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ABSTRACT

Purpose Nanocrystals exhibit enhanced dissolution rates and can
effectively increase the bioavailability of poorly water soluble drug
substances. However, methods for in vitro characterization of
dissolution are unavailable. The objective of this study was to
develop an in situ noninvasive analytical method to measure
dissolution of crystalline nanosuspensions based on light scattering.
Methods Fenofibrate nanosuspensions were prepared by wet
media milling. Their solubilities and dissolution profiles in simulated
gastric fluid supplemented with 0. 9% Tween® 80 were measured
in a small scale setup with an instrument for dynamic light scattering
and the intensity of scattered light as readout parameter.

Results A good correlation was achieved between the dissolu-
tion profile of a nanosuspension measured in the light scattering
setup and a conventional dissolution experiment. Nanosuspen-
sions of 120-270 nm size could be distinguished by the light
scattering method. The suspensions dissolved within [.9—
[ 2.3 min. Over a concentration range of 40—-87% of the solubility
dissolution profiles of a nanosuspension with 140 nm were
monitored and the determined total dissolution times were in
good agreement with the Noyes-Whitney dissolution model.
Conclusions A noninvasive, sensitive and reproducible method
is presented to assess nanocrystal dissolution. In situ measure-
ments based on light scattering allow a straightforward experi-
mental setup with high temporal resolution.
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INTRODUCTION

Many new drug candidates exhibit poor water solubility and
thus low bioavailability after oral administration, which
forms a major challenge for formulation scientists. The
nanocrystal technology has emerged as a valuable tool to
build the bridge between drug discovery and (pre)clinical
application (1,2). Crystalline nanosuspensions are defined as
colloidal aqueous dispersions of submicron sized active
pharmaceutical ingredient (API) crystals and are stabilized
by surfactants and polymeric steric stabilizers (2—4). The
oral administration of nanosuspensions offers the advan-
tages of enhanced bioavailability, reduced variability and
diminished food effect (2-5).

The improvement in bioavailability is attributed to an
enhanced dissolution rate through enlarged surface area
and an increased solubility of nanocrystalline API. A high
curvature, the creation of high energy surfaces and a less
ordered structure of molecules in nanocrystals have been
suggested to give further contributions (5). Two equations
are most often quoted to provide the physico-chemical
background of these phenomena. The Noyes-Whitney
equation with modifications by Nernst and Brunner (6-9)
describes a proportional increase in dissolution rate with
increasing surface area:

dm  AgD
dt  h

(Cs —C) (1)

where dm/dt is mass rate of dissolution, A is the total
surface area, D is the diffusion coefficient, h is the effective
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boundary layer thickness, Cg is the saturation solubility and
C is the concentration of solute in the bulk solution at time t.
The increase in saturation solubility is described by the
Ostwald-Freundlich equation (3,10,11):

9yM
s, = Cs,00 €XP (r;ﬁ) 2)

where Cg, is the saturation solubility of a particle with
radius r, Cg is the saturation solubility of infinitely large
particle, v 1s the particle medium interfacial tension, M is the
compound molecular weight, p is the particle density, R the
universal gas constant and T the absolute temperature.
However, recent publications report solubility increases of
not more than 15%, which is in good agreement with the
Ostwald-Freundlich equation. An only small solubility in-
crease highlights the role of an enhanced dissolution rate for
the bioavailability improvement by nanocrystals (5,12).

This leads to the analytical question of determining the
dissolution rate of nanoparticles, which was raised by Heng
et al. (13), who asked “What 1s a suitable dissolution method
for drug nanoparticles?”. Basically proposed dissolution
methods can be categorized as (a) being based on sampling
and separation, (b) consisting of a membrane diffusion setup,
or (c) true i situ analytical techniques.

(a) The sampling and separation technique prevails in
many published studies where filtration, (ultra)centrifu-
gation or centrifugal-filtration are used to separate
undissolved nanoparticles from dissolved API (14-18).
Juenemann et al. (19) focused on the filtration step and
concluded that pore sizes of <0.1 pm result in predic-
tive dissolution profiles. Shortcomings of all applied
separation techniques are that they are slow and inef-
ficient when applied to rapidly dissolving particles. It is
challenging to separate particles that are less than a
hundred nanometers in size, which shrink during the
dissolution process. Furthermore, invasive separation
steps, in which the systems to be analyzed are subjected
to different forces, might alter the dissolution process.
Due to the poor solubility of APIs, the dissolved con-
centrations are usually in the lower pg/mL range.
Taking this limitation into account, it is not favorable
to perform a dissolution experiment, which exposes the
API to large surfaces and is therefore inevitably accom-
panied by adsorptive loss of APIL

(b) The concept of membrane diffusion covers dialysis or
reverse dialysis methods (13) and continuous flow mem-
brane filtration under pressure (20,21). Recently, efforts
have been made to modify compendial methods with
dialysis membranes (USP apparatus IV (22) and USP
apparatus I (23)). For studies on sustained release nano-
particulate formulations with an undissolvable matrix
membrane diffusion techniques are eligible. However,
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results are heavily distorted for rapidly dissolving nano-
crystals due to comparatively slow membrane diffusion
kinetics of drug molecules.

(c) In situ analytical techniques, which avoid the need to
separate dissolved APL, are certainly the most promis-
ing approach to assess nanocrystal dissolution. Ideally,
they are designed as on-line and real-time methods with
high temporal resolution and have a noninvasive char-
acter. Being implemented in dissolution testing of con-
ventional solid dosage forms it was an obvious step to
use UV/VIS fiber optic probes (24—28). However, re-
cent research disproves the use of this technique for
nanosized material due to the light absorbing potential
of nanoparticles (29). Moreover electrochemical analyt-
ics, like polarography, potentiometry and voltammetry,
have been suggested, but are limited to electroactive
APIs (30-32). Solution calorimetry has been applied to
measure nanocrystal dissolution (33). Calorimetry
detects many phenomena associated with any kind of
molecular interaction and it is challenging to extract the
net proportion of heat change resulting from particle
dissolution. Nevertheless a sound method development
could provide a platform for the measurement of nano-
particle dissolution by calorimetric methods in future.
Finally, a turbidimetric approach to assess small particle
dissolution was introduced by Tucker (34) and was
followed up by Crisp ¢t al. (35) and Chaubal et al. (36).
The use of the light scattering properties of particles
dispersed in liquid to monitor dissolution generated
promising results and encourages further research.

In this work we focused on a light scattering technique to
determine the dissolution rate as well as the solubility of
crystalline nanosuspensions. The aim was to develop meth-
ods for both using an instrument for dynamic light scattering
analysis, which is widespread in laboratories working on
nanoparticles and is conventionally used to determine par-
ticle sizes. The light scattering properties of a cloud of
particles depend on particle size and number. The correla-
tion between scattering intensity and particle number is
linear for diluted samples, in which each particle scatters
light independently without being influenced by proximate
particles (37,38). For variation of particle size the relation is
more complex. Depending on the size range different theo-
ries describe the correlation between scattering intensity and
particle size or detection angle. Larger particles scatter more
light in the forward direction, whereas smaller particles
scatter light isotropically (37).

The present study covers an investigation of the influence
of equilibration time on the measurement of nanosuspen-
sion solubility and a solubility determination for different
particle sizes. The nanosuspension dissolution by light
scattering was compared to a sampling and separation
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technique. Furthermore the dependance of dissolution rate
on particle size and concentration gradient was investigated.
Fenofibrate, a BCS class II substance was used as a poorly
water soluble (<0.3 pg/mL in water, 37°C) and lipophilic
(log P 5.24) model drug (39).

MATERIALS AND METHODS
Materials

Ph. Eur. grade fenofibrate (FF) was purchased from Smruthi
Organics Ltd (Solapur, India), hydroxypropylmethylcellu-
lose (HPMC) Pharmacoat® 603 from Shin-Etsu Chemical
Co., Ltd. (Tokyo, Japan) and dioctyl sulfosuccinate sodium
salt (DOSS) from MP Biomedicals LLC. (Solon, OH, USA).
Water was of MilliQ) grade (Merck Millipore, Billerica, MA,
USA with 0.055 uS/cm, 5 ppb TOC). For chromatography
spectroscopy grade acetonitril (LiChroSolv®, gradient
grade) and trifluoroacetic acid (Uvasol®) were obtained
from Merck KGaA, Darmstadt, Germany.

The dissolution medium was simulated gastric fluid
(SGF) without pepsin according to United States Pharma-
copeia (USP34-NF29 S1) (2.0 g sodium chloride, 80 mL
1 M hydrochloric acid in 1000 mL water) supplemented
with 0.1% (w/V) polysorbate 80 (Tween®™ 80, Sigma-
Aldrich Co. LLC., St. Louis, MO, USA). Sodium chloride
and hydrochloric acid were obtained from Merck KGaA,
Darmstadt, Germany in analytical grade. The pH was ad-
justed to 1.2£0.05. The medium was stored at 4-8°C and
was used within 5 days.

Preparation of Nanosuspensions

Aqueous suspensions consisting of II' and the stabilizers
HPMC and DOSS at the ratio of 20/2.5/0.1 by total suspen-
sion weight were prepared by wet media milling and stored at
4-8°C. An agitator ball mill (DynoMill Research Lab, WAB,
Muttenz, Switzerland) with yttrium-stabilized zircontum ox-
ide beads (SiLi ZY Premium 0.2—-0.3 mm, Sigmund Lindner
GmbH, Warmsteinbach, Germany) was used to produce
nanosuspensions with particle sizes smaller than 700 nm. By
variation of the process parameters milling speed (2000/
3000/4000 rpm), bead fill level (50/70%) and process dura-
tion (1-120 min) distinct particle sizes could be generated.
For nanosuspensions with particle sizes bigger than 700 nm
a low energy process was designed using a ball milling setup
with 5 mm zirconium oxide balls (Fritsch GmbH, Idar-
Obertein, Germany) agitated in a 12 mlL zirconium oxide
grinding bowl (Fritsch GmbH, Idar-Obertein, Germany) by
magnetic stirring. For this purpose an IKA rct basic stirrer
(IKA-Werke GmbH & CO.KG, Staufen, Germany) at
250 rpm and a cylindrical stirring bar 20 mm X6 mm were

used. With this low energy process and with process durations
of only 1 min suspensions with wide particle size distributions
were obtained. To separate off larger size fractions and to
create nanosuspensions of distinct particle sizes sedimentation
and subsequent isolation of different supernatant layers was
performed.

Light Scattering Measurements

A Zetasizer™ instrument (Zetasizer Nano ZS™ with Zeta-
sizer software 6.20, Malvern Instruments Ltd, Worcester-
shire, UK) was used for various purposes. The instrument
and software are designed to perform dynamic light scatter-
ing (DLS) measurement for the determination of particle
sizes. For this purpose light scattering intensity fluctuations
are recorded and analyzed (40). In addition the instrument
was used to measure absolute light scattering intensities,
which can be read out as mean count rate in kilo counts
per second (kcps). The mean count rate gives the arithmetic
mean of the scattering signal (count rate) detected during a
measurement run. The number and duration of measure-
ment runs can be varied in the measurement settings.

The Zetasizer” instrument was equipped with a He-Ne
laser (wavelength 633 nm, 4.0 mW) and an avalanche pho-
todiode served as a detector at a detection angle of 173°
(backscatter mode). In the measurement settings the atten-
uator and the measurement position can be varied. Since
both have an influence on the intensity of scattered light it is
crucial to keep them constant, when it is intended to com-
pare absolute scattering intensities of different measure-
ments. The incident laser light is varied by the attenuator,
which can be set from 0 (total laser block) to 11 (full laser
power). In this study a fixed attenuator of 10 (30% of laser
light enters the sample cuvette, data provided by Malvern)
was used for all determinations of absolute light scattering
intensities. The measurement position was fixed at 4.65 mm
(distance from cuvette wall) to ensure a constant scattering
volume. The scattering volume is the area of the laser beam
crossing the detection window and has a volume in the order
of magnitude of 0.01 pL (data provided by Malvern). Both,
attenuator and position settings, were chosen to give scat-
tering intensity values in the range of 100-2000 keps. All
measurements were performed at 25°C in disposable semi-
micro polystyrene cuvettes with lids (VWR International,
LLC, Vienna, Austria).

It was validated that the laser and detector of the Zeta-
sizer™ instrument function in a constant and linear mode for
the considered scattering intensities, since the instrument is
calibrated for measurement and analysis of intensity fluctu-
ations, but not for recording absolute intensity data. For that
purpose the correlation between particle concentration and
scattering intensity of spherical polystyrene nanoparticles
(Nanosphere™ Size Standards 3150A, Z average 147+
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3 nm, Thermo Fisher Scientific Inc., Waltham, MA, USA)
was evaluated. The particle suspension with a concentration
of 1% solids (data provided by Thermo Scientific) was diluted
in 0.06% sodium chloride solution according to the dilution
protocol for calibration (Malvern OQ) protocol). Dilutions of
0.01-0.22 % 10~%% solids were prepared and immediately the
absolute scattering intensities were determined (Three meas-
urements with 10 runs at 10 s on three independently pre-
pared samples).

Furthermore the correlation of scattering intensity and
particle concentration was explored for the suspension NS
1070 nm. Seven different dilutions in water were prepared
with FF concentrations ranging from 0 to 5.5 pg/mL. The
solubility was exceeded at least twofold in the prepared
samples and stability of particle size throughout the mea-
surement was assured. (Three measurements with 10 runs at
10 s on three independently prepared samples).

Particle Size Determination

Dynamic light scattering measurements were conducted for
the determination of submicron particle sizes using a Zeta-
sizer™ instrument. Nanosuspensions were diluted with water
to FF concentrations of typically 20200 pg/mL. At these
concentrations drug substance solubility is exceeded by at least
factor twenty, which prevents particle dissolution and ensures
stable particle size. The effect of nanosuspension ingredients
on dispersion medium viscosity could be neglected due to the
high dilutions (HPMC: concentration <0.0025%). Threefold
size measurements at position 4.65 mm with automated at-
tenuator settings at 25°C were performed. The micelle size in
the dissolution medium was determined respectively. Particle
size is reported as intensity weighted mean hydrodynamic size
(Z. average) and the polydispersity index (PDI) provides a
measure of distribution width.

Static light scattering (SLS) measurements were per-
formed using a Horiba LA-950 instrument (Retsch Tech-
nology GmbH, Haan, Germany). The refractive index of FF
was set to 1.51 (determined by refractive index measure-
ments of FF solutions in ethanol and extrapolation to 0%
solvent (41)). The concentration of nanosuspensions used
was adjusted to meet the optimum condition of 80-90%
transmission for the red laser and a 70-90% transmission
for the blue laser. Size distributions measured in this man-
ner are reported on a volume fraction basis calculated by
using 15 iterations. A minimum of three repetitions was
performed for cach size determination.

Concentration Determination
FF concentrations were determined threefold by high per-

formance liquid chromatography (HPLC) with UV detec-
tion at 288 nm and a reverse phase column (Zorbax Eclipse
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Plus C18, 4.6x50 mm, 3.5 pm, Agilent Technologies
Deutschland GmbH, Boeblingen, Germany). The equip-
ment was composed of a Merck Hitachi LaChrom 1.-7100
pump, a L.-7360 column oven at 30°C, a L-7250 autosam-
pler and a L-7400 UV detector. A gradient of acetonitril/
water eluent acidified with 0.01% trifluoroacetic acid (V/V)
was ran at a flow rate of 2 mL/min. Calibration with 1-
100 pg/mL FF standards in acetonitril/water (80/20)
resulted in a coefficient of determination of R*=0.999 (mean

of three independent calibration runs with freshly prepared
and diluted standards)

Solubility of Drug Substance

An excess amount of I'F (10 mg/mL) was dispersed in the
dissolution medium and stirred for 24 h at 25+ 1°C. To
separate off undissolved material samples were centrifuged
at 16060 g for 30 min (Heraeus Biofuge fresco, Thermo
Fisher Scientific Inc., Waltham, MA, USA) and subsequent-
ly the supernatant was filtered (Whatman Anotop 10
0.1 um, GE Healthcare, Buckinghamshire, UK). Control
DLS measurements were performed on the filtrates and
absence of undissolved material was assumed if no particles
apart from polysorbate micelles could be detected. The
concentration of dissolved drug was quantified by HPLC.
Three independent experimental series with triplicates were
performed and the arithmetic means and standard deviations
are reported.

Solubility of Nanosuspensions by Light Scattering

To determine the solubility of nanosuspensions an approach
of monitoring the presence of solid nanoparticles by light
scattering (instead of determining concentrations of dis-
solved material) was introduced by Lindors et al. (42) and
taken up by van Eerdenbrugh et al. (5). In the presented
study this method was modified by using a Zetasizer™ in-
strument to measure the scattering intensity.

At the time zero nanosuspension dilutions of 0—-14 pg/mL
FF in dissolution medium were prepared and stored at
252 1°C. At distinct time points the samples were ho-
mogenized via shaking and absolute scattering intensities
were measured (one measurement with 8 runs at 8 s).
The resulting data were plotted in a scattering intensity os
concentration graph and two linear segments could be iden-
tified: The first one represents completely dissolved samples
with scattering intensities equal to blank medium and the
second one represents partially dissolved samples with a slope
corresponding to an increasing solid fraction. T'o a minimum
of seven data points of each branch a linear function was
fitted. Their intersection point was calculated and interpreted
as the nanosuspension solubility. For all dilutions the concen-
tration of the nanosuspension excipient DOSS was
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below the critical micelle concentration (43) and hence it was
avoided that solubilization influences solubility. Each experi-
ment was performed in triplicate and arithmetic means and
standard deviations are reported.

Nanosuspension Dissolution by Light Scattering

Nanocrystal dissolution was followed by monitoring changes
of light scattering intensities with a Zetasizer™ instrument.
The dissolution experiments were conducted at concentra-
tions below the nanosuspension solubility after 24 h (Snsoan)
and nanosuspensions were diluted with the dissolution me-
dium (SGF supplemented with 0.1% of polysorbate 80) in
two steps. In the predilution step 1-10 pL. of nanosuspen-
sion were added to 5—10 mL of medium under magnetic
stirring to a concentration 8—10 fold above the solubility
Snsoan. Within 30 s the final dilution step was performed
directly in the cuvette by adding 20-100 pL of prediluted
nanosuspension to a total volume of 1 mL and this time was
defined as zero. Gentle mixing was performed by four 180°-
turnings of the cuvette taking care of no air bubbles to
occur. A series of measurements was started subsequent to
placing the cuvette in the sample cell. Measurement param-
eters were: 2 runs at 2 s, measurement position 4.65 mm,
attenuator 10 and 25°C. Before each dissolution experiment
a blank medium measurement was conducted in the identi-
cal cuvette already containing the respective volume of
medium for the final dilution step. The final result is
reported as A Mean Count Rate, which is the mean count
rate of each dissolution measurement reduced by the mean
count rate of the blank measurement.

Data Evaluation of Dissolution Experiments

Exponential models were chosen to describe the dissolution
curves in an empirical and pragmatic way and to enable the
calculation of characteristic data points to improve the
comparability of different dissolution profiles. Selection of
functions for data fiting was governed by the intention of
introducing only a low level of complexity. Exponential
(Eq. 3) and biexponential (Eq. 4) functions have been de-
scribed to model dissolution data previously (9,44,45) and
especially biexponential models have been successfully fitted
to dissolution profiles of micron and submicron particle size
distributions (26,28,46,47). Since in this study simple expo-
nential function fitting was not sufficient in all cases, biex-
ponential function fitting was applied for all tests.

ExpDecl : f(t) = Me"Y9) 4y, (3)

ExpDec? : £(t) = M/ 4+ Mye /) 4y, (4)

f{t) 1s the scattering intensity (A Mean Count Rate) in keps, t
1s the time after dilution in minutes and M, ¢ and yj, are the
unknown function parameters. To compare the goodness of
fit to both models not the coefficient of determination R?,
but the adjusted coeflicient of determination dejusled was
chosen. Ridjusled 1s more meaningful, when comparing mod-
els with different numbers of parameters (see (6) for calcu-
lation of dejumd).

The fitted functions were further analyzed by calculating
the time, when only 1% of the initial scattering intensity
(fitted parameter M or M;+My) remains. This time is de-
fined as the total dissolution time DT

ExpDecl : f(DT) = 0.01M (5)

ExpDec2 : f(DT) = 0.01(M; + M,) (6)

By applying these equations the function offset y, was
neglected. This was possible, since yy was very small com-
pared to M or M+M,, respectively (<10 keps). The func-
tion fitting and determination of DT was performed for
cach repetition of a dissolution experiment. Subsequently
arithmetic means and standard deviations of DT were
calculated.

Nanosuspension Dissolution by Conventional Method:
Dilution-Sampling-Separation

A dissolution test with NS 1070 nm in a USP II paddle
apparatus (DT 80, Erweka GmbH, Heusenstamm, Ger-
many) at 25+ 1°C and 100 rpm rotation speed was per-
formed. NS 1070 nm was added to 500 mL dissolution
medium to a FF concentration of 5.5 pg/mL. After
2.5 min, 5 min, 10 min, 15 min, 20 min, 30 min, 45 min,
60 min, 90 min and 120 min 1 mL samples were withdrawn
and filtered through a 0.02 pm syringe filter (Whatman
Anotop 10). The first 0.5 mL of filtrate was discarded. The
filtrate was analyzed for undissolved material by a DLS
measurement. Absence of drug crystals was assumed, if no
particles apart from polysorbate 80 micelles could be
detected. Concentrations of the filtrates were determined
by HPLC and represent the dissolved concentration. The
undissolved fraction was calculated by subtraction of the
dissolved concentration from the total drug concentration.

RESULTS

Characterization of Suspensions and Dissolution
Medium

Table I reports the particle sizes of nanosuspensions. Stabil-
ity of particle size and distribution was monitored and
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Table | Partice Size (diameter

[nm]) and Particle Size Distributions SLS DLS

of Suspensions Measured by SLS

and DLS, n=6 Mean D10 D50 D90 Z average PDI
NS 120 nm 1234 72+ | [13=3 1887 219=x2 0.204 +0.005
NS 140 nm 1382 79+ 1 1302 2104 215+4 0.184+0.013
NS 160 nm 15612 80=*2 1385 237+13 2805 0.189+0.024
NS 180 nm 184+5 92x2 1685 293+9 2963 0.183+0.021
NS 270 nm 2663 97 =1 193=3 50110 38110 0.265+0.041
NS 650 nm 645+79 14229 365+89 1491100 618x25 0.207 +0.036
NS 800 nm 797 =109 [55+64 647 £214 163053 714x79 0.566 +0.444
NS 1070 nm 1068 =44 247 £40 91842 2099+73 - -

ascertained for a minimum of 4 weeks. The crystalline state
of the suspended nanoparticles was verified previously (data
not shown).

The dissolution medium was characterized by DLS
measurements on eight batches. The size of polysorbate 80
(Tween® 80) micelles was 10.6+0.9 nm with a polydisper-
sity index of 0.112+0.040. Blank medium measurements for
dissolution experiments gave scattering intensities of 82+
5 keps.

Validation of Linearity of Light Scattering
Measurements

For the spherical polystyrene nanoparticles a linear correla-
tion between particle concentration and scattering intensity
prevailed in the range of 100-2000 keps (R*=0.997). This
linear correlation is in accordance with theory (37,38) and
consequently this experiment can serve as a proof for linear
functionality of the laser and detector for the considered
instrument settings and measured scattering intensities. For
higher particle concentrations and therefore higher scatter-
ing intensities a deviation from linearity was observed. In the
second experiment the investigation of dependance of
scattering intensity on concentration was extended to the
suspension NS 1070 nm. In contrast to the Nanosphere™
Size Standard this system is polydisperse with particles in the
nano- to micrometer range and particle shape deviates
from ideal sphericity. Nevertheless a linear correlation of
scattering intensity and particle concentration was observed

(R?=0.998).
Solubility

All solubility results are summarized in Table II and Fig. 1
presents the scattering intensity us concentration graphs for
the determination of nanosuspension solubilities. For the
linear function fitting data points below 8 pg/mlL and above
10.5 pg/mL were taken into account. Points near to the
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solubility limit were excluded due to a higher uncertainty of
data interpretation (5). For the horizontal branch coeffi-
cients of correlation are low, which can be explained by a
low signal-to-noise ratio for the measured scattering inten-
sities of 75—-90 kcps. Nevertheless this does not alter the data
analysis essentially, since both branches can be clearly dis-
tinguished regarding slope and intercept.

A first set of experiments was conducted with NS 140 nm
and a variation of time (Fig. 1a). The aim was to identify the
time necessary to reach an equilibrated system (stable dis-
solved and solid concentration over time) for the determi-
nation of equilibrium solubility. The 0 h-graph shows the
scattering data recorded 10 s after dilution and it exhibits a
curved shape. However, for stable particles a linear increase
of scattering intensity with increasing particle concentration
would be expected. The deviation from linearity indicates
that particles are not stable and that the particle dissolution
process has already started. After 2 h the two-branched
shape becomes visible, in which the horizontal branch cor-
responds to completely dissolved samples and the rising
branch to partially dissolved samples. After 24 h the picture
is the same with a shift to higher concentrations. After 96 h
the rising branch flattens and it is not possible to clearly
identify a linear progression due to signal fluctuations.

It was not possible to identify the time to reach a com-
pletely equilibrated system, in which the solubility would
correspond to saturation solubility. Data interpretation from
the 96 h-graph is subject to statistical shortcomings: The
fluctuations of the scattering signal can be explained by
number fluctuations in the scattering volume. The term
number fluctuation describes the effect of a very low num-
ber of particles in the scattering volume, which results in
poor statistical validity of the measurement. Data interpre-
tation of the 96 h-graph is further challenged by possible
changes in particle size distribution and therefore light scat-
tering properties of the system, since not only dissolution,
but also aggregation or Ostwald ripening might have been
occurred. Furthermore, adsorption of API or particles onto
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Table Il Solubility of FF Drug Substance (Sgr) and of Nanosuspensions (Sys)

Scattering method: Linear function fitting

Solubilty Sns

Nanosuspension time Data Points Slope Intercept R? Intersection Point Relative Solubility
[h] n kepsig/ml] — [keps] ug/m] [% Sie]
NS 140 nm 2 dissolved 9 0.9 82.9 0.752 9.57=0.17 [10.1=£9.1
undissolved 7 365.8 —3408.4 0.995
24 dissolved 7 1.0 77.5 0.910 9.86+0.02 113.4+9.0
undissolved 15 246.4 —2340.8 0.994
96 dissolved 7 [ 88.7 0.683 10.38=0.01 [19.5£9.0
undissolved 15 327 —239.7 0.751
NS 270 nm 24 dissolved 7 1.0 76.2 0.661 8.70+0.24 100.1 £9.4
undissolved I5 276.2 —23184 0.992
NS 1070 nm 24 dissolved 7 0.4 78.3 0.392 9.62+0.50 110.7+10.4
undissolved I5 129.3 —1162.5 0.964
Drug substance Solubilty Sge
FF 24 Conventional solubility determination method 8.69+0.78 100.0+12.7

the plastic cuvettes might be a potential source of error and
might be responsible for the shift of scattering graphs to-
wards higher concentrations for longer equilibration times.

As a conclusion of the described results, the equilibration
time of 24 h was selected for further experiments, because on
the one hand the particle dissolution process is in an advanced
state and on the other hand data interpretation is still possible
with adequate statistical quality. Following the definitions
given by Sugano the measured solubilities (Sxgo41,) are appar-
ent solubilities, meaning that reasonable long incubations
times were chosen without the confirmation of stable dissolved
and solid concentration over time (48).

Figure Ib presents the second set of experiments, in
which the particle size was varied using NS 140 nm, NS
270 nm and NS 1070 nm. For NS 270 nm a significantly
lower solubility Snsoan was determined than for the smaller

a
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NS 140 nm (8.70+0.24 v5 9.86£0.02 ug/mL). This finding
is consistent with the Ostwald-Freundlich equation (Eq. 2) in
terms of an expected higher solubility for the smaller sized
nanosuspension. However, the solubility Sxgo4n, of NS
1070 nm was calculated to be 9.62+0.50 pg/mL and hence
higher than for the suspensions NS 270 nm with smaller
particle size. This result can be interpreted as a lack of
suitability of the scattering method for NS 1070 nm, which
is due to its lower particle number density (number of
particles per volume). At concentrations just above the sol-
ubility limit only few undissolved particles remain, which are
not detectable with the optical configuration of the Zeta-
sizer™. This provokes the misleading interpretation of these
samples as dissolved, where there might indeed be particles
left. It consequently leads to an overestimation of solubility.
Another effect, which amplifies the shortcomings of the

b

1600 -
t=24h

14004 —® NS 140nm %
—e— NS 270nm b

12004 A NS 1070nm

: i
i

/|
N o

» -
»—a—m
T T

4

Mean Count Rate [keps)

6 8 10 12 14
FF concentration [ug/mL]

Fig. | Solubility of nanosuspensions determined by light scattering method. Measured scattering intensity vs total FF concentration. (a) Solubility of NS
140 nm after equilibration times of O h, 2 h, 24 h and 96 h. (b) Solubility (Snsa24n) Of nanosuspensions with different particle sizes after 24 h. n=3, arithmetic

mean*standard deviation.
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scattering method for this suspension, is that smaller par-
ticles dissolve preferentially and the size distribution is al-
tered towards bigger particles, that are more difficult to be
detected (5). Furthermore, instabilities like aggregation and
Ostwald ripening can also lead to larger particles and thus
increase the error. Even though samples are shaken up
directly before each measurement, settling of particles dur-
ing the measurement might contribute to the high standard
deviations as well.

Unlike in previous publications (5,42) all dilutions were
prepared in one step and were not gradually increased by
stepwise addition of suspensions to the cuvette. This ap-
proach was chosen to be in close analogy to the standard
procedure, in which an excess drug amount is added at the
beginning. Due to preferential dissolution of smaller size
fractions and Ostwald ripening, a one step dilution might
lead to different size distributions and scattering properties
among the samples and could influence results. We demon-
strated that this effect was not relevant for the determination
of solubilities of the smaller sized suspensions. Linearity of
the ascending branch and reasonable results confirm the
suitability of the presented method. However, a gradual
increase of concentration might improve the suitability of
the method for the determination of bigger sizes suspensions
(like for example NS 1070 nm).

The experimental error of the solubility determination by
light scattering is small compared to the uncertainty of the
drug substance solubility determination (Table II). Relative
standard deviations of Sygo41, for NS 140 nm and 270 nm
are 0.3% and 2.8% compared to 9.0% for the drug sub-
stance solubility Spy. Therefore, most of the variability in the
calculated relative solubilities (Snso41,/Syp) originates from
Sygr. This highlights the potential of the proposed method to
determine relevant solubility differences of nanocrystal for-
mulations with good precision.

Dissolution by Light Scattering

The measurement of nanocrystal dissolution by an ap-
proach of monitoring decreasing solid particle number
and size based on light scattering proved to provide a
very fast data acquisition. The first data point was
recorded 25 s after dilution and the interval of subse-
quent data points was 10 s. The scattering intensity,
which is the primary measurement signal of each DLS
measurement, was considered as readout parameter. The
standard data output of DLS measurements, the hydro-
dynamic particle diameter, is derived from the intensity
fluctuations by complex data analysis and exhibits a poor
statistical quality for the extremely short measurement
time of 2 s applied within this work (40).

In the following the light scattering dissolution method
will be compared to the conventional dissolution method.
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Subsequently the applicability of the new method will be
demonstrated. For that purpose two sets of experiments
were carried out to investigate suitability, reproducibility
and sensitivity. In a first step the particle size was varied at
a constant concentration; in a second step the concentration
was varied keeping the particle size constant.

Comparison of Light Scattering Dissolution Method
and Conventional Method

For the nanosuspension NS 1070 nm a direct comparison of
both techniques was made (Fig. 2). An overlay of both
dissolution diagrams was designed by plotting the undis-
solved concentration determined by conventional paddle
dissolution and the recorded scattering intensity determined
by the scattering method. The resulting dissolution curves
share the first data point at 2.5 min and the last data point at
120 min. The Y-axes were scaled so that the diagrams
overlap at 2.5 min and 120 min. The values at time point
0 min could not be used to adjust the scales, because it was
not possible to measure the scattering intensity at time
0 min.

The overlay illustrates a good correlation of both techni-
ques. Especially the initial high dissolution rate (0—10 min) is
correlated very well. In the middle part (10-60 min) the
dissolution process is slowed down and the scattering result
has a decreasing tendency with many spikes. In the conven-
tional experiment 92% are dissolved after 60 min and the
dissolution curve slowly approaches the level of complete
dissolution. In the scattering result this process is indicated
by a continuous reduction in the number of intensity spikes.
The fluctuations of the scattering signal and the intensity
spikes can be explained by number fluctuations in the scat-
tering volume. Due to the small scattering volume and the
decrease in particle concentration, when the dissolution
process reaches its end, the probability of remaining par-
ticles to be detected is low. The spikes represent remaining
undissolved particles passing the scattering volume, which
probably belong to micron sized particle fractions. To opti-
mize the comparability of both dissolution graphs a further
step of data analysis was performed on the scattering dia-
gram. The scattering intensity data were smoothed by the
running mean algorithm with 75 data points.

Analysis of the dissolution graphs by (bi-)exponential func-
tion fitting and calculation of DT shows a very good fit of the
biexponential model to the conventional dissolution graph
(R%djustea=0.995 compared to R?,gjusica=0.930 for exponential
model). The corresponding dissolution times are calculated to
be 76+21 min for the scattering method and 132+8 min for
the conventional method (see Table III). A shorter dissolution
time was derived from the scattering method as from the
conventional method. This discrepancy is probably attributed
to an inappropriate representation of the intensity spikes at
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Fig. 2 The dissolution of NS 1070 nm in simulated gastric fluid supple-
mented with 0.1% polysorbate 80 at a FF concentration of 5.5 ug/mL.
Black line: conventional method, n=3, arithmetic mean=standard devia-
tion. Blue line: light scattering method, n=6, arithmetic mean, standard

deviations not shown for clarity reasons. Grey line: smoothed light scat-
tering signal (running mean, 75 data points).

advanced dissolution state by the applied evaluation method. It
1s expected that the scattering method is more suitable for the
smoother dissolution profiles of smaller particles (Fig. 3) and
more appropriate dissolution times are calculated.

Nanocrystal Dissolution by Light Scattering Method

Compared to the conventional method, in which dissolved
concentrations are measured quantitatively, the light scatter-
ing setup primarily provides relative dissolution profiles.
When the scattering intensity approaches a constant level, it
can be concluded that the number and size of particles are at a
constant level, but information about the amount of

undissolved drug cannot be derived directly. In this study for
all samples at the end of the dissolution process a A Mean
Count Rate of 0+ 10 keps was reached (Figs. 3 and 4), indi-
cating that light was only scattered by the dissolution medium
itself and not by nanocrystals. A DLS size measurement at the
end of the process confirmed that apart from micelles no
particles were detectable. Therefore it was possible to add
quantitative information regarding the end of the process.

Figure 3 presents the experimental dissolution curves for
NS 120 nm to NS 270 nm. From the Noyes-Whitney equation
(Eq. 1) it 1s predicted that the smaller nanosuspensions with
their higher surface area exhibit higher dissolution rates and
therefore shorter dissolution times. In Fig. 3 this dissolution
time vs particle size ranking can be seen. For the sake of clarity
results for bigger sized suspensions NS 650 nm to NS 1070 nm
are not included in Fig. 3. However, Fig. 2 shows the dissolu-
tion curve of NS 1070 nm and Table III gives the determined
dissolution times for all formulations. The slower dissolution
rates of NS 650 nm to NS 1070 nm can be explained by
micron sized particle fractions present in this formulations
(D90>1 um, Table I).

Figure 4 presents the experimentally obtained dissolution
curves for different particle concentrations. For steeper con-
centration gradients higher dissolution rates and therefore
shorter dissolution times are observed, which corresponds to
the ranking as expected from the Noyes-Whitney equation. In
pharmaceutical dissolution testing it is favored to minimize the
concentration gradient effect by choosing sink conditions,
which means that the total drug concentration Cj is less than
10-30% of saturation solubility Cg (49,50). For sink conditions
the decrease in concentration gradient with increasing dis-
solved concentration can be neglected and the process can

Table Ill Fitting of Exponential (ExpDec|) and Biexponential (ExpDec2) Functions to Dissolution Curves and Calculation of Dissolution Time (DT)

ExpDec | fitting

ExpDec 2 fitting

Rzadjusted DT [min] Rzadjusted DT [min]
Scattering method: Var. concentration 3.9 ug/mL 0.975 [.52+0.43 0.985 1.69+0.30
4.7 ug/mL 0.976 1.79+0.32 0.981 2.15x0.38
5.5 ug/mL 0.983 2.19x0.49 0.990 2.93x1.06
6.9 ug/mL 0.968 3.14x0.28 0.977 3.44x1.02
8.6 ug/mL 0.932 5.11x0.69 0.943 6.84+0.57
Scattering method: Var. size NS 120 nm 0.990 [.56+0.14 0.993 1.89+0.33
NS 140 nm 0.983 2.19x0.49 0.990 2.93x1.06
NS 160 nm 0.978 3.30+0.29 0.984 4.70=0.95
NS 180 nm 0.987 6.29+0.37 0.995 7.05=0.73
NS 270 nm 0.969 10.52+0.63 0.974 12.25+0.34
NS 650 nm 0.827 15.32+3.59 0.861 18.17x1.22
NS 800 nm 0.675 31.03£537 0.698 60.25+11.76
NS 1070 nm 0.600 36.62+6.18 0.623 76.36=21.16
Conventional method NS 1070 nm 0.930 43.30£0.95 0.995 132.24+£8.36
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Fig. 3 Nanosuspension dissolution measured by light scattering. Variation
of particle size at a fixed FF concentration of 5.5 ug/mL. n=4, arithmetic
mean+standard deviation.

be regarded as only dependent on the constant Cs. However,
in the presented experiment concentrations above 30% of
apparent nanosuspension solubility (Sxsos4n) are analyzed.
Due to the rapid process of nanocrystal dissolution, too few
data points for dissolution under sink conditions were
obtained for a satisfying data interpretation.

Table III summarizes the results of the fitting of (bi-)expo-
nential models to experimental dissolution graphs and the
calculated dissolution times. In general the tendency for a
slightly better fit of ExpDec2 (Eq. 4) was observed. The
function fitting to dissolution curves of bigger sized suspen-
sions (NS 650 nm—NS 1070 nm) and of higher concentrations
(8.6 pg/mL) resulted in lower coeflicients of determination.
However, this should not necessarily be interpreted as a poor
correlation, since the relatively high noise of these dissolution

800 . NS 140nm
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Fig. 4 Nanoparticle dissolution measured by light scattering. Variation of
total FF concentrations for NS 140 nm. Concentrations are given in ug/mL
and as fraction of the apparent solubility Snspan of NS 140 nm. n=4,
arithmetic mean+standard deviation.
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curves (see Fig. 2, blue line) inevitably results in high deviations
between the measured signal and the fitted curve.

Investigation of Experimentally Obtained Results
According to the Noyes-Whitney Equation

The Noyes-Whitney dissolution model describes the disso-
lution process as being determined by diffusion of dissolved
molecules through the diffusion layer adjacent to the solid
surface. In strict interpretation its validity is limited to a
constant surface area, a bulk concentration being consider-
ably lower than the solubility of the API and to surfactant
free dissolution media. In practice the Noyes-Whitney mod-
el has been successfully applied to dissolution experiments,
which did not meet all of the above mentioned criteria
(46,51,52). This indicates the usefulness of the model even
under non perfect conditions and motivated the use of the
Noyes-Whitney equation as a first approach in this study.
For that purpose the Hixson and Crowell equation was
used, which is a transformation of the Noyes-Whitney equa-
tion (Eq. 1) (9).

Wy = VCs(1 —e™) (7)
Wy is the mass dissolved, Cg the saturation solubility, V the
volume of dissolution medium, t the time and coeflicient K is

DAy

K=V ®)

The total initial surface area Aj of the suspensions is
estimated with following assumptions: (1) Particles have a
spherical shape and the radius r. (2) Particle size distribu-
tions are neglected. (3) Due to the extremely poor solubility
of IF it is neglected that the aqueous medium is saturated
with dissolved FF. All drug substance is considered to be in
the solid nanocrystalline state. (4) The density p of crystalline
fenofibrate is 1.177 g/cm?® (predicted value by I-Lab 2.0
software, ACD/Labs, Toronto, Canada). As an approxima-
tion the shrinking of particles and the change of surface area
during the dissolution process were not taken into account.

VoA, Wy 3

Ay = N*Ap = v, "

(9)
N represents the number of particles, Vo and W, the total
volume and mass of particles and Vp and Ap the volume and
surface area of an individual particle.
Equation 7 is transformed by applying logarithms and by
substituting Wg = VCg and Wy = W;-W, (W is the total
drug amount and W, is the undissolved drug mass):

(Wu =+ (‘Vs — VV()))
Wg

In

= —Kt (10)
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Equation 12 denotes that the -In(AW/Wg*V/Ay vs DT
diagram has a slope of k = D/h, where k is the dissolution rate
constant and where the y-intercept is zero. Figure 5 shows the
DT vs -In(AW/Wgs*V/A, diagram for the dissolution of
NS140 nm at different concentrations and the result of linear
regression. I'rom the reciprocal slope a dissolution rate con-
stant of 9.4%10”* em/s is derived. For the experimental data
an offset was observed, thus for the linear regression analysis
the y-intercept was not forced to be zero (see Discussion,
“Investigation of Experimentally Obtained Results According
to the Noyes-Whitney Equation™).

For the analysis of dissolution with varying particle sizes
differences in the saturation solubility Cis were not considered,
since their contribution to the term -In(AW/Wg)*V/A is
small compared to the contribution of particle size. Instead
as an approximation the value of Sxgo4, for NS 140 nm was
assumed for all calculations. Figure 6 shows the DT os -In
(AW/Ws*V/ A, diagram for the dissolution of different for-
mulations at a constant concentration and the result of linear
regression. Irom the reciprocal slope a dissolution rate con-
stant of 5.1%10”* cm/s is derived, which is in a similar range as
determined by variation of concentration.

y =0.0018x - 4.1225
74 R#=0.9853

(ExpDec2) [min]

DT

3000 40‘00 50‘00 60‘00
IN(AWWVIA, [um]

Fig. 5 Plot of dissolution times (DT) vs -In(AW/WS)*V/A,. Dissolution
times were experimentally determined by light scattering dissolution meth-
od with NS 140 nm at different concentrations (40-87% of saturation
level). For the calculation of the total surface area Ag the particle radius of
65 nm (D50) was applied.

Fig. 6 Plot of dissolution times (DT) vs -In(AW/WS)*V/A,. Dissolution
times were experimentally determined by light scattering dissolution meth-
od with nanosuspensions of different particle sizes at a concentration of
5.5 ug/mL. For the calculation of the total surface area Aq particle radii
measured as D50 were applied.

DISCUSSION
Solubility of Nanocrystals

The light scattering based determination of nanosuspension
solubility proved to be a reproducible, sensitive and experi-
mentally convenient approach. The suitability of the Zeta-
sizer™ instrument for this application was demonstrated. The
advantages over separation based techniques and the good
agreement of measured with estimated solubilities based on
the Ostwald-Freundlich equation were summarized by van
Eerdenbrugh (5). Limitations of the applied method became
apparent for samples with mainly micron sized particles.
Their reduced particle number density and the sedimentation
tendency of microparticles negatively affect data quality. Pre-
viously relative solubilities of 114.5+2.1% for a itraconazole
nanosuspension (Z average 220%+4 nm), 106.7+1.0% for a
phenytoin nanosuspension (Z average 406+ 17 nm) and 97.0
+1.4% for a naproxen nanosuspension (Z average 288+
4 nm) have been reported (5). We determined relative solu-
bilities of 113.42£9.0% for NS 140 nm (Z average 215+ 4 nm)
and of 100.1£9.4% for NS 270 nm (Z average 381+ 10 nm).
These results are in accordance with published and theoreti-
cally predicted values (5,12) and hence confirm the adequacy
of the proposed method to determine nanocrystal solubility.
Previous investigators (5,42) focused on solubility increase
but not on the kinetic nature of the dissolution process. From
the findings of the experiment in this study dealing with time
variations (Fig. 1a) the importance of the time factor becomes
obvious. The nanocrystal dissolution experiments can be
regarded as a consistent continuation of the solubility experi-
ments with a shift of the timescale from hours to minutes.
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Nanocrystal Dissolution by Light Scattering Method

Conventional dissolution techniques often follow the principle
of dilution, sampling, separation and quantification of dis-
solved material. The alternative approach presented here
probes the presence of nanoparticles by light scattering. It
can be described as a straightforward dilution and w situ-
measurement technique. All sampling, separation and chro-
matographic quantification steps are avoided. The elimina-
tion of the separation step is especially favorable for
nanocrystal dissolution due to its inefficiency, slowness and
invasive character. A continuous and fast data acquisition
offers a much higher information density as can be achieved
with the conventional method. An additional feature of the
presented method is its small scale setup. By operating with a
nanosuspension volume of a few uL, dissolution experiments
could easily be integrated in early formulation development
studies with typically limited availability of APL In a direct
comparison a light scattering dissolution experiment matched
a conventionally generated dissolution curve remarkably well,
which demonstrates the eligibility of the alternative technique.
In this study a linear correlation of scattering signal and
particle concentration was shown exemplarily (see Results,
“Validation of Linearity of Light Scattering Measurements”).
This allowed the simplified assumption that during dissolution
decreasing scattering intensity corresponds to decreasing par-
ticle concentration. However, scattering depends not only on
particle concentration, but also on size. To deal with the effect
of differences in scattering patterns of different sized nano-
crystal formulations the comparison of their dissolution pro-
files was done on the basis of a relative dissolution endpoint
(time when 1% of initial scattering intensity remains). The
influence of absolute differences in scattering intensity be-
tween formulations on data interpretation was minimized by
this approach. The applied interpretation is valid under the
assumption that a change in scattering intensity during disso-
lution is dominated by the reduction in particle number.
Consideration of particle shrinking or alterations in particle
size distribution would require more complex data analysis.
A similar method to assess small particle dissolution was
introduced by Tucker et al. (34) and Crisp et al. (35), who
used turbidimetric measurements at an angle of 0° to mon-
itor dissolution of particles with sizes of 0.24-5 pm. An
interesting approach was chosen by starting the dissolution
process by the addition of surfactants (and a resulting in-
crease in solubility) during the measurement. This proce-
dure enables a determination of the initial absorbance of
undissolved particles. Crisp developed a model for the solid
mass decay and regarded the particle dissolution process as
the shrinking of a sphere. For the case of scattering intensity
being proportional to the particle volume he modified his
mass decay model towards a turbidity decay model. Both,
the dissolution and turbidity based models fit experimental
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curves well and it is concluded, that “the assumption that
turbidity scales as particle volume fraction (concentration)
produces reasonable accuracy” (35).

Tucker et al. (34) reported dissolution times shorter than
60 s for naproxen nanosuspensions (266 nm and 656 nm;
concentration of about 15% of the equilibrium solubility).
The same author described that danazol nanosuspensions
(Mean 356 nm and 820 nm, 40% of the equilibrium solu-
bility) dissolved in aqueous sodium lauryl sulfate solution in
about 150 s. Crisp came to a similar result (< 120 s) for
danazol nanosuspensions (D50 300 nm and 400 nm, 10% of
the equilibrium solubility) in aqueous sodium lauryl sulfate
solution (0.3 wt %) (35). On the other hand the dissolution
time for an itraconazole nanosuspension (D50 240 nm, 10%
of the equilibrium solubility) was found to be 60 min, which
1s explained by a lower micellar solubility and a lower rate
constant of interfacial reaction for the bigger and more
lipophilic itraconazole molecules. The dissolution time for a
fenofibrate nanosuspension (D50 130 nm, 40% of solubility
Snsoan) 0f 91 8/101 s (ExpDecl/ExpDec?) stated in this study
fits well into the range given by Tucker and Crisp.

In summary we demonstrated that the light scattering
method 1s applicable to measure the dissolution of nanosus-
pensions. The prefered nanocrystal size is in the lower nano-
meter range (mean particle size<500 nm). For very short
dissolution times (DT <1.5 min) the 25 s interval between
dilution and first data point might lead to a insufficient num-
ber of collected data points, which limits the applicability for
extremly rapid processes. In the upper nanometer range (500—
1000 nm) it was possible to measure dissolution with the
applied setup although the method is less suitable for increas-
ing particle size fractions in the lower micron scale. So far only
nanosuspensions, which are used in preformulation studies
were investigated. However, in market products the nano-
suspensions are usually further processed and more excipients
are added to the formulation. A transfer of the scattering
dissolution method to later development phases would require
an implementation of strategies to cope with undissolvable
excipients due to their influence on light scattering measure-
ments. For example prefiltration steps could be included,
which we succesfully applied to measure nanocrystal dissolu-
tion of a market product (preliminary unpublished data).
Finally it should be noted that the measurement of paticle
dissolution by light scattering techniques will only allow
straightforward data interpretation, if no absorption of light
occures at the selected wavelength.

Investigation of Experimentally Obtained Results
According to the Noyes-Whitney Equation

The Noyes-Whitney model describes the fundamental prin-
ciples of diffusion controlled dissolution and has been ap-
plied for basic and advanced dissolution modeling
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extensively. In this work as a first approach it proved to be
useful to check plausibility of experimental data and to gain
some mechanistic insight.

By transformation of the Noyes-Whitney equation a lin-
ear relation between the dissolution time DT and the term -
In(AW/Wg)*V/Ajy was obtained. The respective diagrams
for different concentration gradients displayed a linear
graph, despite the fact that nonsink conditions were applied.
This observation suggests that the sink classification might
be of minor relevance for the dissolution of crystalline nano-
suspensions. Their outstanding characteristic, an enhanced
surface area, appears to predominate over the influence of
concentration gradient in the Noyes-Whitney model. A
linear relationship could also be demonstrated for the var-
1ation of particle size, despite the assumptions made in the
calculation of total initial surface area Ay and despite the
neglect of solubility dependance on particle size.

Dissolution rate constants of 9.4*10™* em/s (variation con-
centration) and of 5.1¥10 ™" em/s (variation particle size) were
calculated from the slopes of the diagrams. We assume that
the dissolution rate constant calculated from dissolution of NS
140 nm at different concentrations is more reliable. This
presumption is based on the calculation of the surface area
under the assumption of spherical particles and the disregard
of polydispersity. The error deriving from this is constant for
NS140 but varies between different formulations. Neverthe-
less both values are in a similar range, which means that the
dissolution of the investigated system seems to follow a similar
mechanism regardless of changes in particle size or concen-
tration. The determined dissolution rate constants fit well into
the range given by Crisp, who calculated effective dissolution
rate constants of 6-357 *10~* cm/s (35). This comparison
confirms that the applied method and data evaluation lead to
reliable results. However, for the interpretation of results it is
important to mention that neither particle shrinking nor asso-
ciated changes of effective boundary layer or solubility are
considered (28,53). The applied method therefore yields an
averaged value for the dissolution rate constant over the entire
time of the process.

Shortcomings are associated with the determination of
dissolution rate constants in this study and might explain the
observed y-offset in our data (Fig. 5 and 6). From the exper-
imental point of view two arguments could be stated. On the
one hand for small particle sizes or low concentration gra-
dients the loss of dissolution information during the first 25 s
might influence data interpretation essentially. On the other
hand for bigger particle sizes the applied data evaluation
method has the tendency to underestimate dissolution times
as discussed above. From the theoretical point of view the
choice of the basic Noyes Whitney dissolution model could be
discussed. The Noyes-Whitney equation neither takes into
account particle size distributions, nor changes in particle size,
surface area, diffusion layer thickness or particle solubility

during the dissolution process. For that purposes more com-
plex models of particle dissolution are available (54). Further-
more, the general suitability of diffusion controlled models
(like the Noyes-Whitney model) for nanoparticle dissolution
has been discussed in literature (35,53). It has been proposed
that for nanoparticle dissolution the rate limiting process is not
diffusion of dissolved molecule into the bulk solution. Instead
the prior solvation step at the solid-liquid interface (the disso-
ciation of drug molecules from the solid) becomes more im-
portant for the dissolution process. However, in spite of
various simplifications, an approach using the Noyes-
Whitney model seems to enable a description of the dissolu-
tion process of nanocrystals in a meaningful way.

CONCLUSION

This work focused on the estimation of solubilities and disso-
lution kinetics of nanocrystalline API by light scattering meas-
urements performed with a Zetasizer Nano ZS™ instrument.
In accordance with literature only moderately enhanced sol-
ubilities were found, which underlines accelerated dissolution
as main factor of the bioavailability enhancement through
nanocrystals (5). Manifold shortcomings are associated to
conventional and published alternative dissolution methods
to assess nanocrystal dissolution. This triggered the develop-
ment of a method to measure nanocrystal dissolution by
monitoring light scattering intensities. The suitability of the
experimental setup was demonstrated by direct comparison to
a conventional dissolution technique. The new approach was
applicable to differentiate between different particle sizes and
concentration gradients with a satisfying sensitivity and repro-
ducibility. Operating with volumes as small as few uL of
nanosuspensions the presented light scattering method is a
small scale approach and could easily be integrated in pre-
formulation studies in early formulation development.
Experimentally determined dissolution times of nanosus-
pensions showed a linear correlation to concentration gra-
dient and initial particle surface area as predicted by the
Noyes-Whitney dissolution model. Despite being designed
for constant particle surface area and sink conditions the
Noyes-Whitney dissolution model was applicable for a wide
concentration range in this study. Evaluation of results on
the basis of advanced dissolution models, which consider
further parameters relevant for particle dissolution, will help
to gain further mechanistic insight from experimental data.
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