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ABSTRACT: A dip biosensor is realized by depositing
metallic nanoparticles onto the tip of a cleaved optical fiber.
Light coupled into the fiber interacts with the localized surface
plasmons within the nanoparticles at the tip; a portion of the
scattered light recouples into the optical fiber and is analyzed
by a spectrometer. Characterization of the sensor demon-
strates an inverse relationship between the sensitivity and the
number of particles deposited onto the surface, with smaller
quantities leading to greater sensitivity. The results obtained
showed also that by depositing nanoparticles with distinct
localized surface plasmon resonance signatures with limited
overlap, as for the case of gold and silver nanospheres, a
multiplexed dip biosensor can be realized by simply
functionalizing the different nanoparticles with different
antibodies after the fashion of an immunoassay. In this way
different localized surface plasmons resonance bands respon-
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sive to different target analytes can be separately monitored, as further presented below, requiring a minimal quantity of reagents
both for the functionalization process and for the sample analysis.

B INTRODUCTION

Biosensors are a promising alternative to expensive conven-
tional medical diagnostic techniques commonly employed in
clinical laboratories such as enzyme-linked immunosorbent
assays (ELISA) or Western blots.'™> Compared to such
techniques, biosensors have the advantage of being cost
effective, quick, and portable and therefore suitable for point-
of-care testing (POCT).*”® Although some specific biosensors
are already present in the market, including, for example,
glucose monitoring,”~'! they are not widely employed yet to
screen biomarkers for early diagnosis of diseases.'> Of all classes
of sensing strategies, optical biosensors are a promising choice
for early diagnostics, as they have the potential for low cost,
rapid response, and high reliability.”®'*"'* Furthermore,
significant research effort is currently focused on developing
multiplexed architectures to increase the number of biomarkers
that could be screened simultaneously to improve the
confidence interval of the analysis.'*">° However, for current
clinical techniques such as ELISA, a major cost lies in the
quantity of reagents, particularly antibodies, required to
functionalize the surface.”"** Although significant focus is
given in the literature on ways of improving biosensor
performance, little attention has been paid to date to creating
sensing architectures that limit the quantity of reagents required
for analysis without loss in sensitivity or specificity.
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Here we present a compellingly simple dip biosensor
architecture based on excitation of localized surface plasmons
(LSP) that could address these issues.

Localized surface plasmon resonances (LSPRs) are collective
electron charge oscillations in metallic nanoparticles, such as
gold or silver nanoparticles (GNP or SNP, respectively), that
are excited by light at the resonance wavelength.”>~>> The
LSPR frequency depends on the refractive index of the medium
surrounding the nanoparticles, making it a suitable transducing
mechanism for optical biosensing. By linking the nanoparticles
to the tip of a cleaved optical fiber, a powerful and sensitive
transduction mechanism is transformed into a miniaturized
device for biosensing (see Figure 1).

Although a similar architecture has already been proposed for
refractive index sensing,m_28 in this paper we demonstrate the
importance of controlling the quantity of nanoparticles on the
fiber’s tip and demonstrate that with this architecture it is
possible to simultaneously detect distinct gastric cancer
biomarkers (multiplexing) in clinically relevant concentrations,
making use of a minimal quantity of reagents both for the
functionalization process and for sample analysis, thanks to the
miniaturization achievable by employing the tips of optical
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Figure 1. (Left) Optical setup of the dip sensor for analysis of the localized surface plasmon resonance of metallic nanospheres. Schematic shows the
typical setup employed in this work for biosensing, highlighting the interactions at the tip of the optical fiber. (Right) Cartoon of the interaction
between light and the nanospheres at the tip of the optical fiber. Some of the transmitted light interacts with the surface plasmon of gold and silver
nanospheres and is partially scattered; a portion of the scattered light is recoupled into the fiber and analyzed by the spectrometer as a peak in the
reflectance spectrum. The surface functionalization approach is also displayed.

fibers. In the last part of the paper, we show that by playing
with the surface functionalization it is possible to drive the
nanoparticles positioning and therefore their interactions. In
particular, we show the difference in the LSPR shift between
nanoparticles located next to each other and nanoparticles
sitting on top of each other.

B EXPERIMENTAL SECTION

Optical Setup and Data Processing. Light emitted by a tungsten
halogen light source (HL-2000-HP, Ocean Optics) was focused and
coupled into the cleaved fiber sample through a beam splitter (see
Figure 1). At the cleaved interface at the other end of the fiber sample
(typically S0 cm long), a fraction of traveling light is reflected back
along the fiber, according to Fresnel equations. By means of a beam
splitter, the reflected light is separated from the incident light and fed
into a cooled compact CCD spectrometer (Ocean Optics, QE65000,
SNR 1000:1). Each recorded spectrum was typically averaged over 10
s (100—200 averages, depending on the acquisition time) to reduce
the noise. Data were analyzed by means of an in-house-developed
Matlab routine that performs a cross-correlation between the
reflectance spectra and identifies the SPR shift over time. For the
multiplexed biosensor, prior to cross-correlation, the two LSPR bands
were first isolated by cutting the spectrum into two parts (350—500
and 500—650 nm). The wavelength position of each band was then
calculated over time by means of the aforementioned cross-correlation
routine, resulting in two distinct curves, each representing the shift of a
LSPR band.

Sensor Preparation and Functionalization. A commercial
multimode silica optical fiber purchased from Corning 62.5/125
(core 62.5 um, cladding 62.5 um, NA 0.258) was cleaved and
functionalized with a 2 mg/mL solution of PAH in 1 M NaCl (100 uL
of solution used for several experiments) and rinsed with Millipore
water. PAH is a positively charged polyelectrolyte that adsorbs onto
the negatively charged glass surface, introducing amine groups to
electrostratically link the metallic nanoparticles to the tip of the
cleaved fiber. The PAH-terminated fiber was immersed into the GNP
solution (80 nm, 0.0S mg/mL, citrate capped, nanoComposix) for S—
30 min. An emission band corresponding to the LSPR of GNP was
observed at a wavelength of 545 nm (in water) (see inset of Figure
2A). The sample was then rinsed with Millipore water. The fiber
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modified with GNP was then immersed in 50 mM sodium phosphate
buffer (SPB, pH 6) for few minutes and in S0 mM SPB (pH 3) until a
stable LSPR baseline was observed. The fiber was then placed in a 10
uM Dbiotin—thiol single-strand DNA (ssDNA) (SH-ACAT-
TAAAATTCCACACACGCTAACATACACA-Biotin) solution in S0
mM SPB (pH 3) for 1 h to promote covalent binding between the
thiol-terminated ssDNA and the GNP.>® The fiber tip was successively
rinsed in SPB (pH 3) and SPB (pH 6) until a stable position of the
LSPR band was obtained. SPB (pH 6) promotes desorption of
unlinked ssDNA because of the increased electrostatic repulsion
between negatively charged GNP and ssDNA.*® The sample was then
placed in phosphate-buffered saline (PBS, pH = 7.4). The biotin-
terminated GNP were exposed for about 30 min to 400 nM
Neutravidin, a tetrameric protein that binds specifically biotin,
previously immobilized to the fiber tip, forming a strong noncovalent
bond (Kp =~ 1071 M) After a thorough PBS wash, the sample was
further functionalized with a solution of biotinylated antiapolipopro-
tein E (apoE) IgG (330 nM, MabTech) for about 60 min, allowing the
biotin function of antibodies to bind to free groups on Neutravidin
(see Figure 1), resulting in GNP terminated with anti-apoE antibodies.
A red shift of the LSPR of GNP was observed along with the
functionalization, confirming a successful binding process. SNP were
then linked to the fiber by placing the tip into the SNP solution (60
nm, 0.02 mg/mlL, citrate capped, nanoComposix), producing a new
band in the spectrum at a wavelength of 425 nm (in water),
corresponding to the LSPR of SNP (see Figure 3A). Immobilization of
SNP on the fiber tip typically caused a red shift of the band
corresponding to GNP, as further commented in text (see Figure 3A).
The same functionalization process was followed as for GNP,
monitoring the two LSPR bands over time. After Neutravidin, SNP
were functionalized with biotinylated anti-Clusterin (CLU) IgG (330
nM, R&D System) for about 60 min. After immobilization of
antibodies, the sensor was exposed to a blocking reagent (The
Blocking Solution, Candor) for 10 min in order to block unreacted
binding sites, thus reducing nonspecific binding. A negligible shift of
the two LSPR bands was observed after the blocking step, meaning
that ssDNA self-assembly covered most of the nanosphere’s surface.
Protein solutions (apoE and CLU) were prepared in PBS (pH 7.4)
prior to the biosensing experiments and discarded afterward.

Sodium phosphate buffer was prepared by mixing monosodium
phosphate monohydrate and disodium phosphate heptahydrate at
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Figure 2. (A) Measured LSPR shift as a function of the refractive index for fiber samples with an increasing amount of GNP on the surface and
therefore an increasing reflectivity in the measured spectrum. (Inset) Typical measured LSPR spectrum of GNP, with a reflectivity of 120%. (B)
Sensitivity calculated from values in A as a function of the extra reflectivity introduced by the nanoparticles (100% of reflectivity means no
nanoparticles). Larger GNP density leads to samples with smaller sensitivity. (Bottom inset) SEM micrograph taken from a fiber sample with an
amount of GNP corresponding to 120% reflectivity. (Top inset) Correlation between the reflectivity of the fiber sample and the amount of GNP
measured by SEM analysis; number of GNP calculated from the model in eq 9 is reported as well (solid line).

different concentrations to obtain the desired pH. In particular, for the
50 mM pH 3 SPB, the monosodium phosphate monohydrate’s
concentration was 6.9 g/L and the disodium phosphate heptahydrate’s
was 1.6 mg/L. For the pH 6 SPB, the monosodium phosphate
monohydrate’s concentration was 6.0 g/L and the disodium phosphate
heptahydrate’s was 1.6 g/L. A calibrated pH meter was used to
measure the pH of the buffer.

SEM Measurements. The fiber sample was vertically mounted
onto a stage for scanning electron microscopy (SEM) analysis. The
instrument employed was a FEI Quanta 450 FEG Environmental
Scanning Electron Microscope, and micrographs were taken at a
voltage of 10 kV. Images recorded were analyzed by manually counting
the number of nanoparticles within an area of 9 um? over the core of

the fiber tip.

B RESULTS AND DISCUSSION

Characterization of the GNP Sensor. The light coupled
into the optical fiber reaches the cleaved interface where it
interacts with the nanoparticles adsorbed on the fiber tip. A
fraction of the light scattered by the nanoparticles recouples to
the fiber, overlapping with the light back reflected at the fiber—
water interface, and produces a LSPR signature in the spectrum
collected by the spectrometer.

The spectrum that results from immersing the fiber tip in
Millipore water after poly(allylamine hydrochloride) (PAH)
adsorption (see Experimental Section) was used as a reference
(B) for data analysis, and for convenience it will be referred to
later in the manuscript to 100% of reflectivity (consistent with
eq 1). The relative reflectance is calculated to be

R( 2, %) = M X

50 —p()

(1)
where § is the spectrum to be analyzed and D is the dark signal
(measured with the light source off).

We explored the performance of the sensor as a function of
the quantity of nanoparticles linked to the surface in order to
find the optimal conditions for the biosensing experiments.

Dip sensor performance was characterized by exposing the
surface to glycerol/water solutions with refractive indices
ranging from 1.33 to 1.37 and measuring the LSPR response.
A cross-check of the sensitivity was performed as well by
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exposing each loading condition to absolute ethanol (1 = 1.36),
and the obtained LSPR shift was in full agreement with the
curves of Figure 2A (data not shown).

To reduce the number of variables, only GNP were linked to
the fiber tip for this analysis. The amount of adsorbed GNP was
controlled as a function of adsorption time using the real-time
measure of the LSPR band intensity as feedback to eliminate
artifacts arising from variations in the adsorption kinetics.
Indeed, the intensity of the LSPR band could be employed as
an indirect way of estimating the amount of GNP adsorbed, as
further explored below. Figure 2A shows the LSPR shift as a
function of refractive index, for samples coated with an
increasing amount of GNP, from 102% to 150% of reflectivity
of the LSPR band at the resonance wavelength. Linear fits of
the data points are superimposed as well for each condition,
showing clear linearity between the SPR shift and the refractive
index, as previously demonstrated.”>*>

To provide a general comparison between different
conditions, the sensitivity of the samples, calculated from the
slope of the linear fits of the curves in Figure 24, is plotted as a
function of the reflectivity (amount of GNP on the surface) in
Figure 2B, along with the exponential fit (solid line).
Interestingly, the data shows that by increasing the amount of
GNP linked to the surface (reflectivity) the sensor sensitivity is
significantly compromised. The fit reported in Figure 2B has R
= 0.99, and the asymptotic value of the exponential (offset) is
around 80 nm/RIU.

It is well known that as the distance between two single
particles is reduced the LSPR is shifted toward the red, and this
effect has been employed for plasmonic rulers.””>*™*> We
observed a red shift of the LSPR in water as a function of the
amount of GNP loaded on the fiber, which is a measure of the
degree of plasmonic coupling between the nanoparticles.
However, as shown in Figure 2B, larger GNP density leads to
smaller sensitivity. We believe that the reason for this
degradation in performances could be attributed to a decrease
of the effective refractive index surrounding the GNP. In fact, as
the loading increases, GNP get closer together and the effective
refractive index, averaged between that of the medium and that
of gold, decreases, being the real part of the gold refractive
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Figure 3. Multiplexed sensor. (A) Silver and gold nanoparticles LSPR bands in water at 425 and 555 nm, respectively (blue, full line), showing that
overlap between the two LSPR bands is minimum and the two bands can be clearly distinguished. LSPR spectrum of GNP terminated with anti-
apoE IgG, prior to SNP adsorption, at 545 nm (black, dotted line). (B) LSPR shift as a function of bulk refractive index for GNP or for SNP fiber
samples. Ssensitivity achieved with the two classes of nanoparticles is comparable. (Inset) Typical measured LSPR spectrum of SNP with a

reflectivity of 112%.

index smaller than that of the medium. Observation of
decreased sensitivity with higher nanoparticles density appears
to be in contrast with Jain et al.,*® where DDA-simulated LSPR
of nanospheres pair as a function of the medium refractive
index for different values of the interparticle separation is
reported. The authors predict an increase in sensitivity for
smaller distances. However, the scenario of many randomly
positioned nanoparticles interacting is more complex than the
interaction of a nanoparticle pair, where only two particles
interacts. From a geometrical standpoint, the effective refractive
index is not affected as much as when GNPs are surrounded by
other GNPs.

It is worth noticing that the sensitivity shown in Figure 2B
(387 nm/RIU for the sample with R = 102%) is higher than
other reports (50—100 nm/RIU for spherical gold nano-
particles”?”). We believe that high nanoparticle loading
densities may be the cause for smaller sensitivity compared to
our situation, where immobilization took place for only S min.
For instance, the nanoparticle density measured in Nath et al.*’
is roughly 100 times larger than what we measured for the
sample with R = 102%. If we assume the trend in Figure 2B
stands for larger immobilization densities, the asymptotic value
of the sensitivity we expect to reach is around 80 nm/RIU.
Nevertheless, the sensitivity we measured is in reasonable
agreement with DDA calculation reported by Lee et al,*® which
predicts a sensitivity of 331.35 nm/RIU for a 60 nm gold
nanosphere. Further investigations are needed to deeply
understand the reason for the higher sensitivity measured for
our architecture with respect to experimental data from other
authors.

However, such values are lower than those reported for SPR
(above 8000 nm/RIU).**** While SPR spectroscopy provides
higher sensitivity to changes in the bulk refractive index than
LSPR spectroscopy, the response of the two techniques
becomes comparable when measuring short-range changes in
the refractive index due to a molecular adsorption layer. This is
a result of the much smaller sensing volume offered by LSPR
sensors, as the electromagnetic field decay length is 40—50
times shorter than that of the SPR sensors.”>~>>*!

The bottom inset in Figure 2B shows a typical SEM image
taken from a sample that had an amount of GNP
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corresponding to a reflectivity of 120%. Please note that the
distribution of the particles is not homogeneous, as the linking
process is driven by the electrostatic attraction of the PAH layer
and the Brownian motion of the GNP in solution.

The top inset of Figure 2B displays the relationship between
the quantity of GNP attached to the fiber tip and the reflectivity
values measured (see Experimental Section for details on data
analysis). As previously mentioned, the increase of GNP
density produces an increase in the reflectivity at the LSPR
wavelength. The trend described by the model presented in eq
9 is displayed as well, showing a good prediction of the
experimental data for low GNP density. However, for higher
loading conditions, the model diverges from the experimental
data, probably because images analysis becomes more difficult
and the higher nanoparticle interactions affect the LSPR
intensity,*” making the model unreliable.

Estimation of the Nanoparticle Density. From reflec-
tivity measurements, it is possible to indirectly estimate the
quantity of GNP linked to the fiber tip, taking into account the
nanoparticle’s physical and optical properties (scattering cross
section, extinction/scattering ratio). We consider the proba-
bility that light emerging the fiber would hit a nanosphere and
the proportion of the energy radiated from a nanosphere that
can recouple into the fiber, taking into account the nanosphere
albedo C,p, a ratio of scattering to total extinction. As the light
traveling through the fiber (I,) reaches the fiber—water
interface at the output cleaved of the fiber, some light is
transmitted (I,) and some is back reflected, giving rise to a
background signal (B), as introduced previously

Iy = al, )

B=(1-a)l, (3)

where a is the Fresnel transmission coefficient between the
fiber and the water environment, calculated using a value of
1.33 for water refractive index and 1.49 for that of the fiber.
A fraction of the transmitted light interacts with the
nanoparticles (I.), according to the scattering cross-section
Cseare Of a single nanoparticle and the nanoparticle density N

Csca
L= Ttt / It(x, y)N(x, y)dx dy @)
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where A is the core’s area. Considering the fiber is massively
multimode, we could assume a top-hat intensity distribution for
the transmitted light and write eq 4 as

Ie ~ ItCscatt‘N (5)
where N is the nanoparticles density averaged over the whole
core’s area.

Some of the light is absorbed by the nanoparticles, and some
is radiated over the full solid angle, depending on the optical
properties of the nanoparticles used,” and can be estimated in
terms of the nanosphere albedo (C,,). A fraction of the
scattered light is recoupled into the fiber (I,), depending on the
acceptance angle of the fiber

L=1C

a—
Ib
P 4n

(6)
where Q is the acceptance solid angle to take into account the
fraction of scattered light that is recoupled into the fiber

Q =27(1 — cos 8/2) (7)

with @ being the acceptance angle of the fiber in water, given by
its numerical aperture (NA). Dividing by the solid angle of a
full sphere (47) in eq 6 it is possible to estimate the fraction of
radiated light captured by the fiber.

Combining eqs 2, S, and 6 the light scattered by the
nanoparticles and recoupled into the fiber as a function of the
incident light can be approximated as

I, = a’NC

scatt

Q
o0 (3)
The signal measured by the spectrometer (S) is the sum of the
background (B) and the scattered light coupled into the fiber I..
Therefore, combining eq 1 with eq 8 and taking into account
the relation between the background (B) and the incident light
(Iy) of eq 3 the averaged nanoparticle density can be written as

l—a

2Q
E Cale

_ R — 100
N(particles/m?*) = ( ) X
a

100

scatt

©)
where R is the measured reflectance at the maximum of the
LSPR band.

Substituting in eq 9 the values for the coeflicients reported in
Table 1, assuming a sample with reflectivity of 110%, we obtain

Table 1. Values of the Coefficients in Eq 9 for 80 nm GNP
and for the Fiber Employed”

NA
0.258

Cocatt (mZ)
1.5 x 107

Cap a 6
0.5 0.996 11°

“Values of Cscatt and Calb were obtained from the manufacturer spec
sheet (nanoComposix).

a value for the GNP density on the sample of ~23 particles/
um?, in reasonable agreement with the value of ~30 particles/
um? estimated by SEM measurements (see inset in Figure 2B).

Multiplexed Sensor. Use of individual metallic nano-
particles with distinct LSPR signatures is the first step toward
realization of a multiplexed dip biosensor. Then, as mentioned
in the Experimental Section, by means of a functionalization
protocol capable of linking different antibodies to distinct
nanoparticles, each family of nanoparticles can be modified to
be responsive to a specific biomarker. Furthermore, to improve
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the robustness of the sensor and reduce artifacts, the LSPR
band overlap must be limited. Differences in the LSPR
signatures of metallic nanoparticles could come from differ-
ences in their shape, size, structure, or materials.** Here we
choose to employ metallic nanoparticles made from different
materials as it is an effective and straightforward means of
producing LSPRs with separate bands, as presented in Figure
3A, where GNPs and SNPs are linked to the tip of the optical
fiber. In Figure 3A the LSPR of SNP occurs at 425 nm and that
of GNP at 555 nm.

Note that the wavelength at which GNP LSPR occurs is
shifted by approximately 10 nm after adsorption of SNP on the
fiber tip. This is consistent with plasmon coupling effects
between adjacent nanoparticles, as previously mentioned.*”**
The increased reflectivity of GNP LSPR from 112.5% to 115%
is due to a slight overlap with the tail of the SNP band. To
illustrate the sensitivity of SNP, Figure 3B reports a comparison
between the SPR shift as a function of the bulk refractive index
for GNP and SNP samples. In Figure 3B a simple system (using
a single class of nanoparticles) was considered, showing that the
sensitivity achieved with SNPs and GNPs is comparable.
Although some silver nanostructures have been reported to be
more sensitive than the gold counterpart, data shown in Figure
3B are in agreement to that reported in Lee et al.>® for metal
nanoparticles; the bulk refractive index sensitivity of metal
nanoparticles is found to be independent of material
composition for metals with similar dispersion relationships
in the real part of the dielectric function, as for Ag and Au.*®

The multiplexed system of Figure 3A was characterized as
well by exposing to solutions with different refractive index, and
the two LSPR bands were monitored separately. The results
(see Figures S1 and S2, Supporting Information) showed a
smaller sensitivity than that of the sample loaded with only one
class of nanoparticles (20% smaller for SNP and 30% for GNP).
This is in agreement with the data presented in Figure 2B and
due to a larger overall nanoparticles density.

As far as the proposed functionalization protocol is
concerned, (see Experimental Section), note that good
specificity of the sensor is obtained. GNPs were modified
with anti-apoE IgG until full saturation of Neutravidin binding
sites is reached. Then, SNPs are linked to the fiber sample and
functionalized with anti-CLU IgG following the same
procedure as for GNPs. Under these experimental conditions,
SNP should be free of anti-apoE antibodies while GNP might
present a small amount of anti-CLU IgG if, for example, some
Neutravidin binding sites are still available after introduction of
anti-apoE antibodies.

Biomarker detection. To demonstrate the performances
of our dip biosensor in terms of specificity, the system was
exposed to a clinically relevant concentration of two gastric
cancer biomarkers, as aforementioned. In a previous study,
apoE and CLU were identified as potential gastric cancer
biomarkers.**~*® The authors reported that apoE was found to
be 2.5-fold overexpressed and CLU to be 2-fold underexpressed
in patients with gastric cancer compared to the physiological
regulation range of 36 + 13 and 306 + 148 ug/mL respectively.
Therefore, we tested the dip biosensor by exposing the surface
to solutions of the two biomarkers, 90 pig/mL for apoE and 160
ug/mL for CLU, and analyzing the two LSPR bands separately
and simultaneously.

The biosensor was first dipped into the solution containing
apoE, and the wavelength positions of the two LSPR bands
were monitored separately (see data analysis section for

dx.doi.org/10.1021/1a403667q | Langmuir 2014, 30, 946—954
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Figure 4. Dip biosensing of gastric cancer biomarkers. (A) Shift of the LSPR bands upon exposure of the biosensor to a 90 yg/mL solution of apoE.
Star curve represents the real-time shift of the GNP LSPR band, while diamond curve is the shift of the SNP LSPR band. Note that only the surface
of GNP is functionalized with anti-apoE antibody. (B) Shift of the LSPR bands upon immersion in a 160 yg/mL solution of CLU. Diamond line
represents the SNP band, while star line represents the GNP band. Note that for the biosensing experiments a volume as small as 25 pL was added

into an Eppendorf tube, where the fiber sample was later dipped.

details). Results are presented in Figure 4A, where the diamond
symbols represent the shift of the LSPR band corresponding to
SNP (at 425 nm) while the stars represent that corresponding
to GNP (band at 555 nm). From the figure we can state that
GNP are clearly responsive to apoE, producing a neat shift of
0.3 nm in less than 15 min. Regarding the signal from SNP, an
overall shift of 0.1 nm is obtained, probably due to a degree of
nonspecific binding, but the shift measured is 3 times smaller
than that for GNP. The sensor was then dipped in the vial
containing the CLU solution. The response for the two LSPR
bands is presented in Figure 4B. In this case a shift of 0.4 nm
for the LSPR band corresponding to SNP is measured
(diamond line), consistent with the functionalization employed,
proving that SNP are responsive principally to CLU. A small
shift is also observable for the LSPR of GNP, but it is in
magnitude smaller than that observed for SNP. This set of
biosensing experiments contains also the negative (or control)
test, demonstrating the specificity of the system proposed. In
fact, Figure 4 demonstrates that the functionalized SNP
nanoparticles are principally receptive toward CLU while
GNP toward apoE. The shift measured when the wrong target
is present is roughly 3 times smaller than that shift arising as a
consequence of the target recognition, proving also that the
functionalization approach employed was successful. It is worth
noting that although the shift observed here is rather small, the
resolution of the sensor, which depends on the equipment and
data analysis employed, allow us to discriminate a SPR shift
(Res) of 0.03 nm, calculated as three times the noise."**” The
resolution is strictly connected to the limit of detection, which
is often reported as a means to measure the performance of a
sensor, which is not an intrinsic characteristic of the sensor
because it depends also on the equipment used to measure it.

Note that the magnitude of the shift measured is consistent
with the magnitude of the shifts observed during the
functionalization process (see Figures S3 and S4, Supporting
Information). However, it is important to point out that the
sensitivity of the sensor decreases as a function of the
functionalization steps, because the electromagnetic field decays
exponentially from the nanoparticles surface, thus limiting the
sensing volume.”**** In particular, assuming an electro-
magnetic field decay of 20—50 nm® and considering a
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functionalization shell (ssDNA-NAVD-IgG) thickness of
roughly 20—25 nm, the interaction between the -electro-
magnetic field and the analyte (apoE and CLU) is reduced
with respect to the situation of the analyte being adsorbed
directly on the nanoparticles surface, thus resulting in smaller
LSPR shifts. However, considering that the shift observed for
apoE IgG (150 kDa) immobilization is roughly 1.2 nm (see
Figure S3, Supporting Information) and taking into account
that the molecular weight of apoE is around 30 kDa, the shift
observed upon apoE exposure (~0.3 nm) is consistent with the
shift measured for apoE antibody, assuming a 1:1 ratio of
proteins captured per IgG. In the case of CLU (70 kDa), taking
into account the relative molecular weight and the LSPR shift
measured (see Figure S4, Supporting Information), a ratio of
one CLU per two IgG is obtained. This could be caused to a
smaller binding affinity or IgG degradation.

Note also that the protein’s solution volume employed for
the dip biosensing experiments is as small as 25 uL, and it could
be further reduced, proving the powerfulness of such a system
for low-cost biomarkers screening.

Nanoparticle Positioning. The surface chemistry in the
sensing region has a substantial impact on the performance of
biosensors as it drives the interactions of light with
biomolecules at the nanoscale, and it could be used to improve
the sensor performance as well as introduce features not
present otherwise. Here we report a previously unobserved
behavior for colloidal nanoparticles that occurs during SNP
anchorage to the surface that is due to modification of the
surface chemistry of the nanoparticles, which allows for
manipulation of their positioning during adsorption.

Adsorption is driven by the electrostatic interactions between
the positively charged surface and the negatively charged
metallic nanoparticles (see Experimental Section). After
adsorption and functionalization of GNP, SNP linkage took
place in the same manner by electrostatic interaction with the
positively charged surface, causing consistently an overall red
shift of 10 nm on the GNP LSPR band. We attributed this fact
to the increased density of nanoparticles, thus leading to a
smaller interparticles average distance, as well known for the
system where only one class of nanoparticles (GNP for
instance) is interacting.>> In a different set of experiments, we
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modified GNP surface to introduce a positive surface charge, by
reacting with a solution of 1 mM 11-amino-1-undecanethiol in
ethanol, that forms self-assembled monolayers (SAM) on the
surface of GNP.*° After introduction of such positive charge on
the surface of GNP, SNP were deposited following the same
protocol previously reported. However, in this situation SNP
can adsorb both to the fiber surface and to the positively
charged GNP. As a result, a blue shift of the GNP LSPR band
was consistently observed, in contrast with experimental
observations reported for interacting colloidal nanoparticles®>!
and with results presented above.

Experimental evidence of this effect is given in Figure S,
where a blue shift of 4 nm is observed as well as the appearance
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Figure S. Multiplexed sensor. Silver and gold nanoparticles LSPR
bands in water at 426 and 540 nm, respectively (blue, full line). LSPR
of GNP before SNP deposition, at 544 nm (black, dotted line). Blue
shift is observed for the GNP LSPR band after immobilization of SNP,
in contrast with what is observed in Figure 3A. (Inset) Cartoon
depicting SNP disposition on GNP, thanks to the positively charged
surface.

of a third band at 700 nm, probably coming from a combined
mode. This effect may be related to the SNPs attaching to
GNPs via the SAM linker. Note that for the plasmonic coupling
to take effect the polarization of the electromagnetic field needs
to be parallel to the interparticles direction, as for the case of
SNP lying on the plane of the fiber tip with GNP (see cartoon
in Figure 34, inset). In the situation where SNPs lie on top of
GNPs, as depicted in the cartoon in the inset of Figure S, the
polarization of electromagnetic field (which lies in the fiber tip
plane) is perpendicular to the GNP—SNP direction and thus
unable to cause a plasmonic coupling between the GNP and
the SNP, resulting in significantly different behavior. Similar
behavior was reported by other authors*** for two interacting
gold nanodisks deposited by E-B lithography, where a blue shift
in the case of polarization orthogonal to the long particle pair
axis was observed as the interparticle distance decreased. The
given interpretation relies on the dipole—dipole interaction
model, showing that the charge distributions of both particles
act cooperatively to enhance the repulsive action of surface
charges, thus increasing the resonance frequency. Also, it is
interesting to note the relative intensity change in the GNP
LSPR, which decreases in the case of Figure 5 but increases in
Figure 3A. This is in agreement with the dipolar-coupling
picture, as reported in Huang et al,*” and supports our
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interpretation of a different nanoparticles positioning driven by
surface functionalization.

For our experimental conditions there may be an additional
effect that adds to what has been already described, connected
to the local effective refractive index, which affects also the
position of GNP’s LSPR. In fact, the real part of the refractive
index of silver is significantly below that of water in the optical
regime, and the presence of SNP on top of GNP simply
reduces the local effective refractive index, producing a blue
shift of the GNP’s LSPR, in accordance with experimental
observations. In a more general case, there will be a degree of
coupling between the SNPs and the GNPs, depending on the
relative positions of the nanoparticles and light polarization.
The results show how, by playing with surface functionalization,
it is possible to tailor interactions of nanoparticles with surfaces
and interactions among nanoparticles, adding extra degrees of
freedom to nanophotonics and plasmonics, without the need
for nanofabrication.

B CONCLUSION

We report a dip biosensor based on anchoring metallic
nanoparticles to the tip of a cleaved optical fiber. Localized
surface plasmons are excited by the light traveling in the fiber
and are responsible as the transduction mechanism for the
refractometric biosensor presented. We explored the impact of
the nanoparticle density on the sensor performance, demon-
strating that smaller quantities of nanoparticles lead to better
sensitivity. By linking nanoparticles with different plasmonic
signatures and employing a suitable functionalization strategy, a
multiplexed biosensor is realized. The dip biosensor is proven
to be effective in detecting two different gastric cancer
biomarkers in clinically relevant conditions simultaneously
with a limited cross-reactivity and in a short time frame (~10
min). Furthermore, a minimum volume of solution is required
both for the functionalization process and for sample analysis,
dramatically reducing the costs associated with POCT. There
are possibilities for the system to be improved, as, for instance,
via the use of core—shell nanoparticles.’ By employing such
nanoparticles it should be possible to design and tailor the
plasmonic features to have LSPR bands in any desired position,
enabling the system to be engineered to detect a larger number
of biomarkers, making this new sensing platform extremely
attractive for applications in medical diagnostics.
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