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Abstract

Powder dissolution kinetics have shown that for particles in the so called “large” size regime (more than about 50 wm), the dissolution rate
scales as the specific surface area, i.e. rate proportional to d~! where d is the particle diameter. This is consistent with an effective diffusion
boundary layer width Aggr that is constant with respect to particle size. However, for particles in the so called “small” size regime (d less than
about 50 wm), the dissolution rate has a stronger dependence than proportional to d~! [Bisrat, M., Anderberg, E.K., Barnett, M.I., Nystroem, C.,
1992. Physicochemical aspects of drug release. XV. Investigation of diffusional transport in dissolution of suspended, sparingly soluble drugs.
Int. J. Pharm., 80, 191-201; Mosharraf, M., Nystroem, C., 1995. The effect of particle size and shape on the surface specific dissolution rate of
microsized practically insoluble drugs. Int. J. Pharm., 122, 35-47]. In this regime, Prandtl boundary layer theory predicts an hgpr approximately
equal to the particle radius or diameter. This paper presents the first experimental determination of hggr for particles less than about 2 wm. The
powder dissolution kinetics of six suspensions over the particle diameter range of 5.9 0.1 to 0.53 +0.05 wm are analyzed to yield hggr values
of 8.5 4 1.9 to 0.34 & 0.14 pum. The theoretical expectation for mass transport, dissolution time proportional to d*?, is in good agreement with the
experimental results of dissolution time proportional to d@>*. An understanding of these mass transfer mechanisms allows pharmaceutical scientists

to achieve targeted release rates with minimum ensemble instability.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding mass transfer mechanisms at solid-liquid
interfaces is central to the design, control, and performance
of numerous processes important in the pharmaceutical indus-
try, including chemical crystallizations to synthesize drug
substances, and “decrystallization” processes such as in vivo
dissolution following bioadministration. As the modern pharma-
ceutical industry develops microvolume control of wet processes
via arrested precipitation, impinging jet crystallization, and
nanoparticle formation (Liversidge and Cundy, 1995; Grau et
al., 2000; Muller et al., 2001; Merisko-Liversidge et al., 2003;
Rasenack and Mueller, 2005; Vaughn et al., 2005), the length
scale of required models decreases into the submicron region
and below. For rational design of pharmaceutical formulations
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and processes, a thorough understanding of mass transport
mechanics and associated transport distances is essential.

Mass transport between particulate and fluid phases is largely
an expression of the spatial distribution of fluid momenta sur-
rounding the solid particle. While a solid suspended in a liquid
may be gaining mass via ripening, crystallization, or precipita-
tion, maintaining mass if in phase equilibrium, or losing mass
via dissolution, dispersions under agitation have similar inter-
facial structure. A fluid velocity gradient exists along the solid
normal, with the maximum value, the free stream velocity, far
from the interfacial region. For particles in the no slip limit, the
velocity gradient decreases to a minimum near zero at the solid
“wall” (Schlichting, 1955; Bird et al., 1960). Within this hydro-
dynamic boundary layer formed by the velocity gradient, there
is a region along the solid-liquid wall where the fluid velocity
is sufficiently low such that mass transfer is dominated by dif-
fusion (Schlichting, 1955; Grijseels et al., 1981). It is this latter
region, the “stagnant film” or effective diffusion boundary layer
hgrr, which is the subject of this paper.
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Powder dissolution is a sensitive probe of both interfacial
properties such as mass transfer rates across solid-liquid inter-
faces (Niebergall et al., 1963; Bisrat et al., 1992; Mosharraf and
Nystroem, 1995) and static powder properties such as particle
size and area (Hintz and Johnson, 1989), particle morphology
(Kitamori and Iga, 1978; Lu et al., 1993; Dali and Carstensen,
1998), crystallinity/amorphous content (Hendriksen, 1990), and
redispersibility (Galli et al., 2005). In the large particle regime
of about 50 wm and above, the dissolution rate for a diffusion
controlled process is proportional to the interfacial surface area:
because the specific surface area is inversely proportional to
diameter, the powder dissolution rate is proportional to d~!,
where d is the particle diameter (Niebergall et al., 1963). How-
ever, powder dissolution kinetics have shown that for particles
size less than about 50 wm, the dissolution rate increases more
sharply than d-1 (Bisrat et al., 1992; Mosharraf and Nystroem,
1995). This increased dependence of dissolution rate on diame-
ter is typically ascribed to a decrease in the interfacial structure
supported by small versus large particles. In the large particle
regime, the effective diffusion boundary layer Agpf is constant
with respect to particle size, and typically about 30 pm (Hintz
and Johnson, 1989). This value can be determined for a specific
powder by modeling intrinsic dissolution results (Carstensen,
1977). Particles of diameter less than 50 wm, however, do not
have sufficient surface area and associated frictive force to sup-
port a hydrodynamic boundary layer and diffusion boundary
layer of this magnitude. Prandtl boundary layer theory has pos-
tulated that for particles less than 50 pm, the effective hydrody-
namic boundary layer hgpr is approximately equal to the particle
radius or diameter (Schlichting, 1955; Niebergall et al., 1963;
Mosharraf and Nystroem, 1995; Muller and Peters, 1998). It
is worth noting that all drug powders go through this particle
regime during the course of biodissolution.

The work described herein is the use of powder dissolu-
tion to determine the effective hydrodynamic boundary layer
herpr as a function of particle size over the diameter range of
approximately 6-0.5 pm. After demonstrating that the powder
dissolution data is recording a mass transfer process that is diffu-
sion limited, a diffusion equation containing Agpr and the mass
transfer rate f is introduced. This expression is then evaluated
for hgpp. The paper concludes with a short description of how
this data can be used to target pK profiles via API size control.

2. Materials and methods

2.1. Suspension preparation, particle size distributions and
surface area

The suspensions for this study were formed via ultrahigh
pressure homogenization (Galli et al., 2005). The size reduc-
tion system and process are currently under review by both
United States and international patent offices. A suspension
series of decreasing particle size was obtained by sampling
the homogenizer as a function of process time; this series was
labelled suspensions A through F. The particle size distribu-
tion and surface area of the suspensions were determined by
differential centrifugal sedimentation (CPS Instruments, Inc;

DC18000)(Fitzpatrick, 1999). The spin fluid was a sucrose den-
sity gradient ranging from 0% to 10% by weight; a typical
rotational frequency was 12,000 rpm, resulting in a run time of
8 min. The solid concentration in the suspension and the injec-
tion volume were controlled to ensure linearity and accuracy
with respect to the experimental results of total mass and volume
detected; four to seven injections of 50-200 p.L. were recorded
for each suspension. The true density of the drug powder was
determined via helium pyncnometry (Quantichrome Ultrapyc-
nometer 1000).

The specific surface area of the solid material in the suspen-
sion was also measured via differential centrifugal sedimenta-
tion. The specific surface area for each differential centrifugal
sedimentation injection was calculated by dividing the total sur-
face area detected by the total mass detected.

2.2. Powder solubility

To determine the powder solubility, the suspension series A
through F was incubated on a platform shaker at 37 °C for at
least 24 h. Aliquots of the suspensions were clarified at 37 °C via
1 h ultracentifugation at 4.7e6 x g. The supernatants were col-
lected; precipitation was quenched via 1:1 dilution with 50:50
water:methanol. Four to six trials were completed for each sus-
pension. The resulting solutions were chemically analyzed for
drug and degradates via HPLC. Two ensemble methods were
also used as referee methods. After 24 h incubation on a platform
shaker at 37 °C, the saturated suspension A was transferred to a
1 cm quartz cuvette, and maintained at the desired temperature
(Cary Bio 300 with Cary/Varian Peltier temperature control).
The amount of dissolved drug was quantitated using the response
of adrug standard solution. The incubated suspension A was also
filtered through a 0.22 pwm filter, the supernatant was quantita-
tively diluted with 50:50 water:methanol, and the dissolved drug
quantitated versus the standard solution. To determine the effect
of polymer concentration on drug solubility (hydroxypropyl-
cellulose), both the ensemble methods above were applied to
suspension E in dissolution media of 1%, 3%, and 4.3% poly-
mer at 37 °C.

2.3. Diffusion coefficient

The diffusion coefficient for the drug was measured by the
method of stopped time (diffusive) migration (Terabe et al.,
1991; Yao and Li, 1994). A 0.4 mg/mL sample plug was trans-
ported to the center of the capillary via an electric field of 20kV,
the electric field set to zero for an incubation time chosen by the
user, then returned to 20 kV. The UV absorbance chromatogram
was exported to a suitable computer program; a linear least
squares fit to a Gaussian function determines the peak variance.
Atleast three injections were recorded for each chosen stop time.

2.4. Dissolution media viscosity
The viscosities of the dissolution media containing 1%, 3%,

and 4.3% polymer were determined by recording the shear stress
over a shear rate range of 1-1000s~!. The temperature of the
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medium during the measurement was maintained at 37 °C by a
Peltier plate (TA Instruments AR 2000).

2.5. Powder dissolution rates

Experimental powder dissolution rates, (tgxp, were acquired
by recording the absorbance as a function of time for the
D(solid) = D(aqueous) transition using an optical fiber dip probe
(C Technologies, Cary 50) immersed into standard Type II dis-
solution vessels (Van Kel 7010). The dissolution medium was
900 mL of the suspension stabilizing solution (i.e. water with
1% polymer and about 1/10th of a percent surfactant, w/w)
maintained at 37 4= 0.3 C. With the paddle rotating at the desired
frequency (50 rpm) and the dissolution medium at the experi-
mental temperature, 1.00 mL of the suspension was manually
injected into the dissolution vessel with an electronic pipette. In
the suspension sample, less than 0.1% of the drug was in the
dissolved state. At 50 rpm, there was no observed settling.

The injection contains 5% or less of the mass required to
saturate the dissolution vessel, therefore all powder dissolution
experiments were recorded under sink conditions. The dip probe,
of optical path 1cm, was electronically sampled at approx-
imately 1Hz to record the powder dissolution kinetics. The
terminal absorbance for the experiment was approximately 0.2.

2.6. Dissolution instrument function and rate limiting
process

Quantitating static or interfacial properties via decomposition
of the experimentally recorded powder dissolution rate (tgxp
into component amplitudes and rates requires delineation of at
least three rates: (1) fimrx, the rate at which the particle cen-
ters of mass are dispersed throughout the dissolution volume.
This mixing rate does not describe the transfer of mass from
the solid to the aqueous state, (2) ftsoL, the transfer of mass
from the interfacial solid surface into the saturated band of the
diffusion boundary layer, and (3) ftiTRANS, the mass transport
rate, describes the mass flow from the saturated aqueous band,
across the diffusion boundary layer, to a distance hgpp along
the surface normal. Theoretical analysis and interpretation of
the experimentally recorded powder dissolution data fgxp is
possible when it can be demonstrated which of fumrx, [soL, or
[LTRANS 18 the limiting rate.

The instrument function fnmrx was measured by perform-
ing the identical suspension dissolution procedure, substituting
a true solution of chromophore for the suspension sample. Note

Table 1

under these conditions ftsor. and ftTrans are infinitely fast,
therefore fiprx is the limiting rate, which is recorded as ftgxp.

To determine which of ftsor. or fiTraNs is the limiting rate
in the experimental powder dissolution rate, (tgxp was acquired
for suspension E over a range of dissolution medium viscosities.
Suspension E was chosen because it is the best characterized
suspension, and as a suspension with one of the smallest particle
size, predicted to have one of the smallest diffusion boundary
layers.

The experimental powder dissolution rates, [tgxp, were
acquired in dissolution media of viscosities of 2.7, 10.0, and
20.0cP (37 £ 0.3 °C) by varying the weight percent of the stabi-
lizing polymer from 1% to 4.3%. The instrument function time
constants for firx were also determined as discussed above for
each dissolution medium viscosity.

3. Results
3.1. PFarticle size distributions and surface area

The mean and standard deviations of the particle size distri-
butions results are given in Table 1, complete mass distributions

are shown in Fig. 1. The mass distributions in Fig. 1 are not
instrument limited with respect to diameter; the instrument has
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Fig. 1. Differential centrifugal sedimentation particle size distributions for sus-
pensions A through F. Note log abcissa; distributions height normalized. Inset:
Suspension A. (Right to left) Suspensions B, C, D, E, F. The distributions in
this figure are single injections. Four to seven injections were recorded for each
suspension. The result means and standard deviations are reported in Table 1.

Fundamental data and calculation results for the determination of the diffusion boundary layer width hggp

Suspension Diameter [vol, Specific surface Dissolution time Solubility at 37°C Effective diffusion boundary
50%] (pm) area (m2/g) constant, 750* (s) (pg/mL) layer, hgpp (m)

A 5.9 +0.10 0.21 % 0.005 2426 £5 46 + 8 85+ 1.9

B 1.0 £ 0.10 1.34 £+ 0.08 63+6 47£5 1.4 +£04

C 0.73 + 0.02 1.65 £ 0.04 28 +£1 46 £ 5 0.80 &+ 0.18

D 0.64 £ 0.08 1.69 £+ 0.18 20+ 6 50+ 6 0.60 £ 0.21

E 0.56 &+ 0.07 1.79 + 0.16 11 +6 60 + 6 0.44 + 0.19

F 0.53 £ 0.05 2.00 £+ 0.08 6+1 77 £ 8 0.34 £ 0.14

2 Instrument function time constant tso for 1% polymer dissolution medium at 37°C=7 £ 1 (s).
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demonstrated the ability to record mass distributions centered
at 10nm. The mass homogeneity with respect to diameter is
demonstrated by a full width at half maximum/diameter [vol-
ume, 50%] value of less than 0.7 for suspensions A through
F.

As particle size distribution results can be method biased,
the differential centrifugal sedimentation results were verified
by a near orthogonal, ensemble method. Multiangle light scat-
tering with polarization intensity differential scattering (Coulter
LS230) was used to challenge the differential centrifugal sedi-
mentation results. Good agreement was observed between the
methods.

For each suspension, means and standard deviations for spe-
cific surface area are shown in Table 1. Note this is not the
Angstrom scale specific surface area as measured in a gas sorp-
tion experiment: the surface area of interest here is the area
accessible to a high surface tension fluid such as water at atmo-
spheric pressure.

3.2. Powder solubility

The drug solubilities of suspensions A through F clarified
via ultracentrifugation and measured via HPLC analysis of the
supernatant are tabulated in Table 1. The two ensemble methods
for suspension A are in good agreement with each other, and with
the solubility measurements via ultracentrifugation and HPLC
analysis. The means of the method results were within 20%. The
drug solubility for suspension E in the dissolution media con-
taining 3% and 4.3% polymer were indistinguishable from the
results obtained in the dissolution media containing 1% polymer,
i.e. over this concentration range, the hydroxypropylcellulose
had no observable effect on the drug solubility.

3.3. Diffusion coefficient

The plot of the variances versus stopped time was ana-
lyzed to extract an aqueous diffusion coefficient of (0.75 £
0.1)e—5 cm?/s (Fig. 2).

3.4. Dissolution medium viscosities

Three to five determinations were recorded for each medium;
all media displayed strongly Newtonian responses over this fre-
quency range. The mean and standard deviations calculated from
the multiple viscosity determinations are reported in Table 2.

3.5. Powder dissolution rates

An exponential rise to a maximum function was fit to the
experimentally recorded data points to extract the initial, lin-
ear rate from the dissolution data. This linear rate, jtgxp, was
determined for each injection of each suspension. Three to
seven dissolution trials were conducted for each suspension (see
Fig. 3). In some instances, to obtain reasonable determinations of
the initial, linear dissolution rate, biexponential functions were
required to obtain satisfactory fits; no attempt was made to assign
physical content to amplitude parameters.

— ¥XKX

peak variance (minute?)

stopped time (hours)

Fig. 2. Diftusion coefficient via stopped time capillary electrophorises. (Solid
circles) Data points acquired via capillary electrophoresis with UV absorbance
detection. (Solid lines through solid circles) Gaussian least squares fit to data
points. (Black crosses) Peak variances obtained from Gaussian fits. (Solid line
through crosses) Linear least squares fit to crosses to determine diffusion coef-
ficient.

In addition to the traditional unit weight fitting matrix, a
weighting scheme of 1/y* (y, absorbance) was conducted to
emphasize the earliest experimental data points at the expense
of the latter. The time constants extracted via the 1/y* weight-
ing are statistically indistinguishable from those acquired via the
unit weighting; an analysis of the total residuals and the residuals
in the vicinity of interest could not recommend one weighting
scheme over the other. Another approach to rate extraction, a lin-
ear fitto the dissolution data points for fraction dissolved of about
0.7 and less, yield very similar numerical values to exponential
fitting with subsequent determination of initial, linear rates. For
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Fig. 3. Powder dissolution kinetic data and fits. (Gray squares) Experimental
data points, two trials of suspension C. (Dashed black lines) Least squares fits
to suspension C experimental dissolution data. (Grey circles) Experimental data
points, two trials of suspension B. (Solid black lines) Least squares fits to sus-
pension B experimental dissolution data. Mean dissolution times from multiple
trials for suspensions A through F are reported in Table 1.
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Table 2
Viscosity variation shows that dissolution kinetics are diffusion limited

Suspension Diameter [vol, 50%] Weight polymer Viscosity at Dissolution time Instrument time
(pm) (%) 37°C (cP) constant ts5 (s) constant t5q (s)
1 27+03 11+6 7+1
E 0.56 £0.07 3 10.0 £ 0.3 23£5 8§+£2
43 20.0 £+ 2.0 79 £ 52 11+5

an extracted rate constant, no correlation was observed between
the fitting protocol and the particle size of the suspension, so
there was no apparent systematic bias. The magnitude of the
dissolution rate scatter from different fitting protocols of a given
dissolution trial was about the same as observed using a fixed
fitting protocol across multiple trials of a given suspension. All
correlation coefficients for retained time constants are >0.90,
most are >0.96.

For suspensions A through F, 3—10 powder dissolution trials
were conducted for each suspension. The experimental disso-
lution rates are most conveniently tabulated and compared as
time constants. Recall that the mass transfer rates of interest
here are the initial, linear rates, of a single chemical compound
under sink conditions. In zeroth-order kinetics, the time constant
and the rate constant are inversely related. The dissolution times
reported are 750, the time required to dissolve 0.5 of the drug
mass. The means and standard deviations for each suspension
are reported in Table 1.

3.6. Dissolution instrument function and rate limiting
process

At least three trials of red food dye dissolved in stabilizer
solution were recorded for each dissolution condition. For each
trial, the initial, linear rate was extracted using a fitting proce-
dure identical to the one used for analysis of the suspension
dissolution. The time constant for the instrument function, 5,
has the same definition as for dissolution time for suspensions
A through F: the time required for the absorption to attain 0.5
of its terminal value. For the 1% polymer by weight dissolution
medium, the instrument function time constant mean and stan-
dard deviation is reported in Table 1. An inspection of Table 1
shows that the dissolution times of suspensions A through E
are longer or about equal to the instrument function time con-
stant 7 &+ 1 s. Therefore, fivix > ftexp, and the experimentally
recorded dissolution data and time constants for these suspen-
sions are recording the dissolution kinetics.

At least three dissolution trials of both suspension E and dye
solution were conducted for each viscosity; the means and stan-
dard deviations are reported in Table 2. An inspection of Table 2
shows that the dissolution time 759 for suspension E increases
as the dissolution medium viscosity increases. Note the approx-
imate 7x-fold increase in viscosity (2.7 £0.3 to 20+2.0cP)
results in a corresponding 7 x-fold increase in dissolution time
for suspension E; recall the Stokes—FEinstein diffusion coefficient
is inversely proportional to the viscosity. This linear correlation
between 759 and medium viscosity is observed over the entire
experimental viscosity range; a linear regression analysis of sus-

pension E 750 versus medium viscosity results in a slope of
3.99 s/cP, with a correlation coefficient of 0.97. The experimen-
tally recorded [tgxp is recording a diffusion limited process.

3.7. Expression to evaluate hgrr via diffusion expression

Differential analysis of diffusion kinetics have been the sub-
ject of scientific inquiry since Fourier (1807, 1822), modified
by Fick (1855), Noyes and Whitney (1897), and Nernst (1904),
and to yield the familiar expression:

0) = Bdi0) x D x Anyr(y x ST Cxt) (M
herp

where [1(¢) is mass diffusion rate of the drug from the solid state
to the infinite fluid; because the experimental dissolution rate
[texp is recording a diffusion controlled mass transfer process,
[LExp can be set equal to equation (1). B1is the unitless mass trans-
fer coefficient describing the hydrodynamic coupling between
the drug powder and the fluid, D is the diffusion coefficient of the
solute, AinT(?) is the interfacial area of the drug powder, i.e. the
area of the powder in contact with the dissolution medium pro-
viding mass flux from the powder to the fluid. The concentration
gradient Csat — Coo()/hEFF is formed by the high concentration
Csar, observed within the hydrodynamic boundary layer at the
solid-liquid “wall”, decreasing to C(?), observed in the fluid
at distance hgpp and greater from the powder surface.

With respect to the powder shape variation across the suspen-
sion series, recall powders A through F have been processed in an
attempt to form narrow, homogeneous distributions of isotropic
spheres. Optical microscopy of suspension A and ESEM of
suspension E show remarkably homogenenous distributions of
spherical powders. These qualitative observations are substan-
tiated by narrow time of flight distributions observed in the
sedimentation data (Fig. 1). Given these results, and given that
suspension A through F have indistiguishable PXRD diffrac-
tograms, no attempt is made in Eq. (1) to assign unique shape
factors to each suspension.

The coupling S between the suspended particle and the agi-
tated fluid is a strong function of d, the particle diameter. If
the hydrodynamic coupling between the particles and the disso-
lution medium is suspension specific, to extract the effective
diffusion boundary layer the experimentally recorded disso-
lution rates [tgxp have to be appropriately scaled by using a
unique value of 8 for each suspension. The particles in suspen-
sions A through E are <6 wm (suspension A diameter [volume,
50%]=5.9 £ 0.1 um), have negligible Reynolds and Schmidt
numbers, and the Sherwood number may be taken as 2 (Harriott,
1962; LeBlanc and Fogler, 1987). At this hydrodynamic
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coupling, the ensembles are all in the no slip limit, i.e. follow
the fluid exactly (Friedlander, 1957; Bocanegra et al., 1990). All
ensembles transfer mass with the same efficiency, and § can be
set to 1 for all suspensions. While at first glance it may seem
that some of the mass of suspension A could be outside the no
slip limit, for clarity of analysis, the suspensions initially will be
considered to have equal mass transfer coefficients. The validity
of this model choice is addressed in the Section 4, below.

The powder dissolution rate [tgxp, is the initial, linear rate in
which half the injected mass p( dissolves in the time t50. The
powder dissolution data was acquired under sink conditions,
where Coo(f) < Csar, and Eq. (1) is rearranged:
he = 2750D x ANT(#) X Csar @)

Mo

For an ensemble of spheres such as suspensions A through
F for the time period =0 to t50, in which the mass or volume
decreases linearly with time, the surface area AiNT(#) decreases
as 3. Although the interfacial area AjnT(?) does not decrease
greatly over the time period of interest, the average value
(AiNT(9)) can be calculated in a straightforward manner (see
Appendix A) to yield:

/’lEpF = 1.6T50 x D x S' X CSAT (3)

where § is the initial specific surface area of the suspension
(Table 1). Because AnT(?) is averaged over time, equation (3)
yields a time averaged value for hgpp. After the Stokes—Einstein
calculation to adjust the measured diffusion coefficient to the
dissolution medium viscosity, the effective diffusion boundary
layer hgpr is determined for suspensions A through F using
Eq. (3); the results are tabulated in Table 1, and plotted in
Fig. 4. The uncertainties for hgpp, listed in Table 1 and plot-
ted in Fig. 4, are calculated via standard propagation of error
analysis (Shoemaker et al., 1996); the uncertainties used for 75,
D, S‘, and Csar are those listed in Table 1 and elsewhere, i.e.

hm (microns)

effective diffusion boundary layer

0.1 T T T T
03 0.5 1 3 5 10

diameter [volume, 50%)] (microns)

Fig. 4. Experimentally determined values for the effective hydrodynamic diffu-
sion layer hgpr. (Black solid circles) hgpr calculated for suspensions A through
F by evaluation of equation (3) using data tabulated in Table 1. Error bars for
hgrr calculated using standard propagation of error analysis; uncertainties used
for 50, D, 8, and Csar are those listed in Table 1 and elsewhere, i.e. one standard
deviation.

one standard deviation. The hgpp reported in Table 1 may be
interpreted as identifiable with 50 rpm. This gentle stirring is
applicable to biodissolution, and therefore pharmaceutical pro-
gram development.

4. Discussion

For suspensions A through F, the experimentally determined
effective diffusion boundary layer hgpp ranges from a hgpp/dsg
value of 1.4 for suspension A to 0.64 for suspension F (Table 1
and Fig. 4). In the small particle regime, ds( less than about
50 wm, the use of the particle radius or diameter as the effec-
tive diffusion boundary layer to calculate powder dissolution
rates (Hintz and Johnson, 1989) is justified, and is a tremendous
improvement over the use of a fixed Agpp of 30 um. As a prop-
erty of the interfacial solid—fluid structure, resulting from the
small surface area per particle, this observation can be expected
for all mass diffusion controlled transport, i.e. not compound
or compound class specific. Note the so-called “intrinsic disso-
lution rate” can only exist in regimes where Agpp is a constant
property of the powder.

Understanding the mechanics of mass transport as a func-
tion of particle size is important for scientists who wish to avoid
unnecessary thermodynamic ensemble instability. A high value
target in this design area is the largest particle size that moves
the dosage form from solubility limited to permeability limited.
Recall we have previously noted that in regimes where Aggpp is
constant, e.g. in the large particle regime of diameter greater than
about 50 wm, the dissolution rate is proportional to the specific
surface area, and varies as d~!. As the particle size decreases
through the small particle regime, because hgpp is approximately
equal to the particle radius or diameter, the dissolution rate in
this regime should increase as d—2. A log—log plot of disso-
lution time versus diameter over the small particle regime for
this model is predicted to have a slope of 2; this theoretical line
is plotted as gray squares and gray dotted line in Fig. 5. The

10*

Calculation (grey dotted line) :
Dissolution time T, proportional to d’

10° |/ & /g

Projected from suspension B

102 4

10" 4

Dissolution time T, (seconds)

10° T T T T
03 05 1 3 5 10

diameter [volume, 50%], microns

Fig. 5. (Black solid circles) Experimental dissolution time 75 versus dsp from
Table 1. (Black solid line) linear least squares fit to experimental data. R? =0.98,
slope=2.3. (Gray squares and gray dotted line) Calculated dissolution time
proportional to d” (d = diameter), slope =2.0.
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experimental results for suspensions A through F dissolution
time versus diameter are plotted as black circles in Fig. 5; the
solid black line is a linear least squares fit to the experimental
data (slope=2.3, R?=0.98), which is in good agreement with
the theoretical expectation of a slope of 2. The transformation of
the dissolution rate from proportional to d~! to proportional to
d~? as the particle size decreases should be clearly understood
by pharmaceutical scientists.

Typically, a pharmaceutical development program of a poorly
soluble drug has a powder diameter, the corresponding in vivo
or in vitro release profile, and a desired pK target. The task is to
calculate the particle size of the most stable ensemble which still
achieves the desired dissolution rate. For example, to increase
the dissolution rate of suspension A by a factor of 10x, it is
not necessary to increase the specific surface area by a factor of
10x by decreasing the particle diameter to 0.59 pm. The work
of cohesion required for this particle size reduction is stored
as destabilizing surface energy. If the powder in suspension A
has a specific surface energy of GSURFACE, the 0.59 pm ensem-
ble is unstable with respect to suspension A by 10 G SURFACE- As
shown in Figs. 4 and 5, however, a 10-fold increase in the dissolu-
tion rate of suspension A can be achieved by a diameter reduction
to about 1.9 wm, because this size reduction increases the spe-
cific surface area of suspension A by 102, and decreases the
effective diffusion boundary layer by 102, The 1.9 wm ensem-
ble has 10~1/2 the specific surface area of the 0.59 wm ensemble,
and therefore has only 101/2 GSURFACE work of cohesion stored
as adestabilizing Gibbs energy with respect to suspension A. The
1.9 wm ensemble, as the most stable powder ensemble which
achieves the required dissolution rate, is the high value target.

Although the agreement between the theoretical value of the
slope and the experimentally obtained value in Fig. 5 is quite
good, there is evidence of some negative curvature which war-
rants discussion. One might hypothesize that the dissolution
time of suspension A is depressed from expectation because
it contains mass which slips in the dissolution fluid, increasing
interfacial friction and thereby decreasing dissolution time from
expectation. However, suspension A dissolution time is collinear
with suspensions B, C, and D, and the line comprised by these
dissolution times has a slope very close to two, in good agree-
ment to the Prandtl theoretical expectation. It seems more likely
that the curvature in the 75 versus dso data results from faster
dissolution rates for suspensions F and E than predicted by the
dissolution time proportional to diameter squared model.

The curvature of the t5¢ versus dsg data is consistent with the
solubility versus suspension particle size data, which also shows
a sharp deviation from the linear regime at dsg about 0.6 pm (see
Fig. 6). The 75 for suspensions F and E lie below the dissolution
time proportional to diameter squared line because that model
does not include changes in solubility. Introducing solubility
in the model significantly decreases the data curvature: fitting
log(tsg x solubility) versus log(dsg) reduces the diameter expo-
nent to 750 x solubility proportional to diameter>> and increases
the correlation (R2 =0.99), at the expense of some model trans-
parency.

The experimentally observed increase in solubility of about
70% over this suspension series (Table 1, Fig. 6) is signif-
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Fig. 6. (Black solid circles) Experimental powder solubility versus dsp from
Table 1. Note log—log scaling. Solubility measured via incubation at 37 °C,
ultracentrifugation, supernatant dilution, and HPLC analysis; four to six trials
completed for each suspension. Error bars: one standard deviation about mean.

icantly larger than the approximately 2% predicted by the
LaPlace—Young—Kelvin expression (e.g. Muller and Peters,
1998). Note, however, there are serious objections to the appli-
cation of the LaPlace—Young—Kelvin expression to organic
solid—solute equilibria (Wu and Nancollas, 1998, and references
therein). Regarding the possibility of high energy polymorphs
or amorphous content, while no evidence was observed in the
PXRD diffractograms of the suspension series, due to the low
sensitivity of the method, this scattering data cannot rule out the
presence of a low level, amorphous impurity in suspensions E
and F. For instance, the ultrahigh pressure homogenization may
increase the structural defect density of the particles. The cause
of the solubility increase of suspensions E and F is of interest,
and may be investigated by higher sensitivity methods such as
isothermal and scanning calorimetry. The measured solubility
difference over the suspension series does not interfere with the
experimental determination of hggg.

While the experimentally determined hgpp in suspen-
sion series A through F is in good agreement with Prandtl
theory (hgpr/dsp suspension series mean =+ standard devia-
tion=1.0 & 0.3), itis interesting to note that hgrr/dso is a slightly
increasing function of dsg: the quantity hgpp/dsg increases from
about 0.64 for suspension F to 1.4 for suspension A. The correla-
tion between hggr/dsg and dsg may be related to the evolution of
the particle size distribution to a more symmetric function as the
processing time increases. Also, considering the surface inter-
actions between the stabilizing excipients and the particles, the
correlation may reflect specific hydrodynamic properties such as
compressibility. Dissolution rates as a function of paddle speeds
could provide a window on the excipient compressibility over a
series like suspension A through F.

An interesting product of the investigation herein is the under-
standing that because the dissolution time is proportional to the
square of the diameter in the small particle regime, the analyt-
ical discrimination between ensembles via powder dissolution
is quite high, e.g. significantly higher than traditional ensemble
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particle size methods such as photon correlation spectroscopy or
Mie scattering, and also higher than methods using separation
prior to quantitation, such as differential centrifugal sedimen-
tation. Powder dissolution, the performance based analysis, not
only probes the specific biopharmaceutical properties of interest,
it does so with enhanced discrimination.

5. Conclusion

This work has shown that for ensembles in the small parti-
cle regime (six suspensions over the particle diameter range of
5.940.1t00.53 £0.05 pm [volume, 50%]), the effective diffu-
sion boundary layer hggr is approximately equal to the particle
radius or diameter. As a consequence, the dissolution times in
this regime are expected to be proportional to d>; the experi-
mental results of dissolution time proportional to ¢> are in good
agreement with this expectation. Understanding the mechan-
ics of diffusion transport in both the large particle and small
particle regime enables the pharmaceutical scientist to design
dosage forms with the required dissolution profile, while avoid-
ing unnecessary ensemble instability.
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Appendix A. Time average of the interfacial area
ANT(®)

Recall the linear decay of mass or volume:

1o f
vio="2(1- —
® o < 2T50>

where (1o has been previously defined as the injected mass for
powder dissolution. One half the mass, of density p, dissolves in
time 759. The interfacial area decays as the volume decay raised
to the 2/3 power, where, at time =0, the interfacial area equals
the specific surface area S times the initial mass:

R t \*?
ANT(t) = Suo(l - ) ,
2‘1,'50

The average value of the interfacial area over the time period
750 1 (AiNT(?)) and is calculated:

Suo o (1= (t/2150))*?
750

(AINT() = = 0.828110

and substituted directly into Eq. (2) to yield Eq. (3).
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