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Fluorescence depolarization in a scattering medium: Effect of size parameter of a scatterer
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For a monodisperse scattering medium, we investigate the dependence on scatterer size parameter for the
change in anisotropy of fluorescence due to single scattering at excitation or emission wavelength. The value
for the ratio of the anisotropy of fluorescence after one scattering at excitation or emission wavelength to the
initial value was observed to increase with increasing value of scatterer size parameter. The effect of multiple
scattering on anisotropy of fluorescence from fluorophores embedded in a scattering medium was incorporated
using a photon migration model. The model was validated by experiments carried out on samples with known
concentration of polystyrene microspheres as scatterers and riboflavins or reduced form of nicotinamide ad-
enine dinucleotide as fluorophores.
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[. INTRODUCTION tion of polystyrene microspheres as scatterers and NADH
(nicotinamide adenine dinucleotider riboflavins as fluoro-

It is well known that even when excited by polarized phores are in reasonable agreement with the theory.
light, the emission from fluorophores gets depolarized due to
several processes such as the random orientation and rota- Il. THEORY
tional diffusion of fluorophores and the ra_diationle_ss energy A. Depolarization produced by single scattering
transfer among fluorophor¢g]. In a scattering medium, de- . . o
polarization can also occur due to multiple scattering of botn  We first develop a theoretical treatment for depolarization
the excitation and emission light. In the limit of Rayleigh of f_Iuorescence by single scattering of the excitation _Ilght for
scattering it has been shown earljéf that after each scat- typical L-format measurement geometry shown in Fig. 1.
tering event at excitation or emission wavelength fluores- EXCitation light polarized along direction and propagat-
cence anisotropy reduces to 0.7 times its initial value. Howind along Z direction is scattered by a spherical scatterer
ever, to the best of our knowledge, the dependence of theituated aO. The scatFered light excites quorophor_e located
reduction in anisotropy of fluorescence after single scatteringt P(r.6,¢) [where ¢ is the scattering angle and is the
at excitation or emission wavelength on size of the scatterefzimuth angl¢ A laboratory polarizer kept alon¥-Z plane
has not been addressed. There do exist some studies on pfea L-format detection geometry detects fluorescence inten-
effect of concentration and size of the scatterer on the degreiities!x andlz, respectively, as polarization parallé) and
of depolarization of elastically scattered ligig—8]. These Perpendicular () to incident polarization of the excitation
studies reveal that with an increase in the value of size pdight. In terms of these measurements the observed polariza-
rameter of scattereix=2maN/\, wherea is the radius of tion (P") and anisotropyA") of fluorescence is given by
scatterer\ the wavelength andll the ratio of the refractive P = (1= 1 )/(1,+1,) &
index of the scatterer to the surrounding mediuthe char- L
acteristic length of depolarization of linearly polarized light gngd
increases .sigr)ificantly. It therefore follows that t'he value of A =(1,—1)I(1+21,). )
the reduction in fluorescence anisotropy after single scatter-
ing event should also depend on the size parameter of sca doi‘r’:m]“‘m
terer. Fluorophore

We report here a theoretical treatment for the dependenci Y molecule
of the change in anisotropy of fluorescence after single scat O P
tering at excitation or emission wavelength on the scatterel
size parameter. For a monodisperse scattering medium, th
value of the parameter,, defined as the ratio of fluores-
cence anisotropy after single scattering to the initial anisot-
ropy, was observed to vary from 0.65 to 0.85 for a variation
in scatterer size parameter ok < 20. .

For evaluating anisotropy of fluorescence from a Scatter- e <
ing medium the effect of multiple scattering was incorpo- alongX
rated using a photon migration model. The results of the
experiments carried out on samples with known concentra- X

o
>
\A

Scatterer
6

FIG. 1. Basic geometry for fluorescence anisotropy measure-
*Email address: pkgupta@cat.ernet.in ment.
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For the sake of simplicity, let us ignore intrinsic causes of|, =E,E,* = (1/47)[ Po( 0)cog( 0)cos(¢) + P,(6)sint(¢)
depolarization and assume that fluorophore emits light with _

same polarization as that of the excitation light. In this ap-  +2{P2(8)P1(6)}">cog 6)sir?( $)cos(¢)]
proximation the observed values Bf andA’ can be deter- x (a2Q./k?r2)|

mined by working out the components of the scattered inten- S X

sity reaching the fluorophore along, Y, and Z direction. . .

Since the emitted fluorescence in such case will have same |v=EvEy* =(1/4m)[P,(6)cos’(6)sin’(¢)cos (¢)

polarization as that of the scattered light, the observed an- +P4(6)Sir?( ) coZ( b)
isotropy of fluorescence viewed through the laboratory po-
larizer kept alongX-Z plane will thus be —2{P,(0)P1(6)}*2cog 0)sir?( ¢)coS ()
A =(Ix—1)/(Ix+215). (3) X (ma*Qs/k?r?)lox
For spherical scatterer, the intensity componégtsly, and | ,=E,E,* =(1/4m)[ Po( 6)sir(8)cos(¢)]
I, can be worked out using single scattering calculations ) 5 5
based on Mie theorj9]. For this the incident electric field X(maQs/kr%)lox, @)

vector Epx) at pointO was resolved into componeris, _ _
and Eqy parallel and perpendicular to the scattering planevhereP,(6) andP,(#6) are the scattering phase functions of

(plane defined by the wave vector of incident and scatteregcattered light polarized parallel and perpendicular to the
light), respectively, scattering plane for a spherical scatterer of raditend of

scattering efficiencys,
Eox' =Eox COS¢
S1(0)|?=[P1(6)/4m](ra*Qs)
and
and
Eov'=—Eoxsing, 4
2_ 2
whereEyx X is the incident electric field vector ar is the [S2(0)|*=[P2(6)/4m](7aQy), ®
direction of the scattered ray.
The amplitudes of the electric fields polarized parallel an
perpendicular to scattering planeR{r, 8,¢) can be written

Olox is the incident intensity.
The total scattered intensities can be obtained by sum-
ming up the contributions foé varying between 0 ter, and

as ¢ varying between 0 to 2 as
Ey =Sy(0){exp(—ikr+ikz)/ikr}Eqxs
tot_ ;
and Ix f f'xSln(ﬁ)dé’ddh
Ey =Si(0){exp —ikr+ikz)/ikr}Eqyr, (5)
whereS,(6) andS;(6) are the scattering amplitudes and can |Yt°t*f f lysin(6)dodg,

be computed using Mie theory for a spherical scatterer. The
amplitudes of the scattered fields in the laboratory coordinatgmd
(Ex, Ey, andEy) can be obtained in terms &y, andEy .

This can be conveniently done by two successive Euler ro-
tation of coordinate system. The coordinat¥s$,{’,Z’) after |zt°t“f f I,sin(#)dodde. 9
scattering can be related ¢X,Y,2 of the laboratory coordi-

nate by first rotatindX,Y) anticlockwise at an angle about

Zto reach a new coordinate systed('(Y',Z) and then once Since a laboratory polarizer kept ¥+Z plane will view | '

again rotating X”,Z) anticlockwise at an anglé abouty’. @S intensity paraliel and,® as intensity perpendicular to
The amplitudes of the scattered electric field vectds, incident polarization, the observed fluorescence anisotropy
E,, andE,) can thus be obtained as for fluorophores without any intrinsic depolarization will be
Ey=C0g 0)Co< ¢)Ex: — Sin( ¢)Ey. + sin( )cog ¢)Ey A= (1= 1211 2179, (10
Ey=cog 60)sin(¢)Ex: +cog ¢)Ey, +sin(§)sin(p)Ez , In the above treatment intrinsic causes of depolarization
were neglected and the fluorophore was assumed to emit
E,=—sin(0)Ey +cog 0)E,, . (6) light of same polarization as that of the scattered excitation

light. For fluorophore with an intrinsic polarizatioR [or
Here,EZ =0, since there will be no component of electric anisotropyA,=2P/(3—P)], same analysis leads to the fol-
field along the direction of scattered ray. The correspondindowing expression for total detected intensities parallel and
intensity components are perpendicular to incident polarization:
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FLUORESCENCE DEPOLARIZATION IN A SCATTERING . ..

1xP5=1%05= (14 P) 1"+ (1 P) 1,4+ (1 P)1 ',
[ OPS=1, °P5= (14 P)1 4 (1= P)1 ;% (1 P)1 ",

1,°05= 1, OPS=(1+P)1,°4 (1—P) Iy (1 P)1.
(12)

The value for anisotropy can then be calculated as

A= (175122097 (1°75+ 2179, (12

Single scattering at fluorescence emission depolarizes

PHYSICAL REVIEW E5 026608

an analytical relationship between the bulk fluorescence from
fluorophores embedded in a scattering medium and the in-
trinsic fluorescence. It was shown that the bulk fluorescence
is given by[11]

o n—-1
F(xx,w:n; fn<g>[ mzo am(\)[1—-a(\y)]

X(b(Kx,km)a”_m_l(km)], 17

light in the same manner as that of single scattering at exciwherea(\,) anda(\,,), the scattering albedos at excitation

tation wavelength. Proceeding in a similar way, it can beand emission wavelengths, are given by
easily shown that the expression for observed fluorescence

anisotropy due to single scattering at fluorescence emission

wavelength is identical to Eq12).

B. Depolarization of fluorescence in Rayleigh approximation

a(\y)= [MSX/(MSX+ Max)]

and

a(\p) = [Msm/(ﬂsm+ﬂam)]a

The theory developed in the preceding section is valid for
spherical scatterers of any size. If the size of the scatterer igs and u, are the scattering and absorption coefficient, su-
very small @<\) (Rayleigh regioh Mie scattering phase Perscriptx and m refers to excitation and emission wave-
functions[P,(#) andP,(6)] can be replaced by dipole scat- length, respectivelyi(h,,\y) is the intrinsic fluorescence
tering phase functions. The expressions for scattering phadeom a fluorophore embedded in the scattering medium;
functions polarized parallel and perpendicular to scatteringn(9) is the probability distribution function that a photon

plane can, therefore, be written &
P,(6)~[9|a,|%/4]cog 6 and P(0)~[9]a,|?/4],
wherea, = — (i2x3/3){(m?—1)/(m?+ 2)}.
Here x is the scatterer size parameter ands the com-

plex refractive index. Putting the values®B$(8) andP4(6)
in Eq. (7) and then using Eq9) and(11), we obtain
| °PS=1 %P5~ (10+ 6P)/15. (14)

Similarly putting the values oP,(68) and P,(6) in Eq. (7)
and then using Eq9) and (11), we obtain

1,0PS=1,°PS=  °bS~ (10— 8P)/15. (15)
The expression for observed anisotropy will thus be
A'=0.7A, (16)
where
Ag=2P/(3—P).

This result is identical to that obtained by Ted&l using
dipole scattering approximation.

C. Multiple scattering consideration

In the previous section, we derived an expression for re-
duction in fluorescence anisotropy after single scattering at

will escape from a semiinfinite scattering medium after
scattering eventsy being the average cosine of scattering
angle, and can be approximated by the following analytical
expressiori 10]:

fo(@)={1—exd —0.451—g)n]}>x[3/2m(1—g)]¥n 32
(18

To account for the isotropic emission of fluorescence, an
effective anisotropy coefficiengq4 was introduced11]. It
was defined as the average value Wf{1) forward directed
scattering events with anisotropy coefficienend a single
isotropic fluorescence event, i.€suorescencs 0,

Ger=(N—1)g/N.

The procedure adopted by Wu, Feld, and Rava was followed
for choosingN. Further for simplicityg was assumed to be
constant over the excitation and emission wavelength region.
The expression for fluorescence anisotropy from fluoro-
phores embedded in a scattering medium was obtained as

% n—1
Aobs™ Aonzl fn(g)| mE:O am()\x)[l_a()\x)]

><¢(>\><J\m)a”ml(>\m)]

Xfxm“fm”_m_l] /F(Rx,km),

(19

excitation or emission wavelength. In order to work out an-

isotropy of fluorescence from fluorophores embedded in avherer, andr, are the reduction in anisotropy after single
scattering medium, the effect of multiple scattering needs tscattering at excitation and emission wavelength, respec-
be incorporated. For this, we follow the approach of Wutively, andA, is the intrinsic anisotropy of fluorescence from
et al.[10,11], who used a photon migration model to obtain fluorophores in absence of scattering.
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Ill. EXPERIMENTAL METHODS

l:_ « 1, 0.61pm
In order to experimentally determine the dependence of 10: . il 0.61 um
the anisotropy of fluorescence on scatterer size and concer 2 4% o1 g‘;g " $
tration, two types of samples were prepared. All the samples, 2 | N 2‘32“%000%%% —oE
used methylene blue (80M) (Sigma Chemicals, U.S.Aas L 20 T e, o
absorber and polystyrene microsphefdiameter 0.3 or 0.61 5 .5 b 4, ... % e
um) (Bangs Lab., U.S.A.as scatterers. One set used re- § g ''F e g
duced form of NADH (80uM) (Sigma Chemicals, U.S.A. & 5 44 L i+ N e
as fluorophores and the other used riboflavins £20) 4 *‘g . ';:d""
(Sigma Chemicals, U.S.Aas fluorophores. While preparing g 10F
microsphere suspension, a small amad@nit% by weigh of )i
10 L : e

surfactant(sodium dodecy! sulphatéSdfine Chemicals, In-
dia) was added to the solverdistilled watej to maintain
their monodispersity. The microsphere suspension was con-

tained in a quartz cuvette with a path length of 10 mm. The giG, 2. Scattering phase function computed at 540 nm for the
absorption coefficientsy(,) of the two solutions, one pre- (.3.um (open symbaland 0.61um diameter(solid symbo) micro-
pared with 80uM NADH and 80.uM methylene blue, and  sphere suspension. The triangles correspond to scattered intensity
the other with 20uM riboflavins and 80xM methylene  with field vector parallel to the scattering plane and the circles
blue, were measured separately using a spectrophotometanrespond to scattered intensity with field vector perpendicular to
before adding these to the microsphere suspension. Whikbe scattering plane for both scatterers.

preparing the two types of samples used in the validation

studies, the concentration of the fluorophore and absorbeforizontal () and vertical () orientations. The details
was kept constant and the concentration of scatterer was vagf this measurement are provided in Rgif2].

ied. The choice of the concentration of fluorophores and ab-
sorber is not critical. The values were chosen to have good
fluorescence signal and to ensure that scattering dominates

over absorption fes> fip). The values for the factor, for scatterers with different

A commercial spectrofluorometdSPEX, Fluorolog Il sjze parameter were calculated following the procedure de-
was used to record polarized fluorescence spectra at excitgcribed in Sec. Il A. For these calculations the refractive in-
tion wavelengths 340 and 460 nm, respectively, for thejex of the scatterer was taken as 1.59 and that of the sur-
samples prepared using NADH and riboflavins as fluoroyounding medium 1.33. The scattering phase functRs(®)
phores. The bandpass for both thg excitation.and emissiogng P,(6#) and the value for average cosine of scattering
monochromator was 1.7 nm. The integration time was ke.pgmg|e(g) were computed using Mie theory for different scat-
0.2 s and the scan step was chosen 1 nm while recordingrer size parameters€ 27aN/\) [6]. In Fig. 2, we show

emission spectrum. The excitation light, from a 450-W xe-ihe computed phase functiofst A =540 nm) for scatterers
non lamp, was incident on the sample surface with a spot

50 100 ' 150
Angle (degree)

<

IV. RESULTS AND DISCUSSION

size of 2x4 mm. The fluorescence was collected at 90° 13 —
. . . . . . . 7
angle with respect to the excitation light. The excitation po-
larizer was oriented vertically and the polarized emission 12k 7f ¢
spectra were recorded with emission polarizer oriented in ! &s"&
horizontal(L) and vertical(ll) positions, respectively. All the LLE ’
spectra were corrected for the system response with the coi L0 -
rection curve provided with the instrument. The values for L
fluorescence anisotropyA) at 440 nm emission for the = gof ™" " MY
samples with NADH as fluorophores and at 540 nm emission - o0 ©° ©° o
for the samples with Riboflavins as fluorophores were calcu- 98 . oo ° o
lated using the following equatigr]: 0.7 m@% (55’(9
r &)
A=[1,—GIl J/[+2GI ]. (20 0.6

0.5 L 1 L 11 " 1 L 1 L 1 2 1 4_////
HereG(l 4y /14y) is the ratio of the sensitivity of the instru- 2 4 6 8 10 12 22
ment to the vertical and horizontally polarized light. For Size parameter

measuring spectral dependenceXivery dilute solution(10

ppm) of glycogen in distilled water was taken in a quartz  FiG. 3. variation of the value for the factay, defined as the
cuvette and synchronous scan over the wavelength regioatio of fluorescence anisotropy after single scattering to the initial
300-600 nm was recorded with zero offset between excitaanisotropy @) as a function of dimensionless scatterer size param-

tion and emission monochromator. The excitation polarizegter. The inset shows variation of with average cosine of scatter-
was kept horizontal and emission polarizer was placed ahg angle(g) of the scatterer.
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o g=0 " ®  0.61um theoretical
5 g=0.87 0.300 - ©  0.61um experimental
Lor A =090 L g = 0.30um theoretical
= ° 0 0.30pm experimental
v 8=09 > 0225
Q-n o
=) [ ]
v v hvs 2 . o ¢
v v - u
& & A A, S 01sor T e
— FAY N .E H
0.8 o o [m] a [u] O - - < E
0.075 | a g
= o
L o []
0‘000 | L 1 1 L n 1 n 1 n 1 !
0 1 2 3 4 5 6 7
0.6 . L . 1 ) 1 . I L 1 tot -1
0.2 0.4 0.6 0.8 1.0 @ k, (mm>)
Ao 0.300
- . N 0 ¢ 0.61um theoretical
FI(_B. 4. Variation of the value fory as a functlon_of initial value_ o 0.61um experimental
of a:nlsotropyl_ﬁozj. _Ths vlaluesdfor average cosine of scattering 0225 1 = 0.30um theoretical
angle(g) are listed in the legend. g o 0.30um experimental
E $
with 0.3 and 0.61um diameter that were used for our vali- @ g
: ) ; S o010 " O
dation studies. The phase functions shown have been norg g
malized with respect to the intensity for forward scattering .2 g s
(6=0°). In Fig. 3, we show the computed values for the j o
L . 0.075 - i o
factorr for scatterers with different size parame(®y. The . o
inset of the figure shows the dependence gbn average u b
cosine of scattering anglg) calculated for the same scatter- "
ers. No intrinsic depolarization was assumed for these calcu- 0.000 ('] T , é ' "‘ : ; P -
lations. It is evident from the figure that the value fgris tot -1
independent of scatterer size parameter in the Rayleigh re (b) ky (mm)

gion (x<1). In the intermediate region €x<2.8) the
value forrq reduces below 0.7. This is due to the presence 054
characteristic backscattered lobes in the phase functiO{é
[P,(#) and P4(0)] for this parameter windowFig. 2). For

FIG. 5. Experimentally measured values of anisotropy of
0-nm excited 440-nm fluorescen@@en symbolsfor the scat-
ring samples with NADH as fluorophores as a function of scatter-
. s ing coefficient Ot= (uX+ . Circles represent samples pre-
x>2.8, the value for the factar Increases. This is expected zgred with Ogj,fﬁr: dia(rﬁfatefsrrgg:rospheres r:r:md squaresp repfesent
becquse the larger the valqe for size parameter more préémples prepared with 0/ diameter microspheres. The solid
dominant is forward scattering and hence lesser should bgmpols show the theoretically computed values for anisotrépy.
the depolarization. It is pertinent to note here thatxor9  Experimentally measured values of anisotropy of 460-nm excited
the value ofr is again observed to decrease. A similar be-540-nm fluorescend@pen symbolsfor the scattering samples with
havior in the characteristic length of depolarization for elas-iboflavins as fluorophores as a function of scattering coefficients
tically scattered light was observed by Bicaital. [5] and  [(u®=(u’+uM]. Circles represent samples prepared with
was attributed to Mie resonances. 0.61-um diameter microspheres and squares represent samples pre-

The value for the anisotropy of fluorescence after singlepared with 0.3um diameter microspheres. The solid symbols show
scattering is also expected to depend on the initial anisotropthe theoretically computed values for anisotropy.
value[see Eqgs(11) and(12)]. Computations were therefore
performed for different values of initial anisotrop{) and  coefficients (1) at different wavelengths were calculated
the results are shown in Fig. 4. The corresponding values falising the relation
g are also listed in the figure. For a given the factorr,
slightly decreases with increasing value of initial anisotropy
(Ap). However, the dependence is rather week. In Rayleigh
scattering approximationg(~0), the factorr is indepen-
dent of Ay and has a value of 0.7 that is consistent with thewhereA; is the area of cross section of the scatterBsis
earlier results of TealE2]. the concentration of scatterers, &Qdis the single scattering

In order to work out anisotropy of fluorescence from aefficiency and was computed using Mie’s the@®y. For u,,
turbid sample one has to account for multiple scattering. Théhe spectrophotometrically measured values were used and
effect of multiple scattering was incorporated following the the value forA, was taken as the value for anisotropy mea-
treatment of Sec. Il C. For these calculations the scatteringured in samples without scatterers. For these calculations

#s=NAQs, (21)
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the factorry was assumed constant because as discussed ebtence depolarization of fluorescence will be higher for
lier (Fig. 4), the value forr, does not change significantly 0.3-um diameter microspheres as has been observed experi-
with a change in initial anisotropy. mentally[Figs. §a) and(b)]. It may be pertinent to note here

In Fig. 5a), we show the experimentally measured valuesthat for the scatterer size parameter windowx< 2.8, the
of anisotropy of 340-nm excited 440-nm fluorescence for thesalue forr, can be smaller for larger value of scatterer size
scattering samples with NADH as fluorophores as a functiomharameter. It is therefore possible to have a situation where
of scattering coefficient§(us*'=(us+udM]. In Fig. 5b),  depolarization is more for larger size scatterer. We are plan-

measured fluorescence anisotropy for 460-nm excitedling experiments with other scatterers of appropriate size to
540-nm fluorescence for the scattering samples with riboflayerify this aspect.

vins as fluorophores are shown as a function of scattering
coefficient[ (us®'=(us+ u™]. Circles represent scattering
samples prepared with 0.6dm diameter microspheres and V. CONCLUSIONS
squares represent samples prepared withudi3diameter
microspheres. The theoretically computed values for anisot- We have shown that the ratio of the anisotropy of fluores-
ropy using Eq(19) of Sec. Il C are shown as solid symbols cence after one scattering at excitation or emission wave-
in both the figures. The agreement between the theoreticalligngth to the initial value depends on the size parameter of
computed values and the experimentally measured values $atterer. This value was found to vary between 0.65 to 0.85
seen to be quite satisfactory for all the samples. for a variation in scatterer size parameter ¢f<20. The

For 0.3.um diameter microspheres the values for the scattheory developed can be used to work out anisotropy reduc-
ter size parameter range from 2.08 to 3.3 for the excitatiorion after successive scattering for fluorophores embedded in
and emission wavelengths used in the experiment. The coany monodisperse scattering medium with known scatterer
responding values for the 0.dm microspheres range from size and refractive index. Extension to a polydisperse scat-
4.24 to 6.73. Therefore, for our experiment the faatgris  tering medium with a known distribution of scatterer size is
always larger for 0.6%sm scatterer than 0.8 scatterer. straightforward.
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