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Three-dimensional optical polarization tomography of single molecules
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We apply the concept of tomography to polarization-sensitive optical microscopy of single
fluorophores to determine the three-dimensional orientation of molecular absorption dipoles with
isotropic sensitivity. Wide-field microscopy provides the opportunity to monitor simultaneously
three-dimensional rotation and two-dimensional translation of many molecules in parallel. For
orientation determination the molecules are illuminated from different directions of incidence with
linearly polarized light. In each exposure the excitation along a particular projection of the
absorption dipole on the electric field leads to a distinct fluorescence intensity. Five exposures are
sufficient to determine the full orientation of the fluorophores. To demonstrate the potential of the
method we determine the orientation and position of individual immobilized lipid membrane
markers. The shot-noise-limited isotropic angular resolution is 2°. For time-resolved studies the
bandwidth can be expanded up to 200 Hz.2803 American Institute of Physics.
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I. INTRODUCTION orientation of the projection of the transition dipoles into the

Experiments in which sinale chromophores serve asi’mage plane can be determin®d®Furthermore, the fluores-
P gle ¢ P ) cence lifetime and, as a consequence, the quantum yield of

markers or local probes for their immediate environment

. dye molecules close to an interface depend on the out-of-
nowadays are a standard tool to unravel dynamical process% 2ne component of their dipole momeRtsAlso the detec-
on a molecular scalk? By definition, single-molecule ex- )

. . tion efficiency depends on the emission dipole orientation.
periments do not suffer from ensemble averaging and ar

therefore ideally suited to investigate structural heterogen T’herefore, withou priori knowledge, only ambiguous in-
SR y P 9 o 9eN&  rmation can be obtained by only considering a 2D projec-
ities in lipid membraned? uncorrelated dynamics in motor

. . . . . tion of the dipole moment.
proteins'® or trans-membrane proteifAgind intermediates in P

. . . Here we present a new method of single-molecule mi-
elementary chemici? and folding reaction$®** Another P 9

consequence of the absence of averaaing in sin Ie-molecufrOSCOpy: i.e., three-dimensional optical polarization tomog-
q ging 9 rgphy (3D-OPTQ. 3D-OPTO allows us to determine the

\?v)i(t%ecrjlmierntosl 'Sr thertrimss'b,'[“t); t?] Silec:n'];i]\/;?uz? mOIre]CUIesthree-dimensional orientation of many individual molecular
esired properties out ot an ense 1 PUOTESCENCE  4psorbers in parallel with isotropic sensitivity. Wide-field

experiments, this selection can be performed in space, tim . : .
P ' P Pace, My orescence microscopy is used for parallel real-time imag-

energy, and polarization. ing of single fluorophores close to an interface. The orienta-

hofezsglt?géh:;jlattcl)vfard:: ?g%cjgg ;rge{]rf:tg);se%;mg?{ﬁion determination is based on sequential excitation with ap-
P 9 %priately polarized beams from two perpendicular

;Z?giré gghgﬁolrﬁns;: r:;éfg;;iiifggf s;eéll:ii/insmstﬁ a|12_d d irections of incidence. Five exposures are sufficient to
y exp g sing sample the full orientational space occupied by the chro-

o e s e g Mophores. Lstal asorpton dipoe momerts an oy be
b ' determined on a one-by-one basis using confocal

a protractor on a molecular scale have been developed. microscopy?: Knowing the dipolar orientation, 3D-OPTO
In both concepts, knowledge about the three-._ .. . : - T
dimensional(3D) orientation of the chromophore’s dipole facilitates highly selective excitation of otherwise indistin-
P P guishable fluorophores. As an example, we determine the

7-19 ;o .
gi]grl;r;eni{n FRIE'I'I?E?%?I]L diorer?(;?n(;rl?l?ﬁeﬂ;r?tet::ngf?jzsg:c esteady—state orientational distribution of immobilized dye
but a}Ilso on the mutualyorie[;tation of donor an)t; acce tormOIeCUIeS’ widely used to label phospholipid membranes.
More precise distance measurements therefore becomg poOur method holds promise to monitor orientational as well as
! . . . M Spatial diffusion of a large number of molecules in parallel
sible when the 3D orientation of both the donor emlssmnSp 9 P

dipole and the acceptor absorption dipole are kndttiow- down to a 100 ms time scale.

ever, because of experimental constraints, usually only the
Il. MATERIALS AND METHODS
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FIG. 2. lllumination geometry: first direction of incidenog) p polariza-
FIG. 1. Setup: a polarized laser beam is expanded and collimated to fon (E}), (2) s polarization €}), and with(3) a polarization turned away
diameter of 8 mm and directed onto a tiltable mir¢bt) in the focal plane  from p polarization by 45° E.). Second direction of incidencé4) s po-
of the lens(L, 700 mm focal length The lens focuses the beam into the |arization (E}) and with (5) polarization turned by 45°HY). x, y, andz
back focal plane(BFP) of an oil immersion microscope objectiiO) denote the axes of the laboratory frame of refereméeandy” indicate
(Leica, 100<, NA 1.3) via a dichroic mirroDM). The resulting collimated  espective axes of the tilted frames. The beam can be directed by choosing

beam exits the objective, traverses the sample, and is refracted at thge correct offset with respect to the optical axis of the objedi®e
polymer—air interface. The sample consists of a cover(§ljpcoated with a

30-nm PMMA film doped with the chromophore: angle of incidence of
the beam onto the polymer—air interfacg. angle of the refracted light
outside the sample. Fluorescence from the saittjglshed arrowis directed

onto a CCD camera. a molecule inside the polymer film is very much simplified.

We point out that the setup is also compatible with aqueous

methylmethacrylatad PMMA) in toluene (0.07% wj con- environment. In this cas@=48° results in zero reflectivity
taining 1 nM of the dye 1/dioctadecyl-3,3,33- for P-polarized light.

tetramethylindocarbocyanin@®il) onto standard glass cover . Sipgle—mo!ecule quoresgenpe is cqllected by the same
slips. Cover slips were cleaned by baking at 500 °C for 2 nobjective that is used for excitation and imaged onto a detec-

The refractive indices of PMMA is 1.48. Differences be- tor. APeItier-cpoled slow scan charge coupled dez€D)
tween the refractive index of PMMA and glass are negli-(PCO’ Kehlheim, Germanyvas used to record fluorescence

gible. Atomic force microscopy of the polymer films near aimages at a resolution of 300 nm and an integration time of

scratch revealed a smooth surface and a film thickness df S (S€€ Fig. 3 The use of intensified camera equipment or
about 30 nm. avalanche photo diodéat the expense of parallel recordjng

can reduce the integration time per image to 1 ms. The time
between images can be neglected because beam directions
and polarizations can be switched very fast by, e.g., electro-
We used a Nd:YAG-laser frequency doubled to 532 nmor acusto-optical means. As compared to other techniques
at an intensity of approximately 1 kW/énto excite a large which require defocusing or aberrations to resolve
number of single molecules in parallel by illumination of a orientation’~*°hhere the full signal-to-background ratio and
30-um-diam circular spot within the field of view of the the full diffraction-limited resolution can be exploited when
microscope. The optical path is sketched in Fig. 1. The laseimaging single molecules.
beam is expanded and collimated to a diameter of 8 mm. Its  Our approach is to extract the Cartesian components of
polarization is adjusted by means ok& plate. It is directed the absorption dipole from the variation of the fluorescence
onto a tiltable mirror in the focal plane of a lens with 700 rate of a single molecule when illuminated by different ex-
mm focal length. The lens focuses the beam into the backitation polarizations from different directions of incidence.
focal plane of an oil immersion microscope objective Maximum sensitivity is provided by using two orthogonal
(O)(Leica, 100<, NA 1.3). This results in a collimated beam planes of incidence, i.e., the-z andy—z planes. The labo-
exiting the objective, traveling through the sample and beingatory frame of reference is defined as sketched in Fig. 2. For
refracted at the polymer-air interface. Note that the opticathe theoretical analysis we define two additional frames of
path is adapted from objective-type total internal reflectionreference that are tilted around tiieaxis andx axis by an
fluorescence microscoff/(TIRFM). The angle of incidence angle of 90°-. The quantities in the two tilted coordinate
¢ of the beam onto the polymer—air interface can be adjustedystems are denoted by a prime and double prime, respec-
by means of its offset to the optical axis in the back focaltively. For the first direction of incidence, the beam in the
plane of the objective. Measurementdfs accomplished by glass(polymep travels towards positive values along tkle
measuring the angl®@ of the refracted light outside the axis. Three CCD images are recorded withp polarization
sample as indicated in Fig. 1. We chose an angle of incidencéE?), (2) s polarization €5), and(3) a polarization turned
¢ at which the reflection coefficient forgpolarized incom- away fromp polarization by 45° E3) (see Fig. 2 For the
ing beam vanishes: i.e=34.05°. The corresponding angle second direction of incidence, the beam travels towards posi-
0 is then 56°. Using this geometry the field at the position oftive values along thg"” axis. Two additional CCD images

B. Single-molecule wide-field microscopy
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are recorded with(4) s polarization ;) and with (5) a  ity. We take the sign in Eq2) to be positive. The unknown

polarization turned by 45°Hz) (see Fig. 2 sign in Eq.(3) is determined from the third exposure of the
same molecule. The integrated count rate of single-molecule
peaks in this exposure can be predicted from the previous

C. Theory and data analysis images:
12
The fluorescence count rate of a fluorophore far from By /2
saturation is given by R3_7|dz+1'34dy| : (4)
R=c|d-E(F)|%, (1)  The two possible choices of the sign in Eg) result in two

h . tant including the detecti fici dpossible values of the predicted intensity. With the correct
wherec 1S a constant including the detection eticiency an sign, Eq. (4) is satisfied when plugging in the measured

the absorption cross sectiod,is the unit vector along the /e for R,. This fully determines the projection of the
absorption dipole moment of the molecule, da(f) is the dipole moment in they’ —z’ plane.
electric field vector of the excitation beam at the position of  |n order to determine the remaining out-of-plane compo-
the molecule. nent, two additional exposurdd), (5) from the second di-

In earlier experiments it has been shown that the 2Drection of incidence are required. The dipole component re-
projection of a dipole in the plane perpendicular to the direcsulting from exposuré4) is given by
tion of incidence can be obtained with high precision by v W2N1/2
recording the fluorescence rate as function of the polarization dy=*[Ry/(1L3%E}")]' ®)
direction R=R, cos(a), where« is the angle between the The unknown sign ofi’ can be determined from the fifth
direction of polarization and the dipole projection &glisa  and all previous images. In analogy to Ed), the predicted

constant® Subsequent fitting can be used to determingd  count rate for the last exposure reads
to an integer multiple ofr. However, it is possible without 2

the nee_d of fitting the c&(Sa) characteristics to detgrmine the R5=—5|1.341Q+d’z’|2. (6)
2D projection of the dipole moment from a minimum of 2

three data points with sufficient accuracy. The benefit of thisrpo o tilted framegprime and double primeare related
reduction of data points is a dramatic increase of the timeby a product of two rotation matrices by the angle 9@° —

resolution. Generalization of our concept to three dimensiong;; ;nqg they andx axes. Therefore, the right-hand side of
requires the direction of incidence to be changed and tw%q_ (6) can be expressed in terms«,iif q’

o : y» andd; . Spe-
additional data points to be recorded.

From the first two exposures in the first direction of in-
cidence, the modulus of the dipole components inythez’ d;=cos¢ sin ¢d, — cosgd, +sir ¢d, ,
plane of the system can be determined from Eg.as

cifically, d; andd, are given by

1
/: _ /l+ ! .
d)=+(Ry/EDY @ b ging (Ot cosddy) @
, , With these relationsl] can be eliminated from Ed6) and
— 4+ 2\q1/2 z
dy =[Ro/(L34E;)T™ © the following condition can be derived to find the unknown
Here (and in the following R; is the peak-integrated sign in Eq.(5):
fluorescence count rate of any single-molecule peak in expo- "
surei and E{ is the incident electric fieldincluding the R5=75|(1.34+cos¢)d§2+d;—cos¢d)’,|2. @)

constant) at the position of the molecule in exposurdt is
important to note that the field inside the polymer is a super- Again, the two possible choices of the sign in E§)

position of the incoming and the reflected beam. Our choicgesyit in two possible values of the predicted intensity. With
of the angle of incidence$=34.05° ensures that for the correct sign, Eq(8) is satisfied.

p-polarized beams the Fresnel reflection coeffiéienan-
ishes. Thus, fop polarization[Eq. (2)], the field exciting the
molecules is identical to the incoming field. Feipolarized
field component$Eq. (3)] the reflection coefficient does no
vanish. Thus a standing-wave pattern appears in the polym
film and in the cover slip with equal intensity fringes parallel
to the interface. Thus, in principle, the excitation intensity
seen by a molecule depends on its distance to the interfac
However, for the chosen angle of incideneg, the fringe
spacing is as large as 02410n the scale of the thickness of
the polymer film &30 nm), the intensity can therefore be
taken constant, 1.34(0.03) times larger than the incident

field. This explains the appearance of the factor of 1i84
Eq. (3). I1l. RESULTS AND DISCUSSION

With these results, the componentsadh the laboratory

frame can be calculated. The resulting orientation vedtisr
t parallel to the absorption dipole moment and its length is
oportional to the absorption cross section of the molecule.
urthermore, the analytic expressions for the dipole compo-
nents[Egs. (2), (3), (5), and (7)] allow to calculate errors
ccording to simple error propagation. We want to point out
that recording further images from different directions of in-
cidence adds redundant information that can improve the ac-
curacy of the analysis. However, this is at the expense of a
reduced time resolution.

The sign of one of the componentsﬁbt:an be chosen at Figure 3 shows a typical series of five exposures of a
will because the dipole moment has no intrinsic directional-molecule excited by the fields; , E;, andEj from the first
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FIG. 4. Histogram ofd values found from images 1, 2, and 4. The distri-

bution shows three clear peaks assigned to single molecules, doubles, and
FIG. 3. Series of CCD images of a molecule for different polarizations andffiples. The inset shows the distribution of absolute errors obtained by error
directions of incidence as indicated by the subscript numbers of the fields iRfopagation from individual Gaussian fits.
Fig. 2. 1, 2, 3: first direction of incidence. 4, 5: second direction of inci-
dence.
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Occurrence

has no influence on the data since for each individual mol-
ecule the collection efficiency is constant for all of the five
exposures.
direction of incidencé(1), (2), (3)] and by the fields; and Once the Cartesian components of the dipole mordent
Eg from the second direction of inciden¢ed), (5)]. The 56 known they can be transformed into spherical coordi-
polgrlzann d|rect|pns are indicated in Fig. 2. This series fornates,d, ¢, andd, which are directly related to orientations.
a single molecule is taken from large images containing hungere d is proportional to the absorption cross sectignis

dreds of molecules. The intensities of the fluorescence peake azimuth angle counted from the positivexis and run-
varies from bright to dim in accordance with a fixed orien- ning from —180° to +180°, and® the out-of-plane angle

tation of the molecular absorption dipole during exposuresgounted from thex—y plane(see Fig. 2
The total number of photons emitted by a molecule during  ysing only the images 1, 2, and 4 the absolute value of

the CCD exposure time is determined by fitting two- ¢ ginole vectod can be extracted. A histogram of 60 ab-
dimensional Gaussians with fixed width to the peaks using ie valuedd| is shown in Fig. 4. Arbitrary units are used

the Levenberg—Marquart algorithm implemented IBDR 4 § (i) because here we are only interested in relative mag-
PRO (data-analysis software, Wavemetrics, Lake Oswegopit des and(ii) because reliable numbers for the collection

Oregon. The initial values for the peak positions are found efficiency and for the fluorescence quantum yield are diffi-
using the sum of images 1, 2, and 4 by applying an algorithmy,| to obtain. Nevertheless, we can estimate the most fre-
which neglects very weak peaks. The algorithm also employauem absorption cross section to be about@n®, which

a finite grid width which is slightly larger than the apparent s typical for the dye used. The histogram clearly shows three
spatial resolution. It is thus not possible to discriminate be‘peaks that we attribute to single molecules, pairs of mol-
tween peaks that are too close. Such multiple peaks are fittegbyles, and triples of molecules. As discussed above the oc-
by a single Gaussian with increased intensity. Fitting alsurrence of pairs and triples is caused (bythe fitting and
yields the local background at the position of a peak which iseak finding routine that has a certain grid width gifithe
proportional to the squared electric excitation fi¢kfter  |imited spatial resolution of the optical microscope. In clus-
subtraction of dark counts, data not showfrhe background ters, Dil molecules are treated as individuals since anti-
in the image may vary because of the Gaussian intensitjunching experiments on clusters show that Dil does not
profile of the incident beams and also because of interferencgggregate at these concentratiéh$herefore, individual di-
between the incoming and reflected beam. Accordingly, ipole moments add up, finally leading to the observed
the images witts polarization the background is larger by a multiple-peaked distribution. In the further analysis we only
factor of 1.34 as compared to the-polarized excitation. used spots that were contained in the first, the single-
The fitting procedure further provides an estimate for themolecule peak. We further excluded molecules from the
standard deviation of the fit parameters. We found averagenalysis that exhibit a relative error of the length of the di-
relative errors of 2% and 10% of the background and theole vectorAd/d larger than 20%. The error is calculated by
integrated intensity, respectively. They were used to computerror propagation using the errors obtained from the Gauss-
the errors for the components of the emission dipole by erroian fit. Large errors can occur as a result of time-dependent
propagation. A finite angle between the transition dipole mo-dynamical behavior in the fluorescence of single molecules.
ments for absorption and emission does not affect the analyAt this point it should be emphasized that the ability to select
sis and interpretation of the data, although different emissiolnly molecules with the desired behavior for further analysis
dipole orientations result in different collection efficiencies.is unique to single-molecule experiments and strongly im-
This is because an orientation-dependent pattern is emittgatoves the accuracy and reliability of the results.

and only a finite solid angle is collected. However, this effect =~ The actual assignment of orientations is done using Egs.
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tations of normalized dipole orienta-
tion vectors.(b) Histograms of dipole
orientation anglessolid line for ¢» and

7
N
=}

o

054

Occurrence
[9,]

r o5

-
[e2]
O] B

=

Ang

(@)

0.0
r 00

Occurrence
-—
N

05 8 dashed line ford). The inset in(b)
05 shows the distribution of errors for the
4 angles ¢ and 9 obtained by error
0 ) propagation from individual Gaussian
: I I [ R I i
o g, PRI 0 50 100 150 fts.
Angle (°)

(4) and (6). Since the data are not free of noise, we assumeiation of the orientational error is smaller than 2° for all
the correct sign 0(1; anddy, to be the one that best satisfies angles.
Egs.(4) and(6), respectively. If molecules bleach during the To summarize all the information obtained from a 3D-
experiment or show strong intensity fluctuations on a rel-OPTO image series we show the orientation and the position
evant time scale, these equations may be violated signifief 20 randomly selected Dil molecules in a 3D representa-
cantly for both signs. We therefore discard those moleculetion in Fig. 6. The double arrows symbolize the orientation
for which the left-hand side of Eq$4) or (6) is not within ~ of molecules at their position within the sample plane.
the 95% confidence interval of the right-hand side for either  Ideally, systems that are to be investigated with
sign chosen. After applying these selection criteria, 90 molthe present method should exhibit slow orientation motion
ecules were used to compute the distribution of orientationson the timescale necessary to acquire at least five images
We studied the effect of shot noise in the data on thg/~ down to 5 m$. This condition can be relaxed if some
result of our analysis using computer simulations. When aseomponents of orientational diffusion are very fdstg.,
suming a noise level similar to that present in our experimenwobbling in a congand can be averaged out. As is typical
tal data we obtained a value of 12% of the width of thefor single-molecule experiments, each set of exposures pro-
distribution of|d| divided by the peak positiofi.e., the rela-  vides a whole distribution of orientations. Thus it should be
tive width), much smaller than the first peak in Fig. 4. How- possible to measure time-averaged orientations in semi-
ever, this small width is in good agreement with the width ofordered systems like membranes and liquid crystals with
the distribution of errors obtained by error propagation fromgood accuracy.
individual Gaussian fits. We attribute the increased width in
the distribution of the measured data as compared to thp/, CONCLUSIONS
simulation to two additional sources of nois@! dynamic

variations of the local environment of the fluorophores and Ln dcor]:clgsilon we; halve qescribed and demons:]rated a
(i) fluctuating fluorescence emissighlinking) or absorp- metho O single-molecule microscopy, 3.D'OP.TO’ t a.t en-
tion (wobbling, flipping. The simulation also showed that ables direct observation of both three-dimensional orienta-

for a small number of molecules{(6%), having exception- tion and po;ition of single ﬂuorqphor'es yvithin the .sample
ally large intensity errors, the test equatigdsand (6) yield plane. This is accomplished by illumination from different
wrong signs for the Cartesian components and therefore

wrong orientations are assigned.

Using the spherical angle8 and ¢, the distribution of
orientations is visualized in Fig.(& by lines drawn through
the origin. The distribution is found to be compatible with an
isotropic distribution as expected for chromophores embed
ded in a polymer film. Histograms of the orientation angles
are shown in Fig. &). The distribution of decays towards
90°, again consistent with an isotropic distribution of mo-
lecular orientations. Mackliet al?° observed a similar dis-
tribution of ¥ for a smaller number of molecules using an
independent approach. There are some residual variations i
the distribution of the angle, which are due to the limited
number of molecules rather than due to a true anisotropy.

Again computer simulation were used to exclude pos-
sible artifacts introduced by the analysis. When starting with
an isotropic distribution of dipole orientations, after adding
noise, the algorithm outlined above recovers the identicagi. 6. 3D representation of the full informatidgarientation and position
isotropic set of orientations. We found that the standard deebtained in the experiment. Image are@®x 15um.
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