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ABSTRACT: Recent advancements in medical science have
ushered in the era of “Personalized Medicine,” which tailors
treatments to individual genetics, lifestyle, and environmental
factors. A cornerstone of this approach is continuous monitoring
and adjustment of treatment regimens to optimize effectiveness
while minimizing side effects. In therapeutic drug monitoring
(TDM), crucial for drugs like doxorubicin (DOX) with severe side
effects, traditional methods such as spectrofluorimetry and
chromatography are utilized, but they suffer from cost and
complexity issues. Biosensors, especially those leveraging Localized
Surface Plasmon Resonance (LSPR) and surface-enhanced Raman
spectroscopy (SERS), offer a promising alternative. This study
focuses on developing a cost-effective plasmonic biosensor using
gold nanoislands semiembedded in a glass substrate. The LSPR platform, based on gold nanoislands (Au NIs) with an average
diameter of 23 nm, offers a rapid method for ultrasensitive, label-free detection of DOX in biological fluids up to the nanomolar
range, even in diluted (1:10) and undiluted blood serum samples from cancer patients receiving the drug. The method capitalizes on
the extraordinary adhesion between the nanoislands and the glass matrix, preserving plasmon integrity while enhancing the electric
field surrounding the nanoislands for improved sensitivity. Moreover, by exploiting nanoislands with Au/AlL,O; core/shell structures
with an average diameter and gap of about 70 and 7 nm, respectively, highly efficient SERS-active platforms are created, enabling the
detection of ultralow DOX concentrations down to picomolar range, where the LSPR system is insensitive. The combined use of
both systems enables the detection of DOX across a broad range, from low to high nanomolar concentrations, in biological fluids.
This integration of semiembedded nanoislands presents a scalable and multifunctional approach suitable for point-of-care
diagnostics, offering reproducible and stable characteristics over time.
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1. INTRODUCTION

Recent advancements in medicine and technology have given
rise to the era of “Personalized Medicine,” a paradigm that
tailors therapies to individual lifestyle, genetic variations, and
environmental factors. This approach involves identifying

treat various solid tumors,®™> disrupts cellular DNA, halting
cell proliferation.”’

Traditional quantification of DOX levels in biological fluids
relies on analytical techniques like spectrofluorimetric
measurements and chromatographic methods, including High

unique physiological parameters for each patient to customize
effective treatment regimens. Personalized medicine also
emphasizes continuous monitoring of patient care cycles and
health data, allowing for dynamic adjustments to meet
individual needs, such as personalized drug dosages and
durations to optimize therapeutic efficacy while minimizing
adverse side effects.”

In the realm of therapeutic drug monitoring (TDM), a
critical task for drugs with substantial toxicity profiles,
doxorubicin (DOX) stands out due to its severe side effects.
DOX, an anthracycline antineoplastic agent widely used to
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Performance Liquid Chromatography (HPLC) coupled with
mass spectrometry.” " While HPLC and mass spectrometry
offer enhanced sensitivity compared to spectrofluorimetric
procedures, they are also more time-consuming and expensive
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and require specialized personnel and laboratories. Con-
sequently, the results cannot be obtained in real time at the
patient’s bedside.

In contrast, biosensors offer a promising alternative,
characterized by their cost-effectiveness, versatility, and rapid
response times. This class of devices includes various types of
biosensor, such as electrochemical and optical sensors.'' ™"
Optical biosensors based on the surface plasmon resonance
(SPR) effect are particularly noteworthy due to high sensitivity,
simplicity of design and large-scale production.'® In particular,
localized surface plasmon resonance (LSPR)-based devices
represent the last frontier for label-free biosensors capable of
exploiting the phenomenon of plasmon resonance to measure
low concentrations of analytes, drug discovery, and screening.
Noble metal nanoparticles (NPs) were extensively used in
LSPR-sensors for their sensitivity to variations in the refractive
index (RI) upon molecular interactions at the metal surface,
leading to a shift of the resonance peak wavelength.'”~*' The
effects of the particles’ size, shape, spatial organization, and
surface coating on the analytical performance of the resulting
sensors have also been investigated.”” ™"

Surface-Enhanced Raman Spectroscopy (SERS) stands out
as an alternative and highly sensitive technique for TDM.*
This method provides fingerprint-type molecular recognition
characteristic of vibrational spectroscopic techniques and offers
high Raman signal amplification, resulting in a sensitivity 10*—
10° times greater than classical Raman spectroscopy. SERS
enables the detection of single molecules, and various
substrates have been proposed with detection limits in the
nanomolar (nM) range.”**°

The widespread use of Au nanostructures across numerous
research areas’’ has driven the development of two primary
fabrication techniques based on top-down and bottom-up
approaches. While electron-beam lithography (EBL) and
nanoimprint lithography (NIL) offer high-precision control,
they are constrained by high costs, small-area processing
capabilities, limited processing areas, and the need for
sophisticated and expensive equipment. Conversely, self-
assembly, dip coating, and electrochemical deposition are
scalable techniques suitable for large-area fabrication, although
these methods can be time-consuming and labor-intensive.

In this study, a low-cost, lithographic-free, and readily
manufacturable plasmonic biosensor was developed utilizing
gold nanoislands, semiembedded into commercial inexpensive
glass substrates for ultrasensitive label-free detection of DOX
in various biological fluids.

The use of glass makes the dewetting process advantageous
over other emerging plasma technologies, ie., microplasma
(MP), for the fabrication of plasmonic nanostructures which
typically require a conductive layer such as indium tin oxide
(ITO). The inclusion of ITO can alter the plasmon
characteristics, thereby diminishing the performance. Addi-
tionally, MP necessitates a porous substrate for efficient mass
transport, particularly for large surface areas.’”’® The
distinctive feature of our platform lies in the extraordinary
adhesion between the nanoislands and the glass matrix that
preserves the plasmon integrity while concurrently amplifying
the electric field surrounding the NIs. This enhancement
significantly improves the efficiency of DOX detection,
achieving nanomolar sensitivity, as with classical LSPR
spectroscopy.

Tailoring Au nanoislands into Au/Al,O; core/shell nano-
structures, through dielectric coating, allows the generation of
highly efficient SERS-active structures

Owing to its well-established biocompatibility,** ALOj is an
excellent candidate for precisely regulating electron and energy
transfer between adjacent Au nanoislands (Au NIs) and DOX
molecules. Additionally, Al,O; facilitates a more pronounced
LSPR shift and intensifies local electromagnetic (EM) field
strengths compared to SiO,, both of which were tested for this
platform. This tailored design enables the sensitive detection of
ultralow DOX concentrations in the picomolar range.

Therefore, the integration of semiembedded nanoislands,
based on Solid State Dewetting (SSD), represents a strategy
for creating a large-area, multifunctional platform suitable for
point-of-care and real-time health diagnostics, with highly
reproducible and stable characteristics over time. Furthermore,
appropriate functionalization of the platform with an organic
linker opens up possibilities for innovative nanoplasmonic
bioapplications, including virus detection, tumor detection,

biological imaging, and drug detection.**°

2. EXPERIMENTAL METHOD

2.1. Materials. Gold (99.99% purity) was purchased from
Umicore (Belgium), doxorubicin and fetal bovine serum (FBS)
were purchased from Sigma-Aldrich, and ultrapure water (resistivity
18.2 MQ-cm) was used for solution preparation and sensor surface
washing. Human serum (HS) samples were provided by the National
Center of Oncology of the Republic of Azerbaijan (Baku, Azerbaijan).

2.2. Fabrication Process of Au NIs and Au/Al,0; Nls. Gold
nanoislands were fabricated through thermal evaporation of gold onto
microscope glass slides (25.4 mm X 76.2 mm, 1.0 mm thick) followed
by thermal dewetting. In each step, a S nm thick gold layer was
evaporated onto the slide without the need of any adhesion layer and
then annealed in air at 585 °C. The heating ramp rate was set to 20
°C min™!, followed by 3 h of soaking time at the maximum
temperature. This cycle (Au deposition/thermal dewetting) was
repeated three times. The first dewetting defines the mean spatial
period of the NI disordered array, while the next two cycles promote
the lateral growth of the formed NIs. Then, a thin aluminum oxide
shell was deposited by using a plasma-enhanced atomic layer
deposition (PE-ALD) from Senthec Instruments. In detail, the ALD
walls were preheated at 100 °C for 2 h and, all of the delivery lines
were heated at 120 °C to prevent precursor condensation. The reactor
chamber pressure was set to 20 Pa. The metalorganic precursor
trimethyl-aluminum Al(CH;); (TMA, from Strem Chemicals inc.),
kept at room temperature (RT), and O,-plasma were used as
aluminum and oxygen sources, respectively. Nitrogen (N,) gas, at a
flow rate of 40 sccm, was used as a carrier for the TMA precursor and
for the purging step. A radio frequency (RF—13.56 MHz) remote
plasma source at a power of 200 W was used to create oxygen plasma.
The ALD cycle consisted of a TMA pulse (80 ms) followed by a 2 s of
plasma exposure. Two purging steps with nitrogen (99.9995%) for 3
and 1 s, respectively, were needed to remove any unreacted precursors
(total time of each cycle equal to 6.08 s). The nominal growth rate
per cycle, determined to be 0.06 nm, led to the repetition of the
process for 100 cycles at a deposition temperature of 100 °C (around
6 nm). This growth rate was estimated by measuring the thickness of
a film of AL,O; deposited on a silicon substrate under similar
conditions, using a spectroscopic ellipsometer (SE) J. A. Woollam M-
2000 system in the Vis/NIR range (450—850 nm) at three angles of
incidence (70, 75, 80°).

The model used to fit the SE data consisted of three layers: silicon
for substrate,”” native silicon oxide,*® and dielectrics as top layer. In a
simplified picture, a Cauchy model was used for fitting y (1) and A
(4) acquired for Al,Oj layers, as generally used for ALD oxides.*
Each fit was considered reliable when the mean square error (MSE),
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Figure 1. (a) Schematic illustration of Au NIs after three consecutive gold deposition/thermal dewetting cycles and alumina deposition. The
images of the glass slides covered by Au NIs, after each fabrication step, show the color changes due to the different LSPRs. Scanning electron
microscopy (SEM) images of gold NIs after different deposition/dewetting steps: 1st (b) and 3rd cycles (c) and after alumina deposition ((d)—
3rd@ALO3), scale bar equal to 200 nm, respectively. The average diameter was estimated using “Image]” software before (e) and after (f) AL O,
deposition on NIs. The Al,O;-coated sample was analyzed with two different detectors of secondary electrons: the ET detector selectively detects
gold material at the nanoisland scale; conversely, the InLens detector reveals fine structures invisible to the ET detector, allowing visualization of
the alumina shell. (g) Distribution of gap sizes among the Al,O;-coated nanoislands. The histograms of parts (f) and (g) were obtained using 71
and 100 samples, respectively. Gaussian fits were applied for interpolation, resulting in R-squared values of 0.9642 (ET) and 0.9443 (InLens) for (f)

and 0.98105 for (g).

defined as mean of the square of the difference between experimental
and estimated values, was below 5.

2.3. Morphological Characterization. Surface topography of
gold and gold/alumina NIs was recorded by using a Zeiss Merlin
scanning electron microscope at low energy (5 keV). The sample with
AL O; was analyzed with two different detectors of secondary
electron: “Everhart-Thornley” (ET) detector enables to detect only
gold material at the nanoisland scale; conversely, the “InLens” detects
fine structures that are invisible to ET detector; hence it is possible to
appreciate also the alumina shell. The images were analyzed by using

18726

the open-source software “Image]” to measure the size and shape
distribution of the NIs.
2.4. Surface Wettability and Contact Angle Measurements.

Static contact angle measurements were performed at room
temperature (RT) using a CAM 200 instrument (KSV Instruments
Ltd., Finland) by depositing 25 L of water or 10% FBS in water
(with or without DOX) onto Au NIs. Each data point represents the
average of the left and right contact angles measured in three different

regions of the surface. The error bars represent the standard deviation.
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2.5. Optical Characterization of the Gold Nanoislands. The
optical characterization of the interaction between Au NIs and DOX
was carried out by using two different optical setups.

The first homemade optical setup, placed at the CNR Institute of
Nanotechnology (Italy), was used for the optical measurements with
DOX dissolved in ultrapure water and 10% FBS. Each spectrum is the
average of 20 measurements. A glass slide was used as the blank. The
transmission/extinction measure was performed in solution-like
conditions: 25 uL of DOX solution (dissolved either in water or
10% FBS) was dropped onto the NIs and, after 1 h incubation, a glass
coverslip was placed onto the sample prior to be measured. The
control sample was prepared by dropping 25 uL of the solvent (either
water or 10% FBS) onto the glass slide and placing the glass coverslip
after the incubation time.

To set the titration curve, 12 different samples with an average
LSPR peak of (552.8 + 0.8) nm and a relative standard deviation of
0.15% were used.

The second setup, a Shimadzu UV-2700 spectrophotometer,
located at the Institute of Biophysics of the Ministry of Science and
Education (Azerbaijan), was used for optical measurements (trans-
mission/extinction) of the human serum samples from patients who
had undergone DOX administration. Human serum samples were
collected 1 h after the administration of DOX (110 mg) to patients.

Untreated glass was used as a blank in the spectrophotometric
measurements, while healthy human serum blood was used as a
control sample. As already described, 25 pL of human serum was
deposited onto NIs and incubated for 1 h on a shaker in the dark.
Soon after, the Au Nls-glass samples were slowly dried at room
temperature and measured.

2.6. Estimation of DOX Binding to Au Nis. In DOX titration
measurements, the shift of the extinction maxima was used to estimate
the dissociation constant (Kj). The experimental data were fit to the
following well-known Hill-Langmuir equation:

A2, X [DOX ]
K, + [DOX 4"

where DOXy is the titrated total concentration, n is the Hill
coefficient suggesting the cooperativity of binding, and AA,,,
corresponds to the maximum shift of the extinction maxima during
titration experiments. In this equation, the DOX; ~ DOXg,.
approximation is used, which is applicable because the concentration
of DOX significantly exceeds that of Au NIs on the surface of the
glass; the c is constant to account for the vertical shift of baseline. Ky =
(Ky)", and K, is the ligand concentration that produces half
occupation of the binding sites. The Ky values for DOX in water
and FBS were estimated by global fitting the titration data to this
equation with the nonlinear least-squares method. The values of
Al ox and n are global parameters in the fitting procedure.

2.7. SERS Measurements with Au/Al,O; Nis. SERS measure-
ments were carried out by using a Horiba Xplora Micro-Raman
instrument equipped with a 532 nm laser. Spectra were acquired with
a laser power of 0.125 mW cm™ and a 10X objective. Ten uL of
DOX solution at different molar concentrations (either in water or
10% FBS) were drop-casted on the Au/ALO; NIs and left at 4 °C
overnight. Before analysis, the DOX was rehydrated with 10 uL of
ultrapure water. All of the measurements were performed in the wet
state. To quantify the enhancement achieved by the addition of the
ALO; layer, we calculated the enhancement factor (EF) for the
investigated substrates using the formula:

EF = ISERS X NRaman
IRaman NSERS

where Igppg represents the intensity of the SERS signal at 470 cm™

recorded for the substrate with and without Al,O; substrates, I,
represents the intensity of the SERS signal at 470 cm™ in the
spectrum of the sample used as the control (glass@Al,O5), Ngpgs and
Niaman represent the number of analyzed molecules both in SERS and
Raman conditions, considering the volume (10 uL), the molar
concentration, and Avogadro’s number (N,).

2.8. Reusability of the Devices. To assay the reusability of the
sensor, after each measurement, the samples were washed thoroughly
with water, and the wavelength of the extinction peak was recorded.
The obtained value was set as the starting NI extinction peak and used
to estimate the relative shift of the band position in the next
measurement. The same sample was reused 2—3 times.

3. RESULTS AND DISCUSSION

3.1. Fabrication of Au NIs and Au/Al,O; Nls-Based
Sensor Architectures. Two types of gold nanostructure-
based sensor architectures have been fabricated and applied to
drug detection in either water, bovine serum, or human serum:
a localized surface plasmon resonance (LSPR)-based device
made of Au NIs for quick and inexpensive optical detection
(Table S1 in Supporting Information (SI)), and a surface-
enhanced Raman scattering (SERS)-based sensor made of Au/
AL, O; NIs (core/shell nanostructures) for more sensitive
measurements.

Indeed, the latter represents the evolution of the simple Au
NIs with the aim of improving the detection sensitivity at the
expense of a reduced speed of the readout. The fabrication
steps of the devices are schematically illustrated in Figure 1.

As reported in the literature,” the thickness of Au film and
the annealing temperature are crucial parameters that affect the
optical properties of the Au NIs. In the present study, the
furnace temperature is chosen that is close to the glass
softening point to improve the poor adhesion between gold
and the glass substrate without using titanium or chromium as
adhesion layers. After the annealing process, gold and glass
show different cooling times. Therefore, while the glass
remains moldable, the Au film becomes solid and penetrates
into the glass.*’ As proof of embedding, the SEM image in
Figure Sla displays the cross section of gold NIs and the glass
substrate after etching by dipping into iodine tincture; the
sinking depth depends on the annealing temperature and is
achieved with an annealing time of at least 3 h (Figure S1b).
This crucial feature, requiring a long annealing time, opens up
the prospect of employing the sensor across a wide spectrum of
biological fluids without causing NIs lift off or aggregation.
Furthermore, it enables the utilization of an optically
transparent, chemically inert, cost-effective, and easily acces-
sible substrate. The gold thickness was chosen to be thinner
than the percolation threshold (5 nm),*>* resulting in a
structure consisting of alternating gold and void regions.
During annealing, these voids enlarge and the thin film
undergoes dewetting, retracting to form distinct gold NIs. 4
Additionally, gold atoms on the film surface can diffuse and
merge, leading to the growth of larger nanoparticles through a
process of Ostwald ripening.”’ Random imperfections or
surface irregularities serve as nucleation sites for gold atom
adhesion. The formation of the gold nanostructures thus
occurs through nucleation and coalescence, with the “center to
center” (c-to-c) distance between two adjacent NIs depending
on the thickness of the deposited Au.**

The optical spectrum of the nanoislands exhibits the typical
plasmonic peak in the visible region, dominated by the
fundamental dipole resonance according to Mie theory and
localized at about (552 + 2) nm, as shown in Figure S2a. This
absorption peak is consistent with the average size of Au NIs
(25 nm).**

Furthermore, to realize high efficiency SERS-active
structures, the fabrication process of NIs was modified: the
deposition/dewetting cycle was repeated two more times (a S
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nm thick Au layer was added at each step—Figure 1a); the
starting gold film acts as a seed for subsequent nucleation,
leading to the lateral enlargement of the NIs and a reduction in
the interstitial gap spacing between them (Figure le).*
Consequentially, after three Au deposition/thermal dewetting
cycles (3rd), the Au NIs color changes to a pink-gold color and
has a mirror-like surface. These color variations are obviously
correlated to the increasing size of the NIs and thus to the
variation of the plasmon peak wavelength. The pictures of the
NIs, after each fabrication step, show the color variation of the
surface (Figure 1).

By increasing the number of cycles, the NIs size doubles
from an average diameter of (23 + 10) to (55 + 10) nm after 3
cycles, as displayed in Figure 1b,c, and Table 1 where the

Table 1. Extinction Intensity and Diameter Enlargement
After Each Fabrication Step of Au NIs and Au/Al,O; NIs

cycle [n] AT [%] Ad [%] th ALO; [nm] c-to-c [nm]
1st 0 0 / 60 + 15
2nd 13 65 / 62 + 16
3rd 23 140 / 65 + 12
3rd@ALO, 26 200 7+5 65 + 20

percentage increase of the diameter is reported. However, the
center-to-center distance between neighboring islands g, is
essentially unchanged (Figure 2a), thus demonstrating the
radial growth of the structures after each cycle. Hence, the
average gap defined as g = (g, — 2r), where r is the average
radius, decreases from around (40 + 10) to (7 + S) nm,
confirming that, upon repeated cycles, the NIs occupy a larger
area on the glass substrate with the Au-fill factor becoming
greater than the initial one, from 22% (after 1 cycle) to 36%
(after 3 cycles). To further enhance the electromagnetic (EM)

field between NIs, as experimentally demonstrated in our
previous work,47’Ar8 we fabricated Au/dielectric-core/shell NIs
using a large refractive index dielectric coating. This additional
fabrication step was introduced to enhance the plasmonic hot
spots between neighboring Au NIs by leveraging the dielectric
Mie resonances that occur in plasmonically coupled
NPs.**7>! We evaluated SiO, and Al,O, as potential coating
materials, with Al,O; demonstrating superior dielectric proper-
ties. This resulted in a more pronounced LSPR shift,
approximately 10 nm for Al,O; compared to 3—5 nm for
SiO, (Figure S3), and enhanced local electromagnetic field
intensities.”””** The effective coating of Au nanoparticles (Au
NP) by Al O, is facilitated by a strong bond with the gold
atoms, characterized by a binding energy of 0.79 eV. This
bonding mechanism is attributed to charge transfer between
the Al,O, and Au NP.>” Acting as an insulating spacing layer,
Al,O; plays a crucial role in modulating electronic and energy
communication among adjacent Au NIs.>* Furthermore, AL,O,
offers excellent chemical stability, which is essential for
maintaining the integrity of the plasmonic structure over
time, particularly in biological environments.**

To this aim, the fabrication process was completed by
plasma-enhanced atomic layer deposition (PE-ALD) of ALO,
thin films over the NIs. Al,O; provides a high refractive index
in the visible region, where it is nearly transparent (zero loss).
Notably, the ALD process provides a highly precise control of
the thickness, an extremely low contamination content,
excellent uniformity, and conformality on complex three-
dimensional (3D) structures and consequently allows one to
finely control the gap narrowing between Au Nls.

An enhancement of the plasmonic hot spots at the nanogaps
could also be attained without a dielectric layer, employing
additional Au deposition/dewetting steps. However, these
steps are costly and may produce a detrimental electron
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Figure 2. (a) The average diameter, gap, and center-to-center distance of the NIs after each cycle. All averages are taken from ca. 100 NIs, and data
represent the mean =+ standard deviation of 20 samples fabricated in various deposition/dewetting cycles. (b) Extinction spectra of gold NIs
obtained after the Ist, the 2nd, and the 3rd cycles, and after alumina deposition, respectively. (c) Average intensity and spectral position of the
extinction peaks assessed on more than 20 samples for each fabrication cycle.
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Figure 3. Schematic illustration of (a) one gold deposition/dewetting cycle followed by DOX incubation; (b) DOX binding to the Au NIs on the
glass surface in water, 10% FBS, and 10% HS. Triangle, circle, and open square symbols show the concentration-dependent shifts, respectively.
Solid lines are the best fit obtained from the binding formula (see Section 2.6). The binding curve for DOX in water is vertically shifted (green
dashed line) to better visualize differences in the K, values. K, values are represented in the panel as vertical dashed lines and refer to the different
DOX_Au NIs systems. All measurements are registered five times, and data represent the mean =+ standard deviation of 10 samples fabricated in
various deposition/dewetting cycles. Hill equation fits were applied to interpolate the experimental data, resulting in similar R-squared values of

0.996 for all three fluids.

tunneling between metallic NPs in the case of a sub-1 nm
gap.”* Top-view SEM images in Figure lc,d show the
morphologies of the 3rd and 3rd@AL,O; NIs. An in-depth
analysis, based on SEM, was performed on Au@Al,O; samples
to evaluate the alumina thickness after 100 ALD cycles. Indeed,
by analyzing the same sample through two different secondary
electron detectors, as ET and InLens, it is possible to
distinguish the diameter of the core (composed of gold) and
the core—shell as illustrated in Figure 1d.

The image analysis revealed a further increase in the NIs’
diameter of approximately 15 nm (Figure 1f). Therefore, an
average shell of about 7.5 nm encapsulates the gold
nanostructures. This finding is in excellent agreement with
the nominal value mentioned in the Methods section. As
shown in Figure 2a, the NIs diameter and the average
interstitial gap have an opposing trend: while the diameter
follows linear growth, the gap decreases at each step up to 7
nm after Al,O; deposition. As shown in the histogram of
Figure 1g, a mere 24% of the nanogaps exhibit a width
spanning between 0 and 5 nm, thus contributing to the
generation of “hot spots” (regions of concentrated electro-
magnetic field intensity). This contribution significantly
diminishes between 6 and 10 nm.

Figure 2b shows the progressive shift toward NIR wave-
lengths of the Au Nis’ extinction peaks after each deposition/
dewetting step and alumina deposition.

Furthermore, the lateral enlargement of the NIs decreases
the transparency of the film (Figure 2b), thus resulting in a
rigid vertical shift of the extinction spectra to higher values.

To accurately evaluate the increase in the extinction
intensity by the number of fabrication cycles, all spectra were
normalized to compensate for the vertical shift, setting the
starting point at zero.

Hence, the extinction ratio, named % AI and defined as
(I, =

i

max]

Tinas) . .
= (where I, is the maximum value of average

extinction with i = 1—4 is the cycle number), was reported in
Table 1, along with the percentage variation of diameter.
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As can be noted in Table 1, an extinction increase (% AI)
was observed by repeating the deposition/dewetting steps and
after the deposition of a 7.5 nm thick Al,O; layer (about 3%)
due to dielectric Mie resonances, as previously mentioned.*”’
Table 1 also reports the enlargement of the NIs diameter (%
Ad) at each cycle.

To evaluate the repeatability of the fabrication process, a
comparative analysis of more than 20 samples per fabrication
cycle, produced at various times, was performed to obtain the
average intensity and spectral position of the plasmonic
resonances.

As displayed in Figure 2c, the error bars decrease with
increasing fabrication cycles, thus demonstrating greater
uniformity and reduced variability in the size of the NIs.

Finally, the stability of the plasmonic devices was
investigated. The samples were stored in the dark at room
temperature and exposed to ambient air for several months.
Figure S4a shows the aging behavior of the devices after 1, 6,
and 12 months. The recorded LSPR shift in the graph is
around 1 nm, thus guaranteeing the long-term stability and
functionality of the platform. Additionally, the stability in a
humid environment was analyzed. Three samples, with similar
plasmonic peaks, were immersed in deionized (DI) water and
measured after 1, 3, and 24 h. The measured shift is around 0.6
nm, as displayed in Figure S4b.

3.2. LSPR-Based Detection of DOX by Au Nis. After the
optical and morphological characterization, the NIs were
evaluated as sensing structures of DOX, whose absorbance
spectrum exhibits a peak at approximately 485 nm (Figure S2).
To assess the sensitivity of the device obtained after one
deposition/thermal dewetting cycle, three sets of optical
measurements were performed: one using DOX dissolved in
ultrapure water, another with DOX in 10% FBS, and the third
using 10% HS collected from patients who had previously been
injected with the drug.

Specifically, 25 uL of the DOX solutions (at concentrations
ranging from 1 nM to 25 M) were dropped onto the Au NIs
without the use of any binding moiety or linking molecule, and
after incubation at RT in the dark (Figure 3a), the LSPR
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spectra were recorded. The shifts of the plasmon peaks were
attributed to the interaction between DOX and NIs, while the
magnitude of the plasmon shift depended on the bond drug
concentration.

Initially, three incubation times were considered (30 min, 1
h, and 3 h): 30 min was insufficient to establish stable
interactions between the NIs and the drug, as evidenced by the
absence of a plasmon resonance shift (data not shown), while
after 3 h, the recorded LSPR spectra were indistinguishable
from those collected after 1 h. Therefore, a 1 h incubation
time, which is consistent with the clinical analysis standard
duration, was chosen for all of the measurements. In each
experiment, as depicted in Figure 3b, either ultrapure water,
fetal bovine serum, or human serum was employed as control
solution. The Nis’ plasmonic peak value is recorded in air at
the beginning of the experiment. Subsequently, the nanoislands
were immersed in the respective control solution, without
DOX, for 1 h and the new plasmonic peak was recorded. The
plasmon shift upon dipping in the control solution, along with
the standard deviation, is 0.5—0.9 nm for water, 2.0 nm for
FBS, and 2.2 nm for HS (both 1:10 diluted in water) (Table
S2 in SI). Furthermore, upon the addition of DOX (in either
water or 10% FBS), the plasmon peak exhibited a
concentration-dependent red shift (Figure S5). The shift was
estimated by subtracting the LSPR measurement of each
control (either FBS, HS, or water) from the LSPR measure-
ments acquired at various DOX concentrations.

The area-normalized spectra of DOX show an isosbestic
point at 575.0 and 572.0 nm in water and serum, respectively
(Figure SSab). The isosbestic point in titration experiments
indicates that only two species are present (free Au NIs and Au
NIs-DOX complexes), and their concentrations change in a
stoichiometric manner. The variation of the isosbestic point
might be attributed to the difference in the initial extinction
maximum wavelength.

Thus, the dependence of the extinction maximum wave-
length on the drug concentration can be exploited to
determine the DOX concentration required to saturate the
binding sites of Au NIs. The binding curves are presented in
Figure 3b, where the concentration is plotted on a logarithmic
scale. The DOX_water system (triangle points) exhibits a
typical sigmoidal shape, with the LSPR shift increasing as the
DOX concentration increases from 1 nM to 25 uM.

At low DOX concentrations (from 1 to 10 nM), the device
displays poor responsiveness, but at concentrations above 10
nM, the plasmon shifts increase linearly until saturation is
reached in the 1-5 pM range. The DOX 10% FBS system
(solid circle points) and DOX_10% HS (open square points)
display similar behavior.

To investigate whether the saturation regime is related to the
occupation of all of the available binding sites on the sensor
structure, a theoretical estimation (as detailed in the
Supporting Information) indicates that a DOX concentration
of around 500 nM is sufficient to saturate all of the binding
sites. This theoretical prediction aligns with the binding curves
of the DOX_water system (Figure 3b), where the linear trend
no longer persists at concentrations greater than 250 nM, and
at a concentration of 500 nM, 88% of the binding sites are
occupied, as depicted in the Hill function simulation of Figure
S6. This behavior is characteristic of sensors having a finite
surface area where DOX forms a secondary layer following the
saturation of the NIs surface.>

A similar trend was observed in the DOX 10% FBS and
DOX_10% HS systems, where the presence of serum proteins
shifts the titration curves and the dissociation constant Ky
(defined as Ky = (K,)", where K, is the ligand concentration
that produces half occupation of the binding sites, and # is the
Hill coefficient suggesting the cooperativity of binding) toward
the NIR (Figure 3b). Due to the low molecular weight of
DOX, a small shift (around 2 nm) of the LSPR accounts for
the detectable concentration range of the sensor before the
saturation region.56 In the linear region (logarithmic scale), the
LSPR shift can be fitted with the linear function whose slope
represents the LSPR sensor sensitivity (S). Consequently, the
sensitivity can be used to calculate both the limit of detection
(LOD) and the limit of quantification (LOQ), which are two
crucial parameters of the LSPR-based analytical method. When
DOX is dissolved in water, the estimated LOD is about 1 nM,
that is in good agreement with the coefficient of determination
R* = 09664, while the LOQ is 3 nM. A similar trend is
obtained when DOX is dissolved in 10% FBS at various
concentrations (Figure 3b, solid circle dots). The estimated
LOD is around 16 nM (R* = 0.9553), a value higher than that
observed in DOX_water NIs, likely due to the inference of the
serum proteins that interact with the drug, de facto reducing
the detectable drug concentration.”’

The experimental data were fitted to the Hill equation (R* =
0.9963), vielding apparent K, values of (57 + 14) and (439 +
89) nM for DOX-Au NIs in water and 10% FBS, respectively,
as shown in Figure 3b. The corresponding apparent
dissociation constant (K;) values were calculated to be (35
+ 8) and (205 + 52) nM, respectively. These K, values suggest
that DOX-Au NIs exhibit avid complex formation in both
water and FBS.

However, the affinity of DOX for Au NIs decreases
significantly in the presence of 10% FBS. Nevertheless, a
dissociation constant of (205 + S52) nM is still considered
indicative of a strong binding. Analyzing the global fitting of
the association data to the Hill-Langmuir equation provided
valuable insights on the estimated global parameters of n (0.87
+ 0.05) and A4, (2.25 + 0.03) nm. Indeed, the low standard
deviations suggest that the binding properties of the Au NIs
are not significantly altered in the presence of 10% FBS and the
estimated Hill coefficient indicates minimal negative cooper-
ativity to the binding.

Despite the low molecular weight of DOX, the LOD of the
sensor system is a few nanometers. Unlike free-standing
nanoparticles, which are completely surrounded by either air or
drug solution, nanoislands are partially embedded in glass,
whose dielectric constant is higher than air. As a result, the
effective surrounding dielectric constant of the partially
embedded Au NIs is higher than that of fully air-exposed
nanoparticles, leading to a stronger electric field and enhanced
sensitivity, as theoretically demonstrated in refs 58,59.

Further experimental evidence of the interaction between
DOX in 10% FBS and NIs is provided by the variation of the
contact angle of the sensor surface upon variation of the DOX
concentration (Figure S7). The observed trend is consistent
with that of the Langmuir isotherm: as the concentration of
DOX increases, the binding sites (Au NI surfaces) are
progressively saturated leading to a gradual decrease in surface
hydrophilicity from 36.6 to 52.5°. On the other hand, without
DOX, the surface of the sensor is hydrophilic due to the
presence of glass, as the Au NIs coverage is around 20% of the
whole surface.
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The experimental data of the contact angle measurements
were fitted to the Hill equation (R* = 0.9982), resulting in an
apparent K, value of (472 = 65) nM (Figure S7, vertical
dashed line). The derived global parameter n (0.81 + 0.04)
and apparent K; values (150 + 33) nM, respectively, are in
good agreement with the experimental data of Figure 3b. Thus,
the surface of Au NIs became more hydrophobic upon
chemical interaction with DOX without any functionalization
of the sensor surface with organic linkers.

Next, the clinical feasibility of the Au NIs sensor was
assessed by testing serum samples from cancer patients who
underwent DOX chemotherapy. The experimental measure-
ments were conducted 1 h after drug administration; the serum
samples from patients who did not receive DOX was analyzed
as control samples. A calibration curve was established by
preparing solutions of DOX at various concentrations (1, 10,
100, and 1000 nM) in 10% HS, and measuring the maximum
shift of the excitation peak. The HS titration points were
compared to the titration curve obtained with 10% FBS. The
results, as shown in Figure 3b, demonstrate remarkable
similarity between the two sets of data. The shift recorded at
1 nM DOX in 10% HS falls within the error margin of the
control sample (10% HS in water). Global analysis of the data
revealed that the largest shift and the dissociation constant
(Ky) remained largely unchanged, while the cooperativity
constant decreased from 1 to 0.9, indicating mainly non-
cooperative binding. Despite the different types of serum, a
LOD of 16 nM was estimated, comparable to that of DOX
samples dissolved in 10% FBS.

Subsequently, the serum samples from cancer patients were
diluted 1:10 to align the calibration curves of the HS and
incubated with the Au NIs for 1 h. The recorded plasmon shift
(around 2.2 nm) was plotted on the HS Hill-Langmuir curve
to determine the corresponding DOX concentration of the
patient serum, as shown in Figure S8. A DOX concentration
equal to 77.5 nM was obtained with an asymmetric error in the
range reported in Figure S8.

Since the measured sample was diluted 1:10, the initial
concentration of DOX in blood should be 10 times higher,
yielding a value close to 775 nM, which corresponds to
approximately 420 ng mL™". This finding is in agreement with
the values reported in the literature for cancer patients who
received approximately 110 mg of doxorubicin as part of their
therapy regimen.®”

As a crucial validation step, the final measurement of the
LSPR shift, shown in Figure 4, was performed in undiluted
blood serum, resulting in a discernible shift of 2.6 nm
compared to the control sample without DOX.

These data highlight the potential translation of this
platform to clinical diagnostics, enabling rapid determination
of circulating DOX concentrations, and aiding in optimizing
treatment strategies while minimizing adverse effects in treated
patients.”> Importantly, the presence of the isosbestic point,
both in water (575 nm) and 10% FBS (572 nm), further
corroborates the accuracy of the detection. This remarkable
consistency, with an error of approximately 1.5 nm and a
negligible relative standard deviation of 0.26% (Figure 4),
confirms the robustness and reliability of the sensor platform.

To evaluate the reusability of the devices, the nanostructures
were washed and soaked in ultrapure water for 1 h followed by
air drying. Optical measurements confirmed the complete
removal of DOX from the gold NIs surface, as evidenced by a
shift of the plasmon peak of less than 0.05% (Figure S9).
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Figure 4. Extinction spectra of Au NIs after incubation with undiluted
human serum (HS) blood coming from cancer patients administrated
with DOX; the inset shows a zoom of the LSPR shift. The numbers 1
and 2 refer to reusability of the device. The isosbestic point is
localized at 574 nm.

However, after three reuse tests, the devices could no longer be
used, likely due to the adsorption of molecules that could not
be removed upon thorough washing. Indeed, the plasmon peak
did not shift anymore after the washing test (both the intensity
and wavelength).

Finally, the bubble-like structures observed during SEM
imaging (Figure S10) indicate the formation of an organic
layer, sensitive to the electron beam, above the gold
nanoislands after the deposition of DOX (100 nM),
confirming the presence of the drug molecules. These
structures are likely due to the interaction between the
electron beam and the organic molecules present in the layer.

3.3. SERS-Based Detection of DOX on Au Nis and Au/
AlL,O; Nls. The absorbance spectrum of DOX exhibits a
prominent peak at approximately 485 nm, making it readily
excitable by a green laser operating at a wavelength of 532 nm.
As shown in Figure S2a, the incident laser radiation resonates
with the localized surface plasmon resonance (LSPR) of the
gold nanoparticles (Au NIs). This coherent interaction
between the incident electric field and the dipolar electric
field induced by the LSPR oscillations results in a
redistribution and amplification of the electric field intensity
in the vicinity of the nanostructure.

Initially, when a highly concentrated (23 uM) solution of
DOX was applied onto a glass substrate solely coated with the
alumina layer (control sample without NIs; Figure S1la), an
exceptionally weak Raman signal was detected.

Subsequently, NIs substrates (1st, 2nd, and 3rd cycles) were
employed, and the SERS effect was assessed following
incubation with 10 nM DOX dissolved in water; unfortunately,
weak signals were observed (Figure S11b), but were still
detectable for all of the samples. To improve the platform
performance, the substrate having the highest count number
(3rd cycle, Figure S11b) was coated with aluminum oxide to
enhance the DOX Raman mode.

This 3rd@Al,O; sample exhibited a remarkable SERS effect
(red spectrum), as displayed in Figure S11b. To validate this
performance, measurements were performed with aqueous
solutions of DOX in the concentration range 0.1—-100 nM
(Figure Sa). Furthermore, the SERS measurements were
carried out with Au NIs (3rd) incubated with DOX in the 1—
10,000 nM range (Figure S1lc) and with Au NIs st upon
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Figure 5. SERS spectra (a) of water solutions of DOX in 0.1—100 nM concentration range and (b) of 10% FBS solutions of DOX in 1—100 nM
concentration range on 3rd@ALO; substrate. Titration curve (in logarithmic scale) obtained at 470 cm™' Raman peak intensity in the case of the
3rd and 3rd@ALO; substrate in water (c), and in the case of (d) the 3rd@AL,O; substrate in 10% FBS is reported. R* is 0.97 for both curves
reported in (c) and 0.98 for (d). All average data represent the mean =+ standard deviation of 10 samples fabricated in various deposition/dewetting

cycles.

incubation with DOX in the 1-100 nM concentration range
(Figure S11d), respectively.

The spectra were recorded within the 400—1700 cm ™' range
since the most characteristic signals of DOX are in the region
of the conjugated aromatic rings of the molecule. Indeed,
Raman modes, denoted by the asterisks in Figure Sa,
correspond to typical vibrations of the DOX molecule.*®

The most prominent signal, located at 470 cm™" (open circle
dot), is a composite signal arising from the in-plane bending of
C=0 and C—C-O groups;"”~ these groups are likely
involved in the interaction with the substrate, as evidenced by
the significant enhancement of the intensity, consistent with
literature findings.”® Additionally, the signals within the 1350—
1600 cm™' range predominantly originate from stretching
vibrations of the aromatic rings and CCOCH in-plane bending
of the chromophore of DOX.** Other contributions, typically
present in the DOX spectrum and attributed to skeletal
deformations or ring breath, are conspicuously absent. This
observation suggests a preferential conformation of the
molecules with the longer axis parallel to the substrate, a
consistent feature across all investigated samples.®®

It is crucial to highlight that although the 1st, 3rd, and 3rd@
Al,O; substrates enabled the detection of DOX SERS signals at
low concentrations, the SERS intensity attained with the 3rd@
Al,O; substrate was notably superior. Specifically, the EF was
calculated, as reported in the Section 2.7, for the 3rd and 3rd@
Al,O; samples and we obtained, for the latter sample, an EF of
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10° which is 3 orders of magnitude higher than the value
calculated for the third sample.

Despite this, both 3rd (Figure Sc) and 3rd@ALO; (Figure
5c) displayed a linear response (in logarithmic scale, R* >
0.97). Intriguingly, an experimental limit of detection (LOD)
of 1 nM and 100 pM was determined within the investigated
concentration range, respectively. Significantly, these two
substrates exhibit a distinct difference in sensitivity, under-
scoring the critical role of engineering Au/Al,O; NIs in the
development of an ultrasensitive SERS-based sensor.

Actually, Al,O; acts as an insulating spacing layer, crucial for
modulating electronic and energy communication among
adjacent Au NIs and between doxorubicin molecules and
gold, preventing the quenching of the SERS effect due to tight
connections.” Additionally, the application of LSPR-based
SERS is often limited by heat generated from severe loss in
interband transitions damaging molecules and modifying
molecule—NP interactions.””’" The laser excitation at 532
nm (commonly the absorption-rich part) corresponds to 87%
of the absorbance peak for the first sample, while it decreases
for the 3rd@AL,O; sample due to the peak position shift,
resulting in lower plasmonic heat generation (Figure S2a,b).

To the best of our knowledge, a 100 pM experimental LOD
has not been previously reported for DOX in SERS-based and
label-free sensors. It can be eventually argued that Al,O; serves
as both an insulating layer and a molecular spacer, optimizing
the distance between DOX and NIs surfaces to tune the
electronic and energetic communication among DOX
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molecules and NIs. Thus, Al,O; ensures an optimal plasmonic
coupling and, thus, the enhancement of the electromagnetic
field interacting with the DOX molecules upon 532 nm laser
irradiation.””*>”" These observations demonstrate that the
synergistic combination of the two materials represents the
optimal structural configuration for the SERS-based analysis.

It is noteworthy that all of the measurements were carried
out in the wet state, involving the rehydrating DOX being
adsorbed onto the surface. In the dried state, no signal was
detected. Water solvation appears crucial for maintaining the
intermolecular distance between DOX molecules, potentially
modulating the electron density and partial charge distribution,
thereby enhancing the polarizability essential for the SERS
effect.””

Subsequent SERS measurements were performed with DOX
dissolved in 10% FBS. Figure Sb shows the SERS spectra of
3rd@Al,O; substrates incubated with DOX in the 1-100 nM
concentration range. A calibration curve, plotting the SERS
signal located at 470 cm™! against DOX molar concentration,
exhibited a linear response (in logarithmic scale, R? > 0.98,
Figure 5d) estimating a highly promising experimental LOD of
1 nM. Indeed, no signal was detected at concentrations below
1 nM. The decrease in sensitivity from 100 pM for DOX
detection in water to 1 nM for DOX detection in FBS can be
ascribed to the heightened chemical complexity of FBS, which
slightly influences DOX detection. Nevertheless, it is worth
emphasizing that the signal at 470 cm™' remained fully
resolved and visible, even in the presence of FBS, enabling
accurate quantification of DOX. Despite havin§ comparable
LODs to those of complex SERS platforms,”*’* our device
offers a significant advantage in simplicity and low fabrication
cost. Table S3 compares the LOD of our proposed platform
with the LOD values of various analytical methods and
substrates.

Consequently, NIs-Al,O; substrates emerge as compelling
candidates for SERS ultrasensitive detection systems for TDM
applications. In this context, they prove valuable for
monitoring DOX at remarkably low concentrations in
biological media, below the clinically relevant concentration
range and, in this case, for the monitoring of DOX at very low
concentrations in biological media, below the clinically relevant
concentration range.27

4. CONCLUSIONS

In conclusion, this study presents a significant advancement in
the field of biosensing technology, particularly for the detection
of therapeutic drugs.

We propose a novel biosensing platform for personalized
medicine, offering rapid, cost-effective, and highly sensitive
detection of DOX levels in biological fluids. By combining
LSPR and SERS techniques, the platform addresses the
limitations of traditional TDM methods while offering
scalability and suitability for real-time health monitoring.
This advance aligns with the goals of personalized medicine,
facilitating tailored treatments that optimize therapeutic
efficacy and minimize adverse effects for individual patients.

LSPR measurements, based on one deposition/dewetting
cycle, are performed with DOX dissolved in water, bovine
serum, and human serum, achieving an experimental LOD of 1
nM in water and 16 nM in both types of serum. Notably, the
device accurately detected DOX in both diluted and undiluted
blood serum of cancer patients, aligning with the literature-

reported DOX concentration values for patients receiving
similar drug doses.

Moreover, by tailoring the nanoislands with Al,O; coverage
in three cycles of gold deposition/dewetting, SERS measure-
ments demonstrated higher sensitivity, with LODs of 100 pM
and 1 nM in water and fetal bovine serum, respectively. Surface
functionalization with organic linkers is unnecessary, and the
detectability is achieved without the need for covalent binding
of the drug, which is simply adsorbed onto nanostructures
embedded on glass.

The biosensor’s reproducibility and stability under various
environmental conditions further enhance its potential for
point-of-care diagnostics. The possibility of monitoring and
adjusting treatment regimens based on real-time data holds
great promise for optimizing therapeutic outcomes and
minimizing side effects, ultimately improving patient care.
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