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Climate and demographic changes necessitate new paradigms to ensure equitable access to safe drinking
water, limiting health, economic, and social damage from poor water management. Nanomaterials present
promising opportunities in this area. This work addresses two relevant issues for safe water access:
potable water monitoring and disinfection by leveraging plasmonic nanoparticles’ biorecognition and
photothermal properties. Colloidal gold nanorods (AuNRs), known for their sensitivity to local refractive
index changes and light-to-heat conversion ability, are used to create AuNR arrays with optimal
morphological and optical characteristics. We demonstrate that these biofunctionalized AuNR arrays,
mimicking a logic-OR gate, can detect multiple bacterial strains in water, specifically recognizing two
bacterial strains often monitored to guarantee safe access to potable water: Escherichia coli and
Salmonella typhimurium (10° CFU per mL). The two strains are recognized separately or simultaneously,
highlighting the multiplexing capability of the AuNR array. Furthermore, the exceptional light-to-heat

Received 27th September 2024, conversion of AuNR arrays in a ‘cascade-like’ configuration, validated by a custom theoretical model, is

Accepted 2nd January 2025 utilized for photothermal disinfection. In a customized thermo-optical setup, this system effectively
reduces pathogen viability by five orders of magnitude within 30 minutes under NIR laser irradiation. The

bioactivated AuNR arrays, with their selective pathogen recognition and robust disinfection capabilities,
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Introduction

Contamination of water with harmful pathogens presents
serious health risks.' Pathogens such as bacteria, viruses, and
parasites are responsible for waterborne diseases that affect
human health and have significant economic consequences.
Prompt and accurate identification of harmful pathogens is
essential for timely intervention, preventing the spread of
waterborne diseases. For this reason, ongoing research and
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represent a powerful multifunctional technology for monitoring and purifying potable water.

innovation are needed to develop effective early-warning sys-
tems for water quality management and public health protec-
tion. Early warning systems are instrumental in safeguarding
public health by detecting potential threats to water quality.
Advanced detection and monitoring systems, including biosen-
sors, are critical for ensuring water safety.” Biosensors are
analytical devices that combine transducers with biological
molecules and biochemical reactions to detect chemical or
biological compounds through electrical, thermal, piezoelec-
tric, or optical readouts.?

In cases of intentional or unintentional water contamina-
tion, point-of-use (POU) water disinfection is often regarded as
the most practical solution for ensuring safe drinking water.
Standard POU treatment technologies include chlorination,
ozonation, water boiling, and solar disinfection (SODIS),
divided into UV and photothermal (PT) disinfection.*”

Chemical treatment methods require consumable materials
and exhibit risks related to the growth of antibiotic-resistant
pathogens and the formation of toxic disinfection by-products
(DBPs). In addition, some of these techniques, such as chlor-
ination, also produce undesirable odors or tastes.®
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Boiling water is the most recognized form of household
water treatment to kill viruses, parasites, and bacteria without
DBPs.”® This method requires significant energy from burning
chemical fuel or electrical heating, making it unsuitable for
large-scale water disinfection. Solar energy for water disinfection
is an attractive approach, as it uses a renewable, and therefore
sustainable, source of energy. UV-based disinfection is very
effective and extensively used for inactivating microorganisms.®
Nevertheless, it requires artificial light sources as the atmo-
sphere absorbs most UV radiation in the solar spectrum. In
contrast, PT disinfection represents a promising avenue in
antimicrobial technologies.”™"" Indeed, this process leverages
the distinctive properties of suitable light-harvesting materials
to generate heat under light irradiation."” The application of PT
disinfection strategies has expanded over the years, encompass-
ing a wide range of materials as light-to-heat transducers."

Plasmonic nanoparticles (NPs), including those based on noble
metals like Au and Ag, represent a class of unique nanomaterials
because they possess multifunctional properties. These NPs harness
the localized surface plasmon resonance (LSPR) effect,"® promoting
a remarkable sensitivity to the change of the refractive index (1) of
the surrounding medium. They also highly efficiently convert light
into heat and generate hot carriers. These properties make NPs
appealing for achieving innovative biosensors for water monitoring
and PT disinfection. Noble metal NPs exhibit unique plasmonic
properties that can be modulated by varying size and shape.'
Accordingly, the absorption properties of noble metal NPs are
tunable in the visible and near-infrared (NIR) wavelength range,
which accounts for ~90% of the solar spectrum that reaches Earth.
Remarkably, the morphological properties of plasmonic NPs signifi-
cantly impact the n sensitivity and the efficacy of PT disinfection.
Indeed, Loeb and co-workers investigated the PT disinfection cap-
ability of Au nanocubes (NCs) and nanorods (NRs). Their outcomes
revealed a solid link between the morphology and the PT perfor-
mance of Au NPs. In particular, they demonstrated superior PT
disinfection properties for Au NRs."”® In addition, it has been
demonstrated that anisotropic Au nanostructures, including AuNRs,
possess optimal optical performance for realizing highly sensitive
plasmonic-based colorimetric biosensors.'® However, to fully and
simultaneously exploit the detection capability of Au NRs and their
thermo-optical properties, preserving the optical features exhibited
in the colloidal state while immobilizing them on a rigid platform is
crucial. Nanofabrication techniques such as e-beam lithography are
the best for exploiting this possibility. However, these processes are
too expensive and allow only a reduced working area (a few mm?)"’
to be fabricated. To overcome this issue, we have recently reported a
novel technique that exploits a layer-by-layer electrostatic immersion
process that allows the random organization on rigid substrates of
AuNRs, resulting in AuNR arrays."® They exhibit, on a dry state, the
colloidal dispersion’s optical and thermo-optical properties. In
addition, the technique allows an easy scaling up in terms of
large-area fabrication and reproducibility. Moreover, using the same
bottom-up technique to immobilize nanomaterials with different
morphology, size, and composition on several substrates is
possible.””**** Furthermore, the ability of the AuUNR array was
recently demonstrated to achieve PT disinfection of surfaces under
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NIR (resonant), and white light irradiation.** Compared to literature
studies addressing similar issues,**** this device mimics the func-
tionality of an antibody-activated logic-OR gate. Remarkably, the
biosensing performance leverages on the high z sensitivity of AuNRs
with respect to Au NPs. As previously reported,'®**** the proposed
device offers additional advantages, such as an optical transducer
immobilized on a substrate rather than dispersed in a liquid
medium. Moreover, it relies on readily available instruments rather
than requiring a complex facility, thus enhancing its practicality and
accessibility.'®** Additionally, the bioactivation with a suitable
recognition element, such as an antibody, has been effectively
utilized to develop a versatile and reusable biosensor capable of
detecting harmful bacteria in potable water.'”*® Building on these
promising results, we have developed an innovative multifunctional
optical device designed to recognize multiple bacterial strains in
potable water. This device mimics the functionality of an antibody-
activated logic-OR gate. Furthermore, by harnessing the cascade-like
geometry of the same AuNR array, we successfully demonstrated PT
disinfection of tap water contaminated with harmful bacteria under
NIR laser irradiation. Although, as already demonstrated,” the
AuNR array works very well upon white light irradiation, we
performed the experiments using a NIR source to validate the
experimental results using a theoretical model while reducing the
computational time. In particular, the present work points out the
ability of the plasmonic cascade AuNR array to produce a PT heating
that can disinfect the bulk volumes of tap water.

To respect our recent findings,'®*® the present work highlights
two significant advancements: first, our findings demonstrate that
the proposed logic-OR gate plasmonic array can independently or
simultaneously detect various bacterial strains, showcasing the
device’s multiplexing capability. The E. coli and S. thyphimurium
selected for the present work are crucial in implementing POU water
monitoring system. These bacteria are commonly monitored indi-
cators of waterborne pathogens that pose significant risks to public
health. Second, we established the multifunctionality of the platform
by employing it for both pathogen detection and water disinfection
in real time. Indeed, when configured in cascade platforms and
activated by an NIR light source, the AuNR array induces a tem-
perature increase sufficient for effective tap water disinfection. This
evidence is the first demonstration of a disinfection process that
extends beyond the device itself to the surrounding bulk water,
thereby proving the transitiveness of the disinfection mechanism.

Through this experimental investigation, we set the basis to
develop an innovative multifunctional device with the extraordin-
ary capability to selectively recognize bacterial strains and to
generate advanced and affordable PT disinfection strategies that
can be harnessed for effective microbial control in diverse set-
tings, especially in the disinfection of large volumes of water to
make it potable, in particular in disadvantaged areas worldwide.

Experimental
Materials

Glass slides were purchased from Menzel Gldser. Citrate
Capped Gold Nanorods (55 nm x 15 nm, AuNRs) were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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purchased from Nanocomposix, poly(sodium 4-styrenes-
ulfonate) (PSS, M,, 70000 Da), poly(allylamine hydrochloride)
(PAH, M,, 50 000 Da), acetone, isopropanol, and methanol were
purchased from Merck. Sodium chloride (NaCl) was purchased
from Sigma-Aldrich, and NOA-61 was purchased from Norland.
The anti-Escherichia coli antibody 1011 (AbE) was purchased
from Santa Cruz Biotechnology, while the anti-Salmonelia
typhymurium antibody (ab8274, hereafter AbS) was purchased
from Abcam. Escherichia coli (E. coli) K12 strain MG1655 (CGSC
7740) was obtained from the CGSC (Coli Genetic Stock Centre)
collection. Salmonella typhimurium (S. typhimurium) LT2 was
from ref. 27. Chemical minimal mediums for the growth of
bacteria were purchased from Merck or VWR International.
Components for LB medium were obtained from Life Technol-
ogies Italia.

AuNR array preparation

The AuNR arrays were fabricated by optimizing the protocol
described in ref. 18. Glass substrates (1.5 cm x 1.5 cm or
1 cm x 1 cm) were cleaned by sequential sonication for 10 min
in methanol and acetone baths, followed by an intermediate
rinsing step in isopropanol, dried under nitrogen flow and
modified with the polyelectrolytes multilayer (PEM) by assem-
bling the sequence PAH/PSS/PAH.

The PEM was fabricated by sequential immersion of the
glass substrate in PAH, PSS, and PAH solutions (1.6 mg mL ")
for 10 min. An intermediate washing step in NaCl 0.5 M was
performed between two consecutive PE solution immersions.
Finally, the PEM-functionalized glass substrate was rinsed in
water and dried under nitrogen flow. The incorporation of
AuNRs was achieved by immersing the PEM-modified glass
substrate in a water dispersion of AuNRs with an optical density
of 1 (at 790 nm) for 20 h. After the immersion, the resulting
AuNR array was washed with Milli-Q® water, dried with a
nitrogen stream, and stored in the dark. A sketch of the AuNR
array is reported in Fig. SI 1a (ESIY).

UV-visible spectroscopy

UV-visible absorption spectroscopy was used to measure the
optical density of the colloidal dispersion of the AuNRs and for
the optical characterization of the AuNR array. Measurements
were performed using a Lambda 365 spectrophotometer from
PerkinElmer. The measurements were carried out over a wave-
length range of 400 to 1100 nm. To measure the OD600 of
bacterial cell cultures, a diode array spectrophotometer HP8453
(Agilent Technologies) was used.

Scanning electron microscopy analysis

Scanning electron microscopy (SEM) micrographs were obtained
using the high-resolution Scanning Electron Microscopy AURIGA
from Zeiss at the Interdepartmental Research Center on Nano-
technologies Applied to Engineering (C.N.LS.) of Sapienza Uni-
versity of Rome. Micrographs were acquired at magnifications of
100kx and 250kx to characterize the AuNRs array substrate. For
the analysis performed after the biosensing experiments, micro-
graphs were taken at a magnification of 50kx.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Preparation of AuNRs array for SEM characterization follow-
ing the biosensing experiment. The SEM analysis of bioactive
AuNR array immersed in the mixture of E. coli and S. typhimur-
ium, after the biosensing experiment, was performed after a
dehydration and fixing procedure. In particular, the sample was
dehydrated by sequential immersion for 10 min in ethanol/
water solutions at an increasing ethanol percentage: 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, and 100%.

Subsequently, samples were fixed by immersion for 2 h in
2.5% glutaraldehyde in a PBS, pH 7.3 solution and left to dry
overnight. Finally, a thin layer of Cr (5 nm) was sputtered before
inserting the samples into the SEM vacuum chamber.

Measurements were performed at the Interdepartmental
Research Center on Nanotechnologies Applied to Engineering
(C.N.LS.) of Sapienza University of Rome. The ImageJ software
was utilized for performing the statistical analysis of the SEM
micrographs.

Atomic force microscopy characterization

Atomic force microscopy (AFM) measurements were performed
using the AFM Veeco Icon and the AFM Veeco Multimode at the
Interdepartmental Research Center on Nanotechnologies
Applied to Engineering (C.N.L.S.) of Sapienza University of
Rome. The characterization was conducted on an area of
2 um X 2 pm.

Realization of a bio-functionalization chamber

An ad hoc functionalization chamber was realized to bioactivate
the AuNR arrays with two different monoclonal antibodies in
two distinct areas of the array.

The chamber, as depicted in Fig. SI 2 (ESI{), was meticu-
lously crafted. It involved sealing two glass slides (1.5 cm X
1.5 cm) on a glass support (2.5 cm x 2.5 cm), positioned
perpendicular to the glass support plane and at a precise
distance of 0.5 cm from each other. Two additional glass slides
(1.0 cm x 1.5 cm) were then added, each in contact with the
edge of the former glass slides, resulting in a glass chamber
open at the top.

The sealing steps were performed using NOA 61 as a glue
polymerized with a UV gun.

The chamber was sequentially rinsed with methanol and
acetone and dried under a nitrogen stream before use.

Site-specific AuNR array functionalization with two monoclonal
antibodies

The multiplex biosensing experiments were performed using
AuNR arrays, measuring 1.5 cm X 1.5 cm. Each array was
marked with a diamond tip by gently creating a vertical line
on the back side of the array. This line starts from the center
and extends to the bottom of the glass substrate, perpendicular
to the substrate edge, thus dividing the AuNRs array into two
distinct areas: al and a2, respectively.

A micropipette was utilized to introduce 200 pL of a water
solution of AbE 0.01 mg mL™" into the chamber. The a1 of the
AuNR array was immersed and left to incubate for 2 h. It was
rinsed with Milli-Q water and dried under nitrogen flow.

Mater. Adv., 2025, 6, 1107-1118 | 1109
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The chamber was rinsed again, with water, methanol and
acetone, dried and filled with 200 pL of a water solution of AbS
0.01 mg mL '. At this stage, the a2 of the AuNRs array was
bioactivated with the AbS by immersing the a2 side in the
200 pL AbS solution for 2 h. The entire functionalization
process was conducted at room temperature under physiologi-
cal pH conditions. The pH of the solution was monitored using
pH indicator strips. The resulting double-functionalized
AuNRs/AbE/AbS array was rinsed with Milli-Q water and dried
under nitrogen flow, before characterization and biosensing
experiments. The absorption spectroscopic characterization of
the AuNRs/AbE/AbS arrays was performed by separately analyz-
ing the al and the a2 functionalized area with the AbE and AbS,
respectively.

The optical window of the sample holder has an area of
38 mm?. The a1l or a2 area dimensions are 7.5 mm x 15 mm,
corresponding to 112 mm?®. Therefore, when the AUNRs/AbE/AbS
samples are correctly introduced in the absorption spectrophoto-
meter sample holder, performing an absorption measurement
only on the desired area selectively is possible (Fig. SI 3, ESIt).

Simultaneous pathogens identification experiments. Three
20 mL glass beakers were filled with 4 mL of three different
physiological solutions containing E. coli (10° CFU per mL), S.
typhimurium (10° CFU per mL), and a mixture of the two
bacteria, respectively. In particular, the mixed solution con-
tained both the E. coli (10° CFU per mL) and S. typhimurium (10>
CFU per mL).

Three AuNRS/AbE/AbS arrays were immersed in the E. coli
solution, the S. typhimurium solution, and the mixed solution
for 30 min, respectively. Subsequently, after rinsing and drying
steps, the absorption spectrum of the three arrays was mea-
sured by analyzing both the a1 and the a2.

Fabrication of a plasmonic cascade AuNR array

To exploit the thermoplasmonic properties of AuNR array for
PT water disinfection two AuNR arrays were assembled in a
cascade-like configuration.

First, a single AuNR cell was produced to investigate the PT
behavior of an AuNR array. To this end, a few drops of NOA-61
polymer glue (containing monodispersed 10 pm glass
microbead spacers) were placed on the four corners of the
AuNR array. Then, the AuNR array was covered with a 1 cm x
1 cm glass slide. The resulting cell (scheme reported in Fig. SI
1b, ESIt) was sealed for 1 minute under UV light (375 nm,
3.5 mW cm™?) exposure. The AuNR cell possesses a uniform
gap of about 10 um.

The plasmonic cascade AuNR array was fabricated by assem-
bling two AuNR arrays to investigate the PT disinfection proper-
ties. In this process, the polymeric glue NOA-61 was carefully
applied to the corners of one AuNR array, thus enabling the
integration of the second AuNR array on the top. The latter was
placed so that the two arrays were in direct contact, with a
10 pm gap. The resulting cascade AuNR array, illustrated in
Fig. SI 1c (ESIY), was sealed through a 1 min exposure to UV
light (375 nm, 3.5 mW cm™?).
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At this stage, two additional cover glass (CG) slides (1 cm X
1 cm) were integrated on top of the cascade AuNR array using
the same procedure for realizing the cells, resulting in the
AuNR array CG, depicted in Fig. SI 1d (ESIt).

PT characterization of AuNR arrays

For the PT characterization of the AuNR array, an 808 nm con-
tinuous near-infrared (NIR) laser (PowerLine from Coherent) was
employed. The NIR laser beam has a rectangular profile, which
was converted into an almost circular spot utilizing a 20 cm focal
length elliptical lens. A power meter was used to accurately
measure the power of the NIR laser. The temperature changes
induced by the AuNR array’s PT irradiation were quantified using
a FLIR A655sc thermal imaging camera. The camera captures
thermal images at a resolution of 640 x 480 pixels, possessing an
accuracy of £0.2 °C. Seamlessly integrated with FLIR ResearchIR
Max software, it captures and processes the acquired thermal
data, ensuring precision and reliability in the analysis. The PT
characterization with the NIR laser was performed by varying the
laser intensity from 1.193 W cm ™2 to 8.530 W cm™ > The thermal
imaging camera software recorded a 5-minute and 5-second video
for each measure. For the first 5 s of the acquisition time, the laser
was blocked with a shutter, ensuring a stable baseline; then, the
laser was left to impinge the sample for 3 min. The sample was
left to cool down for 2 min, and finally, the thermal imaging
recording was stopped. A deliberate interval was observed
between successive measurements, facilitating the sample’s
return to ambient temperature.

PT optical setup for water disinfection

For PT water disinfection experiments, a CW fiber-coupled
808 nm laser source (MDL-H-808 from CNI Laser) was used.
The laser intensity was tuneable up to a maximum of
2.32 W cm ™%, The optical setup was arranged so that the laser
light irradiates, from the bottom, a 20 mL beaker filled with
1.1 mL of tap water containing the plasmonic cascade of AUNR
array CG. Notably, the geometry of the optical setup was
purposely designed to ensure uniform irradiation of the cas-
cade AuNR array CG. The backer was then placed inside a
polystyrene box (cubic shape, side 20 cm) to provide thermal
insulation, thus minimizing the heating dissipation with the
environment. The high-resolution thermal camera (see Section
2.7 for details) was used to record the temperature variation of
the water bulk during the irradiation. The setup also includes a
thermometer with a temperature probe PT56L (Thermo Scien-
tific) to validate measurements obtained from the analysis of
thermographic images. The thermometer has a diameter of
3 mm, a probe length of 200 mm, and an accuracy at 100 °C of
+0.16 °C. Data acquisition with the thermometer was per-
formed using the RealTerm software.

Bacteria growth and counting

E. coli K12 MG1655 was used for the experiments (always
performed in duplicate). For bacterial growth, a single colony
from a freshly streaked plate was inoculated into 2 mL of minimal
medium E supplemented with 0.4% glucose (EG medium),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pH 7.0,>° and bacteria were allowed to grow overnight under
orbital shaking (150 rpm) at 37 °C. The following day, the OD600
of each overnight culture was registered by diluting 100 pL into
900 pL of sterile saline solution (0.9% w/v NaCl in water). The
bacterial density was therefore calculated using the conversion
factor OD600 1.0 =5 x 10° colony forming units (CFU) per mL and
by testing the exact value by plating appropriate dilutions of each
overnight culture. A 10° CFU per mL stock was then prepared in
physiological solution and used for biosensing or disinfection
experiment.

S. typhimurium LT2 was growth in 2 mL of Luria Bertani (LB)
medium at 37 °C under orbital shaking, overnight. After growth,
bacterial cells were collected by centrifugation at 4300 rpm for
10 minutes. The spent supernatant was removed and the pellet
was reconstituted in an equal saline solution. The concentration
in CFU per mL was determined through serial dilution and
plating on Luria Bertani (LB) plates, with subsequent growth at
37 °C, yielding a concentration of 1.17 x 10° CFU per mL.

For E. coli disinfection experiments, further dilutions,
according to the experimental setup, i.e., approx. 6 x 10* CFU
per mL in tap water were used. During the irradiation time,
an aliquot (100 pL, corresponding to the starting material of
6 x 10° CFU) was taken from the beaker at each time point.
The bacteria that had survived the treatment were counted by
plate counting following overnight recovery in LB agar plates at
37 °C. Only for the last point (i.e., 60 min) was all the residual
volume (on average 350 pL, corresponding to the starting
material of 2.1 x 10* CFU) used for plating.

Numerical simulations

Finite element method (FEM) simulations were carried out to
investigate the wavelength-dependent electromagnetic (EM) absorp-
tion spectrum of the AuNR array and estimate PT effects triggered
by the NIR irradiation of AuNRs. Modeling of the structure under
analysis, performed by COMSOL Multiphysics™, Sweden commer-
cial software, was targeted to simulate the excitation of LSPR modes
on the AuNR array and the numerical estimation of laser power
absorption upon thermal relaxation of EM oscillations. Evaluating
energy conversion at the nanoscale allows the validation of the
theoretical modeling of heat transfer mechanisms and the assess-
ment of the overall PT efficiency of the AuNR array.

Results and discussion
Optical, morphological and PT characterization of AuNR array

The biosensing performance of the proposed AuNR/AbE/AbS
array strongly relies on the sensitivity of the longitudinal
plasmon band (LPB) wavelength to n changes. To fully exploit
the n sensitivity of AuNRs, as well as the PT properties a
worthwhile approach is to reproduce on a solid support the
optical feature of a AuNR colloidal dispersion.'® In this per-
spective, we optimized a previously reported protocol based on
the immersive layer-by-layer (or LbL) PE assembly technique.*®
We selected PAH and PSS as suitable PE because they efficiently
promote the successful incorporation of AuNRs on a glass

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

substrate, giving rise to a stable and uniform AuNR
array.'®?%2° The PEs were dissolved in NaCl 0.5 M, thus benefiting
from the effect of the ionic strength. Indeed, Na* and Cl~ ions at
molar concentrations higher than 0.2 M exert a charge shielding
effect which reduces the accumulation of PE molecules with the
same electrical charge (electrosteric repulsion),®® promoting,
instead, the electrostatic attraction of the PEs with opposite charge.
Moreover, Na" and CI™ ions create a bilayer between two PE layers
with an opposite charge. These two effects significantly increase the
electrostatic attraction between cationic and anionic PE and, con-
sequently, strengthen their adhesion.*"

The absorption spectrum of the resulting AuNR array is
reported in Fig. 1a. It shows a transverse plasmon band centred
at 513 nm and a LPB at 763 nm. The LPB has a full-width half
maximum (FWHM) of 103 nm. Therefore, the plasmon bands
are sharp and symmetrical and resemble the optical features of
the respective AuNRs colloidal dispersion, shown in Fig. 1b.
Moreover, as detailed in Section SI 4 of ESI,{ the AuNRs’ LPB
position is sensitive to n variations.

These features suggest sample uniformity and the absence
of AuNR aggregates. The topographic analysis obtained by AFM
and reported in Fig. 1c also indicates a uniform AuNR distribu-
tion. It shows an even distribution of asperities with an
anisotropic morphology compatible with AuNRs. The height
profile in Fig. 1d highlights that most of the asperities exhibit a
height between 5 and 15 nm. Such a dimensional range is fully
compatible with the shorter dimension of AuNRs. Moreover,
Fig. 1c and d highlight the presence of some asperities higher
than 10 nm, suggesting that some AuNRs are vertically oriented
on the PEM. However, it’s noteworthy that most nanostructures
exhibit heights below 10 nm, suggesting the partial embedding
of AuNRs within the PEM. Such experimental evidence sup-
ports the role played by the PEM as ‘“‘glue molecules” accom-
modating AuNRs and ensuring their firm incorporation.

The AuNR array morphology was analyzed by SEM and
reported in Fig. 1e and f. It points out a uniform distribution
of the AuNRs with a fill fraction equal to 18.33. The even AuNRs
distribution and the absence of aggregates are pivotal factors
contributing to the remarkable optical properties observed in
Fig. 1a. The spherical objects are noticeable in Fig. 1f and can be
safely associated with vertically oriented AuNRs, previously
evidenced in the AFM characterization. The SEM micrographs
(Fig. 1e and f) were analyzed in detail using the ImageJ software,
allowing us to perform a comprehensive statistical analysis (see
Section SI 5 of ESIi for more information). The statistical
analysis encompassed several parameters, including the AuNRs’
length, the interparticle distance, and the AuNRs’ orientation,
with respect to the vertical and horizontal axes. The statistical
analysis conducted on the length of the AuNRs revealed that the
mean value AuNRs length is 51.5 nm + 3 nm, in agreement with
the datasheet provided by the seller. The statistical distribution
can be considered still Gaussian, although a percentage prob-
ability of 16% (see Section SI 5 of ESIL, and Fig. SI 5a)

The average distance between AuNRs was determined by
measuring the length of the shorter segment connecting one
selected AuNR with the four nearest AuNRs. The statistical
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Fig. 1 Absorption spectrum of a representative AUNR array (a). Absorption spectrum of the AuNR colloidal dispersion (b). AFM image of the AuNR array
(c) with the respective height profile (d) obtained along the green line presented in panel c. SEM micrograph of the AuNR array measured at 100kx

magnifications (e) and 250kx magnifications (f).

analysis reveals that the interparticle distance values reported a
normal distribution centred around the mean value of 75.4 +
18.8 nm (see Section 5.2 of ESL,1 and Fig. SI 5b).

To get insight into the AuNR’s orientation, we considered
the angle formed by AuNRs with respect to both the horizontal
and vertical axes, giving rise to the horizontal and the vertical
angles, respectively. The angles measured in our analysis
ranged from 0° to 180°, with an average value of 84.9° and
80.3° for the horizontal and the vertical angle, respectively
(Fig. SI 5c and d, ESIf). However, according to the chi-square
test, the AuNRs orientation with respect to both the horizontal

M2 | Mater. Adv, 2025, 6, 1107-1118

and the vertical axes can be considered statistically random, as
detailed in Section SI 5.3 of the ESIL.t

Simultaneous detection of E. coli and S. typhimurium by the
logic-OR plasmonic biosensor

The AuNR array was utilized to realize a plasmonic biosensor
whose optical behaviour mimics a logic-OR gate, sketched in
Fig. 2a. The biosensor is designed to recognize E. coli and S.
typhimurium cells dispersed in water either separately or
simultaneously. To this end, the AuNRs array was functiona-
lized using two monoclonal antibodies (Abs), the AbE and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ADS, as biorecognition elements. The two Abs were incorpo- double Ab-functionalization was realized using the lab-made
rated in two distinct areas of the AuNRs array, namely al and a2  system schematized in Fig. SI 2 of ESL¥

for the AbE and the AbS, respectively, as represented in Fig. 2b, Fig. 2c-h show the absorption spectra of three AuNRs arrays,
resulting in the AuNRs/ADE/AbS plasmonic biosensor. The analysed in the a1l area (c, e and g) and in the a2 area (d, f, and
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Fig. 2 Symbol of an OR gate presented according to the American National Standards Institute convention (a). Scheme of the AuNRs/AbE/AbS array
realized to recognize E. coli in al s and S. typhimurium in a2, selectively (b). Normalized absorption spectrum of the al area (c) and a2 area (d) of an
AUNRSs/AbE/AbS array immersed in a 10° CFU per mL E. coli solution. Normalized absorption spectrum of the al area (e) and a2 area (f) of an AUNRs/AbE/
AbS array immersed in a 10% CFU per mL S. typhymurium solution. Normalized absorption spectrum of the al area (g) and a2 area (i) of an AUNRs/AbE/ADS
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micrographs were acquired at a magnification of 50kx.

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 1107-1118 | 1113


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00978a

Open Access Article. Published on 02 January 2025. Downloaded on 4/6/2026 6:29:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

h), identified as purple curved. The bioactivation resulted in
three identical AuNRs/AbE/ADbS plasmonic biosensors (AuNRs/
ADE/AbS_1, AuNRs/AbE/AbS_2 and AuNRs/AbE/AbS_3). They
were independently characterized in the al and the a2 area to
assess the successful Ab incorporation.

The Ab functionalization produced a red-shift of the LPB
both in the a1 and in the a2. In particular the AbE incorpora-
tion determined an average LPB red shift (A1) of 27 nm, (see
orange curves in Fig. 2c, e and g) while the introduction of the
ADS caused an average A/ of 23 nm as evidenced by the red
curves in (Fig. 2d, f and h).

At this stage, the AuUNRs/AbE/AbS_1 sample was immersed
in a physiological solution of E. coli at 10> CFU per mL, rinsed,
dried, and then analyzed using absorption spectroscopy.

This resulted in a AZ of 7 nm in the a1 (shown by the pink
curve in Fig. 2c), while the LPB remained unchanged in the a2
(Fig. 2d). When the AuNRs/AbE/AbS_2 biosensor was immersed
in a 10° CFU per mL solution of S. typhimurium, a negligible A/
(1 nm) was observed in the a1, while a shift of 12 nm occurred
in the a2 (as indicated by the green curves in Fig. 2e and f).
Finally, the AuNRs/AbE/AbS_3 sample was introduced into a
mixture containing both E. coli and S. typhimurium, each at 10°
CFU per mL. This resulted in a A4 of 10 nm in the a1l and 11 nm
in the a2, as shown by the blue curves in Fig. 2g and h,
respectively. The experimental data in Fig. 2c-h demonstrate
that the al peak of the AuNRs/AbE/AbS specifically detects
E. coli, while the a2 peak specifically detects S. typhimurium,
in accordance with the biosensor’s functionalization. Notably,
the AuNRs/AbE/AbS plasmonic biosensor has proven capable of
independently and simultaneously detecting E. coli and S.
typhimurium when both bacteria are present in the analyte
solution.

The optical response of the AuNRs/AbE/AbS arrays closely
mimics the behaviour of a logic OR-gate, as shown in the table
in Fig. 2i. The bioactive plasmonic nanoplatform generates a
positive output (1) when one or both target bacteria are
detected, corresponding to the logic states: 10, 01, or 11. In
contrast, it produces a negative output (0) when neither bacter-
ium is present, corresponding to the 00 logic state. This binary
response accurately reflects the function of an OR-gate, where
the output is true if at least one of the inputs is true. Thus, the
system effectively translates biological detection into a digital
logic function, highlighting its potential for advanced biosen-
sing applications. Moreover, the AuNRs/AbE/AbS can produce
distinct output (10 and 01), effectively excluding cross-reactivity
between E. coli and S. typhimurium. Additionally, selective
detection is ensured using monoclonal antibodies for strong
specificity. The SEM micrographs in Fig. 2j and k emphasize
the role of the AuNRs array bioactivation.

The SEM analysis of the a1 and a2 areas of the AuNRs/AbE/
AbS_3 sample, performed after the biosensing experiment,
evidences that E. coli cells and S. typhimurium cells are captured
in two distinct areas of the AuNRs/AbE/AbS_3. Here, the anti-
bodies trap the bacteria on the AuNRs/AbE/ADbS arrays and at
simultaneously initiate the specific antigen-antibody binding,
leading to a specific optical response.
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Photothermal characterization of AuNR array

To investigate the multifunctionality of the logic-OR gate
plasmonic biosensor for PT pathogen disinfection, a detailed
thermoplasmonic study was performed and reported in Section
SI 6 of ESL.{ Experimental data highlight the increase in Tyax
values as the laser intensity increases, reaching a ATy.x of
54.7 °C when the intensity was set at 8.53 W cm ™2,

Our experimental study was robustly supported by comprehen-
sive numerical simulations, as meticulously detailed in Section SI 7
of ESL{ From an optical perspective, the numerical results (see
Sections SI 7 and SI 8 of ESIt) pertaining to the absorption spectrum
of the AuNR array not only confirmed the experimental findings but
also provided additional insights. These insights included the
relationship between the FWHM (Fig. SI 8a, ESIt), the distribution
of the AuNRs’ length deviation, and the effect of the partial
submersion of AuNRs in the PEM, as experimentally evidenced by
the AFM characterization (Fig. 1c). Furthermore, Fig. SI 8b (ESIt)
demonstrates the thoroughness of our research process, as it shows
a satisfactory agreement between the theoretical curves and the
experimental results for each NIR laser intensity value. This level of
agreement instils confidence in the reliability of our findings.

Leveraging the results obtained by PT characterization and
numerical simulation, we investigate the proposed device as a
high-performance thermo-optical transducer for bulk water
disinfection.

To this end, two AuNR arrays were used to fabricate a
cascade-like system, namely AuNR array CG, whose optical

(a)

0.20

Cascade AuNR array
Cascade AuNR array CG
Cascade AuNR array CGW

0.15

0.05

0.00
400

600 700 800 900 1000 1100
Wavelength (nm)

500

Fig. 3 Absorption spectra of the cascade AuNR array, cascade AuNR array
CG, and cascade AuNR array infiltrated with water (cascade AuNR array
CGW) (a). Digital picture of the cascade AuNR array CG (left) and schematic
representation of the cascade AuNR array CG (right) (b).
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properties are reported in Fig. 3a and sketched in Fig. 3b and
Fig. SI 1d (ESIt). This cascade-like system was purposely chosen
to amplify the PT properties of the single AuNR array, thus
achieving a PT device that can generate a temperature increase
that is fully suitable for performing PT water disinfection.
The absorption spectrum of the cascade AuNRs (Fig. SI 1c,
ESIT), shown in the magenta line of Fig. 3a, displayed the LPB
at 763 nm, at the same wavelength as the AuNR array (Fig. 1a).
Moreover, interference fringes appeared in the spectra due to light
interference in the gap between the two AuNR arrays incorporated
one on top of the other. Upon modification to create the cascade
AuNR array CG (illustrated in Fig. 3b and Fig. SI 1d, ESIt), the LPB
position remains unchanged, as evidenced by the dark red line in
Fig. 3a. However, upon infiltration with water (n = 1.33), a A/ of
the LPB to 810 nm is observed, as depicted by the blue line in
Fig. 3a. Fig. 3a shows that interference fringe patterns changed as
additional gaps were introduced from the cascade AuNR array to
the cascade AuNR array GC (Fig. 3a, dark red line). However, the
position of the longitudinal peak remains unchanged. Conse-
quently, the observed red-shift is primarily due to the LPB effect
caused by water infiltration and not to interference fringes, which
are simply an optical artifact from the cell’s physical configu-
ration. This shift aligns the LPB resonance with the emission
wavelength of the NIR laser source (1 = 808 nm) employed in our
study. Consequently, the PT behaviour of the plasmonic AuNR
array CG was characterized to assess the suitability of this system
as a thermo-optical transducer for water disinfection experiments.

Photothermal characterization of plasmonic cascade AuNR
arrays and photothermal disinfection experiments

The PT response of the cascade AuNR array and the cascade
AuNR array CG was investigated using the thermo-optical setup
(Fig. SI 11a, ESIt) realized for PT disinfection experiments.

This meticulous PT study was carried out and reported in
Section SI 9 of the ESI.+ We focused our analysis on the average
temperature values measured in tap water, as they are the values
experienced by bacteria cells during PT water disinfection.

Experimental data evidenced the suitability of the AuNR
array CG as a thermo-optical transducer for disinfection of bulk
water, based on two effects.

The first is the role played by the n of the surrounding
medium, as the immersion of the cascade AuNR array CG in
water, shifted the LPB at a wavelength in resonance with the NIR
laser emission wavelength, thus maximizing the PT heating.

The second is the effect of the thermal conductivity of the water.

Indeed, the higher average temperature values obtained in
water (35.9 °C) than in a dry state (27.6 °C) (see Fig. SI 11b and
¢, ESIt) are imputable to the thermal conductivity of water
(0.5918 W m~ " K' at 20 °C) that is higher to the thermal
conductivity of air (0.025 W m ™' K" at 20 °C).

By replacing the thermal camera with a digital contact
thermometer (Fig. SI 12a of ESIt), we obtained more accurate
bulk temperature values, validating the experimental data
obtained with the thermal camera.

Indeed, at the end of irradiation, the digital contact thermo-
meter measured an average temperature value of 38.8 °C. This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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value is consistent with the data obtained from the analysis of
thermographic images (Fig. SI 11c, blue line, ESI{) but also
evidence of a uniform heat distribution throughout the volume
of water in 30 minutes of illumination.

The optical set-up and the experimental procedure for PT
water disinfection were further improved by introducing an
isolating container and extending the irradiation time to
50 min.

This improvement led to a temperature increase to 59.1 °C
(Fig. SI 12c, blue line, ESIt). As this value is known to induce
bacteria inactivation,'”'® these experimental conditions were
used for performing PT disinfection experiments after further
validation.

While based on the same platform, the devices used for
photothermal disinfection and biosensing are distinct. Specifi-
cally, the biosensor is biofunctionalized, whereas the cascade
AuNR platform employed for photothermal disinfection is not.
This distinction underscores the versatility of the platform
while mitigating concerns about cross-effects. Moreover, the
maximum temperature achieved during photothermal disin-
fection experiments remains below the 80-90 °C threshold
required for antibody denaturation.”® These factors confirm
that the photothermal properties utilized for disinfection do
not compromise the biosensing functionality of the platform.

An additional PT experiment was carried out using the
thermal camera and the digital immersion thermometer to
measure the time-temperature profile. The setup in Fig. SI
12a (ESI{) was utilized. During 60 min of NIR laser irradiation,
the isolating box was opened at regular intervals (for 3 s) to
capture the thermographic images.

The experimental data reported in Fig. 4a (cyan dots) are
consistent with the bulk temperature values obtained from the
thermometer and shown in the red line of Fig. 4a. This data set
demonstrates that the system’s eventual and momentary per-
turbation did not significantly alter the heating process.

The experimental data unequivocally state the capability of
the plasmonic cascade AuNR array CG to achieve PT disinfec-
tion of tap water through PT heating. Hence, the configuration
outlined in Fig. SI 12a (ESIf) was employed to conduct PT
disinfection experiments utilizing the cascade AuNR array CG
for PT heating. In these experiments, a glass beaker was filled
with 1.1 mL of tap water deliberately contaminated with E. coli
cells (selected as the model pathogen), yielding a bacterial
concentration of 6 x 10* CFU per mL. At scheduled time
intervals, the lid of the insulating container was shortly opened
to allow the withdrawal of 100 pL of contaminated tap water
from the beaker. Subsequently, the aliquot was transferred into
a sterile Eppendorf tube and, where necessary (i.e., time 0, 10,
and 20 min), dilutions in physiological solution were made
before plating out so to have a number of bacteria on the LB
agar plate appropriate for counting. The results reported in
Fig. 4e evidence a progressive decrease in the E. coli concen-
tration (viability) during the irradiation time. In particular,
after 30 minutes of irradiation, no viable cells were detected
resulting in a E. coli concentration decrease by more than four
orders of magnitude.
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Fig. 4 Temperature value as a function of irradiation time, recorded via

a digital contact thermometer (red line) and thermal camera (cyan dots)

(a) thermographic images of the beaker filled with 1.1 mL of tap water obtained before irradiation (b), after 30 min of irradiation (c) and at 60 min of
irradiation (d). The white circle in (b), (c) and (d) indicates the ROI. Viability of E. coli cells as a function of irradiation time during the PT disinfection
experiment; the mean value is reported as calculated CFU mL™* with the corresponding standard error of the mean (e). In the inset of (e), a schematic of

the beaker containing contaminated water and the AuNR array CG sample.

Conclusions

This work presents the development, characterization, and
validation of a multifunctional AuNR array fabricated using the
LbL assembly method. The array’s optical, morphological, and
PT properties are experimentally investigated and validated by
numerical simulations. The AuNR array is functionalized with
monoclonal antibodies specific to E. coli and S. typhimurium to
enable multipathogen detection. The AuNR array mimics the
behaviour of a logic OR-gate, where the LPB red-shifts when one
or both bacteria are present. At the same time, no shift occurs in
bacteria-free water. This selective detection, confirmed via
absorption spectroscopy and SEM microscopy, allows simulta-
neous identification of the pathogens in water using simple
spectroscopy. A cascade AuNR array shows a shift in the LPB

1116 | Mater. Adv., 2025, 6, 1107-1118

is reported.

from 750 nm to 808 nm upon water infiltration, aligning with
NIR laser emissions for effective PT disinfection. The array
raised the water temperature to 59.1 °C in 50 minutes, leading
to the complete disinfection of E. coli-contaminated water in 30
minutes, reducing the E. coli viability by about five orders of
magnitudes. The AuNR array remains reusable and has stable
optical properties over several months. These findings highlight
the potential for cost-effective water monitoring and purification
technologies, particularly in regions with water scarcity. The
proposed system can be easily integrated with a microfluidic
chamber in the future to enable the multiple and simultaneous
detection of pathogens and chemical compounds relevant to
water safety. Ongoing research aims to optimize PT performance
under solar light, scale up treated volumes, improve biosensing
sensitivity, and perform multiple pathogens detection.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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