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oherent surface plasmon oscilla-

tions due to the interaction of elec-

tromagnetic radiation with
conduction-band electrons on the surfaces
of noble metal nanoparticles result in an en-
hanced optical interaction with the nano-
particles at the resonance condition.! The
spectral location of this plasmon resonance
depends upon the interplay of wavelength,
size, and shape of the particles. In the case
of gold nanospheres, a single plasmon
resonance-driven peak in absorption and
scattering occurs at around 520 nm, which
is responsible for the bright-red color of
gold nanospheres.’ In the case of
core—shell particles, with a shell of gold on
a silica core, hybridization of the plasmons
from the outer and inner surfaces of gold
causes splitting and shifting of the plasmon
energies;? the low energy plasmon respon-
sible for a red-shifted peak in the optical in-
teraction. In the case of gold nanorods, sym-
metry breaking permits plasmon excitation
along the two axes of the particle, the lon-
gitudinal plasmon results in a red-shifted
optical interaction peak.?

Both core—shell and rod-shaped gold
nanoparticles display an exquisite geo-
metrical tunability of the location of the
plasmon peak from the visible to the near-
infrared (NIR) wavelengths.? The availability
of these intense and narrow absorption/
scattering peaks has generated enormous
interest in applying these particles as photo-
thermal therapeutic agents and as contrast
agents for light-based imaging.*~ 2

In all biomedical applications, the en-
hanced contrast' or temperature effect is
dependent on the concentration of the par-
ticles and their optical absorption coeffi-
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ABSTRACT An accurate estimation of optical absorption coefficient (jv,ps) and scattering coefficient (pvse) is
important in characterizing nanoparticles for identifying or optimizing applications such as photothermal therapy
and photoacoustic imaging. In this exciting period where several fascinating methods have been unveiled for
the synthesis of various nanoparticles, the field is still lacking in the availability of efficient characterization
methods. We introduce an accurate and simple methodology to optically characterize nanoparticles which could
fill the gap. This is based on differential pathlength spectroscopy (DPS), a dual optical fiber approach, originally
developed to detect cancer endoscopically by measuring the optical properties of tissue in small interrogation
volumes. We expand its use to nanoparticles in a method that allows us to resolve the effects of L., and pr, in
the extinction coefficient of low concentration samples. We outline the measurement protocol using the DPS
system and describe the analysis of the data taking additional inputs from electron microscopy and discrete dipole
approximation (DDA) simulations. The DPS signal from the sample is first translated into the backscattering
coefficient using a calibration constant. Further, the backscattering coefficient is converted via the simulated
scattering phase function into the scattering coefficient. With this knowledge and extinction coefficient measured
using a conventional photospectrometer, the absorption coefficient is calculated. We prove the validity of the
method using spherical and rod-shaped gold nanoparticles, comparing the results with outputs from DDA
simulations. We also briefly touch upon the dilemma of the choice of the appropriate dielectric function for gold
at the nanoscale.

KEYWORDS: gold nanorods - plasmonic nanoparticles - differential pathlength
spectroscopy - diffuse reflectance spectroscopy - backscattering coefficient - phase
function - DDSCAT

cient (paps) and/or scattering coefficient
(psca)- Knowledge of these two parameters
is therefore essential for making predictions
of the efficacy of the particles.
Conventional optical spectroscopy in a
UV—vis—NIR photospectrometer is a logi-
cal choice for determining optical proper-
ties but yields only the extinction coefficient
(Lext). HOwever, because plext = Msca T Mabss
additional measurements are required to
determine paps and psc.. The conventional
approach is to theoretically determine the
extinction, absorption, and scattering cross
Sections (Texty Tabsy AN Tsca). When ey is
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Figure 1. Differential pathlength spectroscopy experimental setup.

known, the concentration of the particles, N, can be cal-
culated from the measured pLext as N = pext/Text- This N
with o,ps and o, is used to estimate pLaps and e,

In order to theoretically determine oext, Tabs, and Osca,
the sizes and shapes of the particles and their dielec-
tric function are required. Average sizes are usually
measured using electron microscopy (EM). Values of di-
electric functions of the material (gold) and the embed-
ding material (water) are usually obtained from the lit-
erature. With this knowledge, optical interaction
efficiencies (Qext, Qabs, and Q) are calculated using
Mie theory' (for spherical particles) or T-Matrix'* and
discrete dipole approximation (DDA) methods,' such
as DDSCAT (for arbitrarily shaped particles). Again, from
size data, the average geometrical cross sections are
known, so that the interaction cross sections (Gext, Gabss
0,ps) Can be calculated. This knowledge leads to deter-
mination of paps and e Via N as discussed above.

The drawbacks of the conventional method are pri-
marily two-fold. While EM is indispensable for examina-
tion of individual particles, it samples low numbers of
particles (250—300 particles) from lots comprising typi-
cally 10'° particles. This approach induces uncertainty
in particle size estimation and affects the accuracy of
Quxt and o from DDA simulations. Further, we have
shown that the choice of dielectric function affects the
optical properties strongly.'® There are two sources of
dielectric function'”'® that are usually used for simulat-
ing gold optical properties, and the data can be treated
by size corrections when applied to nanoparticles.
There is no universal agreement about which of these
data give correct results, and one or other data set is
used without justification or acknowledgment of the
existence of other sources.

Currently, only a few experimental techniques have
been reported against the backdrop of the limitations
of the conventional approach. Approaches include the
double integrating sphere method,® optical coherence
tomography (OCT),%*?2 and recently a photoacoustic
method.? The double integrating sphere method has
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the disadvantage of requiring careful sample align-
ment, possibility of nonlinear response of the spheres,
and absorption of some diffuse photons by the sample
precluding their detection.?’ OCT has the disadvantage
of using a narrow emission bandwidth light source (Ti:
sapphire laser?). Therefore, the measurements of the
optical properties of gold nanoparticles can be deter-
mined only at a limited number of wavelengths. In
methods which involve pulsed laser irradiation,?® as in
photoacoustic approaches, there exists the possibility
of photothermal reshaping of the particles, which can
affect the accuracy of the measurement.

We present here a novel approach to determine
the ensemble optical properties of gold nanoparticles,
more accurate, less expensive, and more economical
with sample volumes than the ones reported in the lit-
erature. This method is based on a dual-fiber approach
called differential pathlength spectroscopy (DPS),%*?
developed originally for the early detection and diagno-
sis of cancer by localized endoscopic measurements of
tissue optical properties. We extend its use to gold
nanoparticles by measuring backscattering coefficients
(Lpk) Of the particles in the single scattering regime.

DPS is based on reflectance measurements using
two-fibers—one fiber delivers and collects (dc)
photons from the sample; the second fiber adjacent to
the first only collects (c) photons. When the scattering
mean free path of photon is smaller than the fiber diam-
eter, the differential reflectance, R, obtained by sub-
tracting the c signal from the dc signal, has been shown
to originate from a constant apparent pathlength. This
term, called the differential pathlength,?* depends only
upon the fiber diameter, so that its knowledge allows
quantitative determination of the optical properties in
scattering media. A schematic of the experimental
setup? is shown in Figure 1.

In the regime where the scattering mean free path
of photons is greater than the fiber diameter, the differ-
ential signal cancels out multiple/single scattering
events originating from deeper layers and is
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responsive only to photons that have undergone single
or a few scattering events® in a localized volume of a
few hundred micrometers depth. When a fiber of small
numerical aperture (say NA= 0.22) is used, the back-
scattering signal is given by*

Rsing = Cappubk (1)

where G, is an instrumental constant (discussed later)
and .y« the backscattering coefficient. This i can be
thought as that fraction of the scattered photons that
returns to the fiber. In other words

Ring = CoppP(180)11, (2)

where p(180) is the phase function of scattering
sampled at 180°. Thus, from eq 2, it is clear that the ac-
quired DPS signal can be related to .

To convert this to the scattering coefficient (), a
theoretical calculation of the phase function at 180° of
the particles p(180) is required. We use DDA simulation,
but we show that this p(180) is only marginally suscep-
tible to error, in sharp contrast to the simulated optical
interaction efficiencies. Finally, using pLex from a stan-
dard UV—vis—NIR photospectrometer measurement,
Iabs IS €asily obtained.

RESULTS AND DISCUSSION

Determination of Calibration Constant. Figure 2 shows the
theoretical backscattering coefficient, ppy, of the NIST-
certified polystyrene beads of 51.4 and 95.6 nm diam-
eter, calculated from DDSCAT and the chi square (x?) fit-
ted DPS signal. The excellent fit between theoretical
and measured spectra demonstrates that the measure-
ments are in the single scattering regime. The fitting pa-
rameter yields inverse of C,,, and was averaged for
both sizes of beads for different concentrations be-
tween 10° and 102 particles/mL. The variation in the

calibration constant was <3% and acceptable for fur-
ther use to scale all differential reflectance (R) spectra
acquired from unknown samples to obtain . (see eq
1).

Calculation of p(180) for Gold Nanoparticles. The scattering
phase function at 180° is obtained by simulation using
DDSCAT. As mentioned earlier, the interaction efficien-
cies derived from the simulation are strongly affected
by the input parameters such as size and dielectric func-
tion of the material chosen to depict the nanoparticle
and can possess inaccuracies and uncertainties.'® On
the other hand, the value p(180) is hardly influenced
by the chosen dielectric function, as depicted in Figure
3a for a gold nanosphere of diameter 40 nm and in Fig-
ure 3b for a gold nanorod of length 47.8 nm and diam-
eter 23.3 nm. The sources of dielectric function of gold
were from Johnson and Christy'” and Palik,'® with both
bulk values and size corrected; the variation introduced
in p(180) is less than 1% for spheres and less than 5%
for gold nanorods.

We extended this study on p(180) dependence on
different sources of dielectric function to other mor-
phologies and sizes of particles. The results shown in
the Supporting Information show that p(180) varies
only marginally with dielectric function in each case.

Application on Samples under Investigation. Gold Spheres. Fig-
ure 4a displays pex of 40 nm gold sol measured using
the conventional photospectrometer and .y derived
from DPS experimental data using C,,p and p(180). Fig-
ure 4b plots the ps, and paps, leading from data in Fig-
ure 4a together with the parameters determined using
the conventional method using dielectric functions
from Palik.'® It is clear that there is excellent agree-
ment between the values, indicating the validity of the
approach in determining psc, and pops.
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Figure 2. Backscattering coefficient of 51.4 and 95.4 nm beads calculated with DDSCAT (red stars and black squares, re-
spectively) and corresponding raw DPS signal divided by the same C,,.
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Figure 3. Influence of different sources of dielectric function on the simulation of phase function at 180° for (a) a gold nanosphere of di-
ameter 40 nm, and (b) a gold nanorod of dimensions 47.8 nm X 23.3 nm.
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We also observe that spectra obtained from the con-
ventional method using dielectric function data from
Palik,'® instead of from Johnson and Christy,'” provide
the best agreement with values determined using the
DPS method (Figure 5).

Gold Nanorods. The e and backscattering .y Spectra
of gold nanorods AuNRs;3; are shown in Figure 6a with
the p(180) for particles calculated using the dielectric
function from Palik.”® From Figure 6a, we can observe
that the transverse plasmon (TP) peak is pronounced in
the pex Spectrum, and it is absent in the pyk spectrum.
This suggests that the scattering cross section (psc.) seen
by light exciting transverse plasmons is negligibly small
for these particles. The absorption cross section (o-,ps)
is more emphatic, and this is manifested in the trans-
verse plasmon band in the extinction spectrum, which
has also been observed by Qiu et al.?’ in their scattering
experiments on individual gold nanorods.

The derived s, and paps Spectra are shown in Fig-
ure 6b. These have been calculated using p(180), simu-
lated using DDSCAT for the two sources of dielectric
function. The values for size-corrected dielectric func-
tions are not shown because, as seen in Figure 3, the
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p(180) for size-corrected and bulk dielectric function is
the same, which will translate in identical values of s,
and paps. We see that the spectra in both cases overlap,
confirming that the small dielectric function depend-
ent variation in p(180) has negligible influence on the fi-
nal results using the DPS approach.

However, a comparison of the DPS-derived spectra
and those from the conventional method results in a
poor match. This does not reflect on shortcomings in
the DPS approach; rather it demonstrates the draw-
backs discussed above, where the conventional
method depends on the simulation of interaction effi-
ciencies which are susceptible to errors.'® This is less of
an issue with nanospheres as we see above since, in
general, the control over monodispersity of gold nano-
spheres is much tighter than in the case of gold nano-
rods. Further, the real and imaginary parts of the dielec-
tric functions extracted from Palik,'® on the one hand,
and Johnson and Christy,"” on the other, are close to-
gether in the range of 500—600 nm. Beyond this,
the values begin to diverge, which introduces uncer-
tainty in the choice of dielectric function for the
simulations.
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Figure 4. Backscattering coefficient as measured with DPS system and corresponding (a) extinction coefficient measured with the
photospectrometer and (b) absorption and scattering coefficient determined using both conventional and DPS-based method for 40
nm gold spheres (bulk Palik'® dielectric function).
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Figure 5. Absorption coefficient determined with DPS and calculated using conventional approach with bulk values of dielectric func-
tion from Johnson and Christy'” and Palik® for (a) 50 nm and (b) 60 nm gold spheres, respectively

It can be argued that optical property estimation as
outlined could be inaccurate since the method also de-
pends on the calculation of p(180), which in turn de-
pends on various parameters that could be inaccurately
determined. To dispel this argument, we have studied
the effect on p(180) of dielectric functions and size cor-
rections in addition to the nanorods and nanospheres,
also on nanocylinders and nanoshells. We show in Sup-
porting Information that in all cases p(180) has a weak
dependence on dielectric function variants within each
shape and size case.

Further, we also investigated the behavior of p(180)
for various sizes that could be encountered within a
real sample. Figure 7 shows the distributions of lengths
and widths in a histogram of size distributions in the
lot of gold nanorods with the longitudinal plasmon
peak at 632 nm. The average length X width is 47.8 X
23.3 nm. From the size distribution, we chose extreme
values to set up two nanorods for simulation with sizes
of 41 X 19 and 55 X 28 nm.

Figure 8a shows the p(180) values for these two par-
ticles. The differences are not greater than 5% at any
wavelength. These values of p(180) are used with the
DPS-derived backscatter coefficient to calculate the

scatter coefficient and finally the absorption coeffi-
cient. Figure 2b shows the end result of ., against
wavelength for the two p(180) values. The variations
are marginal. The conclusion is that, for the ranges of
polydispersity normally encountered in samples pre-
pared, this method is not affected by the vagaries in di-
electric function sources and leads to an accurate esti-
mation of the optical properties.

A question is this: can the method be applied for
samples that are unknown in shape, degree of inhomo-
geneity, and composition? Such samples do not fall in
the gamut of particles that we wish to apply this tech-
nique for. We concentrate on characterizing nanoparti-
cles that have been synthesized for use in nanomedi-
cine applications. These particles owing to the very
nature of the in vivo applications intended for them
will not be unknown. These are the types of specimens
that require optical characterization, and within the
ranges of polydispersity (see Figure 7) typically reported
for such samples, our technique is eminently suited for
this task.

However, there is fundamentally no restriction in us-
ing the method on unknown samples if an additional
measurement is performed. This is the measurement of
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Figure 6. (a) Backscattering and extinction spectrum measured with DPS and conventional photospectroscopy and (b) absorption and
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and Johnson and Christy."”
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the angular light scattering behavior which is possible
using a goniometric approach. The measurement will
allow the estimation of the average phase function of
the particles, which when sampled at 180° can provide
the required optical properties from the DPS-derived
data.

Some caveats have to be kept in mind to attain
high accuracies using our method. The calibration of
the DPS system with the use of well-characterized me-
dia is of crucial importance. Uncertainties or errors in
the inputs required for the correct optical description
of the reference particles (size, refractive index of the
particles, refractive index of the embedding medium,
concentration of particles) will result in the extraction
of an incorrect instrument constant. This error will
propagate via subsequent calculation steps to the scat-
tering and absorption coefficients. The use of NIST-
certified polystyrene beads is recommended for avoid-
ing these problems.

Further, the sample must be maintained at a con-
centration where single scattering dominates the differ-
ential reflectance signal—this is an important condi-

w=23.3 nm sd=6.8

15 20 25 30 35
width (nm)
Figure 7. Measured size distribution for gold nanorods with a longitudinal plasmon (LP) peak at 632 nm.

tion for eqs 1 and 2 to be applicable. This experimental
condition, while guaranteeing accuracy, brings with it
the advantageous consequence that low concentra-
tions of particles can be used for gold nanoparticles
typically 108 particles/mL. Verification of this condition
can be done by monitoring the dependence of  on
dilution; a linear dependence indicates that the single
scattering regime is in dominance.

The estimation of p,ps and s is important in char-
acterizing particles for identifying or optimizing applica-
tion such as photothermal therapy, photoacoustic im-
aging, and microscopies. Further, the measurement and
analysis protocol calculates ., in an early step, a pa-
rameter that allows calculation of the backscattering al-
bedo @’ = K/ Pex, Which may have relevance in OCT.2°

As the application of plasmonic nanoparticles moves
into the crucial phase of clinical trials, with the grant of
approval from the U.S. FDA for human patient studies
using gold nanoshells, the availability and use of these
particles are set to explode in the near future. In this ex-
citing period, where several fascinating methods? have
been unveiled for the synthesis of the particles,
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Figure 8. (a) Gold nanorod p(180) spectrum with dimensions of 55 X 28 nm and 41 X 19 nm. (b) Absorption coefficient spectrum for
the same particles determined using DPS analysis using these p(180) spectra.
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significantly the field is still lacking in the availability of
methods to quickly characterize the particles. We be-
lieve that the DPS approach can fill the gap in the field
of optical characterization of the nanoparticles. Further,
the DPS system is predominantly used for the measure-
ment of local optical properties of tissue, either intraop-
eratively or minimally invasive in the sense of an endo-
scopic measurement. The approach outlined here then
provides a novel manner to extend the use of DPS to
studying the loading of plasmonic particles in target ar-
eas in tissue. One could think of studying distribution
of the nanoparticle-based molecular probes at a tumor
site interoperatively to determine normal and diseased
tissue and define tumor margins, which is crucial in
tissue-sparing cancer surgery. Another application can
be the detection or localization of sentinel nodes, when
plasmonic nanoparticles and the DPS approach are
used as the optical analogue of radiopharmaceuticals
and y-cameras in lymphoscintigraphy.

CONCLUSION

We show that differential pathlength spectroscopy
(DPS) can be used to quantitate the ensemble optical
properties of plasmonic nanoparticles. The differential

MATERIAL AND METHODS

Differential Pathlength Spectroscopy. In the DPS device, light from
a halogen light source (HL-2000-FHSA Ocean Optics, Duiven,
The Netherlands) is coupled into one arm of a bifurcated fiber,
which at its distal end is fed into the dc (delivery and collection)
fiber. Reflected photons from the sample that are collected by
the dc fiber travel through the second arm of the bifurcated fi-
ber and into the first channel of the spectrophotometer (SD 2000
Ocean Optics, Duiven, The Netherlands). Reflected photons col-
lected by the c (collection) fiber travel directly into the second
channel of the spectrophotometer. Both dc and ¢ collecting fi-
bers are 400 wm in diameter and are arranged adjacent to each
other within the probe and touching to minimize the distance
between them. Specular reflections at the probe tip are mini-
mized by polishing the fiber tips at an angle of 15°.

Nanoparticle samples were diluted in MilliQ water to get ap-
proximate scattering coefficients of the order of 1072 mm™'; the
photon mean free path is greater than 100 mm and consider-
ably larger than the fibers’ diameter. Further, the NA of the fi-
ber is arranged to be 0.22, maintaining a low acceptance angle,
so that eq 2 can be applied. To minimize back reflections from
the walls of the container, measurements are performed by in-
serting the probe into dispersions contained in black plastic cu-
vettes with volumes of 30 mL.

Polystyrene Beads. In order to determine the instrument con-
stant C,pp in €q 1, the DPS system requires calibration against
media with well-characterized optical properties. We used NIST-
certified polystyrene beads (Polysciences Inc., Warrington, PA)
for this purpose. The particles were 51.4 = 7.3 nm in diameter
(particle concentration 1.01% w/v) and 95.6 = 4.9 nm in diam-
eter (particle concentration 1% w/v).

Gold Nanospheres and Gold Nanorods. Validation of the DPS-based
method was performed using gold spheres with diameters of
40, 50, and 60 nm (British Biocell International, UK). Gold nano-
rods with their longitudinal plasmon (LP) peak at 632 nm (re-
ferred to as AuNRg3,) were also studied. These particles were syn-
thesized in our laboratory using a seed-mediated surfactant
and silver-assisted growth protocol.?°

www.acsnano.org

reflectance signal from a nanoparticle sample in a well-
calibrated DPS setup can be used to estimate the back-
scattering coefficient (i) under the condition of single
scattering. With knowledge of the phase function of the
nanoparticles at 180° obtained from simulations, the
scattering coefficient (jsc,) is calculated from the back-
scatter coefficient (py). The absorption coefficient (aps)
can then easily be derived from these two coefficients.
The technique is accurate, quick, simple, and inexpen-
sive. The analysis protocol is robust and less susceptible
to errors and uncertainties that plague other conven-
tional methods. Moreover, a wide absorption and scat-
tering spectrum (400—900 nm) can be determined from
a single measurement, limited only by the bandwidth
of spectrophotometer and light source. Accurate
knowledge of the optical properties of these nanoparti-
cles serves as a means of characterizing them, which is
important where the response to photothermal therapy
requires one to be able to predict and to estimate con-
trast in photoacoustic imaging or in OCT. Additionally,
we predict that this method will open up new applica-
tions in monitoring the presence of the nanoparticles in
tissue at tumor sites.

In this protocol derived from Nikoobakht and El-Sayed,*
growing cetyltrimethylammonium bromide (CTAB)-capped gold
nanospheres are used to seed a growth solution comprising
gold salt (primed with a mild reducing agent ascorbic acid), the
surfactant CTAB, and silver nitrate (AgNO;). Addition of seed ini-
tiates the reduction of elemental gold preferentially on certain
facets of the gold seed, resulting in the formation of nanorods.
By changing the volume of AgNO; added in the reaction, the as-
pect ratios of the nanorods can be tuned.?

Information about the size and shape of gold nanoparticles
used was retrieved from analysis of digital images obtained us-
ing high-resolution scanning electron microscopy (HR-SEM). The
analysis was performed on approximately 250 particles. Extinc-
tion spectra were measured using a photospectrometer
(UV—vis—NIR 3101PC, Shimadzu Deutschland GmbH, Duisburg,
Germany). A HR-SEM picture of gold nanorods used in this ex-
periment is shown in Figure 9.

Optical Properties Simulation. Optical properties of the particles
used for DPS analysis were simulated using the DDSCAT 6.1 soft-
ware." This code is a popular implementation of the DDA
method originally developed by Purcell and Pennypacker.' The
numerical method divides the analyzed particle in dipoles, and
the electric field radiated by the particles is calculated taking into
account interaction between all of these dipoles. The main ad-
vantage of this approach is that, in principle, any shape can be
generated and simulated.

The polystyrene beads were simulated with inputs from the
manufacturer’s data sheets and with a refractive index calcu-
lated using the relation 1.5607 + 10002/\?, where \ is the wave-
length in nanometers.

For the gold particles, dielectric functions were used from
both Johnson and Christy'” and Palik.'® There is as yet no univer-
sal agreement about the choice between the two sources, and
we decided to investigate the influence of choosing one or an-
other on the results. We studied both the bulk values and size-
corrected values.'® Water with refractive index of 1.33 was cho-
sen as a medium in which the nanoparticles were dispersed.

Measurement and Analysis Protocol. The following steps are
followed:
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Figure 9. High-resolution scanning electron microscope (HR-SEM) image of gold nanorods with a longitudinal plasmon (LP)
peak at 632 nm. The particles are on average 47.8 nm long and 23.3 nm wide.

Determine the Instrument Constant (,,,. To account for lamp and de-
tector spectral features, measurements are performed at both
dc and c fibers (/ and J outputs, respectively), with a diffuse white
reflectance standard (lynite aNd Junite) and diffuse black reflec-

tance standard (pjack and Jpjack)-

Then a reference measurement (/,,) is done with dc fiber in a
fluid with appropriate refractive index matching the sample to
correct for reflections that occur at the probe—sample interface
and those from the container walls which may occur despite us-
ing a large black container. The differential reflectance signal is

then given by

=1, J

R= k[ -
lunite ~ Totack ~ Jwhite ~ Jblack

=k(ly, — J)

In the above, k is a constant that is dependent on the dis-
tance between the probe tip and the reference samples. Fur-
ther, in order to apply eq 2 to unknown samples, differential re-
flectance signal (R) must be scaled by the inverse of the G, to
yield the backscatter coefficient (jy). This instrument constant
can then be defined as the proportionality constant, which trans-
lates the experimentally measured R into the quantitative
sample parameter ., and depends among others upon k above.

To determine C,pp, the system is calibrated against the NIST

certified polystyrene beads in the following way:

e Using DDSCAT code, the backscattering efficiency (Qp) is
calculated for the polystyrene beads using the inputs from

manufacturer’s data sheets.

e DPS signals are then recorded for various dilution of the
beads. By comparing the spectra of R and Qy, the range of
dilutions for which single scattering is the principal
contributor to the differential reflectance
determined. For concentrations of the beads above the upper
limit, multiple scattering events are recorded in dominance,
which deteriorates R in comparison with Qy; for very low
concentrations the signal-to-noise ratio is low.

e The theoretical backscattering coefficient () for the beads

is calculated as:

Mok = an’z Qi

where N, is the number of particles calculated from the data
sheets and dilution ratios, r is the radius of the polystyrene
beads, and Qyy is the backscattering efficiency calculated

earlier.
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e The instrument constant G, is now determined as the
average scaling factor that allows the best fit of R to the py
using a least-squares optimization or chi-square (x? fitting
method.

Measure the DPS Signal from the Unknown Sample and Recover the
Backscattering Coefficient. The probe is inserted into the cuvette, and
R spectra are recorded. The data are then scaled by the inverse of
the instrument constant C,p, to convert them into an equiva-
lent backscattering coefficient spectrum.

Estimate the Phase Function and Recover the Scattering and Absorption
Coefficients. From HR-SEM, the average size and shape of the gold
nanorods are ascertained. The scattering phase function is calcu-
lated for the range of wavelengths of interest using DDSCAT.
Scattering coefficient is determined further using eq 2 and
p(180) calculated at this point. Finally, scattering coefficient is
subtracted from e Mmeasured using the photospectrometer to
yield paps.
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