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Protection of silver and gold LSPR biosensors in
corrosive NaCl environment by short alkanethiol
molecules; characterized by extinction spectrum,
helium ion microscopy and SERS7Y
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We investigated the utility of localized surface plasmon resonance sensors in a biologically relevant
environment containing NaCl. Our sensors are fabricated by depositing gold or silver on a monolayer of
adsorbed monodisperse SiO, nanospheres. While silver nanostructures are rather unstable in air and
water as assessed by drifts in the extinction peak, even gold nanostructures have been found to drift at
elevated NaCl concentrations. In an attempt to protect these nanostructures against NaCl, we modified
them with alkanethiols with different lengths in the vapor phase and found that shorter chain
alkanethiols such as 1-butanethiol are particularly effective against even 250 mM NaCl, rather than
longer-chain alkanethiols more suitable for robust SAM formation. A vapor phase treatment method, in
contrast to widely used solution phase treatment methods, was selected with the intention of reducing
the solvent effect, ie. destruction of intricate nanostructures upon contact with a solvent when
nanostructures have been prepared in a vacuum system. Moreover, the treatment with 1-butanethiol led

to an enhanced sensitivity as expressed by peak shift in nm per refractive index unit, nm per RIU. We
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Accepted 15th March 2019 show the results of evaluating alkanethiol-protected silver and gold nanostructures by extinction

spectroscopy, helium ion microscopy and surface-enhanced Raman spectroscopy. The vapor phase

DOI: 10.1039/c8ra09778j treatment method with short chain alkanethiols is an effective way to protect intricate gold and silver
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1. Introduction

Various kinds of noble metal nanostructures have been
prepared, and studies exploiting their unique optical properties
for novel analytical methods have been receiving increasing
attention."® Some of these analytical techniques are surface-
enhanced Raman spectroscopy (SERS), surface-enhanced fluo-
rescence spectroscopy (SEF) and localized surface plasmon
resonance (LSPR) sensing which find uses in areas such as
environmental monitoring, forensic science and clinical diag-
nostics.»**” With SERS and SEF, adsorption of target molecules
on noble metal nanostructures enhances respectively Raman
scattering and fluorescence from the adsorbed molecules, and
LSPR sensors exploit the sensitivity of the extinction peak of
nanostructures toward the refractive index within the
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nanostructures prepared in a vacuum system.

immediate vicinity of the sensor surface. These analytical
techniques can be carried out using freely suspended colloidal
systems,*'® or surface-adsorbed systems as we will discuss in
this paper. Colloidal systems are sufficiently effective and
conceptually simple, but surface-adsorbed systems are easier to
manipulate and have a greater potential for miniaturization and
multiplexing.

LSPR sensing exploits the so-called near-field, an intense
localized electromagnetic field that is generated in the close
vicinity (tens of nm) of a noble metal nanostructure when it is
irradiated by a propagating electromagnetic field with an
appropriate frequency.***>** Gold and silver are known for their
low resistivity which allows free electrons inside the nano-
structure to oscillate resonantly, reflected by a prominent
extinction peak. Expressed in an alternative way, the dielectric
constant of noble metals is characterized by a small imaginary
part, across the entire visible light region for silver and a longer
wavelength region above a wavelength of 500 nm for gold. The
fact that the value for silver is lower for a wider wavelength
region makes it theoretically a more desirable material because
a wider range of excitation wavelengths can be employed. If
a local change in the refractive index occurs due to adsorption
or desorption of molecules at the surface, the resonant
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frequency shifts, resulting into a red-shift in the extinction peak
wavelength.”*¢ By exploiting this property, it is possible to
monitor molecular interactions in real-time. The LSPR sensor
has the advantage of relative immunity from the presence of
other substances so long as they do not come into the near-field
and become bound to the surface. While this property is shared
by surface plasmon resonance (SPR) sensor exploiting propa-
gating surface plasmon travelling along the surface of a thin
noble metal film, LSPR sensing promises to become a less
expensive sensing platform due to simplicity in construc-
tion.””*® To promote its use, it is necessary to gain a good
understanding of its behavior under various conditions likely to
be encountered with biological specimen.?****° While biological
specimen are complex media defying a simple description, one
common difficulty is the presence of corrosive NaCl. In this
paper, we will discuss how noble metal nanostructures can be
protected in such environments.

Many studies have exploited freely suspended noble metal
colloids and produced convincing results,””***® but we limit
ourselves to discussions on surface-bound nanostructures
because they are easier to manipulate, i.e., washing of loosely
and nonspecifically bound materials is rather straightforward.
With freely suspended systems, on the other hand, washing
would require centrifugation or trapping colloids by a filter,
making it a cumbersome proposition. Another challenge with
a colloidal system is the dilution effect upon addition of the
sample to the colloidal suspension, making accurate measure-
ments of the extinction peak wavelength more challenging.
Furthermore, with a colloidal system, one needs to separate two
different mechanisms involved in color change, i.e., sample-
induced aggregation of colloids and molecular adsorption on
the surface of individual colloids. Moreover, surface-bound
systems are better suited for multiplexing, simultaneous
detection of multiple target molecules if the sensor surface are
modified with a number of different capture molecules in
a miniaturized format.

One method widely used for making an LSPR sensor is
through attachment of noble metal colloids on a solid
surface.””**%17% Ag alternatives, a wide variety of gold and silver
nanostructures with different sizes and shapes, such as spheres,
nanoshells, prisms, and rods can be either produced in indi-
vidual laboratories or obtained from commercial vendors. They
can be readily attached onto a solid surface through silane
chemistry or thiol chemistry. At the other end of the spectrum in
terms of fabrication complexity, electron-beam lithography has
been exploited to form noble metal nanostructures of almost any
arbitrary shape.*** It is supremely suited for fundamental
studies of plasmonic phenomena and optimization of nano-
structure shapes. When practicality is to be taken into consid-
eration, however, a desirable fabrication method should be
characterized by ease of preparation while the sensor must also
possess qualities such as uniform quality, reproducibility and
high sensitivity.”” With this goal in mind, we have been working
with a version of the metal film-on-nanosphere (MFON) tech-
nique, which we call random MFON. The first letter in the
abbreviation, M, is substituted by the name of a specific metal so
that when the metal is gold, for example, it is referred to as
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AuFON. Traditionally MFON structures are formed from a regular
array of highly monodisperse nanospheres adsorbed on a solid
surface.*®** In contrast, random MFON structures are character-
ized by use of randomly adsorbed nanospheres.*” The MFON
structure can be said to originate from an earlier technique called
nanosphere lithography (NSL), whereby a monodisperse nano-
sphere layer is employed as a mask through which a metal is
deposited.*” For some reason, random MFON structures have not
been reported wildly, but structures described by Schneider and
Van Duyne may belong to this category.>*!

Our random MFON LSPR sensor consists of a glass slide,
a 20 nm thick gold layer, a monolayer of mildly monodisperse
SiO, nanospheres and a top metal layer of varying thicknesses.**
The first gold layer is necessary for formation of an optical cavity
structure for an enhanced extinction. Without this layer, the
extinction peak becomes significantly diminished.>* Fig. 1
shows extinction spectra of random Au- and AgFON LSPR sensors
prepared with 150 nm SiO, nanospheres, with the top layer either
17 or 22 nm thick. Included in Fig. 1 are also helium ion
microscopy (HIM) images of nanospheres covered by Au of
comparable thicknesses. For comparison, solid gold colloids
adsorbed on a substrate such as a glass slide typically exhibit
a peak of less than 0.5.>** Pronounced peaks facilitate more
accurate determination of the extinction peak wavelength.
Moreover, the figure of merit, peak shift in nm per refractive
index unit (nm per RIU), is in the range of 130-150 nm per RIU,
which is close to the upper limit for LSPR sensors operating in the
visible region.***** When comparison is limited to other surface-
bound sensors which tend to show slightly lower figures of
merit due to the interference from the underlying solid surface,
its advantage becomes great. Incidentally, as the top layer thick-
ness is increased from under 17 to over 22 nm, adjacent Au
nanoparticles become connected as seen in the insets. We found
this connectivity influences the physical stability of the structure
while some reduction sensitivity occurs. Our LSPR sensor need to
be prepared with the top layer in this thickness range.*

While we do not delve into details here, the same system
exhibits another peak in the near-IR region.”” In accordance
with the general observation that nanostructures with red-
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Fig. 1 Extinction spectra of random Au- and AgFON LSPR sensors
prepared with 150 nm SiO, nanospheres with 17 and 22 nm thick top layers.
HIM images are of nanospheres covered by 16.2 and 20.1 nm thick Au.
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shifted extinction peaks are characterized by improved figures
of merits,*****” the near-IR peak is characterized by figures of
merit of 506 nm per RIU.*

Overall, the prominent extinction peak, respectable figures
of merit, and ease of preparing samples with areas greater than
cm?® with high uniformity make random MFON LSPR sensor
a good candidate for practical application.*>** It should also be
mentioned that preparation of random MFON nanostructures
does not require highly monodisperse nanospheres, unlike
regular MFON nanostructures, allowing use of significantly less
expensive nanospheres for preparation.

While our LSPR sensor possesses these beneficial properties,
there are some technical hurdles to be overcome. For one, the
stability of the extinction peak, reflecting the morphology of the
nanostructure, is of fundamental importance. While gold
nanoparticles are in general considered rather stable, there
have been reports on so-called solvent effect whereby gold
nanostructures prepared in vacuum or air can undergo
morphological changes upon immersion into a solvent,
observed as a shift in the extinction peak wavelength.3®3¢*
While nanostructures such as spheres, nanoshells, prisms, and
rods, are mostly prepared in solution phase so that they are
already protected with a capping agent, more intricate struc-
tures that are often prepared in a vacuum system such as
electron-beam lithography would be readily destroyed in
contact with a solvent. This effect has also been found to afflict
our random MFON LSPR sensors. The situation is made worse
in the presence of corrosive NaCl. Phosphate buffer saline (PBS)
buffer (140 mM NacCl), for example, can induce a noticeable
shift in the extinction peak. To solve this problem, we decided
first to evaluate effects of various solutions containing NaCl
often encountered in biosensing.**** We monitored the time-
course change in the extinction spectrum. Then, we pro-
ceeded to investigate whether random MFON LSPR sensors can
be protected by alkanethiol treatment because self-assembled
monolayers (SAM) have been reported to protect the under-
lying metal surface as well as molecules themselves from
oxidation.**°%

Protection becomes a greater issue for metals other than
gold.*® We have included silver in our investigation because
silver has dielectric constants better suited for LSPR sensing
than gold.** Among others,*****” Van Duyne et al. for example,
confirmed this experimentally with LSPR sensors made from
silver and copper. They have performance superior to that of
a similar sensor fabricated from gold.*® There are also reports
on composite structures making use of silver and/or copper
along with gold for further improvements in sensing perfor-
mance.**>% Protection of silver is difficult enough in the
absence of NaCl, but we need to show that silver nanostructures
can be made to resist NaCl. There are many reports on protec-
tion of silver and copper surfaces with SAM under mild condi-
tions,****® but it was not clear whether SAMs could mitigate the
corrosive effect of NaCl. We decided here to use alkanethiol
vapors rather than solutions to prevent the solvent effect.** As
mentioned earlier, it is necessary to protect the surface. It is
particularly crucial for intricate structures such as needles,
spikes, stars etc. so that the original morphology necessary for
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plasmonic effects can be retained. It should be mentioned that
there are reports on other methods for protection such as an
additional gold layer or SiO, layer,*** but we decided to
concentrate on an SAM-based approach because of its simplicity
both in terms of the protocol and necessary equipment.

We selected relatively short alkanethiols that vaporize
readily, 1-butanethiol (1-BT), 1-hexanethiol (1-HT) and 1-octa-
nethiol (1-OT). Gold and silver nanostructures were exposed to
these alkanethiol molecules through vaporization and then
immersed into water, phosphate buffer saline (PBS) or aqueous
NacCl solutions of various concentrations. Without alkanethiol
protection, AgFON LSPR sensors are unstable even in pure
water. AUFON LSPR sensors, on the other hand, become
unstable in 250 mM NacCl solution. With alkanethiol protection,
however, both Au- and AgFON LSPR sensors became signifi-
cantly stable, even in 250 mM NaCl solution. HIM images
confirmed that unprotected AGFON became completely oblit-
erated upon exposure to NaCl while the alkanethiol protection
allowed AgFON nanostructures to retain their original
morphology. Among three alkanethiol molecules, it was unex-
pectedly the shortest alkanethiol, 1-BT, that was most effective.
1-HT and 1-OT did show protection effects, but they were not as
effective as 1-BT. Moreover, when we explored how long these
alkanethiols retained their protective effect after treatment, we
found that 1-BT treatment remained effective even after two
weeks while results for the other two longer chain alkanethiols
were not as long lasting or reproducible as with 1-BT.

We also characterized alkanethiol-protected MFON nano-
structures with SERS. It so happens that random MFON nano-
structures are also suitable for SERS measurements. It is rather
common that one noble metal platform can be used for
different  plasmonic  applications.'®***>¢7%  Adsorption
processes of sulfur compounds have been observed with SERS
measurements before.®>”° It is possible to learn about cleavage
of the S-H bond, crystallinity of the adsorbed layer and semi-
quantitative evaluation of the amount of adsorbed molecules.
We observed that the alkanethiol treatment needs to be carried
out overnight for effective protection, but SERS observations
show that characteristic peaks of 1-BT, 1-HT and 1-OT saturate
within 15 min. The »(C-S) at ca. 700 cm ™" and »(C-C) at ca.
1100 cm ™" peaks reveal crystalline structures for the inner and
outer sections of the alkanethiols.”* The former peak grows
faster than the latter, and it also shifts toward higher wave-
numbers as adsorption progresses. Beyond 480 min, no further
changes are observed except of reduced peak intensities for 1-
BT. The shift of the 700 cm ™" peak is more pronounced for 1-HT
and 1-OT, but it is almost complete after 30 min exposure.
Difference in the time-course changes of SERS measurements
and the time necessary for formation of an effective protective
layer reveals that more than simple adsorption is necessary for
formation of the protective layer.

2. Materials and method
2.1 Materials and reagents

Materials used for forming the MFON LSPR sensors were glass
slides from Matsunami (SF17399 Micro Slide Glass, cat. no.
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TF2404 Osaka, Japan), silica nanoparticles from Polysciences
Inc., (0.15 £ 0.03 um, cat. no. 24320 Warrington, USA), ami-
nopropyltrimethoxysilane (APTMS) from Wako Pure Chemical
Industries, Ltd. (cat. no. 323-74352 Osaka, Japan), and gold and
silver from the Nilaco Corporation (cat. no. 171484, 99.95% and
cat. no. 400025, 99.9%, respectively, Tokyo, Japan). Alkanethiols
for modifying MFON nanostructures were 1-butanethiol, 1-
hexanethiol and 1-octanethiol from Wako Pure Chemical
Industries Ltd. (cat. no. 022-03742, cat. no. 088-08181 and cat.
no. 157-00703 respectively), used without further purification.
Antibodies from Santa Cruz Biological were used as a primary
antibody (normal mouse IGG SCB 2025) and a secondary anti-
body (anti-mouse IgG goat poly, ALP, SCB 2058).

2.2 Fabrication of random MFON LSPR sensors

We prepare random MFON LSPR sensors with a protocol con-
sisting of four steps. In step 1, we deposited a 20 nm thick Au
film on a glass slide using a vacuum evaporator, VFR-200M/ERH
(ULVAC KIKO, Inc., Miyazaki, Japan) with the vacuum pressure
of 5 x 107 Pa or better at a typical evaporation rate of 0.2 nm
s~ . In step 2, we immersed the Au-coated glass slide into 1 vol%
APTMS solution for 5 min, followed by rinsing with distilled
water and drying. This procedure was necessary for promoting
adsorption of SiO, nanospheres in the subsequent step. In step
3, suspension of SiO, nanospheres was placed on the APTMS-
treated glass slide for 5 min, followed by rinsing with distilled
water and drying. Addition of 20 mM MgCl, aqueous solution to
the nanosphere suspension ina 1 : 1 volume ratio increased the
adsorption density by reduction in the repulsive force among
nanospheres. After rinsing with deionized water, the glass slide
was dried in a home-built oven at 50 °C. In step 4, a thin film of
Au or Ag with a highly controlled thickness was formed on top
of the adsorbed SiO, nanospheres by vacuum evaporation.

2.3 Alkanethiol adsorption for formation of a protective
layer

To avoid undesirable morphological change in random MFON
nanostructures due to the solvent effect, sensors were exposed
to vapors of various alkanethiols in the following manner. An
alkanethiol in the form of liquid (10 pL) was placed in a 1.5 mL
tube with a pinhole. The tube was suspended in a closed glass
jar, into which LSPR sensors were placed. The incubation time
was set at 5, 15, 30, 120, 480 min and overnight. For SERS
observation, the duration of overnight treatment was specifi-
cally 28 hours.

For investigation on durability of the alkanethiol protection,
sensors were stored under the ambient condition as well as in
N, enriched environment with reduced oxygen content of 4% (a
tube containing sensors was evacuated with a vacuum pump
down to 0.02 M Pa and refilled with dry nitrogen) for periods up
to two weeks.

2.4 Protocol for obtaining extinction spectra for evaluating
stability and antigen-antibody reaction

Extinction spectra were obtained with a set-up based on the
Ocean Optics USB 4000 spectrometer and the LS-1-LL light
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source, with a custom-made bifurcated optical fiber in the
reflection mode. For the measurement of the figure of merits,
glucose solutions of different concentrations were prepared.
Their refractive indices were measured with a refractometer
(ATAGO PAL-RI, Tokyo, Japan).

For evaluation of sensor stability, we investigated effects of
phosphate buffer with/without NaCl, and aqueous NaCl solu-
tions on extinction spectra by immersing sensors into (1)
distilled water, (2) phosphate buffer (PB) and phosphate buffer
saline (PBS: 140 mM NacCl) and (3) aqueous NacCl solutions with
concentrations of 63, 130, 250, and 500 mM. A sensor was
immersed in 40 pL of each solution and spectra were obtained
in real-time for up to 5 min.

For antigen-antibody reactions, it was necessary to mix the
solution constantly. For this, a unique feature of the custom-
built bifurcated optical fiber was exploited. Fig. S1T shows an
optical fiber equipped with one hollow tube, which was con-
nected to a modified air pump sending alternating air pulses. A
small volume of solution that was sucked into the end of the
tube due to a capillary force was made to vibrate along the
direction of the tube. This in turn generated a whirling flow in
the solution.

2.5 Surface-enhanced Raman spectroscopy

To confirm binding of alkanethiol molecules onto the surface,
LSPR sensors exposed to 1-BT, 1-HT, and 1-OT vapors for
various times were assessed with a Raman spectrometer
(Thermo Fisher Scientific, NICOLET ALMEGA XR). The excita-
tion wavelength was 633 nm with exposure time of 1 s, averaged
over 16 scans. Spectra were averages of measurements from five
randomly selected spots. The only processing applied to these
spectra are base line subtraction and shifting of spectra along
the y axis for ease of viewing in relevant figures. To obtain
a Raman spectrum of a liquid sample, a glass capillary was filled
with it and sealed at two ends prior to laser irradiation.

2.6 Other characterization techniques; HIM and element
analysis

HIM is an ideal imaging technique, as the charge compensation
allows to acquire images of electrically insulating samples
without prior coating of a conductive layer. HIM observations
were carried out with a Zeiss Orion Plus® with a helium ion
beam of 34-36 kV acceleration voltage at a current of 0.5 pA. We
used a 10 um Aperture at Spot Control 5. Secondary electrons
were collected by an Everhart-Thornley detector at 500 V grid
voltage. The working distance was about 10 mm and the dwell
time per pixel was 30 ps. All micrographs were recorded with
a pixel size of 0.49 nm. For element analysis, a Hitachi Swift
ED3000 was used.

3. Results

3.1 Figures of merit for the random AuFON LSPR sensor

One way of evaluating an LSPR sensor is to measure shifts in the
extinction peak wavelength upon immersion of the sensor into
solutions with different refractive indices. The slope of the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The extinction peak wavelength as a function of the refractive
index for AUFON LSPR sensors. Results from sensors with 17 and 22 nm
thick top layers are shown for comparison.

graph showing the extinction peak wavelength as a function of
the refractive index, is the figure of merit. Fig. 2 shows such
graphs for AuFON LSPR sensors with the 17 and 22 nm thick top
layers. Their slopes are 149.49 and 129.29 nm per RIU respec-
tively. Sensors prepared with less than 17 nm of Au became
increasingly less stable, and those with the top layer thicker
than 22 nm showed decreasing figures of merit so that these
sensors represent the lower and upper limits for the useable
film thickness.*

3.2 Stability of unprotected sensors

Fig. 3 shows time-course changes of the extinction spectra of
unprotected LSPR sensors in various solutions. Responses of
AuFON LSPR sensors in PBS and 250 mM NacCl solution are

(a)
2.0

Extinction

600 700 800
Wavelength (nm)

= =
=} o

Extinction
o
(92}

o
o

500 600 700 800

Wavelength (nm)

Fig. 3 Time-course changes of the extinction spectra of untreated Au-
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shown in (a) and (b) respectively. Those for AgFON LSPR sensors
are shown in (c) and (d) respectively. The time interval was 20 s.
The AuFON LSPR sensor was already unstable in PBS, but at an
elevated NaCl concentration of 250 mM, the peak became
noticeably more unstable. The peak red-shifted while its height
diminished. As for AGFON LSPR sensors, exposure to even PBS,
not to mention 250 mM NaCl, lead to a total loss of the peak
within half a minute.

Table 1 is an attempt at semi-quantitative descriptions of all
unprotected sensors under various conditions we explored in
terms of the extinction peak wavelength shift and change in the
extinction peak height. Letters a to d correspond to the
following responses in the peak wavelength shift (nm), a: 0 = v
<10; b: 10 = v < 25; ¢: 25 = v; d: peak lost. For extinction, the
same set of letters correspond to the following; a: 0 = v < 0.05,
b: 0.05 = v < 0.2, c: 0.2 = v, and d: peak lost.

The AgFON LSPR sensor was significantly less stable than
the AuFON LSPR sensor. In distilled water, during the first
5 min it retained its extinction peak. AgFON LSPR sensors were
susceptible to corrosion in all solutions. With even a trace
amount of NaCl, extinction peaks of AgFON LSPR sensors were
completely lost, making Ag a poor material for sensing in the
unprotected form. Table 1 also shows differences in stability
due to different metal thicknesses. Sensors with a 17 nm thick
top layer were less stable than those with a 22 nm thick top
layer upon immersion into PBS. The difference in these
sensors is connectivity among adjacent nanostructures. As
mentioned earlier, HIM images in Fig. 1 shows that with the
17 nm thick top layer, adjacent nanostructures are more or
less isolated, but with the increased thickness, they become
connected. Table 1 shows, however, that the enhanced
stability through a thicker top layer applies only to Au- but not
to AgFON LSPR sensors.
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and AgFON LSPR sensors during the first 5 min, with a 20 s time interval.

(@) Immersion of a AUFON LSPR sensor into PBS. (b) Immersion of a AUFON LSPR sensor into 250 mM NaCl solution. (c) Immersion of a AQFON

LSPR sensor into PBS. (d) Immersion of a AGQFON LSPR sensor into 250
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Table 1 Responses of the extinction peak of untreated Au- and AgFON LSPR sensors under various conditions®

Au-based sensor

Ag-based sensor

Peak shift

Extinction change

Peak shift Extinction change

Deposition thickness

Deposition thickness

Solution 17 nm 22 nm 17 nm 22 nm 17 nm 22 nm 17 nm 22 nm
Distilled water a a a a c c c c
PB a a a a d d d d
PBS c a c a d d d d
0.063 M NaCl c b b b d d d d
0.13 M NaCl c b c c d d d d
0.25 M NaCl c b c c d d d d
0.50 M NacCl c b c c d d d d

@ For peak wavelength shift (nm), a: 0 = v<10; b: 10 = v<25;¢: 25 = v;d:
v; d: peak lost.

3.3 Stability of protected sensors

Au- and AgFON LSPR sensors were subjected to the SAM
formation protocol described in Section 2.3. They were then
immersed into the same set of solutions as for the evaluation of
unprotected AuFON and AgFON sensors. Upon treatment with
1-BT, both Au- and AgFON LSPR sensors became significantly
stabilized.

Fig. 4 shows time-course changes of the extinction spectra of
protected Au- and AgFON LSPR sensors in various solutions.
Responses of AUFON LSPR sensors in PBS and 250 mM NaCl
solution are shown in (a) and (b) respectively. Those for AGFON
LSPR sensors are shown in (c) and (d) respectively; peaks do not
shift. Although not shown, 1-HT and 1-OT were also effective to
a certain extent, more for AuFON LSPR sensors than AgFON
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LSPR sensors but reproducibility suffered somewhat in
comparison to 1-BT. Moreover, when we investigated how long
the alkanethiol treatment retained its effectiveness, superiority
of 1-BT stood out. Responses of Ag- and AuFON LSPR sensors
which were treated with 1-BT, 1-HT and 1-OT were different
upon immersion to 250 mM NacCl solution. Their responses
after one- and two-week periods are summarized in Table S1.}
AuFON LSPR sensors were equally well protected by all three
alkanethiols after two weeks, but only 1-BT was able to protect
AgFON LSPR sensors. The storage condition, either under the
ambient condition or N, enriched environment, had a negli-
gible influence. It is well-known that longer alkanethiols with
the number of carbon atoms more than ten form highly ordered
SAMs,>>7>73 but shorter alkanethiols fail to do so due to reduced
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Fig. 4 Time-course changes of the extinction spectra of the protected Au- and AgFON LSPR sensors during the initial 5 min, with a 20 s time
interval. (a) Immersion of the AUFON LSPR sensor into PBS. (b) Immersion of the AUFON LSPR sensor into 250 mM NaCl solution. (c) Immersion of
the AgFON LSPR sensor into PBS. (d) Immersion of the AGFON LSPR sensor into 250 mM NaCl solution.
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van der Waals forces among molecules.” 1-BT molecules are
speculated to lie flat on the gold layer and form clusters which
are highly mobile.” While we will discuss in more detail below,
it was unexpected that 1-BT would turn out to be the most
effective.

3.4 HIM observation of unprotected and protected MFON
LSPR sensors

Fig. 5 shows HIM images showing morphology of AgFON LSPR
sensors upon 5 min immersion to 250 mM NacCl solution. With
the 1-BT treatment, there is little change in morphology before
(a) and after (b) though some slight color change is noticed in
the photographs. Without the treatment, nanostructures
undergo a drastic change, from (c) to (d). The original cap-
shaped nanostructure becomes detached, as seen in lighter-
shaded debris on the left in (d). The color is also completely
lost. An identical set of HIM images for AuFON LSPR sensors are
shown in Fig. S2.1 There is very little change in morphology
with/without 1-BT treatment.

Fig. 6 shows the extinction peak wavelength as a function of
the refractive index for 1-BT treated Au- and AgFON LSPR
sensors, with 17 and 22 nm thick top layers. For AuFON LSPR
sensors, comparison with the graphs in Fig. 2 reveals
improvements in the figure of merit from 149.49 to 159.65 nm
per RIU and from 129.2 to 138.14 nm per RIU with 17 and 22 nm
thick top layers, respectively. Although the extent of

View Article Online
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improvements was not significant in itself, the fact that their
values did not diminish upon alkanethiol treatment was
contrary to our expectation. Normally as molecules adsorb onto
the sensor surface, the response of the sensor would diminish.
When the entire volume of the near-field is filled with mole-
cules, the figure of merit would diminish to zero.*® Thus,
adsorbing 1-BT onto the surface for surface protection was ex-
pected to reduce the figure of merit. As for AgFON LSPR sensors,
once they are protected by 1-BT, they showed figures of merit
superior to those of AuFON LSPR sensors.

There have been reports that under some circumstance,
a protective layer can enhance the figure of merit when coated
with Au and Si0,.%>7%”” Thus, we conclude that the 1-BT treat-
ment not only succeeded in stabilizing the sensor but also lead
to improvements in the figure of merit, 208.9 and 170.43 nm per
RIU for the 17 and 22 nm thick AgLSPR sensors respectively.

3.5 Antigen-antibody reaction

Fig. 7 shows that the improvement in the figure of merit
translates into enhanced biosensing capability. The sensor was
placed under the optical fiber for monitoring of the extinction
spectrum and the space between the sensor and the fiber was
filled completely with a buffer solution. The mixing mechanism
shown in Fig. S17 was turned on. The sensor was first incubated
in the primary antibody solution for a few minutes, followed by
rinsing with PBS. Subsequently, 30 mL of the secondary

Fig. 5 HIM images showing morphology of AGFON LSPR sensors upon 5 min immersion to 250 mM NaCl solution. With the 1-BT treatment,
there is little change in morphology before (a) and after (b). Without the treatment, nanostructures undergo a drastic change, from (c) to (d). The

insets are photographs of these sensors.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The extinction peak wavelength as a function of the refractive
index for 1-BT treated Au- and AgFON LSPR sensors, with 17 and
22 nm thick top layers.

antibody solution was pipetted in gently; after dilution, the final
concentration was reduced by half. AgFON LSPR sensors are not
only capable of monitoring antigen-antibody reactions but they
are also superior to AUFON LSPR sensors.

3.6 Adsorption of 1-BT, 1-HT and 1-OC characterized with
SERS

SERS spectra of AgFON LSPR sensors exposed to 1-BT, 1-HT
and 1-OT vapors for 30 min are shown in Fig. 8. These SERS
spectra closely resemble those in the literature.®>”° Specifically
for 1-BT, the peak at 699 cm " is most likely due to the trans
»(C-S) while there is no peak around 637 cm™ ' where the
gauche v(C-S) might appear.”* The same authors attributed
a peak at ca. 1103 cm ™' to the trans »(C-C). The former peak
reflects the crystallinity of the inner section and the latter
reflects that of the outer section. Both inner and outer sections
are crystalline. The inset in Fig. 8 show Raman spectra of

5.5 9

—— Ag-based sensor

s
)
.

"""" Au-based sensor

9 o
wn wn
. L

Peak wavelength shift (nm)

o
wn

View Article Online

Paper
>40 —1-BT liquid
350 % 35 A '
—1-BT 530 [\ Empty capillary
1-HT €25 | |~1-BT SERS
300 7 2020 \
"""" 1-01 £15
[

N
%
=]
L
>

2450 2500 2550 2600 2650 2700

200 o Wavenumbers (cm-t)
1096

150 1

Scattering Intensity

o

o

S
L

%
o
L

600 700 800 900 1000 1200

Wavenumbers (cm-1)

1100

Fig. 8 SERS spectra of 1-BT, 1-HT and 1-OT after 30 min exposure to
their vapors. The inset shows Raman spectra of liquid 1-BT held in
a glass capillary and an empty glass capillary, and a SERS spectrum of
1-BT in the S—H stretch region.

liquid 1-BT held in a glass capillary and an empty glass
capillary, and a SERS spectrum of 1-BT adsorbed on a sensor.
The total absence of the 2575 cm™' peak shows that the
alkanethiol exists as thiolate form.

Fig. 9 show time-course change of the 1-BT SERS spectrum
with different exposure times, ranging from 5 min to 28 hours.
Equivalent spectra for 1-HT and 1-OT are shown in Fig. S3 and
S4t respectively. The »(C-S); peak ca. at 700 cm " is full-
fledged only after 5 min exposure, but the »(C-C); peak ca.
at 1100 cm ™' becomes saturated only after 15 min. This is
illustrated by the inset in Fig. 9. This behavior applies to 1-HT
and 1-OT as well, Fig. S3 and S4.f Another observation is that
the »(C-S)r peak (~700 cm™') shifts toward higher energies
with increasing exposure time. For 1-BT, it shifts from
697 cm ™' to 706 cm ™. Similar shifts are also observed for 1-OT
and 1-HT.

Time (sec)

Fig. 7 Response of a 1-BT treated sensor as a biosensor. The sensor was first incubated in the primary antibody solution for a few minutes,
followed by rinsing with PBS. Subsequently, 30 pL of the secondary antibody solution was pipetted in gently; after dilution, the final concentration

was reduced by half.
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Fig. 9 The 1-BT adsorption process evaluated by time-course
changes in SERS measurements. The inset shows time-course
changes of the 700 cm™ and 1100 cm™! peaks.

4. Discussion

4.1 Instability of AgFON nanostructures

Even with 60 mM NacCl, the lowest concentration we investigated,
the extinction peak disappeared within 30 s, making unprotected
AgFON LSPR sensors totally inadequate. Element analysis
detected little chloride in absolute term, less than 0.1% in
comparison to silver in the mass ratio. In relative terms, there
was an increase of some 79% after immersion into 250 mM NaCl
solution, as shown in Fig. S5.1 The amount of silver itself did not
change significantly, a reduction of less than 10%. We speculate
that even though morphology changed drastically upon immer-
sion in NaCl solutions as shown in Fig. 5, most silver remained
on the surface. Presence of NaCl may induce mobility of Ag
atoms. Previous works on SEF spectroscopy demonstrated that
immersion of silver substrates to a NaCl solution improved the
enhancement ratio at lower concentrations.’

As for gold, HIM images in Fig. S27 reveal very little change
in morphology upon immersion into 250 mM NaCl solution
even though its extinction spectrum undergoes noticeable
change as shown in Fig. 3. Any effect by halogen such as I,
and Cl™ and Br,” taking place around the gap area is most
likely to affect the spectrum, but in the past, we observed that an
increase in the gap distance among adjacent nanospheres in
our random MFON nanostructure lead to blue-shifts rather
than red-shifts.*

4.2 Longer term protection by alkanethiol molecules

Effectiveness of the alkanethiol treatment was examined over
different time periods. While it had been found that sensors
immediately after the treatment were stable even in the pres-
ence of high concentration NaCl, we were concerned that short
alkanethiols might desorb from the sensor surface, thus
rendering the treatment short-lived.* To find out, we evaluated
stability of treated sensors by immersed into 250 mM NaCl
solution after the storage periods up to two weeks. Results are
summarized in Table S1.}

1-BT was an unlikely candidate as a protective layer for silver
surfaces because studies on gold surfaces have shown that

This journal is © The Royal Society of Chemistry 2019
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SAMs are formed only by longer alkanethiols with the cut-off
number of carbon atoms in the range of 5-11.%"> Adsorption
of 1-BT onto gold has been studied in detail more recently.”*
Along with 1-methanethiol and 1-pentanethiol, 1-BT exhibited
negligible van der Waals interaction, and they were found to be
all rather mobile by STM observation. With 1-BT, the steric
interaction dominates the adsorption process and molecules
are reported to lie flat on the surface as clusters.

Protection of copper and silver surfaces has been studied
from early days of SAM investigation.*>*"*>*? Laibinis et al.
studied oxidation of thiol-protected copper surfaces with XPS
and found that copper and thiolates became oxidized at the
same rate and the oxidation rate decreased by 50% when the
length of SAM was increased by four CH, units.*> With IR
spectroscopy and impedance measurements, they further found
that an unoxidized copper surface was protected with SAM with
the number of carbon atoms greater than 16, exposure to even
pure O, at 100% relative humidity failed to oxidize the surface.®

Pemberton et al. studied oxidation of alkanethiols adsorbed
on silver surfaces.®® When they compared alkanethiols with
various numbers of carbon atoms, n = 2, 11, and 17, the
shortest alkanethiol was oxidized only after two hours. Once
oxidized into sulfinate or sulfonate, molecules were readily
removed from the surface. They also reported that it was mostly
ozone rather than oxygen which was responsible for oxidation,
but they did not specifically mention the effect of ozone on the
silver surface itself.

Van Duyne et al. studied silver nanoparticles coated by
a wide range of alkanethiols, including 1-BT.** Their paper
includes data suggesting that treatment of their NSL-based
LSPR sensors with ethanolic solution of 1-BT did not elimi-
nate the extinction peak. Our study shows that ethanol also has
a corrosive effect on silver nanostructures so that the fact that 1-
BT suspended in ethanol did not eliminate the peak is
suggestive of a possibility that 1-BT functioned as a protective
layer in their experiment.

Use of curved surfaces rather than atomically flat surfaces, as
in this study, may have some effect.” While previous studies on
SAM systems on regular colloids suggest unless the radius of the
colloid is much smaller than 10 nm, no significant difference
exists from the view point of surface protection. It is reported
that stress within the SAM structure can increase for longer
alkanethiols, but overall surface roughness is thought not to
have a large influence. On the other hand, atomic edges may be
effective for anchoring alkanethiol molecules. Our HIM images
show irregular surfaces and further detailed studies are called
for.

The solvent effect by water or alcohol is, however, still rather
minor when compared to cases where halogen is involved. Even
gold can be affected significantly by halogen such as CI™ and
Br.” By using a wide range of analytical tools such as elec-
trochemistry, FTIR and STM, they concluded that longer alka-
nethiols were more effective as a protective layer. Less well-
ordered SAMs formed from hydrophilic thiols were mobile
and thus able to cover exposed areas by lying horizontally.
Scrisombat et al. showed that CH;SH was endowed with elec-
trochemical blocking characteristics even though CH;SH, along
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with CH3CH,SH and CH3(CH,)sSH, was quite mobile and forms
a 2-D liquid phase.*®”* On the other hand they reported that
defects were resistant against displacement. Poirier et al. also
reported that CH;CH,SH and CH;(CH,)sSH were both in liquid
phase with the latter also possessing solid domains.

While short alkanethiols do not form a well-ordered SAM
due to their negligible van der Waals force, our investigation
clearly shows that 1-BT has a stabilizing effect on both Au- and
AgFON LSPR sensors. Without the 1-BT protective layer,
morphology underwent drastic change as confirmed by HIM
images, and element analysis suggests that hardly any AgCl is
formed on the surface and little silver is lost in terms of its total
mass. The 1-BT protective layer, however, shows a remarkable
ability to resist corrosion of the underlying gold and silver
layers.

1-BT is more likely to be oxidized and become desorbed from
the surface than 1-HT and 1-OT, but it is more effective as
a protective layer after a storage period. Malinsky et al. reported
that it was effective for a few days for Ag-based LSPR sensors.*

With the 1-BT treatment, both Au- and AgFON LSPR sensors
remained stable. For the former, there was no noticeable
difference in the effect of various alkanethiols under different
storage conditions, and all retained similar abilities to resist
NaCl. Nonetheless, it is shorter alkanethiols whose effect was
more reproducible. For the AgFON LSPR sensor, different
alkanethiols showed different behaviors under various storage
conditions. With 1-HT and 1-OT treatments followed by storage
under the ambient condition, the spectrum shift was reduced
but not completely suppressed. Storage under the N, enriched
environment turned out be better suited.

4.3 Adsorption process as interpreted by SERS
measurements

The thiol treatment had to be carried out overnight for effective
protection against NaCl. Shorter treatments lead to unsatisfac-
tory results. While shorter alkanethiols are thought not to form
robust SAMs, our SERS measurements show that both inner and
outer sections of the SAM are crystalline for all three alka-
nethiols studied. Looking at relative intensities of the »(C-C)y
(~1100 em ™) and »(C-S)r (~700 cm™') peaks as a function of
time reveals that the C-C section continues to undergo change
after the initial rapid formation of the Ag-S bond during the
first 5 min. This may reflect a slow reorientation process. On the
other hand, it has been reported that SERS peak intensities do
not necessarily reflect the packing density,* but the density
affects the conformation. As no conformational change is sup-
ported by neither »(C-S)r peak nor and »(C-C)r peak, the
adsorption, at least in hot spots, is almost complete within the
first 5 min. As a matter of fact, hot spots making a significant
contribution are thought to occupy a relatively small portion of
the surface, the gap region between adjacent nanospheres. If
hot spots responsible for SERS signals are quickly occupied by
1-BT molecules on the order of 15 min, and it might take many
more hours before a fully effective SAM protective layer is
formed.** SERS observations in our study are not likely to reveal
what happens on top of the cap-shaped nanoparticles, away
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from the gap region. SERS spectra of 1-HT and 1-BT in Fig. S3
and S4t show these alkanethiols do adsorb on the sensor. Their
time-course changes seen Fig. S3 and S47 are as rapid as that of
1-BT, even though their peak intensities are reduced in
comparison to those of 1-BT as seen Fig. 8. Reduction in peak
intensities for longer alkanethiols is, however, consistent with
results from Ansar et al.®®

5. Conclusions

We have described LSPR sensors fabricated from random Au-
and AgFON nanostructures. Both gold and nanostructures were
unstable against high concentration of NaCl, but we found that
short alkanethiols, particularly 1-BT, were effective for protect-
ing these nanostructures as monitored by the peak wavelength
of the extinction peak and observed by HIM. The peak wave-
length was steady and there was no discernible change in
morphology. It was surprising because such short alkanethiols
have van der Waals interactions too weak to form a SAM.
Moreover, they are reported to be quite mobile and should
readily desorb from the surface. Nonetheless we showed that
protection of Ag- and AuFON nanostructures with short alka-
nethiols is rather effective, even against 250 mM NaCl. 1-BT
treated AgFON LSPR sensors have better figures of merit over
treated as well as untreated AuFON LSPR sensors.

Characterization of our random MFON nanostructures with
SERS measurements revealed that the alkanethiol adsorption
takes place in multiple phases as revealed by the time course
changes of the »(C-S)y (~700 cm ™) and »(C~C)y (~1100 cm ™)
peaks. The former peak becomes saturated within the first
5 min whereas the latter requires at least 15 min to reach its full
intensity. In the early phase, hot spots become fully occupied by
alkanethiol molecules relatively quickly. In the middle phase
beyond the initial 15 min, the inner section of the alkanethiol
continue to undergo changes as revealed by the higher energy
shift of the 700 cm ™" peak. While SERS measurements do no
show further changes after 30 min, alkanethiol molecules
continue to adsorb onto the rest of the metal surface in the last
phase until the entire surface becomes covered, as evinced by
the longer time necessary to form a fully protective coating. This
may be due to our inability to monitor molecular events
outsides hot spots, away from the gap region.

The method for protecting silver nanostructures is useful not
only for LSPR sensing but also for those used in other optical
techniques such as SERS and SEF. It is particularly a pressing
issue for intricate nanostructures prepared in a vacuum system
whereby nanostructures are not protected by a capping agent
during the preparation procedure.
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