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Abstract

A three-channel spectrometer (3CS) based on a commercial digital camera was developed to
distinguish among tens of large (>100 nm), anisotropic plasmonic particles with various shapes,
orientations, and compositions on a surface simultaneously. Using band pass filters and polarizers,
the contrast of 3CS images could be enhanced to identify specific orientation and composition
characteristics of gold and gold-silver nanopyramids and as well as the direction of the longest

arm of gold nanostars.
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INTRODUCTION

Wide-field optical imaging is a technique that enables the field visible to the objective and
CCD detector to be recorded simultaneously.! One challenge of using this method for
biological imaging is that common optical probes such as fluorophores are susceptible to
photobleaching and molecular degradation, and quantum dots need surface passivation to
avoid cytotoxicity.12 Recently, large (> 80 nm) noble metal nanoparticles (NPs) have been
introduced as an alternative contrast agent because their tunable localized surface plasmon
(LSP) response can result in strongly scattered light in the far-field.2"> The scattering from a
single large NP can generate a brighter signal than fluorophores or quantum dots and can be
observed and characterized by dark-field (DF) imaging and spectroscopy.®’ Therefore,
single metal NPs are useful probes to characterize NP diffusion,8 observe aggregation
events,? and monitor molecular-directed assembly.10

Although the use of metal NPs for contrast in optical applications have shown promise,
single-particle analysis by DF spectroscopy limits simultaneous characterization of unknown
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NPs.8-10 particles can be deliberately designed, however, to exhibit optical properties that
are easy to interpret in a wide-field optical image. For example, nanobarcodes fabricated by
alternately depositing different metals layer-by-layer into anodized alumina templates can be
generated with unique optical reflectance signatures.11-13 Mixtures of small (< 30 nm) NPs,
such as Au nanospheres, Au nanorods, and Ag nanospheres, can be used as contrast agents
at the same time because they scatter light at very different LSP wavelengths.14 Shape can
also be used to discriminate among particles; Au nanostars with iron oxide cores display a
periodic oscillating scattering signal under a rotating, external magnetic field.#15-17 |n
addition, large (> 250 nm) anisotropic NPs have complex, multipolar spectral features that
can be resolved in a single particle spectra, which can provide bright contrast in DF,18:19 pyt
in a wide-field image, all the particles appear to scatter the same “color”. Thus a simple,
spectroscopic technique that can characterize many different types of anisotropic NPs
simultaneously would enable the more wide-spread use of metal NPs as scattering probes.

This paper describes how a commercial digital camera can function as a three-channel
spectrometer (3CS) to characterize tens of large plasmonic NPs simultaneously. The
inclusion of band pass filters and linear polarizers enabled refinement of 3CS images to
determine specific geometrical NP features. To demonstrate the capabilities of the 3CS, we
analyzed three types of large (>100 nm) anisotropic particles in which single-particle
spectroscopy was previously required to correlate their structure and optical properties. First,
we determined the relative orientation of 3D anisotropic nanopyramids on a substrate.
Second, we differentiated among particles based on relative composition by identifying Au-
only and Au/Ag/Au multilayered nanopyramids. Last, we determined the direction of the
longest arms of Au nanostars.

EXPERIMENTAL SECTION

Materials and Optical Measurement Setup

The chemicals and reagents for NP synthesis were used without further purification:
absolute ethanol (EtOH, Sigma-Aldrich), hexane (Sigma-Aldrich), cetyltrimethylammonium
bromide (CTAB, Fluka, > 96%), tetrachloroauric (I11) acid trihydrate (HAuCl4-3H,0,
Sigma-Aldrich, 99.9%), silver (1) nitrate (AgNOg3, Sigma-Aldrich, 99%), L-ascorbic acid
(Sigma-Aldrich, 99%), iron (111) acetylacetonate (Fe(acac)s, Sigma-Aldrich, 99%), 1,2-
hexadecanediol (Sigma-Aldrich, 97%), oleic acid (Sigma-Aldrich, 99%), oleylamine
(Sigma-Aldrich, >70%), benzyl ether (Sigma-Aldrich 99%), diphenyl ether (99%), and gold
(11) acetate (Au(O,CCHg3)3, Alfa Aesar, 99%).

The NP scattering response (in n = 1.525 immersion oil) was characterized using an inverted
optical microscope (Nikon TE2000-U), a variable NA objective (100X, NA = 0.5), a dark-
field condenser (NA = 0.80-0.95), and a halogen-lamp light source. Scattering spectra were
collected with a liquid N,-cooled imaging CCD (Princeton Instruments Acton SP2300
spectrometer). Color digital images for 3CS analysis were obtained using Nikon D50 or 60
SLR digital cameras attached to the front port of the microscope. The unmodified camera
(VIScam) had spectral ranges of: blue (B) 380-530 nm, green (G) 430-620 nm, and red (R)
550-720 nm.2% The modified camera (NIRcam), where the NIR/UV blocking filter was
removed, had channels of B (380-530 nm), G (430-620 nm), and R (550-1000 nm). Note: an
increased spectral response around 850 nm was observed for both the B and G channels
when the NIR/ UV filter was removed. NP imaging substrates were prepared by drop-
casting an aqueous suspension of NPs onto ITO substrates (Delta Technologies, n = 1.80)
marked with Au reference grids. The reference grids were indexed alphanumerically, which
enabled specific NP shapes and orientations to be correlated directly to SEM images, single-
particle DF spectra, and RGB channel data. Refinements and enhancements of the 3CS data
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were obtained by inserting a linear polarizer or band pass filter in the light path below the
objective.

Preparation of Nanoparticles

Nanopyramid Fabrication—Au (t = 20 nm) and Au/Ag/Au (t = 10/20/10 nm)
nanopyramids (d = 350 nm) were fabricated using PEEL as described previously.19 In brief,
an array of photoresist posts was patterned by phase-shifting photolithography on a Si (100)
wafer. A Cr adhesion layer (t = 20 nm) was deposited by e-beam, and the photoresist posts
were lifted-off by sonication in acetone and 1165 photoresist remover (Microchem). The
exposed Si regions were then etched in an anisotropic KOH etch to form pyramidal pits. Au
or Au/Ag/Au was then deposited by e-beam onto the template. The overlying metal film was
then dissolved in Cr etchant (Transene), and the pyramids were removed from the Si
template by etching the substrate in aqueous 6 M KOH. The pyramids were then washed
several times by centrifugation at 10000 RPM followed by resuspension of the pellet in
distilled water.

Nanostar Synthesis—Gold nanostars (AuNSs) were synthesized by a surfactant-directed
Au reduction in Fez04-Au core-shell seeds.1221:22 |n prief, the Fe30,4 seeds were formed
using a preparation by Sun et. al.,2! and the seeds were then coated in an Au-shell following
a procedure by Wang et. al.22 The stars were then grown by combining 8-12 uL of seeds
with a growth solution composed of sequentially mixed aqueous solutions of 4.75 mL of 100
mM CTAB, 0.2 mL of 10 mM HAuCIy, 0.03 mL of 10 mM AgNO3, and 0.032 mL of 100
mM L-ascorbic acid. After 24 h, the purple solution was washed twice by centrifuging the
stars into a pellet followed by resuspension in distilled water.1®

Analysis of 3CS Data

The average color intensity of scattering spots from NPs in a dark-field 3CS image was
determined using an algorithm programmed in MATLAB (Figure S1). In brief, the image
was decomposed into three separate layers: R, G, and B. The bright spots in the image were
then differentiated from the background by converting the image into black and white, and a
threshold value related to intensity was used to distinguish scatters from the substrate. An
area of approximately 8 pixels, centered on the brightest pixel of each scattering spot, was
used to define the region over which the R, G, and B intensity values were averaged. These
values comprised a rudimentary 3-channel spectrum. Based on the 3CS and known single-
particle spectra for each particle, a differentiation scheme to distinguish among particles was
then determined, and the calibration information was subsequently inserted into the
algorithm.

RESULTS AND DISCUSSION

Figure 1A shows the scheme for the 3CS to image NPs. NP samples were illuminated with
white light from a halogen source through a high numerical aperture (NA) DF condenser,
and the scattered light was collected by a low NA objective. The scattered light was either
dispersed onto (1) a Si CCD attached to a spectrometer to generate a single-particle
spectrum that served as a calibration standard (Figure 1B), or (2) a digital camera, which
was used to collect 3CS images (Fig. 1C). The digital camera image was then processed
with a MATLAB program to generate a rudimentary “spectrum” of RGB intensity values for
each NP scattering spot (Figure 1D). The imaging and processing capabilities of the 3CS
could be improved by incorporating band pass (BP) filters to improve contrast at the LSP
wavelength or linear polarizers to identify NP asymmetry.
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Figure 1D summarizes the key steps necessary to distinguish between two different types of
model particles (enclosed by diamonds and circles) using the 3CS. First, the area defined by
a single scatterer was identified, and the RGB intensity values (0-255) from each pixel were
averaged. To calibrate the system, the RGB intensity values were plotted as a histogram and
compared to the single-particle spectra (Fig. 1B). A ratio of the R to G-channel values (R/G)
was used to eliminate variations in measured RGB values; different particle types could be
readily determined by higher or lower R/G ratios. For this example, the R/G values clustered
into two regions, R/G ~ 35 (@) and R/G » 3 (o). Automatic differentiation in MATLAB
was achieved by applying an R/G ratio threshold that falls between these values. The
NIRcam differentiated the R-channel contributions even more (R/G ~ 95 (4) and at R/G ~
9 (o)) compared to the VIScam.

The first system tested was fabricated Au nanopyramids that were fairly monodisperse
(>90%)18 and that exhibited orientation-dependent optical properties.1® Single-particle DF
spectra of Au nanopyramids (shell thickness t = 20 nm and based diameter d = 350 nm) had
multiple, broad plasmonic resonances between 550 nm and 750 nm (Figure 2A). The tip-up
(U) nanopyramids scattered light at wavelengths < 750 nm more strongly than the tip-down
(D) ones. To determine the best way to distinguish between U and D using the 3CS, we first
imaged the substrate with VIScam (Figure 2B, left image). All of the particles scattered
yellow light with similar intensity. Single-channel analysis of the VIScam RGB values
showed no significant difference among the particles, and the R/G ratio did not improve the
differentiation in signal. The R/G ratio showed more pronounced differences when the
NIRcam was used (Figure 2C); however, because R/G of U and D nanopyramids was still
very close, we inserted an 850 nm (+ 20 nm) BP filter to separate the R/G values further
(Figure 2D) because of their large spectral intensity difference at this wavelength (Figure
2A). The R/G ratio demonstrated a clear divide between the two orientations. After this
calibration for five particles, we applied this R/G ratio value (= 3.2) to a larger field of view
of randomly oriented particles (Figure 3A-C and Figure S2). As Figure 3D indicates, the
threshold R/G value of 3.2 falls between the U and D nanopyramids with no overlap. The
automated assignments were found to match the orientations identified by SEM with 100%
accuracy.

Next, we tested the capability of the 3CS to differentiate NPs of the same size and shape but
with different composition. Because we can control the composition of pyramidal
nanoparticles using PEEL,19 we fabricated nanopyramids with Au (t = 40 nm) or Au/Ag/Au
(t =10/20/10 nm). The differences in spectral character can be attributed to differences in
composition. First, to separate the Au and Au/Ag/Au particles, the sample was imaged with
the VIScam and refined with a BP = 580 nm (+ 20 nm) since single-particle spectra showed
large differences at green wavelengths (Figure 4A). Consistent with the single-particle data,
the intensity difference in the G-channel enabled the MATLAB program to differentiate
between Au and Au/Ag/Au without needing the R/G ratio (Figure 4B and Figure S3). The
histogram of G-values demonstrated that the particles clustered into two groups based on
composition (Figure 4C). A single Au/Ag/Au pyramid was incorrectly identified as Au
because of particle deformation, which shifted the LSP to longer wavelengths. Importantly,
the relative orientations of the Au pyramids could also be assigned by adding an 850-nm BP
filter (Figure 4D). Orientation assignment for Au/Ag/Au pyramids could not be determined,
however, because the scattering profile of the U vs. D Au/Ag/Au pyramids was nearly
identical across the visible and NIR wavelengths (Figure 4A).

In addition to large fabricated anisotropic NPs, we identified prominent geometrical features
of smaller NPs using the 3CS. We investigated AuNSs, which are nanoparticles with
randomly-oriented star points or asperities.1®> We selected three adjacent particles whose
VIScam RGB values were similar (Figure 5A) to investigate whether the 3CS could
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distinguish the orientation of the longest arm. This level of structural identification is not
possible from the diffraction-limited spot sizes. The three particles each had a unique shape:
particle 1 has many points (Figure 5B), particle 2 has with a single point (Figure 5C), and
particle 3 is an Au-bipyramid (Figure 5D). We then used the NIRcam combined with an 850
nm (£20 nm) BP and a polarizer to identify the orientation of the longest wavelength
asperity on each structure, which is indicated by the dashed lines on the SEM images.
Initially, the sample was imaged with the NIRcam and a polarizer (Figure S4), but the
insertion of an 850-nm BP filter was required to improve the sensitivity because the particle
had multiple resonances in their single-particle spectra (Figure S5). Because the star points
exhibit increased scattering when aligned with the direction of the polarizer,1®> we observed
RGB values that increased or decreased at various polarization angles. The R intensities for
each scatterer were plotted for the range of polarizer angles (0-360° in 10° increments) in a
circular polar plot. Each plot showed lobed features that corresponded to the orientation of
the arms, indicating a dipolar LSP resonance corresponding to the structural feature. Note
that additional resonances were present in the single-particle spectra but were not captured
in the 3CS (Figure S6), which lacks fine spectral resolution because of the overlap between
the digital RGB channels (e.g. the resonances at 690 nm falls within both the R and G
channel). This feature is one drawback of the 3CS for resolving multiple resonances that are
closely spaced in wavelength.

CONCLUSION

In summary, 3CS is a wide-field spectroscopic imaging method that can distinguish among
tens of large (>100 nm) plasmonic particles with various shapes, orientations, and
compositions. This method enables parallel, simultaneous NP characterization and can
simplify single-particle spectroscopy when the optical properties of the NPs are known. To
further increase the successful identification of particles, 3CS images can be refined by
adding polarizers and band pass filters, which allow tailoring of the technique to identify
specific characteristics of different particle types. Hundreds of particles with multiple shapes
can now be characterized with just a few wide-field images and a calibration file. In
addition, when a digital camera is used as a 3CS, NPs can be treated as machine-countable
nanoprobes useful for multiplexed imaging. Thus, 3CS has the potential to facilitate low-
cost, high through-put applications such as WF imaging of nanoparticle uptake by cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Scheme using a digital camera as a three-channel spectrometer (3CS)

(A) DF scattering setup. (B) Simulation of single-particle scattering spectra of two different
anisotropic particles (indicated by 4 and o) with scattering intensities that are similar at
longer wavelengths but different at shorter wavelengths. (C) Simulation of a wide-field
image of two different anisotropic particles (4 and o). (D) RGB channel intensities from
the VIScam and NIRcam images using MATLAB. The histograms demonstrate the relative
RGB intensities for the two types of particles.
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Figure 2. Calibration measurement to distinguish between tip-up and tip-down orientations in
Au nanopyramids

(A) Single-particle spectra of Au nanopyramids (d = 350 nm, t = 20 nm) with a tip-up (U)
(M) and tip-down (D) (A) orientation. (B) VIScam image and R/G values for five Au
pyramids. The particles scatter very similar colors and have very similar R/G values. (C)
NIRcam image and R/G values for the same image in (B). The particles still scatter very
similar colors, although the R/G values for pyramids 1 and 2 begin to separate from
pyramids 3, 4, 5. (D) NIRcam image with 850 nm (£ 20 nm) BP filter and R/G values for
the same image in (B). The R/G values separate into two distinct regions that correspond to
U and D. The threshold value was set at 3.2. All optical images are 12 pm x 9.3 um.
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Figure 3. Determination of hanopyramid orientation in a larger field of view

(A) VIScam image of thirty-five (d = 350 nm, t = 20 nm) nanopyramids. (B) NIRcam image
of the same area. (C) NIRcam image of (B) with 850 nm (£ 20 nm) BP with orientations
identified based on a threshold of 3.2 from Figure 2. (D) Histogram of R/G from (C).

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2012 August 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Sweeney et al.

o P
=

i

Qz..*mﬁf"

Scattering Intensity (a.u.)

12 //\w

" e -
L o 2
03 VAT s M= o

L rtlly
AAu/AI /Au ‘k.,

500 600

700

Wavelength (nm)

800

# of Pyramids

H Au
B Au/Ag/Au

20 25 30 35 40 45 50 55 60 65
Green Intensity with BP = 580 nm

Au/Ag/Au .
- T 4

A
B Ny . e:;‘ \
Au/Ag/Au
al

7

\
Au/Ag/Au « 1
34" = -

Au
Au
* 48

Au/Ag/Au AulAg/Au + Au/Ag/Au
. o2 28 32 -
Au/Ag/Au JAu
49 o 48

N\

NIRcam + BP (850 nm)

Figure 4. Determination of Au and Au/Ag/Au pyramids on the same substrate
(A) Single-particle DF scattering spectra of Au (d = 350 nm, t = 40 nm) and Au/Ag/Au (d =
350 nm, t = 10/20/10 nm) pyramids. Spectra are offset for clarity. The dashed lines indicate
the location of the BP filters (580 nm and 850 nm) used to refine the 3CS images. Insets:
SEM images of Au and Au/Ag/Au pyramids in U and D orientations. Images are 400 nm x
400 nm. (B) VIScam image with a 580-nm BP filter, where the G-channel intensity for
thirteen Au and Au/Ag/Au pyramids is shown. (C) Histogram of G intensities separate into
two regions corresponding to either Au or Au/Ag/Au. (D) NIRcam image with 850-nm BF
filter enables assignment of U and D for the Au pyramids.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2012 August 18.

Page 10



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Sweeney et al.

Page 11

VIScam |B Particle 1

Figure 5. Determination of geometrical features of small NPs

(A) VIScam image of three AuNSs and their RGB-channel intensities. (B-D) SEM images
and polar plots for each AuNS. Dashed lines highlights the longest arm of each structure.
Polar plots of R intensities from NIRcam and 850-nm BP filter were obtained every 10°
from 0° to 360° (integration time of 30 s). The lobbed-feature correlates to a dipolar LSP
resonance.
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