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Abstract: A regenerable bulk acoustic wave (BAW) biosensor is developed for the rapid, label-free
and selective detection of Escherichia coli in liquid media. The geometry of the biosensor consists
of a GaAs membrane coated with a thin film of piezoelectric ZnO on its top surface. A pair of
electrodes deposited on the ZnO film allows the generation of BAWs by lateral field excitation.
The back surface of the membrane is functionalized with alkanethiol self-assembled monolayers
and antibodies against E. coli. The antibody immobilization was investigated as a function of the
concentration of antibody suspensions, their pH and incubation time, designed to optimize the
immunocapture of bacteria. The performance of the biosensor was evaluated by detection tests in
different environments for bacterial suspensions ranging between 103 and 108 CFU/mL. A linear
dependence between the frequency response and the logarithm of E. coli concentration was observed
for suspensions ranging between 103 and 107 CFU/mL, with the limit of detection of the biosensor
estimated at 103 CFU/mL. The 5-fold regeneration and excellent selectivity towards E. coli detected
at 104 CFU/mL in a suspension tinted with Bacillus subtilis at 106 CFU/mL illustrate the biosensor
potential for the attractive operation in complex biological media.

Keywords: regenerable biosensor; bulk acoustic waves; piezoelectric ZnO thin film; GaAs membrane;
self-assembled monolayers; bacteria detection; Escherichia coli

1. Introduction

Bacterial infections present a critical public health problem worldwide, and the devel-
opment of tools for rapid and reliable detection of pathogenic bacteria is one of the major
challenges of modern medicine [1], environmental monitoring [2] and the food and water
industries [3,4]. Rapid and sensitive detection of bacteria is a key factor of early identifi-
cation and monitoring of diseases and may potentially prevent outbreaks and spread of
grievous epidemics. Escherichia coli (E. coli) is one of the most abundant pathogenic bacteria
regularly implicated in outbreaks of waterborne and foodborne infections [5,6]. Enterohem-
orrhagic E. coli (EHEC) can cause acute diseases such as gastroenteritis, hemorrhagic colitis
and/or hemolytic uremic syndrome that can lead to kidney damage with a fatality rate
of 3% to 5% [7]. In order to prevent these infections, it is necessary to detect and identify
rapidly the presence of these bacteria at low concentrations. Conventional techniques for
the identification and detection of bacteria include colony counting by culture, polymerase
chain reaction (PCR) and enzyme-linked immunosorbent assays (ELISA). Although these
techniques are highly selective and generally deliver decisive explicit results, they are
considerably time-consuming and labor intensive [8].

The need for real-time detection has been a major driving force behind the emergence
of biosensors as promising alternative platforms capable of rapid, sensitive and potentially
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cost-attractive detection of pathogenic bacteria [9]. Great effort has gone into developing
new biosensors targeting E. coli [10–15] and limits of detection (LOD) as low as 1 CFU/mL
have been reported for the detection of E. coli using different types of biosensors [16–18].
Despite the progress and the low LODs achieved in recent years, there is still no practical
biosensor which could overall satisfy the market requirements, such as short analysis time,
high sensitivity and aptitude for detection in complex media. Indeed, one major shortcom-
ing of the available biosensors is the low sensitivity in complex detection environments
(blood, serum, urine, contaminated water, etc.) [2]. For example, van Grinsven et al. [19]
reported the detection of E. coli at 104 CFU/mL by a biomimetic sensor using so-called
surface-imprinted polymers (SIPs) [20], with a proof-of-application in a semi-complex
matrix consisting of mixed bacterial solution containing both E. coli and S. aureus in a
1:99 ratio. More recently, Coudron et al. demonstrated the detection of E. coli with an
estimated LOD of 2 × 107 CFU/mL when present in a mixture of HSA, Bacillus atrophaeus
(BG spores) and MS2 bacteriophage [21]. Undeniably, working in complex environments
can significantly affect the LOD for E. coli, as compared to pristine conditions, which raises
a key challenge for the detection of this pathogen. As the simultaneous detection of E. coli
in complex and real samples remains a major requirement, the biointerface selectivity and
robustness become crucial to enhance the specific biodetection in complex media.

Acoustic wave biosensors have been of a particular interest due to their fast response
and ease of design and fabrication, as well as their high sensitivity, their accuracy and
stability [22]. Indeed, Micro-Electro-Mechanical Systems (MEMS) fabrication technology
of acoustic waves-based sensors enables device miniaturization, power consumption
reduction and integration with electronic circuits. Moreover, acoustic biosensors are
attractive devices due to their relatively low cost of operation, while addressing the in situ
detection of biomolecules in quasi-real-time.

Several materials are used for the fabrication of acoustic wave sensors. Among these,
GaAs is a material that combines advanced MEMS technologies with possibilities of device
integration and miniaturisation. The compatibility of this material with many chemical
functionalization approaches and surface micro/nanofabrication processes makes it an
ideal candidate for a biosensor application [23,24]. The surface of GaAs can be chemically
functionalized with alkanethiols [25–28], silanes and phosphonates [29], and can be rela-
tively easily regenerated [30,31], which gives this material very attractive functionalities
for the fabrication of antibody-based architectures. Furthermore, it has been reported that
an enhanced piezoelectric response of the GaAs-based acoustic sensor could be achieved
upon deposition of a thin film of ZnO [32–34].

The present work reports the fabrication and testing of a label-free ZnO/GaAs-based
bulk acoustic wave biosensor for detection and quantitation of E. coli in the presence of
extraneous proteins. The antibody immobilization protocol was optimized to selectively
capture E. coli on the sensing surface. A non-pathogenic form of E. coli was used as a
bacterial model for detection tests to determine the dynamic range of the sensor and
its LOD. The sensing responses were correlated with fluorescence images of the sensor
surface for different concentrations of E. coli, and the regeneration of the biosensor was
investigated over five cycles. The tests were performed in phosphate-buffered saline
solution representing an ideal environment, and in the presence of highly concentrated
Bacillus subtilis to simulate the detection in a “complex” biological environment.

2. Materials and Methods
2.1. Design and Operation of the Sensor

The geometry of the biosensor is shown in Figure 1. It consists of a 4 mm × 4 mm
GaAs (100) membrane whose top surface is coated with a 700-nm thick film of piezoelectric
ZnO. A pair of electrodes (Cr/Au, 20/200 nm) deposited on the ZnO film allows the
generation of bulk acoustic waves in thickness shear mode, excited by lateral field and
propagating in GaAs. The bottom surface of the membrane is biofunctionalized with
alkanethiol self-assembled monolayers (SAM) and antibodies against E. coli. The chosen
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design has the advantage of separating the electrical interface from the biological fluid,
which prevents the attenuation of the electric signal due to the potential contact with the
liquid, and ensures frequency stability.

Figure 1. Architecture of ZnO/GaAs BAW biosensor (not to scale).

The Butterworth Van Dyke (BVD) model can be used to transcribe the behavior of
the mechanical resonator to an electrical model [35]. The adhesion of biological elements
on the surface shifts the resonance to lower frequencies and decreases their magnitude.
Therefore, the quantitation of biomaterials adsorbed on the sensor surface is done by
determining the shift in the resonant frequency, fr, associated with the mass variation
on the surface. The added mass ∆m of the biomaterial adsorbed on the surface can be
calculated using the frequency shift ∆fr at the fundamental frequency, as described by the
Sauerbrey equation [36]:

∆fr =
− ∆m fr

A h ρ
(1)

where A is the piezoelectrically active surface corresponding to the area between the
electrodes (4 mm2), ρ is the density of GaAs (5.307 g/cm3) and h is the membrane thickness.

The shifts in the resonant frequency were determined through electrical measurements,
by connecting the Cr/Au electrodes of the sensor to an Agilent E5061B ENA series network
analyzer (5 Hz–3 GHz) via a plug and play interface. The calibration of the analyzer was
performed using the 85052D calibration kit, via its three standards corresponding to an
ideal open circuit (zero admittance), an ideal short circuit (zero impedance) and a circuit
with a load of 50 Ω. Figure 2 illustrates the resulting frequency shift after exposure of the
biosensor to E. coli suspensions at 108 CFU/mL for 1 h.

2.2. Materials

Undoped, 3-inch diameter and 625 ± 25 µm thick semi-insulating double-sides pol-
ished GaAs (100) ± 0.5◦ wafers (AXT, Inc., Fremont, CA, USA) were used to fabricate
the biochips. Semiconductor-grade OptiClear (National Diagnostics, Atlanta, GA, USA),
acetone (ACP Chemicals, Saint-Léonard, QC, Canada), anhydrous ethanol (Brampton,
ON, Canada) and ammonium hydroxide (28%, Anachemia, Lachine, QC, Canada) were
used as received. Deoxygenated ethanol (typically 40 mL) was prepared by flushing with
a 3 SCFH high-purity nitrogen (99.9995%) stream (Praxair, Longueuil, QC, Canada) for
1 h. N-hydroxysuccinimide (NHS), 11-mercapto-1-undecanol (MUDO), 16-mercapto-1-
hexadecanoic acid (MHDA), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochlo-
ride (EDC), phosphate-buffered saline (PBS) solution and ethanolamine hydrochloride
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were purchased from Sigma-Aldrich (Oakville, ON, Canada) and used without further
purification. Unconjugated polyclonal IgG goat antibodies against E. coli and unconjugated
polyclonal IgG rabbit antibodies against Bacillus subtilis were obtained from Virostat, Inc.
(Portland, ME, USA). Deionized water at 18.2 MΩ.cm-1 was obtained with a Millipore
purification custom system built by Culligan (Granby, QC, Canada). Bacillus subtilis ATCC
60514 (B. subtilis) and green fluorescent protein (GFP) E. coli K12 bacteria were provided by
the Department of Microbiology of the Université de Sherbrooke Faculty of Medicine and
cultivated in LB broth.

Figure 2. Example of the impedance amplitude measured near the resonant frequency (fr = 6.35 MHz)
for ZnO/GaAs membrane (220 µm) before and after exposure for 1 h to E. coli suspension at
108 CFU/mL in PBS 1X.

2.3. Microfabrication of ZnO/GaAs Sensor

Thin films of ZnO (~700 nm thick) were deposited on GaAs (100) substrates using a
Plassys MP450S reactive radio frequency magnetron sputtering system employing a 6-inch
metallic Zn target. Prior to deposition, the substrates were cleaned under an Ar and O2
plasma for 2 min and the target was pre-sputtered for 2 min to remove surface contaminants.
During deposition, the substrate temperature and the gas pressure were 450 ◦C and 4 mTorr,
respectively. The flows of Ar and O2, at 1 and 1.5 sccm, respectively, provided a deposition
rate of approximately 2.77 nm/min. The full characterization and optimization of ZnO
films on GaAs substrates was reported previously [37]. After the deposition of ZnO films,
chromium/gold (Cr/Au, 20 nm/200 nm) electrodes were sputtered on the top using a
lift-off process. Because of the difference in thickness between the desired membrane
(50 µm) and the initial substrate (625 µm), the GaAs wafers were thinned down to 300 µm
by chemical wet etching, which allowed an increase in the precision of the membrane
machining. A layer of S1828 (MicroChem) resist was deposited beforehand on the front side
of the substrate to protect the ZnO film and the electrodes during the etching. The thinning
of the back side of the GaAs substrate was carried out in the etching solution of 7 H3PO4:
5 H2O2: 8 H2O at 0 ◦C, providing an etch rate of 0.85 µm.min−1 of the GaAs wafer [38].
Then, a standard S1823 resist layer (MicroChem) was deposited on the back side of the
wafer by spincoating. After patterning, the substrate was immersed in the etching solution
of 1 H3PO4:9 H2O2:1 H2O at 0 ◦C which provided an etch rate of 1 µm.min−1 [24]. After
etching and monitoring the membrane thickness, the wafer was rinsed several times with
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deionized (DI) water, and the resist was removed by successive immersion in baths of
acetone, DI water and ethanol.

2.4. Biofunctionalization of GaAs Membrane

During biofunctionalization, the fabricated transducers were placed in a Teflon holder
to expose only the membrane to the solutions while protecting the ZnO film and the Cr/Au
electrodes. The biofunctionalization protocol is summarized as shown in Figure 3. First,
the sensors were prepared for functionalization by cleaning in independent subsequent
ultrasonic baths of OptiClear, acetone and ethanol for 5 min in each solvent. Then, the
sensors were dried and etched to remove the native oxides by submerging them in 28%
ammonium hydroxide for 2 min. Next, the sensors were thoroughly rinsed with deoxy-
genated ethanol and immediately incubated in 2 mM MHDA/MUDO (1:9 molar ratio)
thiol solution for 20 h at room temperature. After incubation, the sensors were rinsed
thoroughly with deoxygenated ethanol, followed by ultrasonic cleaning for 30 s in de-
oxygenated ethanol to remove the physisorbed thiols. Following the formation of the
mixed SAM on the membrane surface, the COOH groups of MHDA were activated to
provide covalent attachment with the antibody through an amide bond. The activation
was conducted by incubation of the membranes in a mixture of NHS/EDC (1:4) at 1 mM
for 30 min. After the activation, the excess of unreacted NHS and EDC molecules was
removed by rinsing the samples 5 times with DI water. Then, the sensors were immediately
incubated at room temperature in suspensions of E. coli antibodies diluted in different
buffers (PBS 1X, pH 7.4 or acetate at pH 4.5) and at different concentrations (2.5; 12.5; 25;
100 and 200 µg/mL) for different durations (0.5; 1; 2; 4 and 20 h). Subsequently, the samples
were thoroughly rinsed with PBS 1X containing TWEEN 20 (0.05% v/v). Then, the sensor
surface was passivated by incubation in BSA solution (200 µg/mL, pH 5.5) for 30 min, and
rinsed with PBS–Tween. Finally, the non-bound COOH groups of the processed samples
were inactivated by incubation in ethanolamine (1 M, pH 8.5) for 30 min, followed by
rinsing with PBS–Tween.

Figure 3. Schematic representation of the bio-functionalization stages: (a) bare and deoxidized GaAs surface,
(b) MHDA/MUDO (1:9) chemical functionalization, (c) covalent immobilization of E. coli antibodies, (d) surface pas-
sivation with BSA and ethanolamine.



Biosensors 2021, 11, 145 6 of 15

FTIR transmission spectra of antibody-functionalized samples were recorded to char-
acterize the amide bands of the antibodies, immobilized under different conditions. The
FTIR measurements were performed under vacuum with a Bruker Vertex 70v spectrometer
equipped with a RockSolid interferometer and a wide-range Globar IR source covering
6000 to 10 cm−1. The spectra (512 scans) were collected with a liquid-nitrogen-cooled MCT
(mercury cadmium telluride) IR detector, a spectral resolution of 4 cm−1 and an aperture
of 1.5 mm. The spectrum of a freshly etched sample was used as a blank and subtracted
from the samples spectra.

2.5. Immunocapture of E. coli on the Sensor Surface

The antibody-functionalized samples were placed in the Teflon holder in order to ex-
pose the membrane to E. coli suspensions ranging between 103 and 108 CFU/mL, prepared
in PBS 1X following dilution of a freshly prepared culture in LB. The bacterial suspensions
(typically 1 mL) were introduced manually into the holder using a pipette. After 1 h of
static incubation, the bacterial solution was syphoned using a pipette then rinsed 3 times
with DI water and dried under a flow of high-purity (99.999%) N2. Subsequently, electrical
measurements were carried out (3 samples per each concentration of E. coli) to record
the shifts in the resonant frequency. In parallel, fluorescence microscopy was used to
characterize the density and distribution of bacteria on the surface, and to estimate the
surface coverage with bacteria (3 samples per concentration of E. coli). The visualization
of bacteria captured on the surface was performed using an Olympus IX71 fluorescence
microscope equipped with a xenon lamp emitting at 470 and 490 nm. The microscope was
connected to a DP71 digital camera and fluorescence images of the samples were taken
by using Qcapture imaging software (QImaging Corporation, Surrey, BC, Canada). Six
to eight images were collected per sample at different sites of the membranes with a 20×
magnification. The fluorescence images were analyzed with ImageJ software [39] in order
to estimate the corresponding bacterial surface coverage.

2.6. Sensor Specificity

To validate the specificity of the biosensor, two types of control experiments were
prepared for the analysis, under nominally the same conditions. The first control concerned
ZnO/GaAs membranes biofunctionalized with antibodies against B. subtilis and exposed
for 1 h to suspensions of E. coli at concentrations ranging between 104 and 108 CFU/mL. The
second control concerned ZnO/GaAs membranes biofunctionalized with E. coli antibodies
and exposed for 1 h to B. subtilis suspensions diluted in PBS 1X at concentrations ranging
between 104 and 106 CFU/mL.

2.7. Regeneration of the Sensor Surface

After each exposure to bacteria, the sensor surface was regenerated under acidic
conditions of pH 2 using a commercial antigen–antibody dissociation kit from bioWORLD
(Catalog No. 21310002-1 (650161)). The effect of the employed kit on the antibodies was
investigated by measuring FTIR transmission spectra of the sensor biofunctionalized with
E. coli antibodies, before and after exposure to the regeneration kit for 5 min. Moreover,
the bacteria removal efficiency was investigated over 5 cycles of regeneration using flu-
orescence microscopy. In each cycle, the sensor was exposed to E. coli suspensions at
106 CFU/mL for 1 h, then exposed to the regeneration kit for 5 min. After each exposure,
fluorescence images were taken to monitor the surface coverage with E. coli.

3. Results and Discussion
3.1. Optimization of the Sensing Architecture on Bulk GaAs
3.1.1. Optimization of the Concentration and Incubation Time for the Immobilization of
E. coli Antibodies

The presence of antibodies covalently immobilized on the surface was studied by
FTIR probing of the amide bands A, I and II located in the regions of 3296.4, 1644.4 and
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1527.4 cm−1, respectively. According to Bandekar et al. [40], within the proteins, the amide
band A is essentially due to the NH stretching vibrations, the amide I is rather associated
with the C = O vibrations in stretching, whereas the amide II is related to the modes of
torsion of the NH bonds as well as modes of stretching of the CN bonds. In this study, since
the amide A peak was the most intense and least noisy peak among the amide bands, the
antibody immobilization efficiency was evaluated by calculating the integrated absorbance
intensity of the amide A (the area under the amide A peak) that was proportional to the
total concentration of antibodies.

Consequently, the values of the amide A integrating absorbance intensity were de-
termined for each antibody concentration and incubation time at fixed pH 7.4, by using
a Lorentz fitting, and reported by histograms shown in Figure 4a. At low concentrations
of antibodies, the highest integrated absorbance intensities were obtained when the sam-
ples were incubated in E. coli antibodies for 4 h. However, when the concentration was
increased, the integrated absorbance intensity values were comparable for incubation times
between 1 and 4 h. The relatively low values of the integrated absorbance intensities
observed for the 20-h incubation suggest that the antibody molecules deteriorated over
long incubation durations. Thus, these results suggest that the 1-h incubation is optimal
for the immobilization at a high concentration of antibodies.

Figure 4. (a) Integrated FTIR amide A peak intensities for different incubation times and concentrations of E. coli antibodies
prepared in PBS buffer (pH 7.4) on MHDA/MUDO (1:9) functionalized samples. (b) Surface coverage with E. coli bacteria
immunocaptured on the biofunctionalized surface, determined by fluorescence microscopy for different concentrations and
incubation times of E. coli antibodies (n = 3 samples per concentration and incubation duration).

The number of bacteria captured per mm2 for each antibody concentration and incuba-
tion time was obtained from the fluorescence images, as summarized in Figure 4b. It can be
seen that, for low concentrations of antibodies, the highest density of bacteria was captured
in the case of the 4-h incubation. However, for high concentrations (100–200 µg/mL), the
number of captured bacteria per mm2 was comparable for the incubation time between
1 and 4 h, which is in a reasonable agreement with the FTIR data. Since the sample prepa-
ration time should be reduced as much as possible for a biosensor application, the antibody
concentration and incubation time were set at 100 µg/mL and 1 h, respectively.

3.1.2. Optimization of the Antibody-Grafting Buffer pH

Examples of FTIR absorbance spectra measured after the immobilization of E. coli
antibodies in PBS (pH 7.4) or acetate (pH 4.5), for the same concentration of 100 µg/mL
and the incubation time of 1 h, are shown in Figure 5.
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Figure 5. (a) FTIR absorbance spectra of E. coli antibodies immobilized on MHDA/MUDO (1:9) SAM-coated GaAs samples
following 1-h exposure to 100 µg/mL antibody suspensions at two different pH conditions. Each spectrum represents an
example of one of 3 tested samples; fluorescence images of GFP E. coli bacteria immunocaptured after 1-h exposure to E. coli
suspensions at 106 CFU/mL. The E. coli antibodies were immobilized following 1-h incubation in suspensions at 100 µg/mL
in two different buffers: (b) acetate (pH 4.5) and (c) PBS (pH 7.4).

The integrated absorbance of the amide A feature over the range 3050–3550 cm−1 was
estimated at 1.53 ± 0.07 cm−1 for the antibodies deposited in PBS at pH 7.4. This value was
significantly greater than 1.22 ± 0.07 cm−1 determined for the same feature if antibodies
were deposited in acetate buffer at pH 4.5. Thus, these results illustrate that PBS allows the
immobilization of a higher number of antibodies.

Examples of fluorescence images of bacteria captured by the biosensor biofunctional-
ized with E. coli antibodies prepared in two different buffers and exposed for 1 h to E. coli
suspensions at 106 CFU/mL, are shown in Figure 5b,c. It was determined that the number
of bacteria captured on the surface was 456 ± 24 bacteria/mm2 when the antibodies were
prepared in PBS buffer, compared to 143 ± 16 bacteria/mm2 in the acetate buffer. These
results are consistent with the FTIR findings and with the work of Pei et al. [41], who
demonstrated that in a pH range from 2.5 to 8.5, the amount of antibodies that can be
effectively attracted to the surface is the lowest at a pH below 5, since the charges on the
surface start to decrease due to protonation of the carboxyl groups. Hence, PBS 1X at
pH 7.4 was the buffer of choice for the immobilization of E. coli antibodies.

3.1.3. Regeneration Efficiency of the Sensing Structure

The regenerability of the biointerface was tested after repeated exposure of the sample
to bacterial suspensions. The approach consisted of detaching the bacteria but conserving
the biointerface (i.e., the SAM and the antibodies) using the antigen–antibody dissociation
kit. The FTIR transmission spectra of the amide bands, measured before and after expo-
sure of samples biofunctionalized with E. coli antibodies to the regeneration kit for 5 min,
indicated that the antibodies were not affected by the short-time exposure to the low pH
environment of the regeneration. In fact, some enhancement of the integrated absorbance
intensity of the amide A peak was observed after the exposure to the regeneration kit
(Table 1), which suggests that the organisation of the antibodies on the SAM-coated surface
was apparently improved. This result is in agreement with Djoumerska-Alexieva et al. [42]
who demonstrated that a 5 min-exposure of IgG molecules to an acidic environment in-
duced an enhanced binding efficiency of the investigated antibodies. It is relevant to notice
that the CH2-vibration peak’s intensity and position remained unchanged during this
procedure (1.0 × 10−3 ± 5.7 × 10−5 and 2919.5 ± 4.9 × 10−3 cm−1 for CH2as; 6.9 × 10−4
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± 7.1 × 10−6 and 2850.1 ± 9.5 × 10−4 cm−1 for CH2sym, respectively), which suggests
that the thiols remained intact after the regeneration process. These results confirm that
the tested regeneration kit and applied protocol preserve the functionality of the investi-
gated antibodies.

Table 1. Amide A peak values of E. coli antibodies measured by FTIR before and after exposure to
the regeneration kit (n = 3 samples).

Stage Before Regeneration After Regeneration

Absorbance 4.4 × 10−3 ± 2.5 × 10−4 5.5 × 10−3 ± 3.8 × 10−4

Integrated absorbance intensity
(in the range of 3050 to 3550 cm−1) 1.53 ± 0.07 2.09 ± 0.07

Examples of microscopic images of the antibody-functionalized GaAs biochips fol-
lowing the exposure to E. coli, the regeneration with a bacteria releasing kit and the
repeated exposure to bacteria are shown in Figure 6. These results indicate the efficient
bacterial removal and reproducible capture of bacteria after the regeneration. The ini-
tial capture of bacteria on the surface was at 475 ± 23 bacteria/mm2, and decreased to
10 ± 5 bacteria/mm2 following the removal step. After the second exposure to E. coli,
the surface coverage increased to 498 ± 31, which is in agreement with the FTIR data
that show increased intensity of antibody-related amide peaks following the exposure to
acidic pH (Table 1). The density of captured bacteria remained in the limit of the error of
the initial bacteria density, to finally reach 456 ± 27 bacteria/mm2 after the 5th exposure
of the regenerated biochip to E. coli suspension. The evolution of the density of E. coli
captured on the biochip surface is summarized in Figure 7d. These results clearly show the
capacity of the investigated kit to regenerate the surface of the biosensor while preserving
the efficiency of the biointerface for the capture of bacteria.

Figure 6. Examples of microscopic images of the antibody-functionalized GaAs biochips following the initial exposure to
E. coli suspension (a), after the 1st exposure to the regeneration kit (b) and after the 5th exposure to the regenerated kit
followed by the exposure to E. coli (c). Evolution of the surface coverage with E. coli immunocaptured by the GaAs biochips
(d) after each regeneration cycle (n = 3 samples).
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Figure 7. Examples of fluorescence images of GFP E. coli captured on the biofunctionalized GaAs surface of ZnO/GaAs
biochips exposed to bacteria at (a) 103 CFU/mL, (b) 104 CFU/mL, (c) 105 CFU/mL, (d) 106 CFU/mL, (e) 107 CFU/mL,
(f) 108 CFU/mL. Density of E. coli captured on the GaAs surface of the ZnO/GaAs biochip functionalized with antibodies
against (g) B. subtilis (square symbols) or E. coli (circle and tringle symbols).

3.2. Determination of Antibodies and BSA Grafting Rates Using the ZnO/GaAs BAW Biosensor

The frequency shifts associated with the antibody immobilization and surface passiva-
tion with BSA (mass added to the surface) were determined theoretically and experimen-
tally (Table 2). The theoretical shifts were determined by estimating the surface occupied
by E. coli antibodies and BSA in saturation conditions. Since BSA is used to block the
sites non-interacted with antibodies, the mass of BSA deposited on the surface should be
inversely proportional to the immobilization efficiency of antibodies. The filling fraction of
the 4 mm × 4 mm membrane was determined assuming that the minimal surface occupied
by a single IgG E. coli antibody and BSA molecule was 34 [43] and 4.4 nm2 [44], respectively.
The ratio of the experimental to theoretical shift for E. coli antibodies was between 56
and 79%, which suggests that up to 80% of the biochip surface was coated with E. coli
antibodies. A slightly increased surface coverage with antibodies could still be achieved
with a refreshable flow of an antibody solution and/or in the presence of an ultrasonic
vibration [45]. As for BSA, the maximal surface coverage estimated was up to 50%, which is
consistent with the role of BSA in blocking the sites that did not interact with an antibody.

Table 2. Theoretical and experimental frequency shifts (∆f) determined after each phase of the
bio-functionalization procedure of ZnO/GaAs biosensor (220 µm thick membrane) operating at the
resonant frequency of 6.35 MHz (n = 3 samples).

Phase Entity
|∆f | (Hz)

Theoretical Experimental

Antibodies grafting E. coli antibodies 39.84 27.1 ± 4.5

Passivation BSA 136.46 59.8 ± 11.3
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3.3. Detection of E. coli Using the ZnO/GaAs BAW Biosensor
3.3.1. Ideal Medium: Phosphate-Buffered Saline

The immunocapture of E. coli was quantitated by determining the frequency shifts
measured after exposure of the biosensor to suspensions of E. coli at different concentrations.
The number of captured E. coli per mm2 was determined by the ratio of the captured mass
calculated using Equation (1), to the mass of one bacterium of E. coli at 9.5 × 10−13 g [46].
In these measurements, the biosensor was exposed to E. coli suspensions through cycles of
regeneration/exposure, referred to as “regenerated sensor”, and with fresh surface referred
to as “fresh sensor”.

To assess the surface coverage with bacteria captured by the biosensor, fluorescence
images were taken immediately after exposure to each suspension of E. coli followed by
rinsing three times with DI water and drying. The fluorescence images showed an efficient
capture of bacteria reported with homogeneous distribution for each concentration of
E. coli, as shown in Figure 7a–f.

Figure 7g shows the evolution of the surface density of bacteria for the different tested
concentrations of E. coli. The change in the bacterial surface coverage between E. coli
concentrations of 107 and 108 CFU/mL was almost negligible, indicating that the sensor
reached the saturation stage.

The recorded frequency shifts and density of E. coli captured after exposure of fresh
and regenerated sensors biofunctionalized with E. coli antibodies or B. subtilis antibodies to
different concentrations of E. coli suspensions are shown in Figure 8. The measurement
range of the biosensor was between 103 and 108 CFU/mL, with a linear region (log scale)
between 103 and 107 CFU/mL. The LOD of the biosensor was determined at 103 CFU/mL,
and the curve representing the frequency shift ∆f versus the logarithm of the concentration
of E. coli can be described using the following relation: ∆f (Hz) = 9.77 log [E. coli]–23.61.

Figure 8. Surface density of captured E. coli (left y-axis) and frequency shifts (right y-axis) reported
after exposure to increasing concentrations of E. coli: fresh sensor samples functionalized with
E. coli antibodies (circles), regenerated sensor samples functionalized with B. subtilis antibodies
(triangles), and regenerated sensor samples functionalized with E. coli antibodies (squares). The E. coli
suspensions were prepared in PBS 1X.
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For the fresh sensor samples, slightly higher frequency shifts and bacteria density
were recorded, but the values remained in the limit of the error of the frequency shifts and
bacteria density obtained for the regenerated sensor. This result is in reasonable agreement
with the data presented in Section 3.1.3, indicating the efficiency of the used regeneration
kit in regenerating the surface of the biosensor while preserving the biointerface.

The samples functionalized with B. subtilis antibodies showed very low frequency
shifts upon exposure to E. coli suspensions, as compared with the shifts measured for the
sensor samples biofunctionalized with E. coli antibodies, which validates the specificity of
the biointerface towards E. coli.

By comparing the density of bacteria captured on the surface calculated from the
frequency shifts using Equation (1) and from the fluorescence data, the resemblance in
the dynamic of the corresponding curves is obvious, although the discrepancy between
the densities is 1.5 to 2 times. The difference could be explained by the overestimation of
the number of bacteria captured on the surface by fluorescence microscopy. According to
Diaspro et al., fluorescent proteins generally exhibit multiple localized events from each
single fluorophore, which could lead to an overestimation of the real molecule number [47].
These results are also consistent with Lisle et al. who demonstrated that fluorescent
microscopy increasingly overestimated (15.0 to 99.3%) the true bacterial abundance [48].

3.3.2. In the Presence of Bacillus Subtilis

To simulate the detection of E. coli in the presence of another biological competi-
tor (a “complex” medium), detection tests were carried out by exposing the biosensor
functionalized with E. coli antibodies to a mixture of E. coli and B. subtilis in PBS 1X. The
concentration of E. coli ranged between 104 and 108 CFU/mL, while the concentration of
B. subtilis was constant at 106 CFU/mL. Figure 9a compares the frequency shifts recorded
for the biosensor exposed selectively to B. subtilis (red circles) and E. coli (black squares)
suspensions in PBS (ideal medium) with the shifts determined for detection of E. coli in
suspensions tinted with B. subtilis (“complex” medium).

Figure 9. (a) Frequency shifts reported for the sensor exposed to increasing concentrations of E. coli in ideal medium (black
squares), and E. coli in “complex” medium (blue triangles). (b) Difference between frequency shifts determined for E. coli in
“complex” and ideal media (broken line is shown as a guide to the eye).

The sensors functionalized with E. coli antibodies and exposed to B. subtilis suspen-
sions showed lower frequency shifts compared to those induced by E. coli suspensions
(~10 Hz at 106 CFU/mL), which is clearly related to the expected selectivity of the biosen-
sor. The non-specific signal could have been promoted by the static conditions of the
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experiments, and the perspective of using a refreshable flow of the bacterial solution using
fluidic components should reduce it. The data representing frequency shifts versus the log-
arithm of the concentration of E. coli in “complex” medium follow the relation: ∆fr = 10.83
log [E. coli]–17.09. Furthermore, as shown Figure 9b, the difference in frequency shifts
determined for “complex” and ideal environments, ∆Cp/Id, increased with the increasing
concentration of E. coli. This difference (a differentiation contrast) is expected to satu-
rate with the increasing concentration of bacteria, consistent with the limited biosensing
efficiency of the developed method. The weakest differentiation contrast observed at
104 CFU/mL was due to the onset of a significant competition between targeted bacteria
and the presence of extraneous proteins. The performance of the ZnO/GaAs biosensor
(LOD 104 CFU/mL) in “complex” medium where E. coli is overwhelmed by a 100-fold
excess of of B. subtilis underlines the potential that the biosensor could have in comparison
with its equivalent [19,21]. We argue that the regenerable detection characteristics of the pro-
posed ZnO/GaAs biosensor, and the demonstration of a strong response at 104 CFU/mL
combined with the future engineering focused on the elimination of non-targeted bacteria
from complex media, present a major step towards the successful development of an
innovative biosensing platform attractive for rapid detection of bacteria in clinical settings.

4. Conclusions

In our endeavour to develop an attractive biosensing platform for rapid detection of
bacteria, we have designed and investigated the functioning of a ZnO/GaAs-based bulk
acoustic wave biosensor. The capture and specificity of detection of E. coli was carried out
with the antibody biofunctionalized biochips (100 µg/mL for 1 h in PBS 1X at pH 7.4). The
tests carried out for bacterial suspensions ranging between 103 and 108 CFU/mL allowed
us to determine the surface coverage with E. coli consistently with the measured frequency
shifts. The LOD was estimated at 103 CFU/mL for the bacterial suspensions in PBS (ideal
environment), and the semi-logarithmic response of the biosensor was observed up to
107 CFU/mL. The specificity of the biointerface to E. coli was validated through the control
experiments involving B. subtilis bacteria at 106 CFU/mL. The successful demonstration of
a 5-times regenerated biochip and selective detection of E. coli in suspensions tinted with
B. subtilis at 106 CFU/mL was demonstrated with an LOD of 104 CFU/mL. The attractive
sensitivity of the proposed device, capable of a rapid and repetitive detection of bacteria,
has the potential to bring the innovative and relatively inexpensive ZnO/GaAs-based bulk
acoustic wave technology to support diagnostics offered in clinical settings.

Author Contributions: Conceptualization, all authors; methodology, J.C. and W.M.H.; investigation,
J.C.; data curation, J.C.; writing—original draft preparation, J.C.; writing—review and editing,
all authors; validation and supervision, C.E.-C., T.L. and J.J.D.; resources and funding acquisition,
T.L. and J.J.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Région de Franche-Comté (France), the French RENAT-
ECH network with its FEMTO-ST technological facility, the Canada Research Chair in Quantum
Semiconductors Program (JJD, grant no. 950-220304) and NSERC Discovery Grant (JJD, RGPIN
2015-04448).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge CMC Microsystems (Kingston, Ontario) for providing
the network analyzer used in these experiments.

Conflicts of Interest: The authors declare no conflict of interest.



Biosensors 2021, 11, 145 14 of 15

References
1. Váradi, L.; Luo, J.L.; Hibbs, D.E.; Perry, J.D.; Anderson, R.J.; Orenga, S.; Groundwater, P.W. Methods for the detection and

identification of pathogenic bacteria: Past, present, and future. Chem. Soc. Rev. 2017, 46, 4818–4832. [CrossRef]
2. Justino, C.; Duarte, A.; Rocha-Santos, T. Recent progress in biosensors for environmental monitoring: A Review. Sensors 2017, 17,

2918. [CrossRef] [PubMed]
3. Zulkifli, S.N.; Rahim, H.A.; Lau, W.-J. Detection of contaminants in water supply: A review on state-of-the-art monitoring

technologies and their applications. Sens. Actuators B Chem. 2018, 255, 2657–2689. [CrossRef] [PubMed]
4. Priyanka, B.; Patil, R.; Dwarakanath, S. A review on detection methods used for foodborne pathogens. Indian J. Med. Res. 2016,

144, 327. [CrossRef]
5. Park, J.; Kim, J.S.; Kim, S.; Shin, E.; Oh, K.-H.; Kim, Y.; Kim, C.H.; Hwang, M.A.; Jin, C.M.; Na, K.; et al. A waterborne outbreak of

multiple diarrhoeagenic Escherichia coli infections associated with drinking water at a school camp. Int. J. Infect. Dis. 2018, 66,
45–50. [CrossRef]

6. Yang, S.-C.; Lin, C.-H.; Aljuffali, I.A.; Fang, J.-Y. Current pathogenic Escherichia coli foodborne outbreak cases and therapy
development. Arch. Microbiol. 2017, 199, 811–825. [CrossRef] [PubMed]

7. Decludt, B.; Bouvet, P.; Mariani-Kurkdjian, P.; Grimont, F.; Grimont, P.A.D.; Hubert, B.; Loirat, C. Haemolytic uraemic syndrome
and Shiga toxin-producing Escherichia coli infection in children in France. Epidemiol. Infect. 2000, 124, 215–220. [CrossRef]
[PubMed]

8. Hameed, S.; Xie, L.; Ying, Y. Conventional and emerging detection techniques for pathogenic bacteria in food science: A review.
Trends Food Sci. Technol. 2018, 81, 61–73. [CrossRef]

9. Ahmed, A.; Rushworth, J.V.; Hirst, N.A.; Millner, P.A. Biosensors for whole-cell bacterial detection. Clin. Microbiol. Rev. 2014, 27,
631–646. [CrossRef]

10. Lamanna, L.; Rizzi, F.; Bhethanabotla, V.R.; De Vittorio, M. Conformable surface acoustic wave biosensor for E-coli fabricated on
PEN plastic film. Biosens. Bioelectron. 2020, 163, 112164. [CrossRef]

11. Yuhana Ariffin, E.; Heng, L.Y.; Tan, L.L.; Abd Karim, N.H.; Hasbullah, S.A. A highly sensitive impedimetric DNA biosensor
based on hollow silica microspheres for label-free determination of E. coli. Sensors 2020, 20, 1279. [CrossRef]

12. Mathelié-Guinlet, M.; Cohen-Bouhacina, T.; Gammoudi, I.; Martin, A.; Béven, L.; Delville, M.-H.; Grauby-Heywang, C. Silica
nanoparticles-assisted electrochemical biosensor for the rapid, sensitive and specific detection of Escherichia coli. Actuators B Chem.
2019, 292, 314–320. [CrossRef]

13. Razmi, N.; Hasanzadeh, M.; Willander, M.; Nur, O. Recent progress on the electrochemical biosensing of Escherichia coli O157:H7:
Material and methods overview. Biosensors 2020, 10, 54. [CrossRef]

14. Choinière, S.; Frost, E.H.; Dubowski, J.J. Binding strategies for capturing and growing Escherichia coli on surfaces of biosensing
devices. Talanta 2019, 192, 270–277. [CrossRef]

15. Nazemi, E.; Aithal, S.; Hassen, W.M.; Frost, E.H.; Dubowski, J.J. GaAs/AlGaAs heterostructure based photonic biosensor for
rapid detection of Escherichia coli in phosphate buffered saline solution. Sens. Actuators B Chem. 2015, 207, 556–562. [CrossRef]

16. Zhong, M.; Yang, L.; Yang, H.; Cheng, C.; Deng, W.; Tan, Y.; Xie, Q.; Yao, S. An electrochemical immunobiosensor for ultrasensitive
detection of Escherichia coli O157:H7 using CdS quantum dots-encapsulated metal-organic frameworks as signal-amplifying tags.
Biosens. Bioelectron. 2019, 126, 493–500. [CrossRef]

17. Zheng, L.; Cai, G.; Wang, S.; Liao, M.; Li, Y.; Lin, J. A microfluidic colorimetric biosensor for rapid detection of Escherichia coli
O157:H7 using gold nanoparticle aggregation and smart phone imaging. Biosens. Bioelectron. 2019, 124–125, 143–149. [CrossRef]

18. Dhull, N.; Kaur, G.; Jain, P.; Mishra, P.; Singh, D.; Ganju, L.; Gupta, V.; Tomar, M. Label-free amperometric biosensor for Escherichia
coli O157:H7 detection. Appl. Surf. Sci. 2019, 495, 143548. [CrossRef]

19. Van Grinsven, B.; Eersels, K.; Akkermans, O.; Ellermann, S.; Kordek, A.; Peeters, M.; Deschaume, O.; Bartic, C.; Diliën, H.;
Steen Redeker, E.; et al. Label-free detection of Escherichia coli based on thermal transport through surface imprinted polymers.
ACS Sens. 2016, 1, 1140–1147. [CrossRef]

20. Eersels, K.; Lieberzeit, P.; Wagner, P. A review on synthetic receptors for bioparticle detection created by surface-imprinting
techniques—From principles to applications. ACS Sens. 2016, 1, 1171–1187. [CrossRef]

21. Coudron, L.; McDonnell, M.B.; Munro, I.; McCluskey, D.K.; Johnston, I.D.; Tan, C.K.L.; Tracey, M.C. Fully integrated digital
microfluidics platform for automated immunoassay; A versatile tool for rapid, specific detection of a wide range of pathogens.
Biosens. Bioelectron. 2019, 128, 52–60. [CrossRef] [PubMed]

22. Voiculescu, I.; Nordin, A.N. Acoustic wave based MEMS devices for biosensing applications. Biosens. Bioelectron. 2012, 33, 1–9.
[CrossRef] [PubMed]

23. Tellier, C.R.; Huve, G.; Leblois, T.G. Micromachining of GaAs structures with an acidic hydrogen peroxide solution.
Sens. Actuators Phys. 2006, 127, 179–193. [CrossRef]

24. Bienaime, A.; Elie-Caille, C.; Leblois, T. Micro structuration of GaAs surface by wet etching: Towards a specific surface behavior.
J. Nanosci. Nanotechnol. 2012, 12, 6855–6863. [CrossRef] [PubMed]

25. Bienaime, A.; Leblois, T.; Gremaud, N.; Chaudon, M.-J.; Osta, M.; Pecqueur, D.; Ducoroy, P.; Elie-Caille, C. Influence of a
thiolate chemical layer on GaAs (100) biofunctionalization: An original approach coupling atomic force microscopy and mass
spectrometry methods. Materials 2013, 6, 4946–4966. [CrossRef]

http://doi.org/10.1039/C6CS00693K
http://doi.org/10.3390/s17122918
http://www.ncbi.nlm.nih.gov/pubmed/29244756
http://doi.org/10.1016/j.snb.2017.09.078
http://www.ncbi.nlm.nih.gov/pubmed/32288249
http://doi.org/10.4103/0971-5916.198677
http://doi.org/10.1016/j.ijid.2017.09.021
http://doi.org/10.1007/s00203-017-1393-y
http://www.ncbi.nlm.nih.gov/pubmed/28597303
http://doi.org/10.1017/S0950268899003623
http://www.ncbi.nlm.nih.gov/pubmed/10813145
http://doi.org/10.1016/j.tifs.2018.05.020
http://doi.org/10.1128/CMR.00120-13
http://doi.org/10.1016/j.bios.2020.112164
http://doi.org/10.3390/s20051279
http://doi.org/10.1016/j.snb.2019.03.144
http://doi.org/10.3390/bios10050054
http://doi.org/10.1016/j.talanta.2018.09.043
http://doi.org/10.1016/j.snb.2014.10.111
http://doi.org/10.1016/j.bios.2018.11.001
http://doi.org/10.1016/j.bios.2018.10.006
http://doi.org/10.1016/j.apsusc.2019.143548
http://doi.org/10.1021/acssensors.6b00435
http://doi.org/10.1021/acssensors.6b00572
http://doi.org/10.1016/j.bios.2018.12.014
http://www.ncbi.nlm.nih.gov/pubmed/30634074
http://doi.org/10.1016/j.bios.2011.12.041
http://www.ncbi.nlm.nih.gov/pubmed/22310157
http://doi.org/10.1016/j.sna.2005.11.012
http://doi.org/10.1166/jnn.2012.4557
http://www.ncbi.nlm.nih.gov/pubmed/22962835
http://doi.org/10.3390/ma6114946


Biosensors 2021, 11, 145 15 of 15

26. Bienaime, A.; Leblois, T.; Lucchi, G.; Blondeau-Patissier, V.; Ducoroy, P.; Boireau, W.; Elie-Caille, C. Reconstitution of protein
monolayer on thiolates functionalized GaAs surface. Int. J. Nanosci. 2012, 11, 1240018. [CrossRef]

27. Lacour, V.; Moumanis, K.; Hassen, W.M.; Elie-Caille, C.; Leblois, T.; Dubowski, J.J. Formation kinetics of mixed self-assembled
monolayers of alkanethiols on GaAs(100). Langmuir 2017, 35, 4415–4427. [CrossRef]

28. Chawich, J.; Boiteux, P.; Elie-Caille, C.; Leblois, T. Specificity and sensitivity characterization of a gallium arsenide resonant
bio-sensor. In Proceedings of the 2018 IEEE Int. Ultrason. Symp. (IUS), Kobe, Japan, 22–25 October 2018; pp. 1–4. [CrossRef]

29. Sharma, H.; Moumanis, K.; Dubowski, J.J. pH-dependent photocorrosion of GaAs/AlGaAs quantum well microstructures.
J. Phys. Chem. C 2016, 120, 26129–26137. [CrossRef]

30. Lacour, V.; Elie-Caille, C.; Leblois, T.; Dubowski, J.J. Regeneration of a thiolated and antibody functionalized GaAs (001) surface
using wet chemical processes. Biointerphases 2016, 11, 019302. [CrossRef]

31. Azzopardi, C.-L.; Lacour, V.; Manceau, J.-F.; Barthès, M.; Bonnet, D.; Chollet, F.; Leblois, T. A fluidic interface with high flow
uniformity for reusable large area resonant biosensors. Micromachines 2017, 8, 308. [CrossRef]

32. Cerda-Méndez, E.A.; Krizhanovskii, D.; Biermann, K.; Hey, R.; Santos, P.V.; Skolnick, M.S. Effects of the piezoelectric field on the
modulation of exciton–polaritons by surface acoustic waves. Superlattices Microstruct. 2011, 49, 233–240. [CrossRef]

33. Jiao, S.J.; Batista, P.D.; Biermann, K.; Hey, R.; Santos, P.V. Electrical detection of ambipolar acoustic carrier transport by surface
acoustic waves. J. Appl. Phys. 2009, 106, 053708. [CrossRef]

34. Shih, W.-C.; Wu, M.-S. Growth of ZnO films on GaAs substrates with a SiO2 buffer layer by RF planar magnetron sputtering for
surface acoustic wave applications. J. Cryst. Growth. 1994, 137, 319–325. [CrossRef]

35. Ballantine, D.S., Jr.; White, R.M.; Martin, S.J.; Ricco, A.J.; Zellers, E.T.; Frye, G.C.; Wohltjen, H. Acoustic Wave Sensors: Theory,
Design, & Physico-Chemical Applications, 1st ed.; Academic Press: Cambridge, MA, USA, 1996.

36. Thompson, M.; Kipling, A.L.; Duncan-Hewitt, W.C.; Rajaković, L.V.; Čavić-Vlasak, B.A. Thickness-shear-mode acoustic wave
sensors in the liquid phase. A review. Analyst 1991, 116, 881–890. [CrossRef]

37. Chawich, J.; Kuprenaite, S.; Margueron, S.; Boulet, P.; Dubowski, J.J.; Elie-Caille, C.; Leblois, T. Deposition and characterization of
ZnO thin films on GaAs and Pt/GaAs substrates. Mater. Chem. Phys. 2020, 247, 122854. [CrossRef]

38. Bienaime, A.; Liu, L.; Elie-Caille, C.; Leblois, T. Design and microfabrication of a lateral excited gallium arsenide biosensor.
Eur. Phys. J.-Appl. Phys. 2012, 57, 21003. [CrossRef]

39. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef]

40. Bandekar, J. Amide modes and protein conformation. Biochim. Biophys. Acta BBA—Protein Struct. Mol. Enzymol. 1992, 1120,
123–143. [CrossRef]

41. Pei, Z.; Anderson, H.; Myrskog, A.; Dunér, G.; Ingemarsson, B.; Aastrup, T. Optimizing immobilization on two-dimensional
carboxyl surface: pH dependence of antibody orientation and antigen binding capacity. Anal. Biochem. 2010, 398, 161–168.
[CrossRef]

42. Djoumerska-Alexieva, I.K.; Dimitrov, J.D.; Voynova, E.N.; Lacroix-Desmazes, S.; Kaveri, S.V.; Vassilev, T.L. Exposure of IgG to an
acidic environment results in molecular modifications and in enhanced protective activity in sepsis: Molecular modifications in
low pH-exposed IgG. FEBS J. 2010, 277, 3039–3050. [CrossRef]

43. Lynch, M.; Mosher, C.; Huff, J.; Nettikadan, S.; Johnson, J.; Henderson, E. Functional protein nanoarrays for biomarker profiling.
Proteomics 2004, 4, 1695–1702. [CrossRef] [PubMed]
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