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ABSTRACT

We present in this paper a technique for imaging fluorescent
particles based on the axial modulation of the objective’s focal
plane position. This technique provides full field optical sec-
tioning and can be used to localize the fluorophores in three
dimensions. We describe the technique and apply it to im-
age polymer beads filled with quantum dots immobilized in a
gel. We show that full field optical sectioning is obtained and
that the beads are localized with a precision of 10 nm in the
transverse plane and 31 nm in the axial direction.

1. INTRODUCTION

Single-particle detection has evolved within the last 15 years
to become a useful tool to address a broad range of questions
in the field of physics[1], chemistry[2], biology [3]. Optical
methods recently developed allows one to study single nano-
objects properties (absorption, emission, ...) and can also pro-
vide their position with sub-wavelength precision[4]. While
the particle localization in the optical transverse plane is quite
straightforward -provided good signal to background ratio[5]-
the localization in the third dimension along the optical axis
is more delicate. So far, it has been done using total internal
reflection microscopy[8], 4-Pi set-up [9] and out of focus mi-
croscopy [6, 7]. The latter method, is probably the simplest
one to implement without special design, but it is limited be-
cause of the noise introduced by out of focus objects.

2. THEORY

Here we present a simple method to achieve both full field
optical sectioning and precise localization of isolated fluo-
rescent beads whose dimensions are below the objective res-
olution using a standard epifluorescence microscope and a
piezoactuator (PZT) for the objective. The image of a flu-
orescent object is given by its convolution with the 3D Point
Spread Function (PSF). When the object dimensions are small
compared to the PSF, its image can be assumed to be the PSF
itself. Along the optical axis (denoted z in this letter), for a
diffraction limited lens and under paraxial approximation, it
can be approximated by :[10]
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I(u) = Io (%)2 (1

with

U= 8%712 sin? (%) 2)

In equation 1 and 2, I is the intensity at the geometri-
cal focus, « the semi-aperture angle, A the wavelength, n the
medium index and z the axial distance from the focal plane.
Modulation of the the focal plane axial position at a frequency
w induces intensity modulations of the fluorescent signal I at
frequencies w and at higher harmonics. In the focal plane,
I, is minimum while I, is maximum (see fig.1). Signals
at w and 2w are extracted using four images Py, P, P», Ps
acquired during one modulation period. According to the Dis-
crete Fourier Transform Theory [11], I, and I, for a given
point of coordinates (X,y) can be written as :

[(Po— P2) +i (P — Ps)] 3)

A~

I,(z) =

B = [ [(A+P) = (R P @

The phase between the focal plane modulation and the
sampling signal is adjusted such that P, = Ps (see inset of
Fig. 1). With such a choice, 1, is real and 5, is maximal,
both can be readily extracted from the set of four images taken
during the modulation. Each of our four recorded images cor-
responds to different focus positions so equations 3 and 4 can
be rewritten as:

1() = [Pz +d) ~ P(= — d)] )
hu(s) = {2P() ~ P +d) = Pz—d)]  ©)

Where d is the amplitude of modulation. Once the two
signals are extracted, the fluorescent particle position can be
computed using the ration IW/ I Although several functions
could be used to analyse this ratio, we found that the function
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¢ = arctan (IW/ T, has the advantage of varying linearly

as a function of z around z = 0 as shown on figure 2, d) if
we use a modulation amplitude d equal to half the Full-Width
Half-Maximum (FWHM) of the axial response. By finding
the slope of this linear part, we can obtain the precise position
of the bead on the optical axis with only four images. We
simulated a PSF over 2 pum using equation 1 with a point
each 40 nm. I, and I, were calculated thanks to equations
5 and 6 with d = 300 nm (FWHM=600 nm with the model).
Theorical results are presented on figure 2, left.
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Fig. 1. An axial modulation of the focal plane at the frequency
w induces an intensity modulation of the fluorescence inten-
sity both at w and 2w. Inset a) scheme of images acquisition,
phase between modulation (continuous line) and acquisition
must be correctly adjusted to extract 2w signal (dashed line)

3. EXPERIMENTAL RESULTS

Experiments were conducted on an Olympus IX71 inverted
epifluorescence microscope using a x 100 oil immersion ob-
jective (Olympus, NA 1.35) and a mercury lamp for exci-
tation. Axial modulation was realized with a piezoactuator
(PiezoJena, PX100). Sample images were recorded with a
CCD camera (PCO, PixelFly QE) using an home made soft-
ware. Synchronization was achieved with two waveform gen-
erators (Agilent 33250A) locked in phase. The sample used
is made of latex beads (diameter between 100 and 200 nm)
filled with Quantum Dots (QD, \.,, = 520 nm) immobilized
in an acrylamide gel to avoid any movement. These beads
allowed us to obtain SNR higher than 50. As we use a high
aperture objective, assumptions done to obtain equation 1 are
no longer valid. Actually the system is not aberration free and
the PSF along z-axis loses its symmetric shape as we move
away from the maximum (see figure 2, right a)). Neverthe-
less, and as shown on figure 2, right, the signals at w and 2w
are only slightly modified and may still be used to find the
position of our beads.
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Fig. 2. Left: Results of simulations a) Intensity along the
axis evaluated with equation 1 for an oil immersion objective
with a NA = 1.35. b) I, calculated using equation 5 and
d=300 nm ¢) I, calculated using equation 6 and d=300 nm d)

¢ = arctan ( IITW) Right: Data from images of fluorescent

beads immobilized in a gel. The modulation amplitude is 360
nm. a) Intensity along the axis, this is the experimental PSF.
Note the tail and the asymmetric shape. b) I, calculated using
equation 3 ¢) I, calculated using equation 4 d) ¢ . For all
these graphics, signals were measured and calculated each 40
nm (crosses) and we plotted the best curve (continuous lines)

In our experiments we used a sinusoidal modulation. The
images Py, .., P4 are obtained by integration of the fluorescent
signal received over a quarter of a modulation period.

We first measured a PSF along z and found a FWHM of
720nm, larger than the diffraction limited one which can be
explained by index mismatch and aberrations[12]. The goal
of this measure is to find the modulation amplitude which
should be equal to 360 nm in this case. We then measured
I, and I, using equation 5 and 6 with z varying by steps of
40 nm and d=360 nm, we then deduced ¢. As shown on figure
2 (right, d)) ¢ exhibits a linear part around the position of the
maximum intensity (i.e. the center of the bead) as predicted
by our simulations. We fitted this line for different beads and
found that the linear dependence of z could be expressed the
following way:

z=K x ¢ 7

where ¢ is in degree and 2z in nm. Our measures leaded to
K = 4.2 nm.deg!. To find the coordinates of the beads, we
first need to isolate them in the images which is done by ap-
plying a simple threshold on the image at 2w. This threshold
eliminates all the objects that are not in the volume of signif-
icant modulation. We then calculated the centroid for each
bead to obtain their coordinates in the transverse plane and
we use the relation between ¢ and z found previously to ob-
tain the axial position of the center of each fluorescent spots.
Results are illustrated on figure 3, c).

We evaluated the precision of our measurements by mea-
suring several times the position of a bead without changing
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Fig. 3. a) standard epifluorescence image (2.5 x 2.9um?).
b) Image at frequency 2w without negative values (2.5 x
2.9um?). c) 3D representation of the samples. Coordinates
(z,y, z) of each beads in nm are : bead 1 (1109,1309,312),
bead 2 (1534,1343,-41), bead 3 (1893,575,11), bead 4
(2188,1524,185). Uncertainty on x and y is 10nm and 32nm
for z.

the focus. For this we took 400 images which correspond to
100 position measurements. We analyzed the beads in the
images and found that the experiments gave us the position
within 25 nm along the z-axis. This variation is due to inten-
sity fluctuations from an image to another. Such a precision
on the measured position suggests that there is no drift of the
average position of the piezo. The error on the fit on the linear
part of ¢ must be taken into account and we finally obtained
an uncertainty of 31 nm for the axial positioning. We proceed
the same way for lateral positioning and found a precision of
10 nm.

Another interesting feature about this technique is the abil-
ity to perform optical sectioning. Indeed, with our modulation
technique, a given fluorescent particle is modulated at a fre-
quency 2w only if the intensity maximum of its axial PSF
is modulated. If the modulation occurs above or below the
maximum then no signal at 2w is generated. Consequently,
optical sections of the focal plane are obtained as can be seen
on Figure 3 @) and b).

After testing the technique with a sinusoidal modulation
of the focal plane position, we investigated a stair-case modu-
lation. With such modulation, four images (F... Py) are taken
at four different positions of the piezo. Because of the phase
choice between the position modulation of the focal plane and
the image acquisition (see eq. 5 and 6), Py and P, are taken
respectively above and below the focal plane while P; and

P5 are in focus and identical. This modulation enables us
to perform optical sections and to determine the fluorescent
particles position either in a given focal plane (as was done
previously) or on a stack of images axially separated by half
the FWHM (Fig. 4). In the latter case, it is possible once
the images stack has been obtained to reconstruct optical cuts
at virtually any position (with a resolution depending only on
the z spacing between two consecutive images) and to deduce
the beads 3D position in the whole volume.
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Fig. 4. right: stack of images axially separated by half the
FWHM. By combining three successive images we can ob-
tain an optical section and precise localization of objects.
left: Comparison between postprocessing treatment (contin-
uous lines) and real processing (crosses). Images were taken
each 40nm

In conclusion, we have demonstrated a way to achieve
precise localization of fluorescent objects with dimensions
below objectives resolution with a standard epifluorescence
microscope. Combination of sinusoidal modulation (more re-
liable than an ’step by step” motion which is very sensitive
to drift) and integration acts like an averaging system provid-
ing smoothed signals. This technique should find applications
in single particle tracking as it can provide axial position of
a molecules within few milliseconds depending on SNR and
sensitivity of the camera. It also present the possibility to be
used after acquisition
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