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ABSTRACT

Purpose To apply UV/Vis spectrometry for characterization of
submicroscopic drug carriers, such as nanoparticles and lipid
vesicles.

Methods We first investigated theoretically, within the
framework of the Rayleigh-Gans-Debye approximation
(RGDA), parameters affecting turbidity spectrum, z(A), of
nanosized light scatterers. We then analyzed, within the
framework of the RGDA, experimental turbidity spectra (A=
400-600 nm) of extruded unilamellar vesicle (70 nm<2r<
10 nm) suspensions to derive vesicle size, using dynamic
light scattering results for comparison. We similarly studied
the preparations polydispersity and lamellarity and monitored
vesicle size changes.

Results Turbidimetry suffices for accurate, fast, and viscosity-
independent characterization of submicroscopic particles.
Analysis of turbidity spectra, or more precisely wavelength
exponent spectra (derivatives of logarithmic turbidity spectra),
yielded similar average radii (r=54.2 0.2 nm; 46.0 =0.2 nm;
35.5x0.1 nm) as dynamic light scattering (r=55.9 = 1.5 nm;
46.1 £0.4 nm; 36.1 =0.4 nm). Both methods also revealed
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similar suspension polydispersity and cholate-induced vesicle
size changes in a few nanometer range.

Conclusion Despite its experimental simplicity, the widely
accessible turbidimetric method provides accurate size values
and is suitable for (continuous) monitoring size stability, or
sameness, of submicroscopic drug carriers.

KEY WORDS continuous monitoring - drug delivery -
light scattering - product quality control - size distribution

INTRODUCTION

Submicroscopic particles/aggregates, such as nanocrystals
(1,2), nanoparticles (3,4), polymeric micelles (5), nano-
emulsions (2,6,7), or lipid bilayer vesicles (liposomes), are
gaining popularity in the pharmaceutical field. For exam-
ple, lipid bilayer vesicles are now often used in drug
delivery, gene therapy, and diagnostics (8,9), and as
membrane models (10). Size and size distribution critically
influence all applications of submicroscopic particles and
are particularly important in the pharmaceutical field. A
plethora of techniques has thus been used to study size of
particulate drug carriers, but only a few such techniques
found their way out of specialized laboratories.

The most obvious and conceptually simplest method for
studying shape, size, and size distribution of submicroscopic
particles is electron microscopy. The method is costly,
laborious, and skill-demanding, however. It involves anal-
ysis of particles outside their actual dispersion medium and
is often subject to sample perturbation and preparation
artifacts. It moreover requires taking and inspecting many
electron micrographs to gain a representative result.
Electron microscopy is therefore mainly employed in
research, especially for studying particles with an unusual
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or changing shape, or else a broad size distribution. Other
kinds of high resolution microscopy, such as the scanning
tunneling microscopy (11) or the atomic force microscopy
(12,13), which can resolve structures at nanometer or sub-
nanometer scale, are even more expensive and complex to
deal with.

Some scattering techniques can also highlight carrier size
and shape characteristics. The explorable length-scale
depends primarily on the employed light/radiation wave-
length. The small-angle scattering of X-rays and neutrons
typically resolves structures measuring 1 nm to 100 nm in
size (14-19). Such limited explorable size, the high cost of
the involved equipment, and/or the scarcity of suitable
radiation sources restricts applicability of such scattering
techniques in the pharmaceutical field. Submicroscopic,
nanosized' drug carriers are thus typically characterized
with the longer optical/visible wavelengths.

The dynamic light scattering (DLS), which is also known
as quasi-elastic light scattering or photon correlation
spectroscopy (PCS), 1s currently the most popular method
for measuring size of submicroscopic particles, including
nanosized drug carriers (20-22). The technique requires no
special skill to use. However, it does involve not inexpensive
instruments that are therefore not broadly accessible.
Furthermore, it typically takes at least 30 s and often
longer to collect data for a single good-quality DLS
measurement; dynamic light scattering therefore cannot
monitor rapid size changes. Finding a less costly, more
accessible, and potentially faster method for size character-
ization of colloidal drug carriers is thus desirable.

The static light scattering (SLS) can also provide
information about size and, to an extent, shape of light
scattering particles. Extraction of such information normal-
ly involves analyzing the angular dependency of light
scattering. The Guinier-plot (approximation for small-
angle data (23)) or the Zimm-plot (24,25) affords the
scatterer radius of gyration (26-29). Fitting the angular
dependency of the scattered light intensity, [(f), with a
suitable form-factor and size-distribution function reveals
the underlying size-distribution. Such fitting can moreover
provide information about the scattering particle structure,
including spherical shell/lipid vesicle bilayer thickness (29).
Combining the Zimm-plot and the Rayleigh-Gans-Debye
approaches provides even more accurate values for these
particle characteristics (30). A combination of light scatter-
ing with flow field-flow fractionation yields absolute size
distribution (31). All these analytical procedures involve
analysis of angular dependency of light scattering and thus

' The word “nanosized” herein implies diameters between 10 and a few
hundred nanometers.

depend on rather special and expensive pieces of equip-
ment, including a goniometer or an array-detector.

Heller and colleagues quite early (32—35) proposed using
differential turbidity spectra—in other words, wavelength
dependency of light scattering—for size characterization of
submicroscopic particles. The concept relies on dependency of
the scattering vector, ¢(6,1) = (4zn/A) sin(6/2), on both
the scattering angle, 6, and the incident light wavelength, 4 (n
being the dispersion medium refractive index).

Analysis of turbidity spectrum, (A), which for a non-
absorbing sample corresponds to extinction spectrum, is
attractive for several reasons: 7) it requires only a simple,
broadly accessible UV-Vis spectrophotometer to collect
experimental data; «) it allows monitoring of size changes
on time scale of the order of 5-10 s with a conventional
spectrophotometer and much faster with an instrument
equipped with a multi-channel detector; ) the method is
simple yet sensitive. All these advantages notwithstanding,
turbidity spectrum analysis has attracted little attention to
date, especially in the field of drug carrier research. Only a
few practical characterization attempts were published to
date (36—39) and, at least for lipid vesicles, were quantita-
tively unsuccessful; this is possibly due to some underlying
theoretical and/or experimental problems. We considered
these problems and in this publication show how turbidity
spectrum analysis can be successfully applied in the
pharmaceutical field for the purpose of particulate drug
carrier characterization.

In the following text, we first scrutinize the theoretical
background of turbidity spectrum analysis within the
framework of the Rayleigh-Gans-Debye approximation.
We study effects of colloidal suspension characteristics on
7(/) and provide all equations necessary for extracting the
most relevant characteristics from such spectra. We
illustrate the advocated analytical method using suspensions
of lipid bilayer vesicles, also addressing bilayer thickness
and lamellarity effects on turbidity spectrum. We juxtapose
the outcome of turbidity spectrum and corresponding
dynamic light scattering analyses for various lipid vesicle
suspensions to show how important colloid descriptors can
be deduced from the measured turbidity or wavelength
exponent spectra and to prove an excellent match between
results of both analytical approaches.

THEORY
Description of a Light Scattering Particle Suspension
A homogeneous spherical particle is completely described

as a light scatterer in terms of its refractive index, np, and
radius, 7. The latter defines the surface area, A:4m2, and
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volume, V=(4z/3)r, of a single scattering particle. The
number concentration of such homogeneous particles in
suspension, i.c. the number of spherical particles per unit
volume of the suspension, is then

N =— (1)

C being the particle material concentration (weight/volume)
and p the particle density.

Describing a hollow sphere/spherical shell as a light
scatterer requires knowledge of the core and the shell
refractive indices, 7.or. and ng,o; the shell outer radius, 7g,cp;
and the shell thickness, dy,q. If one uses the corresponding
single shell volume, V = (47/3)(r3y — r’

core)’ with Teore =

Thel—shen, 1IN Eqg. 1, one can also calculate the number
concentration of hollow spheres/spherical shells in a
suspension from the expression.

Vesicles are exemplary hollow spherical particles
(28,29,36). Mathematical description of bilayer vesicles
as spherical shells (Fig. 1) relies on the vesicle/particle
outer radius, r,; the number of bilayers/shells per vesicle/
particle, />1; the bilayer/shell thickness, d,,; the inter-
bilayer/-shell water layer thickness, d,,; and the lipid/
shell refractive index, np. If we identify the innermost
bilayer/shell with x=1 and the outermost bilayer/shell

o 0
- =N 2 T\}i\ S

F1,0ut

[oab=lonb{obdo g

Fig. | Schematic representation of a multibilayer vesicle. r,, is the vesicle outer
radius, dy the bilayer/shell thickness, d,, the inter-bilayer/-shell water layer
thickness, and /2| the number of bilayers/shells per vesicle. The innermost
bilayer is identified with x=| and the outermost bilayer with x = |.

@ Springer

with ¥ = /, the outer radius of the x-th bilayer/shell is
given by

=r — [(l = x)(d + dy)]. (2)

The inner radius of the same bilayer/shell is accordingly

Tx,out

Txjin = Ty,out — db- (3)

The total (outer + inner) surface area of all bilayers/shells
in a vesicle/particle is thus

x=l
ALN = 4r Z |:rf,0ut + riin:| . (4)
x=1

For a single-bilayer (unilamellar) vesicle or a single-shell
particle Eq. 4 simplifies to

AL,V =4 [7\2 + (7\' - db)Q] . (5)

The number concentration of bilayer vesicles/spherical
shell particles in a suspension then becomes in mathematical

terms
Nadr L
N, = &7 (6)
AL,\'

where Ny is the Avogadro’s number (6.02205 % 10%* mol "),
Ay, the average area of (lipid) molecules forming bilayers/
shells, and L the molar concentration of such, essentially
water-insoluble, molecules. The subscript v clarifies that
Eq. 6, applicable to vesicles, differs from Eq. 1, useful for
calculating the number concentration of solid particles in a
suspension. Phosphatidylcholine molecules in a fluid/liquid
crystalline phase typically occupy an area 0.55 nm’<A; <
0.70 nm* (40-42). In the gel phase the area is appreciably
smaller and is normally in the range 0.42 nm?<4;<
0.55 nm” One can follow Luzzati by identifying the
molecular area upper limit with Ap=2V1/d,, i.e. by
postulating constancy of the easily measurable volume of a
single lipid molecule, V7. Some area and volume data for
different phospholipids, phases, and temperatures were
published (43).

Theory of Light Scattering

We herein analyze turbidity spectra within the frame-
work of the Rayleigh-Gans-Debye approximation
(RGDA). One fundamental assumption of the approxi-
mation is absence of a significant light “phase shift,”
expressed mathematically as 2ka(m—1) <1. k=2mn/A is
the propagation constant in the dispersion medium, n the
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dispersion medium refractive index, and A the incident
light wavelength in vacuum. « is a characteristic dimen-
sion of the light scattering particle; for a sphere it denotes
the radius . m = np/n 1s the particle-to-dispersion medium
relative refractive index, with np denoting the scattering
particle refractive index. In practice, this means that the
RGDA is only valid for scattering particles much smaller
than A/[n(m—1)]. The size range amenable to the RGDA
correspondingly widens when the dispersion medium
refractive index approaches the scattering particle refrac-
tive index, 1.e. m—1—0 (sce Appendix A). When the
RGDA basic condition is not met, one must revert to the
more general and exact, but also more complex, Mie-
theory of light scattering (44—46).

Within the framework of the Rayleigh-Gans-Debye
approximation, the scattered light intensity can be written
as (36,45—47)

o () (4 (1) (252
(7)

Iy is the incident light intensity and N the number
concentration of the light scattering particles (i.e. Np or
N,). V is the volume of an individual particle, d the
observation distance (i.e. the distance between the scatter-
ing particle and the detector), and € the scattering angle.
The scattering or form factor, P0,4), in Eq. 7 allows for
the scattering particle finite size and non-sphericity; it
accounts for interference of light scattered from different
parts of the scattering particle. This factor consequently
depends on the scattering particle shape. We provide the
form factors for the most frequently studied particle
geometries (homogeneous sphere, concentric/coated
sphere, and hollow sphere/spherical shell) in the following
subsections. The form factors pertaining to other particle
geometries (e.g. cylinder, rod, disk, cube, ellipsoid, or
prolate vesicle) were published as well (27,30,45,48).
Scattering particles appreciably smaller than the incident
light wavelength have P@,4)—1 (i.e. Rayleigh scattering).
Wavelength and angular dependency of the light scat-
tered by such particles therefore contain no structural
information.

Integrating over the surface of a sphere yields the total
light scattered or turbidity (36):

7(4) = 2.3030D

=Nz V? (@) 4 (M> 2 /U ’ (1 + cos’0) P(6,2) sin 6d6.

m?>(A) + 2

(8)

OD is the optical density, as measured with a spectropho-
tometer for a non-absorbing sample in a cuvette with 1 cm
path-length.?

We define the derivative of the logarithmic turbidity
spectrum as

w(d) = —

Tog A log 7(1). (9)

Differentiation of Eq. 8 gives

w(d) =4 - %gl log [n*(/l) <%> ' /0 i (1 + cos6) P(6,2) sin 66| .

(10)

Equation 10 considers the wavelength dependency of
refractive indices (see Appendices C and D), the pertinent
form factor, and consequently the logarithmic turbidity
spectrum derivative w.

Turbidity is commonly written as a power function of
the incident light wavelength: z(4) ~ 47" (32,33). This
approximate expression neglects the wavelength dependen-
cy of w and thus does not exactly match our definition of
w (Egs. 9-10), despite the similar general meaning. This
difference notwithstanding, we use in this text the succinct
term “wavelength exponent spectrum” to describe w(l) as
defined in Eqs. 9-10.

Homogeneous Sphere
For an optically homogeneous sphere the form factor is

(45,49,50)

3(sin gr — gr cos gr)]”
P(O,A) == 4373 ) (11)

where the scattering vector is again ¢(6,4) = (4zn/A)
sin(6/2). Such form factor applies to a sphere or a
reasonably homogeneous spherical hetero-aggregate, such
as particles in a nanoemulsion.

2 Optical density is the quantity commonly provided by a spectropho-
tometer according to the definition OD = —log(l/lp) /b, where It is the
transmitted light intensity, Ip the incident light intensity, and b the optical
path-length. OD corresponds to extinction or total attenuation,
i.e., due to absorption + scattering. The term “absorbance,” A, denotes
attenuation due to absorption, i.e. for an absorbing, non-scattering
sample OD = A. The term “turbidity,” 7, denotes attenuation due to
scattering. The most common definition of turbidity, which we use herein,
is based on the natural rather than the decadic logarithm,
7= —In(It/lo)/b, however. Accordingly, for a non-absorbing sample,
7=2.303 OD. Before applying Eq. 8, one should thus check whether the
used spectrophotometer provides 7 or OD, as defined here.

@ Springer



2208

Elsayed and Cevc

Sphere Coated with a Spherical Shell

For a spherical particle comprising two concentric and
optically homogeneous regions, 1.e. a spherical core of one

3| (sin grshell — GTshell €OS @rshen) +

medium encased in a concentric spherical shell of a
different medium, the form factor is (45,51)

Meore (A) =mamen(A)

T (SIN Greore = Greore COS qreore)

P(6,2) =

(12)

3,3
" Tshell

Teore denotes the core radius, 74, the shell outer radius,
Meore the core-to-dispersion medium relative refractive
index, and mg, the shell-to-dispersion medium relative
refractive index. When Eq. 12 is used, the total volume,
V = (4n/3)r3,,, and the shell-to-dispersion medium rela-
tive refractive index, i.e. m(A) = mge(4), must be used in
Egs. 7, 8, and 10.

Hollow Sphere/Spherical Shell

The form factor pertaining to a shell-coated sphere
simplifies to the expression for a hollow sphere/spherical
shell when mgq,..= 1:

: - . : . . 2
3(Sln GTshell — Tshell COS GTghell — SN @Teore + Teore COS (/7corc)

P(6,1) = —
Pria

(13)

Again, the total sphere volume: V = (47/3)r3 , and the
shell-to-dispersion medium relative refractive index, i.e. m(A) =
Mgnen(2), must be used in Egs. 7, 8, or 10.°

The form factor described by Eq. 13 applies to spherical
unilamellar lipid bilayer vesicles. For such vesicles the
parameter 7y, in Eq. 13 corresponds to the vesicle radius,
Tshel = 7y- The aqueous core radius is 7.ore = 7, —dy, dp, being
bilayer thickness. m(Z) = mg,ey(4) is the bilayer-to-dispersion
medium relative refractive index.

For a multilamellar vesicle the form factor becomes (36)

=l 2
337 [Sin greu — @Tiou COS Groou — SIN rein + @Tiin COS Grein]

P(6,2) = | =

3,3
qr\'

(14)

Tyouts Tvin, X, and [ being defined in the “Description of a
Light Scattering Particle Suspension” section. In combina-
tion with Eq. 14, the total vesicle volume and the shell-to-

3 It is noteworthy that such a form factor is commonly (27-30,38,48,52)
written with ¢° (rg — 7o) instead of g*r% in the denominator. In
contrast to our treatment for the particles as hollow spheres, the same
particdes are in such approach treated as spherical shells; shell volume:

V = (47/3) (e — riye) must then be used in Eq. 7 or 8.

core )

@ Springer

dispersion medium relative refractive index must be used in
Egs. 7, 8, or 10.

Size Distribution

To describe light scattering by a real population of particles,
one must consider particle size distribution as well. Several
distribution functions were proposed to meet the goal.
Herein, we are using the log-normal distribution function:

1 —[Inr— )’
= ex ,
NG B BT

which postulates that the size logarithm, In 7, rather than

S (15)

the size itself, 7, is normally distributed. u is the mean value
of In 7 and ¢ the corresponding standard deviation of In 7.
Correspondingly, s = InTy and d = In o, where Ty is the
geometric mean and o, the geometric standard deviation of
r. Equation 15 satisfactorily describes size distribution in a
suspension of natural particles (45) and is also acceptable
for lipid vesicles.

Popular alternatives to the log-normal distribution
function are the Weibull (31,53,54) and the gamma (28)
distribution functions. While the log-normal (Eq. 15) and
the gamma distribution functions are two-parametric and
thus simpler to use, the Weibull distribution function is
three-parametric and can thus provide more robust and
correct estimates for the lower size limit. Compared to the
log-normal distribution, the Weibull distribution hence
better describes especially small (e.g. sonicated (53,54) or
extruded (31)) liposome size distribution.

Allowance for scatterer size distribution transforms
Egs. 7 and 8 into

1(6,2) = IO;V (%’)2 ("(j)y(%)) / - um V2(1 + cos’6) P(6, A)dr,

(16)

7(A) = 9NT® (@)4 <%>2 / . Sy /0 ’ (1+ cos’0) P(6, 1) sin 6d Odr.
(17)
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One should be mindful of the -dependency of f° Num 7 and
P too. The corresponding number concentration for
homogencous spheres and spherical shells (cf. Eq. 1) is

J— CY
_pffNuder'

For spherical vesicles (cf. Eq. 6) this more specifically
means

M (18)

Nadr L
ffNumALNdr :

Hitherto, we have considered only the number-weighed

N, = (19)

size distribution. Researchers commonly express size
distributions derived from light scattering experiments as
intensity-weighed size distributions, however. To get the latter
kind of distribution, one should divide the contribution of
each scatterer with radius 7 to the sample turbidity by the
overall suspension turbidity. If one then fits the intensity-
weighed size distribution to the log-normal distribution
function, one gets the intensity-weighed mean scatterer size.

MATERIALS AND METHODS
Materials

We purchased soybean phosphatidylcholine (SPC, Lipoid S
100, purity=97.8%, the assumed average molecular
weight ~800 g/mol) from Lipoid GmbH (Ludwigshafen,
Germany). Sodium cholate hydrate (purity =97%) was
from Sigma-Aldrich (Steinheim, Germany). All other
chemicals and reagents were of analytical grade. Poly-
carbonate membranes were from GE Water & Process
Technologies (Trevose, PA, U.S.A.).

Preparation of Lipid Vesicles

We prepared unilamellar vesicles of different size by
extrusion. In brief, we dissolved the necessary phospholipid
amount in chloroform, in a 500 mL round-bottom flask and
removed the solvent at 50°C in a rotary evaporator to get a
thin lipid film, which we hydrated at the same temperature
with distilled water. This prompted spontaneous formation
of multilamellar vesicles. The resulting suspension had total
phospholipid concentration of 120 mg/g (~150 mmol/kg).

To produce the more uniform unilamellar vesicles,
“V80,” we extruded the original multilamellar vesicle
suspension 20 times through a set of polycarbonate
membranes with 80 nm pores under 1.5 MPa nitrogen
gas pressure. To gain the smaller unilamellar vesicles,
“V50,” we further extruded the “V80” suspension 16—20
times through a set of polycarbonate membranes with

50 nm pores under nitrogen gas pressure of 2.1 MPa. To
obtain the smallest studied unilamellar vesicles, “V30,” we
finally extruded the “V50” suspension 16—20 times through
a set of polycarbonate membranes with 30 nm pores under
nitrogen gas pressure of 2.5 MPa. To prepare suspensions
with different lipid concentrations, we diluted the starting
suspensions with distilled water which we pre-filtered
through a syringe filter with 200 nm pore diameter to
eliminate large dust particles.

We verified that the described extensive extrusion did
not eliminate a considerable amount of lipid material, 1.e.
did not appreciably reduce the final lipid concentration.
For this purpose, we measured phosphatidylcholine con-
centration in representative preparations with HPLC. We
used an in-house modification of the method described by
Nasner and Kraus (55) with refractive index detection (56).

Monitoring Effect of Cholate on Lipid Vesicles

We applied the turbidimetric method to monitor lipid
vesicle size changes induced by addition of sodium cholate
as a function of the surfactant concentration. We first
prepared a series of vesicle suspensions with 8 mmol lipid/
kg in an aqueous carbonate buffer (50 mM, pH=10.25)
adjusted with NaCl to a final ionic strength of 150 mM. We
always prepared fresh samples immediately before starting
an experimental series to minimize lipid degradation/
hydrolysis at the high chosen pH. We morecover used the
HPLC assay described earlier to confirm that no detectable
phosphatidylcholine hydrolysis took place during experi-
ments: the lysophosphatidylcholine level in several repre-
sentative samples kept at pH=10.25 and T=25°C for 6 h
was below the HPLC method detection limit. Total
phosphatidylcholine concentration also did not change.
We prepared a series of sodium cholate solutions/suspen-
sions with different concentrations in a similar buffer and
adjusted each preparation to a final 1onic strength of
150 mM with NaCl.

We then mixed an aliquot of the test vesicle suspension
with an equal volume of the appropriate sodium cholate
solution/suspension and stirred the blend thoroughly. All
mixtures had final lipid concentration of 4 mmol/kg and
final cholate concentration between 0.0 and 1.2 mmol/kg.
We equilibrated all mixtures at room temperature (~25°C)
for 3 h, which sufficed for reaching quasi-equilibrium (a
constant optical density or turbidity reading) in the studied
cholate concentration range (57). Finally, we recorded the
suspensions turbidity spectra (1=400-600 nm).

Turbidity/Optical Density Measurements

We measured optical density (extinction) spectra mainly
with a Shimadzu UV-1601 double-beam UV-Vis spectro-
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photometer equipped with a six-position, automated
sample changer and the Shimadzu UVProbe version 2.0
software (Shimadzu Corporation, Kyoto, Japan); we will
refer to this instrument as “Spectrophotometer A.” To test
the general validity and ruggedness of the method, we also
recorded optical density spectra of selected samples with a
PerkinElmer Lambda EZ 201 UV-VIS spectrophotometer
equipped with the PESSW wversion 1.2 (Revision E)
software; we will refer to this instrument as “Spectropho-
tometer B.” We first confirmed negligible light absorbance
by SPC in the employed concentration range at wave-
lengths above 400 nm. We then recorded optical density
spectra at A=400-600 nm. Both spectrophotometers (A and
B) produced comparably useful spectra, measured with the
test samples in a conventional, l-cm light-path quartz
cuvette. We moreover measured some optical density
spectra with another spectrophotometer that works with
much smaller volumes (5 plL). This spectrophotometer
(NanoDrop®1000, Thermo Scientific), which has an air-
exposed measuring site, produced too noisy spectra for
reliable size determination, however.

We programmed a Mathcad sheet (Mathcad version 14,
Parametric Technology Corporation, Needham, Massa-
chusetts, USA) including the complete set of equations
given in Theory section. We used the Levenberg-
Marquardt non-linear regression algorithm to derive vesicle
size. Before analyzing the measured turbidity spectra with
the method, we confirmed that the spectra are in the linear
concentration dependency range (i.e. dt/dL = constant),
which is a prerequisite for applying Eq. 8 or Eq. 17 (see the
Theory section). We also confirmed that the investigated
vesicles sizes were below the 7-limit above which w(4)
oscillates as a function of 7. This avoids ambiguous non-linear
regression results (see Results and Discussion, Experimental
Recommendations and Limitations, and Appendix B).

Dynamic Light Scattering (Photon Correlation
Spectroscopy)

For the dynamic light scattering measurements we
employed an ALV-NIBS/HPPS particle sizer (ALV-Laser
Vertriebsgesellschaft mbH, Langen, Germany), equipped
with a HeNe laser (A=632.8 nm) and operating at a
scattering angle of 173°. We measured each sample at
25°C three to six times and then analyzed the results with
the ALV-5000/E/EPP software (version 3.0, regularized fit
routine, scattering spherical shells) based on the CONTIN
2DP method (58,59). We took the refractive index and the
dynamic viscosity of water at 25°C to be n=1.33162
(A=632.8 nm; Eqgs. C1-C2) and #=0.89038 cP. We
calculated the dynamic viscosity of the aqueous carbonate
buffer (for the samples used to monitor the effect of cholate
on vesicle size) with the formula developed by Pereira et al.

@ Springer

(60) to be 0.91711 cP. The effect of sodium cholate on
suspension viscosity in the studied concentration range was
negligible (<0.002 cP) (61).

RESULTS AND DISCUSSION

Characteristics Affecting Turbidity of a Nanosized
Particle Suspension

In this section, we explore theoretically effects of various
particle and dispersion medium characteristics on turbidity
and wavelength exponent spectra of a particle suspension, all
within the framework of the Rayleigh-Gans-Debye approxi-
mation. We first focus on the general characteristics of any
particle suspension; this includes particle mean size and size
distribution, particle and dispersion medium refractive indi-
ces, and particle concentration within the homogeneous
sphere as well as the hollow sphere models. We then deal
with the special characteristics of hollow spheres/spherical
shells/lipid vesicles, such as shell/bilayer thickness and
number of shells/bilayers in a particle (i.e. lamellarity).

General Characteristics of a Nanosized Particle Suspension

Size. For a suspension of monodisperse (i.e. having the
same size) particles with a fixed number concentration, the
suspension turbidity increases with the particle size (Iig. 2,
upper two panels). The effect 1s qualitatively similar for
homogencous and hollow spheres/vesicles. One can thus
derive the average particle size from turbidity spectrum
(Eq. 8) as long as the Rayleigh-Gans-Debye approximation
assumptions are obeyed. Shorter wavelengths offer higher
sensitivity.

The wavelength exponent, w, initially decreases with
raising particle size (monodisperse particles, fixed number
concentration; Fig. 2, lower two panels). When a certain
size 1s reached, however, the wavelength exponent becomes
an oscillating function of size (Appendix B, Fig. 11). The effect
is qualitatively similar for homogeneous and hollow spheres/
vesicles, but in quantitative detail depends on the scatterer
geometry. One can consequently gain size information about
the particles with a size below such limit (i.e. below the w(4,7)
oscillations range) by analyzing wavelength exponent spectra
using Egs. 9-10. This includes all the vesicles studied
experimentally in this work. Shorter wavelengths again offer
higher sensitivity, whereas longer wavelengths permit study-
ing larger particles (see Experimental Recommendations and
Limitations and Appendix B).

Size Distribution. No real suspension is truly monodisperse.
To allow for particle size distribution, we introduced the
log-normal distribution function into the mathematical
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Fig. 2 Effect of light scattering particle diameter (2r=60.0-100.0 nm, monodisperse) on the particle suspension turbidity (upper panels) and wavelength
exponent (lower panels) spectra. The curves were calculated for suspensions of either homogeneous spheres (left two panels, number concentration Np =
1.1 X 10" mL™") or hollow spheres/spherical shells/lipid vesicles (right two panels, number concentration N,=3.5x 10> mL™", shell thickness dye =
3.6 nm). The homogeneous spheres and the spherical shells/lipid bilayers were assumed to have the refractive index of dipalmitoylphosphatidylcholine
(Eqg. DI) and the dispersion medium to have the refractive index of water (Egs. C1-C2).

expressions used for various analyses (see the Theory
section). Our results thus give the geometric, rather than
arithmetic, mean diameters and standard deviations.
Simulations described in this section and the consequent
findings are accordingly quantitatively valid only within
limits of such distribution function applicability.
Broadening the size distribution (i.e. increasing the
standard deviation, o,) in a suspension of particles with
fixed mean diameter and number concentration increases
the suspension turbidity and decreases the wavelength
exponent. Fig. 3 illustrates the effects for suspensions of
homogencous spheres, but we also got similar results for
hollow spheres (data not shown). Broadening size
distribution (Fig. 3) and increasing mean particle diameter
(Fig. 2) influence turbidity spectra similarly, at least in
qualitative terms, for two main reasons: ¢) light scattering by
a particle is a power function of the light scattering particle
radius; higher turbidity caused by extending such particle
size distribution towards the distribution function high end
thus overcompensates the turbidity decrease caused by
extending the size distribution towards the distribution
function low end; «) the log-normal distribution is skewed.
Quantitative analysis of a turbidity or wavelength
exponent spectrum can afford the mean size as well as the
size distribution width (expressed as a standard deviation) of
suspended particles despite the qualitative similarity of
effects of these two parameters. For illustration, we
simulated a set of turbidity spectra (A=400-600 nm,

Fig. 4, upper panel) for suspensions containing particles
with different geometric mean diameter and standard
deviation but identical turbidity at A=600 nm. We also
generated a similar set of wavelength exponent spectra with
identical wavelength exponent at A=600 nm (Fig. 4, lower
panel). The spectra confirm that changing the mean
diameter and standard deviation produces quantitatively
dissimilar effects and yields characteristic dz/dA and dw/dA
derivatives. These differences permit accurate calculation of
the mean diameter and the corresponding standard
deviation from the spectra. The analyzed spectrum broad-
ening improves analytical accuracy.

Turbidity spectrum analysis neglecting scatterer size
distribution (i.c. assuming monodispersity, g,=0) provides
a diameter value that is larger than the number-weighed
geometric mean diameter and smaller than the intensity-
weighed geometric mean diameter. Wavelength exponent
spectrum analysis neglecting scatterer size distribution
yields a good approximation of the intensity-weighted
geometric mean diameter, provided that the underlying
size distribution is not too wide (Table I).

Refractive Index. Suspension turbidity depends on the
scattering particle and the dispersion medium refractive
indices (Fig. 5). Raising the particle-to-dispersion medium
relative refractive index, m, generally increases suspension
turbidity. Wavelength exponent does not depend on the
refractive indices values at any particular wavelength but
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Fig. 3 Effect of particle size distribution width (geometric mean diameter
2ry = 60.0nm, standard deviation g,=0.0-1.6 nm (equivalent to &=
0.00-0.45)) on suspension turbidity (upper panel) and wavelength
exponent (lower panel) spectra. The curves were calculated for suspen-
sions of homogeneous spheres with a number concentration Np= .| X
10'2 mL ™", The spheres were assumed to have the same refractive index
as dipalmitoylphosphatidylcholine (Eq. D) and the dispersion medium to
have the refractive index of water (Egs. CI-C2).

rather on their wavelength dependency (Eq. 15). The effect
1s usually positive. Tiny particles therefore have lim,_,o w>4.
For an aqueous suspension of homogeneous spheres,
assumed to have the same refractive index as dipalmitoyl-
phosphatidylcholine (Eq. D1), in water (the refractive index
calculated from Eqs. C1-C2), one gets lim, _, o w=4.29 at
A=400 nm and lim, _, o w=4.20 at A=500 nm.

Concentration. Turbidity increases linearly with number
concentration of particles in a suspension (Eq. 8). Linear
concentration dependency of turbidity is thus a prerequi-
site for applying Eq. 8 for turbidity spectrum analysis.
Indeed, any non-linearity is diagnostic of interference, for
example, from quenching or multiple-scattering.
Wavelength exponent is, in contrast, concentration inde-
pendent (Egs. 9-10). Inaccurate information about parti-
cle concentration, density, and/or molecular weight (for
lipid vesicles, see Egs. 1-6) consequently affects the
outcome of turbidity spectrum analysis but not of
wavelength exponent spectrum analysis. In turn, one can
determine particle concentration by, first, calculating the
average vesicle size from the wavelength exponent spec-
trum and, second, using this result to derive particle
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Fig. 4 Turbidity (upper panel) and wavelength exponent (lower panel)
spectra calculated for suspensions of homogeneous spheres with constant
number concentration Np=1.1x 10'> mL™" and variable geometric
mean diameter and standard deviation. Detailed characteristics of the
suspensions are given in Table |. The suspensions have either identical
turbidity (upper panel) or wavelength exponent (lower panel) at A=
600 nm. The figure illustrates how quantitative analysis of turbidity or
wavelength exponent spectra can resolve the mean diameter as well as
the standard deviation.

concentration from the corresponding turbidity spectrum,
which 1s, unlike the former spectrum, sensitive to particle
concentration.

Special Characteristics of Hollow Spheres/Spherical Shells/Lipid
Vesicles

Shell/Bilayer Thickness. Hollow spheres scatter light more
when their shell thickens. Turbidity of a suspension of
monodisperse unilamellar vesicles with a fixed outer radius
thus increases with bilayer thickness (Fig. 6, upper panel).
The corresponding wavelength exponent is less affected by
bilayer thickness. Within the 3—4 nm thickness range, which
pertains to most common biological and synthetic lipids
(Fig. 6, lower panel), the effect is close to nil. Inaccurate
presumption about shell/bilayer thickness within such
range thus produces significant errors (up to 100%) only if
one derives hollow sphere/vesicle size from turbidity
spectra. In contrast, similarly inaccurate presumption gives
an error of less than 0.5 nm for hollow sphere/vesicle size
calculated from corresponding wavelength exponent
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Table | Characteristics of the Simulated Suspensions Used to Generate the Spectra Shown in Fig. 4

Line Number-weighed”

Intensity-weighed™”

Calculated (MD)*

Mean diameter, 27 [nm] St. deviation, Ugd [nm]

Mean diameter, 27, [nm]

St. deviation, Ugd [nm] Diameter [nm]

Identical 7(A=600 nm)°

S| 100.0 0.0 (0.00)
2 94.1 1.2 (0.02)
3 78.7 1.3 (0.09)
54 417 1.8 (0.36)
Identical w(A =600 nm)’

s5 100.0 0.0 (0.00)
6 86.5 1.2 (0.02)
S7 56.7 1.3 (0.09)
S8 14.9 1.8 (0.36)

100.0 0.0 (0.00) 100.0
106.2 1.2 (0.02) 99.6
125.4 1.3 (0.08) 98.4
210.8 1.6 (0.24) 95.9
100.0 0.0 (0.00) 100.0
97.8 1.2 (0.02) 99.2
93.0 1.3 (0.08) 973
97.8 1.6 (0.22) 96.2

¢ All calculations rely on the log normal distribution function; the table thus gives geometric, rather than arithmetic, mean diameters and standard deviations

® Calculated relying on turbidity at A=500 nm

¢ Diameters calculated by analyzing the simulated turbidity (Fig. 4, upper panel) or wavelength exponent (Fig. 4, lower panel) spectra presuming monodispersity, i.e.

not allowing for particle size distribution

9Values in parenthese denote the conventional polydispersity index, defined as Pl = & = (In Ug)2

€Various suspensions of homogeneous spherical partidles with the same turbidity at A=600 nm; the spheres were assumed to have the same refractive index as
dipalmitoylphosphatidylcholine (Eq. D 1) and the dispersion medium to have the refractive index of water (Eqs. C1-C2); number concentration Np = 1.1 x 10'% mL™"'

Marious suspensions of homogeneous spherical particdes with the same wavelength exponent at A= 600 nm; the spheres were assumed to have the same refractive index as
dipalmitoylphosphatidylcholine (Eq. D 1) and the dispersion medium to have the refractive index of water (Eqs. C|-C2); number concentration Np = 1.1 x 10'* mL™"'
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Fig. 5 Influence of particle and dispersion medium refractive indices on
suspension turbidity. The curves were calculated at A=500 nm for
suspensions of monodisperse (2r=80 nm or 100 nm) homogeneous
spheres with a number concentration Np= 1.1 x 10'* mL™". Results for
hollow spheres/spherical shells/lipid vesicles are qualitatively similar.

spectra.’ Lacking trustworthy information about shell/
bilayer thickness, one should therefore rely rather on
wavelength exponent than on turbidity spectrum analysis
for hollow sphere/vesicle size characterization.

Number of Shells/Lipid Bilayers (Lamellarity). Effect of
increasing number of shells/bilayers on turbidity resembles
that of increasing single shell/bilayer thickness. Vesicles
with a higher number of bilayers (i.e. lamellarity, /)
consequently produce more turbid suspensions at fixed
lipid vesicle mass concentration’, outer radius, and bilayer
thickness (Fig. 7, upper panel). Wavelength exponent
spectra change with lamellarity as well, but less so than
turbidity spectrum (Fig. 7, lower panel).

Distribution of (Mixed) Lamellarity. A suspension of ideally
uniform lipid vesicles comprises merely vesicles with
identical lamellarity. Such a suspension is practically
unachievable, however. We therefore assessed the influence
of uncertain, or diverse, lamellarity on the size calculated
via wavelength exponent spectrum analysis. We did this by
simulating a set of turbidity spectra (A=400—-600 nm) for

4 Both error estimates were calculated for vesicles with diameter
<120 nm studied in the wavelength range A=400-600 nm.

> It is noteworthy that keeping the mass concentration constant and
increasing vesicle lamellarity reduces the number concentration of
spherical shellspvesicles; turbidity increase is thus greater if the number
rather than mass concentration is fixed.
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Fig. 6 Effect of spherical shelllipid bilayer thickness (d, =3—4 nm) on
turbidity (upper panel) and wavelength exponent (lower panel) of a
suspension of monodisperse unilamellar lipid vesicles. The curves were
calculated assuming constant lipid (dipalmitoylphosphatidylcholine) con-
centration of 5 mM (= 0.37% w/w) and shellvesicle outer diameter 2r, =
100 nm (black curves) or 2r,=60 nm (grey curves). The lipid
(dipalmitoylphosphatidylcholine) refractive index was calculated from
Eq. DI and the dispersion medium (water) refractive index from
Egs. CI-C2. Inset to the lower panel: blow-up of the curves pertaining
to the 60 nm vesicles.

suspensions containing unilamellar-bilamellar or unilamellar-
trilamellar vesicle mixtures. We then used the simulated
spectra to back-calculate the apparent vesicle diameter via
wavelength exponent analysis, presuming that all vesicles are
unilamellar.

Fig. 8 illustrates the resulting analytical error as a
function of the weight-fraction of oligolamellar vesicles.
The analytical approach underestimates the average vesicle
size when oligolamellar vesicles existence is neglected. The
error is small: for a suspension containing 20 weight-%
bilamellar or trilamellar vesicles, the resulting mistake is
below 4.0% for vesicles with a real diameter 27,=60 nm or
100 nm. One can therefore reliably derive size of lipid
vesicles in suspension from wavelength exponent spectrum
presuming unilamellarity even if the studied suspension
actually contains a moderate fraction of oligolamellar
vesicles. In turn, one can inspect oligo- or pluri-lamellarity
by, first, calculating the average vesicle size from the
wavelength exponent spectrum and, second, using this
result to derive lamellarity from the corresponding turbidity
spectrum (turbidity spectra are, in contrast to wavelength
exponent spectra, very sensitive to lamellarity).
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Fig. 7 Effect of lamellarity (=1, 2, or 3) on turbidity (upper panel) and
wavelength exponent (lower panel) of a suspension of monodisperse lipid
vesicles. The curves were calculated assuming a constant lipid (dipalmi-
toylphosphatidylcholine) concentration of 5 mM (= 0.37% w/w), bilayer
thickness dp=3.6 nm, inter-bilayer/inter-shell water layer thickness d,, =
3.0 nm, outer diameter 2r, = 100 nm (black curves) or 2r,= 60 nm (grey
curves), lipid (dipalmitoylphosphatidylcholine) refractive index calculated
from Eq. DI, and dispersion medium (water) refractive index calculated
from Egs. CI-C2.

Characterization of Real Lipid Vesicle Suspensions

We investigated the practical feasibility of the analytical
approach described and advocated in previous sections.
Hollow spheres are more difficult to characterize with the
visible light scattering than homogencous spheres due to

100.0
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Fig. 8 Vesicle diameter calculated from wavelength exponent spectra
(A=400-600 nm) presuming unilamellarity as a function of the weight
fraction of oligolamellar vesicles. Model parameter values are the same
as for Fig. 7.
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their greater complexity and lower optical contrast. We
therefore decided to test the proposed method with fluid-
chain lipid vesicles (liposomes) rather than with homoge-
neous spheres. For this purpose, we prepared differently
sized soybean phosphatidylcholine vesicles by extrusion,
which typically yields unilamellar vesicles with a narrow size
distribution (62—64). For each of the resulting suspensions,
we recorded the turbidity spectrum and derived the vesicle
size by analyzing the corresponding wavelength exponent
spectrum. For comparison, we also characterized each
suspension with dynamic light scattering.

More specifically, we first derived a wavelength
exponent spectrum from each turbidity spectrum by
numerically taking the derivative — d log 7/d log 4 (Eq. 14).
We then analyzed the derived wavelength exponent
spectrum, w(4), within the framework of the Rayleigh-
Gans-Debye approximation, via non-linear regression as
described in the Theory section. We principally employed
the hollow sphere/spherical shell model, which best
describes lipid bilayer vesicles (28,29,36,45). Given that
some researchers (38,65) had previously treated vesicles as
homogeneous spheres with an averaged refractive index, we
tested such an approach as well.

We initially presumed that the preparations were
monodisperse, i.e. we did not allow for any size
distribution in the first analysis. The excellent fitting
results confirmed our quasi-monodispersity assumption.
The results derived relying on the hollow sphere/

Table Il Size Characterization of the Tested Extruded Lipid Vesicles

spherical shell model agreed with the dynamic light
scattering results (Table II). Conversely, treating the
studied vesicles as homogeneous spheres with an averaged
refractive index gave approximately 25% too large
diameter (Table II), proving inadequacy of such an
assumption.

Wavelength exponent spectra are little sensitive to vesicle
lamellarity and bilayer thickness. They are moreover inde-
pendent of vesicle concentration. Analysis of a wavelength
exponent spectrum thus provides a reliable size estimate, even
when only inaccurate, but reasonable, values are available for
these parameters. Conversely, turbidity spectra are very
responsive to all the three listed parameters. One can thus
employ sizes calculated from wavelength exponent spectra to
derive information about vesicle lamellarity, bilayer thickness,
and/or the average area per (lipid) molecule forming bilayers/
shells through turbidity spectrum analysis. Our wavelength
exponent spectrum analysis assumed vesicle unilamellarity
and bilayer thickness ¢,=3.6 nm (30). We used an average
area per lipid molecule of 4;.=0.65 nm” to calculate the
vesicle number concentration according to Eqgs. 6 and 19.
The turbidity spectra analyses based on these values gave
larger diameters than the corresponding wavelength
exponent spectra analyses; this suggests that at least one of
the parameter values used was too low. The discrepancy was
largest for the V80 suspension and smallest for the V30
suspension (possibly due to a higher fraction of oligolamellar
vesicles in the former suspension).

Preparation Geometric mean diameter, 27 [nm]”
Dynamic light scattering Turbidity spectroscop\/b
Hollow sphere Homogeneous sphere

VB80SO 106.2+ 1.6 101.3+0.0¢ 128.7+0.1°¢
V80502 111.9+3.0 108.4 + 0.4 138.7 +0.6%
V50501 86.8+0.8 83.1+0.3°¢ 103.7 £0.4°¢
V50502 89.0+0.6 86.3+0.4°% 108.1 +£0.5%
V50503 923+0.8 92.0+0.4%" 115.9+0.6%"
V3050 722+08 71.1£0.1¢ 87.6+0.2%

?Results are presented as mean = SD of at least 3 replicate measurements

b Diameters were derived from wavelength exponent spectra, presuming vesicle monodispersity; the calculations relied on bilayer thickness dp, = 3.6 nm and on the
refractive indices defined by Egs. CI-C2 (for water) and D1 (for the bilayer forming phospholipid)

¢ Spectrophotometer A, the analyzed spectrum range: 400-600 nm
dSpectrophotometer B, the analyzed spectrum range: 400-600 nm
¢ Lipid concentration=4 mM

fLipid concentration=3-6 mM

€ Lipid concentration=7-10 mM

h Lipid concentration=4-10 mM

J Lipid concentration=6 mM
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Petrache et al. (40) reported for egg-yolk phosphatidyl-
choline 14,=1.2606 nm® and estimated molecular area to
be 41,=0.694 nm?. These values inserted into the Luzzati
formula gave @,=3.63 nm, but the same authors also
calculated ¢j,=4.52 nm with a different approach. We took
the quoted 17, value as a surrogate for the otherwise still
unknown volume of a soybean phosphatidylcholine mole-
cule and moreover set 3.63nm=< ¢,<4.52 nm. Additionally,
and sensibly, assuming that V30 preparation contained
merely monodisperse unilamellar vesicles, we brought results
of turbidity spectrum and wavelength exponent spectrum
analyses into quantitative agreement by setting d,=4.1 nm
and A;,=0.62 nm”. Considering existence of oligolamellar
vesicles, if real, would decrease the calculated bilayer
thickness value (see Fig. 7). We thereafter ventured to assess,
using the derived d, value, vesicle lamellarity in the
preparations V50 and V80. We surmised the suspensions
V50 and
bilamellar, monodisperse vesicles and repeated the

V80 to contain unilamellar as well as

analysis. This implied 11% bilamellarity in the suspen-
sion V50501 and 24% bilamellarity in the suspension
V80S01. Whilst one should take these estimates with a
grain of salt, they are broadly compatible with the
published information about extruded vesicles lamellarity
(38,64), leaving no need for alternative explanations (e.g.
by invoking vesicle non-sphericity).

To assess size distribution effects, we mixed the
suspensions V80 and V50 at different ratios. We
characterized the blends via wavelength exponent anal-
yses, allowing for size distribution, and with dynamic
light scattering. Table III gives the results that confirm
similar sensitivity of both methods to size distribution
changes. The results also support our earlier notion that
analyzing wavelength exponent spectra presuming mono-

dispersity well approximates the intensity-weighted mean
diameter.

Monitoring Small Size Changes (Effect of Cholate
on Size of Lipid Vesicles)

We finally checked suitability of turbidity spectroscopy for
monitoring small particle, vesicle, or drug carrier size changes.
To this end, we added sodium cholate to the suspensions V80
and V50 to a final surfactant concentration of 0.0—1.2 mmol/
kg. We then characterized the resulting mixtures with
turbidity spectroscopy, via wavelength exponent analysis,
and with dynamic light scattering. The results are shown in
Fig. 9 and corroborate similar sensitivity of both methods to
even quite small vesicle size changes.

Experimental Recommendations and Limitations

Adjust sample concentration so that the measured optical
density over the entire analyzed spectrum range lies prefer-
ably between 0.2 and 1.2. Filter all dilution media to eliminate
contaminants, such as dust particles, that scatter light more
than the smaller investigated particles.

To select the most appropriate wavelength range for
analysis, four basic rules should be followed. First, the
Rayleigh-Gans-Debye approximation criteria (see the The-
ory section and Appendix A) must be met at the low
wavelength end. Setting the low wavelength end at 4 > 7,
serves the purpose (error <10%) for typical lipid vesicles
suspended in an aqueous medium. Second, the oscillat-
ing part of the inspected w(4,7) function must begin
above the expected average particle size if the latter is to
be derived from the wavelength exponent spectrum (see
Appendix B). The wavelength range 400-600 nm fulfills

Table Il Sensitivity of Different Analytical Methods to Changes in Vesicle Size Distribution

Sample composition Dynamic light scattering?

Turbidity spectroscopy™”

V80 : V50 [wiw] Mean diameter, Standard deviation,

Mean diameter, Standard deviation, Diameter (MD)? [nm]

27 [nm] o [nm] 27 [nm] oy [nm]

4:0 [11.4+13 1.4=0.1 (0.11+0.04) 123.2+0.3 1.6=0.0 (0.20+0.01) [14.2+0.0
30 107.0+0.9 1.5+0.1 (0.15+0.03) 1207+1.8 1.7+0.1 (0.29+0.04) 110.8+0.0
2:2 103.0+ 1.5 1.5+0.1 (0.16+0.08) 109.6+0.0 1.7+0.0 (0.29 +0.00) 105.1+0.0
l:3 97.0=3.1 1.6+0.4 (0.25+0.24) 101.70.1 1.8+0.0 (0.36 +0.00) 99.3+0.2
0:4 88.0= 1.1 1.4+0.1 (0.12+0.05) 79.6 1.4 0.1 84.3

9 All calculations relied on the log normal distribution function; the given values therefore denote intensity-weighed geometric, rather than arithmetic, mean
diameters and standard deviations; the results are presented as mean = SD of replicate measurements

b Diameters were derived from wavelength exponent spectra; the calculations relied on the hollow sphere/spherical shell model, bilayer thickness d,=3.6 nm, and
refractive indices defined by Eqs. C|1-C2 (for water) and D1 (for the lipid); measurements were conducted using spectrophotometer A; Spectrum range: 400-600 nm

“Values between parentheses denote the conventional polydispersity index, which is defined as Pl = & = (In L‘Ig)2

9 Diameters calculated presuming monodispersity, i.e. not allowing for size distribution
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Fig. 9 Effect of sodium cholate concentration on size of extruded lipid
vesicles (preparation V80 (black circles) and V50 (grey squares)), as
measured with turbidity spectroscopy relying on wavelength exponent
analysis (filled symbols) or with dynamic light scattering (open symbols).
Analysis of wavelength exponent spectra presumed monodispersity and
relied on the hollow sphere/spherical shell model, bilayer thickness d,, =
3.6 nm, and refractive indices defined by Egs. C|-C2 (for water) and D |
(for the lipid). Results are represented as Mean = SD.

this requirement for lipid vesicles with 27,<150 nm
suspended in an aqueous medium. The size limit
increases with the employed light wavelength. Third, the
spectral region in which the tested suspension (the
particles and/or the suspending medium) absorbs light
significantly should be excluded from data analysis. Using
A>400 nm is generally acceptable for vesicles comprising
lipids without conjugated double-bonds. Alternatively,
light absorption may be eliminated by subtraction (see
(66) for the reverse procedure) to gain pure turbidity
spectrum. The simplest approach to this goal is to take a
difference between the spectrum measured with a turbid,
absorbing suspension (e.g. prepared in water) and the
corresponding spectrum of a clear, but still light absorbing,
solution (e.g. prepared in water/solvent mixture). We plan to
pursue such improvements in a forthcoming paper. Fourth,
the signal-to-noise ratio normally governs the upper wave-
length end selection; the signal-to-noise ratio is worsened as
suspension turbidity decreases with increasing wavelength.
Taking turbidity spectrum derivative, i.e. deriving the
wavelength exponent spectrum, amplifies experimental noise.
One should therefore ideally exclude the relatively “noisy”
high end of a spectrum from data analysis or else smooth the
spectrum before its (numerical) derivation.

Wavelength exponent spectrum analysis is typically
better choice for size determination than turbidity spectrum
analysis mainly because of 7 concentration independence;
1) good approximation to the intensity-weighed mean
diameter when presuming simplest monodispersity; uz) low
sensitivity to shell/bilayer thickness uncertainty; @) low
sensitivity to number of shells/oligolamellarity. In turn,
these advantages turn into disadvantages when one wishes
to explore characteristics to which wavelength exponent

spectrum is only moderately or not at all sensitive. Such
characteristics consequently must be investigated with
turbidity spectrum analysis.

CONCLUSIONS

Turbidity spectrum of submicroscopic, nanosized drug
carriers in suspension contains enough information for
accurate size characterization. Analysis of the wavelength
exponent spectrum suffices the purpose. Other character-
istics pertaining to spherical shells/vesicles, such as shell
thickness and number of shells/lamellarity, can be more-
over derived from turbidity spectra. In this paper, we pave
the way for such applications by theoretically investigating
sensitivity of turbidity spectra to various particle, vesicle and
suspending medium characteristics within the framework of
the RGDA. We prove the analytical approach applicability
by successfully employing the proposed method to extruded
lipid vesicles size and size distribution determination. The
quality and kind of information derived from the measured
turbidity spectra of such vesicles at least matches the
outcome of the corresponding dynamic light scattering
measurements. The ability of either of the two techniques
to monitor small size and/or size distribution changes is
also similar, but the former method offers the advantage of
speed and insensitivity to suspension medium viscosity. We
vindicated turbidimetric method ruggedness by recording
the analyzed experimental turbidity spectra with two
different spectrophotometers, which produced practically
identical analytical outcome.

Our results corroborate usefulness of any good spectro-
photometer for reliable nanosized drug carrier character-
ization. This offers a valuable new option to all researchers
and scientists in pharmaceutical industry and academia—
and not just to those working in specialized laboratories
with dedicated equipment. Sameness of turbidity spectra
may confirm directly such carrier size stability over time.
Additional information about carrier size distribution or,
with some restrictions, morphology (shell thickness and
lamellarity for vesicles) is deducible by quantitative turbid-
ity spectrum analysis. The unprecedented speed of the
advocated method for drug carrier size characterization
makes our approach suitable for assessing moderately fast
kinetics. The opportunity to use a spectrophotometer
equipped with a flow-through cell for continuous monitor-
ing of drug carrier size makes the described method
attractive for in-process control.

In short, the new drug carrier characterization method
described in this work qualifies for routine applications
in pharmaceutical research and quality control, where
cost, experimental simplicity, and/or speed are of the
essence.
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APPENDIX A: RANGE OF VALIDITY
OF THE RAYLEIGH-GANS-DEBYE
APPROXIMATION

Kerker and colleagues (67) tested the range of validity of
the Rayleigh-Gans-Debye approximation for homogeneous
spheres by comparing the outcome of the exact Mie
calculations and of the approximate calculation. The
comparison included the scattering function at different
angles as well as the scattering coefficient, Qy.,, defined as
the total radiation scattered by a particle relative to the
incident radiation intensity intercepted by the particle, 1.e.
Osea = T/ Nor”.

As we are only concerned with turbidity in this work, we
present in Fig. 10 just the results for the scattering coefhicient.
Region I in the figure defines the range of kr=2znr/A and m
values for which the RGDA agrees with the exact Mie
theory to within 10%. In region II, the RGDA deviates from
the Mie theory by no more than 100%, except in small
islands where the actual deviation may be less than 10%. In
region III, the error exceeds 100%.

It is noteworthy that the area just above the abscissa with
m>1.25 is part of region II in the originally published chart
(67). The failure to obtain 10% agreement in this area is
not due to limitation of the RGDA but rather due to the
numerical approximation made by the authors about the
refractive index, lim,,_,; (m°—1)/(m*+2)=2(m—1)/3. The
error due to this approximation is 10% at m=1.25. We
avoided making such an approximation in our calculations
as well as in the Theory section, and consequently included
the area just above the abscissa with m>1.25 into region L.

Fig. 10 The error contour chart for the scattering coefficient, Qe
(modified from (45,67)). In region |, the accuracy of the Rayleigh-Gans-
Debye approximation (RGDA) is better than 10%. In region I, the RGDA
accuracy is between 0% and 100%, whereas in region lll, the error
resulting from using the RGDA exceeds 100%, except in small islands. k=
27n/A is the propagation constant in the dispersion medium with refractive
index n in which scatterers with average diameter 2r and refractive index
ns are dispersed. Relative refractive index is described as m = ng/n.
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For a suspension of homogeneous spheres with m=1.10
the 10% contour line is located at &r=9.2. For a suspension
of homogeneous spheres in water with m=1.10, the RGDA
analysis of turbidity spectra is consequently correct to
within 10% when r < A.

APPENDIX B: RANGE OF VALIDITY
OF THE ANALYTICAL APPROACH

Fig. 11 illustrates scatterer size effect on turbidity and
wavelength exponent spectra over an extended range of r
values. It reveals a monotonous increase of turbidity with r
for homogeneous spheres and a nearly monotonous
increase for vesicles. In contrast, wavelength exponent
decreases with increasing scatterer size only up to certain
r-limit that depends on geometry and potentially refractive
index (data not shown) of the scatterer. Above such limit,
wavelength exponent oscillates as a function of 7, mainly
owing to size-dependency of form factors. This precludes
unambiguous size determination for scatterers larger than
such limit based just on a non-linear regression analysis of
wavelength exponent spectra. The restriction is more
severe for hollow spheres, such as vesicles, than for
homogeneous spheres, such as nanoparticles (Fig. 11).
The rlimit generally increases with the scattered light
wavelength.

Particle size derivation wa turbidity spectrum analysis is
feasible so long as the Rayleigh-Gans-Debye approximation
may be applied. One can therefore employ such analysis for
the particles larger than the 7-limit of the otherwise more
convenient wavelength exponent spectrum analysis. An
even better solution is to combine turbidity and wavelength
exponent spectra analyses.

APPENDIX C: THE REFRACTIVE INDEX OF WATER

The refractive index of water at 25°C under atmospheric
pressure is described as a function of wavelength in the
visible wavelength range with the formula

Quy(A) + 1)0‘5
n(A) = (22 T2 Cl1
0= (5 v
where
. b b
_ %9 2 3
uw(/l) =by+ oA + w0 + m
by
Pl (C2)
P AR
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Fig. 11 Effect of the light scatterer diameter (2r=50.0-500.0 nm, 25 nm intervals, monodisperse) on the scatterer suspension turbidity (upper panels) and
wavelength exponent (lower panels) spectra (A =400-600 nm, 20 nm intervals). The curves were calculated for suspensions comprising either homogeneous
spheres (left two panels, number concentration Np=1.1 % 10'2 mL™") or hollow spheres/spherical shells/lipid vesicles (right two panels, number
concentration Ny =3.5% 10" mL™", shell thickness dge; = 3.6 nm). The homogeneous spheres and the spherical shells/lipid bilayers were assumed to have
the refractive index of dipalmitoylphosphatidylcholine (Eq. D 1) and the dispersion medium to have the refractive index of water (Egs. C1-C2).

byp=0.232602194, b, =+0.294685133x10 ", by=
+0.163176785%x 1072, b3=+0.241520886x 10 %, b=
+0.897025499, Ayy = 0.2292020, A, = 5.432937, and
A°=1/589 nm. Egs. C1-C2 provide absolute accuracy of
+1x107°.

We derived Eqgs. CG1-C2 by simplifying the more general
expression published by Schiebener and colleagues (68),
which covers wide ranges of wavelengths, temperatures,
densities, and pressures. We reached the goal by taking
water density at 25°C and atmospheric pressure to be
p=997.0480 kg m "’ (69).

APPENDIX D: THE REFRACTIVE INDEX OF LIPID

Khlebtsov and colleagues (37) proposed the following
parametric description of dipalmitoylphosphatidylcholine
(DPPC) refractive index as a function of light wavelength at

20°C, based on the data measured by Chong and Colbow
with visible light above 400 nm (36):
n(A) = 1.4713 4+ 1.3 nmA~" 4 4309 nm* 12, (D1)
The result of Eq. D1 at 4=632.8 nm, n;=1.484,
compares favorably with the experimental values reported
for DPPC at 7=25°C by Erbe and Sigl (70), n;,=1.478. The
result of Eq. D1 at A=589 nm, n;,=1.486, likewise resembles
acceptably the value extrapolated for DPPC to 7=25°C
from the data published by Yi and McDonald (71), n;,=1.475.
At the specified temperature, DPPC forms one particu-
lar type of the ordered-gel, Lg-phase. Eq. D1 thus does not
strictly apply to any other temperature or lipid. The former
restriction is especially important, as temperature not only
gradually decreases ny, but moreover can trigger even more
influential lipid bilayer phase transitions. Chain fluidiza-
tion, for example, lowers lipid refractive index abruptly, the
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reported difference for DPPC being approximately —0.008
units (71,72).

Polar lipid headgroups contribute relatively little to the
refractive index difference between lipid bilayers and water.
The influence of lipid chain-length and unsaturation is
bigger. Both these parameters increase lipid refractive
index and thus can “compete” with the temperature- and
fluidization-induced nr, changes.

In all experiments reported herein we were using
soybean phosphatidylcholine (SPC). This lipid has roughly
two more methylene groups per chain than DPPC and
contains mainly di-unsaturated chains. SPC melts below the
water freezing point, and the lipid is consequently in the
fluid lamellar phase, Ly, at 7=25°C. To the best of our
knowledge, results of the kind reported for DPPC by
Chong and Colbow (36) are unavailable for soybean
phosphatidylcholine to date. We only found some informa-
tion on the refractive index of soybean oil wavelength
dependency (73). Fortunately, soybean oil has arguably
similar chain composition as soybean phosphatidylcholine.
We therefore used the parametrization published by van
Staveren and colleagues for such oil to check Eq. DI
applicability to SPC, and thus to our illustrative experi-
mental system. Between 500 nm and 800 nm, the
calculated difference between the two parametric equations
amounts to —0.01203£0.00084. The two underlying
expressions have therefore quite similar slope dnp/dA in
the compared wavelength region. Van Staveren expression
may not be applied below 500 nm (where it predicts dny /dA
to change sign) but is essentially equivalent to Eq. D1 at
longer wavelengths. We therefore applied Eq. D1 herein to
cover the entire analyzed wavelength range: 400 nm<A<
600 nm. Shifting results of Eq. DI downward (e.g. by
subtracting the above-mentioned difference of 0.01203)
from the constant in Eq. D1° would merely affect turbidity
spectrum analysis and leave the results of wavelength
exponent spectrum analysis practically unchanged. As this
work has a focus on the latter option, we refrained from
making such a correction herein.

Any cautious users of the analytical method advocated in
this work should always check applicability of Eq. DI to
their particular experimental system. More likely than not,
the expression will need to be adjusted and/or generalized.
This will require knowledge of at least some reliable ny, vs. 4
data pairs. If such information is missing, the appropriate
refractive index dependency should be measured (e.g. with
an Abbeé refractometer). Alternatively, the ny, vs. 4 depen-
dency could be determined by, first, reversing the experi-
mental sequence used in this work with the aim of
generating a calibration data set for further applications.

® This means replacing in Eq. DI the term |.4173 with 1.4593, whilst
keeping all the other parameters unchanged.
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For this purpose, at least three suspensions of differently
large vesicles should be prepared from the same batch of
lipid and then assessed with wavelength exponent analysis
and with dynamic light scattering. The results should be
compared and the parameters needed for the former kind
of analysis iteratively adjusted until the two size character-
ization methods give the same result.
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