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ABSTRACT: A novel fluctuation spectroscopy technique
based on interferometry is described. The technique,
termed scattering interference correlation spectroscopy
(SICS), autocorrelates the signals from the forward-
scattered and transmitted laser light from nanoparticles
(NPs) in solution. SICS has two important features: First,
for unlabeled NPs with known refractive index, it analyzes
not only the diffusion coefficient but also the effective
cross section and concentration in a single measurement.
Second, it can be combined with fluorescence correlation
spectroscopy (FCS) for simultaneous analysis of labeled
and unlabeled NPs. SICS is here demonstrated on
unlabeled M13 phages and on unlabeled NPs with
diameters of 210 nm down to 26 nm. It is also shown
how the combination of SICS and FCS can be used to
determine the fraction of fluorescent NPs in a mixture and
estimate K, from a single binding measurement.

he two most popular techniques for label-free analysis of

particles in solution are dynamic light scattering' (DLS)
and laser diffraction spectroscopy (LDS).> While DLS derives
particle size from the diffusion coefficient, LDS measures the
particles’ projected cross section. However, neither of these
techniques estimates the concentration of particles, and they
cannot easily be combined with fluorescence techniques. In the
past few years, interferometric techniques for analysis of single
metal and polymer nanoparticles (NPs) and viruses have gained
much interest. They offer high-sensitivity detection of
unlabeled nanosized objects®* but also allow metal NPs to be
used as an alternative label that is free from fluorescence
bleaching, blinking, and saturation.>™® Photothermal correla-
tion spectroscopy’ (PCS) and photothermal absorption
correlation spectroscopy'® (PhACS) were recently demon-
strated as interferometric techniques for solution analysis of
gold NPs as an alternative specific label.

Here scattering interference correlation spectroscopy (SICS)
is introduced as a label-free technique in which fluctuations are
likely caused by interference between the phase-shifted forward
scattering from NPs and the transmitted laser light (reference
beam), as in PCS and PhACS (Figure 1A). Autocorrelation of
the forward-scattered and transmitted light yields information
about not only the NPs’ hydrodynamic radius but also their
effective cross section and concentration. Furthermore, we
demonstrate how the technique easily can be combined with
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Figure 1. (A) Experimental setup for SICS and its combination with
FCS. (B) Intensity trace and (C) histogram of a measurement on 93
nm NPs (bin time = 8 ms, diffusion time 7, = 8—9 ms, N = 0.18). (D)
Intensity trace and (E) histogram of a measurement on pure buffer
solution (bin time = 8 ms). Measurement times were 120 s.

fluorescence correlation spectroscopy (FCS) to allow simulta-
neous analysis of labeled and unlabeled NPs.
The autocorrelation function (ACF) amplitude is given by

_ (or(0))
Iy (1)

where I is the detected intensity, SI(t) is the deviation from the
mean intensity at time f, and brackets denote the mean value.

The signal caused by a single unlabeled NP is 6,P,,/A4, =
Py A, where o, is an effective cross section, Py is the applied
laser power, Ay, is the area of the laser focus, and A is the
normalized effective cross section (A, = 6,/Ag,). With a mean

number of particles N in the detection volume, the fluctuation
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Figure 2. ACF curves from four measurements on (left) 62 nm and (middle) 26 nm diameter unlabeled NPs. Insets: Plots of G(0) — 1 vs N for the
respective NP sizes. The value of A, for each NP size was obtained from the slope of this plot, which is equal to A% (right) Plot of A, vs NP
diameter for the four NP sizes. A, scaled with the NP volume (as indicated by the value of f3), evidencing that the fluctuations were caused by

interference.

of the detected power P is 0P = PtOAq\/ N, since the standard
deviation of N is N =1/N because N is Poisson-distributed.
The mean detected power (P) is dominated by the transmitted
light and can be approximated as P, Insertion into eq 1 gives

R, AN
tot c; — quN

Rot )

First, measurements were performed on polystyrene NPs
diluted to concentrations such that on average N = 0.18 NPs
resided in the detection volume. For 93 nm NPs, negative
fluctuations in the detected laser light were directly visible in
the intensity trace (Figure 1B), while a measurement on pure
buffer solution showed only laser noise (Figure 1D,E). The
histogram of the detected intensity for 93 nm NPs showed a
broader distribution with a tail toward fewer counts per bin
(Figure 1C), indicating that NPs transiting the detection
volume gave rise to negative fluctuations."" Positive fluctuations
may also have been present, but this could not be concluded
given the limited signal-to-noise (S/N) ratio in these
measurements.

Next, the dependence of the ACF amplitude on the particle
concentration was investigated by measurements on unlabeled
NPs with diameters of 210, 93, 62 (Figure 2 left), and 26 nm
(Figure 2 middle). In agreement with eq 2, the ACF amplitudes
scaled linearly with particle concentration. The resulting slopes
of plots of G(0) — 1 versus N (insets in Figure 2) gave Aq
values of 0.162 (210 nm NPs; data not shown), 0.0135 (93 nm;
data not shown), 4.5 X 107 (62 nm), and 4.0 X 10™* (26 nm).
When a plot of these different A, values against the NP
diameter d is fitted to the function A, = kd’, an exponent 8
close to 3 should be obtained. Such a fit yielded § = 3.03 + 0.20
(Figure 2 right), and accordingly, the fluctuations scaled with
the NP volume. This indicates that the observed fluctuations
were caused by interference of the scattered light with the
transmitted light, in contrast to scattering alone, which scales as
the square of the polarizability and hence as the square of the
volume.>>”

The particle-size dependence of the ACF curve decay time
was investigated by measurements on the 210, 93, 62, and 26
nm diameter NPs. The respective diffusion times (zp,) were 26,
8.6, 6.4, and 2.8 ms (Figure 3 top). From these diffusion times
of NPs with known diameters, the radius of the detection
volume was calculated to be @y, = 0.43 ym + 0.015 ym using
the Stokes—Einstein equation; this gave a detection volume
(Va) of 221 fL (the 210 nm NPs were too large to be
considered pointlike'* and were not used for estimation of @).

G(0) - 1=
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Figure 3. (top) Normalized ACF curves from measurements on NPs
of different sizes, with diffusion times 7, = 2.8, 6.4, 8.6, and 26 ms,
respectively. Inset: plot of 7, vs NP diameter for the four NP sizes.
Measurement times were 60 s. (bottom) Plots of measured vs pipetted
concentrations of (left) 62 and (right) 26 nm NPs.

For spherical particles, the diffusion coefficient gives a
separate estimate of the particle size (independent on A,) that
can be used together with eq 2 to derive the particle
concentration from the ACF amplitude. In cases with
homogeneous samples of known refractive index, the instru-
ment can even be calibrated to yield the diffusion time,
normalized effective cross section A, and concentration of an
unknown sample by utilizing the facts that the diffusion time
for pointlike particles depends linearly on the particle diameter
d and that A scales as @. By calibrating the instrument using
Ag =40 X 10~ and 7, = 2.8 ms for the 26 nm NPs, the
diffusion time and A, value for the 62 nm NPs could be
predicted; these predictions were then used to convert the ACF
amplitudes of the 62 nm NPs into concentrations. The result
are shown for the 62 nm NPs (Figure 3 bottom left) and also
for the 26 nm NPs used as the calibration standard (Figure 3
bottom right).

SICS measurements were also performed on unlabeled M13
bacteriophages. M13 is a filamentous-type bacteriophage having
a length of 880 nm, a diameter of 6.6 nm, and a persistence
length of ~2.2 um;'® M13 thus has the form of a rod.
Measurements were performed at concentrations of ~10'
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Figure 4. (left) SICS measurements on unlabeled M13 bacteriophages at specified concentrations of 10'? (upper curve), 5 X 10'! (middle curve),
and 2.5 X 10'" phages/mL (lower curve). Oscillations are due to laser noise. (middle) SICS—FCS analysis of four mixtures of labeled (24 nm) and
unlabeled (26 nm) NPs. The FCS curves indicate a varying labeled fraction, while the SICS curves (inset) display a fairly constant total NP
concentration of ~500 nM. (right) FCS curves for binding of unlabeled 62 nm polystyrene NPs to ligands in the form of the positively charged
HL488 fluorophore at varying concentrations. Inset: The corresponding SICS curves give the total NP concentration, allowing Ky to be estimated

from each single measurement. Measurement times were 60 s.

viable phages/mL (~1.7 nM), which should correspond to a
mean number of phages in the detection volume of N = 2.2. On
the basis of an estimated polarizability'* of the phages given by
47e0(5.1 X 107'® cm?), the amplitudes in Figure 4 together
with eq 2 indicate a concentration of ~3 X 10'* phages/mL
(Figure 4 left; see the Supporting Information for detailed
calculations). This is within the specified range of ~10"
phages/mL because the total number of phages may be higher
than the estimated number of viable phages.

Finally, SICS was combined with FCS. Mixtures of 26 nm
nonfluorescent and 24 nm fluorescent NPs containing 10, 25,
39, and 65% fluorescent NPs with a constant total NP
concentration were prepared. Analysis of the SICS curves
indicated that the total NP concentration was constant at ~500
nM (inset of Figure 4 middle), while FCS analysis of the
fluorescent fraction as expected indicated a larger variation
(Figure 4 middle). The combined SICS—FCS analysis indicated
that 9, 22, 35, and 64% of the NPs in the respective samples
were fluorescent, in good agreement with the pipetted fractions.
SICS—FCS was also used to measure the affinity of 62 nm
negatively charged nonfluorescent NPs to ligands in the form of
the positively charged fluorophore HL488 at pH 7.3 (Figure 4
right). Nonfluorescent NPs at a concentration of 55 nM were
mixed with ligands at concentrations varying from 8 M down
to 1 nM, and each sample was analyzed by SICS—FCS. The
FCS curves give the concentrations of free ligand, [L], and
ligand—NP complexes, [L*NP], while the SICS curves give the
total concentration of NPs. Thus, the dissociation constant K
= [NP][L]/[L*NP] can be measured from each single
measurement, which is not possible using single-color FCS.
The eight measurements yielded Ky = 3.1 + 3.6 uM (Figure 4
right).

The fluctuations detected in SICS scale with the NP volume
(Figure 2 right), which indicates that they are caused by
interference of the forward-scattered laser light with the
transmitted laser light.3’5’7 Similar interference signals have
been utilized for detection of single NPs,'® for NP correlation
analysis,"® and in phase-analysis light scattering for measure-
ment of particle velocity.'” Also in PCS’ and PhACS,' the
generated signal is attributed to interference between the
scattered and transmitted light, although a recent alternative
theory interprets the photothermal fluctuations as originating
from a nanolensing effect.'®

The S/N ratio should increase as the square root of the laser
power, and accordingly, use of photodiodes that can sustain

19518

count rates higher than 10'® Hz should substantially enhance
the S/N ratio and sensitivity in SICS.

In principle, it should be possible to obtain the normalized
effective cross section Ay by performing multicomponent
analysis of intensity distribution histograms (Figure 1C)."!
Such analysis will be important for very nonspherical particles,
whose sizes cannot be estimated from the diffusion coefficient.
For such particles, comparison of A, with the diffusion
coefficient will then yield information about the particles’
shape.'” For the elongated M13 phages, the theoretically
estimated A, (see above) corresponds to that of a sphere with a
diameter of 70 nm. Such a sphere would have had a diffusion
time of 7—8 ms in the instrument used here, but the measured
diffusion times of the phages were almost 10 times longer,
indicating an extremely elongated shape.'’

A related technique is inverse FCS, which also
combines analysis of labeled and unlabeled NPs. Inverse FCS
allows the absolute volume of particles and even protein
molecules in solution to be measured using zero-mode
waveguides.'' However, SICS as presented here has the
advantage that NPs and possibly biomolecules can be analyzed
in a simpler diffraction-limited detection volume.

In summary, when the refractive index is known, SICS allows
analysis of both the size and concentration of unlabeled
nanoparticles in solution. Furthermore, simultaneous analysis of
labeled and unlabeled nanoparticles was shown by combining
SICS and FCS. Measurements were performed on M13 phage
viruses and on unlabeled and labeled polystyrene NPs with
diameters as low as 24 nm. The contrast in SICS likely arises
from interference between the scattered light from particles and
the transmitted laser light, as indicated by the fact that the
fluctuations scale with the particle volume.

The combination of SICS and FCS allows the percentage of
label-carrying particles or viruses to be determined and enables
single-measurement estimation of K even though only one
species is labeled. The discussed possibilities for improvement
should allow analysis of even smaller NPs and possibly
biomolecules, which for example would allow the success of
post-translational labeling of protein molecules to be measured.
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