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Abstract

Colorimetric plasmon sensors for naked-eye detection of molecular recognition events are proposed. Here,
3-layered Ag nanoparticle (NP) sheets on an Au substrate fabricated by the Langmuir-Schaefer method were
utilized as the detection substrate. A drastic color change was observed following the binding of Au NPs via
the avidin-biotin interaction at less than 30% surface coverage. The color change was attributed not only to
the localized surface plasmon resonance (LSPR) of the adsorbed Au NPs but also to the multiple light
trapping effect derived from the stratified Au and Ag NPs, as predicted by a finite-difference time-domain
(FDTD) simulation. This plasmonic multi-color has great potential in the development of simple and highly

sensitive diagnostic systems.
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1. Introduction

Simple, rapid and highly sensitive detection methods for biomolecules, such as viruses, pathogens
and toxins, have been desired to realize a secure and reliable society.'* Simple and inexpensive
diagnostic systems that can be used for the home monitoring of diseases are also anticipated to
support home healthcare and medical treatment. The most commonly used biosensing techniques are
fluorescence immunoassay,” enzyme-linked immunosorbent assay (ELISA),° or their combined
techniques. Surface plasmon resonance (SPR) and quartz crystal microbalance (QCM) sensors have
also been developed as an alternative, label-free technique.”'' Recently, nanomaterials such as
quantum dots and metallic nanoparticles have been utilized in combination with the aforementioned

12-17

techniques to enhance the signal intensity and improve the reliability of the diagnostics. A

state-of-the-art ELISA test also uses metal nanoparticles (NPs) for colorimetric detection; for
example, a blue color for a positive result and a red color for a negative result.'®"’

Colorimetric detection by the naked eye is certainly the most simple and convenient diagnostic
method, especially when it does not require any complex optical or electric system. ***' Metallic NPs
have a high potential as color makers because they exhibit different colors depending on their size,
shape, and nature, according to localized surface plasmon resonance (LSPR).***

Several methods of using LSPR-originated color have been developed for biosensing. When a
dilute solution of metallic NPs is used for detection, the change in color is attributed primarily to the
change in the refractive index of the surrounding medium, i.e., the adsorption of biomolecules such as
proteins onto the surface of the NPs. This phenomenon is reasonably interpreted by Mie’s theory;***’
however, the color change caused by such isolated particles is not so large and is therefore unsuitable
for highly sensitive detection.**®

The previously described colorimetric methods used metal NPs are based on the change in
resonance wavelength due to three-dimensional (3D) aggregation of NPs, which gives a much greater
color change.”*** The color change by aggregation is interpreted by the Maxwell-Garnett theory

(effective medium approximations) as the most classic interpretation®~>

2

whereas El-Sayed et al. have
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proposed an empirical “plasmon ruler equation” based on their experimental data with
(2D) metallic disk pairs that they fabricated by electron beam (EB) lithography.**

Authors of recent studies in plasmonics have employed finite-difference time-domain (FDTD)
calculations to discuss the correlation between LSPR band shifts and interparticle distances.’>® Our
group has also investigated the characteristics of 2D crystalline sheets composed of Ag nanoparticles
fabricated by self-assembly by both experiments and FDTD simulations and revealed the large
influence of domain size (number of particles participating in 2D aggregates) on the resonance

wavelength shift and on the interparticle distance.’’

reaction.’*’
In this study, we challenge the limit of visual detection with the smallest number of particles

immobilized on a surface and with good reproducibility. This work is based on our original

development of “plasmon full color” with layer-by-layer-structured Ag NP sheets with further
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LSPR coupling) was observed on nanometer-thick Ge (a highly absorbing dielectric medium) on a
metal substrate.*

To design highly sensitive colorimetric biosensors, we chose the system that exhibits the largest
color change following adsorption of a few particles, i.e., 3-layered Ag NP sheets on Au substrate as
an initial surface, and monitored the color change induced by the adsorption of Au NPs. A
biotin-avidin interaction is used as a model molecular recognition system.”*' The adsorption of
biotin-capped Au NPs onto an avidin-covered surface is monitored by naked-eye visual inspection
and by reflection UV spectroscopy. The number of Au NPs adsorbed onto the surface is determined
by scanning electron microscopy (SEM) images and surface plasmon resonance (SPR) spectroscopy,

and the correlation with the color change is discussed.

2. Experimental
2.1 Synthesis of metallic nanoparticles and fabrication of 2D sheets

Ag NPs capped with myristates (AgMy) were synthesized by thermal reduction, as described in a
previous study.* The Ag core was approximately 5 nm in diameter. A 2D crystalline sheet composed
of Ag nanoparticles was fabricated in a Langmuir-Blodgett (LB) trough (KSV Mini-trough 2000),
where self-assembly of the NPs was achieved by the hydrophobic interaction between myristates
when the NPs were spread at the air-water interface. The interparticle distance, which is determined
by the myristate capping molecules, was 2 nm.*” The AgMy NP sheet was transferred via the
Langmuir-Schaefer (LS) method to a hydrophobized Au substrate with 1-dodecanethiol
self-assembled monolayers (SAM) at a surface pressure of 15 mN m™'. The 3-layered AgMy NP sheet

was fabricated by repeating the previously described procedure.
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Au NPs capped with oleylamine (AuOA) were synthesized according to the procedure reported in
a previous study.”” The average diameter of the Au NPs was approximately 10 nm. The 2D sheets
composed of Au NPs were fabricated in the same manner as the Ag NP sheets using the LS method at
a surface pressure 15 mN m'. The interparticle distance, which was governed by the oleylamine

capping molecules, was 2 nm.

2.2 Fabrication of colorimetric plasmon biosensor

The 200 nm-thick Au substrate was prepared by vacuum deposition on glass coated with a
3-nm-thick Cr adhesion layer. The SiO, sputtered films with 20 nm-thicknesses were deposited onto
the 3-layered Ag NP sheets for surface bio-functionalization.”>** The SiO, surface was reacted with
(3-aminopropyl)triethoxysilane (APTES, Sigma-Aldrich) and biotin-poly(ethylene
glycol)-carbonate-NHS (SUNBRIGHT BI-050TS, NOF, Tokyo).* Streptavidin (Jackson
ImmunoResearch, USA) was then immobilized on the biotinized-PEG surface in a 0.5 pM-PBS buffer
solution with an incubation time of 30 min. Streptavidin was also immobilized on a 200 nm-thick Au
substrate via biotin-functionalized PEG-thiol (Code 41151-0895; LCC Engineering and Trading
GmbH, Switzerland) for a comparative experiment.

The Au NPs capped with citrates (AuCA) were synthesized by the reduction of HAuCl,-3H,O
(Sigma, 99.9%) with sodium citrate, as described in a previous study (Frens’s method).”> The Au core
was approximately 24 nm in diameter. Biotin-functionalized PEG-thiol was introduced onto the
surface of the AuCA NPs with approximately 10% surface coverage via an exchange reaction for 4 h
at room temperature.”

Fig. 1 shows a schematic of the colorimetric plasmon biosensor. The color change induced by
adsorption of biotin-capped AuCA NPs onto the avidin-covered surface is monitored by visual
inspection (the data were collected as color pictures taken with a regular digital camera) and reflection
UV spectroscopy (UV-1800, Shimadzu). The 200 nm-thick untreated Au substrate was used as a

reference surface to obtain extinction spectra.

2.3 Determination of surface coverage with Au nanoparticles
5
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For the quantitative analysis, the number of biotin-capped AuCA NPs adsorbed onto the
avidin-covered 50 nm-thick Au surface was counted from SEM images collected on a HITACHI
High-Technologies SU-8000 scanning electron microscope. The images on the 50 nm-thick Au
substrate were collected because those on the SiO,-covered 3-layered AgMy sheets were not
sufficiently clear to allow the number of particles to be counted; this lack of clarity was due to the
charging effect caused by the SiO, layer.

Surface plasmon resonance (SPR) measurements were also performed using the same 50 nm-thick
Au substrate to determine the averaged dielectric function of the biotin-capped AuCA adsorbed layer.
A Kretschmann-type SPR setup with a p-polarized He-Ne laser (4 = 632.8 nm, R-DEC, Japan) and a
high-refractive-index prism (LaSFN9, Scott, n = 1.85) was utilized for the measurements.** The
average dielectric function of the AuCA composite layer was determined from the SPR angle shift
and was converted to the surface coverage of biotin-capped AuCA NPs via the Maxwell-Gernett

(MG) theory.***

2.4 FDTD simulations of plasmon color

FDTD simulations were conducted using commercial software (Poynting for Optics, Fujitsu,
Japan). A model of multilayered Ag and Au NP sheets was developed on the basis of the experimental
system, i.e., 5 nm-Ag NPs or 10 nm-Au NPs in a hexagonally packed structure with an interparticle
distance of 2 nm. The distance in the vertical direction was set to 4 nm by assuming no interdigitation
myristates. The periodic boundary condition was set in the X and Y directions, whereas an absorbing
boundary condition was set in the Z direction. For these calculations, we used pulsed light composed
a differential Gaussian function centered at 1.5 fs with a width of 0.5 fs, an intensity of 1 V/m, and a
bandwidth of approximately 600 THz (500 nm wavelength). The dielectric function of Ag was
approximated by the Drude formula using previously reported values.* The dielectric function of Au
known to be difficult to describe with the simple Drude formula.** However, because the FDTD
calculation becomes highly complicated and unstable with the Drude-Lorentz formula, we performed

the FDTD simulations of Au using the Drude formula in the same manner described in the previous
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report.** The FDTD simulation with this simplified model of Au is known to be still available at least

for the wavelength range from 500 nm to 1000 nm.

3. Results and discussion

3.1 Color tests with an AuOA monolayer on 3-layered AgMy sheets

Fig. 2a shows the result of the color test with the AuOA monolayer deposited on a 20-nm SiO, covered
3-layered AgMy sheets on a 200 nm-thick Au substrate. The intensity of the LSPR band originating from
AgMy (Amax = 533 nm) slightly decreased without spectrum shift once a 20-nm thick SiO, layer was deposited
on 3-layered AgMy sheets. The decrease in intensity of the AgMy peak is understood as a release of trapping
light by the SiO, layer. Upon deposition of the AuOA monolayer, the LSPR band originating from AuOA
sheet appeared at Ay, = 680 nm, whereas the intensity of the LSPR band originating from AgMy increased
again with substantial red-shift (A,.x = 550 nm), suggesting the ‘enhanced light trapping’ by the deposition of
AuOA sheets. The color change was clearly demonstrated in this test experiment.

Fig. 2b shows the results of the FDTD simulation of the layered film with a monolayer (1L) of AuOA.
Although the LSPR band positions and the extinction intensities differ slightly (mostly because of the
dielectric functions of the metal used in the calculations), the trends of the multilayered films were reproduced
in the simulation. In Fig. 2b, the credibility of the data at the wavelength region shorter than 450-nm is not
high, because of the uncertainty of dielectric function of Au described by the simple Drude formula®.
Therefore, we conducted the FDTD simulation on Ag substrate as well to guarantee of reliability of our
calculation, and obtained quite similar results to that on Au substrate. The influence of organic layer
(biotinized-PEG and streptavidin) was also confirmed with a 10-nm organic layer (n = 1.45) on the SiO, layer
in the FDTD simulation. The spectrum becomes slightly broadened by the organic layer, but not large
influence we found on the light trapping property.

Thus, we confirmed that 3-layered Ag NP sheets on an Au substrate are quite suitable as a substrate for
the highly sensitive colorimetric detection of a few adsorbed Au NPs in the following molecular recognition

study.
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3.2 Detection of biotin-avidin binding using the colorimetric biosensor

Fig. 3a demonstrates the visual detection of biotin-avidin interaction with 3-layered AgMy sheets
as the sensing substrate (avidin/biotin-PEG-Si0,/3-layered AgMy/Au substrate). The data are shown
together with the refection spectra. Here, the concentration of biotin-capped AuCA was varied from
20.6 pg/ml to 1.19 mg/ml to obtain various surface coverages of AuCA. The incubation time was 1 h
for all of the investigated concentrations. Fig. 3b shows the same experiments performed on the Au
substrate (avidin/biotin-PEG-thiol/Au substrate) for comparison.

Fig. 3a reveals a significant change in color and in the extinction spectra in response to the
adsorption of Au nanoparticles, whereas very little change was observed in the case of the reference
Au substrate shown in Fig. 3b. In Fig. 3a, as the concentration of biotin-capped AuCA was increased,
the LSPR peak originating from AgMy at 500-550 nm increased in intensity and red-shifted with the
long tail to the longer wavelength, although the intensity of the peak originating from AuCA at 650
nm (see the bump on the red solid spectrum line) was as low as that in Fig. 3b. These results imply
that the number of adsorbed AuCA particles is low even in a 1.19 mg/ml solution (highest
concentration), although long tails of the band originating from the AgMy sheet drastically increased
the extinction at longer wavelengths. The color change from pink to purple on the surface of 3-layered
AgMy sheets is also clear in Fig. 3a, unlike that on the Au substrate shown in Fig. 3b. The specific
interaction between the avidin surface and the biotin-capped AuCA NPs was confirmed by the control
experiment with AuCA NPs without biotin functionalization (no color change; available in supporting

materials).

3.3 Estimation of surface coverage with gold nanoparticles

We estimated the surface coverage by the biotin-capped AuAC NPs from SEM images and SPR
angular shift data, where the 50 nm-thick gold substrates were used in common. Prior to particle
adsorption, the formation of biotin-SAM and the streptavidin layer were confirmed by SPR kinetics
and angular scan measurements. In our previous study, we confirmed that the dispersibility of
biotin-capped AuAC NPs in aqueous solution and that on substrate varied with the pH of the

solution.*' At pH 6.5, which we have used in all of our experiments, the biotin-capped AuAC NPs are
8
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well dispersed in solution and on substrate by surface charges originating from ionized citrates
remaining on the AuAC surface. Under these conditions, the surface coverage with biotin-capped
AuCA NPs remained low (maximum of 30 %) and the adsorbed particles were sufficiently far apart
that no plasmon coupling occurred between them.

Fig. 4 shows SEM images of immobilized biotin-capped AuCA NPs at different concentrations at
pH 6.5 on avidin-covered Au substrates. The AuCA NPs are well dispersed on the surface as
described above. We counted the number of Au NPs using the Image] software and estimated the
surface coverage on the basis of an average NP diameter of 24 + 2 nm.” The obtained surface
coverages are stated as percentages in the individual images in Fig. 4 (the errors are indicated in Fig.
6).

Fig. 5 shows the SPR angular scan data for the same surface shown in the SEM images. The SPR
curves shifted to larger angles with increasing solution concentration, indicating that the number of
adsorbed biotin-capped AuCA NPs increased monotonically with the solution concentration. The SPR
angular shifts were converted to the dielectric functions of the particle composite layers, where the
thickness of the layer was assumed to be equal to the diameter of the AuCA NPs (d = 24 nm). The
obtained dielectric functions are listed in Table 1.

The correlation between the real component of the effective dielectric constant of the particle

composite layer (g¢5¢) at 2 = 632.8 nm and the volume fraction f of the particles in the layer was

calculated by the simplified Maxwell-Garnett equation (eq. 1) **:

, , AC+BD
forf = Emt oy pr M

where A=f(e —&y),B=fe,C=¢ep,+ B —&y) —fy(e —ep),D =" = fye" — fy(e — &)

and y is described as

1 K

3e,, A4mey,

(2)
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where &’ and &" are the real and imaginary parts of the dielectric function of Au NPs, respectively;
we used the values obtained in our previous study, (-8.03, 3.33).>>*' Parameter ¢}, is the dielectric
function of the matrix phase, i.e., water in our experiments. K represents the dielectric field at a
particle position created by the adjusted particles and/or by the surrounding medium and is considered
to be nearly zero for the isolated particles in our study. If K =0,y becomes 1/(3¢;,). B is a
geometric factor and is equal to 1/3 for the spherical particles. From the &, s Value obtained from the

SPR measurements and the correlation curve (available in the supporting materials), we estimated the
volume fraction f of the adsorbed biotin-capped AuCA NPs and subsequently converted this fraction
to surface coverage (area fraction). The obtained values are listed in Table 1. Here, we note that the
SPR measurement on 3-layered AgMy sheet is not possible because of the sample’s excessively high
optical thickness (the resonance angle was observed over an 80-degree range of incident angles, even
when a high-refractive-index LaSFNO prism was used**).

Fig. 6 shows the correlation between the surface coverages of biotin-capped AuCA NPs on
avidin-covered Au substrates, as estimated from the SEM images and the SPR angle shifts. The data

show good linearity and confirm the reliability of our experiments.

3.4 Correlation between color change and surface coverage with Au NPs

Fig. 7 summarizes the correlations between the position and intensity of the extinction peak and
the surface coverage with AuCA NPs. First, the peak originating from the AgMy sheets (4 = 500-550
nm) is analyzed. We note that the surface being characterized by SEM and AFM is not that with
3-layered AgMy sheets (Fig. 3a) but that without AgMy sheets (Fig. 3b); thus, relatively large errors
should be considered likely on the X-axis. Even so, Fig. 7 shows almost linear correlations between
the LSPR band position and the surface coverage (a) and between the LSPR band intensity and the
surface coverage (b). It is noteworthy that only a few % of AuCA adsorption induces about 10
nm-LSPR band shift (see the Y-intercept in Fig. 7a), which is linearly red-shifted to the wavelength of

550 nm up to 30% surface coverage. The extinction intensity also increased from 1.2 to 2.0 by the

10
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adsorption of AuCA. The extinction data show a linear correlation as well, although they are scattered
unlike the LSPR wavelength. These phenomena were reasonably interpreted by the enhanced light
trapping efficiency due to an adsorption of Au nanoparticles on top of multi-layered sensor device, as
predicted by the FDTD simulation.

Fig. 8 shows a plot of the extinction intensity at 650 nm, which is the wavelength of the LSPR
band originating from the Au NPs. Here the data on the 3-layered AgMy sheet was compared with
those for on the Au substrate. The peak intensity was enhanced more than two fold, even in the region
of low surface coverage (less than 10%). However, the extraordinary characteristics of this detection
method appeared (consequently) at a slightly higher surface coverage region: 10-30%. The extinction
intensity increased nonlinearly as the surface coverage increased, and a signal 10 times stronger was
observed at 30% surface coverage. This phenomena is also attributed to the light trapping effect
produced by the additional AuCA layer on avidin/biotin-PEG-SiO,/3-layered AgMy/Au substrate.
Because the extinction efficiency did not yet reach its saturated value, it continued to increase with
increasing surface coverage.

A quantitative discussion of the limit of visual detection is difficult because of individual
difference of ability for color discrimination; however, our spectrum data adequately demonstrate the
future potential of this naked-eye detection method. The merit of our detection system compared with
other conventional colorimetric sensor’’™? is that we can obtain a color change by adsorption of very
little amount of nanoparticles on solid substrates, and the reflection type color obtained is a brilliant
metallic color, which can be easily recognized by human eyes. Our sensor does not need a
macroscopic size of diagnostic assay chip (sensing station) and can be incorporated into ultra-small
microfluidic system. Although we demonstrated the color change from pink to purple in this study,
the color is flexibly tunable in a wide range by the appropriate combination of metallic NP sheets

(metal spices, layer number, layer order, etc.) ***

according to a request of potential customers
including color vision defectives. The fact that the simulation correctly reproduces the color before

the experiments are conducted is another advantage of this technique.
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4. Conclusions

In this study, the new idea of a colorimetric plasmon sensor composed of multilayered Ag NP
sheets on Au substrates was proposed. The key advantages of this technology are as follows: i) the
device can be fabricated by self-assembly (bottom-up nanotechnology) and is therefore inexpensive
and environmentally friendly; ii) it does not require any complex optical or electric systems because
the signals are detectable by the naked eye as a vivid metallic full-color immediately after reaction;
iii) 2D detection can be a platform for high-density and high-throughput on-chip sensing devices in
combination with pTAS or Lab on a Chip technologies (in practice, a sandwich assay with Au NP as a
maker must be used); and iv) the system can be made more sensitive or unique by optimizing the
design of the layered structure according to the target materials. This colorimetric plasmon sensor
may have promising potential applications in the fields of clinical diagnosis, drug screening, toxin
detection and so forth. In particular, it may have strong potential as a disposable chip for home

healthcare.
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Table 1 Surface coverage with biotin-capped AuCA NPs on an avidin-covered Au substrate against
the concentration of biotin-capped AuCA solution, as estimated by SPR and SEM

Concentration 13.7 20.6 41.2 103 208 515 1.03 1.19

(pg/ml)  (pg/ml)  (pg/ml) (pg/m)  (pg/ml)  (ug/ml) (mg/ml) (mg/ml)
eorr(*) 1.80 1.81 1.85 1.94 2.06 2.54 2.76 3.12
SPR (%) 0.90 1.20 2.10 4.65 7.95 19.35 24.15 31.5
SEM (%) 0.57 1.17 2.77 3.81 11.77 19.00 23.25 -

(*)Effective dielectric constant (real part) of the AuCA adsorbed layer (d = 24 nm), as determined by
SPR measurement

12
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Figure caption

Fig. 1 Schematic of colorimetric plasmon sensor with multilayered metallic nanoparticle

sheet.

Fig. 2 (a) UV-Vis spectra before and after the deposition of an AuOA monolayer (1L) on
20-nm SiO,/3-layered AgMy/Au substrate (above) and their color change (below). (b) FDTD
simulation results of 1. AuOA on 20-nm SiO,/3-layered AgMy/Au substrate.

Fig. 3 UV-Vis spectra before and after adsorption of biotin-capped AuCA onto
avidin/biotin-PEG-Si0,/3-layered AgMy/Au substrate (a) and onto avidin/biotin-PEG-thiol/Au
substrate (b).

Fig. 4 SEM images of biotin-capped AuCA immobilized on an avidin-covered Au surface.

Fig. 5 SPR angular shift induced by adsorption of biotin-capped AuCA NPs at different

concentrations on an avidin-covered Au surface.

Fig. 6 Correlation between surface coverage of biotin-capped AuCA NPs on a surface, as
estimated from SEM images and SPR angle shifts. The errors of X- and Y-axis originate from

the distribution of the particle diameter.

Fig. 7 Extinction peak position (a) and intensity (b) of biotin-capped AuCA NPs adsorbed
onto avidin/biotin-PEG-Si0O,/3-layered AgMy/Au substrate vs. surface coverage with AuCA
NPs; the extinction intensity was measured in the 500-550-nm wavelength range. The doted

lines are linear approximation determined from the data without 0% surface coverage.

Fig. 8 Correlation between surface coverage with biotin-capped Au NPs and the extinction

intensity at a wavelength of 650 nm.
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(a) Experimental data (b) FDTD simulation data
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nm SiO2/3-layered AgMy/Au substrate.
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