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Simultaneous Imaging of Individual Molecules Aligned Both Parallel and Perpendicular
to the Optic Axis
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(Received 14 May 1998)

We report the first room temperature observation of an emission pattern from a single fluorescent
molecule signifying that the emission dipole is aligned along the opticszd axis of a microscopic imaging
system. This technique takes advantage of thex, y, andz-polarized evanescent fields generated in total
internal reflection and the usually nettlesome aberrations commonly encountered when imaging biologi-
cal samples with high numerical aperture oil-immersion objectives. For bothz-oriented and transverse-
oriented individual molecules of the carbocyanine dye DiIC18 embedded in polymethyl-methacrylate
(PMMA), calculated images accurately model the main features of observed emission patterns.
[S0031-9007(98)07799-0]

PACS numbers: 42.30.–d, 33.15.Kr, 33.50.– j, 33.80.–b
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Complementary to ensemble studies that simultaneou
probe many molecules to reveal average properties, sing
molecule experiments have the potential to elucidate ho
each individual molecule interacts with its own surround
ings. In recent years, single-molecule optical experimen
have lent very useful insights into a wide variety of mo
lecular processes by enabling the direct observation a
analysis of normally obfuscated and heterogeneous m
lecular behavior [1–15]. In such studies, probing eac
molecule yields time averages instead of ensemble av
ages of behavior, thus enabling high-contrast observat
of fluctuating stochastic processes that are not synch
nized in ensemble measurements [7,8,16–21]. Thu
single-molecule studies provide information that, if th
experiments are well designed, can facilitate more detail
and precise interpretations in physics, chemistry, a
biology, than can ensemble experiments alone. In ma
instances, especially when relative orientations must
known, careful molecule-by-molecule measurements
three-dimensional molecular orientations can reveal ne
information on the environmental and intermolecular e
fects on observed molecular properties. In addition, sin
the efficiency of important processes such as energy tra
fer depends on relative orientations of donor and accep
molecules, the determination of molecular orientation h
been a focus of several recent investigations [22–2
While current single-molecule experiments can measu
orientations in thex-y plane, convenient techniques tha
fully utilize the three-dimensional orientational informa
tion from individual molecules have, to date, not bee
developed. Although such experiments have the poten
to resolve part of the orientational uncertainty in energ
transfer experiments, current single-molecule studies a
limited by the fact that they are unable to resolve emissio
dipole moment components along thez axis [15,22,25].
The uncertainty in the extent of molecular orientatio
parallel to the optic axis accounts for large sources
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error in single-molecule determinations of intermolecula
distances.

Several recent advances have measured the thr
dimensional orientations of molecules either with nea
field absorption methods or through detailed analysis a
interpretation of the molecular emission properties. Th
near-field method [4] was able to measure the orient
tion of theabsorptiondipole moment through knowledge
of the excitation electric field polarization but was un
able to directly resolve theemissiondipole orientation.
Three-dimensional determinations of emission dipole or
entations have been performed both by examining the
teration of emission properties due to alignment relativ
to a dielectric boundary [7,26] and by fitting greatly de
focused images of radiating molecules generated in
imaging system employing a low numerical aperture (NA
annular reflective objective [27,28]. While these tech
niques are useful, they require either thorough lifetim
measurements of each single molecule within a given co
focal image or reduction of signal to noise for all orienta
tions by defocusing images coupled with postacquisitio
least-squares fitting.

Here we present a novel single-molecule imagin
scheme which simultaneously enables in-focus imagin
of molecules oriented in thex-y plane and defocused
imaging of molecules oriented primarily along the opti
axis (z direction; see Fig. 1). This method has the poten
tial to directly image and simultaneously determine th
three-dimensional orientation of any highly fluorescen
molecule. The technique excites molecules with thex-,
y-, and z-polarized evanescent fields generated in tot
internal reflection (TIR) and collects emission in the pres
ence of aberrations commonly encountered when imagi
biological samples. Utilizing this technique, we show fo
the first time that molecules with emission dipole oriente
perpendicular to the optic axis (i.e., lying in thex-y plane)
are observed to be in focus, while molecules aligned alo
© 1998 The American Physical Society



VOLUME 81, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 14 DECEMBER 1998

ld
ty
s,

y
o-
tral

e

the
rn
ly
of

(c)
ure

er-
s,
ay
r-

t of
t.

s
lar
xis
e

he
ent
is.
t-
me.
the
FIG. 1. Experimental setup for simultaneous imaging ofx-y-
polarized emission (disk patterns) andz-polarized emission
(doughnut patterns). The evanescent field decays exponenti
from the reflecting sampleywater interface. The sample is
placed on the underside of the upper coverslip and fluoresce
is collected from the bottom. Aberrations are introduced up
imaging through a layer of water,twater , instead of completely
through immersion oil.

the optic axis exhibit out-of-focus emission which ha
a characteristic ring-shaped “doughnut” profile. Upo
incorporating the experimental conditions and aberratio
calculated intensity distributions reproduce the ma
features of observed emission patterns from highly flu
rescent individual carbocyanine dye, DiIC18, molecules
embedded in polymethyl-methacrylate (PMMA). Individ
ual DiIC18 molecules in PMMA were spun from a toluene
solution onto a glass coverslip according to publishe
procedures [26]. Figure 1 shows a schematic of t
experimental setup in which an inverted microscope
used to collect the emitted light. In order to generate t
necessary aberrations, a,10 mm thick layer of water
was placed between the coated upper coverslip and an
coated lower coverslip; TIR occurred at the PMMAywater
boundary at the upper coverslip, and the pumping las
radiation extends,150 nm into the water. As is well
known, one can adjust the relativex, y, andz components
of the TIR-generated evanescent field by adjusting t
angles of incidence and polarization [29,30].

In the images presented here,p-polarized continuous
wave laser excitation at 532 nm undergoing TIR produc
z- andx-polarized evanescent intensities in a 6:1 intens
ratio, respectively. S-polarized incident light, however,
produced purey-polarized excitation of the molecules
Molecular emission was imaged with a NA 1.4 oil-
immersion objective. A long-pass filter blocked any sca
tered pumping radiation, and the image was recorded w
a Princeton Instruments intensified PentaMax CCD ca
era. Single molecules observed under these excitation c
ditions showed a distribution of spots and rings in th
image resulting from in-focus and out-of-focus emissio
Below we show that molecules oriented in thex-y plane
yield in-focus spots, while those aligned along the opt
axis exhibit large aberrations and appear out of focus. F
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example, in Fig. 2(a) with two molecules in the same fie
of view, one (upper left) yields a standard Airy intensi
pattern while the other (lower right) is clearly out of focu
exhibiting a doughnut mode indicative ofz-polarized emis-
sion. However,s-polarized excitation produced a purel
y-polarized evanescent field and yielded only in-focus flu
rescence signals, i.e., simple localized spots with no cen
minimum. Figure 2(b) shows another frame of the sam
region as Fig. 2(a), in which the previouslyz-oriented
molecule has rotated to an orientation perpendicular to
optic axis—no central minimum in the emission patte
is observed. This motion occurred during the relative
long (0.5 sec) observation time, leading to the departure
the emission pattern from calculated values. Figure 2
shows examples of the ring-shaped doughnut struct
observed for ten otherz-oriented single molecules. Very
sensitive to exact thicknesses of the water and cov
slip layers and to rotational motion of the fluorophore
observed emission pattern asymmetries [Fig. 2(c)] m
potentially provide more detailed three-dimensional info
mation than that elucidated here.

To analyze these images, we first consider the effec
the optical system on an isotropic point source of ligh

FIG. 2. Images of the emission from single DiI molecule
embedded in PMMA. (a) Simultaneous imaging of molecu
emission dipoles oriented perpendicular to the optic a
(upper left) and along the optic axis (lower right). Thes
same molecules in (b) show some rotational mobility at t
polymer surface as the lower molecule is seen to reori
from being parallel to being perpendicular to the optic ax
(c) Many different single molecules exhibit this doughnu
shaped emission pattern when observed in this imaging sche
All images are 0.5 sec exposures and are presented with
same gray scale. The scale bar in (a) corresponds to1 mm in
the object plane.
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Because of the difference in the refractive index betwe
oil and water, imaging samples through a layer of wat
with high NA oil-immersion objectives leads to an angle
dependent difference in optical path lengths. This resu
in the fact that light emanating from the same point sour
will exhibit a back-focal-plane distance that is collection
angle dependent. Such path length differences give rise
interference at the limiting aperture and produce a resulti
intensity distribution that differs significantly from that o
the standard Airy point spread function. Upon imagin
through a layer of water instead of completely throug
immersion oil, the optical path difference (opd) as
function of normalized aperture,r (r  ryrmax, wherer
is the radius), is given by [31]

opdsrd  2 noiltwater

vuut1 2

√
NA
noil

r

!2

1 nwater twater

vuut1 2

√
NA

nwater
r

!2

(1)

in which twater is the thickness of the water layer, andnoil
and nwater are the indices of refraction of the immersio
oil and water, respectively (see Fig. 1). The net effect
such aberrations is that light collected at large angles is
of focus relative to that collected at small angles.

Single-molecule studies can exploit these aberratio
since a molecular dipole oriented in thex-y plane emits
at much shallower angles than does a molecule with em
sion dipole oriented along the optic axis. In order to mod
the observed images in Fig. 2, we calculated the dipole
diation pattern of molecules at a dielectric boundary a
cording to the methods of Hellen and Axelrod [32] an
propagated this radiation through the layer of water a
then through an optical system with NA of 1.4. By prop
erly incorporating our experimental parameters includin
total magnifications4003d, ,25 mm CCD pixel size, and
the angle-dependent optical path difference into the calc
lation of the expected diffraction-limited emission patter
we can generate expected single-molecule intensity dis
butions,Isx, y, zd, as a function of detector position and
aberration from the Kirchhoff integral [29,31]

Isx, y, zd 
I0su, fd

z2

É Z 1

0
J0

√
kar

p
x2 1 y2

z

!

3 expf2ik opdsrdgr dr

É2
(2)

in which x, y, andz give the detector position,I0su, fd
is the intensity distribution in Cartesian coordinates of
dipole oriented with polar angleu and azimuthal angle
f with respect to the interface normal,a is the limiting
aperture projected on the back image plane of the objecti
andk  2pyl is the wave vector magnitude.

Calculations of the intensity distribution,Isx, y, zd, at
each point on the detector with zero and nonzero optic
path differences from Eq. (1) yield unaberrated and ab
5324
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rated images, respectively. We first consider a Gaus
ian point source imaged through10 mm of water with a
1.4 NA oil-immersion objective. Figures 3(a) and 3(b
show the calculated point spread functions of unaberrat
and aberrated point sources, respectively. When aber
tions are included, the point spread function consists of
large spot in the focal plane with a maximum intensity i
the center.

Turning now to the single-molecule emitter, calculate
intensity distributions from Eq. (2) for dipoles imaged
through water, oriented perpendicular and parallel to th
optic axis are presented in Figs. 3(c) and 3(d), respe
tively. When aberrations are ignored, calculated molec
lar intensity distributions yield images indistinguishabl
from that presented in Fig. 3(a), independent of molecul
orientation. In contrast, to unaberrated images, aberratio
introduced by imaging through10 mm of water, instead
of through an equivalent thickness of immersion oil, pro
duce intensity distributions that change significantly wit
dipolar orientation. Fluorescence signals from molecu
lar dipoles oriented in thex-y plane [Fig. 3(c)] appear
as slightly broadened Airy disks, whilez-oriented dipoles
[Fig. 3(d)] appear as bright rings with dark centers. Th
width of these rings is larger than the diffraction limit and
is readily observed when imaged on a CCD.

These calculations which predict the simultaneou
measurement of in- and out-of-focus molecules confir
that such aberrations enablez-polarized emission to be
observed. Coupled with the fact that excitation with
s-polarization produces only disks whilep-polarized

FIG. 3. Calculated intensity distributions. Isotropic Gaussia
point source (a) imaged with no aberrations and (b) image
through 10 mm of water with a 1.4 NA in the object plane.
Molecules oriented (c) perpendicular to the optic axis (in th
x-y plane withu  90±, f  0±), and (d) parallel to the optic
axis (u  0±, f  0±), when imaged through10 mm water
with a 1.4 NA oil-immersion objective.
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excitation produces both disks and ring patterns, o
results clearly indicate that we are directly visualizin
single molecules oriented both perpendicular to as w
as along the optic axis. By periodically rotating th
laser polarization and analyzing the emission patterns
imaged molecules [22,24], one should be able to furth
develop these methods to accurately determine the thr
dimensional orientations of single molecules at roo
temperature.

Since the aberrations analyzed in this paper can le
to greatly reduced collection efficiencies when imagin
through thick layers of water with high NA objectives, cal
culation of the correct intensity distributions are particu
larly important for single-molecule biophysical studies
If properly utilized, however, these aberrations can si
nificantly increase the information obtainable from a give
experiment. Recently, polarization-dependent singl
molecule techniques have been explored with the go
of understanding individual protein and oligonucleotid
behaviors [22,24]. Bulk studies employing fluorescenc
resonant energy transfer (FRET) are commonly us
to probe a wide array of biological processes, but wi
limiting assumptions about relative chromophore orient
tions. Such assumptions are less important when utilizi
single-molecule FRET techniques [25]; however, it is sti
necessary to quantify the molecular orientations if distan
information is required. In order to conveniently obtai
new, relevant information on chromophore orientation
we have employed TIR and image aberrations produc
by operation under nonideal conditions, commonly e
countered in the study of biological samples. This stud
provides the first specific experimental results showin
how to simultaneously distinguish individual molecule
aligned perpendicular to the optic axis from those aligne
parallel to the optic axis. Further control of experimenta
parameters should enable full quantitative determinatio
of molecular orientations from the shapes of the molecul
emission patterns.
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