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Direct object resolution by image subtraction: a new
molecular ruler for nanometric measurements on
complexed fluorophores†

Rémi L. Boulineau and Mark A. Osborne*

A technique for measuring distances between two or more fluoro-

phores spaced in the 10–100 nm range is described. We identify a

linear correlation between the intensity–amplitude in the difference-

image of single molecules undergoing fluorescence fluctuations and

their separation. The transform is used to map distances between

coupled fluorophores.

Super-resolution techniques are now providing information on
subcellular structures and biological mechanism at spatial scales,
previously inaccessible with conventional microscopy.1–5 While
resolutions of 20 nm or less (FIONA)6 can readily be achieved,
experiments can be complex, either in instrumentation or in
post-acquisition image analysis and point-spread-function (PSF)
fitting. On the other hand, super-resolution optical fluctuation
imaging (SOFI)7 is elegant in its simplicity, based only on the
high-order analysis of temporal fluctuations in single molecule
fluorescence. However, for emitters only a few tens of nanometers
apart, SOFI cannot readily separate the contributions from
individual fluorophores. Alternative techniques exploit photo-
bleaching,8,9 blinking,10–12 transient adsorption13 or spectral
differences14 of multiple fluorophores in close proximity to
retrieve individual localisations via conventional PSF-fitting.

Here we present a novel way to measure the distance between
molecular centres directly from information in the difference-image
of independently fluctuating single molecules. Specifically, we show
a simple linear transform exists between the central intensity
gradient in the difference-image of two closely spaced PSFs and
their separation. The intrinsic fluorescence intermittency of quan-
tum dots (QDs), coupled to the ends of a 100 bp double-stranded
dsDNA (34 nm) in a dimeric complex is used to demonstrate the
principle of direct object resolution by image subtraction (DORIS)
and application of the technique to a higher order QD multimer
highlights the generic nature of the approach. We demonstrate how

DORIS can readily distinguish multimeric structures from single
QDs and that measurement of the distance between fluorophores
separated on the 10–100 nm scale is quantitative.

To illustrate the concept, consider two point emitters separated
by a distance much less than the Rayleigh limit, 0.61l/NA, for the
resolution of their PSFs. Below this limit the PSFs strongly overlap
such that emission typically appears to arise from a single source.
However, subtraction of the individual PSFs from each other results
in a difference-image that contains intensity maxima and minima at
locations that are weakly related to, but well separated from, the
emitting centres. More significant is the intensity-gradient between
the extrema in the difference-image which is strongly correlated with
the separation of the PSF centres. The correlation is most clearly
highlighted in the difference between the 1D PSF cross-sections of
two molecules separated at increasing distances (Fig. 1a). On the
other hand, the position of the maxima and minima in the
difference curve, appear far less sensitive to PSF displacement. For
simulations of closely spaced PSFs in 2D (S1, ESI†), the sum image is

Fig. 1 Direct object resolution by image subtraction. (a) Normalised 1D PSF
cross-sections centred at the origin (black) and 20 nm along x (gray). The
difference between PSFs (light gray) at 20 nm separation is shown along with
difference curves for PSF-separations of 5 to 80 nm showing distance dependent
gradients. Here, the Gaussian function I(x) = exp(�(x � x0)2/2s2) with standard
deviation s ¼ l=4NA

ffiffiffiffiffiffiffiffiffiffiffi

2 ln 2
p

, l = 530 nm and NA = 1.45, is used to represent the
PSF cross-section. (b) DORIS amplitude-to-separation conversion curves. Ampli-
tudes are derived from the difference between intensity maxima and minima in
the difference-images of two simulated PSFs displaced along a vector at 01, 451
and 901 to the x-ordinate. Difference-amplitudes from the 1D-Gaussians are also
shown along with a linear-fit for guidance.
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largely indistinguishable from the image of a single PSF (Fig. 1b,
inset), while image subtraction reveals the same differential structure
(in profile) as the 1D cross-section. Intensity variation in the differ-
ence-image contains information on the position of each molecule
with respect to each other. Here, we exploit the sensitivity of the
gradient in the difference-image with respect to PSF separation to
generate a linear amplitude-to-distance correlation curve from which
distances between molecules can be read directly (Fig. 1b). For
simplicity the difference-amplitude rather than gradient is used,
since the distance between intensity maxima and minima is insen-
sitive to PSF separation. We find the difference-amplitude for both
the 1D PSF cross-sections (Fig. 1a) and 2D PSF simulations show
near-identical linear dependences on PSF separation. A small devia-
tion in the correlation curve for 2D PSFs displaced along a vector
oriented 451 to the x or y axes, arises from finite pixel size effects, but
with an error of less than 10 nm at 80 nm displacement, the
amplitude-to-separation conversion curves appear universal and
largely independent of the direction of PSF displacement.

In a proof-of-application, we have used DORIS on closely coupled-
QDs, where blinking in the fluorescence of at least one QD will result
in a shift in centre-of-mass of the PSF and hence well-resolved
difference-images. Streptavidin functionalised QDs (M10111P, Life
Technologies) were coupled using 100 bp complementary sequences
of biotinylated DNA (S2, ESI†) deposited on glass coverslips and
imaged using total internal reflection fluorescence (TIRF)
microscopy with typical capture rates of 10 fps into stacks of

up to 2500 frames. The simplest approach to analyzing the image
set of n frames A = {1. . .n}, is to generate the set of difference-
images, B = {1. . .n(n � 1)/2}, where each frame Bij = Ai � Aj for all i
and j > i. In this case, two coupled-QDs independently switching
between on(1) and off(0)-states generate on/off [10] and off/on [01]
frame combinations that give rise to difference images [1�1] and
[�11] with amplitudes between intensity extrema that are depen-
dent on both QD separation and absolute intensities. Here, we
introduced a binary notation to represent the state of each QD in an
image frame [ ] and the result of image subtraction for simplicity.
Normalizing QD peaks in each image prior to subtraction removes
the intensity dependence, allowing QD distances to be read directly
using the linear amplitude-to-separation transform.

In general, from the fluorescence trajectory of two QDs in close
proximity (Fig. 2a), the [11] state (both QDs on) can be easily
identified from the two level intensity trajectory. However, differ-
entiating [10] from [01] states is only made clear through difference-
imaging. Difference-images corresponding to [10] � [01] = [1�1],
[11] � [11] = [00] and [01] � [10] = [�11] exemplify the DORIS
process. Note that image stacks were corrected for stage-drift prior
to image subtraction, a process essential to achieving image
alignment and reduced uncertainty in localisation and distance
measurements (S3, ESI†). Intensity–amplitudes in the difference-
images of type [1�1] and [�11], are mapped directly to QD
separation using the amplitude-to-separation curve (Fig. 2b green
points). The histogram of amplitudes derived from the DORIS
analysis across the image stack with mean amplitude 0.51 � 0.06
(Fig. 2b blue bars) converts to a distribution of distances with mean
QD separation of 53 � 6 nm (Fig. 2b red columns).

We compared QD separations derived from amplitude-to-
distance conversion with separations measured between single
molecule localisations. DORIS was first used to differentiate [10]
frames from [01] frames before locating each QD across all
frames in each image set by fitting the 2D Gaussian function
I(x,y) = exp[�(x � x1(2))

2/2s2 � (y � y1(2))
2/2s2] + I0 to the PSF of

QD 1 and (2) separately (Fig. 2c). QD separations were then
determined from the vectorial distance [(x1 � x2)2 + (y1 � y2)2]1/2.
Uncertainties of s � 7 nm in the localisation coordinates result

Fig. 2 Direct resolution of a dsDNA-QD dimer by image subtraction. (a) Integrated
fluorescence intensity trajectory of a typical diffraction-limited dimer with images of
QDs in on/off [10], on/on [11] and off/on [01] states and corresponding difference-
images [1�1], [00] and [�11]. Scale bar 200 nm. (b) DORIS amplitude-to-separation
conversion curve (green points) for the experimental resolution, 97 nm per pixel at
165� magnification and 2 � 2 pixel averaging of intensity maxima and minima in
the difference-image. Also shown are the histograms of difference-amplitudes (blue)
centred at 0.51 � 0.06 and corresponding QD distances (red) centred at 53 � 6 nm.
(c) Localisations of the two QD centres in the dimer from conventional Gaussian
fitting showing QD separation is in good agreement with the DORIS derived distance.

Fig. 3 Correlation plot between couple-QD separations derived from DORIS
and distances from single molecule localisations in 30 QD-dimers. Uncertainties in
both measurements are determined from the analysis of multiple frames from
the image stack of each QD-dimer. A straight line representing the one-to-one
correspondence is plotted for guidance. (b) TEM image of individual 585 nm
streptavidin functionalised QDs with average core–shell diameter 23 � 4 nm and
(inset) a non-specifically coupled cluster of three QDs showing centre-to-centre
distance of approx. 21 nm is not strongly influenced by surface functionality.
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primarily from stage-drift, but also photon counting (Fig. S4 in
ESI†) and ultimately propagate to an error of about�10 nm in the
distance between QDs. We find excellent one-to-one correspon-
dence between DORIS derived distances and those measured
by conventional localisation (Fig. 3a) across the population of
QD-dimers analyzed. The result supports DORIS as a quantitative
method of determining fluorophore separation in sub-diffraction
limited nanostructures and complexes. The analysis reveals two
populations of dimeric QD structures with different separations.
We attribute a population emergent with distances centred at
23� 6 nm to directly and non-specifically coupled QDs. The value
is consistent with the mean diameter, 23 � 4 nm for individual
streptavidin functionalised 585 nm QDs and centre-to-centre
distances in QD clusters measured under TEM (Fig. 3b). A larger
population of QDs found at 52� 11 nm separation is attributed to
dsDNA coupled dimers, a value consistent within error of the QD
diameter and an extended 100 bp DNA length of 34 nm.

In a further demonstration of DORIS, we extended difference-
imaging to a trimeric-QD complex. Given the functionality of the QD
extends over its entire surface and the tetravalent nature of the
streptavidin binding protein, multiple DNA binding and formation
of multimeric QD structures is expected. A DORIS analysis of the
trimeric QD cluster in this case reveals all difference-images derived
from combinations of the individual QD on-state frames [100], [010],
[001] (Fig. 4). Respective QD separations 65.4� 8.1 nm, 26.5 � 10.3
and 74.6 � 11.4 determined from intensity amplitude-to-distance

conversion in the difference-image combinations [1�10], [01�1]
and [10�1] again show excellent agreement with the corresponding
vectorial distances between Gaussian-localised QDs, 63.0 � 8.4 nm,
30.6 � 10.7 nm and 73.2 � 9.2 nm. In this case, the QD-trimer
appears to be constructed of two DNA-coupled QDs (50–60 nm) with
a third QD coupled either non-specifically (20–30 nm) or with
significantly compressed dsDNA.

We have developed DORIS as a novel method for resolving
closely spaced fluorophores, with separations well below the
diffraction-limit. Applied to multimeric-QD structures, we have
shown that distances derived using DORIS are quantitative
(within error) with respect to those calculated by conventional
localisation techniques and consistent with TEM measurements.
We note that in principle DORIS only requires modulation in the
fluorescence with sufficient depth to produce intensity variation
in the difference-image (S5, ESI†). For this purpose, fluorescence
flickering in organic dyes, switching in fluorescent proteins could
be utilized.15,16 We envisage the method as complimenting
established super-resolution techniques of PALM, STORM, SOFI
and their derivatives, where high labeling densities or non-specific
interactions can prohibit unambiguous resolution of fluorophores
by conventional PSF fitting. Alternatively, we expect DORIS will
find application in molecular counting in protein–protein(DNA)
interactions and higher-order assembly of biological structures
and offers the potential to provide structural information from the
direct measurement of molecular separations.

We acknowledge the EC (FP7 grant 215148) for supporting
R.B. and Prof. A. M. Carr and Dr A.-S. Schruers for their useful
comments. We also thank Ms H. Aitchison (Nuffield Founda-
tion undergraduate bursary) for help with aspects of image
processing.
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Fig. 4 Resolution of a sub-diffraction limited QD-multimer by DORIS. Single-QD
localisations via Gaussian-fitting to individual PSFs are shown (red, green, blue)
with distances determined from a DORIS analysis of intensity–amplitudes in the
set of difference-images (subset shown overlaid). DORIS derived distances in the
figure correspond closely to centre-of-mass separations from the individual QD
localisations 63.0 � 8.4 nm (blue-green), 30.6 � 10.7 (green-red) and 73.2 � 9.2
(red-blue). Difference-images are shown for the various combinations of pair-wise
subtractions of frames in which one QD is on(1) and the others are off(0): blue =
[100], green = [010] and red = [001]. Scale bar is 200 nm. (Inset) Amplitude-to-
distance conversion curves along the QD displacement vectors (blue triangle =
blue-to-green, green square = green-to-red, red circle = red-to-blue).
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