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ABSTRACT

Purpose To critically evaluate the effect of submicron and
micron-sized organic particulates on the ultraviolet (UV)
absorption spectra of aqueous systems and assess the
applicability of UVNVis fiber-optic probes for in-situ concentra-
tion monitoring in the presence of particles of different sizes.
Methods UV absorbance spectra were obtained for aqueous
felodipine suspensions containing a range of particle sizes
(300 nm-400 um) and suspension concentrations and for
methanolic solutions of different concentrations and amor-
phous films of different thicknesses. Select suspensions were
further characterized using nuclear magnetic resonance (NMR)
experiments. Mie theory was used to provide insight into the
role of particle size on scattering and absorption of UV
radiation.

Results Large increases in absorbance as a function of total
suspension concentration were observed for nanosuspensions
but not for the other particle sizes evaluated. NMR
measurements of solution concentration indicated that the
observed increases in UV absorbance values for these
systems were not caused by increases in the concentration
of dissolved molecules, implying that nanoparticles of
felodipine might absorb UV light. Mie theory-based calculations
enabled reconstruction of the experimental observations and
supported this hypothesis.
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Conclusions For solutions containing small (submicron) felo-
dipine particles, UV spectra were influenced by absorption of
the particles and contributions from absorption of dissolved
molecules and scattering of the particles. Caution should be
applied when using in situ UV/NVIS-probes to monitor the
amount of dissolved material during dissolution, in particular
when small particles are present (e.g. dissolution of nano-
particulate formulations) or generated (e.g. precipitation of
supersaturated solutions) in the dissolution medium.
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INTRODUCTION

Determination of solution concentration, particularly with-
in the framework of dissolution testing, is an important
technique in the evaluation of drug products, both during
formulation development and as a quality control tool.
Traditionally, quantification of the dissolved drug concen-
tration in the dissolution medium as a function of time is
performed by removing samples from the dissolution vessel
followed by filtration and subsequent ultraviolet (UV) or
high performance liquid chromatography combined with
UV analysis (HPLC-UV). An increasingly important alter-
native to these traditional techniques is the m suu
measurement of dissolution profiles using fiber-optic UV/
Vis probes. These probes are also finding widespread use
for concentration determination in applications such as the
miniaturized analysis of (intrinsic) dissolution rates using a
rotating disk (1,2) or powder (3), estimations of particle sizes
based on dissolution rate data (4), and determination of
precipitation behavior in artificial stomach-duodenum
models (5).
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The use of mn situ fiber-optic probes for concentration
monitoring during dissolution testing was first explored in
the late eighties, using a variable wavelength spectropho-
tometer and felodipine tablets as the model system (6).
Subsequent methodology advancements include integration
of diode array spectrophotometers (7), development of
instrumentation enabling the simultaneous evaluation of
multiple dissolution vessels (e.g. through the use of multiple
probes in combination with a transport accessory that
allows the light beam to be switched between the different
probes (8) or through the use of a charge-coupled device
(CCD) (9,10)) and the integration of robotics for the
movement of a single probe between different dissolution
vessels (11-13). Other studies detail the use of different
probe designs (e.g. transmission versus transflectance probes,
or probes with variable path length) (14-23) as well as the
validation efforts necessary to implement the technology in
pharmaceutical settings (24—26). A number of clear advan-
tages can be associated with the use of m sutu fiber-optics.
The first advantage is the elimination of sampling; hence,
sampling consumables (filters, solvents etc.) are eliminated,
as 1s the subsequent off-line analysis. Second, through the
use of fiber-optics, real-time and frequent sampling is
possible, resulting in more extensive datasets that allow for
a more thorough characterization of concentration-time
profiles and hence the dissolution process.

Accompanying the aforementioned advantages are sev-
eral analytical challenges which are often circumvented
with traditional sampling techniques. For example, when
using a combination of filtration and HPLC separation for
quantification, interference from absorption of dissolved
excipients typically can be prevented. This is not always the
case when using fiber-optic probes (27); however, successful
examples exist where solution drug concentrations were
accurately measured in the presence of interfering dissolved
species through the use of multivariate chemometric
methods (28) or three-wavelength K-ratio spectrophotom-
etry (29). Two other important sources of interference that
can impact the analysis when filtration is not performed
prior to measurement are insoluble excipient particles as
well as particles arising from the drug itself. In current
literature reports (1-29), scattering is reported as being the
sole interfering effect of insoluble particles during in situ
fiber-optic dissolution experiments. The influence of scat-
tering on the observed spectra is an apparent increase in
absorbance. This increase can be constant over a wide
wavelength range or can increase with decreasing wave-
lengths, resulting in baseline distortions. In the former case,
a relatively simple baseline offset correction can be applied,
e.g. using a single compensation wavelength at a wave-
length where the observed absorbance is solely due to
scattering. The latter case, where scattering increases with
decreasing wavelength, is known as Tyndall scattering, and
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second derivative algorithms can often be successfully
applied to correct for this baseline phenomenon. The
aforementioned approaches have been frequently applied
to correct for scattering effects, yielding dissolution curves
in good agreement with those obtained from traditional
sampling techniques.

However, in addition to scattering, it is well known from
particle physics that absorption can contribute to the
attenuation or extinction of electromagnetic (EM) radiation
incident on a particle (30,31). Hence, the underlying
assumption made in the studies referenced above, namely
that extinction of EM radiation by particles 1s exclusively
the result of scattering and that the only absorption
occurring is due to individual drug or excipient molecules
present in the solution phase, is not necessarily valid from a
theoretical perspective. In reality, molecules that absorb
light do not necessarily need to be in solution to do so. The
absorption of light by particulates is, however, size
dependent and is of greatest relevance for smaller particles.
While the absorption properties of, e.g. metal nanopar-
ticles, have been described extensively (32—34), literature on
organic nanoparticulate systems is sparse (e.g. (35)) and has,
to the best of our knowledge, never been related to the
applicability of UV/Vis fiber-optic probes for solution
concentration determination. Regarding absorption and
scattering of light, it is of relevance to briefly mention Mie
theory, a well-known theoretical framework that can be
used to simulate the interaction of EM radiation with a
(spherical) particle (30,31). This theory enables calculation
of the relative amounts of light scattered and absorbed by a
spherical particle of arbitrary size, its sum being termed
extinction. The outcome depends on several parameters,
including the real refractive indices of both the particle and
the surrounding medium, the wavelength of the incident
light, the particle size and the absorptivity of the particle,
expressed through its imaginary refractive index. As a
general rule, absorption dominates extinction for a given
particle with a sufficiently small diameter. As particle size
increases, scattering becomes increasingly important. The
above considerations suggest that current practice where
corrections are only made for the scattering effects of
undissolved particles may not be adequate for the accurate
determination of the dissolved drug concentration; while
scattering corrections may be applicable for systems where
the suspended particles are sufficiently large, in cases where
smaller particles are present in the dissolution medium the
validity of this approach needs to be reevaluated. Potential
scenarios resulting in smaller particles include cases where
the drug has been formulated as a nanosuspension (36—38),
small particles are formed upon dissolution of larger
particles or precipitation occurs from either a supersaturat-
ing drug delivery system (39) or because of a pH-induced
change in solubility. It should be stressed that the current
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trend of new potential drug candidates having lower
aqueous solubility (40) often necessitates the formulation
of drugs as either smaller particles or as a supersaturating
drug delivery system.

Given the increasing use of @ siu fiber-optic probes
coupled with UV spectroscopy for the characterization of
pharmaceutical systems, it is clearly of importance to
understand the impact of particulates on the resultant
spectra. The purpose of this study was therefore to
characterize the impact of particle size and concentration
on absorption and scattering of light in the UV/Vis region
of the EM spectrum. Felodipine was selected as a model
drug. Fiber-optic probes coupled to a UV/Vis spectrometer
were employed to generate spectra of felodipine suspen-
sions of various size ranges (300 nm—400 um) as a function
of total suspension concentration. Mie theory calculations
were undertaken to provide insight into the underlying
phenomenon taking place. The potential impact of these
findings with respect to i situ fiber-optic UV/Vis probes for
dissolution monitoring is discussed.

MATERIALS AND METHODS
Materials

Felodipine was a gift from AstraZeneca (Sodertilje,
Sweden). Polyvinylpyrrolidone (PVP, Kollidon® 30) was
kindly provided by BASF Corporation (Mt. Olive, NJ).
Dichloromethane (ChromAR®™) and methanol (anhydrous,
ChromAR®) were purchased from Mallinckrodt Baker,
Inc., Phillipsburg, NJ, USA. Ethyl alcohol (200 proof) was
purchased from Pharmco Products, Inc., Brookfield, CT,
USA and Aaper, Shelbyville, KY, USA.

Sample Preparation

Felodipine nanosuspensions were prepared using media
milling. PVP (100%, relative to the drug weight) was
selected for nanosuspension stabilization based on an 1initial
screening using different stabilizing agents at different
concentrations (data not shown). For the purpose of this
study, a nanosuspension is defined as a suspension of
submicron drug particles (36-38). Suspensions of 0.5 g of
felodipine were dispersed in the aqueous stabilizer solution
(0.5 ¢ PVP in 5 ml water) in 20 ml scintillation vials
(Research Products International Corp., Mt. Prospect, IL);
8 batches were prepared in total. Subsequently, 5 g of
zirconium oxide beads (0 0.5 mm, YTZ® grinding media,
Tosoh Corporation, Tokyo, Japan) were added as a milling
agent together with a magnetic stirring bar (starburst,
diameter 3/4"). The vials were placed on a stirring plate
(Telesystem HP 60, Variomag® U.S.A., Daytona Beach,

FL), and stirring was performed at 100 rpm. Particle size of
the batches was monitored using dynamic light scattering
(DLS, see below). Milling was halted when DLS indicated
that a mean particle size of around 300 nm had been
obtained. Different milling times were applied for the
different batches, as milling efficiency tended to vary from
batch to batch. Subsequently, the 8 batches were combined
and transferred into a 100 ml glass cylinder. To further
separate off larger particles and agglomerates, the cylinder
was allowed to stand overnight, followed by isolation of
the supernatant nanosuspension. Herein, {total suspension
concentration will be used to describe the concentration of
both dissolved and undissolved felodipine. The terms
dissolved felodipine concentration, solubility and solution concentration
denote the dissolved material only. The total felodipine
concentration in the nanosuspension was determined by
high pressure liquid chromatography (HPLC). Aqueous
dilutions of this nanosuspension were made in order to
obtain experimental samples at select concentrations as
indicated in the Results and Discussion section. The final
PVP concentration of these samples was kept constant at
I mg/ml. Jetmilling was performed using a home-built
apparatus. After jetmilling, the collected powder was sieved
through a 53 pm mesh. Manual grinding of bulk felodipine
powder was performed using a mortar and pestle. Subse-
quently, 300-500, 106-250 and 53—-106 pm size fractions
were isolated by sieving (“Sieved Fraction 1, 2 and 3”).
Suspensions of the jetmilled and ground powders were
prepared by adding the solids to an aqueous PVP solution
(100% PVP, relative to the drug weight), followed by
sonication for 10 min, and then were allowed to stand for at
least 60 min. Aqueous dilutions of the suspensions were
prepared for further measurements, keeping the final PVP
concentration constant at 1 mg/ml. All experiments were
performed at room temperature. Further physicochemical
characterization of the obtained powders and the freeze-
dried nanosuspension using differential scanning calorime-
try (DSC), X-ray powder diffraction (XRPD), Raman and
mid-infrared spectroscopy confirmed the presence of
crystalline felodipine and pointed to the absence of
amorphous felodipine (data not shown).

Dynamic Light Scattering (DLS)

Dynamic light scattering experiments were performed on the
nanosuspensions for the determination of particle sizes. A
Malvern Zetasizer ZS® (Worchestershire,UK) series instru-
ment, equipped with a 173° backscattering detector, was
used for these measurements. The temperature was set at
25°C, and the attenuation and measurement settings were
optimized automatically by the resident software. Disposable
cuvettes (VWR International, West Chester, PA USA) were
used. Measurements were performed in duplicate.
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Particle Size Evaluation Using Laser Diffraction (LD)

LD was used to characterize the particle size distributions
of the samples, using a Mastersizer 2000 equipped with a
Hydro MU sample dispersion unit (Malvern Instruments
Limited, Worcestershire, UK). Except for the nanosuspen-
sion, which was used as such, the following procedure was
applied for sample preparation: 1 g of felodipine powder
was suspended in 5 ml of a 100 mg/ml PVP aqueous
solution in 20 ml scintillation vials. Subsequently, the
suspensions were stirred vigorously with a vortex mixer,
followed by ultrasonic treatment of the samples for 15 min
using an ultrasonic bath. Given the low aqueous solubility
of felodipine (about 0.81 pg/ml at room temperature (41)),
water was selected as the dispersing medium. Analysis of
the resultant diffraction patterns was performed using the
Mie model (30,31). Each measurement was performed in
triplicate. From the resulting volume distributions of both
batches, the average 10, 50 and 90% volume percentile
values (dw,0.1), div,0.5 and dy,0.9) and span of the distribu-
tion (span = (d,0.9) — du.0.17)/dw.0.5) were determined, as
well as their standard deviations.

Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectroscopy was employed to evaluate the effect of
particle size on solubility. Therefore, the solubility of the
nanoparticles was compared to that of coarse particles of
felodipine. An excess of solid was added to 10 ml of a
mixture of ethanol/water (25/75 (v/v)) in 20 ml scintillation
vials (Research Products International Corp., Mt. Prospect,
IL). The latter solvent system was used to increase
felodipine solubility and, hence, the signal-to-noise ratio of
the measurements. Subsequently, the suspensions were
stirred for 24 h to allow for equilibration. A 1 ml aliquot
of the suspension was transferred into an NMR sample tube
(type 528-PP-7, Wilmad LabGlass, Vineland, NJ). 1D proton
NMR spectra were acquired at 25°C using a Bruker
AVANCE DRX500 spectrometer equipped with an inverse
proton cryoprobe and single axis (z) gradient. The total inter-
scan delay was 5 s, sweep width was 16 ppm, and a total of
16 K complex data points were acquired. Solvent water and
ethanol were suppressed by a WET sequence that selects
multiple resonances with minimal impact to the aromatic
signals of felodipine. For felodipine solubility determination,
the aromatic peaks were integrated after the free induction
decay (FID) was processed with a mild window function
(0.3 Hz exponential multiplication), Fourier transformation,
manual phasing and baseline corrections. All experiments
were performed in triplicate, with each spectrum acquired
with 256 scans. The averages and standard deviations were
calculated. Solubilities of the nanoparticles were expressed
relative to that of the coarse powder reference.
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UV/Vis Spectral Analysis Using Fiber-Optic Probes

UV/Vis spectra were obtained using a 6-channel fiber-
optic system (Ocean Optics, Dunedin, FL, USA), consisting
of a DH-2000-BAL light source, six 1 cm pathlength
transflectance dip probes (T'300-RT-UV-VIS) and a Jaz
spectrometer module. Wavelength scans (<1 nm resolution)
were performed on samples at 25°C from 200 nm to
700 nm. Calibration solutions (0.5-20 pg/ml) were pre-
pared in methanol. A Savitzky-Golay smoothing function
with a second-order polynomial (40 points of window) was
applied to the spectra, using OriginPro 8 SR1 (v8.0773,
OriginLab Corporation, Northampton, MA) (42). Spectral
peaks and absorption intensities were not altered by this
treatment. For further quantification purposes, second
derivatives of the spectra (range 270—440 nm) were taken
for the calibration and sample data in order to mitigate
particle scattering effects.

UV/Vis Spectral Analysis Using Offline Equipment

For these experiments, a Cary 300 Bio instrument with
WinUV software (Varian Inc., Palo Alto, CA) was used in
double beam mode. For the measurement of the spectrum
of a 0.81 pg/ml felodipine solution in methanol, quartz
cuvettes were used (10 mm pathlength, Starna Cells, Inc.,
Atascadero, CA, USA). In order to estimate the imaginary
refractive index (absorbance) of felodipine (see below),
amorphous films of various thicknesses were prepared by
spin-coating solutions of felodipine in dichloromethane on
quartz cover slips (19%X19 mm, Chemglass Life Sciences,
Vineland, NJ). Amorphous films were preferred here above
crystalline samples, as spectral contributions due to scatter-
ing were found to be negligible for the former. The spin-
coating procedure and estimation of the average film
thickness (based on weight gain of the cover slips) has been
previously described in more detail (43). As such, 4 films
were prepared, covering an average thickness range from
0.52 to 1.58 pm. Three separate measurements were
performed on each film from which the average absorbance
at 361 nm (peak maximum) was determined, together with
the corresponding standard deviation.

Mie Model Simulations

Simulations were performed using MiePlot v4.2.03 (http://
www.philiplaven.com/mieplot.htm), a Visual Basic inter-
face to the BHMIE code, originally developed by Bohren
and Huffman (31). Simulations were performed using a real
refractive index of 1.57 (44) for felodipine and 1.33 for
water. The imaginary part of the refractive index was
estimated from spectral data obtained on amorphous
felodipine films (see above), assuming reflection to be
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negligible at the interfaces of the films, using the following Based on this, Eq. 4 can be rewritten as
equations (31): 7
4-7],'/{ h’ll—0 = —amh (6)
=7 M)
which can be further expressed as
1 am/l
I —log— = (7)
ah = ln70 (2) Iy In(10)
The extincti -section, C, Is (31
Where a is the absorption coefficient, 4 the wavelength, & ¢ extinction cross-section, Gy equals (31)
1s the imaginary part of the refractive index, / the thickness Coy = Cus + Cya (8)

of the film and I, and [ the incident and transmitted
intensities, respectively. Upon calculation of In(Z)/1), de-
rived from the absorbance measurements for the different
films with average film thickness 4, a was estimated to be
4.0+0.4 pm™" at 361 nm. From this, a £ value of 0.116+
0.013 was obtained. Based on the relationships shown by
Egs. 1 and 2 and using the spectrum of an amorphous
felodipine film, additional values of £ were determined at
different wavelengths between 275 and 500 nm, at 5 nm
intervals. The latter were used to calculate the extinction
cross-sections ((y,;, the sum of the scattering and absor-
bance cross sections) using MiePlot v4.2.03 as a function of
wavelength for spherical particles of different sizes with the
absorbance properties of felodipine. Similar simulations
were performed for nonabsorbing spherical particles, using
a k value of zero at all wavelengths. To allow comparison
with absorbance measurements, the obtained extinction
cross sections were further converted into —log({/1) values,
since absorbance is defined as

1
Al,h = —lOgE (3)

with A, the absorbance at a specified wavelength, A, / the
intensity of light at that wavelength that has passed through
a sample of thickness, %, and, I, the intensity of the incident
light. Transformation of the extinction data can be
performed by considering Bohren and Huffman (Chapter
11, Section 11.1, with some modification of symbols) (31):
“If multiple scattering ts negligible the wrradiance of a beam of light s
exponentially attenuated from I to I in traversing a distance h through
a particulate medium:

1
— = exp(—a.uh) (4)
Iy

Extinction ts the result of both absorption and scattering (0, s the
attenuation coefficient; note that this is not the same as the absorption
coefficient, o, defined above).

Oy = -N(Cabs + Csm) (5)

N is the number of particles per unit of volume, G5 and Ci,, are the
absorption and scattering cross sections, respectively.”

Hence, upon introduction of V), the volume of a
particle, and with G,y (=C.u/ Ve, the extinction cross-
section per unit of volume), Eq. 5 can be rewritten as

Aoy = NV[mrt Cex‘t,V (9)
Thus, Eq. 7 becomes

1 o NV/raﬂ Cexl s V/Z

—log— = — KCo, v
ST In(10) il

(10)

the constant A being defined as

_ NV}mrth _ ¢/;art}l
~In(10)  In(10)

(11)

with @40 (= NV4y) the volume fraction of the particles.

For these calculations, a pathlength of 1 cm, a particle
concentration of 50 pg/ml and the density of crystalline
felodipine of 1.451, derived from the crystal structure
(DONTT]) (45), were used.

RESULTS AND DISCUSSION

UV/Vis spectra of felodipine nanosuspensions (Z-average
particle diameter=300=£ 3 nm, polydispersity index=0.141%
0.006, by DLS) as a function of total nanosuspension
Clearly, with
increasing total nanosuspension concentration, both the

concentration are depicted in Fig. 1.

scattering contribution as well as that due to absorption
increase. The observed scattering, which shows the Tyndall
effect, is a well-described phenomenon that can be
corrected using a second derivative approach. However,
the increase in absorption suggests, based on conventional
interpretation, that the concentration of dissolved felodi-
pine increases with increasing total nanosuspension con-
centration. Upon comparison of these spectra with the
spectrum from a methanolic solution of felodipine equal in
concentration to its aqueous solubility (0.81 pg/ml (41)), the
absorbancies of the nanosuspensions greatly exceed the
latter. At first glance, these results might be interpreted as
the nanoparticulate systems giving rise to a higher solubility
due to the higher curvature of the nanoparticles. However,
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Fig. | UV-Vis spectra, measured with fiber-optic probes: 0.81 ug/ml
felodipine solution in methanol ( ), felodipine nanosuspensions of
| O (), 2.5 (), 4.0/ ) and  S50(mmmmm=) Ug/ml total
felodipine concentration.

both the Ostwald-Freundlich equation (46) and an exper-
imental study suggest that the actual relative solubility
increases associated with crystalline drug nanoparticles of
this size range are generally moderate (100-115% of
equilibrium solubility) (47). Physicochemical characteriza-
tion of the freeze-dried nanosuspension using DSC, XRPD,
Raman and mid-infrared spectroscopy pointed to the
absence of amorphous felodipine (data not shown), elimi-
nating solubility enhancement due to a high energy solid
form as the cause of the enhanced absorption. Additionally,
it should be noted that even if a (small) fraction of
amorphous felodipine were present in the nanosuspensions,
it would be expected to spontaneously revert to the
crystalline form through surface crystallization of the
hydrated matrix (48) or by dissolution combined with
growth of crystalline regions (49). The impact of dissolved
PVP on the equilibrium solubility of felodipine was also
investigated and found to be negligible. Significant
increases in equilibrium solubility were not observed until
the PVP solution concentration was above 5 mg/ml, more
than 5 times the concentration used in this study (data not
shown). However, to further verify that the increases in
absorption intensity were not due to an increased concen-
tration of dissolved molecules, NMR spectroscopy was used
to determine solubilities in an ethanol/water mixture (25/
75 (v/v)). The latter mixture was used to increase solubility
relative to that in pure water, resulting in better signal-to-
noise ratios for the NMR experiments. The obtained
solubility of the nanosuspension was 89110% of that of
the coarse suspension. This result independently confirms
that solubility increases are not responsible for the large
increases observed in the absorbance spectra. Consequent-
ly, the contribution of the particulate matter to the
increased intensity in the absorbance band of felodipine
needs to be further explored.
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Fig. 2 shows the UV/Vis spectra of suspensions
containing jetmilled felodipine crystals (dy0.1)=3.12%
0.28 pm, d,05=10.19£0.64 pm, d,0.9=26.52£3.11 pm
and span=2.2910.13) as a function of total suspension
concentration. Upon comparison of the data with that
obtained from the nanosuspension (Fig. 1), a number of
distinct differences can be noted. First, it is clear that
scattering contributions to the spectra are greatly reduced
and relatively constant over the depicted spectral range (i.e.
the Tyndall effect is less pronounced). Second, and more
important with respect to this study, the maximum intensity
of the felodipine absorption peak that would be obtained
after subtraction of the scattering component appears to be
relatively constant and similar to that obtained for a
methanolic solution with a felodipine concentration
corresponding to its aqueous solubility (0.81 pg/ml (41)),
irrespective of the total felodipine concentration of the
suspension. Similar spectral observations were obtained for
the other particle sizes investigated, but, for the sake of
brevity, the spectral data are not shown. Instead, an exercise
has been performed to quantitatively compare the predicted
solution concentration derived from spectra obtained from
suspensions containing different sized particles in order to
assess to what extent the presence of particulates interferes
with the determination of solution concentration values. As
can be seen from Table I, dy 5 values of the different
suspensions cover three orders of magnitude. Apparent
solution concentrations of the suspensions were estimated
from the UV spectra obtained from samples containing
different total suspension concentrations after taking a
second derivative. The resultant analysis (Fig. 3) shows that,
except for the nanosuspension, the estimated solution
concentration remains relatively flat as a function of total
felodipine concentration, although there is a slight trend of
higher predicted dissolved concentrations with increasing
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Fig. 2 UV-Vis spectra, measured with fiber-optic probes. 0.81 ug/ml
felodipine solution in methanol ( ), suspensions of jetmilled
felodipine of | O(mmmmm—m), 25 (m—), 40 ( ) and 50 (mm—) g/
ml total felodipine concentration.
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Table | Particle size Data (LD,

with Standard Deviations) of the Suspension 1D dwo.1) (UM) dw0.5) (M) dwo.9) (UM) Span

Different Suspensions Evaluated

(n=3) Nanosuspension 0.15+0.00 0.38+0.04 1.90+0.07 4.61£0.24
Jetmilled 3.12+0.28 10.19+0.64 26.52+3.11 229+0.13
Sieved Fraction | 6.71 +=0.23 38.39+0.46 96.88+0.22 2.35+0.03
Sieved Fraction 2 8.98+0.47 105.03£3.12 239.86+ .47 2.20+0.06
Sieved Fraction 3 226.09+1.27 380.21 +=0.08 601.34+0.40 0.99+0.00

suspension concentrations. The solution concentrations
predicted for the suspensions should represent the equilibri-
um solubility of felodipine. The fact that the solution
concentrations estimated at higher particle densities (up to
2.10 pg/ml) are large relative to the reported solubility of
felodipine (about 0.81 pg/ml at room temperature (41)) most
likely originates from the low absolute magnitude of the
absorbance peak for a saturated solution of felodipine (with a
corresponding peak maximum of only 0.034 a.u.), arising
from its low aqueous solubility. Hence, small absolute errors
resulting from the quantification procedure would appear as
large relative errors. As these deviations are relatively small
compared to those observed for the felodipine nanosuspen-
sion, the root cause of these deviations will not be further
explored here. Indeed, the impact of the felodipine nano-
particles on the UV/Vis spectra as well as on the solution
concentration estimates, even following a second derivative
correction, is dramatic. A steep increase in the predicted
dissolved concentration can be noted with particle concen-
tration. As this cannot be attributed to actual solubility
increases, this observation strongly suggests that submicron
felodipine particles absorb light in a manner similar to free
felodipine molecules in solution. As a result, concentration
measurements in the presence of these submicron particles,
with or without the corrective measures discussed above,
yield much higher apparent solution concentrations than are
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Fig. 3 Predicted solution concentration as a function of total felodipine
suspension concentration: nanosuspension (€»), jetmilled (@), sieved

fraction | (49), 2 (@) and 3 (@).

actually present. Linear regression of the data points shown
in Fig. 3 for the nanosuspensions yields a slope of 0.14 (R*=
0.995). In other words, for each increase in particle
concentration of 10 pg/ml, an apparent increase in solution
concentration of 1.4 pg/ml results. It is relevant to note at
this juncture that, from a theoretical perspective, based on
Mie theory, absorption effects of smaller particles would be
expected to be higher, which is discussed in greater detail
below. From an application viewpoint, this type of particu-
late interference clearly cannot be ignored and jeopardizes
the accuracy of solution concentration estimates that are
based on UV spectra obtained in the presence of these
absorbing submicron particles.

The experimental observations described above demon-
strate that, for nanoparticles, there is indeed significant
absorption in the region of the felodipine absorption band.
It is therefore of interest to interpret these observations
within the theoretical framework provided by Mie theory
(30,31). Figure 4a—c depict the theoretically calculated
extinction plots (—log(I/Iy)) as a function of incident
wavelength for spheres of different size either having the
absorption properties of felodipine or being nonabsorbing.
These were based on Mie calculations of extinction cross-
sections that were further transformed into —log(I/1) units,
assuming multiple scattering effects to be negligible, and a
suspension concentration of felodipine particles of 50 pg/
ml (see the Materials and Methods Section for further
details), to allow for comparison with actual measurements
of the 300 nm nanosuspension at that total felodipine
concentration (included in Fig. 4a). Figure 4a shows results
for particles with sizes from 30 to 300 nm. For non-
absorbing spheres, the extinction is solely due to scattering.
With increasing size, —log(I/I) increases dramatically and
shows an increasing trend with decreasing wavelength, in
line with the Tyndall effect. Results obtained for particles
having the absorbing properties of felodipine clearly
demonstrate an additional increase in extinction in the
region where felodipine absorbs. Both in absolute and
relative terms (compared to the —log(I/Iy) values of
nonabsorbing spheres), this increase in absorption becomes
smaller with increasing size. Similar to dissolved molecules,
it is the dominant form of extinction for 30 nm particles.
For the 300 nm particles, scattering is predicted to be the
dominant mechanism of extinction; however, the absorp-
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Fig. 4 Theoretically generated extinction [—log(I/lp)] plots as a function of
the wavelength of the incident light for 50 ug/ml suspensions of
nonabsorbing (dashed lines, k=0 at all wavelengths) spheres, spheres with
absorbance properties similar to those of felodipine (solid lines) for particles
having different sizes, and experimentally measured spectrum of a 50 ug/ml
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and an amorphous film (®®eee maximum scaled to an absorbance of
0.5 a.u.); (B) 400 ( ), 500 ( ), 600 ( ), 800 ( )
and 1000 (msssmm) nm particles; (C) 1200 ( ), 1500 (), 2000
(), 3000 ( ) and 4000 () N particles. The sizes given
represent the diameter of the particles.
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tion contribution is certainly still significant for this particle
size. The good agreement between the —log(I/Iy) graph
calculated for the 300 nm particles and the experimentally
measured spectrum for the 300 nm nanosuspension, in
terms of the magnitude of the extinction, should be noted.
Differences in the local environment of the felodipine
molecules in the crystalline nanoparticles versus those in
the amorphous state most likely underlie the differences
seen in the shape of the felodipine absorbance peak
between the curves, as absorbance measurements on
amorphous films were used to calculate the imaginary
The
similarity seen in the shape of the absorbance peaks in the
Mie predictions of Fig. 4a with that of an amorphous
felodipine film (Fig. 4a, normalized to a maximum absor-
bance of 0.5 a.u.) further supports this reasoning. The above
simulations clearly illustrate the underlying cause for the
observed increases in absorbance seen for the nanosuspen-

refractive indexes used in the Mie calculations.

sions, namely that absorbance by the particles cannot be
neglected. For particle sizes ranging from 400 to 1000 nm
(Fig. 4b), a further decrease in the contribution of absorbance
to the extinction of the spheres can initially be noted (400
and 500 nm particles). Subsequently (600, 800 and 1000 nm
particles), the —log(I/1) patterns as a function of size become
more complex. Nonabsorbing spheres lose their typical
Tyndall pattern as —log(I/Ij) tends to rise more moderately
(600 nm), level off (800 nm) or even decrease (1000 nm) at
the lower wavelengths. This may even make the quantifica-
tion routines applied problematic in the presence of non-
absorbing (excipient) particulates of such sizes. For the
absorbing spheres, a decrease in —log(I/Ip) in the region of
felodipine absorption is now observed. Although less straight-
forward to directly link the observed patterns to the
absorbance of felodipine films now (spectrum included in
Fig. 4a), their complexity suggests a potential source of error
which may not be easily identified when estimating the
concentration of a suspension within this particle size range.
Similar observations can be made for the particles having sizes
above 1000 nm (Fig. 4c, 1200-4000 nm), where it is
interesting to note that above 2000 nm the extinction
appears to take on the shape of a horizontal baseline, as
often assumed in literature. However, three important trends
can be seen here. First, —log(I/Ij) clearly tends to decrease
with increasing particle size (note that the scale of the Y-axes
in Fig. 4a—c are identical), as does its wavelength dependen-
cy. In addition, differences between nonabsorbing and
absorbing spheres become smaller. From this modeling of
organic particulate spectra, it is apparent that upwards of a
certain particle size, offsetting baselines or taking a second
derivative might be appropriate spectral correction routines
to improve for the quantification of solution concentration.
It should be noted that the Mie theory calculations
presented above rely on a number of simplifications and
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assumptions, e.g. homogeneous monodisperse spheres
were considered, the imaginary portion of the refractive
index was estimated using amorphous films, the real part
of the refractive index was an estimate and considered
wavelength-independent and the Kramers-Kronig rela-
tionship between the real and imaginary refractive index
was not taken into account. That being said, the insights
provided by the simulations are consistent with the
experimental observations in this study, supporting the
conclusion that the presence of small particles (certainly
nanoparticles) may impact the results of concentration
measurements obtained using UV/Vis fiber-optic systems.
Furthermore, in contrast with interferences of dissolved
excipients and large particulates, spectral influences of
small particulates seem to be much more complex,
making deconvolution of contributions of dissolved drug
and particulate material extremely challenging compared
to correcting for dissolved excipient or large particle
interferences.

CONCLUSIONS

The above results clearly demonstrate that there are
limitations to the applicability of in situ UV/Vis fiber-optic
probes for the measurement of solution concentrations in
the presence of particulate matter. Hence, in any scenario
where small (submicron) absorbing particles are present in
the medium being analyzed, caution should be exerted
when using UV/Vis fiber-optics for quantification of
dissolved concentrations. Aside from where drugs are
intentionally formulated as such (e.g. nanosuspensions),
small particles can be formed unintentionally during
dissolution processes, e.g. upon dissolving larger-sized
particles or due to precipitation of supersaturating drug
delivery systems. The relative importance of the effects of
absorbance by particulate matter can be expected to
increase when having (1) lower solubilities of the compound
in the dissolution medium, (i1) higher concentrations of
solids, and (i) smaller particle sizes. As Mie theory
calculations proved successful in modeling the effect of
particle size and suspension concentration on the resultant
spectra, one can apply this approach as a first evaluation to
determine the impact of particle absorption effects on
solution concentration determinations for a given system.
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