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It is shown that in contrast to a traditional fluorescence spectroscopy with the parallel beams of light, in
which the kinetic fluorescence decays are collected at the so-called magic-angig, of 54.7, in the

fluorescence microscopy, the value of the magic-angle depends on the numerical aperture (NA) of a microscope

objective and on the refractive index) ©f an immersion liquid used. Two methods enabling the determination
of the magic-angle values corresponding to different values oinNave discussed. It is shown th@t.g
changes from a value of 54.4at the NAh — 0, to a value of 45 with NA/n — 1. Also in contrast to a
traditional fluorescence spectroscopy, in the fluorescence microscopy thi(tgrn2lg (t) does not represent
the total fluorescence intensiky(t), because the resulting fluorescence ddgay+ 2l (t) is contributed by

the dynamic evolution of excited fluorophores. A correctly defined total fluorescence intensity solely represents
the kinetic evolution of excited fluorophores, and in the fluorescence microscopy it dgils= 3lmadt),
wherelnadt) represents the fluorescence intensity detectethgtcorresponding to a particular Nalue.

If the correct (true) decay dfi«(t) is substituted into the denominator in the expression for the emission
anisotropyr(t), r(t) is a (multi)exponential function of time and it accounts for the high-aperture excitation-
detection conditions.

Fluorescence lifetime imaging (FLIM), single-molecule FLIM  complicated instruments, without the necessity of derivation of
(smFLIM), Faster resonance energy transfer (FRET), single- the explicit expressions for polarized fluorescence decays
pair FRET (spFRET), emission anisotropy imaging (EAIM), corresponding to a particular experimental case of interest.
and single-molecule EAIM (smEAIM), are the spectroscopic ~ The MPP-based description of the fluorescence polarization
techniques playing a key role in the fluorescence microscopy microscopy is given by very simple mathematical formulas that
studies in many areas of medical and life sciences, and also inenable one to immediately display all basic properties of this
the field of nano(bio)technology. These examples of the very spectroscopic technique. We have employed this description to
advanced applications of the fluorescence microscopy indicateexamine: (@) the properties of the total fluorescence dggay
that possibly most accurate description of this experimental (t, ag), defined traditionally by
technique is very desired to ensure a realiable and very precise
analysis of the time-resolved and steady-state-excitation fluo- loitog) = 1 (ta) + 21(t,a) 1)
rescence microspectroscopy experimental data.

In our very recent articlewe have discussed three treatments (b) the properties of the magic-angle-detected fluorescence decay
of the fluorescence microscopy. First, we introduced a descrip- Imadt.0to), detected traditionally at the so-called magic-angle
tion of this technique, in which the high-aperture excitation and 54.7 (and which holds the equalitifo(t,o)) = 3lmadt,0)?),
detection processes are both considered in terms of the method@nd (c) the properties of the emission anisotropy de¢eyo)
based on the meridional plane properties (MPP) of the objective defined traditionally by
lenses:® Second, we proposed an approach which combines
the high-aperture excitation treated within the diffraction _ litag) — 15(tog)  Ty(tog) — I5(tog)
theory2~° with the high-aperture detection considered within lor(t,00) 3l madti0lo)
the MPP-based method. Both descriptions lead to identical
formulas with differently defined coefficients representing the |n the above equations, is the cone half-angle of an
high-aperture excitation process. Third, by combining the microscope objective angy = arcsin(NAh), where NA is the
reference fluorophore methbdvith the general (symmetry  numerical aperture of the objective amis the refractive index
adapted) description of the fluorescence polarization spectros-of an immersion liquid.
copy of macroscopically isotropic molecular me#iag outlined The decayslit,00), Imadt,to), and r(t,oo), defined as
a calibration method enabling the analysis of all (far-field) mentioned before, are commonly used in the literature in the
fluorescence polarization experiments performed on arbitrarily fluorescence microscopy studies in all of the above-mentioned
applications. Furthermore, by a correspondence to traditional
T E-mail: jifisz@phys.uni.torun.pl. fluorescence spectroscoplys(t,a0) and Imadt,a0) are usually
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assumed to solely represent the kinetic fluorescence decay, i.e.with the parallel beams of the exciting light and collected

lot(t,a0) = li(t,00) + 2l (t,00) = 3lmadt,00) ~ Pht), andr(t,o) fluorescence (egs 1 and 2), do not apply to fluorescence
is usually assumed to be a (multi)exponential function of time, microscopy, and to the fluorescence spectroscopy with the
i.e., r(tag) = 0.AMMt). Here Phi) represents the kinetic  objective lenses, in general.

fluorescence decay and/t) means the rotational diffusion In addition to what has been outlined and discussed in our
correlation function. However, as was shown in ref 1, when very recent articlé,we here want to demonstrate a treatment

the high-aperture excitation-detection conditions are taken into to the problem of the magic-angle-detected and total fluores-

account, the explicit expressions figyi(t,o.0) andImadt,a0) are cence decays for the fluorescence microscopy, in which, first,
described by Imadt,0t0) and li(t,a0) will exhibit the before mentioned
properties, and second, when correctly defined déggi o)

Loi(t,0t) = 1(t,000) + 2l (L) = is substituted into the denominator of eq 2, the decay of the

3lmadti0to) ~ Pht) + cio(og) WIE) Ph(t) (3) gmission anisotropy(t,ao) will exhibit a correct time depen-
ence.

and which evidently demonstrates that neitheg(t, o) nor Iy- The intensity of polarized fluorescence decay detected at an

(t,00) + 21:(t,a0) solely represent the kinetic fluorescence decays arbitrary angle of polarization directiofi”’ can be described

because of a clear contribution of the kinetic-dynamic tev(t) by a general (symmetry adapted) formula (6)

Ph¢), The contribution o(t) Ph{) depends on the value of

the coefficientciooto) = Ys(Ro(cto) Qo(cto) — Re(0tc) Qalcto)) I(t,a0,0{”) ~ Pht) + K(oo,0”) W) Ph) (6

The coefficientsRy(og) and Qp(aw) describe the effects of the

high-aperture excitation and detection, respectively, and they (see ref 1 for details), where the factofoo,6(”), describing
are given explicitly in ref 1. Furthermore, as a natural the contribution of the kinetic-dynamic teiit) Ph¢), depends
consequence of eq 3, at the high-aperture excitation and/oron the cone half-angle, and on the detection ang(éo). The
detection, the emission anisotropft,a) defined by eq 2, is  magic-angle condition, which means from the physical point

described by of view that the detected fluorescence decay solely depends on
Ry(0) Qu(0e) WD the photophysical decayhR), implies a mathematical condition
0, [s8 ;
(o) = 0.4 2\Up) WolUo ) given by

1+ Ctg) WY o
K(ep6”) =0 (7)

and which is a nonexponential function of time. Denoting by

rp(t) = 0.4M(t) the emission anisotropy that would be obtained The value of angl@§°) that fulfills this condition represents the

from a traditional experiment with the parallel beams of light, magic-angle vam@ﬁ%ag corresponding to a particular value of

eq 4 and the corresponding expression for a steady-stateg, = arcsin(NAh). This means that in contrast to a traditional
excitation can be written as fluorescence spectroscopy, in the fluorescence microscopy there
B exist a “spectrum” of the magic angles, each corresponding to
f(tog) = C(ag) ry(t) Fag) = c(ag)fy a particular value of the ratio NA/ ranging from a value of
o 14+ 5/2Ct0t(a0) I’p(t) 0 14 5/2Ct0t(a0)rp NA/n— 0 tQ a value of NAh — 1. N
(5) For any fixed value of NAd, condition 7 can be explored

experimentally by employing a reference fluorophore in a
wherec,(a) = Ro(at) Qo(ato) is the high-aperture excitation- ~ Solution phase of known decay parameters of its photophysics
detection proportionality coefficient for the emission anisotropy. Ph(t). By performing a few microscopic measurements on the
As was mentioned already in ref 1, the contribution of the reference fluorophore, at differesf”, one can establish the
kinetic-dynamic term to the evolution of total fluorescence value of 9§°’ at which the analysis of the collected fluores-

,ma
intensity decay was encountered earlier by Axélréor a cence decay?t,ao,ef(%ag) returns the decay parameters ofPh
parallel-beam excitation and high-aperture detection experi- (t). This method is purely empirical and it compensates for the
mental conditions. possible experimental artifacts (e.g., a dichroic-mirror-induced
Although from the mathematical point of view eqs-S3 modification of the polarization direction of the fluorescence
correctly describe the time evolution of the dechyft,a), Imag detected, in the case of the fluorescence microscope depicted

(t,00), andr(t,a) at the high-aperture excitation and/or detection in Scheme 1a).

(when they are calculated according to egs 1 and 2), from the The magic-angle-condition 7 can also be considered within

physical point of view these equations do not display the the MPP-based description of the fluorescence microstdpy.

properties thati(t,co), Imadt,0to), andr(t,o) should exhibit  explicit expression foK(a,6{”) can be found from

according to their definitions; namely, (&){(t.0.0) and 3mag

(t,a0) mean the overall fluorescence intensity and, hence,should 1,00 ) = 1 (t,a,) cos 6 + 1 (t,o) sin’ 6 (8)
o 100, ma TCI f oL f

solely represent the kinetic decay of fluorescence, and (b) the

denominator in eq 4 should not be dependent on rotational after taking into account the explicit expressionslfgrog) and

dynamics of photoselected fluorophores beca(seao) repre- I(t,00) given by eqs 56 and 57 of ref 1. Finally, the explicit
sents the anisotropy of emitted fluorescence normalized with o of K (ot 9§0)) is given by

respect to the fluorescence signal proportional to the number

density of all fluorophores emiting the fluorescence. Further- on_ 1 ©0)
more, from the experimental point of view, eq 3 suggests that K(o:07) = §(3R2(o.0) Qx(0g) cos Dy~ + Ry(ag) Qp(0t))

the photophysical properties of fluorophores cannot be deter- 9)
mined without considering their rotational dynamics. It is clear, o o o
therefore, that the definitions tfadt,00), lwot(t,0to), andr(t,a), and which is a simplified form of the same factor standing in

taken directly from the traditional fluorescence spectroscopy eq 63 of ref 1. The magic-angle-condition 7 ftil(ao,6§°)),
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SCHEME 1: (a) Wide-Field and Confocal Fluorescence detection (VHA), that is when NAV— 1. At this limit 6©°)__is

Microscope and_(b) Evanescent-Wave-Excitation close to a value of 45and hence, eq 8 gives a decayd;g sa A
Fluorescence Microscope ®) = Livea(®) + lgvua(t) ~ Ph), describing theYoZo-plane-
(a) unpolarized fluorescence decay, as was discussed in ref 1. The
_ [(t,00,6”) same result can be obtained after integrating eq 8 &{f&r
fop wicwe) Zy A namel.ylunp,VHA(t) = f(Z):[ |(t,0.0:6§0)) 'd¢9§0)'~ III,VHA(t) + ID’VHA-
(ﬁ: (t). This means that, if the dichroic mirror being placed in the

detection channel of a microscope does not modify polarization
of the fluorescence detected, the kinetic fluorescence decay can
be detected at the VHA conditions without applying of any

Analyzer

-------- Laboratory
Laser | Space analyzer.
Analyzer Dichroic - When the denominator in eq 2 is represented by the true total
mirror light fluorescence decay,
_ 0y _
Objective« lor(ti0tg) = 3 (t!aO'eg,n)wag) = 3C Ph() (11)
Focal
_ } space whereC is a constant, the time evolution df,op) is a (multi)-
= . exponential function of time, as shown in
o YD
I(t,00,0°) — I(t,0,,9C°
A g = (000~ 166090)
(b) ( {0}) 3l (t!aO'Gf,ma
I(t,00,6 0.4R,(0) Qo) W(E) (12
(top view) Za., J 4R (o) Q) WAT) (12)
o
I Yo whereI(t,00,0°) and I(t,00,90°) are taken from ref 1 (eqs 56
Xo

and 57 therein) or, equivalently, they are calculated from eqs 6
and 9. Equation 12 leads to very important (from the experi-
mental point of view) and very simple mathematical relation-
ships between(t,o) and its steady-state val@éag), on one
hand, and the corresponding emission anisotropiéy =

0.40M(t) andTp, = 0.4W PhPh that would be obtained from the

Laboratory
space

.E;’;’gg traditional experiments with the parallel beams of light, on the
other hand, given by
r(tog) = c(ag)ry(t) F(ag) =c (o,  (13)

Notice that when the total fluorescence intensity is represented
by the correctly detected decay, the relationship betwégm)
andry(t) is linear, in contrast to a strongly nonlinear one given

given by the above expression, leads to by eq 5. In Figure 1d we show the plots @{ao) for the case

1 Ry(0tg) Qolaty) of a wide-field and confocal fluorescence microscopy (solid

o _ o\**o . o -

Ot mag = > arcco$— — ——— (10) line), and for evanescent-wave-excitation fluorescence micros-
3Ry(atg) Qz(cto) copy (dashed line).

which describes the dependence of the magic-angle-value The symmetry adapted formula 6 together with the magic-

© . angle-condition 7 and with the application of the reference
Otmag ON the cone half-angleo. In Figure 1a,b we show the  ,qr00h0re method represents a general treatment to the

plots of K(ao,0{”), for the fixed values ofx = 0°, 20°, 4C%, problem of correctly defined total fluorescence intensity decay
55°, and 70, for the wide-field and confocal fluorescence loi(t,0t0) given by eq 11ly(t,00), when substituted into the
microscopy (Figure 1a) and for the evanescent-wave-excitation genominator of eq 2, leads to an expression for the emission
fluorescence microscopy (FIQ.Ufe _1b)- anisotropy that displays the desired time evolution. This
Scheme 1a represents a wide-field or confocal fluorescencetreatment concerns a general case of the fluorescence polariza-
microscope, in which the high-aperture excitation and detection tjon experiments (e.g., with spherical or cylindrical objective
are combined, i.e.Ry(ao) < 1 andQu(ao) < 1. Scheme 1b  |enses) on arbitrary macroscopically isotropic samples (solutions,
shows an evanescent-wave-excitation fluorescence microscopegg|ytions of labeled macromolecules or membrane vesicles
which refers to a parallel-beam-excitation and high-aperture- syspension). Fluorescence polarization microscopy or traditional
detection case; hend®(aw) = 1 andQy(aw) < 1 (seeref 1for  fyorescence polarization experiments are just two of the possible
details). In both cases of Scheme 1, the exciting light is polarized ~35es. When considering the explicit description of the fluo-
along theZ, axis and the analyzer selects the desired polarization rescence microscopy in terms of the MPP-based model, from
direction (i.e., a particular angl%fo)) of the fluorescence signal  the magic-angle-condition 7 we have obtained the explicit
I(t,00,6{”). The plots shown in Figure 1a,b display an evident expression describing the dependenced(,, on the cone

variation of the magic-angle val %agwith the change of. half-angleao = arcsin(NAh). The fluorescence decays detected
Figure 1c demonstrates the dependenc@fﬁgg on o, defined at G%ag represent the kinetic decay of fluorescence, and they
by eq 10. As seen from Figure (%ag changes from avalue  have to be substituted into the denominator of the emission
of 54.7 at NA/n — 0, to a value of 45with NA/n — 1. Very anisotropy. In the zero-aperture limiting case, i.e., wheniNA/

interesting is the case of very-high-aperture excitation and — 0 (henceoy — 0 andef(%ag—> 54.7), the expressions for
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Figure 1. Plots ofK(ao,6§°)), for ap=0° (—), 20° (— —), 40° (-=-), 55° (-+=+-), 70° (---+), for (a) a wide-field and confocal fluorescence microscopy

and (b) an evanescent-wave-excitation microscopy. (c) Dependeﬂéf,éagf/ersusao. (d) Plots ofc;(a) for a wide-field and confocal fluorescence
microscope (solid line) and for an evanescent-wave-excitation fluorescence microscope (dashed line).

lot(t,a0) and r(t,a0) become equivalent with the well-known  fluorophore (NAh = 0.884; henceny = 62°) they obtained

corresponding onesiy(t) andry(t), describing the traditional  r(t=0,a0) = 0.25 (according to Figure 5b of ref 7). It is also

fluorescence polarization experiments. Only in this very par- important to mention the case of macroscopic and microscopic

ticular case does the equaliiyt) + 2I+(t) = 3lmadt) hold. It is picosecond fluorescence polarization measurements for the

clear, therefore, why the traditionally definggl(t) andry(t) do fluorophorep-terphenyl in a solution phase, reported in ref 6,

not apply to the fluorescence polarization microscopy. Simply, and which demonstrate that the macroscopic value of emission

the resulting decaj(t) + 2l(t) and magic-angle 54°to not anisotropyry(t=0) =~ 0.4 is reduced to a value oft=0,a0) =

define the general conditions for the total fluorescence intensity 0.26, obtained from the microscopic measurements anNA/

decay in this technique. 0.856 (henceyy = 59°). All these observations are in excellent
In principle, what has been discussed and described theoreti-agreement with the values oft=0,00) shown in Figure 3b of

cally in our recent articlé, was demonstarted much earlier our work! It is very likely, therefore, that the MPP-based

experimentally in the excellent work by Keating and Werisel. method represents enough accurate description of the fluores-

This paper was unknown to us when submitting the manuscript cence microscopy technique.
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