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ABSTRACT: A central goal in bioanalytics is to determine the concentration of and
interactions between biomolecules. Nanotechnology allows performing such analyses in
a highly parallel, low-cost, and miniaturized fashion. Here we report on label-free
volume, concentration, and mobility analysis of single protein molecules and
nanoparticles during their diffusion through a subattoliter detection volume, confined
by a 100 nm aperture in a thin gold film. A high concentration of small fluorescent
molecules renders the aqueous solution in the aperture brightly fluorescent.
Nonfluorescent analytes diffusing into the aperture displace the fluorescent molecules
in the solution, leading to a decrease of the detected fluorescence signal, while analytes
diffusing out of the aperture return the fluorescence level. The resulting fluorescence
fluctuations provide direct information on the volume, concentration, and mobility of

the nonfluorescent analytes through fluctuation analysis in both time and amplitude.
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he field of bioanalytics is experiencing an ever increasing

trend toward miniaturization and parallelization driven by
novel developments in micro- and nanotechnologies.' ® In this
context fluorescence-based methods are of central importance
thanks to their utmost sensitivity down to single molecules.
Although very sensitive and specific, fluorescence techniques
normally require labeling which is time-consuming and may
influence molecular interactions. For these reasons there is a
need for label-free approaches either detecting ensembles of
analytes, such as surface plasmon resonance (SPR),”*
interferometer-based sensing,9 dynamic light scattering,10 and
small-angle scattering of X-rays and neutrons,'’ or detecting
single molecules/particles either electrically>™'® or optical-
ly>*'7 In the case of the recently develo7ped inverse-
fluorescence correlation spectroscopy (iFCS),"” fluctuations
are analyzed in a fluorescent background due to nonfluorescent
particles transiently occupying a confocal microscope detection
volume. In line with Archimedes’ principle, the number of
displaced fluorescent molecules by a particle is a direct measure
of the particle volume. However, when realized with a
femtoliter-sized (107*° 1) diffraction-limited confocal excita-
tion/detection volume, iFCS is limited to the analysis of rather
large-volume particles (>100 nm diameter)."”

Confining light in optical microscopy below the diffraction
limit has been achieved by, e.g, exploiting photophysical
principles in stimulated emission depletion (STED)" or by
using nanostructured surfaces.'” Here, subwavelength apertures
in plasmonic metal layers were combined with the iFCS
displacement principle to enable optical label-free volume,
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concentration, and motion analysis of nanosized objects,
including single protein molecules (Figure 1). This type of
apertures has been shown to enhance fluorescence brightness
and confine the excitation/detection volume down to zepto-
liters (107" 1).2°°** In our measurements, the number of
displaced fluorophores directly scales with the volume of the
objects, the frequency of the resulting fluctuations in the
detected signal is proportional to the object concentration, and
the time that the molecules are displaced is related to the
mobility of the objects. Fluctuation analysis (Fi%ure 1b—d) is
here not only performed in time as in FCS**~*” but also in
amplitude as in fluorescence intensity distribution analysis
(FIDA)*® or photon counting histograms (PCH).*

First, we performed measurements on aqueous solutions
containing background fluorophores and fluorescent polystyr-
ene beads of various sizes, in apertures of different diameters
(Figure 2). A single aperture was illuminated with two colors
using an epi-fluorescence confocal microscope, and fluores-
cence intensity time traces were recorded for both background
and beads. For 24 nm green fluorescent beads in a red
fluorescent aqueous solution, transient decreases in intensity in
the background channel coincide with positive spikes in the
bead channel, evidencing beads traversing the 100 nm aperture
(Figure 2a). Fluorescence intensity time traces acquired from a
pure fluorophore solution did not display such decreases.
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Figure 1. Hlustration of our approach. (a) The subwavelength apertures in the gold film on the glass substrate confine the detection volume to
zeptoliters (red zone in magnified view). (b) By recording the fluorescence light from background molecules in the detection volume (red and dark
red traces), nonfluorescent objects (solid black circles, a)) can be detected when traversing the volume as a decrease in the fluorescence signal
(displacing background molecules). The number of displaced background molecules depends on the number N and volume Vg, of the
nonfluorescent objects. Large objects dwell longer in the aperture and displace a larger number of fluorescent molecules per object than small objects
(AIL]rge > Al,1), and a higher object concentration yields a higher frequency of fluorescence fluctuations. If N on average is <1 and the bin time <
dwell time of objects in the detection volume, then AT & V. (c) and (d) Analysis of the fluorescence fluctuations by photon counting histograms
and temporal correlations, respectively. The photon counting histograms communicate differences in object volume and concentration through the
histogram shape; distance between populations directly relates to object volume and height of population to the concentration. The bin time
dependence of the intensity distribution enables access to mobility information.*® The correlation curve amplitude depends on the volume and
concentration of the objects (Supporting Information) and the decay time of the curve on their mobility. The size of objects that can be monitored is
limited by the ratio V = V,;/Vy, and the noise of the background signal, where Vy, is the detection volume."”

Temporal autocorrelation of the background signal is displayed intensity histogram of the background signal in Figure 2a
in Figure 2b (red upper curve). The amplitude of the reveals two populations originating from the intensity
autocorrelation curve of the background signal is a function distribution of the background molecules in the absence and
of the bead volume, the aperture volume, and the concentration presence of beads, respectively (Figure 2d). Fits to the
of beads (Figure 2c). The decay time is related to the bead and histogram yield the mean values, I, ground and Ieaqy Of the
aperture volumes (Figure S1, Supporting Information). The background and bead intensity distributions, respectively. If the
autocorrelation amplitude of the background signal for three bin time underlying the histogram is in the order of the
bead sizes linearly increases with bead concentration, as diffusion time of the beads, the fluctuations in the background
expected from eq S2 (Supporting Information). Fits to the signal are smeared out and the L4 shifted toward the
data (Figure 2c) yield an estimate of the effective detection background population (inset of Figure 2d). The I..4
volumes, VSE for the apertures. For 200 nm apertures V=18 dependence on the bin time therefore gives an indication of
+ 0.1 X 107" liters was obtained using 110 nm beads, 150 nm bead mobility.>> The intensity difference between the two
apertures yielded Vi = 7.5 + 0.1 X 107" liters using 36 nm populations, AT and knowing V5! enables direct estimation of
beads, and 100 nm apertures st,f =12 + 0.1 X 107" liters the bead volume:
using 24 nm beads. The estimated V5 values are comparable to
those obtained b h i imil - Al Vobj
y other groups using similar nanostruc —
tures.”"?* However, our estimations have the advantage of Toacke d eff
. e . . groun dv (1)

not relying on the diffusion time, which can be influenced by
temperature, viscosity, and interaction with the nanostructure. Using Vil = 1.2 X 107" liters (see above) for 100 nm
The cross-correlation® between the background and bead apertures and A[ for the shortest bin time yields Vi .4 = 7.4 X
channel (black lower curve in Figure 2b) reveals an 107! liters for the 24 nm beads, in good agreement with the
anticorrelation,®"*> and its decay time agrees with that of the calculated 7.2 X 107%' liters using the known bead diameter.
autocorrelation. The anticorrelation provides a straightforward For smaller particles than 24 nm beads, it was found that the
way to verify that the decreases in the background signal volume ratio in eq 1 was too small to be resolved in the
originate from transiting beads, and its amplitude gives a direct histograms due to overlap of populations. Thus, intensity
measure of the bead volume to aperture volume ratio®* (eq S6, distribution analysis enables direct, model-free determination of
Supporting Information). the particle volume, without the need for labeled particles as in

Intensity distribution analysis was performed in addition to fluorescence cross-correlation (iFCCS)** or multiparameter

correlation analysis (Supporting Information). A fluorescence determination as in iFCS."” Additionally, intensity distribution
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Figure 2. Proof-of-principle of single bead detection. (a) Time traces (100 ys bin-time, smoothed using seven-point second-order Savitzky—Golay
algorithm) of a sample containing 1.5% (w/v) 24 nm diameter beads and 1 mM of Alexa Fluor 647 (background), recorded in a 100 nm aperture.
Background and beads were excited at 633 and 488 nm, respectively. Red trace shows the background fluorescence and green trace the bead
fluorescence. (b) Upper: temporal autocorrelation of the recorded background fluorescence in (a), subtracted with a corresponding measurement on
a pure fluorophore solution. Lower: cross-correlation showing the anticorrelation between the two channels. (c) Amplitudes of the autocorrelation
curves (value at 7 = 96 us) at different bead concentrations for 24 nm (Jll), 36 nm (@), and 110 nm (A) diameter beads, in 100, 150, and 200 nm
apertures, respectively. Note that the molar concentrations are different for the different bead sizes. Black lines are linear regressions to the data.
Inset: Autocorrelation amplitudes for 24 nm beads at 1% (w/v) in apertures of different sizes. (d) Intensity histogram of the background in (a)
binned with 1 ms. Green lines show global fits of the histogram using two Gaussian functions. Vertical dashed blue lines indicate the intensities, Ij,.,q
and Ty, egrounas at the peak frequency for the two populations, with the intensity difference Al = Iyqground — Ibead- Inset: influence of bin times (from

100 us to 10 ms) on I,4.

analysis can be combined with correlation analysis to provide
robust multiparameter analysis.

Next, we performed measurements on solutions containing
quantum dots (QDs) with a specified hydrodynamic diameter
of 12 nm. Dual-color iFCCS experiments were used to
distinctly prove QD detection and were compared with the
corresponding autocorrelation curves (Figure 3a). The fact that
QDs are smaller than fluorescent beads results in a smaller
amplitude of the non-normalized (not shown) auto- and cross-
correlation curves and a shorter diffusion time (Figures 2b and
3a). The ratio of the autocorrelation amplitudes of the
corresponding background signals, G(0)-1, for the QD
measurements and the 24 nm beads (eq S2, Supporting
Information) yields Vop = 1.0 £ 0.1 X 107! liters and an
effective QD diameter of 12.6 + 0.5 nm (assuming a spherical
shape), i.e., in the range of the specified value of 12 nm. Based
on the cross-correlation amplitude, assuming zero channel
cross-talk, yields Vqop = 6.7 £ 0.8 X 10™% liters and an effective
QD diameter of 10.8 + 0.5 nm.

The detection of individual protein molecules was demon-
strated using allophycocyanin (APC), a ~104 kDa trimeric
protein containing two phycocyanobilin chromophores per
subunit rendering the protein strongly red fluorescent. This
disk-like protein is approximately 11 nm in diameter and 3 nm
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thick.>* Measurement on an APC solution shows an
autocorrelation curve for the background signal and a distinct
anticorrelation in the cross-correlation curve (Figure 3b). The
anticorrelation amplitude provides a volume estimation of APC
of Vypc = 2.5 X + 0.6 X 1072 liters, using the above approach,
which is close to the Vipc = 2.8 X 1072 liters calculated
assuming the mentioned disk-like dimensions. Note that the
non-normalized cross-correlation amplitudes for QDs and APC
(Figure 3c) reveal the clear difference between their volumes,
while a comparison of their diffusion coefficients, from the half
amplitude of their standard FCS curves (Figure 3ab, green
dashed line), would suggest that QDs and APC have
indistinguishable hydrodynamic radii.

Finally, we investigated ligand binding of a membrane
protein, the pentameric SHT; receptor (M,, = 250 kDa), which
was expressed heterologously in and extracted from mammalian
cells.** Label-free detection of SHT; receptors (SHT;R)
dissolved in detergent micelles is demonstrated in Figure 4.
The autocorrelation of the background fluorescence yields
Viprr = 4.9 + 0.7 X 1072 liters. This is in good agreement
with the calculated volume of Vs = 4.9 X 1072 liters for the
receptor detergent complex, assuming a truncated conical shape
of the receptor’®®” surrounded by a 3 nm thick detergent
torus®® at the 5 nm diameter transmembrane region, yielding
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Figure 3. Analyzing quantum dots and proteins. (a) Normalized auto- (red line and green dashed line) and cross-correlation (black line) curves
obtained from a dual-color measurement on a 6 uM of QDs (488 nm excitation) and 2 mM of Alexa Fluor 647 (background, 633 nm excitation)
solution. The red solid line shows the autocorrelation of the background signal and the green dashed line the autocorrelation of the fluorescence
signal from the QDs. Normalization factors for the background autocorrelation and the cross-correlation were 16 667 and 310, respectively. (b)
Normalized autocorrelation curves for the background signal (red line) and fluorescence signal (green dashed line) and cross-correlation curve
(black line) from a measurement on a 4 uM of allophycocyanin (APC, 633 nm excitation) and 2 mM of Alexa Fluor 488 (background, 488 nm
excitation) solution. Normalization factors for the background autocorrelation and the cross-correlation were 12 500 and 833, respectively. (c) The
non-normalized cross-correlation curves for the QD measurements in (a) (dashed line) and the APC measurements in (b) (solid), showing the
amplitude ratio of ~2.7 which is the estimated volume difference between the QDs and APC. The background autocorrelation curves in (a) and (b)
were subtracted with the corresponding normalized autocorrelation curve on a pure background solution. All measurements were performed in 100
nm apertures. In (a) and (b), the curves were normalized to facilitate the comparison of the correlation in the green and red channel.

3.1 X 107** and 1.8 X 107** liters for the volume of the protein
and the detergent torus, respectively. The specific binding of
the pharmaceutically active fluorescent ligand GR—Cy,”” to the
SHT;R is also shown in Figure 4; the SHT;R/GR-Cy;
complex generates coinciding positive and negative fluores-
cence signals (compare with Figure 2a) and thus anticorrelated
signals as a very clear proof of specific binding (Figure 4).>*
Note that the small GR—Cy; ligands do not modulate the
background signal. For quantification of molecular interactions
the concentrations of the interacting partners have to be
adapted to the K, values. In the case of the SHT;R/GR—Cyj,
this value is in the nM range,35 which allowed us to determine
binding but not to quantify K; Attaching the smaller of the
partners in the aperture will circumvent this limitation. Thereby
the fluorescent background fluctuations and the corresponding
iFCS curve would deliver binding kinetics, such as on- and off-
time from which association/dissociation constants can be
derived. The characterization of cell membrane proteins in the
tiny volume of our nanostructured device opens new
possibilities for analyzing components from individual cells,
including markers facilitating detection of diseases,” determi-
nation of the amount of posttranslational labeled proteins,®”
expression of recombinant proteins.®

or
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In this work, we presented an approach for analyzing the
volume, concentration, and motion of freely diffusing single
protein molecules and nanoparticles in solution, with or
without labeling. Our volume meter device was able to directly
determine volumes of single proteins and nanoparticles smaller
than 107 liters. To our knowledge this is the first direct
determination of the volume of a protein molecule in solution,
without any assumptions about molecular shape. The smallest
protein we were able to detect was APC with a molecular mass
of 100 kDa, which we consider as our current experimental
detection limit. The theoretical detection limit for the method
depends on several parameters, such as the size of the detection
volume, the noise in the background fluorescence, and the
concentration and the shape of the protein. Performing
measurements in smaller apertures might allow detection of
smaller proteins by increasing the Vy;/ VS ratio. Furthermore,
using detectors that are able to measure higher photon fluxes
would decrease the noise in the detected fluorescent back-
ground thereby improving the signal-to-noise ratio enabling
smaller objects to be analyzed.

Here we used replacement of fluorescent background
molecules as a contrast mechanism. However, the background
signal can be any signal originating from the detection volume
which is modified by objects diffusing through the detection

dx.doi.org/10.1021/n12036468 | Nano Lett. 2012, 12, 370-375
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Figure 4. Ligand binding of the SHT; receptor. Normalized
autocorrelation curve of the background signal (red line) and cross-
correlation curve (black line) from a measurement on a solution
containing 12 yM of SHTj receptor, 14 uM of the fluorescent ligand
GR—Cy,; (488 nm excitation), and 2 mM of Alexa Fluor 647
(background, 633 nm excitation) in a 100 nm aperture. The curves
were normalized with normalization factors 10 000 and 4000 for the
background autocorrelation and the cross-correlation, respectively, to
facilitate the comparison of the correlation in the green and red
channels.

volume, e.g,, electrical, magnetic, or optical signals, which in the
latter case might be a Raman signal from the replaced solvent
molecules or simply light transmitted through the aperture. The
small detection volume, here obtained by plasmonic nano-
structures, enables the background signal to be sufficiently
modulated by nanoscale objects. This principle has, e.g., been
exploited in nanopore DNA sequencing, where an electrical
current is characteristically modified by nucleotides passing the
pore,** and for differentiation of protein analytes in hybrid
biological solid-state nanopores.*!

Our measurements were performed in one aperture at a time
using a confocal microscope. However, parallel recordings are
possible by, e.g., wide-field illumination of an array of apertures
combined with CCD detection. Such a setup arrangement
could simplify instrumentation, reduce cost, and enable
miniaturization in form of a portable analysis device.
Immobilization of molecules on the surface of the aperture
would allow label-free study of transient binding/unbinding
events of biomolecules or particles (viruses, phages, cell-derived
organelles, and vesicles), such as ligand—receptor or antibody—
antigen binding.
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Detailed description of experimental procedures, analysis
procedures, and simulations of the electric field distribution
inside subwavelength metal apertures. This material is available
free of charge via the Internet at http://pubs.acs.org.
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