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he extraordinary optical properties

of noble metal nanoparticles have

led to significant interest into their
potential application as subwavelength op-
tical elements in a diverse range of tech-
nologies across all scientific fields. These op-
tical properties are governed by their
unique localized surface plasmon reso-
nance (LSPR), that is, the collective oscilla-
tion of the nanostructure’s conduction
band electrons in resonance with the inci-
dent electromagnetic field." The spectrum
of the LSPR oscillation is strongly reliant
upon the nanostructure’s size,? shape,? di-
electric constant,* 7 and the dielectric con-
stant of the surrounding environment.8~10
The recognition of LSPR sensitivity to
changes in these parameters has resulted
in intense development of noble metal
nanostructures for applications including
molecular rulers,' bioimaging agents,' glu-
cose concentration markers,’* and chemi-
cal and biological sensing. ¢ The utiliza-
tion of local medium refractive index
induced LSPR sensitivity via specific bind-
ing of analyte molecules to capture ligand-
functionalized nanostructures, in particular,
opens a route to ultrasensitive biosensors.

Nonspherical nanostructures (e.g., nano-

prisms, nanorods, or nanoshells) have been
postulated to exhibit increased LSPR sensi-
tivities via the support of large surface
charge polarizability and increased local
field enhancement, which they have been
shown to display due to their sharp
geometries.'”'® High LSPR sensitivities for a
variety of substrate bound, shaped, single
nanostructures have been reported in the
literature to date, including those for single
silver nanoprisms,'® silver nanocubes,?
gold nanostars,?' and gold nanoshells.??
Sensitivity values as large as 0.79 eV -RIU™!
for single silver nanocubes® and 1.41
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ABSTRACT Solution phase triangular silver nanoplates (TSNP) with versatile tunability throughout the
visible—NIR wavelengths are presented as highly sensitive localized surface plasmon refractive index sensors. A
range of 20 TSNP solutions with edge lengths ranging from 11 to 200 nm and aspect ratios from 2 to 13 have been
studied comprehensively using AFM, TEM, and UV —vis—NIR spectroscopy. Studies of the localized surface
plasmon resonance (LSPR) peak’s sensitivity to refractive index changes are performed using a simple sucrose
concentration method whereby the surrounding refractive index can solely be changed without variation in any
other parameter. The dependence of the TSNP localized surface plasmon resonance (LSPR) peak wavelength N,
and its bulk refractive index sensitivity on the nanoplate’s structure is determined. LSPR sensitivities are observed
to increase linearly with A, up to 800 nm, with the values lying within the upper limit theoretically predicted
for optimal sensitivity, notwithstanding any diminution due to ensemble averaging. A nonlinear increase in
sensitivity is apparent at wavelengths within the NIR region with values reaching 1096 nm - RIU™" at A, 1093
nm. Theoretical studies performed using a simple aspect ratio dependent approximation method and discrete
dipole approximation methods confirm the dependence of the LSPR bulk refractive index sensitivity upon the TSNP
aspect ratio measured experimentally. These studies highlight the importance of this key parameter in acquiring
such high sensitivities and promote these TSNP sols for sensing applications at appropriate wavelengths for
biological samples.

KEYWORDS: localized surface plasmon resonance (LSPR) - sensitivity - silver
nanostructures - refractive index - sensor

eV - RIU~" for dielectric substrate coupled
single gold nanostars?' have been recorded.
Significantly increased LSPR sensitivities
have been measured for more complex
coupled plasmonic nanostructures such as
801 nm - RIU™" for hematite core/Au shell
nanorice at a LSPR peak wavelength A\, of
1160 nm? and 880 nm - RIU™" for gold
nanorings at a Apax of 1545 nm.2* As seen
from these reported sensitivities, an incon-
sistency exists in the units used to express
the linear refractive index sensitivity of the
varying nanostructures, with some authors
quoting eV - RIU~" and others nm -RIU™".
Due to this inconsistency, Sherry et al.?° de-
fined a figure of merit (FOM) as a way of de-
fining the overall sensitive response of a
plasmonic nanostructure, where the FOM
can be expressed as the ratio
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between the linear refractive index sensitivity of the
nanostructure divided by its LSPR full width at half-
maximum (fwhm). Unger et al.?> also recently defined
an analytical expression for the FOM of a nanostruc-
ture’s sensitivity based on a more statistical analysis.
The FOM expression defined by Sherry et al. is used in
this study as it is more universally quoted.

The majority of LSPR sensitivity values reported to
date are for single nanostructures bound to a dielec-
tric substrate. Coupling to a substrate can influence the
sensitivity of isolated nanostructures to refractive in-
dex change either enhancing it'® or diminishing it,* de-
pending on the dielectric properties of the substrate
and the orientation of the nanostructure on the sub-
strate, compared to that observed for the nanostruc-
ture in solution. Limited research has been undertaken
to examine solution phase LSPR sensing despite it hav-
ing the obvious advantage of the nanostructure sensor
being homogeneously in phase with the biological tar-
get molecule. Nevertheless, the solution phase nano-
structures that have been presented in literature to date
have displayed promising bulk refractive index
sensitivities,” ~3® encouraging further analysis into their
biosensing capabilities. It is important to note, how-
ever, that the application of nanostructures in biosens-
ing applications is limited by the position of water and
biomolecular absorption wavelengths. This signifies
that the nanostructures LSPR Ay should be preferen-
tially removed from these absorption wavelengths, thus
highlighting that nanostructures with tunable LSPR
wavelengths are optimal in such applications.

Solution phase triangular silver nanoplates (TSNP)
are herein examined as tunable LSPR sensors with ex-
cellent potential for versatile and highly responsive bio-
sensing. Such highly anisotropic silver nanoplates have
received considerable interest due the ability to tune
their in-plane dipole LSPR across the visible spectrum
and into the NIR3" It is postulated that silver nanoparti-
cles are advantageous over other noble metal nanopar-
ticles within visible wavelengths as their LSPR energy
is removed from interband transitions (3.8 eV ~ 327
nm).32 This results in a narrow LSPR fwhm which exhib-
its a much stronger shift with increasing local dielectric
constant than is the case of gold or copper at these
wavelengths.3%33 At wavelengths within the NIR region,
these interband transitions do not influence the plas-
mon resonance of noble metals. Previous studies have
shown that gold nanoparticles are more biologically
compatible than silver due to the high oxidation rate
of silver and chemical stability of gold nanoparticles.
However, recent advances have been made in function-
alizing and altering the surface chemistry of silver nano-
structures such as these TSNP,** stabilizing them under
physiological conditions, thus enabling exploitation of
their high sensitivities in biological applications.

Previously, we reported the synthesis of such TSNP
sols of high geometric uniformity for which the edge
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length can be readily controlled, enabling the system-
atic tuning of the LSPR throughout the visible and NIR
spectrum.> The TSNP sols are prepared using a seed
mediated approach involving the reduction of silver
ions by ascorbic acid that produces over 95% nano-
plate populations in a rapid reproducible manner. The
narrow geometric distribution of the TSNP within the
sol leads to a highly uniform response of the ensemble
upon interaction with an electromagnetic field. Unlike
our previous solution phase silver nanoplates,**3’ these
sols do not require the presence of a stabilizing poly-
mer during fabrication, which leads to easier sample
preparation for sensitivity analysis. Through analyzing
the sensitivity of TSNP sols with varying edge lengths,
we can gain an understanding of the potential these
nanostructures hold for biosensing applications. In ad-
dition, we can compare this potential with that re-
ported for other noble metal nanostructures in litera-
ture and obtain insight into the essential features
required by a nanostructure for highly efficient biosens-
ing applications.

RESULTS AND DISCUSSION

TSNP sols were prepared using the method previ-
ously described, with their size systematically changed
by the adjustment of the volume of seeds in the nano-
plate growth mixture.3® A series of 20 TSNP sols with in-
creasing edge length from 11 to 197 nm were pre-
pared. AFM and TEM images (Figure 1) were recorded
and analyzed to assess the influence of the nanostruc-
tures’ geometry upon the position of the LSPR. Due to
the thinness of the nanoplate, compared to its long
edge length (Figure 1c¢), shade variations are apparent
in the TEM image shown. Similar variations in shade
have been observed in TEM images of silver and gold
nanoplate structures,®®3° which are attributed to bend-
ing induced variation in the metal’s atomic plane due to
the thinness of the nanostructure.*® Using a statisti-
cally satisfactory number of nanoplates (approximately
150—200 nanoplates) for each of the 20 ensembles, the
mean thickness (nm) and the mean edge length (nm)
were calculated. The AFM measurements show a slight
increase in the mean thickness of the TSNP ensembles
with increasing edge length recorded via TEM (Figure
2a). (Previously, it was reported that these TSNP did not
display a change in thickness with varying edge
length;** however, this study was based on a smaller
range of edge lengths.) Due to this gradual increase in
thickness of the TSNP with increasing edge length, we
believe that the dependence of the LSPR A5 on such a
nanostructure is better examined using the nanoplate
aspect ratio R, where R is the TSNP edge length divided
by the thickness of the nanoplate. The aspect ratio of
the TSNP is found to increase from values of 2 to 13 with
edge lengths ranging from 11 to 197 nm (Figure 2B).

LSPR extinction spectra of a number of the 20 TSNP
sols tested are shown in Figure 3a, displaying the strong
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Figure 1. (a) AFM image and height profile of a typical TSNP of thickness 9 nm and (b) AFM image and profile of TSNP of thickness 8
nm. (c,d) TEM images showing some of the various sized samples fabricated. Such images were used to measure the diagonal and edge

length of the triangular face of the nanoplates.

dominant dipolar resonance of these high aspect ratio
nanostructures. The ensembles’ LSPR A is observed
to red shift as the aspect ratio increases for LSPR within
the range of 500—1150 nm (Figure 3b).

To assess the potential use of the TSNP samples for
various refractive index based sensing applications, it
is important to determine how the \,.x varies with the
refractive index surrounding the nanoplate. This has
previously been tested in some cases using various sol-
vents. However, with some solvents, it has been re-
ported that changes in the geometry of the nanostruc-
ture upon exposure to the solvents used may occur,*42
or pretreatment of the nanostructure before analysis
to prevent such a change occurring may be required.’
In our study, we have adopted a simple sucrose method
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Figure 2. (A) Linear fit to the structural data depicting the relationship between the nanoplate ensembles’ mean edge length

whereby the bulk refractive index of the solution sur-
rounding the TSNP was changed through a variation in
sucrose concentration. With this method, it must be
noted that the refractive index near the surface may dif-
fer from that of the bulk. While it is possible that the su-
crose might bind preferentially to the surface, this
would be expected to lead to a nonlinear response to
changes in the sucrose concentration, which is not ob-
served in the case of these TSNP sols (Supporting Infor-
mation). Therefore, this bulk refractive index method
and similar approaches?’?® are valuable methods of in-
dicating how efficiently such plasmonic nanostructures
would perform as biosensors.

Figure 4a shows an example of the spectral shift ob-
served for a 82 nm edge length TSNP ensemble sus-
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(nm) and mean thickness (nm). (B) Increase in the TSNP aspect ratio with increasing edge length.
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Figure 3. (a) Tunability of the LSPR A, of the TSNP sols within the visible and NIR. (b) Plot depicting the dependence of
the ensembles’ peak wavelength on the mean aspect ratio measured for the various samples.

pended in the various concentrations of sucrose used.
TSNP sensitivities are found to increase linearly with
LSPR Amax however, a dramatic increase in sensitivity
occurs at the longer wavelengths with values reaching
a maximum of 1096 nm - RIU™" at @ Amax of 1093 nm for
TSNP with an aspect ratio of 13 (Figure 4b). By review-
ing previous LSPR sensitivities presented in literature for
various LSPR nanostructures, it is evident that the high-
est sensitivities of the TSNP sols examined here are
greater than those recorded to date, including those
for single nanostructures such as nanorice,”® gold nan-
orings,>* and gold nanostars (see Table 1 in Supporting
Information).2' Furthermore, unlike other reported high
LSPR sensitive nanostructures, the high TSNP sensitivi-
ties occur at wavelengths shorter than 1150 nm, before
water and biomolecular absorptions can become limit-
ing factors in their suitability as biosensors. In addition
to this, the TSNP ensemble sensitivity values of
290—433 nm - RIU™! for sols with LSPR peak wave-
lengths in the visible exceed those previously reported
for nanostructures within this wavelength band such as
205 nm - RIU~T for single Au triangles by Sherry et al.”®
with LSPR Amax at 631 nm and 285 nm - RIU™" for Au
nanorattles in solution with a \n.x of approximately 650
nm.?
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The FOM as defined by Sherry et al.?° is the most
commonly used in literature for defining nanostruc-
tures’ sensitivities; therefore, it is used here to enable
further comparison of the TSNP sols’ sensitivities
with those previously reported. The fwhm values of
the TSNP sols spectra are observed to vary from 100
up to 285 nm with corresponding red shift in the
LSPR Amax (Figure 5a), resulting in FOM values rang-
ing from 1.8 up to 4.3 (Figure 5b). These FOM val-
ues are comparable to those previously recorded for
more complex structures, such as solution phase
gold nanobipyramids with a FOM of 4.5 at a Ayax
1090 nm.?® Indeed, the FOM for the TSNP sols pre-
sented here would be among the highest reported
to date if it were not for reductions in the FOM val-
ues due to broader line widths at higher wave-
lengths (Table 1 Supporting Information). It may, of
course, be noted that the FOM for larger particles re-
quire measurements within the near-IR which may
make practical implementation more complicated.

From Figures 4a and b, it is apparent that the en-
hanced sensitivities recorded for the TSNP sols display
a distinct dependence upon the spectral position of the
LSPR Amax- The spectral dependence observed agrees
with the model predicted by Miller et al.,** who state
that the upper bound sensitivity of a nanostructure is
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Figure 4. (a) Example of spectral shift observed for a specific TSNP ensemble with original peak wavelength of 868 nm, mean
edge length 82 nm, mean thickness 11 nm, in varying sucrose concentrations. (b) Peak LSPR wavelength of the 20 samples
plotted against the corresponding LSPR sensitivity of the ensemble to the sucrose refractive index analysis.
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Figure 5. (a) Fwhm of the TSNP sols spectra showing an increase with red-shifted LSPR A,,.x up to the NIR. (b) FOM of the TSNP

sols as calculated by the method proposed by Sherry et al.

dependent solely upon its LSPR Ay regardless of its
structural parameters. This model does not hold for
nanostructures with LSPR \,,.x above 800 nm. Another
similar theory proposed by Svedendahl et al. indicates
that the bulk refractive index sensitivity is determined
by the wavelength dependent dielectric function of the
metallic nanostructure and the refractive index sur-
rounding the nanostructure.* This dielectric function
theory was found to hold for LSPR studies on a thin gold
film and LSPR studies on an array of gold nanodisks
with LSPR \max at approximately 700 nm. Other stud-
ies, however, suggest that the structural parameters of
the nanostructure will contribute to determining its
sensitivity. For example, silver rhombic nanostructures*
with aspect ratios of 2.9 have been predicted by dis-
crete dipole approximation (DDA) to have sensitivities
of 330 nm-RIU™", while triangular silver nanoparticles
with aspect ratios of 2 have been shown to have a value
of 191 nm - RIU™'.*2 Both of these earlier reported sensi-
tivity values are in agreement with the values for the
TSNP at similar aspect ratios shown in Figure 6a, signi-
fying that there exists a potential influence of aspect ra-
tio on LSPR sensitivity.
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Aspect Ratio Dependent Approximation and DDA. In order
to further assess the importance of the aspect ratio of
a nanostructure in determining the LSPR sensitivity to
refractive index changes, an approximation method
based on the quasistatic theory developed by Miller et
al. and discrete dipole approximation calculations are
applied. Miller’s quasistatic theory is based on Mie
theory,*® which states that the extinction of a metallic
sphere, that is, the sum of the absorption and Rayleigh
scattering can be represented by the equation

247°N \a’e>? g :
AlIn(10) [(er + xe) + 8,2] W
where N, is the areal density of nanoparticles, a is the ra-
dius of the metallic nanospheres, ¢, is the dielectric con-
stant of the medium surrounding the metallic nano-
spheres, \ is the wavelength of the absorbing radiation,
X the nanostructure’s shape factor, and &; and ¢, the
imaginary and real parts of the nanostructure’s dielectric
function, respectively. The dipolar plasmon resonance
condition for silver nanoparticles (eq 1), that is, the occur-
rence of the LSPR maximum peak, is satisfied when
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Figure 6. Dependence of (a) the LSPR linear refractive index sensitivity and (b) the FOM upon the aspect ratio of the TSNP.
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where n is the refractive index of the surrounding me-
dium. From these conditions, Miller developed an ap-
proximate analytical expression given in eq 3 for the sen-
sitivity ANmax/An of the resonance wavelength to the
refractive index of the medium

Ag,

A)\max — E (3)

“An Ag,
(%)...

where ¢, is the real dielectric constant of silver, Ag,/An
the refractive index dependence of the real dielectric con-
stant determined by the plasmon resonance condition
and (Ag/AN),,, is the slope of the real part of the nano-
particle’s dielectric function with changing wavelength.
Due to the wavelength dependence of ¢, and the depen-
dence of the resonance condition upon both this param-
eter and the shape factor x of the nanoplates, both pa-
rameters in eq 3 will therefore define the wavelength of
the LSPR maximum and hence the LSPR sensitivity of the
nanoplates.

In order to determine (Ae,/AN),,, the real dielectric
constant for silver at the various LSPR \.x wavelengths
measured for the TSNP was calculated using the Palik
optical constants n (real refractive index) and k (extinc-
tion coefficient) for silver*” (see Appendix 1 Supporting
Information). The refractive index dependence of the
real dielectric constant can be determined by the plas-
mon resonance condition using an oblate ellipsoidal
approximation to calculate the shape factor x (see Sup-
porting Information).*® Previous shape factor values of
2 for a sphere and greater than 17 for a 5:1 aspect ra-
tio nanorod with prolate spheroid geometry have been
reported.* The shape factor for the TSNP is found to
be directly proportional to the aspect ratio and reaches
a maximum of approximately 20 for the highest aspect
ratios. Solving eq 3 for our water based TSNP ensembles
with an ellipsoidal shape factor approximation, we find
that the bulk linear refractive index sensitivity can be
expressed as

max

An

~47.85 x % 4)

Equation 4 shows that the sensitivity is linearly depend-
ent upon the shape factor x, which is determined by
the aspect ratio R (Figure 7a). Using this relationship,
sensitivity values can be computed for nanoplates with
structural parameters equivalent to those determined
from the AFM and TEM analysis previously described
(Figure 7b). Our shape factor calculations are in agree-
ment with the theory calculated by Miller et al. for wave-
lengths within the 500 to 800 nm region; however,
they further accurately predict the LSPR sensitivities
measured experimentally at longer wavelengths in the

\\&) VOL.4 = NO.1 = CHARLES ET AL.

NIR. This agreement between experimental results and
theoretical considerations emphasizes the importance
of the aspect ratio and hence shape factor of a nano-
structure in determining its LSPR sensitivity to refrac-
tive index changes.

As the oblate ellipsoidal approximation presented
above does not take into account tip enhancement ef-
fects of the triangular geometry, discrete dipole ap-
proximations were also performed on a number of tri-
angular nanoplates with aspect ratios equivalent to
some of those measured in the experimental studies.
The discrete dipole approximation (DDA) is a numeri-
cal method of solving Maxwell’s equations for a single
nanoparticle of arbitrary shape, generating its extinc-
tion, scattering, and absorption cross sections.>® The ex-
act shape of the nanostructure is considered by replac-
ing the full nanoparticle structure by an array of cubic
dipoles, and the optical response of the collection of di-
poles to an interacting electromagnetic field is then de-
termined. As the DDA method considers the exact
shape of the TSNP, these studies can be used to estab-
lish whether the aspect ratio dependent approximation
we have presented above is a true representation of
the refractive index sensitivity of triangular nanoplate
structures.

The DDA calculated extinction spectra for single
TSNP of chosen aspect ratios are shown in Figure 8a.
As the aspect ratio of the TSNP is increased, the LSPR
Amax Was found to red shift, in agreement with the ex-
perimental results. The DDA spectra were calculated for
single nanoplates rather than ensembles, resulting in
discrepancies between the positions of the experimen-
tally measured LSPR \max and those calculated using the
DDA method. Differences between ensemble extinc-
tion spectra and single nanoparticle behavior have
been previously reported, with some reports of a blue
shift in the ensemble spectrum,?® and others reporting
a blue shift or a red shift depending on the particular
single nanoparticle considered.’®?' A red shift in the ex-
perimentally measured extinction spectrum of a peri-
odic array of silver nanoparticles compared to their DDA
predicted spectra was demonstrated by Jensen et al.,’
with an increase in red shift recorded for increasing
nanoparticle volume and aspect ratio.

For some of the smaller aspect ratio nanoplates, a
blue shift in the experimental extinction spectra was
observed when compared to their DDA calculated spec-
tra (Figure 8b). Truncation effects have been reported
to be associated with a blue shift in the LSPR Amax.' 2%
The degree of truncation of the TSNP sols was calcu-
lated from their TEM images, where the degree of trun-
cation is defined in eq 5.

degree of truncation =
area of truncated triangle
area of untruncated triangle

100 (5)
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mated sensitivities (red triangles) plotted against the shape factor determined through AFM and TEM studies. Linear fits through
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Analysis of the degree of truncation shows that
those TSNP which show a blue shift in their experimen-
tal LSPR \max compared to the DDA calculated spectra
have degrees of truncation of approximately 15%,
whereas TSNP which show red shifts in their experimen-
tal LSPR A\max compared to the DDA calculated spectra
have lesser degrees of truncation of approximately 5%.
Figure 8c shows an example of a TSNP sol which
showed a red shift in its experimental ensemble extinc-
tion compared to the DDA extinction of a single nano-
plate of the same aspect ratio.

In order to examine the linear refractive index sensi-
tivity of the TSNP using DDA, extinction spectra were
computed for the TSNP of various aspect ratios shown
in Figure 8a. The shift in the LSPR . Was calculated for
the TSNP in different sucrose concentrations, and the
linear refractive index sensitivity was computed using
the same method as in the experimental analysis. Fig-
ure 9a shows the trend observed for the DDA calculated
sensitivities as the LSPR A . is red shifted with increas-
ing aspect ratio. Although the experimental LSPR N\ ax
for the TSNP with higher aspect ratios are red shifted

with respect to the DDA results, the DDA calculated lin-
ear refractive sensitivities show a similar trend to those
measured experimentally and also those predicted via
the aspect ratio dependent approximation method. The
DDA measurements therefore confirm the importance
of the aspect ratio in defining the TSNP sensitive re-
sponse to bulk refractive index changes, thus support-
ing the conclusions drawn from the aspect ratio de-
pendent approximation method (eq 4).

In conclusion, this work presents the first de-
tailed study of the dependence of the LSPR sensitiv-
ity of solution phase, tunable, plasmonic nanostruc-
tures with LSPR maxima over such a broad
wavelength range upon their structural parameters.
LSPR bulk refractive index sensitivities were ob-
served to increase linearly up to a LSPR maximum
of 800 nm with a nonlinear enhancement observed
in the NIR wavelength region, reaching a maximum
value of 1096 nm - RIU™" at a LSPR Apnax at 1093 nm.
The recorded sensitivities are found to exceed many
of those previously reported for other nanostruc-
tures in the literature with little diminution due to
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Figure 8. (a) DDA calculated spectra for TSNP of various aspect ratios. The LSPR A,,.x was found to red shift with increasing aspect ratio,
in agreement with experimental results. Comparison between experimental spectra (black) and DDA spectra (red) for (b) a TSNP sol with
a mean truncation factor of approximately 15% and (c) a TSNP sol with a mean truncation factor of 5%.
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ensemble averaging observed. LSPR sensitivity calcula-
tions based on the aspect ratio of the TSNP confirm the
importance of the parameter in determining the de-
gree of sensitivity observed, while DDA calculations
have in conjunction strengthened the validity of such
an approach. These results suggest that the TSNP en-
sembles will potentially, in turn, have high local refrac-

MATERIALS AND METHODS

TSNP Sol Preparation: TSNP sols were prepared using a silver
seed-catalyzed reduction of Ag™ as previously described.>> The
nanoplates are produced by combining 5 mL of distilled water,
aqueous ascorbic acid (75 mL, 10 mM), and various quantities of
seed solution, followed by addition of aqueous AgNO; (3 mL,
0.5 mM) at a rate of T mL min~". LSPR A« values were red
shifted from the visible to NIR wavelengths by varying the vol-
umes of seed solutions from 500 p.L (Amax= 500 nm) down to 2.3
L (\max= 1090 nm). A reduction in the volume of seeds used
in the preparation method results in a red shift in the LSPR A ax.
A series of 20 TSNP with increasing edge length from 11 to 197
nm were thus prepared.

Structural Characterization: AFM measurements were performed
in tapping mode using a Multimode Nanoscope IlIA and a Si tip
with a radius of approximately 10 nm. Samples were prepared on
polished silicon substrates, which were first cleaned using a
5:1:1 piranha solution and then functionalized with
3-aminopropyltriethoxysilane. These functionalized substrates
were then left in the nanoplate solutions for a few hours for the
nanoplates to attach to the substrates. All TEM images were
taken on a Jeol 2100. Both AFM images and TEM images were
taken from different randomly selected areas of the sample. Us-
ing a statistically satisfactory number of nanoplates (approx
150—200 nanoplates) for each of the 20 ensembles, the mean
thickness (nm) and the mean edge length (nm) were calculated
with the standard deviation of the distributions representing the
experimental error.

LSPR Sensitivity Analysis: Water/sucrose solutions were used to
vary the refractive index of the solution within which the nano-
plates were suspended. Sucrose concentrations were varied in
steps of 10% from 10 up to 50 wt %. The refractive indices of the
sucrose concentrations used were measured after preparation
on a temperature controlled refractometer with a 589 nm LED
light source. A low volume of the TSNP sol (20 wL) was then
mixed in with the sucrose solutions (780 .L). The refractive in-
dex of the solution mixture surrounding the nanoplates was then
calculated using the Lorentz—Lorentz equation?®
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tive index sensitivities and act as efficient devices for bi-
osensing applications, as they encompass aspect ratios
large enough to provide high LSPR sensitivity yet low
enough that the LSPR A\, remains within the spectral
range appropriate for biosensing. We believe that this
represents a promising step toward realizing optimal
nanostructures for versatile biosensing.

The solution phase ensemble extinction spectra of the TSNP
sols suspended in the different sucrose solutions were acquired
using a Cary Varian 6000i UV—vis—NIR spectrometer with the
peak LSPR resonances ranging from wavelengths of about 500
up to 1090 nm. The sensitivity of the solution phase TSNP A\«
RIU~" can be represented by plotting the shift observed in the
peak LSPR wavelength A\« against the corresponding refrac-
tive index of the sucrose. This can also be represented in energy
terms as eV - RIU™! for comparative analysis.

Discrete Dipole Approximation: Using the Draine and Flatau
code,® extinction spectra were calculated for 12 nanoplate
shapes suspended in four different mediums, with four differ-
ent dielectric constants (48 calculations in total). The four medi-
ums approximate as water, 10% sucrose in water, 30% sucrose in
water, and 50% sucrose in water. All four dielectric constants
were assumed to be noncomplex and were worked into the cal-
culation using the relationship

_ Sarget.

€medium

where grget is the complex dielectric constant of silver in a
vacuum.® The 12 shapes used for the DDA calculation were
based upon the samples in the experimental data, consisting of
regular triangular prisms, made up of a simple cubic array of di-
poles spaced ~1 nm apart, as per the DDA method. As previ-
ously stated before, the shapes used were based upon experi-
mental samples, but the regular triangular prism is an
approximation of this; therefore, the key factors used to calcu-
late the DDA spectra were the aspect ratio and the volume of the
nanoplates measured for the nanoplates in the experimental
studies.
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