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1. Introduction

Chemical design of high performance SPR
biosensor based on a dielectric nanoparticle
assembly supported onto a gold thin film7

Pier Berling,? Mathias Dolci,? Spyridon Zafeiratos, ©° Thomas Gehin,®
Cédric Leuvrey,? Céline Kiefer,? Déborah Wagner,®
Fouzia Boulmedais 9 and Benoit P. Pichon [ *2¢

The SPR system is a very efficient tool to investigate original and highly efficient biosensors and to study
molecular recognition mechanisms. We report on the design of an original nano-architecture which
consists of iron oxide nanoparticle assemblies supported on gold thin films and which acts as a very
efficient SPR sensor. The build-up of the sensor consists of a three-step CuAAC “click” reaction process
which allows the selective and easy preparation of a robust platform. Iron oxide nanoparticles allow the
label-free detection of targeted proteins thanks to their high sensitivity to slight variations in the refractive
index in the vicinity of the SPR sensor surface. We investigated the very well-known biotin/streptavidin
couple in order to study the selectivity of biomolecular binding of our sensor platform. The nonspecific
adsorption of proteins was suppressed by using oligo ethylene oxide (EO) chains. A study of the kinetics
revealed the remarkably low limit of detection (down to 1.1 nM) which is ascribed to the enhanced
accessibility of biotin groups and to the biotin/SA affinity (2.45 x 107 M). Indeed, the high radius of curvature
of the nanoparticles avoids steric hindrance of the biotin groups and the flexibility of the EO linkers favors
their mobility in an aqueous medium. An optimized sensing platform was built by taking advantage of the
adequate surface functionalization of iron oxide nanoparticle assemblies supported on a gold thin film.

SPR sensors allow kinetics and the affinity of biomolecular
binding to be measured in real time. SPR sensors usually

SPR biosensors have become increasingly popular in research
fields related to medicine, biology and ecology."” Their
success is ascribed to quantitative analysis for dosage control
and toxicity risk management as well as excellent reutilization
performance and outstanding reproducibility. Furthermore,
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consist of a metal thin film whose plasmon resonance
characteristics are highly sensitive to the variation in
refractive index in the vicinity of its surface. This is ascribed
to the strong evanescent field which is generated at the
metal/dielectric interface by the surface plasmon wave.
Therefore, the adsorption of analytes onto the metal surface
induces a variation in the plasmonic signal. Since the signal
variation is directly dependent on the variation in the
refractive index, it can be limited by low molar weight and
low concentration of analytes, which are critical parameters
for the development of efficient SPR sensors.

Dielectric over-layers (n = 1.48 to 2.6) supported on metal
thin films were recently reported to increase the intensity of
the electromagnetic field at the metal/dielectric interface.’
Such lamellar structures opened up new perspectives for SPR
biochips.* The sensitivity of plasmon thin films can be
significantly increased for small changes in the refractive
index in the vicinity of the film surface. Relatively thin layers
(5-40 nm) of dielectric material are particularly efficient
when taking into account the exponential decay of the
intensity field within about 200 nm of the metal surface.
Nevertheless, for materials with high refractive index, the
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broadening of the SPR signal reduces the accuracy of the
measurement above a critical layer thickness. The use of top-
dielectric layers also stabilizes the chemical composition by
protecting plasmonic thin films subject to oxidation, such as
silver.” However, the deposition of thin films requires
plasma-related deposition techniques which use expensive
equipment and difficult processing.

The sensitivity can also be markedly increased by
exploiting labelling with non-plasmonic nanoparticles, which
amplify the variation in refractive index after adsorption of
analytes. Latex microbeads with sizes up to 120 nm led to a
significant enhancement in sensitivity.® Iron oxide particles
with sizes from 10 to 200 nm led to the detection of various
analytes with concentrations from a few ng to hundredths of
pg mL """ However, labelling requires nanoparticles to be
conjugated to a recognition element which interacts with the
analyte in order to adsorb onto the metal thin film. This
approach usually leads to potential aggregation, thus making
it difficult to quantify the analytes to be detected.

Assemblies of non-plasmonic nanoparticles emerged very
recently as an original approach to enhance the sensitivity.
Nanoparticle assemblies can be easily prepared by robust
chemical reactions belonging to the area of “click”
chemistry.">"® In contrast to continuous thin films, the
structure of nanoparticle assemblies can be modulated
according to different structural parameters, such as
nanoparticle size and density, which allow adjustment of the
optical properties, as we have shown by using high refractive
index Fe;_;0, nanoparticles (n = 2.42)."* A high loading of
nanoparticles significantly enhances the intensity of the
electromagnetic field, i.e. the sensitivity of plasmonic thin
films. Furthermore, the topography resulting from
nanoparticle assemblies induces a larger specific surface area
than flat surfaces, which enhances the number of binding
sites, thus allowing the detection of formaldehyde'® or
arsenic'® down to a few ppm. The main interest of
nanoparticle assemblies supported on plasmonic metal thin
films is certainly the ability to finely tune their structure in
order to address the interplay between the highest loading of
nanoparticles and the highest accessibility of binding sites."*

Besides the optimization of the optical properties, the
surface functionalization of nanoparticle assemblies is also a
critical parameter. Considering that analytes to be detected
are present at a low concentration in bodily fluids which are
very complex mixtures, nonspecific interaction is one of the
main limitations of sensor efficiency.”” Thus, the specific
detection of biomolecules of interest represents a very
important challenge. With this aim, the surface chemistry of
sensors has been carefully addressed and has received
considerable attention during the last few decades. Ethylene
oxide (EO) chains are certainly the most efficient chemical
material to avoid protein adsorption onto surfaces.*®*’
Therefore, they are very well known to functionalize surfaces
while preserving the native form and bioactivity of various
biomolecular receptors. Steric hindrance also limits the
accessibility of bio-receptors in tightly packed assemblies on
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flat surfaces, which usually require dilution by inactive
groups.”*>?

In this context, we report the design of a highly specific
SPR sensor which consists of an iron oxide nanoparticle
assembly supported on a gold thin film. The nano-
architecture was built-up by performing a three-step copper-
catalyzed alkyne-azido (CuAAC) cycloaddition reaction, a
highly specific and reliable reaction to perform, which
belongs to the field of “click” chemistry. Thanks to its high
theoretical affinity constant (K, ~ 10" M™"),>** the biotin-
streptavidin couple was selected to investigate the efficiency
of such an original biosensor. We focused on the surface
functionalization of the nanoparticle assembly in order to
avoid nonspecific interactions and steric hindrance by taking
advantage of EO chains and the high radius of curvature of
spherical nanoparticles, respectively. We show that such a
platform is highly efficient for designing sensors with
enhanced bioaffinity with specific detection and a low limit
of detection.

2. Experimental section

2.1. Materials and products

The materials were: iron II stearate (Strem Chemicals),
dioctylether (99%, Aldrich), oleic acid (99%, Alfa Aesar), 10-
undecyn-1-ol (96%, Alfa Aesar), triethylamine (99%, Acros
Organics), N-[2-[2-[2-(2-azidoethoxy)ethoxy]-ethoxy]ethyl]
biotinamide (>97%, Sichem), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hypochloride (>98%, TCI),
bromotris(phenylphosphine) copper I (98%, Aldrich). o-(+)-
Biotin (>97%, Aldrich), biotin-PEGg-alkyle (C=C-EO,-biotin,
>97%, Sichem), (11-undec-1-ynyl)thiol were synthesized as
we previously reported.'* N-Propargylbiotinamide (C=C-Cj-
biotin) was inspired by Nainar et al>** 10 nm-sized Fe,_s0,
nanoparticles were synthesized following the procedure we
reported earlier.'

2.1.1. Nanoparticle assembly and surface modification by
biotin derivatives (C=C-Cj;-biotin or C=C-EOQ,-biotin). A gold
film with a thickness of 48 nm was evaporated onto a BK7
glass substrate after evaporation of a 2 nm thick chromium
adhesion layer. The assembly of Fe;O0,@N; nanoparticles
onto an alkyne-terminated gold substrate (SAM-C=C) was
performed following the exact procedure we reported
earlier.”® Then, nanoparticle assemblies supported on gold
thin films were introduced in a 50 mL reactor, which was
subsequently filled with a solution of 5 mM of C=C-C;-biotin
or 2 mM of C=C-EO,-biotin, 6.5 mg of CuBr(PPh;);, 0.5 mL
of Et;N and 5 mL of THF. The reaction was performed under
reflux for 24 hours. The substrates were then rinsed and
ultrasonicated for 1 min in THF before being dried under an
air stream.

Finally, the sample was introduced into a second 50 mL
reactor which was filled with a solution of 2 mM mg of
PEO, N3, 6.5 mg of CuBr(PPh;); and 0.5 mL of Et;N. The
reaction was performed under reflux for 24 hours. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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substrates were then rinsed and ultrasonicated for 1 min in
THF before being dried under an air stream.

2.1.2. Gradual replacement of C=C-EO;-biotin by C=C-
EO,-OH. Then, 2 mM solutions of C=C-EO,-biotin and
C=C-EO,-OH were prepared separately in THF, then mixed
in the required proportions. The click reaction follows the
same procedure as described above. 6.5 mg of CuBr(PPh;);
and 0.5 mL of Et;N were stirred in 5 mL of a C=C-EO,-
biotin/C=C-EO,-OH mixture in the chosen proportion in a
50 mL reactor. The reaction was performed under reflux for
24 hours. The substrates were then rinsed and ultrasonicated
for 1 min in THF before being dried under an air stream.

2.2. Sample characterization

Transmission electron microscopy (TEM), high resolution
TEM (HRTEM), and electron diffraction (ED) were performed
using a JEOL ARF200F microscope operating at 200 kV. The
size distribution was calculated from the size measurement
of more than 100 nanoparticles using Image ] software.
Granulometry measurements were performed using a
Malvern nanosizer (nano ZS) apparatus for each NP
suspension. Fourier transform infrared (FTIR) spectroscopy
was performed wusing a PerkinElmer Spectrum Two
spectrophotometer in the energy range 4000-400 cm .
Scanning electron microscopy (SEM) was performed using a
Zeiss Gemini SEM 500 microscope equipped with a field
emission gun (SEM-FEG) operating at an accelerating voltage
of 1 kV. Atomic force microscopy (AFM) was performed in the
tapping mode using a Digital Instrument 3100 microscope
coupled to a Nanoscope IlIa recorder. The collected data were
analyzed using Nanotec WSXM software. Phase modulation
infrared reflection absorption spectroscopy (PM-IRRAS)
spectra were collected on a Thermo 6700 FTIR spectrometer
equipped with an external optical bench. Measurements of IR
spectra were carried out with the photoelastic modulator set
for half-wave retardation at 2500 cm ' and the angle of
incidence of the infrared beam was set to 82°. The
instrument resolution was set to 4 cm " and 1000 scans were
averaged. X-ray photoelectron spectroscopy (XPS) was
performed in a spectrometer described previously.”® An Al Ko
X-ray source (1486.6 eV) was used as the incident radiation,
while due to the low signal of the photoemission peaks of
interest, the XPS spectra were recorded using 100 eV pass
energy. The binding energy scale was corrected by the Au
4f;, line of the gold substrate at 84 eV as an internal
reference. The N 1s spectra were fitted using symmetric
Gaussian-Lorentzian functions, while for the S 2p peaks an
asymmetric profile was used to account for the unresolved
2p32-2p1/2 spin-orbit split doublet. N 1s, S 2p and C 1s core
level peaks were properly normalized to the photoemission
cross section, assuming a homogeneous distribution of these
elements on the surface.

An MP-SPR Navi commercial system (Bionavis©, Finland)
working in the Kretschmann configuration at two fixed
wavelengths (670 nm and 785 nm) was used to monitor the SPR

© 2022 The Author(s). Published by the Royal Society of Chemistry
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signal by changing the resonance angle position. Substrates
were inserted inside the system after building up the detection
platform. This system was combined into a microfluidic device
which was also used to study the kinetics of the recognition
process. Aqueous solutions of protein were injected at a flow
rate of 50 uL min *. Commercial substrates consist of a thin
gold layer of 50 nm which is deposited onto a glass substrate
(BK7) coated with a chromium thin film (thickness 2 nm) used
as an adhesive layer.

Streptavidin was extracted from Streptomyces avidinii
bacteria. A buffer solution is commonly used for protein
stabilization and to avoid denaturation or conformational
change during storage. The streptavidin was used in pure water
to avoid unspecific adsorption of salt on the surface, which may
hamper the recognition process. 250 L of streptavidin solution
were injected into a microfluidic channel with a flow rate of 50
uL min~'. Once the signal was stabilized, the microfluidic
channel was cleaned by injecting pure water.

3. Results and discussion

Iron oxide nanoparticles were assembled onto a gold thin
film (thickness 48 nm) by performing a click chemistry
approach, as we reported earlier (Fig. 1).">*” According to
TEM micrographs, iron oxide nanoparticles exhibiting a
narrow size distribution centered on 10.3 + 1 nm with well-
defined spherical shape were functionalized by grafting of
1(12-azidododecyl)phosphonic acid molecules in order to
obtain a highly stable colloidal suspension in tetrahydrofuran
(see ESIf). These azide-terminated nanoparticles (NP@N3)
were assembled onto an alkyne-terminated gold thin film
which was functionalized by a self-assembled monolayer of
(11-undec-1-ynil)thiol molecules (SAM-C=C). The copper-
catalyzed alkyne-azide cycloaddition (CuAAC) “click” reaction
resulted in the irreversible formation of triazol bonds
between nanoparticles and the SAM, ie. the formation of a
robust nanoparticle assembly onto a gold thin film.*?
Scanning electronic microscopy (SEM) images show that
the assembly structure consists of a monolayer of
nanoparticles with high density (3500 NP + 120 pm?)
(Fig. 2a), corresponding to an average inter-particle distance
of 3.8 nm." The nanoparticle density is much higher than
that expected according to a random sequential adsorption
(RSA) process (54% hexagonal compact packing (hcp)
structure).”® Indeed, dipolar interactions contribute to the
assembly process, which results in closer nanoparticles (up
to 80% hcp).>® Atomic force microscopy (AFM) provided
complementary information on the structure of the
nanoparticle assembly (Fig. 2b and c). Height profiles with
an average value of 9.1 nm and a roughness of 2.6 nm
confirmed the formation of a monolayer of nanoparticles.
Polarization-modulation infrared reflection-adsorption
spectroscopy  (PM-IRRAS) showed  typical  bands
corresponding to the CH, stretching of hydrocarbon chains
(vas = 2928 cm™ and v, = 2855 cm™ '), phosphonic acid groups
(vp—o = 1265 cm ™" and vpe_o_p = 1070-1040 cm ') and triazol
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Fig. 1 Schematic illustration of the sensor build-up by successively performing the CuAAC “click” reaction up to three times. (i) Assembly of
NP@Ns3, (i) grafting of C=C-EO7-biotin onto nanoparticles, (iii) grafting of N3-EO;-OH onto uncovered areas of SAM-C=C.
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Fig. 2 Structure of the nanoparticle assembly obtained by the CUAAC “click” reaction. a) SEM image. b) AFM image and the c) the height profile

corresponding to the green line in b).

groups (ve_y = 1180 cm™) (Fig. 3)."* A band centered at 2100
em™ is typical of the stretching vibration mode of azide
groups (vy,) which remain at the surface of the nanoparticles.
This result is in agreement with X-ray photoelectron
spectroscopy (XPS) whose spectra showed typical signals of
azide groups in the N 1s region at binding energies of 401.8
eV (N=N=N) and 405.3 eV (N=N=N), as we reported
previously.*®
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Fig. 3 Schematic representation of a) C=C-Cs-biotin and b) C=C-
EO,-biotin.
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Considering the presence of azide groups at the surface of
the nanoparticles, we used them to graft biotin derivatives in
order to detect streptavidin (SA). We synthesized two different
biotin derivatives with an alkyne group which can react with
the azide-terminated nanoparticles. An oligoethylene glycol
(EO;) chain was used as a linker between the alkyne and the
amide group of N-propargylbiotinamide in order to consider
N-[2-[2-[2-(2-azidoethoxy)ethoxy]-ethoxy]ethyl[biotinamide,
respectively named C=C-C;-biotin and C=C-EO,-biotin,
(Fig. 3; see ESIt for the synthesis procedure and
characterization). Both molecules were separately grafted at
the nanoparticle surface by repeating the CuAAC “click”
reaction. The presence of biotin groups was confirmed by
PM-IRRAS spectra, which showed the disappearance of the
azide band (Fig. 4). Furthermore, the broadening and
increase in intensity of the band centered at 1591 cm™" after
grafting the biotin derivatives agree with the presence of
amide I (vC=0) and amide II (’NH) contributions of biotin.*"
The broadening of the vP-O-Fe band (1070-1040 cm™) also
results from an additional contribution centered at 1180
em™ (6C-N) corresponding to biotin. The higher intensity of
the vC-H bands at 2922 ¢cm ™ and 2850 cm™" agree with extra
propyl and ethylene oxide chains.

In addition to the functionalization of the nanoparticle
surface by C=C-EO,-Biotin, areas not covered by
nanoparticles were functionalized by ethylene oxide chains
(C=C-EO,-OH) in order to avoid nonspecific interactions
upon detection of protein thanks to repellent properties.***°
Therefore, O-(2-azidoethyl)heptaethylene glycol (N3;-EO,-OH)
molecules were grafted at the surface of alkyne-terminated
SAM by performing the CuAAC reaction for the third time.
The PM-IRRAS spectrum of the sample named C=C-EO,-
biotin/N;-EO,-OH showed an increase in the JC-O band
(1120 em™) which agrees with the grafting of N3;-EO,-OH
molecules (Fig. 4).
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Because the SPR signal of the gold thin film is highly
sensitive to a variation in the refractive index in its vicinity, it
was monitored to study the sensor build-up by using the
Kretschmann configuration (Fig. 5a). Measurements were
performed at the highest wavelength (785 nm) available in
order to take advantage of the better resolution. The incident
angle corresponding to the minimum intensity of the SPR
signal (SPR dip) varied after each building step. The
resonance angle of the gold thin film (65.594°) was
successively shifted to higher values after the SAM
preparation (66.013°), the nanoparticle assembly (68.134°),
the grafting of C=C-EO,-biotin at the nanoparticle surface
(68.451°) and grafting of additional N;-EO,-OH onto
uncovered areas by nanoparticles (68.472°). The gradual shift
of the SPR signal to higher angles after each “click” chemistry
step agrees with the build-up of a robust nano-architecture
through irreversible triazol bonds. The structure of the
nanoparticle assembly and organic functionalities are
preserved due to the mild operating conditions (60 °C) and
specific chemical reactions. Heterogeneous nanostructures
such as porous metallic films have been reported to influence
the SPR signal.® Assemblies of nanoparticles also usually lead
to a broadening of the SPR-dip as well as a lower decrease in
intensity because they absorb and diffuse light.*>** In our
study, the assembly of iron oxide nanoparticles has a very
limited influence on the intensity and full width at half
maximum of the SPR-dip.

The SPR signal was also monitored to study the
absorption of SA as a function of the surface
functionalization. The injection of SA (10 pg mL™) resulted
in a significant angular shift for each sample (Fig. 5b-d).
Such behavior agrees with the increase in the refractive index
in the vicinity of the biotin-terminated nanoparticle assembly
supported on a gold thin film. A couple of minutes after
stabilization of the SPR signal, pure water was injected to

—— NP@N; —— NP@C=C-C;-Biotin —— NP@C=C-EO;-Biotin
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Fig. 4 PM-IRRAS spectra of nanoparticle assemblies before and after functionalization by C=C-Cs-biotin and C=C-EO,-biotin and N3-EO;-OH.
Spectra were normalized to the P—=O band. a) Full spectra. b) Enlargement of the low-wavenumber region.
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Fig. 5 SPR measurements. a) Reflectivity versus angular response (fspr) measured after each build-up step at a fixed wavelength of 785 nm: gold
thin film (Au), self-assembled monolayer of (SAM-CC), nanoparticle assembly (NP@N3), grafting of C=C-EO;-biotin (C=C-EO5-biotin), grafting of
N3-EO,-OH (C=C-EO5-biotin + N3-EO,-OH). b) Variation of the incident angle as a function of time after injection of SA (solid lines) and BSA
(dashed lines). Dashed curves correspond to BSA injection. The vertical dashed line corresponds to the injection of pure water (washing step). c)
Reflectivity versus resonance angle measured before and after injection of SA. d) A closer view of c).

remove proteins from the solution. The position of the
resonance peak did not vary, in agreement with strong
biomolecular interactions between SA and biotin groups. The
angular shift is significantly larger in the presence of C=C-
EO--biotin (0.44 + 0.002°) than C=C-C;-biotin (0.25 + 0.002°).
This is ascribed to the high solubility of the PEO; chain which
is extended up to 2 nm in aqueous media, which enhances the
mobility of the biotin groups. The SPR angle also shifted to
0.460 + 0.002° after grafting of N3;-EO,-OH onto uncovered
areas between nanoparticles (C==C-EO,-biotin + N3-EO,-OH).
In order to study the specificity of molecular interactions
between biotin and SA, similar experiments were performed
by injecting bovine serum albumin (BSA), a well-known
protein which adsorbs onto a surface through nonspecific

1074 | Sens. Diagn., 2022, 1,1069-1079

interactions (Fig. 5b). BSA was injected as a 10-fold mass
concentration of SA. A shift in the angle (0.0230 + 0.002°)
corresponding to 10% of the shift in the presence of SA was
observed for C=C-Cs-biotin. This shift is significantly
reduced for C=C-EO;-biotin (0.013 + 0.002°). The EO; linker
in the biotin derivative significantly reduces nonspecific
interactions. For C=C-EO-biotin + N3;-EO,-OH, no angular
shift was observed at the limit of the resolution of the
experiment (0.001°). This shows that the combination of the
EO, linker with biotin and additional N;-EO,-OH chains
grafted onto areas not covered by nanoparticles is a very
efficient combination to suppress nonspecific interactions.

A high density of functional groups on surfaces is well
known to alter their ability to interact with targeted

© 2022 The Author(s). Published by the Royal Society of Chemistry
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biomolecules because it favors steric hindrance.?’*%
Dilution of biotin by inactive groups is a well-known
approach to enhance interactions with SA. C=C-EO;-biotin
was mixed with O-(3-butyne)heptaethylene glycol (C=C-EO,-
OH) in order to graft both molecules at the nanoparticle
surface by performing the CuAAC “click” reaction (see
Experimental section). C=C-EO,-OH was selected in order to
favor the homogeneous distribution with C=C-EO,-biotin
(no segregation phase) thanks to the same chemical
composition and chain length. C=C-EO,-OH should also
avoid nonspecific interactions while preserving the strong
affinity of the biotin groups with SA.

XPS analysis was performed for samples with 100%, 50%,
5% and 0% biotin content (Fig. 6). The survey spectra
indicate the presence of elements due to the substrate (Au 4f)
as well as the over-layer (N 1s, C 1s, S 2p, O 1s, Fe 2p) (see
ESIt). In the N 1s region of the 0% sample, two peaks can be
resolved around 404 eV and 401 eV, which can be attributed
to the azide and triazol groups, respectively.*>*> The peak
related to the azide groups (404 eV) decreases for 5% of
C=C-EO;-biotin and disappears completely for a higher
content of C=C-EO,-Biotin, which agrees with the formation
of triazol bonds." This is followed by a broadening and shift
of the N 1s peak at lower binding energies. These changes
are consistent with the appearance of the amide groups of
biotin, which typically appear at 400.7 eV.*® Unfortunately,
due to the close proximity of the binding energies of biotin
triazol groups, it is not possible to resolve the two
components in the N 1s spectra. Nevertheless, the peak

N 1s l399 9eV S2p 168:8 ev
100% C=C-EOT7-Biotin 100% C=C-E07-Bktin
p 165 eV
404.2eV | 152|5 ev
o5 e 808
) ' - L —
N1s | g S 2p ol ) 1
50% CEC-EO?IBlolm 50% CEC~EOZ 1 ) 1
> I
= 1
2 a, L
[
=
£
o N !
Q  Ins |
P 5% CEC-EO?-qmlm 2N
@
€
A °
(o] ol
Z I
} : t 1
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o
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Fig. 6 XPS spectra recorded in N 1s and S 2p regions for samples after
grafting different mol% of C=C-EO;-biotin at the surface of the
nanoparticle assemblies.
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broadening (the full width at half maximum increases from
3.4 to 3.6 eV) is an indirect confirmation of the overlapping
of the two components in the N 1s peak. The S 2p signal
shows the contributions of two peaks. The first is centered
on 162.5 eV which is typical of S atoms linked to Au atoms.*’
An additional contribution around 168.8 eV is ascribed to
sulfonate or sulfate groups, i.e. oxidized S atoms.?” Although
the signal to noise ratio of the S 2p peak is relatively low, a
third contribution centered at 165 eV can be resolved, which
increases with the% biotin content. This component depicts
the increase in biotin groups at the surface of the
nanoparticles.® In the C 1s region, the main contribution
(285 eV) is typical of C-C bonds (see ESIf). An additional
contribution was observed around 288 eV, which can be
ascribed to C=0 bonds of the biotin groups (289 eV)** and
C-O of the ethylene oxide chains (287.5 eV).*®

The SPR angle was monitored to study the absorption of
SA as a function of the gradual replacement of C=C-EO,-
biotin by C=C-EO,-OH at the surface of the nanoparticles
(Fig. 7). Both molecules were mixed in solution with different
molar ratios before performing the CuAAC reaction. A
significant decrease in the angular shift was observed when
C=C-EO,-biotin decreased to 50%. This correlates with lower
amounts of SA adsorbed at the surface of the nanoparticles.
In contrast, similar angular shifts were observed for amounts
down to 5%. No variation in the angular shift was observed
when C=C-EO;-biotin was totally replaced by C=C-EO,-OH,
in agreement with the repellent properties of EO chains. Such
a variation in the angular shift is unexpected. It is well
known that the high loading of molecules onto a surface
undergoes tight packing of functional groups, which hampers
their accessibility. Therefore, the highest amount of adsorbed
SA was expected for an intermediate biotin content, which
corresponds to the interplay with the lowest steric hindrance.

0,1 4

0,0 n

T
100 80 60 40 20 0
% C=C-EO7-Biotin
Fig. 7 Angular shift measured from sensorgrams as a function of the

C=C-EO;-biotin mol% after injection of an aqueous solution of SA (10
ug mL™).
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The observed results are ascribed to the high radius of
curvature of spherical nanoparticles which avoids the steric
hindrance of biotin groups. The flexibility of the EO, linker,
which enhances the mobility of biotin groups, also
contributes to the absorption of higher amounts of SA. It
may also compensate for low biotin content (below 50%),
resulting in a similar amount of adsorbed SA. It is worth
noting that only 5% of C=C-EO,-biotin results in a
significant angular shift of 0.26, in agreement with the
exceptional biomolecular affinity of the biotin/streptavidin
couple.

The shift in the SPR signal to higher angles (A6)
corresponds to the increase in the refractive index at the
sensor surface resulting from the adsorption of material
which can be quantified according to the Campbell model:*°

A0 = mAn [1 - eﬁn}

where m is the sensitivity factor, An is the local change in the

refractive index (An = Magsorbate — Mwater, With adsorbate the
refractive index of the adsorbed material, and 7yaer = 1.33),
lq is the characteristic evanescent electric field decay length,
and ¢ is the effective adsorbate layer thickness.

Considering the sensor build-up, the largest shift in the
resonance angle is ascribed to the assembly of nanoparticles
because it corresponds to the highest variation in the
refractive index. According to the nanoparticle density and
organic molecules grafted onto the nanoparticle surface, we
have calculated an average refractive index nagsorpate Of 1.64
(see ESIT) which is higher than that of organic molecules (n =
1.42). Considering a 48 nm-thick gold thin film covered by a
nanoparticle assembly and a wavelength of 785 nm, we
calculated a decay length (I3) of 204 nm and a sensitivity
factor m of 114 + 2°/RIU (see ESI}). Therefore, the angular
shift (2.121°) corresponds to an effective layer thickness of 12.2
nm, which agrees with the size of the nanoparticles surrounded
by organic moieties. The angular shifts after grafting of C=C-
EO,-biotin (0.317°) and N3;-EO,-OH (0.021°) correspond to
much thinner adsorbate layers of streptavidine (2.1 nm and 0.1
nm, respectively). The amount of adsorbed SA (Msreptavidin =
1.47 (ref. 41 and 42)) was also calculated from the angular shift
measured for each C=C-EO,-biotin content (see ESI}). The
effective adsorbate layer of SA decreases from 3.1 nm to 1.6 nm
when diluting biotin groups with C=C-EO,-OH chains at the
surface of the nanoparticles. The effective adsorbate layer
thickness is also correlated with the mass of SA per area unit (/)
according to the Freiter equation:**

_ Anxt
~on/ac

with An the variation in the refractive index at the surface, ¢

the effective thickness of the adsorbate layer and on/oc the
variation in the refractive index as a function of the protein
concentration (0.212 em® g for SA)."* The highest mass of
adsorbed SA is 205 ng cm™> for full biotin loading, which
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Table 1 Angular shift (A9) measured after adsorption of SA for samples
with different C=C-EO,-biotin content, calculated effective adsorbate
layer thickness (t), mass of adsorbed SA per area unit (/) and number of
SA per nanoparticle

Mol% Mol% A0 t Mass
C=C-EO,-biotin  PEO, (©) (nm)  (ngem™)  SA/NP
0 100 0 0 0 0

5 95 026 1.7 113 5.1

15 85 025 1.6 108 4.8

30 70 025 1.6 108 4.8

50 50 028 1.8 121 5.4

65 35 034 2.2 148 6.6

75 25 037 2.4 161 7.2
100 0 047 341 205 9.2

decreases to 108 ng cm > for biotin loading lower than 30%
(Table 1). According to the spatial arrangement of
nanoparticles (density of 3500 + 120 NP/um” and mean
average interparticle distance of 3.8 nm) and their size
distribution (10.3 + 1.0 nm), the theoretical surface available
to SA for each nanoparticle is 270 nm?*/NP (see ESI{ for
calculations)."® Given the size of SA (4.4 x 4.6 nm®), up to 13
SA can be adsorbed onto each nanoparticle. The mass of
adsorbed SA is lower than theoretical values and does not
exceed a maximum of 9 SA/NP (Table 1).

One of the main advantages of SPR sensing is
determination of the kinetics of biomolecular interactions.
The sensorgram allowed separate observation of the
association, equilibrium and dissociation phases.”® Since the
C=C-EO;-biotin/N;-EO,-OH sample was the most efficient
for detecting SA, we studied the adsorption Kkinetics by
injecting SA aqueous solutions with concentrations ranging
from 0.1 to 10 ug mL™" (1.9 to 190 nM). All sensorgrams show
an increase in the resonance angle followed by a plateau a
few minutes after injection of SA (Fig. 8a). Lowering the SA
concentration resulted in lower angular shifts and increased
the time to reach the maximum value of the angular shift
from 1 to 4 minutes. Sensorgrams could be recorded for
concentrations down to an angular shift of 0.04° for an SA
mass concentration of 0.1 pg mL™' (1.9 nM). For lower
concentrations, the signal to noise ratio was lower than the
equipment resolution (0.001°).

The association and dissociation constants were
calculated by refining A#(C)]) curves, namely binding
isotherms (Fig. 8b).*® The response at the equilibrium (Ad) is
related to the affinity constant according to non-linear
regression:

€]

A= ——2
[C] + Kp

Agmax

with [C] the SA concentration, Ky, the dissociation constant

and Afp,,x the maximum binding capacity of the sensor when
all the binding sites are occupied. The affinity constant (K, =
1/Kp = 2.45 x 107 + 0.3 M ') is slightly higher than that
reported for “flat” gold thin films (x2.5-7.3 x 10° M 1)*"*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 a) Sensorgrams recorded for C=C-EO,-biotin + N3-EO;-OH after the injection of different concentrations of SA with a fixed flow rate of
50 uL min. b) Angular shift plotted against SA concentration. The standard deviation is very low (0.001°) in accordance with the equipment.

and gold nanorods immobilized onto glass slides (1.2 x 1077
M )* which were directly functionalized by biotin
derivatives. The isotherm shows that the maximum binding
capacity of our system (Afpax = 0.68 + 0.09°) can be obtained
for a concentration higher than 10 pg mL™. The maximum
expected value of the effective adsorbate layer is 4.5 nm (299
ng cm %), in good agreement with the size of SA (4.4 x 4.6
nm?). This confirms that a maximum of 13 SA can be
theoretically adsorbed onto each nanoparticle when
considering a mean size of 10.3 nm, a density of 3500 NP
um™ and a mean interparticle distance of 3.8 nm.

Finally, the limit of detection (LoD) of the system can be
calculated according to:

LoD—3a
Tk

with ¢ the error on the SPR system (0.001°) and k, the

sensitivity corresponding to the slope of the binding curve
for low concentrations (2.7 x 10° RU). The LoD of our system
is 1.1 nM (57 ng mL™"), which is better than those of “flat”
gold thin films (10 nM)*® or gold nanospheres supported on
glass slides (16.6 nM)*" functionalized by biotin groups in
order to detect SA. Such a low LoD is ascribed to the
enhanced accessibility of biotin groups resulting from the
combined effects of their high mobility and the topography
of the nanoparticle assembly.

4. Conclusion

We reported an original approach to designing the surface
chemistry of an efficient SPR sensing platform based on an
assembly of iron oxide nanoparticles supported on a gold
thin film with specific functionalization by organic
molecules. The building approach consisting of a three-step

© 2022 The Author(s). Published by the Royal Society of Chemistry

CuAAC “click” reaction resulted in a very robust nano-
architecture. The mild operating conditions of “click”
chemistry preserved the structure of nanoparticle assemblies
and the functionalities of organic moieties grafted onto the
nanoparticles and uncovered areas. Besides the significant
enhancement in sensitivity resulting from the high refractive
index of the nanoparticle assembly we reported earlier,” the
topography of the surface and its functionalization by an
accurate biotin derivative resulted in a significant
enhancement in the amount of absorbed streptavidin (SA).
We showed that an ethylene oxide (EO-) a linker between the
biotin group and the surface of nanoparticles favored the
better mobility of biotin groups thanks to their solubility in
an aqueous medium. Such EO; chains avoided the
adsorption of non-target proteins such as BSA thanks to
efficient repellent properties. We also showed that the high
radius of curvature of the spherical nanoparticles avoids
steric hindrance, which is usually correlated with a high
loading of bioreceptors on “flat” surfaces. Therefore, the
topography of nanoparticle assemblies and their accurate
functionalization allowed the combination of the high
density and high accessibility of biotin groups. Such an
original approach resulted in a high affinity constant (K =
2.45 x 107 M) of the biotin/SA couple.

A remarkable enhancement in the limit of detection
(LoD) down to 1.1 nM was calculated compared with state-
of-the-art biosensors based on “flat” gold thin films. Such
an LoD is also competitive with biosensors involving
labelling.  Finally, this approach offers interesting
perspectives toward the development of new chemically
designed SPR sensors based on robust nano-architectures.
Thanks to the azide groups localized at the surface of iron
oxide nanoparticles, a wide range of receptors can be grafted
in order to design sensors for the specific detection of a
variety of molecules.
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