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ABSTRACT: The conjugation of ionic gold with bacterial antibodies makes it
possible to induce a specific interaction between targeted bacteria and the surface of a
GaAs/AlGaAs biochip. The process of immobilization is based on a galvanic
displacement reaction (GDR) involving electron transfer between GaAs and Au3+ ions
that leads to the formation of a Au−Ga alloy anchoring bacteria to the biochip surface.
The GDR-based immobilization of Escherichia coli on biochips comprising a stack of
GaAs/AlGaAs nanolayers (dGaAs = 12 nm, dAlGaAs = 10 nm) was confirmed by X-ray
photoelectron spectroscopy and atomic force microscopy-based infrared experiments.
We report the successful application of this approach for highly sensitive detection of
E. coli with a digital photocorrosion (DIP) biosensor. The photoluminescence (PL)
monitored DIP of GaAs/AlGaAs nanolayers results in the formation of a PL intensity
maximum whose temporal appearance depends on the electric charge transfer between
bacteria and the biochip. The formation of a robust bacteria−biochip interface
achieved with the GDR process allowed us to observe the role of bacteria on the temporal position of a PL intensity maximum
related to the etching of two pairs of GaAs/AlGaAs nanolayers extending up to 24 nm below the biochip surface. We demonstrate
the attractive detection of E. coli at 250 CFU/mL, and we discuss the potential of this approach for designing a family of biosensors
addressing the quasi-continuous monitoring of a water environment for the presence of pathogenic bacteria.

1. INTRODUCTION
Due to the contamination of groundwater sources and the
growing water consumption related to human needs and
activities, providing clean water to large populations is a major
challenge for agricultural, industrial, and municipal entities.1−3

Although the majority of bacterial strains are not harmful and
some bacteria are involved in the digestion of food and other
biological transformations,4−6 other bacteria are the source of
common human illnesses and can cause severe infections.7−9

Thus, monitoring pathogenic bacteria is vitally important for
minimizing human health risks.10−13 There are numerous well-
established biosensing techniques, such as nucleic acid
polymerase chain reaction (PCR),14,15 antibody/antigen
enzyme-linked immunosorbent assay (ELISA),16−19 or ma-
trix-assisted laser desorption ionization mass spectroscopy
(MALDI-TOF)20 that allow attractive sensing with a limit of
detection (LOD) ranging from 1 to 10 CFU/mL, or even
better.21−26 However, these techniques are based on laboratory
settings, suffer from a relatively long analysis time, and are not
easily adaptable to automated or quasi-continuous monitor-
ing.27 A plethora of electrochemical,28 optical,29 and field-
effect30 biosensors has been investigated to address the
problem of sensitive detection potentially out of laboratory
settings. In that context, detection of bacteria even with a
relaxed LOD but relatively close to the infective dose would be

attractive for prescreening of water samples from rivers, lakes,
industrial waste, or sewage systems if delivered quasi-
continuously and at an attractive cost. Such an approach
would be of importance to early detection and prevention of
outbreaks of infections potentially leading to pandemic
situations.
Recently, we introduced the innovative technology of digital

photocorrosion (DIP) biosensing employing devices compris-
ing GaAs/AlGaAs nanoheterostructures.31−33 This method is
based on monitoring the process of DIP with the photo-
luminescence (PL) effect, which reveals PL intensity maxima
formed as the photocorrosion front passes through a pair of
GaAs/AlGaAs (dGaAs = 12 nm, dAlGaAs = 10 nm) nano-
layers.34,35 The process is sensitive to the flow of electric
charge between immobilized bacteria and the semiconductor
surface, which affects DIP rates and allowed for rapid and
sensitive detection of Escherichia coli32,36 and Legionella
pneumophila.31,33,37,38 The biosensing results were obtained
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by employing antibodies32,36,37,39,40 and antimicrobial pep-
tides.33,38,41 The sensitivity of DIP biosensing is analogous to
the sensitivity of plasmonic and nanoparticle devices to charge
transfer based on the galvanic displacement reaction
(GDR).42−44 Owing to the large gap between the reduction
potentials of GaAs and Au3+ ions, the GDR process is triggered
by spontaneous electron transfer.45,46 Consequently, GaAs is
oxidized, and the Au3+ ions are reduced to Au0. This results in
the formation of a Au−Ga alloy at the interface of GaAs with
Au0 nanoparticles as reported earlier by Sayed et al.47

Previously, we explored the GDR-based process for micro-
scopic imaging of L. pneumophila decorated with Au0
nanoparticles without the need for employing dyes or green
fluorescent proteins normally applied for enhancing bacterial
imaging.48

In this study, we investigate the innovative concept of DIP
biosensing based on the application of GaAs/AlGaAs chips
with an unfunctionalized surface. The GDR-based formation of
robust bacteria−biochip hybrids allowed observation of
photocorrosion continuing through a set of two pairs of
GaAs/AlGaAs nanolayers, which resulted in a significantly
enhanced LOD. We also discuss the advantage of this
approach for designing regenerable biosensors comprising
stacks of GaAs/AlGaAs nanoheterostructures.

2. MATERIALS AND METHODS
2.1. Materials. Mercaptohexadecanoic acid (MHDA), N-

hydroxy succinimide (NHS), gold chloride (AuCl3), 1-ethyl-3-
(3-(dimethylamino)propyl)carbodiimide (EDC), agar, and
Luria−Bertani (LB) medium were purchased from Sigma-
Aldrich (Oakville, ON, Canada) and used without further
purification. All of the employed solvents were of spectroscopic
grade. Unconjugated polyclonal antibodies (pAbs) against E.
coli were obtained from Virostat Inc. Portland (Maine, USA).
Green fluorescent E. coli K12 BW25113 (GFP E. coli) was
obtained from the Department of Microbiology and Infecti-
ology of the Universite ́ de Sherbrooke (UdS) Faculty of
Medicine (Sherbrooke, QC, Canada), and Pseudomonas
aeruginosa ATCC 27853 (P. aeruginosa) was obtained from
the Department of Biology of the UdS Faculty of Sciences
(Sherbrooke, QC, Canada).

2.2. GaAs/Al0.35Ga0.65As Nanoheterostructures. Nano-
heterostructures (Wafer D3422) were grown by metal−organic
vapor phase epitaxy on a semiinsulating GaAs (001) substrate.
They consist of a 20-pair AlAs/GaAs (2.4/2.4 nm) superlattice
and a 500 nm GaAs buffer layer followed by a 100 nm-thick
Al0.35Ga0.65As layer and six pairs of 12 nm-thick GaAs and 10
nm-thick Al0.35Ga0.65As. The microstructure was capped with a
12 nm-thick GaAs layer. The 2 × 2 mm chips were prepared by
dicing the original wafer and cleaning it with an ultrasonic bath
using acetone, OptiClear, acetone, and isopropanol sequen-
tially for 5 min each. The final step included etching in 28%
NH4OH for 2 min at room temperature to remove native
oxides from the surface of the GaAs.

2.3. Functionalization of E. coli. In 0.8 mL of ethanol/1×
PBS (50:50, v/v), 5 μL of 10 mM AuCl3 in DI water was
mixed with 5 μL of 10 mM MHDA in ethanol. After 15 min,
3.8 mg (2 mM) of EDC was added to the above solution
followed by the addition of 1.5 mg of NHS. The mixture was
kept for 20 min, and then, 20 μL of a 4 mg/mL solution of
unconjugated pAbs against E. coli was added. Next, 1 mL of the
solution was prepared by the addition of 1× PBS. After 1 h,
either E. coli (positive test) or P. aeruginosa (negative test)

suspension at 108 CFU/mL (0.1 OD600 nm corresponds to 108
and 2 × 107 CFU/mL, respectively, for E. coli and P.
aeruginosa) prepared from pure fresh cultures in the LB agar
medium was added to the mixture and incubated for 20 min.
Suspensions of bacteria decorated with Ab−Au3+ hybrids

were prepared in PBS (1×, 7.4 pH) and flowed through the
flow cell for 20 min. Next, the flow was stopped for 5 min to
allow the bacteria to deposit on the biochip surface, and DI
water was used to remove loosely bonded analytes from the
biochip surface. The photocorrosion of GaAs/AlGaAs nano-
heterostructures was carried out under continuous flow of DI
water at 0.04 mL/min and monitored with the photo-
luminescence originating from GaAs layers.
Note: For a higher concentration of gold employed for

decoration of 108 CFU/mL E. coli, the concentration of EDC,
NHS, and MHDA was multiplied by the same number as that
of the gold ion.

2.4. Fourier Transform Infrared Spectroscopy Anal-
ysis. FTIR absorption spectroscopy measurements were
performed by using a Bruker Optics Hyperion 2000 FTIR
system. The spectra were collected at a resolution of 4 cm−1

and averaged over 1000 scans. All FTIR data were recorded
using a liquid N2 chilled HgCdTe (mercury cadmium
telluride) IR detector. A reference GaAs sample was obtained
by consecutive cleanings in ultrasound baths with OptiClear,
acetone, isopropanol, acetone, and ethanol (5 min each) and
then etched with a 28% NH4OH solution. The samples with
undecorated and Ab−Au3+-decorated E. coli were prepared by
placing ∼106 bacteria on the surface of etched 4 mm × 4 mm
GaAs and letting it dry for 2 h.

2.5. Photoluminescence Measurements. Time-depend-
ent PL intensity was measured using a custom-designed
quantum semiconductor photonic biosensor reader (QSPB-
2).34 Unless indicated otherwise, the samples were irradiated
with 1.8 s pulses every 25 s (DC = 1.8/25) using a
homogenized beam of the light-emitting diode operating at
660 nm and delivering a power of 15 mW/cm2 to the sample
surface.

2.6. X-ray Photoelectron Spectroscopy Character-
ization. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed by using a Kratos Analytical AXIS Ultra
DLD XPS spectrometer equipped with an Al Kα source
operating at 150 W. The GaAs/AlGaAs nanoheterostructures
were exposed for 20 min to gold-functionalized bacteria, and
XPS measurements were conducted in the Au 4f, Ga 3d, C 1s,
and As 3d transition regions to investigate the chemical
composition of the GaAs substrate after completing the GDR
step. Data were collected at a takeoff angle of 60° with respect
to the surface normal.

2.7. Atomic Force Microscopy. The surface morphology
of the processed samples was studied by using atomic force
microscopy (AFM, Digital Instruments, Nanoscope). The
AFM instrument was operated in tapping mode. All images
were collected over a 1.0 μm × 1.0 μm surface area with 512
scans using a tip velocity of 1 μm/s and at a scan rate of 0.5
Hz.

2.8. AFM-IR. Atomic force microscopy-based infrared
(AMF-IR) spectra were recorded using an AFM NanoIR2
upgraded to NanoIR3 with a QCL pulse laser (mIRCAT,
Bruker, Santa Barbara) operating in the 911−1900 cm−1 range
and employing an AFM PR-EX-nIR2 probe. The repetition
rate of the QCL was tuned to match the resonant frequency
mode of the Au-coated AFM cantilever in contact with the
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Figure 1. Graphical illustration of the mechanism of the specific absorption of gold-antibody-decorated bacteria on the GaAs surface.

Figure 2. High-resolution XPS scans of the GaAs/AlGaAs nanoheterostructure after absorption of Au−Ab gold-coated bacteria corresponding to
(A) Au 4f, (B) C 1s, (C) Ga 3d, and (D) As 3d peaks.
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sample surface. IR spectra were collected at a spatial resolution
of approximately 25 nm × 25 nm. Samples with undecorated
and Ab−Au3+-decorated E. coli were prepared by placing a 10
μL drop of bacteria from 104 CFU/mL suspensions on the
surface of an etched 2 mm × 2 mm GaAs/AlGaAs chip and
letting it dry for 2 h.

3. RESULTS AND DISCUSSION
The process of specific deposition of E. coli on the biochip
surface is schematically shown in Figure 1 (for more details,
see Figure S1). Following the formation of AuCl3-Ab hybrids,
an 80 μg/mL Au−Ab solution was mixed with E. coli
suspensions at 108 CFU/mL. After 20 min, the functionalized
bacteria were separated by centrifugation at 1000 rpm for 20
min. Subsequently, the pellet was resuspended in PBS and this
mother suspension was used to carry out successive dilutions
for DIP-GDR detection. Freshly etched GaAs/AlGaAs chips
were exposed to Au−Ab-functionalized bacteria for 20 min and
washed with DI water to remove loosely bonded products. The
mechanism underlying the attachment of bacteria to the GaAs/
AlGaAs biochip surface takes advantage of the significant
difference between the reduction potentials of Ga and Au3+.
This is the result of spontaneous electron transfer from Ga(0)
to Au(III), reduction of Au(III) to Au(0), and oxidation of
Ga(0) to Ga(III). The Ga3+ ion has a more electropositive
character than Au0 according to the following process:49

+ = ++ e E VAu 3 Au(S) 1.683
0 (R1)

+ =+ e E VGa(S) Ga 3 0.563
0 (R2)

The gold ion is converted into Au0 and deposited over the
GaAs surface along with the bacteria. An alternative
mechanism of bacterial immobilization would require breaking
the Au−S bond of the AuCl3-MHDA complex and forming a
new Ga−S bond. In this way, thiol directly attaches to the
GaAs surface, promoting the direct deposition of bacteria on
the GaAs surface, while the remaining gold is converted into
Au nanoparticles.
The XPS spectra collected after the absorption of Au−Ab-

coated bacteria on GaAs revealed the reduction of gold ions
(Au3+) into gold nanoparticles (Au0) through GDR. As shown
in Figure 2A, binding energies at 84.01 and 87.72 eV represent
the 4f7/2 and 4f5/2 peaks of Au0, respectively. The significant
amounts (more than 75%) of C (Figure 2B), as well as N-, O-,
and Cl-related compounds (Figure S2), are consistent with the
presence of bacteria on the GaAs surface. It is worth
mentioning that Au0 constitutes only 0.85% of the total
material on the GaAs surface, which is consistent with gold
acting as a binding unit between GaAs and bacteria. In
addition, as shown in Figure 2C, the XPS peaks in the Ga 3d
and As 3d regions are related to the major composition of
GaAs, along with Ga and As oxidized through the GDR
process. In addition, the FTIR absorbance spectra of the GaAs
samples exposed to E. coli and Au−Ab-functionalized E. coli
from 108 CFU/mL suspensions showed an amide peak at 1657
cm−1 (Figure S3), corresponding to the C�O bond (amide I)
originating from the antigen and/or antibodies,50 consistent
with the presence of bacteria on the GaAs surface.
The high spatial resolution AFM-IR experiments indicated

that the position of the peak varied, depending on the point of
interrogation of a bacterium. Examples of IR plots for the
samples exclusively with E. coli and with Au0-decorated
bacteria are shown in Figure 3a and Figure 3b, respectively.

In addition to amide I observed between 1652 and 1667 cm−1

for either clean or Au0-decorated bacteria, these results also
revealed amide II and amide III features in the 1540−1558 and
1242−1260 cm−1 regions, respectively. The energy of the
amide I feature observed at 1652 cm−1 is close to the E. coli
absorption at 1653 cm−1 and BSA absorption at 1654 cm−1

observed with high-resolution FTIR spectroscopy.50,51 Our
FTIR absorption experiments indicated the increased amide II
and amide III wavenumbers for Au0-decorated bacteria,
although the small data statistics of the AFM-IR measurements
did not allow us to conclude anything about the systematic
difference between IR data for clean and Au0-decorated
bacteria. The slightly increased wavenumbers of the amide
peaks were suggested to be related to the modified conforma-
tional order of bacterial proteins resulting from interaction
with solid substrates.52,53

The GDR-based immobilization of Ab-ionic gold-decorated
bacteria allowed for the observation of a decreased photo-
corrosion rate of GaAs/AlGaAs chips owing to the flow of an
extra negative charge to the chip surface. Examples of the PL
intensity plots recorded for a reference DIP run in DI water
and for bacterial suspensions ranging between 250 and 104

Figure 3. FTIR spectra of (top) clean E. coli taken at the indicated
location of the 3 μm × 4 μm inset with the AFM image of a bacterium
and (bottom) Au-coated E. coli taken at the indicated location of the 3
μm × 3 μm inset with the AFM image of a bacterium.
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CFU/mL are shown in Figure 4a. This experiment was carried
out with a stack of two pairs of GaAs/Al0.35Ga0.65As
nanoheterostructures, whose cross section is schematically
shown in Figure 4b. The analysis of the reference and 250
CFU/mL plots shows a negligible difference between the
positions of the PL intensity maxima corresponding to
photocorrosion of the first pair of the investigated GaAs/
AlGaAs nanoheterostructure. However, a 14.5 min delay was

observed in the same experiment for the second pair of GaAs/
AlGaAs nanoheterostructures, which allowed us to claim the
limit of detection (LOD) to be no worse than 250 CFU/mL.
As illustrated in Table 1, systematically greater delay times

(ΔT) between the position of PL intensity maxima
corresponding to the reference and biosensing runs were
observed with the second pair of GaAs/AlGaAs nanolayers for
the entire range of investigated bacterial suspensions. This

Figure 4. Representative temporal PL intensity plots of GaAs/AlGaAs chips digitally photocorroding (duty cycle = 1.8/25) under a continuous
flow of DI water and following the exposure to different concentrations of bacteria (a). Schematic cross section of the investigated GaAs/AlGaAs
nanoheterostructure (b).

Table 1. Positions of PL Maxima Observed for DIP GaAs/AlGaAs Chips Exposed to Different Concentrations of Bacteria
(ΔT1 = T1 − TREF1, ΔT2 = T2 − TREF2) and Repeated for Three Different Chips

first PL maximum (T1) (min) second PL maximum (T2) (min) ΔT1 (min) ΔT2 (min)

reference 26.66 ± 0.3 130.83 ± 0.3
250 CFU/mL 26.70 ± 0.3 145.33 ± 0.8 0.00 ± 0.3 14.50 ± 0.8
500 CFU/mL 34.16 ± 0.9 154.58 ± 1.0 7.50 ± 0.9 23.75 ± 1.0
1000 CFU/mL 54.16 ± 1.6 180.83 ± 1.1 27.50 ± 1.6 50.00 ± 1.1
10,000 CFU/mL 86.25 ± 1.6 196.66 ± 1.4 59.59 ± 1.6 65.83 ± 1.4

Figure 5. AFM images of a freshly cleaned surface of a GaAs/AlGaAs chip (A) and after exposing the chip to Au−Ab-decorated E. coli and 510
cycles of the DIP process that removed two GaAs/AlGaAs bilayers (B).
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illustrates the functioning of an innovative GaAs/AlGaAs DIP
biosensor, where the PL intensity maximum revealed for a
subsequent GaAs/AlGaAs interface allows the detection of an
electrically charged biomolecule (bacteria) with greater
precision. This result, however, will depend on the ability to
maintain a relatively smooth surface morphology of photo-
corroding biochips. Figure 5 compares AFM images of a
freshly cleaned GaAs/AlGaAs chip (Figure 5a) and a GaAs/
AlGaAs nanoheterostructure exposed to functionalized (Ab−
Au3+-decorated) E. coli at 104 CFU/mL and photocorroded to
a depth of ∼24 nm, that is, to the bottom of the second
AlGaAs layer (Figure 5b).
Indeed, the increase in surface roughness (σRMS) from 0.4 to

1.1 nm did not prevent the identification of the second GaAs/
AlGaAs interface and the successful completion of the
biosensing run observed in Figure 4. It is worth mentioning
that the roughness of a similar GaAs/AlGaAs nanoheteros-
tructure DIP processed to a depth of 106 nm in a NH4OH
environment was characterized by σRMS = 0.9 nm.31 This
suggests the possibility of conducting biosensing runs with a
greater number of GaAs/AlGaAs nanoheterojunctions, which
should be of great interest to designing regenerable DIP
biosensing devices.
To confirm that the absorption of bacteria was triggered

only by GDR, a GaAs/AlGaAs chip was exposed for 20 min to
unfunctionalized E. coli at 104 CFU/mL, and the PL intensity
plots were recorded using the same method as for the reference
run. The results presented in Figure 6A indicate negligible
differences between the positions of the respective PL maxima,
which is consistent with the absence of bacteria on the biochip
surface. Thus, the contribution of GDR is indispensable for the
immobilization of bacteria on the surface of unfunctionalized
GaAs/AlGaAs chips. The specificity of E. coli pAbs was
investigated by exposing the chip to P. aeruginosa function-
alized with the same process as that used for capturing E. coli
and collecting DIP plots. As shown in Figure 6B, P. aeruginosa
at 104 CFU/mL did not significantly shift the position of the
PL intensity maximum compared to the PL reference run. This
confirmed the relative specificity of the investigated antibodies
and ruled out the possibility of meaningful interference by
different bacterial strains.
The construction of a calibration plot was based on E. coli

suspensions in PBS at 250−10,000 CFU/mL. In each case,

bacterial suspensions were exposed for 20 min to 80 μg/mL for
gold-conjugated antibodies, and after centrifugation, the
produced pellets were diluted in 1 mL of PBS. Figure 7

shows the results of the DIP-determined delayed positions of
the second PL intensity maxima of the unfunctionalized GaAs/
AlGaAs biochips with respect to the reference run. The results,
repeated three times, revealed clear T−Tref differences with an
LOD as low as 250 CFU/mL (see Figure S4 for a bar graph
corresponding to these results).
It is relevant to mention that the excessive concentration of

gold ions on the bacterial surface can accelerate the
photocorrosion of GaAs/AlGaAs nanoheterostructures. This
is due to two phenomena that occur simultaneously: (i)
accelerated photocorrosion induced by the spontaneous
electron transfer between GaAs and Au3+ and (ii) reduced
photocorrosion rate due to reduced band bending induced by
the absorption of electron-donating species (bacteria), which
weakens the electric field driving holes toward the semi-
conductor surface. For instance, a significantly accelerated DIP
process was observed for E. coli following exposure to a

Figure 6. Positions of the first and second PL maximum of the biosensor after exposure to unfunctionalized E. coli compared to the reference run
(A) and interference study involving P. aeruginosa and E. coli (B). In both cases, bacterial suspensions are at 104 CFU/mL.

Figure 7. Calibration curve based on the position of the second PL
intensity maximum revealed with the digital photocorrosion process
of GaAs (12 nm)/AlGaAs (10 nm) nanoheterostructures. The
position of a reference PL maximum was determined with the error
not exceeding ±3 min (Wafer D3422).
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solution of Au3+ ions at a concentration increased to 2 mM
(see Figure S5 in Supporting Information). Although research
on the threshold concentration of Au3+ required for the
successful immobilization of bacteria may still be warranted, we
argue that the biosensing reaction of GaAs/AlGaAs biochips to
trace amounts of ionic gold (1 mM) employed in this report
for the decoration of bacteria is an attractive illustration of the
proposed biosensing methodology.

5. CONCLUSIONS
We have investigated an innovative method for detecting
bacteria (E. coli) decorated with antibodies and Au3+ ions that
transform into Au0 nanoparticles upon contact with the surface
of a III−V semiconductor (GaAs/AlGaAs nanoheterostruc-
tures). The galvanic displacement reaction responsible for this
process offers robust immobilization of bacteria owing to the
formation of the interfacial Au−Ga alloy between the
semiconductor and Au-decorated (functionalized) bacteria.
From the delay of the digital photocorrosion process of GaAs/
AlGaAs nanoheterostructures induced by the transfer of an
extra negative charge from the bacteria to the biochip surface,
the method allowed rapid detection of E. coli in suspensions
from 2.5 × 102 to the maximum tested at 104 CFU/mL. The
LOD at 2.5 × 102 CFU/mL was achieved by monitoring the
delay of the digital photocorrosion process of the second pair
of GaAs/AlGaAs nanoheterostructures. Our results suggest
that further enhanced LOD should be possible by considering
digital photocorrosion of the third or deeper located pairs of
GaAs/AlGaAs layers. Galvanic displacement-based biosensing
that employs digitally photocorroding III−V nanoheteros-
tructures is attractive, also because of the elimination of the
chip biofunctionalization procedure. Ultimately, this approach
is potentially attractive for the development of technology of
regenerable biosensors employing stacks of semiconductor
nanolayers for quasi-continuous monitoring of the environ-
ment for the presence of pathogenic biomolecules.
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