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Abstract O The measurement and analysis of frequency-domain
photon migration (FDPM) measurements of powder absorbance in
pharmaceutical powders is described in the context of other optical
techniques. FDPM consists of launching intensity-modulated light into
a powder and detecting the phase delay and amplitude modulation
of the re-emitted light as a function of the modulation frequency. From
analysis of the data using the diffusion approximation to the radiative
transport equation, the absorption coefficient can be obtained.
Absorption coefficient measurements of riboflavin in lactose mixtures
are presented at concentrations of 0.1 to 1% (w/w) at near-infrared
wavelengths where solution absorption cross sections are difficult to
accurately measure using traditional transmission measurements in
nonscattering solutions. FDPM measurements in powders enabled
determinations of absorption coefficients that increase linearly with
concentration (w/w) according to Beer—Lambert relationship. The
extension of FDPM for monitoring absorbance of low-dose and
ultralow-dose powder blending operations is presented.

1. Introduction

The blending of powders of differing particle size,
density, shape, and surface characteristics can result in
demixing and segregation phenomenon that can have a
critical impact on pharmaceutical powder blending and
tableting processes. Indeed, the complexity of the blending
process and the uncertainty in assessment of spatial
homogeneity of the active agent in the powder bed within
the blender are especially crucial in low dose (<1% w/w)
or ultralow-dose (<0.1% wi/w) formulations involving high
potency pharmaceutical compounds. While much progress
has been made toward a better physical understanding of
the complexities involved in powder blending, measure-
ments which validate the end point of a mixing process and
provide assurance of the blend homogeneity remain as
missing tools required to better address the quality assur-
ance issues facing the pharmaceutical industry. In 1993,
the “Barr decision” highlighted the litigious nature of
incomplete knowledge of powder blending and sampling
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operations that could impact the uniformity of pharma-
ceutical tablets. Furthermore, the decision underscored the
necessity for a measurement technique that (i) provides
assessment of blend homogeneity, (ii) minimizes the error
associated with powder sampling, (iii) provides sampling
size measurements reflective of no more than three unit
dosages and, (iv) enables real time measurements of blend
homogeneity during the mixing operation. Currently, the
“gold-standard” measurement of blend homogeneity rests
with “thief sampling” combined with HPLC or other wet
chemistry analysis. The typical sampling “thief” consists
of an inner cylinder with sampling compartments along its
axis and an outer, rotating, hollow cylinder stamped with
apertures that permit flow into the inner sampling cham-
bers when both cylinders are properly aligned. The dif-
ficulties associated with thief sampling are (i) the induced
variance error associated with uneven flow of differing
sized particles into sampling chambers, (ii) the disturbance
of powder bed by the insertion of the thief, and (iii) the
inability to make in situ, real time variance measurements,
om?, related to actual variance in drug concentrations, o4?,
during the blending operation. It should be emphasized
that the measured variance, 0,2, reflects a contribution
from sampling, o052, analysis, 042, and drug concentration,
04?, variances, i.e., om2 = 052 + 042 + 042. The Barr decision
stipulates the largest sample volume for analysis must be
less than three times that of a single tablet.

Numerous investigators have sought to develop tech-
niques to assess the blend homogeneity without the need
to remove a sample from the powder bed, thereby eliminat-
ing the influence of sampling error or variance, o2. In a
system to model blend homogeneity, Muzzio and cowork-
ers! have developed a technique to investigate the blending
phenomenon that involves solidification of the contents of
a mixing vessel and slicing cross sections of the solid
mixture for image analysis. The blend homogeneity is then
studied by using statistical methods to assess the mixing
of differently colored glass beads in the size range of tens
of microns. Their technique to assess mixing in a model
system is static, and restricted to a specific model system
of glass beads, yet provides a means for assessing measured
variances independent of o2, and aids in building process
models for validation of powder mixing.

Other investigators have sought optical means to assess
blend homogeneity. Diffuse-reflectance fiber optic probes
are being investigated extensively for evaluating powder
characteristics.2® Using near infrared (NIR) fiber optics
reflectance from powders, Cho et al. (1997)* measured
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derivative spectra from backscattered light in the wave-
length range between 1100 and 2500 nm to measure blend
homogeneity of a lactose, microcrystalline cellulose, and
sodium benzoate mixture based on its variance as a
function of mixing time. Since the spectra can be measured
in situ, the sampling variance arises only from the volume
of powders probed in the diffuse backscattered light and
is not impacted by the powder flow problems associated
with a sampling thief. Their results suggest that backscat-
ter techniques using fiber optics can interrogate 0.154 to
0.858 g of powder with a standard deviation of 0.16 g.
Arguing that single doses range from 0.1 to 1.0 g, these
investigators contend that the backscatter technique fits
the regulatory requirements for probing 0.3 to 3.0 g of total
tablet mass. Analysis of diffuse reflectance and backscatter
measurements often assumes wavelength-independent scat-
tering so that variance of the derivative spectra is assumed
to be a measure of the variance of light-absorbing constitu-
ents in the blend. Unfortunately, the assumption of wave-
length-independent scattering is not always correct, and
monitoring spectral derivatives for blend homogeneity
studies may not always be a prudent approach for mini-
mizing artifact.

In this contribution, we introduce the techniques of
frequency-domain photon migration for assessment of
blend homogeneity and demonstrate its applicability for
determination of powder absorbance for pharmaceutical
process monitoring. In contrast to diffuse reflectance and
backscatter measurement and analysis currently pursued
for such applications, FDPM is based upon the time-
dependent diffusive scattering of light. Owing to the
measurement approach, the variance of analysis and
measurement are minimized when compared to thief
sampling and time-invariant diffuse reflectance or back-
scatter techniques, respectively. In the following, we briefly
review the theory describing light transport in powders and
describe the inherent difficulties associated with time-
invariant measurement of diffuse reflectance. We describe
the physics of FDPM measurements as well as the instru-
mentation and analysis of measurements and present
FDPM absorbance values of riboflavin in lactose powders
to demonstrate the feasibility of the technology. Finally,
we comment upon the diagnostic ability of FDPM for
pharmaceutical monitoring of intermediate and final powder-
based products.

2. Light Transport in Powders

Optical techniques for monitoring the absorbance as-
sociated with active ingredients in a powder bed are
typically based upon diffuse reflectance or backscatter
techniques that employ a constant intensity source of
broadbeam illumination or a point source illumination via
fiber optic coupling. Analysis of backscatter or diffuse
reflectance are typically employed using empirically based
chemometric analyses or physically based radiative trans-
fer equations and associated assumptions. Since chemo-
metrics is beyond the scope of this contribution, we refer
the reader to a treatise on the subject by Muhammad and
Kowalski® and Adams.® Instead, in this contribution we are
concerned with extraction of the absorption coefficient,
ua(4), at wavelength A, within the powder bed. Assuming
that the absorption coefficient is the sum of different light
absorbing species, i.e., ua(4) = Ze;i[Ci], measurements made
at multiple wavelengths enable determination of concen-
tration of the light absorbing components from the simul-
taneous solution of a series of linear equations. However,
as briefly described below, it is difficult and in some
approaches impossible to determine absorption coefficients
independently from first-principles data analyses of time-
invariant, reflected light.
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Radiative Transfer of Light in Scattering Media—
Light propagation is ubiquitously described by the radiative
transfer equation (RTE), that can be solved with proper
boundary conditions to predict the radiance, L, [Watts/(m?
sr)] associated with light traveling in direction of unit
vector § per unit solid angle.
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Briefly, the first and second terms on the left hand side of
eq 1 describe the accumulation of radiance (where c is the
speed of light in the medium), and the net rate of increase
of radiance associated with light traveling in direction §,
respectively. The first term on the right hand side denotes
the loss mechanisms whereby light traveling in direction
§is lost through absorption and scattering out of direction
8. Here, us and u, [1/(length)] are the linear scattering and
absorption coefficients, respectively. The second term
describes a “gain term” by which light traveling all direc-
tions § (or solid angle Q') is scattered into the preferred
direction 8. To properly account for this “inscattering,” into
direction §, the phase function, f(§',8) must be known. f(§',5)
describes the probability of photons traveling in direction
§' being scattered into direction § and must satisfy the
relation:

[, f88)de =1 )

Q(F,5,t) represents the source term for the photons traveling
in direction §.7710

Diffusion Approximation to RTE—The typical pow-
der bed of micron-sized particles scatters light multiple
times in all directions. Integration of eq 1 over all possible
solid angles, Q, leads to the equation of continuity shown
below.
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S(r,t) is an isotropic source term, ¢(r,t) is the angle-
independent fluence rate, and j(r,t) is the photon flux.
The diffusion approximation, which assumes weak an-
gular dependence of radiance, L(F,5,t), and predominant
scattering such that u, < (1 — g)us, is typically valid in
powders. Specifically, in the standard diffusion approxima-
tion, the angular radiance, L(F,5,t), is expressed as a sum
of the angle independent fluence rate, ¢(r,t)/(4x), and a
small directional flux, 3/(4x)8-j(r,t). Details regarding the
diffusion approximation as well as higher order approxi-
mations to the RTE are available in literature!12 and not
described here for brevity. Nonetheless, the optical diffu-
sion equation derived from RTE describing the angle-
independent fluence of light ¢(F,t)(W/m?) is written as:
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D is the optical diffusion coefficient (cm), g is the average
cosine of the scattering angle and the term (1 — g)us is the
isotropic scattering coefficient. Iy, is the transport mean free
path of the diffusing photon. Equation 4 can be solved for
different boundary conditions (see section 3). However, the
diffusion theory has limitations. The diffusion theory
assumes that the radiance is nearly isotropic in its angular
dependence and the sources are isotropic. These conditions
are satisfied in strongly scattering situations, i.e., ua < (1
— Q)us, and far from the boundaries and sources. The
minimum distance from the source and boundaries at
which light is detected must be at least greater than 10l
without having to resort to higher order approximations.
As described in the section below, the diffusion equation
can be solved for incident intensity-modulated light to
enable determination of absorption independently of scat-
tering properties and without the need to know scattering
phase functions.

3. Frequency Domain Photon Migration

The technique of frequency-domain photon migration
depends upon launching intensity modulated, monochro-
matic light at modulation frequencies ranging from 100’s
of kHz to 100’s of MHz. As the resulting “photon-density
wave” propagates through the scattering media, its am-
plitude is attenuated and it is phase-delayed relative to
the incident light. The transport of photons via FDPM in
the media can be treated as a diffusive process. The light
detected in reflectance or transmittance mode is modulated
at the same frequency as that of the incident light. This
light is found to be phase-shifted, ', and its amplitude
attenuated by a factor M relative to the incident light.
Measurements of §' and M are acquired at different
modulation frequencies, w/2mw, of the source. The solution
of the diffusion equation (section 2) is used to relate the
phase-shift, 6', and amplitude modulation attenuation, M,
to the two separate optical properties of the powder, the
absorption coefficient, u,, and the isotropic scattering
coefficient, u's. The advantages of FDPM are twofold: first,
these measurements do not require an external calibration,
and second, the absorption and isotropic scattering coef-
ficients are obtained as separate parameters rather than
as a single product (as determined in continuous wave
measurements analyzed with multiflux approximations to
the radiative equation).

3.1. Theory of FDPM—The measurements described
herein were conducted with the frequency-domain photon
migration apparatus illustrated in Figure 1. The light
source was a 670 nm laser diode (150 mW) which was
sinusoidally modulated at the frequency of interest by
modulation of the current input. The light from the laser
sources was split so that approximately 10% of the light
was collected by a reference photomultiplier tube (Hamamat-
su R928, Hamamatsu, Japan) via a 1000 um optical fiber.
The remaining transmitted light was launched into the
lactose—riboflavin powder mixture using a 1000 um source
optical fiber positioned flush with the wall of the sample
container. The scattered light from the powder was de-
tected by another 1000 um optical fiber that was mounted
at known distances away from the source fiber, also flush
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Figure 1—A schematic of an experimental setup of the frequency domain
photon migration (FDPM). The light source is a laser diode, but can be
substituted with a Ti:sapphire laser.

with the wall of the container. The other end of this
detecting optical fiber was directed to a second photomul-
tiplier tube. The source and detector fibers were main-
tained in a coplanar geometry. Estimates of the isotropic
scattering and absorption coefficients using the phase-
difference and amplitude modulation data were obtained
by regression from analytical solutions to the optical
diffusion equation described below. The relative separa-
tions between the source and detector fibers were chosen
such that the distances between them were at least 10
isotropic scattering mean free paths I* (or 1/u's) to ensure
multiple light scattering. The photomultiplier tubes (PMT's)
were gain modulated at a modulation frequency, w/2sm, of
the laser diode plus an offset frequency (Aw/2x) of 100 Hz.
This standard heterodyne technique yielded a 100 Hz
signal at the photomultiplier output from which the phase
shift, ', and modulation, M, could be extracted. A data
acquisition software (Labview 4.01, National Instruments)
was customized to acquire and process the experimental
data.

A pulsed light source was also employed for the frequency-
domain studies enabling us to interrogate the samples with
a Ti:sapphire system at other wavelengths. The source was
a tunable 2 ps pulsed optical train output of a Tsunami
picosecond-pulsed titanium—sapphire (Ti:sapphire) laser
(Model 3950B, Tsunami, Spectra Physics, CA) pumped by
a 10 W argon-ion laser (Beamlok 2060, Spectra Physics).
Near infrared wavelengths of 750 and 820 nm were
generated using this Ti:sapphire laser. The Ti:sapphire
laser pulse train was delivered at a repetition rate of 4 MHz
with an average output power level of 20 mW. The light
was delivered to the powder mixtures in the same manner
as that for the 670 nm laser diode. For the Ti:sapphire light
source, PMT gain modulation was achieved at a harmonic
of the pulsed laser repetition rate plus the 100 Hz offset
frequency. Details of the instrumentation have been dis-
cussed elsewhere.'3

The experimentally measured quantities were the phase
lag, 0', at the detector relative to a reference signal as a
function of modulation frequency, w. To nullify instrument
responses (i.e., phase delays induced by instrumentation),
measurements at multiple detector positions were used to
determine relative phase shifts (A6'q).
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3.2. Prediction of FDPM Measurements—For photon
diffusion in an infinite medium, the optical diffusion
equation (section 2) has been solved to obtain analytical
expressions for different boundary conditions.'114 The
following solutions for infinite and zero boundary conditions
have been obtained by Haskell et al.

Zero Boundary Condition—The zero boundary condition
sets the fluence rate, ¢, to zero at the physical boundary.
This condition was found suitable for our experimental
setup. The solution for the diffusion equation with this
boundary condition leads to the following expression for
Aglrel-

' Kimag
A0 ) (2) = 1dy = dlKipgq — arctan|————-———| (5)
Krear + d.—dy
where
Kimag = \/guau's((l + C%)Z)l/z B l)
and
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where d; and d, are the two source-detector positions, 1 is
the wavelength of light in vacuum, and c is the speed of
light in the continuous medium. k is the wavenumber
which has a real component, K., and an imaginary
component, Kimag. The experimental data of phase-shift
versus modulation frequency was then fit to eq 5 using a
Marquardt—Levenberg nonlinear regression algorithm to
yield independent parameter estimates of the absorption
coefficient, ua, and the isotropic scattering coefficient, u's.
The measured variance in ' at different frequencies was
less than 1%.

The volume sampled by diffusing light depends upon the
absorption and scattering properties of the powder. The
average distance traveled by photons into the powder bed
from the light source can be calculated from the approach
developed by Sevick et al.?> The fluence of the photons is
determined at various points in the powder bed, and the
amount of photons detected at various source-detector
separations is calculated. The average distance of travel
of photons into the powder increases with separation, and
then drops off. For example, in these set of measurements
at source-detector separations of 0.55 and 1.22 cm, and for
a scattering coefficient of 120.0 cm™1, and an absorption
coefficient of 0.02 cm~1, the average distance that the
photons traveled into the powder bed are 0.44 and 0.50 cm
respectively. Assuming a spherical profile of the photons
propagating in the powder bed, the volume sampled does
not exceed more than 0.5 cm3. We can see that the volume
probed by this technique is not very large, and is well
within the sampling volume limit.

4. Experimental Section

Materials—In order to demonstrate the ability to detect
small changes in absorbance, we chose to employ riboflavin/
lactose powder mixtures as a model system. Lactose
monohydrate USP was supplied by Sheffield, Inc. (Norwich,
NY), and riboflavin USP was provided by Hoffmann
LaRoche Laboratories Inc. (Nutley, NY). Both materials
were used as received. In the following, we describe
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Figure 2—An illustration of the sample box used for making FDPM
measurements on lactose—riboflavin mixtures.

measurements of riboflavin and lactose absorption cross
section using conventional attenuation measurements in
dilute nonscattering solutions, as well as by FDPM tech-
niques.

4.1. Absorption Coefficient of Riboflavin Solution—
The extinction coefficient for riboflavin (molecular weight
= 376.4) was measured using a Perkin-Elmer UV-vis
spectrophotometer. Riboflavin is sparingly soluble in water;
hence, in order to facilitate the dissolution of riboflavin,
sodium hydroxide solution was added dropwise until a clear
solution was obtained. The solution was centrifuged to
remove debris. A stock solution was prepared with ribo-
flavin concentration of 0.014 g/L. The samples were pre-
pared 1 h prior to experiments, because riboflavin is
unstable in solution and the instability increased with
increasing sodium hydroxide concentrations. The measure-
ments were accomplished on the stock solution and dilu-
tions of the stock solution of 1:2 and 1:5 by deionized water.
The absorption spectra was obtained at wavelengths rang-
ing from 200 to 900 nm scanned at a rate of 240 nm/minute.
The extinction coefficient of a light-absorbing species in a
mixture is determined from the Beer—Lambert's law, (1/
Dlogio(lo/1) = ua (A) = €(A)[C], where u, is the absorption
coefficient of the solution, I, is the incident light, I is the
detected light passing through a sample of thickness I. C
denotes the concentration of the absorbing species, i.e.,
riboflavin, in the solution. ¢(4) is the extinction coefficient
of the species and can be obtained for a particular wave-
length by measuring the absorption coefficient (u,) at
various concentrations. The slope of the straight line fit to
the data provides the extinction coefficient.

4.2. Extinction Coefficient of Lactose-Riboflavin
Mixtures—The extinction coefficients for various lactose—
riboflavin mixtures were obtained for wavelengths ranging
from 350 to 470 nm. Riboflavin content in the lactose varied
from O to 1.0 wt %. The powder samples were dissolved in
deionized water, and their absorption coefficient was
obtained at different riboflavin concentrations. The slope
of the straight line fit gave the extinction coefficient of the
total lactose—riboflavin mixture.

4.3. Absorption Coefficients and Extinction Coef-
ficients of Lactose—Riboflavin Powder Mixtures by
FDPM—In order to measure the isotropic scattering and
absorption coefficient of the powder mixtures, the samples
were placed in a rectangular box. Three optical fibers were
inserted into one side of the box and the tip of the fibers
were flush with the interior side of the box as shown in
Figure 2. Such an arrangement prevented movement of the
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Figure 3—Absorption spectra obtained at three dilutions of a riboflavin stock
solution of 0.0372 mM in deionized water. The dilutions were effected in the
ratios of (i) 1:1 (0.0186 mM), (i) 1:2 (0.0124 mM), and (jii) 1:5 (0.0062 mM)
with deionized water. The wavelengths scanned were from 200 to 900 nm.

powder arising due to insertion of fibers or probes. One
fiber delivers monochromatic light from the laser source,
and the scattered light is collected by the other two fibers.
All the fibers were of the same length, and the fiber
separations were 0.55 and 1.22 cm. In order to eliminate
instrumentation errors, the relative phase shifts between
the two detector positions were measured by taking the
difference of the measured phase shifts for each position
d; and d,. The fibers could be used in any combinations as
source and detectors. The powder mixtures were poured
into the box (5.7 x 7.2 x 7.6cm), and measurements were
carried out without any compaction of the powders. The
powders were mixed in a V-blender, in batches of 250 g.

FDPM measurements were accomplished on four differ-
ent powder mixtures. The four mixtures were lactose with
0, 0.1, 0.5, and 1 wt % riboflavin mixed uniformly in a
blender. Riboflavin absorbs strongly at 470 nm. Extensive
trial runs were carried out to determine the scattering and
absorption coefficients of the powder mixtures at different
wavelengths. Initially, modulated light at wavelengths of
488 and 515 nm was used. At these wavelengths, a good
signal could be detected for the pure lactose powder.
However, the lactose powder containing riboflavin tended
to absorb a substantial amount of light, causing a signifi-
cant attenuation of the amplitude and preventing an
accurate measurement of the phase-delay, 6'. As a result,
FDPM measurements were conducted at wavelengths of
670 nm and higher, away from the absorbance maximum
of riboflavin. At these wavelengths and smaller absorption
cross sections, absorption by the riboflavin does not pre-
dominate and FDPM provided accurate signals for deter-
mination of powder optical properties. The two other
wavelengths of light used were 750 and 820 nm.

It is noteworthy that the FDPM technique is capable of
measuring small changes in the absorbance of the powders,
due to the absorption by riboflavin.

5. Results and Discussion

5.1. Absorption Coefficient of Riboflavin Solution—
Figure 3 shows a plot of the absorption spectrum of
riboflavin in alkaline solution. As can be seen from the
figure, there is significant absorption in the UV range from
300 to 500 nm. Two peaks are observed in the spectra at
around 360 and 480 nm. The absorption drops to negligible
values beyond 500 nm, thus providing only a small window
for measuring riboflavin concentrations. Owing to the small
absorption cross section of the riboflavin at wavelengths
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-0+ Lact-0.1%-(0.3g/50ml)
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Figure 4—Absorption spectra of four dissolved lactose—riboflavin mixtures.
Measurements were accomplished from 350 to 475 nm. Riboflavin concentra-
tions ranged from 0 to 1 wt % for the four powders. The symbols denote the
concentrations of the four powder mixtures dissolved in deionized water. Lines
are spline fits to the data.
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Figure 5—Plot of the extinction coefficients of riboflavin calculated from the
experimentally measured absorption coefficients at wavelengths from 350 to
475 nm, using a UV-spectrophotometer. The UV extinction coefficients for
lactose were negligible and hence neglected. The symbols represent the
calculated extinction coefficients, and the lines are spline fits to the data.

greater than 500 nm, it is not possible to accurately detect
solution riboflavin concentrations outside the UV range.

5.2. Extinction Coefficient of Lactose—Riboflavin
Mixtures—On the basis of these results, further measure-
ments were made on lactose—riboflavin mixtures in the UV
range 350 to 470 nm. The mixtures were dissolved in
deionized water in concentrations ranging from 3 to 6 g/L.
Lactose dissolves very easily in water and does not show
any detectable absorption in the UV range that was
studied. Results are presented in Figure 4. It can be seen
that as the riboflavin content in the lactose is increased
from O to 1% (by weight) at constant lactose concentration,
the absorption spectra shows two peaks originating at the
same wavelength ranges (360 and 480 nm) as those for
pure riboflavin (Figure 3). The results from Figure 4 were
then utilized to calculate the extinction coefficient of
riboflavin in the powder mixtures at different wavelengths.
The slope of a straight-line plot of the absorbance for the
solutions of the mixtures at different riboflavin concentra-
tion gave the extinction coefficient of riboflavin. The
extinction coefficients thus determined for riboflavin in the
powder mixtures at different wavelengths are plotted in
Figure 5.

5.3. Absorption Coefficients and Extinction Coef-
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Figure 6—The relative phase shifts of four different lactose—riboflavin powder
mixtures plotted at different modulation frequencies. The lactose-riboflavin
mixtures are in the same ratios as given in Figure 4 represented by symbols.
Measurements were accomplished at 670 nm using a laser diode. Error bars
are a result of 10 measurements at each frequency.
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Figure 7—The relative phase shifts of four different lactose—riboflavin powder
mixtures plotted at different modulation frequencies. The lactose-riboflavin
mixtures are in the same ratios as given in Figure 4 represented by symbols.
Measurements were accomplished at 750 nm using a Ti:sapphire laser. Error
bars are a result of 10 measurements at each frequency.

ficients of Lactose—Riboflavin Powder Mixtures by
FDPM—Again, owing to the sensitivity of FDPM measure-
ments to absorption, measurements at 488 and 515 nm
were not possible in the presence of 0.1—-1.0% riboflavin.
For this reason, we conducted FDPM measurements at a
wavelength where riboflavin absorption was small. At these
wavelengths, the absorption cross section spectra cannot
be accurately measured using conventional attenuation
measurements due to low extinction coefficients of the
powder mixtures.

Shown in Figure 6 are the relative phase shifts, Af' ¢,
for the four different powders at different modulation
frequencies measured at 670 nm. Each data point is an
average of at least 10 continuous measurements, with the
respective error bars as shown in the Figure 6. A steady
decrease in the A#' values is observed at a given modula-
tion frequency with increase in the riboflavin content in
lactose. This is expected due to an increase in absorption
coefficient by riboflavin. Similar results were obtained for
A0'res measurements carried out at 750 and 820 nm as
shown in Figures 7 and 8, respectively. A noticeable
difference in each of these plots is the magnitude of the
change in A’ as a function of riboflavin content. At
higher wavelengths, the change is smaller, indicating lower
absorption coefficients of the powder, which can be at-
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Figure 8—The relative phase shifts of four different lactose—-riboflavin powder
mixtures plotted at different modulation frequencies. The lactose—riboflavin
mixtures are in the same ratios as given in Figure 4 represented by symbols.
Measurements were accomplished at 820 nm using a Ti:sapphire laser. Error
bars are a result of 10 measurements at each frequency.
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Figure 9—The absorption coefficients for four lactose—riboflavin powder
mixtures at three wavelengths, 670, 750, and 820 nm, represented by the
three symbols. The absorption coefficients were obtained by regressing the
measured relative phase shifts at various frequencies to eq 5.

tributed to lower extinction coefficients for riboflavin. A6 e
values at the various frequencies for each wavelength and
powder composition were regressed using eqs 5 (reflectance
mode) to give the isotropic scattering and absorption
coefficients. The absorption coefficients at 670, 750, and
820 nm obtained by regression using egs 5 are plotted in
Figure 9. At 670 nm, the FDPM data for powder mixtures
containing 1% riboflavin could not be fit to the solution of
the diffusion equation. This may have been due to high
absorption levels at this wavelength, which (i) causes
significant dampening of the light signal before it can reach
the PMT's and (ii) invalidates the diffusion approximation.
Nonetheless, for a given wavelength, an increase in the
absorption coefficient is observed with increasing riboflavin
content in the powder mixtures. Furthermore, the change
in absorbance with increasing riboflavin content is greatest
at 670 nm, consistent with the largest extinction coefficient
value. At longer wavelengths of 750 and 820 nm, the
sensitivity drops further, indicating evidence of a reduction
of riboflavin extinction coefficients.

If the absorbance due to the lactose constituent is taken
to be the Y-intercept of the absorbance versus riboflavin
content plots, and then its contribution can be subtracted
to provide the absorbance owing to riboflavin only. The
results plotted in Figure 10 show a linear relationship
between the riboflavin absorption coefficient with its
concentration in the powder, from which an extinction
coefficient can be determined. It is noteworthy that there
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Figure 10—The symbols represent the net absorption coefficients for riboflavin
in the four powder mixtures obtained by subtracting the absorption coefficient
of pure lactose at each wavelength. The extinction coefficients of riboflavin,
shown in the plot, at each wavelength were obtained by regressing the
absorption data at the known concentrations using Beer—Lambert's law.

is no significant difference between the extinction coef-
ficients obtained from infinite and reflectance modes of
regression of the raw A0’ data. In addition, the riboflavin
extinction coefficients are observed to decrease with in-
creasing wavelengths as expected from the UV-spectro-
photometer results.

The analysis of the experimental data of the four powder
mixtures also yielded the isotropic scattering cross section
of the particles. The isotropic scattering coefficients vary
from 87 to 123 cm~! for all the four samples at the three
wavelengths used, i.e., 670, 750, and 820 nm. The wide
range in the measured values may be attributed to the
significant polydispersity of the powder mixtures.

6. Conclusions

We have presented FDPM measurements for a simple,
two-component powder mixture of riboflavin and lactose.
Owing to the sensitivity of FDPM to powder absorbance,
we were forced to conduct measurements at wavelengths
where riboflavin absorbance did not entirely attenuate the
light signal in the powder bed. That is, the measurements
were conducted at wavelengths away from the absorbance
peaks for the powder mixtures, and the modulated light
signal could be detected. At these photon migration wave-
lengths, the absorbance of riboflavin could not be assessed
using conventional attenuation measurements in dilute
nonscattering solutions. The results illustrate that for a
two-component powder system, the FDPM absorbance
increases linearly with riboflavin concentration. The exten-
sion to multicomponent mixtures requires additional wave-
length sources, but does not require illumination at ab-
sorption maxima for maximum sensitivity. Indeed, the
ability to detect small absorption cross sections promises
applications in low-dose blending operations. Owing to our
first principles approach that does not require differential
spectroscopy, the variance associated with our analysis
should be minimized. Since there is no sampling of powder
involved (measurements are made within the powder bed
as described herein), there are no sampling variances that
need to be assessed. Consequently, the measured variances
should be predominantly due to variances associated with
the constituents within the powder bed. Finally, since
FDPM does not involve relative intensity measurements,
but rather absolute “time-of-flight” phase-delay measure-
ments, there are no measurement errors associated with
calibration on an external standard. At the NSF I/JUCRC
Center in Pharmaceutical Processing at Purdue University

we are currently adapting FDPM technology as an in-situ
sensor of blend homogeneity.

Nomenclature

Symbols:

c speed of light in medium (cm/s)

dq, dy source-detector distances (cm)

D optical diffusion coefficient (cm)

g average cosine of scattering angles

j(Fb photon flux (W/m3)

k wavenumber (cm™1)

Kreal real part of k

Kimag imaginary part of k

I* isotropic scattering mean free path (cm)
| thickness of sample (cm)

Iy transport mean free path of photon (cm)
L radiance (W/(m? sr))

n refractive index of the medium

Q(r,5,t) photon source term

r position vector (cm)

r radial distance (cm)

5,8 unit vectors in the direction of flux of the photons
S(r,t) source term

Greek

o(r,1) isotropic fluence rate (W/m2)

A wavelength of light in media (cm)

Ua absorption coefficient (cm™1)

s isotropic scattering coefficient (cm™1)
wl2m modulation frequency (MHz)

o' phase shift angle (radians)

AO' e relative phase-shift (radians)

Q,Q' solid angles of orientation about direction, § and

§' (radians), respectively
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