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Abstract. Ellipsometric light scattering (ELS) at room temperature is applied to unilamellar vesicles (∼50

nm radius) of 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) in the gel phase and of 1,2-Dioleoyl-

sn-glycero-3-phosphocholine (DOPC) in the liquid–crystaline phase. A high sensitivity of this technique

to the local anisotropy is found. From the resulting local birefringence, a lower limit of (29 ± 0.5)◦ for the

average tilt angle of the lipid chains of DPPC with respect to the membrane normal is estimated. This tilt

angle value is slightly lower than literature values for the tilt angle in oriented lipid multi-bilayers on solid

substrates.

PACS. 87.16.Dg membranes, bilayers, and vesicles – 42.68.Mj scattering, polarization – 42.81.Gs bire-

fringence, polarization

1 Introduction

Lipid vesicles, solid-supported planar lipid bilayers and

phospholipid monolayers serve as excellent model systems

for the walls of biological cells, which is reflected in the

vast amount of research literature in the respective field

[1–5]. For the study of membrane proteins, mimicking a
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native-like biological membrane with enough free space

on both sides of the lipid bilayer is of crucial importance

[6–9]. From this point of view, vesicles are seen as clos-

est to the actual cell wall. They are embedded into a

bulk medium, as opposed to planar mono- and bilayers,

where the presence of an interface always restricts incor-

porated membrane constituents. The planar geometry of

the latter two model systems enables, however, their much

more detailed study with highly sophisticated physical-

chemical characterization methods, e. g. a variety of opti-
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cal surface spectroscopy techniques, X-ray and neutron

scattering and reflectivity measurements, nonlinear op-

tical techniques, electrical measurements, scanning force

microscopy, quartz crystal microbalance studies, to name

only a view [9–13]. For dispersed vesicles on the other

hand, one is limited with a few exceptions to transmission

spectroscopies and scattering methods [8,14].

One crucial detail for the understanding of the struc-

ture of lipid monolayers and bilayers at interfaces is the

average tilt angle β of the lipid chains with respect to

the surface normal [15–20]. The determination of β in a

spherical, unilamellar vesicle in a bulk dispersion on the

other hand is difficult with the spectroscopic and scat-

tering techniques available for the characterization of col-

loidal dispersions. The average tilt angle is related to the

birefringence of the bilayers in vesicles and to the linear

dichroism of absorption bands.

It has been attempted to access β in vesicles through

depolarized light scattering studies [21]. Later, based on

the spherical symmetry of vesicles, it was argued that the

the depolarized light scattering intensity from spherical

vesicles with a radially birefringent shell vanishes [22]. For

the analysis of classical static light scattering experiments,

modeling lipid vesicles (up to ∼50 nm radius) as isotropic

hollow spheres in the Rayleigh-Debye-Gans approxima-

tion has been shown to be sufficient [23]. Therefore, a

technique which is based on the measurement of trans-

mitted light trough crossed polarizers was established by

Mishima and coworkers to access the birefringence of vesi-

cles [24–26]. In most experiments, a quantity proportional

to the birefringence of the vesicles is determined and the

effects of insertion of e. g. cholesterol or lysophospholipids

can be studied qualitatively [25,26]. The determination of

the magnitude of the average tilt angle is still problem-

atic, though an early work reports results for the bire-

fringence from which an average tilt angle of ∼45◦ for

DPPC in micrometer-sized vesicles can be calculated [24].

The problems for a precise determination of the vesicle

birefringence arise from non-idealities in the optical sys-

tems used for the experiments, such as birefringence of

cuvettes, entrance and exit windows, non-idealities and

misalignment of polarizers, etc. These non-idealities have

major contributions to the measured intensities, hence to

the obtained birefringence of the vesicles, and are hard to

compensate for.

Recently, ellipsometric light scattering (ELS) was es-

tablished in our lab as a technique that applies the prin-

ciples of ellipsometry to scattered light [27,28]. The sensi-

tivity of the technique to layers on colloidal particles has

been demonstrated. The ellipsometric principle has sev-

eral advantages over simple transmission measurements.

Above all, with the application of zone averaging, many of

the mentioned non-idealities cancel in first order, and the

remaining birefringence contributions can be determined

accurately [29]. In this work, we describe the application

of ELS to determine the birefringence of unilamellar lipid

vesicles of ∼50 nm radius at 25 ◦C. Differences between

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) in the

gel–phase and 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)

in the liquid–crystalline phase are found and discussed.
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For DPPC, a lower limit of the average tilt angle is de-

rived from the measured birefringence.

2 Experiments

2.1 Vesicle preparation

DPPC and DOPC were purchased from Avanti (Alabaster,

USA) in chloroform solution. The chloroform was evapo-

rated in an air stream. After vacuum pumping for 2 h, the

respective lipid was dispersed in deionised water through

vortexing several times for half a minute to give a 1 g/L

dispersion. Subsequently, unilamellar vesicles were pre-

pared in stages using a pneumatic extruder (Avestin Inc.,

Ottawa, Canada). Firstly, the lipid dispersion was pushed

41 times through a track-etched membrane (Avanti) with

a pore radius of 100 nm. In a second stage, the dispersion

was extruded 51 times through membrane with 50 nm pore

radius. In the case of DPPC all extrusions were performed

at 50◦C after a five minute equilibration time to ensure

the solution is heated above the main phase transition

temperature. DOPC was extruded at room temperature.

This type of extrusion procedure has been used by many

labs and has been shown to yield almost exclusively unil-

amellar vesicles [30]. For the scattering experiments, the

dispersions were diluted to a concentration of 0.1 g/L.

2.2 Ellipsometric light scattering

The details of the method and the setup have been de-

scribed elsewhere [27]. Briefly, polarizer, compensator and

analyzer (Bernhard Halle, Berlin, Germany) as in a null-

ellipsometer were built into a light-scattering goniometer

setup (ALV, Langen, Germany). The ellipsometric tech-

nique then allows for the determination of the ratio

S2

S1
= tan(Ψ) · ei∆ (1)

of the diagonal elements of the amplitude scattering ma-

trix [29,31],

(

EH

EV

)(f)

=
exp (ik(r − z))

−ikr

(

S2

0

0

S1

)

·

(

EH

EV

)(i)

. (2)

Here, k = 2πnmed/λ is the wave vector modulus for light

of vacuum wavelength λ within the medium of refractive

index nmed, z is the position of the scattering particle

along the beam, r is its distance to the detector. The

polarization of scattered and incident light are denoted

by
(

EH

EV

)(f)
and

(

EH

EV

)(i)
, respectively. EV is the electric

field component polarized perpendicular to the scattering

plane, and EH the component within the scattering plane.

The diagonal form of the scattering matrix is valid for par-

ticles with spherical symmetry. Beside isotropic spherical

particles, this also includes spherical particles with radial

birefringence [32].

By applying two-zone averaging, most of the imperfec-

tions of the optical system are compensated for [27,29].

For samples with slightly varying particle geometry, it is

useful to consider the coherent and the incoherent part

of the scattering signal separately, in analogy to a similar

distinction in neutron scattering [33]. While the coherent

part represents the averaged scattering properties of the

particles, the incoherent part stems from deviations from

the average for individual particles. The coherent scatter-
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ing has a well defined, in general elliptical polarization and

therefore can be completely extinguished in the applied

nulling ellipsometry. In contrast, the light polarization is

completely lost for the incoherent part, which does not

affect the nulling ellipsometry measurement. As a conse-

quence, only the coherent part determines the data of a

nulling ellipsometry experiment. A favorable aspect of this

principle for slightly polydisperse samples has been briefly

addressed in reference [28].

As in reflection ellipsometry, the parameters tan(Ψ)

and ∆ are particularly sensitive to the properties of the

coating of a spherical particle around the angle where

tan(Ψ) is at minimum. In analogy to the terminology in

reflection measurements this angle is addressed as Brew-

ster angle ΘB [27,29]. For ELS on particles smaller than λ,

ΘB is found to be around a scattering angle Θ of 90◦. The

angular alignment of the experimental setup was checked

with isotropic poly(styrene) particles, which yield a mini-

mum of tan(Ψ) at the value expected for isotropic particles

[28].

2.3 Refractive index and refractive index increments

The refractive index of bulk water at λ = 633 nm has been

measured on an Abbe refractometer type 60/ED (Belling-

ham + Stanley, England). The refractometer was illumi-

nated via an optical fiber by the light of a HeNe Laser

(PL-3000, Polytec, Berlin, Germany). The refractive in-

dex increments of DPPC and DOPC were measured using

a Scanref interferometer (NFT, Göttingen, Germany).
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Fig. 1. Ellipsometric parameters tan(Ψ) and ∆ of the respec-

tive vesicles at 25 ◦C. Circles (©) represent the measured data

for DPPC, squares (¤) the data for DOPC. The dotted lines

are the results as expected for a hollow sphere with an isotropic

shell (Rtot = 45 nm, ds = 5 nm, ns = 1.475). Continuous lines

are the fits to a model based on Mie theory of a radially bire-

fringent shell.

3 Results

Fig. 1 shows the ellipsometric parameters tan(Ψ) and ∆

of unilamellar vesicles of DPPC and DOPC at 25 ◦C.
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In both cases, the total radius Rtot of a vesicle is as-

sumed to equal the hydrodynamic radius (DPPC: Rh =

(45 ± 1) nm, DOPC: Rh = (44 ± 1) nm), determined by

angle-dependent dynamic light scattering. The thickness

ds of the lipid bilayer is known from many experiments and

found to be in the range of d ≃ 5 nm [34]. The refractive

index of DPPC vesicles has been determined as a function

of temperature by Yi and MacDonald [35]. Extrapolating

their data to 25 ◦C yields ns ∼ 1.475, which will be used

for further analysis throughout this work. This value is

consistent with results found for other lipids [36–39]. To

check the refractive index, we have determined the re-

fractive index increment dn/dc of DPPC as 0.138 mL/g.

With the DPPC density of 1.06 g/mL [34], ns ∼ 1.478 is

obtained. For DOPC, the same value ns ∼ 1.478 follows

from dn/dc = 0.146 mL/g using a density of 1.00 g/mL

[34]. The refractive index nmed of the surrounding medium

water at 633 nm has been determined as nmed = 1.3317.

As a first attempt to explain the obtained data, the

aforementioned parameters were used to simulate tan(Ψ)

and ∆ for a shell with an isotropic coating. The measured

data are far away from the results of these simulations,

represented as dotted line in Fig. 1. While for DPPC in

the experiment the minimum in tan(Ψ) is at a scattering

angle lower than 90◦, Mie theory [31,40] of a vesicle with

isotropic shell predict the minimum to be located signif-

icantly above Θ = 90◦. For isotropic layers, a Brewster

angle below Θ = 90◦ corresponds to negative contrast,

i. e. ns < nmed.

The effect of radial birefringence on light scattered by

spherical shells was first calculated by Roth and Dignam

[32]. They derived expressions for S1 and S2 for a coated

sphere. As opposed to the isotropic coating, in their model

the coating is uniaxially birefringent. For light with the

electric field vector tangential and normal to the local

interface (TE and TM mode, respectively), the relevant

components of the dielectric tensor are n2
t and n2

n, respec-

tively. Here, nt and nn are the corresponding refractive in-

dexes. The theory by Roth and Dignam has subsequently

been corrected by other authors [41]. An expansion for

small values of shell thickness divided by vesicle radius

[42] shows deviations from the exact solution, particularly

around ΘB . Therefore, the exact solution was incorpo-

rated into the fitting function. The complete set of equa-

tions used for the fits is listed in the appendix of this

work. The two refractive indexes were parameterized by

the birefringence ∆n = nn −nt and the average refractive

index nave = 1
3nn + 2

3nt.

Fits of the results for tan(Ψ) and ∆ to a model based

on Roth and Dignam’s theory are shown as continuous

lines in Fig. 1. The total radius of the vesicles as well as

the thickness of the bilayer were fixed at the known values

described above. For DPPC, the average refractive index

is kept fixed at nave = 1.475, as mentioned above. The only

adjustable parameter is therefore the birefringence ∆n of

the vesicle’s shell. As a result of the fit, ∆n = 0.077±0.001

is obtained for DPPC. This value is in good agreement

with the birefringence obtained from near-field scanning

optical microscopy (NSOM) experiments [45]. For DOPC
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with a refractive index of 1.478, the obtained birefringence

is much lower, ∆n = 0.038 ± 0.001.

In order to ensure the validity of these results, the ef-

fect of changes in the fixed parameters ds, Rtot and nave

have been studied. A change in the layer thickness ds has

almost no effect on the resulting ∆n: changing ds from 5

to 4 nm changes the result by ∼1 %. This finding is not

surprising, since the birefringence in a layer with ds ¿ λ

induces only a minor phase difference between TE and TM

mode. The observed strong effect of ∆n enters through

the boundary conditions at the layer interfaces, and these

boundary conditions are independent of layer thickness.

The low sensitivity to the actual layer thickness implies

that the difference in the layer thickness between DOPC

and DPPC is negligible for the analysis. Changing Rtot

by 10% yields a ∼5% change in ∆n, showing a slightly

bigger effect. Since Rtot is known from independent dy-

namic light scattering measurements, this is no additional

complication. There is a large effect of changes in nave on

∆n. An accurate value for the average refractive index has

a crucial impact on the validity of the results. From cal-

culations on isotropic spherical particles it is known that

increasing Rtot or nave results in a larger positive shift of

ΘB from Θ = 90◦. In the fitting of the present anisotropic

vesicles, such a positive shift is compensated by a higher

value of ∆n, in order to match the position of ΘB defined

by the data.

4 Discussion

4.1 The Average Chain Tilt Angle

DPPC is in the gel–phase at 25 ◦C, and its acyl chains

are in an all–trans conformation [34]. For an estimation

of β for DPPC, we follow the same reasoning as Aragón

and Pecora [22]. For a uniaxially birefringent phase, the

orientational order parameter S can be obtained from ∆n

as

S =
pave

∆p

2nave∆n

n2
ave − 1

, (3)

with the anisotropy of the polarizability ∆p = p|| − p⊥

and the average polarizability pave = 1
3p|| + 2

3p⊥ [22,43].

The polarizabilities parallel (p||) and perpendicular (p⊥)

to the hydrocarbon chain are known for CH2 groups. Here,

the values p|| = 2.14 · 10−30 m3 and p⊥ = 1.61 · 10−30 m3

have been used [22]. From these polarizabilities, the ex-

perimentally determined values of ∆n and nave = 1.475,

one obtains S = (0.65± 0.01). In a microscopic approach,

S is related to the tilt angle βj of the individual chain j

S =
3

〈

cos2 βj

〉

j
− 1

2
, (4)

where 〈.〉j denotes the ensemble average over all chains.

The interpretation of S needs to be discussed in more

detail. Especially the involved averaging process needs a

closer inspection. Locally, the tilt of neighbouring chains

is correlated and domains with constant tilt direction are

formed. Due to the correlation of tilting directions, the

molecular order parameter Sm calculated by an equation

similar to eq. 4 with the local director as axis of symmetry

is expected to be close to 1.
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On the length scale of an entire vesicle, one may need

to consider the average of the tilt directions over different

domains. For planar bilayers, the domain size is known.

The correlation lengths obtained from X-ray scattering

[18,34,44] or the domain size detected in NSOM exper-

iments [45] exceeds the diameter of the vesicles investi-

gated here. On small spherical vesicles, however, the do-

main size might be considerably smaller. A smooth orien-

tational field is not possible on a closed spherical manifold

for topological reasons. As a consequence of the Gauss-

Bonet theorem, singularities breaking the spherical sym-

metry of vesicles are inevitable [46]. In addition, the bi-

layer curvature induces a local decrease in Sm. This im-

plies a reduction of the relevant liquid crystalline elastic

constants [47], which determine the domain size.

An ELSexperiment averages on an even larger length

scale: there is a multitude of vesicles with different orienta-

tions of the tilt directions present in the scattering volume.

Therefore, the measured value of S is an ensemble aver-

age of possible orientational fields on a vesicle. For perfect

local molecular order (Sm = 1), S describes the distri-

bution of director orientations around a radial direction.

For Sm < 1, S contains both, the effects of molecular or-

der within a domain as well as the distribution of director

orientations.

For a first estimation β0 for the true average β, the

width of the orientation distribution function for the av-

eraging in eq. 4 is neglected, which implies
〈

cos2 βi

〉

i
=

cos2 β0. Based on this approximation, the inversion of eq.

4 yields β0 = (29 ± 0.5)◦ from the experimental value of

S. A refinement starts from the assumption of a narrow

distribution around the average tilt angle β. The devi-

ations ∆βi = β − βi are small. With an expansion of

cos2(β+∆βi) to second order in ∆βi, the averaging yields

〈

cos2(β + ∆βi)
〉

i
= cos2 β + cos(2β)

〈

∆β2
i

〉

≥ cos2 β. The

inequality holds for β ≤ 45◦ and implies β0 to be a lower

limit for the average tilt angle. The limiting value is com-

parable with the chain tilt angle βplanar = 32◦ in planar

bilayers [34]. There is only a minor effect of the curvature,

as long as only the average tilt angle is considered.

A detailed molecular description of the chain confor-

mation within the bilayer is possible [48], though it re-

quires many assumptions. Packing arguments in a sim-

pler coarse-grained picture can already be used to derive

the average chain tilt angle and the layer anisotropy. This

approach predicts the tilt angle to significantly decrease

in the outer monolayer and to increase in the the inner

monolayer. The results obtained here for DPPC suggest

that these two opposing influences cancel each other, be-

cause the obtained value of β is very similar to the value

obtained for planar bilayers.

As opposed to DPPC, the DOPC molecule contains

unsaturated hydrocarbon chains which cannot adopt an

all–trans conformation. At room temperature, DOPC is

therefore in the liquid–crystalline phase. Consequently,

the birefringence is significantly reduced compared to DPPC.

Calculating S in the same manner as outlined above yields

S = (0.32 ± 0.01). For simplicity, the polarizabilities of

the methylene groups have been used here. Because of the

presence of one double bond within each DOPC chain, the
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true polarization anisotropy is slightly larger and the re-

sult for S is slightly overestimated. The finite value of

S differs from an isotropic situation (S = 0), because

the bilayer structure and the geometric constraints im-

posed by the headgroup packing force the outer segments

of the hydrocarbon chain to be partially oriented. This

result is consistent with literature data for other lipids in

the liquid–crystalline phase, where infrared spectroscopy

[49–51] and optical birefringence [26] measurements find

a non-vanishing anisotropy.

4.2 Light Scattering of Vesicles with Correlated Tilt

Directions

The occurrence of domains of different tilting directions

breaks the spherical symmetry of individual vesicles. De-

spite this broken symmetry, the experimental results are

well described by the simple model of spherically symmet-

ric birefringent particles. This finding can be understood

by analyzing the magnitude of the different contributions

to the ELS signals. ELS detects the coherent scattering

contribution (see section 2.2). This averaged scattering

from all particles is the ensemble average described above.

In the data evaluation in section 3, the averaged scattering

of the ensemble was approximated by the scattering of a

particle with averaged properties: the ensemble averaged

dielectric tensor of the bilayers of vesicles with different tilt

directions has an uniaxial form in spherical coordinates.

A quantitative theoretical analysis of the quality of this

approximation, which will be referred to as the “average

particle approximation”, requires (not available) detailed

information of the orientation field of the tilt directions in

each vesicle, and a corresponding description of the Mie

scattering properties of such a vesicle.

A similar “average particle approximation” can be ap-

plied to and quantitatively tested on polydisperse samples.

It turns out that the approximation works well if the form

factor of the particles has a small curvature. The vesicles

investigated here are small compared to the wavelength

of light, therefore showing only a minor curvature in the

form factor. Furthermore, the magnitude of the error of

the “average particle approximation” is comparable to the

tiny magnitude of the incoherent scattering contribution,

since both are based on the same non-idealities.

Because of the broken symmetry in individual vesi-

cles, there is no longer a symmetry argument for the ab-

sence of depolarized light scattering. However, the effect

is very weak. The singularities in the orientational fields

of the tilt directions do not imply the presence of singu-

larities of the local birefringence. In the experiments here,

the depolarized (VH) scattering intensity was found to be

less than 1/2000 of the polarized (VV) intensity. A quan-

titative evaluation of depolarized light scattering would

require a detailed calibration of other sources of polariza-

tion loss, like multiple scattering and effects of stress bire-

fringence of the optical windows in the experiment. Since

these effects are not considered, the true VH intensity orig-

inating from the sample is considerably lower than the

measured intensity. Consequently, depolarized light scat-

tering does not affect ELS measurements. Contributions

of similar tiny magnitude are expected for the coherent
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scattering, making deviations from the “average particle

approximation” difficult to detect.

5 Conclusions

Ellipsometric light scattering experiments on phospholipid

vesicles with a birefringent shell show the surprisingly high

sensitivity of the method to anisotropy. Although the layer

thickness is less than 1 % of the wavelength of light, there

is a significant shift of the Brewster angle. The magnitude

of this shift has been utilized to determine the tilt angle

β of the acyl chains in small unilamellar DPPC vesicles

with bent bilayers. Based on a theory of Mie scattering for

particles with a spherical symmetric birefringence [32,41],

a lower limit of (29±0.5)◦ is established for β. This result

is comparable to the literature value β = (32 ± 0.5)◦ for

oriented planar multi-bilayers [17,34]. Vesicles of DOPC

show a much lower birefringence, as expected for vesicles

in the liquid–crystalline phase.

The sensitivity of ellipsometric light scattering to local

anisotropy opens up the possibility to study other colloidal

systems with radial birefringence, e. g. liquid crystals at

colloidal interfaces in dispersion. Further potential appli-

cations to lipid vesicles with added biological membrane

constituents can easily be thought off.
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6 Appendix – Mie theory for a birefringent

sphere with radial birefringence

The general principles of Mie theory and equations for

the calculation of S1 and S2 for a sphere with isotropic

coating can be found in the book of Kerker [40]. Kerker’s

treatment was extended to coatings with radial birefrin-

gence by Roth and Dignam [32], whose formulations were

later corrected by the group of Aragón [41,42]. In this ap-

pendix, the corrected equations needed are compiled in a

compact form. The matrix elements S1 and S2 follow from

representing the incident plane wave as a superposition of

spherical waves as

S1 =

∞
∑

l=1

2l + 1

l(l + 1)

[

al

P
(1)
l (cos Θ)

sin Θ
+ bl

dP
(1)
l (cos Θ)

dΘ

]

S2 =

∞
∑

l=1

2l + 1

l(l + 1)

[

bl

P
(1)
l (cos Θ)

sin Θ
+ al

dP
(1)
l (cos Θ)

dΘ

]

,

(5)

where Θ is the scattering angle and P
(1)
l are associated

Legendre polynomials. The Mie coefficients al and bl are

given as

al =
[ψψ]

e
l,α [χψ]

e
l,ν − [χψ]

e
l,α [ψψ]

e
l,ν

[ψψ]
e
l,α [χζ]

e
l,ν − [χψ]

e
l,α [ψζ]

e
l,ν

(6)

and

bl =
[ψψ]

m
l,α [χψ]

m
l,ν − [χψ]

m
l,α [ψψ]

m
l,ν

[ψψ]
m
l,α [χζ]

m
l,ν − [χψ]

m
l,α [ψζ]

m
l,ν

. (7)

Here, the operator–like expressions are given as

[χψ]
e
l,α = m1

eχ′
l(mtα)mψl(m1α) −
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mt
eχl(mtα)mψ′

l(m1α), (8)

[χψ]
e
l,ν = eχ′

l(mtν)mψl(ν) − mt
eχl(mtν)mψ′

l(ν), (9)

[χψ]
m
l,α = mt

mχ′
l(mtα)mψl(m1α) −

m1
mχl(mtα)mψ′

l(m1α), (10)

[χψ]
m
l,ν = mt

mχ′
l(mtν)mψl(ν) −

mχl(mtν)mψ′
l(ν), (11)

and the analogous equations for [ψψ]
e
l,α, etc.

The Ricatti-Bessel functions µψl(kr), µχl(kr), and µζl(kr)

are defined as [52]

µψl(kr) =
(π

2
kr

)
1

2

Jw(kr), (12)

µχl(kr) = −
(π

2
kr

)
1

2

Yw(kr), and (13)

µζl(kr) = µψl(kr) − iµχl(kr). (14)

Here, the order w of the Bessel functions Jw(kr) and

Yw(kr) depends on the mode µ, which is either transverse–

electric (m) or transverse–magnetic (e). If µ = e,

w =

(

l2(
mt

mn

)2 + l(
mt

mn

)2 +
1

4

)
1

2

−
1

2
, (15)

while for µ = m,

w = l. (16)

The relative refractive indices mt, mn and m1 are defined

as

mt = nt/nmed, (17)

mn = nn/nmed, (18)

m1 = mc/nmed, (19)

and the size parameters as

α =
2πnmed(Rtot − d)

λ
, and (20)

ν =
2πnmedRtot

λ
. (21)

Here, mc is the complex refractive index of the core of

the coated sphere. For the case of vesicles with the same

medium on the inside as on the outside, mc = nmed and

therefore, m1 = 1.
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