteria are
maintained only in KCI solution without essential nutrients.
This should prevent the division of bacteria cells and it can
be assumed that bacteria are not growing, and their concen-
tration on the sensor surface is constant, thus reducing the
subsequent variability problems that they could produce in
the impedance response.

In summary, the obtained results give the evidence that
the optimal conditions for selective immobilization of E. coli
within the 3D-IDEA trenches are 20 minutes of incubation
using 10’ CFU mL™" bacteria solution. Under these condi-
tions it was possible to establish a reproducible and

Lab Chip, 2019, 19, 1436-1447 | 1443
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Fig. 6 SEM images corresponding to the 3D-IDEA surface after deposition of E. coli bacteria for 20 minutes with PEl and p(NIPMAM) modified
electrodes (A, C and E) and only with PEI (B, D and F) at different magnifications (xX5000 (A and B), x10 000 (C and D) and x20 000 (E and F)).

controlled methodology to perform bacterial immobilization
on cell-based biosensors, which is a crucial point in their ap-
plication for different sample testing.**

3.4. Integration of biosensors into the biosensing platform
and monitoring of bacterial response to ampicillin

To validate the proposed microbial biosensor approach and
demonstrate its effectiveness, experiments were conducted
with sensors integrated into the biosensing platform, which
consists of a specifically designed holder (Fig. 1) with a 200
uL chamber over each individual sensor. Four 3D-IDEA sen-
sors were introduced into the holder chamber to perform im-
pedance measurements in 200 pL of solutions with con-
trolled low conductivity (Fig. 1). The chambers were sealed
hermetically to prevent solution evaporation. The use of solu-
tions with reduced volumes at low conductivity allows easy
monitoring of the changes produced in Rg as a result of met-
abolic processes or the release of ionic products by bacteria.*®
This integrated biosensing system was used to study the de-
veloped E. coli bacterial biosensor impedance response to
ampicillin as an antimicrobial agent.

E. coli ATCC 25922 is a reference strain with well-
established minimum inhibitory (MIC) and minimal bacteri-
cidal concentration (MBC) values obtained by different anti-
microbial susceptibility assays. MIC and MBC correspond to
the lowest concentration of an antimicrobial reagent that pre-
vents or kill bacteria, respectively.*® The MIC values for am-

1444 | Lab Chip, 2019, 19, 1436-1447

picillin are about 2-8 mg L™ and MBC mean values are
around 8.8 mg L.**** The objective of this work is to study
the effect of ampicillin on the cell integrity of E. coli
immobilized on the sensor surface by means of registering
the impedance alterations. An ampicillin concentration of 10
mg L™ was selected, which is slightly higher than the MBC
values, to guarantee that ampicillin has a bactericidal effect.
Additionally, the bactericidal effect of this ampicillin concen-
tration was probed using standard protocols (ESL} Fig. S5).

In order to evaluate the effectiveness of the proposed ap-
proach sensors modified in different ways were compared.
3D-IDEA sensors functionalized with microgels on top of the
barriers and E. coli within the trenches were incubated in a
solution of 10> M KCl supplemented with ampicillin at 10
mg L' and the variations in the impedance were monitored
for 24 hours in the designed low volume biosensing system.
It has to be noted that ampicillin at this concentration practi-
cally does not affect the conductivity of KCI solution, which
is a relevant aspect to consider in the impedance measure-
ments under these conditions.

Control measurements were performed using electrodes
functionalized under different conditions. First, the same
sensors with the microgels and E. coli but without ampicillin
were used to test if the impedance response remained stable.
Another control using 3D-IDEA with the microgels and with-
out E. coli was also monitored in the presence of ampicillin.
Finally, to demonstrate the higher sensitivity of our ap-
proach, in which the p(NIPMAM) antifouling microgels on

This journal is © The Royal Society of Chemistry 2019
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top of the barriers allow the improvement of the immobiliza-
tion of bacteria in the trenches, the same conditions were
employed but using 3D-IDEA functionalized exclusively with
PEI and E. coli. In this case, as demonstrated in Fig. 6, bacte-
ria cells are distributed homogeneously on the sensor sur-
face, within the trenches as well as on top of the barriers.
The corresponding results are presented in Fig. 7.

The impedance response, ARs, presented as the variation
of Rs during the reaction process, was calculated as follows:

ARg = R$™ - Rg, (1)

where RS corresponds to the resistance of sensors before ap-
plying ampicillin, and R§™P corresponds to resistance after
addition of ampicillin.

3D-IDEA sensors with microgels and E. coli cells in the
trenches in the presence of ampicillin experienced a large de-
crease in Rs mainly in the first 1-2 hours, and the signal
remained quite stable from the fourth hour onwards. Under
these conditions, we assume that ampicillin was affecting the
cell membrane of bacteria producing its progressive disrup-
tion and the release of the cytoplasmic content into the sur-
rounding solution. The cytoplasm of bacteria is formed by
different dissolved charged macromolecules and ions,*® thus
during bacterial lysis these components are washed out into
the surrounding KCI solution increasing its conductivity and,
consequently, decreasing the solution resistance. Moreover,
as bacteria are located within the 3 um wide trenches the dif-
fusion of electrolyte from the trench to the outer solution is
impeded and this possibly enhances the response.
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At the same time, no significant changes in the imped-
ance response were observed in control experiments. The
functionalized sensors in KCl solution without ampicillin
were stable over time, confirming that E. coli bacteria on the
surface remained intact. The 3D-IDEA control with microgels
on top of the barriers without bacteria also remained invari-
able, demonstrating that ampicillin does not interact with
the sensor. In all the cases the response was stable during 5-
6 hours of the measurements.

In principle, in the presence of 10 uM KCI the low osmotic
pressure may stress the bacterial cells affecting their viability.
However, in Fig. 7A and B (blue line) it can be observed that
the microbial biosensor in the low conductivity solution (KCI
10~ M) shows a really stable response over time. Therefore,
it demonstrates that the integrity of bacterial cells is
maintained because no changes in the impedance response
are observed. This fact validates that within the performed
methodology bacterial cells remain alive in the KCI solution
employed. In contrast, when the assays are performed with
ampicillin, a significant change in impedance is observed, in-
dicating the lysis of E. coli cells.

In addition, Fig. 7A shows that sensors without microgels
and only coated with PEI with immobilized E. coli cells also
presented a decrease in the Rg values. This demonstrates that
ampicillin is affecting the integrity of bacteria in a similar
way as explained above. However, the sensitivity of this type
of sensor is considerably lower. This ratifies the importance
of concentrating bacteria within the trenches of 3D-IDEA im-
pedance-based sensors in order to obtain better reproducibil-
ity and higher sensitivity, and it accentuates the role of

B.

2500 -
0 4 n

-2500 At f

-5000-| '

7500

-10000] .

-12500 .

-15000] '% —_

-
b
>

HaH

-17500 1

-20000 T T T T T T T 1
0 100 200 300 400
time (min)

= PEl+ uGel+ E.coli + Amp 10mg/L
A PEl+ pGel + E.coli_R+Amp 10mg/L

Fig. 7 A) Rs variations with time of 3D-IDEA sensors modified with PEI-p(NIPMAM) uGel and E. coli in KCl solution with Amp at 10 mg L™ (black),
PEI-p(NIPMAM) pGel with Amp at 10 mg L™ (red), PEI-p(NIPMAM) pGel in KCl solution (violet), PEI-p(NIPMAM) uGel and E. coli in KCl solution
(blue), and PEI modified electrodes with E. coli in KCl solution with Amp at 10 mg L™ (green). B) Rs variations with time measured in KCl solution
with Amp at 10 mg L™ of 3D-IDEA sensors modified with PEI-p(NIPMAM) uGel and E. coli ATCC 25922 (non-resistant to Amp) in black compared

with E. coli ATCC 25922GLP (resistant to Amp) in blue.
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antifouling microgels on top of the barriers to achieve this.
The proposed approach allows detecting the microbial sus-
ceptibility to ampicillin in a short detection time (1 or 2
hours) as compared to other tests based on culturing
methods that require between 18 and 48 h to provide re-
sults.®*” In addition, to corroborate the bactericidal effect of
ampicillin on the bacteria, Live/Dead images of the sensor
surface with bacteria were obtained after the impedance mea-
surements, confirming that E. coli cells were dead (see Fig.
S4 of the ESIY).

In parallel, to validate that the changes in impedance were
caused by the cell damage provoked by ampicillin, an identi-
cal study with an ampicillin-resistant E. coli strain was car-
ried out. The susceptibility of the two strains to ampicillin
was previously tested showing sensitivity in E. coli ATCC
25922 and resistance in E. coli ATCC 25922GLP for the tested
antibiotic (see the ESL} Fig. S5).

Fig. 7B shows the impedimetric response of the ampicillin
resistant and non-resistant E. coli in the presence of ampicil-
lin. In the case of resistant E. coli there were no changes in
Rs indicating that ampicillin does not affect the viability of
bacteria as expected.

According to these results, the proposed novel method to
functionalize the barrier surface of 3D-IDEA sensors with
p(NIPMAM) microgels, the strategy to selectively immobilize
bacteria within the trenches and the subsequent monitoring
of impedance changes related to the bactericidal effect of am-
picillin to E. coli cells have been demonstrated. The devel-
oped approach is a versatile, rapid, compact and easy-to-use
platform based on the microbial biosensor concept that can
be useful in a wide spectrum of toxicity monitoring-related
applications.

4. Conclusions

This work presents a microbial biosensor approach focused
on the development of a novel and reproducible strategy
based on the immobilization of E. coli bacteria on a three-
dimensional interdigitated electrode array (3D-IDEA)
impedimetric transducer. The developed microbial sensor
was employed in a biosensing platform especially designed to
monitor the bacterial response to the antibiotic ampicillin.
Surface functionalization, bacteria immobilization and the
microbial response to ampicillin were characterized with the
EIS technique that allows registering variations in superficial
resistance provoked in each modification step.

To improve the reproducibility of the immobilization and
the sensitivity to the bacterial response, E. coli cells were se-
lectively immobilized within the 3D-IDEA trenches between
the insulating barriers. One of the main novelties is the mod-
ification of the top of the barriers with antifouling poly(N-
isopropylmethacrylamide) (p(NIPMAM)) microgels in order to
prevent the deposition of bacteria. To achieve selective depo-
sition, the microgels were first immobilized on a PDMS sub-
strate and afterwards transferred to the sensor surface via a
microcontact printing procedure. The polycation poly-

1446 | Lab Chip, 2019, 19, 1436-1447

View Article Online

Lab on a Chip

ethyleneimine (PEI) was employed as the assembling layer of
E. coli cells in the trenches as well for the p(NIPMAM) micro-
gels on the barriers. The suitability of the proposed immobili-
zation method was demonstrated by confocal microscopy
and scanning electron microscopy imaging confirming that
E. coli bacteria are located within the trenches. In addition,
for 3D-IDEA sensors with the microgels on top of the barriers
the reproducibility in terms of Rg values after E. coli immobi-
lization is about 92.5% and only 71% when bacteria are dis-
tributed on the entire surface modified only with PEL

The applicability of the developed microbial biosensor
was studied by introducing the functionalized devices into
the designed small volume biosensing system containing a
bactericidal concentration of ampicillin (10 mg L™) in 10> M
KCl solution. The impedance changes in terms of Rg show a
decrease attributed to the release of cytoplasmic components,
promoted by the lysis of bacterial cell membrane, and dem-
onstrating the response and sensibility to ampicillin. Accord-
ingly, the same procedure was employed with an E. coli strain
resistant to ampicillin, and no significant impedance
changes were observed.

To sum up, the developed microbial biosensing approach
may be very interesting in a broad spectrum of applications
related to toxicity evaluation. In addition, the same procedure
can be applied to study any other types of bacteria and their
susceptibility to different antibacterial reagents.
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