N
N

N

HAL

open science

Growth of Escherichia coli on the GaAs (001) surface

Elnaz Nazemi, Walid Hassen, Eric Frost, Jan Dubowski

» To cite this version:

Elnaz Nazemi, Walid Hassen, Eric Frost, Jan Dubowski. Growth of Escherichia coli on the GaAs
(001) surface. Talanta, 2018, 178, pp.69-77. 10.1016/j.talanta.2017.08.097 . hal-01905593

HAL Id: hal-01905593
https://hal.science/hal-01905593
Submitted on 16 Nov 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01905593
https://hal.archives-ouvertes.fr

Growth of Escherichia coli on the GaAs (001)

surface

Elnaz Nazemi®, Walid M. Hassen®, Eric H. Frost*® and Jan J. Dubowski®"

* Interdisciplinary Institute for Technological Innovation (3IT), CNRS UMI-3463, Department of
Electrical and Computer Engineering, Faculty of Engineering, Université de Sherbrooke, 3000,

boul. de I'Université, Sherbrooke, Québec J1K 0AS, Canada

® Department of Microbiology and Infectiology, Faculty of Medicine and Health Sciences,

Université de Sherbrooke, 3001, 12th Avenue North, Sherbrooke, Québec J1H 5N4, Canada

Email of authors: Elnaz Nazemi (Elnaz.Nazemi@usherbrooke.ca); Walid M. Hassen
(mohamed.walid.hassen@usherbrooke.ca); Eric H. Frost (Eric.Frost@usherbrooke.ca); Jan J.

Dubowski (Jan.J.Dubowski@usherbrooke.ca)

"Correspondence: Jan.J.Dubowski@usherbrooke.ca

Interdisciplinary Institute for Technological Innovation (3IT), Laboratory for Quantum
Semiconductors and Photon-based BioNanotechnology, Université de Sherbrooke, 3000, boul. de

I'Université, Sherbrooke, Québec J1K 0AS, Canada



Abbreviations

CFU, Colony forming unit; PCR, Polymerase chain reaction; SPR, Surface plasmon
resonance; PL, Photoluminescence; SI, Semi-insulating; DI water, Deionized water; AS,
Ammonium sulfide; b-PEG, Biotinylated polyethylene glycol; LB, Luria Bertani; PBS,
Phosphate  buffered saline; MHDA, 16-Mercaptohexadecanoic acid; HDT,
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ADbstract

Detection of pathogenic bacteria and monitoring their susceptibility to antibiotics are of
great importance in the fields of medicine, pharmaceutical research, as well as water and
food industries. In order to develop a photonic biosensor for detection of bacteria by
taking advantage of photoluminescence (PL) of GaAs-based devices, we have
investigated the capture and growth of FEscherichia coli K12 on bare and
biofunctionalized surfaces of GaAs (001) - a material of interest for capping different
semiconductor microstructures. The results were compared with the capture and growth
of Escherichia coli K12 on Au surfaces that have commonly been applied for studying a
variety of biological and biochemical reactions. We found that neither GaAs nor Au-
coated glass wafers placed in Petri dishes with nutrient agar inoculated bacteria inhibited
bacterial growth, regardless of the wafers being bare or biofunctionalized. However, the
capture and growth of bacteria on biofunctionalized surfaces of GaAs and Au wafers kept
in a flow cell and exposed to different concentrations of bacteria and growth medium
revealed that the initial surface coverage and the subsequent bacterial growth were
dependent on the biofunctionalization architecture, with antibody-coated surfaces clearly
being most efficient in capturing bacteria and offering better conditions for growth of
bacteria. We have observed that, as long as the GaAs wafers were exposed to bacterial
suspensions at concentrations of at least 10° CFU/mL, bacteria could grow on the surface
of wafers, regardless of the type of biofunctionalization architecture used to capture the
bacteria. These results provide important insight towards the successful development of
GaAs-based devices designed for photonic monitoring of bacterial reactions to different

biochemical environments.
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Evaluating growth of bacteria to determine antibiotic susceptibility and metabolic traits is
essential to diagnostic microbiology [1]. Monitoring the viability, growth and cellular
metabolism of bacteria also plays an important role in yielding bacterial products in
industrial- or small-scale experiments [2-6]. Conventionally, bacterial growth has been
investigated by (1) plate counting where colony forming units (CFU) are determined [2],
and (2) visualization of growth in broth either by eye or by nephelometry [1, 7, 8]. Broth
microdilution and Kirby-Bauer disk diffusion are widely applied in clinical laboratories
to evaluate the antibiotic susceptibility of bacteria [1, 9]. These techniques are time-
consuming and labour intensive and, typically, they are not able to provide same-day
monitoring [1, 6, 10]. Polymerase chain reaction (PCR) [1, 11, 12], surface plasmon
resonance (SPR) [10] and fluorescence-based assays [13, 14] have been introduced for
rapid evaluation of growth and antimicrobial sensitivity of bacteria. However, the cost of
PCR [15] and SPR systems [16] and technical complexity of using fluorescent dyes are
inhibitory factors that limit the application of these methods in clinical laboratories.

Photoluminescence (PL) emitting semiconductors hold a great potential for biosensing
applications due to the sensitivity of the PL signal to the surface localized phenomena
[17-21]. Electrically charged molecules, if immobilized at the surface of such
semiconductors, could affect their PL by modifying bending of their energy bands near
the surface [22, 23]. PL of some semiconductors has been used for chemical sensing [22]
and detection of biomolecules [24]. We have demonstrated a successful detection of
electrically charged viruses [25], Escherichia coli K12 bacteria [26, 27] and, more

recently, Legionella pneumophila [28] by taking advantage of PL emission of



GaAs/AlGaAs (001) nano-heterostructures. The major advantage of the GaAs/AlGaAs
based biosensors, in comparison to a variety of biosensors employing Au surfaces, is their
low cost. Note that GaAs (001) denotes a specific, technologically important surface of
azinc blende crystal structure GaAs material [29, 30] that is well-known in the
production of optoelectronic devices [31, 32]. While a ubiquitous presence of
GaAs/AlGaAs microstructures in light emitting diodes and other commercial devices
suggests that they should be relatively inexpensive, an additional attractive feature of the
GaAs/AlGaAs based biosensor is the inexpensive hardware required for reading the
biosensor PL signal. We have recently demonstrated that PL emission of GaAs/AlGaAs
microstructures could be employed to monitor the growth and antibiotic susceptibility of
Escherichia coli immobilized on the surface of such microstructures [33]. One of the key
elements in the development of this innovative biosensing platform is to investigate the
mechanisms of interaction between bacteria and the GaAs (001) compound used for
capping PL emitting GaAs/AlGaAs microstructures, as well as to determine conditions
for the optimized immobilization and growth of bacteria.

Growth of bacteria on solid surfaces can be affected by biocompatibility of the substrate.
Some metal surfaces such as silver (Ag) are well-known to have antimicrobial activity
and prevent bacterial colonization [34]. Silver coating is widely applied for reducing
bacterial contamination of medical tools and minimizing nosocomial infections related to
operating rooms and other sections of hospitals [35]. Some gold (Au)-coated
nanoparticles were found toxic to bacteria [36], whereas others were not [37].
Furthermore, arsenic (As) and gallium (Ga) have been reported to affect bacterial

viability [38-42]. Here, we report on the results of a systematic study of the growth of E.



coli K12 on bare and biofunctionalized surfaces of bulk GaAs (001). We have compared
these results with the growth of E. coli K12 on Au surfaces that have been known for

their common use in biosensor research [16].

Experimental methods

Materials

Semi-insulating (SI) undoped GaAs (001) wafers (AXTG108-36) were obtained from
AXT Inc. (Fremont, USA). OptiClear, acetone and isopropanol (2-propanol) used for
cleaning the GaAs wafers were purchased from National Diagnostics (Mississauga,
Canada), ACP Chemicals (Montréal, Canada) and Fisher Scientific (Ottawa, Canada),
respectively. Anhydrous ethanol was obtained from Commercial Alcohols Inc.
(Brampton, Canada). Deionized (DI) water with an electrical resistivity of 18 MQ.cm
was obtained with a Millipore purification custom system built by Culligan (Quebec,
Canada). Ultra-high purity nitrogen 5.0 UHP (99.999%) used for deoxygenation of the
anhydrous ethanol and high purity nitrogen 4.8 HP (99.998%) used for drying the GaAs
wafers were both purchased from Praxair Canada Inc. (Mississauga, Canada).
Ammonium hydroxide 28% (NH4OH) was obtained from Anachemia (Richmond,
Canada). Biotinylated polyethylene glycol (b-PEG) thiols were bought from Prochimia
Surfaces (Gdansk, Poland). Ammonium sulfide 48% (AS), Luria Bertani (LB) broth,
phosphate buffered saline (PBS) solution (10X, pH 7.4), 16-Mercaptohexadecanoic acid
(MHDA)  thiol, hexadecanethiol (HDT), I1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were all obtained from Sigma-

Aldrich (Ontario, Canada). Non-conjugated polyclonal antibodies (Ab) and polyclonal



biotinylated antibodies (b-Ab) against E. coli were both bought from ViroStat, Inc
(Portland, ME). Neutravidin (NA) was purchased from Molecular Probes (Invitrogen,
Burlington, Canada). Live E. coli K12 bacteria were obtained from the Department of
Biology of the Université de Sherbrooke (Quebec, Canada). The Au-coated samples were
made by deposition of a thin layer of Au (40 -50 nm) on glass substrates in the cleanroom
of the Interdisciplinary Institute for Technological Innovation (3IT), Universit¢ de

Sherbrooke (Quebec, Canada).

Biofunctionalization of GaAs (001) and Au surfaces

Samples of 2 mm x 2 mm were cleaved from GaAs (001) wafers and cleaned in an
ultrasonic bath with OptiClear, acetone and isopropanol sequentially for 5 min each.
Following the cleaning steps, the GaAs samples were dried under a flow of compressed
nitrogen and etched in a solution of NH4OH (28%) for 2 min at room temperature. Three
different bio-architectures have been applied to functionalize the surface of freshly etched
GaAs (001) samples, as described below. The Au-coated glass samples, 2 mm x 2 mm,
were cleaned in OptiClear, acetone and isopropanol, and then dried with a flow of
compressed nitrogen. Dried samples were functionalized with MHDA-EDC/NHS-Ab in

the same way as the GaAs samples.

b-PEG-NA-b-Ab functionalization
Freshly etched GaAs samples were rinsed with deoxygenated anhydrous ethanol and
immediately incubated for 20 h at room temperature in a 2 mM mixture of b-PEG (1:15)

and HDT (14:15) thiols diluted in deoxygenated anhydrous ethanol. After the thiolation



step, the GaAs samples were rinsed with deoxygenated anhydrous ethanol and exposed to
AS (0.1%) for 15 min. Following this step, the samples were rinsed with DI water and
incubated for 2 h at room temperature in PBS (1X) solution containing 200 pg/mL of
neutravidin. Thereafter, the neutravidin-coated samples were immersed for 1 h at room
temperature in a solution of biotinylated polyclonal antibodies against E. coli diluted in
PBS (1X) at 0.1 mg/mL. The antibodies were biotinylated by the manufacturer by
covalent attachment of biotin molecules to free amine groups (NH;) in the antibody
structure. Figure 1 shows a schematic illustration of bacteria immobilized on the GaAs
(001) surface functionalized with an architecture comprising mixed b-PEG and HDT
thiols, neutravidin and biotinylated polyclonal antibodies against E. coli (b-PEG-NA-b-
Ab). The formation of HDT self-assembled monolayers (SAMs) on the GaAs (001)
surface has been investigated with PL [43-46], ellipsometry [47], X-ray diffraction [48]
and Fourier transform infrared spectroscopy (FTIR) [45]. The SAM formation from b-
PEG diluted in OH-terminated PEG thiols has also been investigated using FTIR [49]. In
each case, the intensity and full-width-at-half-maximum of two peaks in the 2800 to 3000
cm’' region, that are assigned to stretching vibrations of CH, in the alkane chains [50],
are considered as a measure of the quality of formed SAMs. Mixed SAMs comprising
different thiols have also been investigated on Au surfaces [51-56], suggesting the
feasibility of formation of such architectures on GaAs (001) surfaces as well. We
employed the b-PEG-NA-b-Ab architecture to support the growth of bacteria on GaAs
samples placed on nutrient LB-agar plates. A similar architecture was previously used by

us for detection of E. coli K12 bacteria [26, 27].
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Fig. 1 Schematic illustration of a GaAs (001) surface functionalized with a biotinylated

PEG-neutravidin-biotinylated antibody architecture for immobilization of E. coli bacteria.

MHDA-EDC/NHS functionalization

Freshly etched GaAs samples were rinsed with deoxygenated anhydrous ethanol and
immediately incubated for 20 h at room temperature in a 2 mM solution of MHDA thiol
diluted in deoxygenated anhydrous ethanol. Following this step, the GaAs samples were
rinsed with deoxygenated anhydrous ethanol and then PBS (1X). Thereafter, the samples
were incubated for 30 min at room temperature in a mixture of 400 mM of EDC and 100
mM of NHS diluted in PBS (1X) to activate the COOH group of the MHDA thiol. A
schematic illustration of the MHDA-EDC/NHS biofunctionalization procedure applied to
immobilize E. coli bacteria on the GaAs (001) surface is presented in Fig. 2. The
formation of MHDA SAM on the GaAs (001) surface and activation of COOH group of

this thiol with the EDC/NHS step has recently been discussed by Lacour et al. [57]. The



appearance of a C=0 peak at 1741 cm™ in FTIR absorption spectra of MHDA-coated
samples that follows the EDC/NHS exposure, confirms the activation of the COOH group
of MHDA thiol [58]. This process allows direct attachment of bacteria through covalent
binding with naturally-occurring NH, groups on the bacterial surface [59]. The
EDC/NHS activated MHDA SAM architecture has been applied to directly capture E.

coli bacteria on GaAs samples kept in a flow cell.
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Fig. 2 Schematic illustration of the biofunctionalization steps employed for non-specific
immobilization of E. coli bacteria on the surface of GaAs (001). Following formation of
MHDA SAM on the freshly etched surface of GaAs (001) (a), COOH group of MHDA
thiol is activated with EDC/NHS (b), which allows immobilization of E. coli via

naturally-occurring NH, groups on the bacterial surface (c).



MHDA-EDC/NHS-Ab functionalization

The fabrication of MHDA-EDC/NHS-Ab bio-architecture on GaAs (001) and Au
surfaces included covalent linkage of polyclonal Ab against E. coli to COOH groups of
MHDA SAM that had been activated by EDC/NHS, as described in the previous section.
The reaction was carried out for 1 h at room temperature from an antibody solution in
PBS (1X) at 0.1 mg/mL. The illustration of the biofunctionalization steps employed in
this case is presented schematically in Fig. 3. The immobilization of antibodies depended
on covalent binding of their NH, groups with carboxyl-functionalized surfaces activated
by EDC/NHS. As demonstrated by Lacour et al. with FTIR measurements [57], the
presence of amide A, amide I and amide II bands in the 3300, 1660 and 1520 cm™' regions
[57, 60] validate the attachment of E. coli Ab to the GaAs (001) surface. This architecture
has been applied to specifically capture E. coli bacteria on GaAs and Au samples kept in
a flow cell. We note that no special procedure was employed to block activated COOH
against reaction with bacteria (in MHDA-EDC/NHS bio-architecture) or with antibodies
(in MHDA-EDC/NHS-ADb bio-architecture). It is reasonable, however, to expect that the

LB growth medium contributed to the saturation of free COOH.
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Fig. 3 Schematic illustration of the biofunctionalization steps applied for immobilization
of E. coli bacteria with antibody on the surface of GaAs (001). Following formation of
MHDA SAM on the freshly etched surface of GaAs (001) (a), COOH group of MHDA
thiol is activated with EDC/NHS (b), followed by immobilization of E. coli antibodies
whose NH, groups react with the EDC/NHS activated carboxyl sites (c), and antibody

specific immobilization of E. coli bacteria (d).

Growth of E. coli on GaAs (001) and Au surfaces in contact with

nutrient L B-agar plate

Freshly cultured E. coli K12 suspension was prepared by overnight growth of bacteria in
LB at 37° C before use the following morning. The concentration of the bacteria was
measured with a cell density meter (Fisher Scientific, model 40) operating at 600 nm.
Bacteria were then centrifuged in LB for 25 min at 3000 rpm. After that, the medium was

removed and the pellets were suspended in PBS (1X) and centrifuged at 3000 rpm for 15



min. Finally, PBS (1X) was removed and the pellets were resuspended in PBS (1X) and
diluted to give 10° CFU/mL. A group of 8 b-PEG-NA-b-Ab functionalized and 8 bare
GaAs (001) samples were placed upside down on a nutrient agar plate that had been
inoculated evenly with 100 pL of the bacterial suspension at 10° CFU/mL in analogous
fashion to a Kirby-Bauer disk diffusion antibiotic sensitivity test [61]. Assuming
homogenous distribution of bacteria on the nutrient agar plate, the initial coverage of the
agar plate with bacteria was around 2 bacteria/mm?. This number was calculated by
dividing the total number of bacteria used to inoculate the agar plate (10* bacteria) by the
total area of the agar plate (45.6 cm?). Figure 4 schematically illustrates the top and side
views of the experimental setup. The plate with GaAs samples was then kept at 37° C for

up to 8 hours.

Every hour, one of the bare samples and one of the biofunctionalized samples were
removed from the agar plate and adherent bacteria were counted with an optical
microscope following the procedure discussed in the Microscopic enumeration of
bacteria section. These measurements allowed us to investigate the dynamics of the
immobilization process on the surface of both samples. As a control experiment, a series
of experiments was also carried out for bare Au samples following the methodology
applied for GaAs (001) samples. The principle of studying the growth of bacteria on
GaAs and Au samples in contact with bacterial cultures on Petri dishes can be compared
to a Kirby—Bauer antibiotic sensitivity test [1, 9] where paper disks containing different
types of antibiotics are placed on Petri dishes to allow evaluation of the impact of the

antibiotics on bacterial growth.
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Fig. 4 Top view (a) and side view (b) of the setup for studying the growth of E. coli in
proximity of GaAs samples. The nutrient agar plate was inoculated evenly with 100 pL
of E. coli K12 bacteria (red ovals in (b)) at 10° CFU/mL. Biofunctionalized and bare
GaAs (001) samples were placed upside down. The same setup and procedure was

applied for bare Au samples.

Growth of E. coli on the surface of GaAs (001) and Au in aflow cell

In this approach, growth of E. coli K12 bacteria on biofunctionalized GaAs (001) and Au
surfaces was investigated for samples kept in an ULTEM™ flow cell and exposed to
bacterial suspensions and LB broth, sequentially. A schematic illustration of the setup
used in this experiment is presented in Fig. 5. It consists of a flow cell with an outer
diameter of 38.1 mm and a height of 3.92 mm. The flow cell contains a 150 pL groove
for mounting samples and exposing them to bacterial solutions. Following the exposure,
the samples were rinsed with LB medium stored in a dedicated vessel. The injection of

fluids to the cell was achieved with a peristaltic pump and a 0.89 mm diameter



Santoprene tube. This setup is similar to that employed for monitoring PL in sifu from

GaAs/AlGaAs biochips exposed to different bacterial solutions [27, 28].

Following 10 min injection of 1 mL of freshly-cultured bacterial suspension into the flow
cell (flow rate of 0.1 mL/min), the samples were left in contact with the bacterial
suspension for an additional 20 min without any further injection. This resulted in a total
of 30 min exposure of the samples to specific bacterial solutions, similar to that used by
others for antigen-antibody reactions at liquid/solid interfaces [62]. Following this step,
LB was injected into the flow cell for 30 min (flow rate of 0.1 mL/min) to replace 20
times the liquid volume of the flow cell groove, and to rinse away unattached bacteria.
The bacteria were exposed to LB for an additional 4 h without any further injection while
the flow cell was kept at 37° C to stimulate the growth of bacteria. The biochips were
analyzed after 30 min exposure to bacterial suspension and after an additional 4.5 h
exposure to LB broth with an optical microscope as described in the Section on
Microscopic enumeration of bacteria. We performed this experiment for bacterial
concentrations ranging from 10* to 10®° CFU/mL and GaAs samples functionalized with
MHDA-EDC/NHS and MHDA-EDC/NHS-Ab architectures. This allowed an
investigation of the impact of different binding architectures on the initial capture and the
subsequent growth of bacteria. The growth index of bacteria was also addressed as a
function of the initial bacterial concentration for each bio-architecture. As a control, the
same setup and procedure were applied for Au samples functionalized with MHDA-
EDC/NHS-Ab and exposed to initial bacterial suspensions at 10* and 10° CFU/mL. Since

the first step of our experiments was immobilization of bacteria on the surface of the



biochips, we only worked with biofunctionalized GaAs or Au samples and did not

employ bare samples that are not able to efficiently capture the bacteria.
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Fig. 5 Schematic illustration of the flow cell setup. The biofunctionalized GaAs (001) or
Au biochips were placed in the flow cell and exposed to bacterial suspension (red ovals)
and LB, sequentially. The bacteria and LB were injected into the flow cell at a flow rate

of 0.1 mL/min using the peristaltic pump.

Microscopic enumer ation of bacteria

Biochips were removed after each experiment and placed on glass slides, with the
bacteria exposed surface facing up, for microscopic analysis. Without fixation, washing,
or staining, bacteria were observed with an optical microscope (Zeiss, Axiotech) using

overhead illumination. Bacteria were readily observed through a 100X lens and with a



supplemental 10X digital enlargement. Total concentration of bacteria adhered to the
surface in each experiment was estimated by analyzing several optical images at
magnification of 1000X (each image with the surface area of ~3500 um® per field)

collected at different sites of the sample and reported per mm®,

Statistical methods

Similar sets of experiments, either for flow cell or Petri dish tests, were repeated at least 3
times to determine experimental error. This allowed us to calculate mean values of

surface coverage with standard deviations.

Results and discussion

Growth of E. coli K12 on the surface of GaAs (001) and Au samplesin

contact with a nutrient agar plate

The growth of E. coli K12 was observed on both bare and b-PEG-NA-b-Ab
functionalized surfaces of GaAs (001) biochips placed on nutrient agar plates. Not only
was there no inhibition zone around the biochips as has been observed in similar
experiments with silver nanoparticles [63], but neither bare nor functionalized GaAs
samples prevented bacteria from multiplying. Figure 6 shows an optical image of an E.
coli inoculated Petri dish with two GaAs chips (indicated by arrows) that remained in
contact with the bacteria growth medium at 37 °C during a 24 h exposure. This

experiment, inspired by the Kirby-Bauer disk diffusion antibiotic sensitivity test [61],



indicates that GaAs does not inhibit the growth of E. coli as it can be seen that bacteria

grew abundantly next to the contact with the GaAs chips.

Fig. 6 Optical image of a Petri dish inoculated with E. coli. Two GaAs wafers (indicated
with arrows) were placed on the surface. After 24 h of growth at 37°C, the Petri dish was

photographed showing that bacteria grew abundantly next to the GaAs wafers.

The time dependent surface density of immobilized bacteria on bare and b-PEG-NA-b-
Ab functionalized surfaces of GaAs (001) is illustrated in Fig. 7(a). The number of
bacteria immobilized on the bare GaAs increased from 3+1 bacteria/mm” at 1 h to
2687+173 bacteria/mm” at 8 h. This compares with 20+3 and 2967+339 bacteria at 1 and
8 h for the biofunctionalized samples. The greater initial concentration of bacteria on the
biofunctionalized surface suggests, as expected, more efficient capture of bacteria. The
number of bacteria visualized on the GaAs surfaces probably reflected both non-specific
and specific capture. It can be seen that initially (1 hour), the number of bacteria captured

with Ab-based architectures exceeded ~ 7X the number of non-specifically captured

19



bacteria. However, after 6 hours, in both cases, the surface coverage with bacteria
reached a saturation number of around 3x10° bacteria/mm”. The saturation effect might
be related to the stationary phase of bacterial growth when the rates of bacterial growth

and bacterial death are equal [64, 65].

The data in Fig. 7(a), fitted with exponential curves, suggest that the number of bacteria
doubled every 31 and 44 min on the surface of bare and antibody functionalized GaAs,
respectively. This compares to the ability of E. coli to double every 20 min under ideal
conditions of temperature, oxygen concentration and a rich liquid nutrient medium [66].
However, for comparable growth rates of bacteria in the exponential phase in liquid and
solid environments (agar plates), the longer latency phase of bacteria on solid media
could explain the lower rate of bacterial growth on solid substrates than in liquid
environments [65]. This test demonstrates the feasibility of growing E. coli bacteria on
GaAs (001) biochips placed on agar plates.

Figure 7(b) illustrates the time dependent surface density of E. coli bacteria immobilized
on bare GaAs and Au samples. The number of bacteria immobilized on bare Au samples
increased from 842 bacteria/mm?” at 1 h to 2955+341 bacteria/mm® at 8 h. Fitted with the
exponential curve, the number of bacteria in this case doubled every 35 min, which
compares to the 31 min required by bacteria to double on the surface of bare GaAs. Thus,
the similar growth rates of bacteria on bare GaAs and Au samples indicate that GaAs was
no more inhibitory to the growth of E. coli bacteria than Au for the biochips placed on

nutrient agar Petri dishes inoculated with bacteria.

20
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Fig. 7 Time dependent surface density of E. coli bacteria immobilized on bare and b-
PEG-NA-b-Ab functionalized surfaces of GaAs (001) (a) and on bare Au surfaces
compared to those of bare GaAs (b). Each experiment was repeated in triplicate to obtain

the mean values with standard deviation.

Growth of E. coli K12 on GaAs (001) and Au surfacesin a flow cell

Figure 8 presents the initial surface coverage (after 30 min exposure to a bacterial
suspension) and the coverage after a 4.5-h incubation in LB medium for GaAs biochips
functionalized with MHDA-EDC/NHS and MHDA-EDC/NHS-Ab (See related data
included in Supplementary Material). For the set of bacterial suspensions ranging from
10°, 10° 10" and 10® CFU/mL, each experiment was performed at least in triplicate.
Examples of optical images for a biochip functionalized with MHDA-EDC/NHS-Ab and
exposed to bacterial suspension at 10° CFU/mL, before and after incubation in LB, are
shown in Figure 9. We noted that the size of the bacteria before and after growth was in

good agreement with literature data, indicating increased bacterial length after entering
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the growth phase [67]. All bacteria appeared to be immobilized on the surface and not
free in the film of LB medium that surrounded the sample because no bacteria could be
seen moving by Brownian or flagella-assisted movement, nor were any partially out of
the plane of focus as would be observed if the bacteria were free in the film of LB
medium above the wafer surface. Theoretically, it would have been possible for bacteria
to grow in the medium and then attach to the surface. This is very unlikely in this
experiment as the flow cell was abundantly washed to remove unattached bacteria at the
beginning of the experiment. If a few remaining bacteria had grown, subsequent
attachment is quite inefficient. Indeed, when we add 10° bacteria to the flow cell, only
176420 and 112424  attach for MHDA-EDC/NHS-Ab and MHDA-EDC/NHS
architectures respectively, so the majority of these bacteria would have still been floating
in the LB medium and thus moving out of focus. For these reasons, we attributed
increased coverage with surface growth rather than with growth free in the medium and
subsequent attachment. The fact that no bacterial movement was observed during
microscopic analysis cannot be explained by the bacteria being dead as even dead
bacteria move extensively by Brownian movement. Since no heating was applied for
fixation of bacteria to the surface, the bacterial immobility must be a result of attachment
via antibodies.

The average growth index of bacteria was calculated for each bio-architecture and for
each concentration of bacteria, and is presented in Table 1. The average growth index of

bacteria was calculated using the following formula:

— (1)
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where N, and N, correspond to the surface coverage with bacteria before and after

bacterial growth, respectively, and 7 is the duration of the experiment, which is equal to
300 min.

We systematically observed a greater initial surface coverage with E. coli using the
EDC/NHS-Ab capture method compared with the direct EDC/NHS method for
comparable concentrations of bacteria. The difference between the two bio-architectures
in terms of the initial surface coverage was more noticeable for lower concentrations of
bacteria. This might be related to a limitation in the number of bacteria that the antibody-
coated surface is able to capture and saturation of this surface at higher bacterial
concentrations. Due to the higher efficiency of antibody-coated surface in initial capture
of bacteria, the surface coverage after bacterial growth (see Figure 8), and the bacterial
growth index (see Table 1) were higher compared with the EDC/NHS functionalized
surface for each concentration of bacteria. It is also possible that the lower number of
bacteria on the EDC/NHS functionalized surface compared with antibody-coated surface,
might be related to the reduced capture of growing bacteria directly on the EDC/NHS
functionalized surface due to the inactivation of COO-NHS groups following their
reaction with free NH, groups of proteins in the LB medium. In addition to the better
conditions that antibody-coated surfaces offer for bacterial growth, they possess other
advantages over EDC/NHS functionalized surfaces. In general, polyclonal antibodies,
which were employed in MHDA-EDC/NHS-Ab bio-architecture, identify multiple
epitopes on one antigenic macromolecule, therefore, they provide high affinity with
bacteria. Besides that, application of GaAs samples functionalized with antibodies

enables us to investigate growth of specific bacteria, while MHDA-EDC/NHS captures
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bacteria non-specifically. We also investigated the capture efficiency of two antibody-
coated architectures, MHDA-EDC/NHS-Ab and b-PEG-NA-b-Ab. We noticed that, for
comparable concentrations of bacteria, the surface coverage with bacteria was higher on
b-PEG-NA-b-Ab compared with MHDA-EDC/NHS-ADb. The reason might be related to
the non-specific capture of bacteria with neutravidin used in b-PEG-NA-b-Ab. As an
example, the initial coverage with bacteria, after 30 min exposure to bacterial suspension
at 10’ CFU/mL on b-PEG-NA-b-Ab was 410+112 bacteria/mm®, while the coverage on

MHDA-EDC/NHS-Ab was only 72+6 bacteria/mm®.

EDC/NHS-Antibody Capture Direct EDC/NHS Capture
1.0E+03 1.0E+03
8.0E+02 = Initial Coverage o 8.0E+02 .| ®Initial Coverage
.-E 6 0E402 m Coverage after growth E it m Coverage after growth
¥
| =
Bl £ 4.0E+02
# 20E+02 - J Z 2. 0E+02 ' J
0.0E+00 = 0.0E+00 - —=-miim .;.,i
1.0E+05 1.0E+06 1.0E+07 1.0E+08 1.OE+05 1.0E+06 1.0E+07 1.0E+08
Bacteria Concentration (CFU/mL) Bacteria Concentration (CFU/mL)

(a) (b)

Fig. 8 Growth of E. coli on GaAs biochips functionalized with EDC/NHS-AD (a), and
EDC/NHS without antibody (b), detected by measuring initial (after 30 min exposure to a
bacterial suspension) and final (after 4.5 h in LB) bacterial surface coverage for different
concentrations of bacteria. Standard deviations were calculated based on experiments

repeated in triplicate.
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Fig. 9 Examples of microscopic images of E. coli K12 bacteria immobilized on the
MHDA-EDC/NHS-Ab functionalized surface of GaAs (001) exposed for 30 min to a 10°

CFU/mL solution (a), and after 4.5 h exposure to a growth medium (b). The scale bars

correspond to 10 pm.

Table 1 Growth indices of bacteria on functionalized surfaces of GaAs (001) for different

bacterial concentrations.

Bacterial concentration Growth index with Growth index with
EDC/NHS-Ab capture method EDC/NHS capture method
(CFU/mL) (min™) (min™)
10° 0.0157+0.0010 0.0148+0.0000
10° 0.0231+0.0003 0.0180+0.0009
10’ 0.0213+0.0006 0.0160+0.0008
108 0.0287+0.0056 0.018040.0011

We were not able to observe the growth of bacteria on either of the investigated
architectures for bacterial concentration of 10* CFU/mL. A minimum threshold

concentration for bacterial growth might be related to the toxicity of Ga and As ions that
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are known to affect the viability and/or growth of bacteria [38-42]. The release of these

ions is a consequence of GaAs corrosion according to the following formula [68]:

GaAs+2H,0+6h" — Ga’ + HAsO, +3H" (2)

It is possible that for bacterial concentrations below 10° CFU/mL, the amount of Ga
and/or As ions released per bacteria could reach a toxic dose [39, 69] and, thus, affect
bacterial viability and growth. Moreover, the growth of bacteria might also be inhibited
by the antibodies used to capture bacteria in MHDA-EDC/NHS-AD bio-architecture [70,
71].

As a control, we investigated the growth of E. coli on Au substrates functionalized with
MHDA-EDC/NHS-Ab. Following the methodology applied for GaAs samples, the
biofunctionalized Au samples were kept in the flow cell and exposed to the bacterial
suspension at 10° CFU/mL and then to LB medium. The initial coverage of Au samples
exposed for 30 min to the bacterial suspension and for 4.5 h to LB medium was at 17+5
and 98425 bacteria/mm?, respectively. The average bacterial growth index of 0.019 min”'
on these samples was slightly higher than that of 0.016 min™' on MHDA-EDC/NHS-Ab
functionalized GaAs samples, suggesting that for the 10° CFU/mL solution, the GaAs
substrate had only a minor negative effect on bacterial growth in comparison to the Au
substrate. We note that the Petri dish experiments with GaAs (001) and Au substrates in
contact with nutrient agar plates inoculated with bacteria at ~ 2 bacteria/mm® revealed
comparable growth rates of bacteria on both bare GaAs and Au substrates. This suggests

that the concentration of As and/or Ga released to the Petri dish was not sufficient to

affect bacterial growth, or that the agar growth medium neutralized any toxicity. Given
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that some toxicity has been observed for Au in an ionic form [37], our inability to observe
bacterial growth on both Au and GaAs substrates kept in the flow cell, when initial
concentrations of bacteria were below 10° CFU/mL, could be due to comparable toxicity
of the Au and GaAs substrates. Nevertheless, these results have revealed that the GaAs
surface provides conditions satisfactory for the growth of bacteria in a flow cell, which
potentially is attractive for photonic monitoring in situ of the growth and reaction of

bacteria to different biological environments and particularly antibiotics.

Conclusion

In our endeavour to develop a GaAs-based photonic biosensor for monitoring reaction of
bacteria to different biochemical conditions, we have investigated the capture and growth
of E. coli K12 on surfaces of GaAs (001). The experiments with bare GaAs and Au in
contact with nutrient agar plates inoculated with bacteria at ~ 2 bacteria/mm” suggested
that neither of these substrates inhibited the growth of bacteria. However, the experiments
in a flow cell revealed that the initial coverage, and the subsequent bacterial growth were
dependent on the biofunctionalization architecture used to capture bacteria. Antibody
biofunctionalized surfaces exhibited significantly higher capture efficiencies, especially
at lower concentrations of bacteria. For suspensions containing bacteria at less than 10°
CFU/mL, we were not able to observe the growth of bacteria, regardless of the
biofunctionalization architecture. This threshold might be related to the toxicity of As
and/or Ga released from the GaAs samples. While different methods could be
investigated to address this issue and reduce the potential effect of toxicity of As and/of

Ga ions, we note that a similar shortcoming characterizes matrix-assisted laser desorption
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ionization time of flight mass spectrometry (MALDI-TOF MS) which requires 10* — 10°
cells per assay [72], yet is about to revolutionize clinical diagnostic laboratories. Whereas
MALDI-TOF MS does not determine antibiotic sensitivity, our approach does [33] and
could thus complement MALDI-TOF MS in the same time frame. However, it is
expected that by increasing the initial surface coverage with bacteria we could observe
bacterial growth at concentrations lower than 10° CFU/mL. The reason is that by
increasing the number of bacteria immobilized on the surface, the ratio of Ga and/or As
per bacteria decreases and, consequently, the dose might not reach the toxic levels.
Increasing the surface coverage with bacteria could be achieved by improving surface
functionalization techniques, or by applying some methods such as chemotaxis [73],

filtration [74] or electrophoresis [75].
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Resear ch highlights

e Growth of E. coli in a Petri dish is not affected by the presence of a GaAs
plate

e Antibody-functionalized GaAs provides attractive conditions for growth of
bacteria

e Minimum concentration of bacteria at 10° CFU/mL is required to grow in a
flow cell

e Important insight is provided to bioengineering of GaAs for biosensing
applications
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