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Label-free and reusable antibody-functionalized gold
nanorod arrays for the rapid detection of Escherichia coli
cells in a water dispersion

Early warning systems that monitor the quality of drinkable
water are crucial to protect people’s health. A reusable,
real-time, and miniaturized biosensor is presented using the
sensitivity and the multicolor thermoplasmonic properties of
antibody functionalized gold nanorod arrays.
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Label-free and reusable antibody-functionalized
gold nanorod arrays for the rapid detection of
Escherichia coli cells in a water dispersiont

Francesca Petronella, ©*@ Daniela De Biase, ®° Federica Zaccagnini,®

Vanessa Verrina,® Seok-In Lim,® Kwang-Un Jeong, ©®c Selenia Miglietta,®
Vincenzo Petrozza,” Viviana Scognamiglio,® Nicholas P. Godman,® Dean R. Evans,®
Michael McConney® and Luciano De Sio @

The growing spread of pathogens, caused by anthropogenic activities, pushes the interest of the scientific
community towards developing biosensors with improved performance for rapid, simple, and on-site
pathogen detection. In this study, we present and discuss a label-free gold nanorod (Au NR) array for the
rapid detection of Escherichia coli cells in water, resulting in an effective optical transducer, based on the
phenomenon of localized surface plasmon resonance (LSPR). Au NRs with different aspect ratios are func-
tionalized with a suitable antibody by an electrostatic-linking method, resulting in two different Au NR-
based bioconjugates. We investigate the ability of the two bioconjugates to detect and spectroscopically
recognize E. coli cells dispersed in water by specific antigen-antibody interaction. The results allow
selecting the Au NR morphology more suited for preparing the Au NR bioactive array on a glass substrate
with excellent optical and morphological properties. The antibody-functionalized Au NR array can detect
E. coli cells with high sensitivity and a limit of detection of 8.4 CFU mL™, resulting in an excellent label-free
spectroscopic biosensor. In addition, the multicolor thermoplasmonic properties of the Au NR array, trig-
gered by appropriate light sources, are suited to enable on-demand photothermal disinfection, thus pro-
viding an extraordinary capacity for the biosensor to be both disinfected and, more importantly, reutilized.

Microbial contamination of water produces relevant human-health problems, spanning from infectious diseases to biosecurity. Currently available tech-
niques for pathogen detection require a long workflow, specialized personnel, and considerable waste. This manuscript reports a breakthrough in monitor-
ing microbial contamination by developing a fast, user-friendly, compact, and reusable in situ biosensor to detect pathogens in water. The nano-inspired de-

vice uses an antibody-functionalized Au NR array for identifying and quantifying Escherichia coli. Tt exhibits a limit of detection of 8.4 CFU mL™", which

turns out to be one order of magnitude lower than that of conventional plasmonic biosensors. In addition, the photothermal properties of the Au NR array
are investigated to enable on-demand photothermal disinfection, thus providing reusability and sustainability.
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The Covid 19 pandemic has demonstrated how the growing
spread of pathogens burdens human health, environmental
ecosystems, and human security. Contaminated water is one
of the primary sources of pathogen transmission, and the
World Health Organization (WHO) estimated 485000 diar-
rheal deaths each year, ascribable to contaminated drinking
water." Anthropogenic causes including the misuse of waste-
water reuse plants,” frequent heavy rainfall caused by global
warming,>! and the growing diffusion of plastic waste and
microplastics, where microorganisms attach and form bio-
films,>® increase the proliferation, survival, transport, and
dispersal of human pathogens in water. In addition, water
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reservoirs represent potential targets for terroristic activity
worldwide because of the critical role that drinkable water
plays in our everyday lives. Intentional contamination of mu-
nicipal water systems with biological agents or “bioweapons”
as part of a terrorist attack would lead to serious public
health issues and has a significant psychological impact on
people’s lives and economic consequences.” For these rea-
sons, early warning systems are now imperative for timely wa-
ter contamination monitoring to ensure inclusive public
health and minimize the risk of waterborne disease out-
breaks. Mainstream techniques for pathogen detection, such
as polymerase chain reaction (PCR)-based and immunology-
based methods, require a complex workflow, expensive equip-
ment, specialized personnel, and massive reagent consump-
tion. Culture-based processes, considered as the gold stan-
dard for pathogen identification and monitoring, although
simple, are time-consuming® and poorly sustainable from an
environmental standpoint, as they require a large amount of
disposable laboratory plasticware, generating a massive
amount of plastic waste.’

Biosensors are a promising tool to outclass conventional
analytical techniques. They ensure constant monitoring and
rapid response times, sensitivity, and selectivity and mini-
mize sample pretreatment processes.®'® Nanotechnology of-
fers a ground-breaking toolbox for designing and fabricating
miniaturized biosensors suitable for point of-care, end of-
use, and sampling applications. Advanced nano-biosensor de-
sign and fabrication opportunities are offered by plasmonic
gold nanoparticles (Au NPs)."" Au NPs exhibit optimal colloi-
dal stability, effective interaction with biomolecules, easy pro-
cessable surface chemistry, high electron density, and unique
optical properties.'” The optical properties of Au NPs are as-
sociated with the localized surface plasmon resonance (LSPR)
phenomenon, i.e., the collective oscillation of electrons local-
ized at the metallic/dielectric interface produced by suitable
light irradiation. The LSPR generates sharp and intense ab-
sorption peaks (plasmons) in the visible/near-infrared (NIR)
range of the electromagnetic spectrum, whose frequency and
profile are strongly dependent on the specific morphology
and surface chemistry of Au NPs, described by the Mie and
Gans theory."*'* In addition, the LSPR frequency is suscepti-
ble to the local refractive index (n) change.'” Such a relation
is the physical basis underlying LSPR biosensing, making Au
NPs excellent optical transducers for monitoring the local
change of the surrounding medium."® The general scheme of
Au NP-based LSPR biosensors consists of Au NPs appropri-
ately functionalized with a biorecognition element, including
antibodies, aptamers, peptides, DNA, and bacteriophages, re-
sulting in a bioconjugate.’® In the presence of the specific
target bio-entity, the biorecognition element triggers an inter-
action with the surface of Au NPs that alters the local n, thus
inducing an optical shift (a change of the LSPR frequency) in
the absorption spectrum of Au NPs.'” LSPR biosensors for
spectroscopic recognition of pathogens can provide real-time,
quantitative detection, with high sensitivity and selectivity,
which makes them extremely appealing for developing early-
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warning, compact, and portable sensing platforms.">'” How-
ever, a step forward is needed to realize functional Au NP ar-
rays on substrates to be integrated into optical devices for
the development of LSPR spectroscopic biosensors. Recently,
Au NP arrays were employed for the optical detection of path-
ogens. Salmonella typhimurium was detected in food samples
using an LSPR biosensor consisting of a monolayer of Au
NPs self-assembled on a glass substrate and then functional-
ized with an aptamer.'® S. typhimurium was also detected by
an Q-shaped fiber-optic LSPR biosensor, using an array of Au
NPs functionalized with a suitable aptamer as an optical
transducer.® In a different approach, a fiber-optic functional-
ized with Au NPs was created to capture, recognize and quan-
tify E. coli cells using a bacteriophage as a biorecognition ele-
ment.*® An LSPR biosensor based on an array of Au NPs was
also developed to monitor the kinetics of E. coli biofilm gen-
eration.”* Although robust and reliable, currently available
LSPR biosensors, displaying a limit of detection (LOD) in a
range from 10% and 10* CFU mL™,"®"? are still unsuitable for
real-time monitoring of pathogens in water. In light of WHO
and European Union requirements, imposing no E. coli cells
in 100 mL of water,”> more efforts are needed to design and
realize LSPR biosensors with superior performance.

The present work tackles this challenge by designing and
realizing a miniaturized, label-free, antibody-functionalized
Au NR array on a glass substrate to rapidly detect E. coli cells
in water with improved sensitivity. To accomplish the desired
sensing performance, rod-like Au NPs (Au NRs) were selected
as E. coli LSPR probes instead of the spherical Au NPs con-
ventionally used to fabricate sensing platforms.

The anisotropic morphology of Au NRs results in an ab-
sorption spectrum characterized by two LSPR bands: the
transverse plasmon (LSPRt) typically centered at 520 nm and
the longitudinal plasmon (LSPRI), centered at higher wave-
lengths and tunable according to the Au NR aspect ratio. Re-
markably, the LSPRI is more sensitive to n alterations with re-
spect to the LSPRt;" indeed, several Au NR bioconjugates
were used in colloidal LSPR sensors for spectroscopic detec-
tion of pathogens.”*>® In this study a novel bioactive array of
Au NRs with optimal optical and morphological properties
for LSPR biosensing of a model pathogen, E. coli, was devel-
oped. As a first step, the biosensing performance of two bio-
conjugates prepared with Au NRs at different aspect ratios
was investigated to determine the more effective Au NR mor-
phology for E. coli LSPR biosensing. The two Au NR-based
bioconjugates were functionalized with a suitable antibody
(anti-E. coli Ab or Ab) able to target surface antigens of E. coli.
The bioconjugation was realized by modifying an electrostatic
linking method®*™® that allows promoting the electrostatic
attractions between the Au NR surface and the anti-E. coli Ab
by interposing a polyelectrolyte (PE) layer, namely a polymer
carrying numerous charged (ionizable) groups, resulting in a
polycation or a polyanion.?® The two bioconjugates were care-
fully characterized and their ability to spectroscopically recog-
nize and quantify E. coli cells in water dispersions was inves-
tigated. Based on experimental results, the Au NR

This journal is © The Royal Society of Chemistry 2022
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morphology more suited for preparing Au NR-based bioactive
substrates was identified. The substrates were realized by
exploiting the electrostatic layer-by-layer (LbL) assembly
method,*>*! characterized both from an optical and a mor-
phological point of view, (bio)activated by incorporating the
anti-E. coli Abs by physisorption, and finally investigated for
the recognition and quantification of E. coli cells dispersed in
water. In addition, a multicolour thermoplasmonic investiga-
tion was performed to assess the capability of the substrates
to be photothermally disinfected and reutilized.

Experimental
Materials

Citrate-capped gold nanorods (40 nm x 15 nm, Au NR 660)
and Au NRs (55 nm x 15 nm, Au NR 800) were purchased
from Nanocomposix. Poly(sodium 4-styrenesulfonate) (PSS,
Mw ~70 kDa), and poly(allylamine hydrochloride) (PAH, Mw
~50 kDa), acetone, isopropanol methanol, sodium hydroxide
(NaOH), and liquid crystal E7 were purchased from Merck.
The mouse monoclonal antibody E. coli (1011):s¢c-57709 (anti-
E. coli Ab or Ab) was purchased from Santa Cruz Biotechnol-
ogy, Inc. Deionized water was used in all the procedures. The
bacterial E. coli K12 strain MG1655 CGSC#7740 was obtained
from the Coli Genetic Stock Centre (CGSC) collection. The
growth of bacteria was carried out in chemically defined min-
imal medium E supplemented with 0.4% glucose. Chemicals
for bacterial growth were purchased from Merck or VWR In-
ternational. The fluorescent dyes SYTO 9™ and propidium
iodide, used for detection of E. coli cells by fluorescence mi-
croscopy, were purchased from Thermo Fisher Scientific.

Bioconjugation of Au NRs with antibody

The Au NR-Ab-based bioconjugates were obtained by suitably
modifying the protocol reported in ref. 26. The procedure
consists of the first step of Au NR functionalization with PAH
and the second step of bioconjugation with the Ab. First,
commercial dispersions of pristine Au NRs were concentrated
four times, resulting in two colloidal dispersions of Au NR
660 (4x) and Au NR 800 (4x). Next, a defined volume of PAH
stock solution (10 mg mL ™" prepared in 10 mM NacCl solu-
tion, pH 2) was introduced in both the Au NR (4x) disper-
sions (40 pL for Au NR 660 (4x) and 100 pL for Au NR 800
(4x)). After adding 50 pL of 10 mM NaCl, the resulting mix-
tures were kept for 30 min under vigorous magnetic stirring.
At this stage, excess PAH was removed by centrifugation (14
000 rpm, 8 min, 4 °C), and the two pellets were redispersed
in 1.2 mL of deionized water, resulting in Au NR 660/PAH
and Au NR 800/PAH colloidal dispersions. Finally, 60 uL of
Ab stock solution (0.1 mg mL™") was added to both Au NR
660/PAH and Au NR 800/PAH, and the two dispersions were
left to incubate for 30 min under magnetic stirring at room
temperature to induce the electrostatic linkage mediated by
the PAH. The resulting bioconjugates Au NR 660/PAH/Ab and
Au NR 800/PAH/Ab were isolated by centrifugation (14000
rpm, 15 min, 4 °C) and redispersed in water for further stud-
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ies. The concentrations of Au NR 660/PAH/Ab and Au NR 800/
PAH/Ab were suitably adjusted to achieve the same optical
density of 0.5 absorption units.

Fabrication of Au NR-based substrates

Immobilization of Au NRs. The experimental procedure
for the fabrication of glass substrates hosting Au NRs was
performed by suitably modifying the protocol described in
ref. 32. The procedure consists of several steps, including the
washing of the glass substrates, the modification of the glass
substrates by introducing a negative charge, the building of
the PE multilayer and, finally, the immobilization of Au NRs.
The glass substrates of 1 cm x 1 cm in size were cleaned by
sequential sonication for 10 min in methanol and acetone
baths followed by an intermediate rinsing step in iso-
propanol. Afterward, the cleaned slides were dried under a
stream of nitrogen. To induce a negative charge on the glass
surface, the substrates were immersed for 30 min in a solu-
tion of 5 M NaOH and rinsed with water. After that, the nega-
tively charged glass substrates were modified with the PE
multilayer by assembling the sequence PAH/PSS/PAH. Each
substrate was immersed for 10 min in a 1.6 mg mL™" PAH
aqueous solution at pH 2. The PAH-modified substrates were
then immersed in water for 2 min to remove excess PAH and
next immersed in the PSS solution (1.6 mg mL™", pH 8) for
10 min. After that, the substrates were rinsed with water by
immersion for 2 min, and a final layer of PAH was deposited.
The incorporation of Au NRs was achieved by immersing the
PE-modified glass substrate in a dispersion of Au NRs with
an optical density of 1 (at 790 nm) for 16 h. At this stage, the
substrates were rinsed with water, dried under a nitrogen
stream, and used for optical and morphological
characterization.

Au NR-based substrate functionalization. The array of Au
NRs on the glass substrate was (bio)functionalized with Ab
1011 by physisorption. Briefly, each Au NR-based substrate
was immersed for 2 h in a water solution of Ab 1011 with a
concentration of 0.01 mg mL™", rinsed with water, and gently
dried under a nitrogen stream, resulting in an active Au NR-
modified substrate for the subsequent characterization and
experiments.

Sensitivity to refractive index changes. To investigate the
optical response of the Au NR-based substrates as a function
of the local n, different glass cells were fabricated. NOA-61
(containing well-monodispersed 10 pm glass microbeads)
was deposited at the corners of the substrate before covering
the Au NR-based substrates with glass slides. The cells were
sealed by a 1 min UV exposure, thus resulting in a gap 10 um
thick. The resulting gap was infiltrated with 50 pL of the so-
lutions at different n values, including water, olive oil, NOA-
61, and nematic liquid crystal E7 (NLC). The cell prepared for
the NLC sample was made with a modified top glass sub-
strate for promoting the planar alignment of the NLC film.
The different media were allowed to penetrate the sample for
2 min to promote a uniform and complete distribution of the
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solution within the cell. Finally, the optical response was
evaluated by collecting the absorption spectra.

Spectroscopic detection of E. coli cells in water disper-
sions. To assess the ability of Au NR 660/PAH/Ab and Au NR
800/PAH/Ab to recognize E. coli cells in water dispersions, an
absorption spectroscopy assay was performed. In particular,
aliquots from a 10° CFU mL ™" water dispersion of E. coli were
progressively added to both Au NR 660/PAH/Ab and Au NR
800/PAH/Ab bioconjugates, and the respective absorption
spectrum was collected. After adding each aliquot and col-
lecting the absorption spectra, the system was left to stir for
10 minutes to promote the antigen/antibody interactions. Ex-
perimental data were analyzed by plotting, for each bioconju-
gate, the optical shift as a function of E. coli concentration
expressed in CFU mL™". The optical shift (Al = ¢ — 4;) was cal-
culated as the difference between the wavelength position of
the LSPRI of the bioconjugate after the introduction of each
E. coli aliquot (¢ and the wavelength of the LSPRI of the as-
prepared bioconjugate (4;). The LOD was evaluated as three
times the standard deviation of the intercept calculated from
the linear interpolation of the A/ values as a function of E.
coli concentration.**>*

Control experiments were performed applying the same
protocol for pristine Au NR 660, Au NR 800, Au NR 660/PAH,
and Au NR 800/PAH.

Spectroscopic detection of E. coli cells on Au NR-based
glass substrates. The ability of Au NR-modified substrates
functionalized with the Ab to accumulate and recognize E. coli
cells was investigated. The Au NR substrates bioactivated with
the Ab were incubated in 500 pL E. coli dispersion (in minimal
E) for 20 min in a range of concentrations from 10 CFU mL™"
to 10* CFU mL™. Then, 2 uL of the fluorescent dye SYTO 9™
was added to the solution, and the sample was left to immerse
for an additional 10 min in the dark. After incubation, the sub-
strates were immersed in 600 pL of water for 1.5 min to re-
move the excess of both E. coli cells and SYTO 9™ and gently
dried. Control experiments were performed by using
unfunctionalized Au NR substrates and by incubating the bio-
active substrates in 500 pL of minimal E for 20 min and then
introducing 2 pL of the fluorescent dye SYTO 9™ followed by
washing and drying steps before the acquisition of the absorp-
tion spectrum. Other control experiments were performed, and
all the details and results are well described in the ESL}

Bacteria culture. The reference E. coli laboratory strain
used in this study is E. coli K12 strain MG1655. The chemi-
cally defined minimal medium A or minimal medium E sup-
plemented with 0.2% and 0.4% glucose, respectively, was
used in this study for the E. coli growth. Briefly, a few colo-
nies of E. coli from a freshly streaked plate were transferred
into 30 ml of chemically defined medium in a 250 ml Erlen-
meyer flask and allowed to grow overnight at 37 °C under or-
bital shaking. The culture was then centrifuged at 8000g for
15 min, the spent medium was discarded, and the bacterial
pellet was resuspended in 20 ml of physiological solution
(0.9% NacCl). The E. coli growth was monitored by determin-
ing the optical density at 600 nm (ODgg0). The optical density
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was measured, and an aliquot of the bacteria was further di-
luted in the growth medium to 1x10” CFU ml ™.

Sample characterization

UV-visible absorption spectroscopy. UV-visible absorption
spectroscopy studies for the optical characterization of the
Au NR-based bioconjugates and the Au NR-based substrates
were performed by using a Lambda 365 spectrophotometer
from PerkinElmer. The E. coli growth was monitored by deter-
mining the ODggo by using a diode array spectrophotometer
(HP8453; Agilent Technologies).

Photoluminescence  spectroscopy. Photoluminescence
spectra were recorded by using a FP-8200 spectrofluorometer
(Jasco). All measurements were performed at room
temperature.

Transmission electron microscopy. TEM micrographs were
obtained using a Carl Zeiss EM10 TEM (Carl Zeiss, NY, USA)
operating at 60 kV voltage with a DEBEN XR80 AMT CCD
camera (Deben, Melton).>>*® One drop (10 uL) of each sam-
ple was cast on a carbon-coated copper grid and allowed to
dry before the analysis.

Atomic force microscopy. The surface profile was investi-
gated by atomic force microscopy (AFM, Nanoscope Multi-
mode system, Veeco Instruments) in tapping mode. The verti-
cal resolution is 0.1 A and the lateral resolution is 2 A.

Scanning electron microscopy. Scanning electron micros-
copy (SEM) micrographs were obtained by field emission
scanning electron microscopy (FE-SEM, Carl Zeiss, SUPRA
40VP) to investigate the morphology of the substrate cov-
ered by Au NR 800 nm. The accelerating voltage is 2.00
kv.

Multicolour photothermal measurements. For evaluating
the photothermal properties of the Au NR 800 array on the
glass substrate, a two-color thermo-optical setup was imple-
mented. The thermo-optical setup uses a CW diode laser (La-
ser Quantum) operating at 532 nm and a CW diode laser (Co-
herent Powerline) operating at 808 nm. The schematic
representation of the two-color thermo-optical setup is
sketched in Fig. 6a. The green laser has a circular spot. The
near-infrared laser beam has a rectangular profile, which was
converted into an almost circular spot utilizing a 20 cm focal
length elliptical lens. A high-resolution thermal camera (FLIR,
A655sc) was used to map and identify the spatial heating dis-
tribution and temperature profile under lateral pumping laser
illumination. The camera produces thermal images of 640 X
480 pixels with an accuracy of +0.2 °C. It works seamlessly
with proprietary software (FLIR ResearchIR Max) to record and
process the thermal data acquired by the camera.

Photothermal disinfection. For evaluating the ability of
the Au NR 800 array on the glass substrate to achieve photo-
thermal disinfection of E. coli cells, the thermo-optical setup
described in the section “Multicolour photothermal measure-
ments” was used. In particular, only the CW diode laser oper-
ating at 808 nm irradiated the sample. After the bio-
functionalization step, the bioactive substrate Au NR 800/Ab

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Preparation and characterization of Au NR-based bioconjugates by the electrostatic linking method. Schematic of the experimental proto-
col adopted for Au NR bioconjugation with the Ab (a). Optical characterization of Au NR 660 Ab bioconjugate carried out by absorption (b) and
photoluminescence spectroscopy (c and d). Transmission electron microscopy (TEM) analysis of the Au NR 660/PAH/Ab bioconjugate (e). Optical
characterization of the Au NR 800 Ab bioconjugate, performed by absorption (f) and photoluminescence (g and h) spectroscopy. Transmission
electron microscopy (TEM) analysis of the Au NR 800/PAH/Ab bioconjugate (i).

was incubated in a 10° CFU mL™" E. coli dispersion (500 pL
in minimum E) for 20 min. After this step, the photo-thermal
disinfection experiment was performed by irradiating the
sample with the 808 nm laser for two minutes at 29 W cm 2.
Subsequently, the sample was stained with propidium iodide
(a staining agent used in many laboratories to identify dead
cells by fluorescence microscopy and typically employed in
kits such as the well-known LIVE/DEAD™ BacLight™ Bacte-
rial Viability Kit) for further fluorescence microscopy and ab-
sorption spectroscopy characterization. In particular, 2 pL of
propidium iodide dissolved in 500 pL of water was intro-
duced to stain the substrate. The sample was left to incubate

This journal is © The Royal Society of Chemistry 2022

for an additional 10 min in the dark and then rinsed with wa-
ter for 1 min and dried under a nitrogen flow before measur-
ing the absorption spectrum and performing the fluorescence
microscopy analysis.

Finally, the substrate was washed three times with a 0.15
M NaCl solution (2 mL) to remove cells, rinsed with water,
and dried under a nitrogen flow before collecting the absorp-
tion spectrum.

Contrast phase and fluorescence microscopy. Contrast
phase and fluorescence microscopy images of active Au NR-
based substrates were collected by using a ZEISS Axiolab 5
fluorescence microscope equipped with phase contrast
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Fig. 2 Spectroscopic analysis of the ability of the Au NR-based bioconjugate to recognize E. coli cells in a water dispersion. Absorption spectra of the
Au NR 660/PAH/Ab bioconjugate measured at different E. coli cell concentrations in the wavelength range from 400 nm to 1100 nm (a) and from 650
nm to 760 nm (b), highlighting the shift of the LSPRI position as a function of E. coli cell concentration. Absorption spectra of the Au NR 800/PAH/Ab
bioconjugate measured at different E. coli cell concentrations in the wavelength range from 400 nm to 1100 nm (c) and from 800 nm to 900 nm (d),
highlighting the shift of the LSPRI position as a function of E. coli cell amount. The absorption spectra are normalized to the intensity of the LSPRI to
appreciate the spectroscopic features. The sketch (e) depicts the interaction between the bioconjugates and the E. coli cells mediated by the Ab. Com-
parison of the LSPRL shift (A1) measured for Au NR 660/PAH/Ab and Au NR 800/PAH/Ab as a function of the E. coli cell concentration in the water dis-
persion (f). The AL values were calculated considering the wavelength position of the LSPRI of each bioconjugate as a reference.

objectives and fluorescence modules. The morphological
analysis was performed after the E. coli recognition tests to
investigate the accumulation of E. coli cells promoted by the
Ab functionalization.

Results and discussion

Selection of suitable Au NR dimensions for the biosensor
fabrication

The first goal of the present work was to assess the ability of
Au NR-based bioconjugates to produce a shift of the LSPRI

3348 | Environ. Sci.: Nano, 2022, 9, 3343-3360

when E. coli cells are recognized in a water dispersion. The
results are crucial for selecting the optimal Au NR dimen-
sions to fabricate substrates suitable for the spectroscopic de-
tection of E. coli cells in water. To this end, Au NRs with dif-
ferent morphologies, namely Au NR 660 and Au NR 800, were
functionalized with Abs to induce the unique antigen/anti-
body recognition, thus producing a local change of the n and
a consequent optical shift of the LSPRI in the presence of E.
coli cells.

Au NR-based bioconjugates were obtained using the elec-
trostatic linking method.*® This method simultaneously

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Functionalization of glass substrates with Au NR 800.
Schematic of the procedure used to modify a glass substrate with a
polyelectrolyte multilayer (PEM) and incorporation of Au NR 800 by
dipping (a). Topographical analysis of the Au NR 800-modified glass
substrate by AFM (b) along with the corresponding three-dimensional
topographic image (c) and the analysis of the line profile (d). Morpho-
logical characterization of a representative Au NR 800-functionalized
substrate performed by SEM (e).

preserves two essential aspects for effective n sensing, ie.,
the unique spectroscopic properties of Au NRs and the struc-
ture of the Ab as a probe molecule.

In contrast with conventional physisorption-based ap-
proaches, the electrostatic linking method promotes the in-
teractions between the nanostructure surface and the biomol-
ecules by interposing one or more layers of PEs covering the
NP surface.”®?”*” Indeed, PEs provide a high density of
charged groups accessible to polar functional groups of bio-
molecules to boost electrostatic attractions between the NP
surface and the desired probe molecules.>®*”*

Although the electrostatic linking method provides limited
control over Ab orientation at the NP surface,®” it has been
extensively  exploited for therapeutic and sensing
purposes.®>**%° Importantly, it can be regarded as a green
approach for preparing bioconjugates because PEs are bio-
compatible functional materials,*"** allowing the circumven-
tion of health and environmental hazardous chemicals such
as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide. Moreover,
the electrostatic linking method offers several degrees of free-
dom to optimize bioconjugation, which include pH, ionic
strength, number of PE layers, and PE, Ab and NP
concentrations.>”

Fig. 1a shows a schematic representation of the experi-
mental approach for achieving the bioconjugation of Au NRs
with the Ab by the electrostatic linking method. Essentially, a
two-step preparation protocol was used: in the first step, Au
NRs were functionalized with PAH molecules resulting in the
Au NR/PAH complex that, once isolated by centrifugation,
was incubated for 30 min in the presence of the Ab to pro-
mote the electrostatic attractions between the PAH and the
Ab. The resulting Au NR/PAH/Ab bioconjugate was collected
by centrifugation, diluted in water, and characterized by spec-
troscopic and morphological techniques.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Spectroscopic investigation on Au NR 800-functionalized sub-
strates. (a) Absorption spectrum of a representative Au NR-
functionalized substrate (magenta track) in comparison with the ab-
sorption spectrum of the corresponding colloidal dispersion (blue
track). The inset shows a photographic picture of the Au NR 800-
functionalized substrate. Spectroscopic characterization of ten Au NR
800-functionalized substrates to investigate the reproducibility of the
preparation protocol (b). For each substrate the position of the LSPRI
(c) and the FWHM value (d) are reported in comparison with the colloi-
dal dispersion of Au NR 800. Schematic of the sample employed to
measure the sensitivity to n by infiltrating the cell gap with different
media (e). Absorption spectra of Au NR 800 cells infiltrated with differ-
ent media that possess increasing n (f). Shift of the LSPRL and LSPRt,
calculated with respect to the empty cell, as a function of the n of the
infiltrating medium (g).

The surface functionalization of Au NR 660 with PAH mol-
ecules produced the Au NR 660/PAH complex, whose absorp-
tion spectroscopic profile is very close to that of the pristine
Au NR 660. Indeed, as reported in Fig. 1b, Au NR 660 shows
an absorption spectrum characterized by two typical plasmon
bands of elongated NPs: the LSPRI centered at 673 nm and
the LSPRt at 512 nm. After the functionalization step, the re-
sulting Au NR 660/PAH complex exhibited a red-shift of the
LSPRI of 10 nm. In contrast, the position of the LSPRt re-
mained almost unchanged as it is less sensitive to local n var-
iation.”® Therefore, the 10 nm red-shift of the LSPRI band for
the Au NR 660/PAH is associated with an increase of the local
n,"* indicating the generation of a PAH monolayer on the Au
NR 660 surface. The assembly of such a monolayer can be
promoted by electrostatic attractions between the negatively
charged carboxylic groups of citrate molecules surrounding

Environ. Sci.: Nano, 2022, 9, 3343-3360 | 3349
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Fig. 5 Schematic of the procedure for bioactivating Au NR 800-
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E. coli cells (a). Spectroscopic characterization of the bioactive plas-
monic substrate after the incorporation of the Ab (yellow track) shows
an optical red-shift of 40 nm with respect to the Au NR 800-
functionalized substrate (b).

the surface of Au NR 660 and the positively charged amine
groups of the PE. Moreover, the spectroscopic profile sug-
gested that the Au NR 660/PAH preserved the colloidal stabil-
ity and the monodispersity of pristine Au NR 660, consider-
ing that the spectroscopic fingerprints of pristine Au NR 660,
namely LSPRI and LSPRt, in the gray track of Fig. 1b, are well
defined in the absorption spectrum of the Au NR 660/PAH
complex (cyan track in Fig. 1b).

The absorption spectrum of the Au NR 660/PAH/Ab bio-
conjugate (green track in Fig. 1b) pointed to a further shift of
about 22 nm (with respect to Au NR 660) for the LSPRI. The
red-shift of the LSPRI, in agreement with the Gans theory,"?
implies an alteration of the dielectric constant of the sur-
rounding medium, clearly indicating the electrostatic accu-
mulation of Ab molecules on the surface of the Au NR 660/
PAH complex.

A photoluminescence (PL) spectroscopy investigation was
carried out to assess whether, upon the bioconjugation by
the electrostatic linking method, the Ab in the Au NR 660/
PAH/ADb preserves its conformational stability and, therefore,
its biological functions to recognize antigens on the E. coli
cell's surface are preserved.

In particular, this investigation was performed by exciting
the amino acid residues with intrinsic fluorescence, namely,
phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp),
whose PL spectrum is sensitive to alterations of the second-
ary and tertiary structure, especially for Trp.** The characteri-
zation of the Au NR 660/PAH/Ab bioconjugate by PL spectros-
copy is shown in Fig. 1c and d. Fig. 1c shows the PL spectra
of the Au NR 660/PAH/Ab collected by exciting the bioconju-
gate at 256 nm to analyze the emission from Phe, at 280 nm
to evaluate the emission from Tyr and Trp, and at 295 nm to
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selectively measure the emission from Trp. The PL spectra
clearly show the typical emission signals associated with
Phe, Tyr, and Trp residues. In particular, by exciting the
sample at 280 nm, an intense and broad emission band
associated with Tyr and Trp appeared. The photolumines-
cence spectra in Fig. 1d were collected by selectively excit-
ing the Tyr and Trp residues, both for the Au NR 660/
PAH/Ab (black track) and for the free Ab (blue track), re-
spectively. By exciting the Au NR 660/PAH/Ab bioconjugate
at 280 nm, a blue shift of the emission, from 341 nm
(for the free Ab) to 336 nm (for the Au NR 660/PAH/Ab
bioconjugate) was measured (Fig. 1d). The observed blue
shift indicates that the Tyr and Trp groups within the Au
NR 660/PAH/Ab bioconjugate are less exposed to the sol-
vent than the Tyr and Trp residues in the free Ab.** Ac-
cordingly, Tyr and Trp residues may play a relevant role
in achieving the electrostatic binding between Au NR 660/
PAH and the Ab. We can infer that Tyr and Trp residues
can promote electrostatic attractions involving the posi-
tively charged PAH amine groups and the hydroxyl groups
carried on the benzene ring of Tyr as well as
n-interactions involving the aromatic rings of Tyr and Trp.

The morphological analysis of the bioconjugate Au NR
660/PAH/ADb, carried out by TEM, is reported in Fig. 1le. The
Au NR 660/PAH/Ab bioconjugate (Fig. 1e) is characterized by
an outer surface layer (5-7 nm) with higher contrast to the
micrograph background. The formation of the “corona layer”
highlighted in Fig. 1e has been very often reported in the lit-
erature as proof of an effective NP surface functionalization
with high molecular weight compounds,**** thus indicating
the formation of an antibody layer on the Au NR 660/PAH
NPs' surface.

The spectroscopic and morphologic characterization of
the Au NR 800/PAH/Ab bioconjugate is reported in Fig. 1f.
The wrapping with the PAH layer shifted the position of the
LSPRI of Au NR 800 from 790 nm (Fig. 1f, magenta track) to
794 nm (Fig. 1f, green track). After the bioconjugation pro-
cess occurred, the LSPRI was centered at 838 nm, with an
overall red-shift of 48 nm (Fig. 1f, red track). Such a plas-
monic red-shift, more intense than the one obtained for the
Au NR 660/PAH/Ab bioconjugate (22 nm), accounts for the
higher sensitivity to n changes, confirming the strong correla-
tion between the aspect ratio of Au NRs and their n
sensitivity."?

Moreover, in the red track of Fig. 1f, the increase of the
absorption intensity at lower wavelengths can be associated
with the presence of the Ab molecules linked to the Au NR
800/PAH surface.'®

The analysis of the conformational stability of the Ab in
the Au NR 800/PAH/Ab bioconjugate, carried out by PL spec-
troscopy, is shown in Fig. 1g and h. On exciting the bioconju-
gate at 256 nm, 280 nm, and 295 nm, the emission bands of
Phe, Tyr/Trp, and Trp, respectively, were detected (Fig. 1g).
The PL spectra in Fig. 1h were collected by selectively exciting
the Tyr and Trp residues, both for the Au NR 800/PAH/Ab
and the free Ab.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Characterization of the bioactive plasmonic substrates after incubating E. coli dispersions in minimum E at different cell concentrations.
Contrast phase microscopy images (a, d, g and j), fluorescence microscopy images (b, e, h and k), and absorption spectroscopy characterization (c,
f, i and ) of the bioactive plasmonic substrate progressively incubated in a 10, 10% 103, and 10* CFU mL™ E. coli cell dispersion.

Experimental results point out that the emission peak
position moved from 340 nm (for the free Ab) to 337
nm for Au NR 800/PAH/Ab. Likewise, for the Au NR
660/PAH/Ab, such a result indicates that the binding be-
tween the Au NR 800/PAH and the Ab could
the hydroxyl groups carried on Tyr and aromatic moie-
ties of Tyr and Trp that induce m-interactions. The TEM

involve

This journal is © The Royal Society of Chemistry 2022

analysis of the Au NR 800/PAH/Ab bioconjugate reported
in Fig. 1i highlighted the occurrence of high aspect ra-
tio Au NRs. Moreover, also Au NR 800/PAH/Ab bioconju-
gates are characterized by a “corona layer” associated
with the presence of the Ab assembled on the Au NR
800/PAH surface, as previously reported for Au NR 660/
PAH/Ab.
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The characterization techniques demonstrated the electro-
static linking method's effectiveness in producing Au NR-
based bioconjugates with properties suitable for LSPR bio-
sensing applications in terms of spectroscopic, colloidal, and
structural features. Accordingly, a simple assay in a water dis-
persion was carried out to assess the LSPR biosensing proper-
ties of the Au NR-based bioconjugates. In particular, the as-
say examined the ability of the bioconjugates to produce
spectroscopic response upon recognition of E. coli cells.

After the preparation step, the dispersions of both the bio-
conjugates were suitably diluted to achieve the same absorp-
tion intensity for the LSPRI (0.5 absorption units). After that,
aliquots of E. coli cells from a 10° CFU mL™ water dispersion
were sequentially added to the bioconjugate dispersions. The
absorption spectrum was collected after keeping the mixture
under vigorous stirring for 10 min. The total volume of E. coli
cells produced a 10% increase of the total volume of the dis-
persion, resulting in a minor experimental error on the con-
centration of the bioconjugate at the end of the experiment.

Experimental results reported in Fig. 2a depict that both
LSPRt and LSPRI of Au NR 660/PAH/Ab are detectable regard-
less of the E. coli cell concentration. The concentration range
of E. coli examined in this assay (from 4 to 70 CFU mL ") did
not produce Au NR aggregation, as the presence of aggregates
would cause a broadening and a significant shift (greater
than 200 nm (ref. 46)) of the plasmon bands. Fig. 2b high-
lights how the LSPRI of the Au NR 660/PAH/Ab is progres-
sively red-shifted as the concentration of E. coli cells in-
creased from 1 nm at 8 CFU mL ™" to 4 nm at 70 CFU mL .
Fig. 2c clearly shows that also Au NR 800/PAH/Ab maintains
unaltered its spectroscopic features (for both LSPRt and
LSPRI bands) despite the progressive increase of the E. coli
concentration. However, it is worth noting the occurrence
(Fig. 2d) of an evident and gradual red-shift of the LSPRI of
Au NR 800/PAH/AD in the range from 5 nm (at 4 CFU mL™")
to 16 nm (at 70 CFU mL™).

The LSPRI position is considered a sensing parameter be-
cause this plasmonic mode is more sensitive to n varia-
tions."® Fig. 2b-d highlight that the progressive increase of E.
coli cell concentration produces a shift of the corresponding
LSPRI band towards higher wavelength values for both the
bioconjugates. This behavior is associated with the gradual
increase of the surrounding n, associated with the gradual in-
crease of E. coli cell amount, induced by the presence of the
ADb on the Au NR.

The Ab loaded on the Au NR surface effectively promotes
the accumulation of Au NR-based bioconjugates on the bacte-
rial surface through the univocal and selective antigen-Ab
recognition, as sketched in Fig. 2e.

Still, instead, it is preferentially promoted by the univocal
antigen/antibody recognition occurring on the proximity of
the Au NR surface. According to the reported experimental
data in Fig. 2a-d, the spectroscopic behaviour of both Au NR
660/PAH/Ab and Au NR 800/PAH/Ab in the presence of E. coli
cells highlighted the ability of the bioconjugates to recognize
E. coli cells and produce a spectroscopic response consistent
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with the bacterial concentration. As demonstrated by experi-
mental data, the measured red-shift is proportional to the
bacterial loading, as shown by similar studies.>**

The plot in Fig. 2f aims at comparing the sensing perfor-
mance of the Au NR 660/PAH/Ab and Au NR 800/PAH/Ab bio-
conjugates by reporting the respective Al (defined as the opti-
cal shift of the LSPRI of each bioconjugate after the stepwise
introduction of an E. coli aliquot) as a function of the E. coli
cell concentration.

Although both the bioconjugates were able to produce a
spectroscopic response concomitant with the increase of E.
coli cell amount, Fig. 2f highlights a superior sensing perfor-
mance of Au NR 800/PAH/Ab to that of Au NR 660/PAH/Ab.

As such, in all the investigated concentration ranges, the
A values produced by Au NR 800/PAH/Ab were higher than
the ones measured for Au NR 660/PAH/Ab.

As an example, an E. coli loading of 16 CFU mL™" deter-
mined a Al of 11 nm for Au NR 800/PAH/Ab and a A1 of 3 nm
for Au NR 660/PAH/Ab. Moreover, the Au NR 800/PAH/Ab bio-
conjugate was able to detect also a lower concentration of E.
coli cells. Indeed, a concentration of 4 CFU mL ™" did not af-
fect the position of the LSPRI of Au NR 660/PAH/Ab but
shifted with a A4 of 5 nm the LSPRI of the Au NR 800/PAH/Ab
bioconjugate. Both the curves of Al values as a function of E.
coli concentration showed an initial increase of A/, followed
by a plateau for E. coli concentration values above 24 CFU
mL™". To better investigate the sensing ability of the biocon-
jugates Au NR 660/PAH/Ab and Au NR 800/PAH/ADb, the exper-
imental points of Fig. 2f were interpolated using a four-
parameter logistic equation®”*® from the software OriginPro
2020 (logistic fit function), resulting in eqn (1).

A}VO B A/‘Lmax
X\ 2P
1+ (%)
c

The interpolation (see eqn (1) and Table S1 of the ESIY) pro-
vides a solid and robust interpretation of the interaction be-
tween E. coli cells (that is here regarded/interpreted as a mac-
romolecule) and bioconjugates (ligand) in terms of affinity,
where Al corresponds to the maximum value of the opti-
cal shift, Aly is the minimum optical shift that the bioconju-
gate can provide, x is the E. coli cell concentration, p indi-
cates the degree of cooperativity, and c is the constant that
provides the cell concentration at which half of ALl is
achieved.*’ Therefore, the lower the c value, the higher the af-
finity between the E. coli cells and the bioconjugate. Hence,
according to the sigmoidal fitting, ¢ values are 12 + 2 CFU
mL™"' and 11 + 5 CFU mL™" for the Au NR 660/PAH/Ab and Au
NR 800/PAH/Ab bioconjugates, respectively. This small differ-
ence suggested that both the Au NR 660/PAH/Ab and the Au
NR 800/PAH/Ab bioconjugates exhibit a good affinity towards
E. coli cell surface antigens.

Furthermore, the p value calculated for the assay carried
out in the presence of Au NR 660/PAH/AD is 2.56 + 0.64, while
the p value obtained from the interpolation of the results
from Au NR 800/PAH/Ab is 1.04 + 0.21. This difference

AL = ANmax + (1)

This journal is © The Royal Society of Chemistry 2022
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indicates a progressive decrease in the affinity between the
bioconjugate and the E. coli antigens with the increase of the
cell concentration. Such a negatively cooperating binding ap-
peared less intense for the Au NR 800/PAH/Ab bioconjugate.
Moreover, it was possible to estimate a LOD (corresponding
to the IC,, value calculated from the four-parameter logistic
curve fit)*® of 5.07 CFU mL™" for Au NR 660/PAH/Ab and a
LOD of 1.4 CFU mL™" for Au NR 800/PAH/Ab. The ensemble
of the experimental results pointed out the superior sensing
performance of the Au NR 800/PAH/Ab bioconjugate to that
of the Au NR 660/PAH/Ab bioconjugate under the investigated
experimental conditions. Indeed, based on interpolation re-
sults, for the same E. coli cell concentration, the Au NR 800/
PAH/Ab bioconjugate produced higher values of A1. Accord-
ingly, Au NR 800 NPs were selected as plasmonic NPs to fab-
ricate an LSPR biosensor on rigid substrates.

Fabrication and characterization of Au NR 800-functionalized
substrates

Inspired by the optimal LSPR biosensing performance
achieved for the colloidal dispersion of the Au NR 800/PAH/
ADb bioconjugate, the realization of an array of Au NR 800 on
the glass substrate was carried out to obtain optimal morpho-
logical properties such as high surface coverage, suitable in-
terparticle spacing, even Au NR distribution, and no presence
of Au NR aggregates.”®

The electrostatic layer-by-layer (LbL) assembly technique
was here employed as a suitable and well-established fabrica-
tion approach to obtain the desired morphological and opti-
cal features.*>>' >3

As shown in Fig. 3a, the modification of the glass sub-
strate was realized by depositing a PE multilayer with the se-
quence PAH/PSS/PAH.

The sequential alternation of a weak positively charged PE
(PAH) and a strong negatively charged PE (PSS) minimizes PE
interdiffusion and provides a more uniform surface charge
density that cannot be obtained from utilizing a mono-
layer.>**> An even distribution of surface charges results in
uniform distribution of the Au NR 800, promoted by the elec-
trostatic attractions between PAH and the carboxylic groups
exposed on the Au NR surface. Moreover, previous investiga-
tions demonstrated that PAH, having a chemical structure
characterized by a linear backbone, can facilitate the genera-
tion of a uniform Au NR layer of isolated NPs, thus obtaining
the features of a monodisperse colloidal dispersion on a solid
support.®>>°

After building the PE multilayer, the incorporation of Au
NR 800 was realized by immersing the PE-modified glass sub-
strate in an Au NR colloidal dispersion for 16 h, thus achiev-
ing a homogeneous substrate with a uniform pink tone, indi-
cating the loading of Au NRs (inset of Fig. 4a).

The morphological characterization performed by atomic
force microscopy (AFM) (Fig. 3b-d) and SEM (Fig. 3e) depicts
the presence of a uniform Au NR 800 layer over a large area
(1 ecm?). Indeed, the topographic investigation shows asperi-

This journal is © The Royal Society of Chemistry 2022
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ties of anisotropic shape, with an even distribution over the
investigated area of 1 um X 1 pm. Interestingly, the analysis
of the height profile results in an average value of 10 nm
(Fig. 3d), in agreement with the dimension of the short side
of Au NR 800 measured by TEM (Fig. 1f).

Such a result supports the occurrence of an Au NR mono-
layer on the substrate. It is strongly consistent with the SEM
analysis (Fig. 3f) reporting the presence of individual Au NRs
separated from each other and the absence of aggregates.
The statistical analysis performed on SEM micrographs re-
veals that the Au NR 800 on substrates possess a fill fraction
of 5.9% + 0.2% along with an interparticle distance of 142 +
50 nm and a density of about 215 Au NRs per um?.

As reported in Fig. 4a (magenta track), the spectral analy-
sis of the realized sample clearly shows two spectroscopic fin-
gerprints of Au NRs, ie., the LSPRt centered at 514 nm and
the LSPRI centered at 756 nm. The LSPRI of the Au NR 800-
functionalized substrate is 34 nm blue-shifted to the Au NR
800 colloidal dispersion, in agreement with previously re-
ported results.>>*” In addition, the observed blue-shift is pro-
moted by the change (decrease) of the 7 of the chemical me-
dium surrounding’® the Au NR 800 that changed from water
(n =1.33) to air (n = 1).*°

It is noteworthy that the spectral response of the Au NR
800-functionalized substrate (Fig. 4a, magenta curve) did not
show any visible absorption signal in the long NIR range,
suggesting that due to relatively long distances among the
immobilized nano-objects, the multipolar couplings among
surface plasmon resonances are minimized.”*>®

The absorption spectra of ten different Au NR-modified
glass samples (Fig. 4b), fabricated by reproducing the same
protocol, demonstrated the repeatability of the fabrication
process.

As shown in Fig. 4b, the ten spectral profiles almost over-
lap; moreover, the LSPRI position is distributed around the
mean value of 752 nm + 8 nm (Fig. 4c), while according to ex-
perimental data reported in Fig. 4d, the mean value of the
FWHM is 145 + 18 nm. The two standard deviation values
suggested that the adopted protocol is suitable for the large-
scale production of Au NR-modified glass substrates with ex-
cellent reproducibility.

Using Au NR 800-functionalized substrates as rigid plat-
forms, we fabricated glass cells (Fig. 4e) that were subse-
quently infiltrated with several media possessing different n
(Table S2 in ESIt) to quantify, by absorption spectroscopy,
the n bulk sensitivity of randomly immobilized Au NR 800.

The absorption spectra reported in Fig. 4f, beyond show-
ing the interference fringes®® accounting for the micrometer
size gap between the Au NR 800 substrate and the glass
cover, point out a gradual red-shift (A1) of both LSPRt and
LSPRI of Au NRs with the increase of the n of the infiltrating
medium.

The resulting A1 measured at the plasmon band positions
of the empty cells are reported as a function of n values in
Fig. 4f. Following theoretical predictions focusing on colloi-
dal dispersions of Au NRs, experimental results highlight a
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linear correlation between the n of the infiltrating medium
and the A4 (ref. 14) on a rigid substrate. In particular, a bulk
sensitivity (S)°° of 456 nm per refractive index unit (RIU) and
a figure of merit (evaluated as S/FWHM)® of 3.1 were calcu-
lated for the LSPRI.

The morphological and optical investigation of Au NR
800-functionalized substrates and a stability test reported in
Fig. SI31 highlighted that the immobilization approach was
suitable for achieving the desired properties as an LSPR-
based biosensor.

Indeed, the topographic, morphological, and optical inves-
tigation pointed out the occurrence of a uniform layer of a
Au NR 800 array. In this array, Au NR 800 appeared as indi-
vidual nano-objects, and hence their exposed surface avail-
able for interaction with the biorecognition element and the
analyte is maximized, resulting in high-quality sensing per-
formance.”®?° Indeed, the S value refereed to the LSPRI was
calculated to be higher than previously reported results for
analogous plasmonic-based platforms.>'>”%*

Fabrication and characterization of biologically active Au NR-
functionalized substrates

The extraordinary sensing capabilities of Au NR 800-
functionalized substrates were considered extremely promis-
ing for the fabrication of a label-free LSPR biosensor for bio-
molecule recognition. To this end, the Au NR 800-
functionalized substrates were employed as plasmonic plat-
forms for generating biologically active plasmonic substrates,
realized by incorporating the above-explored Ab as a trapping
antibody and biorecognition element (Fig. 5).

The Ab promotes the confinement of E. coli cells on
the Au NR 800 array through the univocal antigen-anti-
body recognition that alters the n experienced by the
immobilized Au NR 800. As a result, the recognition
mechanism triggers a plasmonic-based color change, simi-
lar to the previously demonstrated water dispersions
(Fig. 2).

Fig. 5a shows a schematic of the incorporation of the Ab
on the Au NR 800 array. However, the Ab's incorporation can
also be promoted by the electrostatic interactions between
the PAH layer underlying Au NRs, which covers about 94% of
the surface, and the negatively charged functional groups of
the Ab. The absorption spectra (Fig. 5b) point out a 40 nm
red-shift of the LSPRI of the substrate following the Ab
physisorption step, thus indicating the accomplishment of
Ab incorporation.

The ability of the resulting substrates to attract and recog-
nize E. coli cells at different concentration levels was investi-
gated by performing microscopy and spectroscopy analysis.
To this end, the bioactive substrates were incubated for 30
min in E. coli dispersions at several concentrations ranging
from 10 CFU mL " to 10* CFU mL ', washed, dried, and fi-
nally characterized. Experimental data from substrate charac-
terization are reported in Fig. 6, showing, for each bioactive
substrate, the contrast phase images, the corresponding fluo-
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rescence microscopy images, and the absorption spectros-
copy investigation.

The contrast phase images in Fig. 6(a, d, g, and j) display
bright spots (red circles) of elongated shape, showing an av-
erage length of 1.9 + 0.2 pm that can be associated with E.
coli cells accumulated on the bioactive substrates. The corre-
sponding fluorescence microscopy images in
Fig. 6(b, e, h, and k) highlight the presence of progressively
increasing green spots (red circles) uniformly distributed on
the surface of the biofunctionalized plasmonic substrates.
They are associated with E. coli cells stained by the SYTO 9™
fluorescent dye. The number of the E. coli cells captured by
each substrate, according to the scheme reported in Fig. 7a,
was estimated from fluorescence microscopy images (using
Image] microscopy software) by counting cells in a region of
interest of 90 000 um®. As a result, despite the washing proce-
dure, the number of E. coli cells deposited on each bioactive
plasmonic substrate increased with the increase of E. coli cell
concentration in the respective dispersion (as reported in Fig.
SI41), thus demonstrating the ability of the bioactive sub-
strates to capture E. coli cells and to accumulate several bac-
teria proportional to the utilized E. coli cell concentration
(Fig. S147). In contrast, only a few green spots were observed
for the Au NR 800 substrate without bioactivation, as re-
ported in the control experiments (Fig. SI5bT). Subsequently,
to assess whether the accumulation of E. coli cells can also
produce a spectroscopic response, the absorption spectra of
the active Au NR 800-modified substrates were collected and
reported in Fig. 6c, f, i, and 1. They show the absorption spec-
tra of:

1. The Au NR 800-functionalized glass substrate (red
tracks).

2. The bioactive substrates after incorporating the Ab (yel-
low tracks).

(a)

Immersion
In
E. Coli
dispersion

‘r Anti E. Coli 1011 & E. Coli cell [ ]

(b) (c)

E. Coli surface antigen

® Experimental values
—— Linear fi 3
21265 -6.34|E.coli]

® Experimental values
—— Linear it
8= 44 9.5 [E.coli]

AX (nm)

T = r ] e r o e

E. coli concentration (CFU/mL) E. coli concentration (CFU/mL)
Fig. 7 Schematic of the mechanism of capturing E. coli cells
promoted by the Ab incorporated on the plasmonic substrate. (a)
Optical shift (A1) as a function of E. coli concentration in the
incubation dispersion, reported on a logarithmic scale for E. coli
recognition experiments in the presence of SYTO 9™ (b) and in the
absence of SYTO 9™ (c).
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3. The bioactive substrates after the incubation in E. coli
dispersions at different bacterial concentrations (green
tracks).

The green curves (Fig. 6c, f, i, and 1) exhibit an absorption
signal between 400 nm and 500 nm, associated with SYTO
9™ molecules that bind to E. coli DNA. It is noteworthy that
the LSPRI of each Au NRs800/Ab substrate shifted toward
higher wavelengths following the incubation in the E. coli dis-
persion. In particular, the 10 CFU mL™ dispersion resulted
in a red-shift of 21 nm, while 10> CFU mL™", 10° CFU mL ™,
and 10* CFU mL™" dispersions produced a red-shift of 14 nm,
5 nm, and 3 nm, respectively.

Hence, the sensitivity of Au NR 800/Ab decreases as the E.
coli concentration increases. To explain this behaviour, differ-
ent from the results illustrated in Fig. 2f, it is worth consider-
ing the complexity of the phenomena occurring at the solid/
liquid interfaces.

Under the investigated experimental conditions, the E. coli
cells accumulate on the Au NR 800/Ab substrates by a
diffusion-driven process. Due to the biofunctionalization, the
cells progressively layer Au NR 800/Ab substrates in an
amount proportional to the cells' concentration for each dis-
persion (see Fig. SI4t). As a consequence of the increase in
the thickness of the material, over-layering the array of Au
NRs produced a decrease in electric field intensity that re-
duces LSPR sensitivity occurring at higher E. coli
concentrations.®>%

Indeed, the sensitivity of Au NR arrays is affected by the
distance from the Au NR surface.®”®® Moreover, the E. coli
cells progressively occupy the Au NR 800/Ab surface sites
available for antigen-Ab recognition, thus reducing the sensi-
tivity as the E. coli concentration increases, accounting for
the decrease of A4 values.

Furthermore, by plotting the resulting A4 values as a func-
tion of the E. coli cell concentration (Fig. 7b), it was possible
to determine a linear correlation that allowed us to estimate
a LOD*>** of 8.4 CFU mL ™.

Notably, the decrease in sensitivity with the increase of
the E. coli concentration was also evidenced in control experi-
ments performed without STYO 9™ molecules. Experimental
results reported in Fig. SI6t highlighted the efficiency of the
bioactive substrates to respond even at very low CFU mL ™.

For instance, the immersion in the 10 CFU mL™" E. coli
dispersion produced a Al of 34 nm (Fig. Sl6af). Moreover,
the linear fit resulting from plotting the A/ as a function of E.
coli concentration allowed us to estimate a LOD of 8.7 CFU
mL™ and a sensitivity®® of 9.5 nm mL CFU™" (Fig. 7c).

Further control experiments were performed to clarify the
effect of SYTO 9™ molecules, which plays the twofold role of
(i) demonstrating that the spectroscopic shifts are a conse-
quence of a biorecognition event and (ii) enabling a cross-
check on the presence of E. coli on the Au NRs/800 Ab
substrate.

Experimental results reported in Fig. SI7a and bt demon-
strated that in the absence of E. coli cells, the SYTO 9™ mole-
cules determined a red-shift of the LSPRI. Moreover, the com-
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parison between the data reported in Fig. 7b and c indicated
that the SYTO 9™ molecules show the drawback of behaving
as a passivation layer, thus limiting the sensitivity of the bio-
active substrates.

It is noteworthy that the proposed LSPR biosensor
displayed higher values of the LSPRI shifts for the lower con-
centration of bacteria. The Au NR 800/Ab-based biosensor
even demonstrated a 1.5 times higher sensitivity in the ab-
sence of the fluorescent dye, thus revealing a highly efficient
label-free nanoplatform for detecting E. coli at low concentra-
tions. Remarkably, it showed a LOD lower than that of previ-
ously reported LSPR biosensors based on immobilized plas-
monic NPs,"872°

In addition, we performed a specificity experiment by
testing the optical response of the Au NR 800/Ab sub-
strates in the presence of another coliform: the Salmo-
nella enterica serovar Typhimurium LT2. Experimental re-
sults reported in Fig. SI8t demonstrate that the S.
Thyphimurium did not alter the LSPRI position of Au
NR 800/Ab, thus providing conclusive evidence of the
high specificity of the biofunctionalized Au NR 800/Ab
substrates.

Reusable biosensor via multicolor thermoplasmonic
disinfection

To investigate the possibility of reutilizing the proposed bio-
sensor, we have studied a photo-thermal-based disinfection
process by exploiting the thermoplasmonic properties of Au
NRs.

The photothermal performance of the functionalized sub-
strates was investigated with a two-color optical setup, as de-
scribed in Fig. 8a.

It allows the investigation of the thermoplasmonic proper-
ties using a CW laser beam emitting at 532 nm (green laser)
and 808 nm (NIR laser) that selectively excite LSPRt and
LSPRI modes, respectively.

The two-color optical setup allows mimicking a solar-light
disinfection process or better said a broadband photothermal
disinfection process. The light-to-heat conversion efficiency
was measured by a thermal camera that provides thermo-
graphic images that are reported in Fig. 8b and c for the
green and the NIR laser, respectively.

From the analysis of thermographic images collected dur-
ing the irradiation time, a plot reporting the maximum tem-
perature increase (ATn.x) as a function of irradiation time
was obtained (time-temperature profiles), as shown in
Fig. 8d and e.

In particular, the time-temperature profiles were collected
at different light intensities (power densities) in the range
from 4.3 W em™ to 25.7 W cm > for the green laser (Fig. 8d)
and from 5 W cm™ to 29 W ecm™> for the NIR laser (Fig. 8e).
Fig. 8d and e show that under laser irradiation, irrespective
of the light intensity, the samples promoted a progressive
temperature increase for 2 min followed by gradual cooling,
which occurred when the laser sources were turned off.
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Fig. 8 Photothermal investigation on Au NR 800-functionalized substrates performed under pump beam illumination at 532 nm and 808 nm. (a)
Schematic of the experimental setup designed to analyse the photothermal properties of the Au NR 800-functionalized substrates: the thermo-
optical setup is designed so that the laser spot is focused on the centre of the substrate, which is monitored with a thermal camera to record the
thermoplasmonic heating upon laser illumination. Thermographic images were collected at the end of the irradiation time performed with the la-
ser source emitting at 532 nm (b) and 808 nm (c). The thermographic images are referred to the experiment conducted with a laser power density
of 25.7 W cm2 for the laser emitting at 532 nm and with the power density of 29 W cm ™2 nm™ for the laser emitting at 808 nm. Temperature in-
crease (AT) as a function of irradiation time at different values of laser power density obtained with the laser source emitting at 532 nm (d) and
808 nm (e). Linear fit of the maximum temperature variations (AT, as a function of the intensity of the pump beam for the laser source emitting
at 532 nm (f) and 808 nm (g).

For both the light sources, as shown in Fig. 8f and g, the
ATpax values increased linearly with the power intensity of
the laser beam, in agreement with theoretical models.®” Nota-
bly, at a comparable power density, a different value of ATy«
was achieved according to the laser source. Indeed, the irra-
diation with the green laser with a power density of 12.9 W
cm 2 produced a AT,ax of 5.6 °C, while setting the NIR laser
at a similar intensity value (10 W cm™) gave a ATy of 11.6
°C. On increasing the light intensity of the green laser at 25.7

3356 | Environ. Sci.. Nano, 2022, 9, 3343-3360

W em 2, the AT rose at 11.1 °C, while at the intensity of 25
W cm™?, the 2 min irradiation with the NIR laser generated a
ATmax of 30.3 °C. Such results accounted for the higher
photo-thermal efficiency of the LSPRI (excited with the NIR
laser) than that of the LSPRt (excited with the green laser).
The excellent ability of Au NR 800 substrates to behave as
photothermal transducers®® is here highly advantageous con-
sidering that under the investigated experimental parameters
it was possible to achieve with the NIR laser at 29 W cm ™ a

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Photothermal disinfection and reusing of the Au NR 800/Ab
substrate. (a) Step-by-step spectroscopic characterization, including
Au NR 800 substrate preparation (track/spectrum 1, red), bioactivation
(track/spectrum 2, yellow), spectroscopic recognition of E. coli (track/
spectrum 3, light blue), photothermal experiment (track/spectrum 4,
dark blue), and washing step (track/spectrum 5, cyan). After the wash-
ing step, the absorption spectrum of the sample overlaps the absorp-
tion spectrum of the Au NR 800/Ab substrate, indicating the possibility
of reutilizing the biosensor after a suitable washing procedure. (b)
Fluorescence microscopy image of the Au NR 800/Ab after the photo-
thermal disinfection experiment, highlighting the presence of non-
viable E. coli cells by using propidium iodide as a staining agent.

maximum temperature value of 53.8 °C that is sufficient to
produce a decrease of E. coli cell viability as demonstrated by
a previous investigation.®®

Accordingly, these experimental conditions were employed
to assess the ability of the Au NR 800/Ab substrates to per-
form photothermal disinfection. To this end, the Au NR 800/
Ab sample (Fig. 9a, track 2) was incubated for 20 min in a
10° CFU mL™" E. coli dispersion. After the washing and the
drying steps, the absorption recorded
(Fig. 9a, track 3). As expected, a red-shift of 13 nm was mea-

spectrum was
sured. The photothermal disinfection experiment was per-

formed following the procedure reported in the “Multicolor
photothermal measurements” section, while the utilized opti-
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cal setup is shown in Fig. 8a. The Au NR 800/Ab sample incu-
bated with E. coli dispersion was irradiated for 2 min at 808
nm with the CW laser at a power density of 29 W cm™, thus
reaching a maximum temperature of 54 °C. Subsequently, a
solution containing 2 pL of propidium iodide was intro-
duced, and the sample was left to incubate for 10 min in the
dark, with an additional washing and drying step.

Subsequently, the sample was analysed by fluorescence
microscopy. The microscopy analysis reported in Fig. 9b
shows red spots of elongated shape uniformly distributed on
the surface of the biofunctionalized plasmonic substrate.
These are associated with dead E. coli cells stained by propi-
dium iodide. Accordingly, we can assert that the investigated
experimental conditions are suitable for achieving photo-
thermal disinfection. However, as reported in track 4 of
Fig. 9a, the photothermal disinfection step determined a blue
shift of 4 nm of the LSPRI without altering the absorption
spectrum profile. At this stage, the substrate was washed
three times with a NaCl solution to remove cells, rinsed with
water, and dried under a nitrogen flow before collecting the
absorption spectrum. The result, reported in track 5 of
Fig. 9a, shows that the spectroscopic profile of the substrate
(presence of the two LSPR bands, absorption intensity ratio
between the two LSPRs and FWMH) remained unaltered after
the entire procedure. Remarkably, track 5 of Fig. 9a overlaps
track 2 of Fig. 9a, namely the absorption spectrum of the as-
prepared Au NR 800/Ab substrate. These additional experi-
ments pointed out that the photothermal heating conditions
are suitable to induce E. coli cell killing and that the sub-
strate is ready to be reused for other experiments.

Therefore, the ability of the Au NR800/Ab substrates to sup-
press the detected bacteria accumulated on the active surface
can prevent the undesired release of pathogens in the environ-
ment, thus preventing unintentional pollution. Moreover, a
suitable washing procedure enables the reuse of the functional-
ized substrate, thus reducing the costs associated with its pro-
duction and making the proposed biosensor sustainable from
both an environmental and an economic standpoint.

Conclusions

We have reported a truly innovative label-free and reusable
LSPR biosensor for the spectroscopic detection of E. coli cells
in water. The biosensor consists of an Au NR array
immobilized on a glass substrate by the immersive LbL elec-
trostatic assembly method and then bioactivated with a spe-
cific antibody incorporated by physisorption. The fabrication
of the Au NR array was realized starting from a detailed pro-
paedeutic investigation on Au NR-based bioconjugates in a
water dispersion. This preliminary step demonstrated the ef-
fectiveness of the antibody in recognizing E. coli cells follow-
ing the antigen/antibody interaction, and the capability of
this interaction to cause an alteration of the local n, with a
consequent shift of the LSPRI dependent on the E. coli cell
concentration. Moreover, the experimental results allowed us
to select Au NR 800 as a plasmonic optical transducer, whose
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morphology is suited to fabricate a LSPR biosensor on a glass
substrate. Hence, the resulting Au NR array showed an opti-
mal morphology, maximizing the surface available for anti-
body incorporation and E. coli cell interaction along with ex-
cellent optical properties and a bulk sensitivity of 456 nm per
refractive index wunit. Indeed, the resulting label-free
antibody-functionalized Au NR array was able to capture and
spectroscopically recognize E. coli cells with a LOD of 8.4
CFU mL™" and a response time in a range of a few minutes.

Sensing experiments performed on S. Thyphimurium evi-
denced the biosensor specificity. Furthermore, the Au NR ar-
ray can generate a broadband thermoplasmonic heating suffi-
cient for inducing the inactivation of E. coli cells. After the
photothermal disinfection step and a suitable washing proce-
dure, the Au NR 800/Ab substrate is ready to be reused for
other experiments. Therefore, the proposed Au NR array of-
fers a green and sustainable perspective for developing next-
generation biosensors beyond the biosensing effectiveness.
Indeed, the preparation protocol does not require hazardous
chemicals, the undesired release of pathogens is avoided,
and the Au NR array can be reused, thus representing an out-
standing solution regarding environmental impact and solar
light-based applications.
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