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bstract

The USP drug release standard for delayed-release articles method A was evaluated using planar laser-induced fluorescence (PLIF). Prior authors
ave suggested that high pH “hot spots” could develop during the buffer medium addition of the method A enteric test. Additionally, previous
tudies have shown heterogeneous flow patterns and low-shear regions in the USP Apparatus II dissolution vessel, which may result in poor
ixing of the buffer and acid media during the pH neutralization step of the method A enteric test. In this study, PLIF was used to evaluate the
ixing patterns and evolution of pH neutralization during the buffer medium addition with rhodamine-B dye and the pH-sensitive dye fluorescein,

espectively. Additionally, a comparison of the methods A and B enteric tests was performed with enteric-coated tablets containing rhodamine-B
n the film so as to image the dissolution rate of the coating polymer with PLIF in order to determine if rapid buffer addition for the method A
rocedure accelerates the rate of film coat dissolution. Rapid addition of the 250 mL of buffer medium over 5 s to the 750 mL of acidic medium
hows efficient mixing and pH neutralization due to the generation of large-scale stirring and enhanced turbulence resulting from the descending
uffer medium. Slow addition near the paddle shaft over 5 min showed segregation in the recirculating region around the paddle shaft. In contrast,
low addition near the vessel wall introduces the medium into fluid outside of the recirculation region and enables transport over the entire vessel.
nteric-coated tablets tested according to method A with rapid medium addition and method B enteric tests performed identically, indicating no

ifference in polymer dissolution rate between the two tests. From the results of the PLIF imaging studies with rhodamine-B, fluorescein, and
nteric-coated tablets, it was seen that “hot spots” affecting the dissolution performance of enteric dosage forms are not generated during the
eutralization step of the method A enteric test namely when the media is added rapidly or outside of the recirculating region that surrounds the
addle shaft.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polymers with pH-dependent dissolution properties have
een investigated extensively for their use in pharmaceuti-
al products intended for delayed drug release (Hasan et al.,
992; Felton et al., 1995; Thoma and Bechtold, 1999; Crotts
t al., 2001; Williams, 2001; Bruce et al., 2003a, 2003b).

hese polymers have been widely used for targeted drug deliv-
ry to the small intestine as they allow a drug-containing
osage form to pass through the acidic environment of the
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tomach intact and with minimal drug release. Enteric poly-
ers, such as various polymethacrylates and cellulose deriva-

ives, exhibit very low solubility in acidic conditions due to
ree carboxylic acid functional groups on the molecule which
emain unionized at low pH. As the pH of the surrounding
edia increases to a specific value, which varies according to

he type and grade of enteric polymer, the functional groups
egin to ionize resulting in increased hydrophilicity and solu-
ility. These enteric polymers have been used to protect acid
abile drugs from the acidic conditions of the stomach, as

ell as to prevent gastric irritation that is caused by a vari-

ty of drugs (Genc et al., 1997; Schmid et al., 2000; Alavi et
l., 2002; Bruce et al., 2003b; Fuerst et al., 2005; Yoo et al.,
005).

mailto:williro@mail.utexas.edu
dx.doi.org/10.1016/j.ijpharm.2006.08.047
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In vitro dissolution testing is essential to evaluate the per-
ormance of enteric-coated articles. The methods of analysis
escribed in the USP detail two methods for dissolution testing
f enteric products, methods A and B. The method A proce-
ure dictates that the enteric dosage form be tested in 750 mL
f 0.1N hydrochloric acid at 37 ◦C for 2 h (acid phase) followed
y the addition of 250 mL of 0.2 M sodium phosphate buffer
nd any further pH adjustment required to neutralize the pH
o approximately 6.8 ± 0.05 within 5 min (buffer phase). With

ethod B, the enteric dosage form is tested in 1 L of 0.1N HCl
or 2 h, the vessel is then drained of the acidic medium and filled
ith 1 L of pH 6.8 phosphate buffer for the buffer phase testing.
he performance of enteric articles is evaluated based on drug

elease during the two phases of the test. A passing enteric test,
or six samples, shows less than 10% drug release over 2 h in
he acid phase, followed by at least 80% drug release within
5 min following the addition of the buffer medium, or for the
ime specified for the particular drug product. This in vitro test is
ntended to mimic the passage of an enteric dosage form through
he gastrointestinal tract as it first enters the acidic conditions of
he stomach followed by movement to the more neutral pH envi-
onment of the small intestine.

Inherent in the design of the USP method A enteric test is the
ssumption that the mixing of the buffer medium with the acid
edium, i.e. neutralization of the pH, is sufficiently rapid; that

s to say high pH domains that may develop within the dissolu-
ion media during the buffer phase addition exist momentarily
nd do not influence the result of the enteric test. However,
t has been suggested that high pH regions existing for non-
egligible time periods, termed “hot spots”, may occur in the
issolution vessel when enteric dissolution testing is performed
ccording to method A (Hanson and Gray, 2004). Addition-
lly, many researchers have investigated the hydrodynamics of
he USP Apparatus II dissolution vessel to find that the mix-
ng environment is non-ideal. The dissolution of USP calibrator
ablets was the first attempt to characterize the flow patterns in
issolution vessels (Beckett et al., 1996; King, 1996; Qureshi
nd Shabnam, 2001; Morihara et al., 2002; Baxter et al., 2005;
irza et al., 2005). The tablets were placed away from the bot-

om center of the dissolution vessel using a PEAKTM vessel
Beckett et al., 1996; King, 1996; Mirza et al., 2005), employ-
ng a metal strip (Qureshi and Shabnam, 2001), and by tilting
he dissolution vessel (Mirza et al., 2005). All studies resulted in
igher dissolution rates compared to a standard USP Apparatus
I system suggesting the existence of a heterogeneous flow field
esulting in a poorly mixed zone at the bottom of the dissolution
essel.

Muzzio and coworkers employed particle imaging velocime-
ry (PIV) combined with computational fluid dynamics to char-
cterize the entire flow pattern in a USP Apparatus II dissolution
essel at steady state mixing conditions (Kukura et al., 2003,
004; Baxter et al., 2005). It was seen that an uneven distribu-
ion of hydrodynamic forces resulted in a highly non-uniform

hear environment throughout the vessel. Increasing the paddle
peed from 50 to 100 rpm did not improve shear homogeneity
ithin the dissolution vessel, but rather only increased the shear

orce. The highest shear was found at the surface of the paddle
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lade as well as along the vessel walls. Areas of the lowest shear
re located above the paddle blade between the paddle shaft
nd the wall. At the bottom of the USP Apparatus II dissolution
essel, it was seen that a circular low-shear region about the
ize of a typical dosage-form is produced by the paddle rotation
Kukura et al., 2004). Generally, the hydrodynamics of a dis-
olution vessel are characterized by areas of recirculating flow
atterns. From the paddle, the flow proceeds either up the wall
o the liquid surface then descends between the paddle shaft and
he wall, or the flow is directed down to the bottom of the vessel
scending back up to the paddle in the center of the dissolution
essel (Baxter et al., 2005). The results of these studies revealed
hat the USP Apparatus II it is not an ideal mixing device.

In order to characterize accurately the mixing during the neu-
ralization step for the method A enteric test, an experimental
echnique is required that does not alter the hydrodynamics of
he dissolution vessel. Planar laser-induced fluorescence (PLIF)
s a widely-used, non-intrusive, planar technique for visualizing
he evolution of a mixing system during transitions up to the
nset of steady state (Van Cruyningen et al., 1990; Unger and
uzzio, 1999; Law and Wang, 2000; Bruchhausen et al., 2005;
iez et al., 2005). With PLIF, a laser sheet is used to illuminate
planar cut of the flow field that has been seeded with a fluores-
ent tracer species. When the fluorescent species is a complex
rganic dye, the emitted light induced by the laser is relatively
roadband. Under certain conditions (such as low dye concentra-
ion and low laser intensity), the intensity of the emitted light is
roportional to the local concentration of the tracer species. The
mitted light is then imaged by a high-resolution digital camera.
n order to “freeze” the motion of the flow, a short-pulse pulsed
aser is usually used. PLIF can be a useful technique for simple
isualization of mixing processes but can be also used for quanti-
ative concentration measurements. In principle high-resolution,
igh-speed imaging is possible, in which case this technique can
e useful to analyze the time-evolution of the mixing process.

Kukura et al. (2003, 2004) utilized PLIF to investigate the
ydrodynamics, as well as shear distribution and variability
nder turbulent conditions in the USP Dissolution Appara-
us II. In these studies, the authors utilized rhodamine-B and
hodamine-wt as the dye tracers, which were injected at the bot-
om of the vessel and just above the paddle via a syringe to
imulate the convection of an active ingredient from a dosage
rticle, and to image the recirculation regions above and below
he paddle. The dye transport during the experiment was con-
istent with the results of their PIV experiments. Non-uniform
ixing characterized by zones of segregation was confirmed

s the dye failed to penetrate upper regions of the dissolution
essel. These studies also demonstrated that PLIF is a viable
ethod for analyzing the dynamic mixing patterns of the USP
issolution Apparatus II.
The objective of this study was to utilize the PLIF technique

o investigate the mixing patterns and pH neutralization during
he buffer medium addition of the method A enteric test.

pecifically, rhodamine-B dye solution was used to image the
ixing of the buffer medium with the acid medium, and to

uantitatively determine the time required for complete mixing
f the two phases for different methods of buffer addition.
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he pH-sensitive dye fluorescein was used to image the pH
evelopment during the neutralization step of the method A
nteric test for different methods of buffer medium addition.
inally, tablets coated with Eudragit® L 30 D-55 containing
hodamine-B dye were used to discern any differences in
olymer dissolution rate when tested according to method A
ith rapid buffer addition versus method B.

. Materials and methods

.1. Planar laser-induced fluorescence

The light source for the PLIF imaging was an acousto-
ptically Q-switched diode-pumped Nd:YAG laser (Coherent
nc. Corona) operated at 2000 pulses/s. The wavelength of the
aser was 532 nm, the energy per pulse was about 13.5 mJ and
he pulse duration was about 160 ns. The laser sheet was formed
y using a plano-concave cylindrical lenses with a focal length
f 12.7 mm and a plano-convex focusing lens with a focal length
f 750 mm. The cylindrical lens was used to spread the beam into
sheet about 250 mm in height and the convex lens was used to

ocus the sheet to a thickness of about 1.2 mm. A CMOS digital
amera (Photron APX) fitted with a 50 mm, f/1.4 lens was used
or imaging. In order to eliminate scattered laser light from the
mages, the lens was fitted with a 570 nm longpass filter. The
amera was operated at 10 Hz with a resolution of 1024 × 512
ixels (resolution in the physical plane of about 0.2 mm/pixel).
ote that the laser was operated at a much higher frequency than

he camera and so the camera detected only one out of every 200
ulses emitted by the laser.
A schematic diagram illustrating the equipment configura-
ion for the PLIF imaging experiments performed in this study
s shown in Fig. 1. The output from the laser was divided into two
qual intensity beams by use of a 50/50 beam splitter. The result-
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Fig. 1. Schematic diagram of the
f Pharmaceutics 330 (2007) 61–72 63

ng two beams were directed to opposite sides of the dissolution
essel. Both beams were formed into sheets with a combination
f cylindrical and spherical lenses as shown. Two laser sheets
ere counterpropagating, parallel to each other and bisected the
issolution vessel such that they intersected the paddle or paddle
haft at opposite sides. The advantage of using two counterprop-
gating sheets in this way is that it enables the illumination of
he entire vessel. With single-sheet illumination either one half
f the vessel is obscured by the shadow cast by the shaft or the
ctual plane-of-symmetry cannot be imaged.

For all PLIF imaging experiments, a Vankel Vanderkamp
000 model, 6-station dissolution system was used (Chatham,
ew Jersey). The water bath was removed from the machine

n order to project the laser sheet through the dissolution vessel
elow the vessel support plate. The paddle speed for all experi-
ents was 50 rpm.

.2. Mixing profile imaging by PLIF with rhodamine-B

Rhodamine-B (Fluka Biochemika, Buchs, Switzerland), is
fluorescent dye with an absorption spectrum in the range of

50–580 nm with a peak value at 543 nm, and a broad emis-
ion spectrum that peaks at 564 nm when excited at 543 nm
Du et al., 1998). Rhodamine-B is a suitable dye for this study
ecause its absorption spectrum includes the wavelength of the
aser used for the PLIF imaging. A solution of rhodamine-B
as used in this study to represent the buffer medium that is

dded to the acidic medium during the pH neutralization step
f the method A procedure. Rhodamine-B was utilized only for
isualization of fluid mixing patterns, and therefore deionized

ater was used to simulate both acid and buffer media phases

ince pH development was not of concern. Hence, 250 mL of
queous rhodamine-B solution was added to 750 mL of pure
eionized water in the dissolution vessel for each method of

PLIF experimental set-up.
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ddition. The imaging of mixing patterns was done at ambient
onditions as the effect of temperature (in the range of 25–37 ◦C)
n the mixing of the two media is negligible in comparison to
he large-scale stirring generated by the rotating paddle. For each
f the mixing visualization experiments with rhodamine-B, the
ame PLIF experimental set-up and dissolution apparatus were
sed as mentioned above.

Three methods of buffer phase media addition were evaluated
n this study: rapid addition, gradual addition along the pad-
le shaft, and gradual addition near the vessel wall. The USP
tates that the operation of adding the buffer phase and adjust-
ng the pH must be completed within 5 min for the method A
nteric test. The rapid and gradual methods of addition were
esigned to test the two extremes of this time constraint in order
o determine how mixing of the media is affected by the rate
f buffer phase addition. It is important to note that the gradual
ate of addition is not intended to only represent the addition of
50 mL in exactly 5 min, but rather to generally illustrate a slow,
rop-wise method of addition. For rapid addition, the 250 mL
f buffer medium was poured from a graduated cylinder into
he dissolution vessel containing the acid medium over a period
f about 5 s. For the gradual addition methods, the 250 mL of
uffer medium was added over about 5 min using a separatory
unnel with a stopcock that was used to regulate the flow. The
ow from the separatory funnel was directed to the targeted site
f addition in the dissolution vessel by the use of silicone tubing.
radual media addition near the paddle shaft and near the vessel
alls were investigated to determine if mixing of the two phases

s dependent on the location of addition within the dissolution
essel when the buffer media is added slowly to the acidic media.

.3. pH development imaging by PLIF with fluorescein dye

Method A involves chemically reacting flow resulting from
he mixing of a strongly basic buffer solution with a strongly
cidic solution. The most commonly used technique to non-
ntrusively visualize mixing during acid–base reactions are sim-
le pH indicators (Lamberto et al., 1996; Johari and Paduano,
997; Lamberto et al., 1999). Laser-induced fluorescence of pH
ensitive dyes has been used extensively for this purpose (Dahm
nd Dimotakis, 1990; Coppeta and Rogers, 1998). For this study,
uorescein was employed to visualize the pH evolution during

he mixing process.
The fluorescence intensity of laser grade fluorescein (Acros

rganics, Geel, Belgium) is dependent on the pH of the dilu-
ion medium (Klonis and Sawyer, 1996). Fluorescein shows
ncreased fluorescence with increasing pH over a range of about
–9. In this range of pH, by proper calibration, it is possible
o estimate the distribution of pH in the flow field (Coppeta
nd Rogers, 1998). For these experiments, equal concentrations
3 × 10−5 M) of fluorescein dye were used in both the buffer
hase and the acid phase media. In this way, differences in
uorescence intensity seen during the evolution of the mixing

rocess are entirely due to pH differences rater than differences
n fluorescein concentration. The acid and buffer media were
sed as stipulated by the USP for the method A enteric test.
ence, 250 mL of 0.2 M sodium phosphate tribasic buffer con-

o
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aining fluorescein dye was added to 750 mL of 0.1N HCl, also
ontaining fluorescein dye in the same concentration, for each
ixing experiment. Both phases were heated to 37 ± 0.5 ◦C

rior to the start of the imaging process. The three methods of
uffer medium addition mentioned above were also utilized in
his case; however, in the case of the two of gradual buffer addi-
ion methods, a peristaltic pump was used to accurately deliver
0 mL/min of the buffer phase to the dissolution vessel over a
eriod of 5 min. The buffer media was directed to the targeted
ite via silicone tubing. The PLIF configuration and the disso-
ution equipment were used as stated above.

.4. Image and data processing

The raw PLIF images obtained during the experimental pro-
edure were processed in order to remove the effects of: (1)
patial variations in the laser sheet intensity, (2) camera dark
oise, and (3) interference from background reflections of the
aser light. Additionally, the pH measurements required certain
alibration procedures as detailed below. Both the PLIF images
btained with rhodamine-B and with fluorescein dyes where
orrected for background noise and laser sheet non-uniformities
ccording to the methodology described by Clemens (2002). In
rder to quantitatively analyze the results obtained from PLIF
ith rhodamine-B, the images were normalized by the fluores-

ence intensity of the pure “buffer medium” before addition to
he dissolution vessel. The resulting relative fluorescence signal
s equal to the volume-fraction of buffer medium in the probe
olume and is termed the “mixture fraction.” Since the propor-
ions of buffer to acid media were 1:3, the final (well-mixed)
tate has a mixture fraction of 0.25.

The same scaling procedure was applied to the imaging stud-
es with fluorescein; however, in the case of a pH-sensitive dye,
ormalization to the final well mixed state relates to a pH value
ather than a concentration. Therefore, a value of unity on the
ormalized scale corresponds to the pH of the media upon com-
lete mixing, and values greater or lesser than unity represent
igher and lower pH values, respectively. In order to assign pH
alues to the normalized scale, a calibration curve was gen-
rated relating illumination intensity of fluorescein to the pH
f the dissolution medium by imaging a series of fluorescein
ontaining buffer solutions of known pH and then normalizing
hose images by the image with a pH equal to the experimental
issolution medium after complete mixing. The normalized flu-
rescence intensity was then plotted versus pH to generate the
alibration curve shown in Fig. 2. Fluorescein dye exhibits tem-
erature dependent fluorescence, and therefore the calibration
urve was generated at 37 ◦C in order to accurately assign pH
alues to the experimental images. The investigated pH range
ncluded pH 5.0 through 8.0. Below a pH of 5.0, almost no light
mission was detected, and above pH 8.0 there was essentially
o difference in illumination intensity; therefore, no indication
f pH can be determined below pH 5.0 or above 8.0 with the flu-

rescein dye used in this experiment. The obtained data points
ere fit to an error function that was used to generate the nor-
alized pH color map that was then applied to the experimental

mages. With this calibration curve, the fluorescein excitation
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ig. 2. Calibration curve relating normalized illumination intensity of fluores-
ein to the pH of the buffer media.

t any point in an experimental image can be converted to its
orresponding pH value.

The uncertainty on the calibration curve is estimated to be
ess than ±6% over the full range of pH. The primary source
f this uncertainty is absorption of the laser light by the fluo-
escein molecules as the laser sheet transverses the vessel. This
esults in decreased illumination intensity along the path length
f the laser sheet as it is projected through the vessel. Therefore,
low concentration of fluorescein dye (9 × 10−6 M) was used in
rder to minimize absorption. The difference in dye concentra-
ion between the calibration curve imaging and the experimental
maging does not impact the results as differences in concen-
ration are canceled out by the normalization process described
bove. Moreover, the dual laser sheet configuration of the exper-
mental PLIF set-up also acts to decrease the uncertainty due to
bsorption by reducing the path length of the projected laser
heet by about one half when compared to a single laser sheet
rojected over the entire width of the vessel.

.5. Unmixedness

In order to quantitatively illustrate the progression of mixing
n the dissolution vessel, a quantity termed the “unmixedness”
as used. The unmixedness is a measure of the large-scale

patial non-uniformity of the buffer throughout the dissolution
essel and is defined as follows. A total of 30 discrete regions,
ach 7 × 7 pixels in area (∼1.4 × 1.4 mm2), were selected to rep-
esent the concentration of rhodamine-B dye at various points
istributed throughout the dissolution vessel. The distribution
f these 30 discrete regions in the dissolution vessel is depicted
n Fig. 3. The mean fluorescence intensity for the 49 pixels
ithin each point was calculated along with the standard devi-

tion between the 30-point means for each image in the mixing
equence. The unmixedness is defined as the standard devia-
ion of the 30 points normalized by the mean value of these
ame points. If the different points have largely different con-

entrations then the unmixedness will be large, whereas uniform
ixing leads to an unmixedness of 0. The unmixedness was cal-

ulated every tenth of a second for the entire media addition
rocess.

t
7
b

ig. 3. Schematic representation of the distribution of the discrete areas in the
issolution vessel used to calculate unmixedness with time for the mixing pattern
isualization with rhodamine-B solution.

.6. Comparison of enteric polymer dissolution with
ethods A and B

For these studies, a placebo core tablet was manufactured
nd coated with an Eudragit® L 30 D-55 dispersion (Degussa,
armstadt, Germany) containing rhodamine-B dye. Each tablet

ontained approximately 1 mg of rhodamine-B in the film coat-
ng. Using PLIF, the dissolution of the rhodamine-containing
nteric coat was observed. As the enteric coating dissolved, the
hodamine-B contained in the coat was released and the fluores-
ence was imaged. By imaging the release of rhodamine-B from
he coat, the polymer dissolution rate for method A with rapid
uffer addition and Method B enteric tests could be compared.
he tablets were first tested in acid to ensure that rhodamine-B

emains in the film until the onset of polymer coat dissolution.
or method B, the tablet was placed in buffer medium at a pH
f 6.8. For method A, the tablet was first immersed in the acid
edium followed by the rapid addition of buffer medium. The

nitiation of imaging (time = 0) for method B began when the
ablet had settled to the bottom of the dissolution vessel. For
ethod A, the initiation of imaging began at the moment when

he buffer phase addition was completed.

. Results and discussion

.1. Imaging of mixing development with
hodamine-B—rapid media addition
Fig. 4 shows a series of images that illustrate the mixing pat-
ern for the rapid addition of 250 mL of rhodamine-B solution to
50 mL of water which was used to represent the addition of the
uffer medium to the acid medium for the method A enteric test.
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media. During the first few seconds of addition there are areas of
extreme concentration differences as domains of high dye con-
centration have yet to be convected to areas of the dissolution
Fig. 4. Time-sequence of the mixture fraction fi

t can be seen from the first image in the sequence that as the
hodamine-B solution enters the vessel it has a high concentra-
ion since little mixing has occurred. The colormap is limited to
alues of the mixture fraction below 0.375 so that the lower con-
entration regions are more easily visualized. One second after
he start of buffer medium addition, the mixing effects of the pad-
le can be seen as the highly concentrated dye solution descends
nto the vortex near the paddle blade and is rapidly dispersed by
he paddle’s rotation. By comparing the motion of the dye solu-
ion from the 3-s image to the 5-s image, the flow pattern created
y the rapid pouring of the secondary media can be seen. From
he pouring of the rhodamine-B solution, a circular mixing pat-
ern develops as the medium descends down the wall of the vessel
earest to the point of entry and then follows the contour of the
essel as it moves along the bottom and ascends up the opposite
essel wall. This large-scale stirring results from the addition
f the descending high-momentum secondary medium and is
eparate from the stirring generated by the paddle. The result is
hat the rhodamine-B solution is rapidly dispersed throughout
he vessel, most importantly to areas within the vessel that are
ot well mixed by the rotation of the paddle. The rapid pour-
ng of the secondary medium also creates substantial turbulence
ithin the vessel, which can be seen by the formation of small

ddies throughout the vessel. The secondary media addition was
ompleted in about 5 s; thus it can be seen from the image at 7 s
hat 2 s after complete addition of the secondary media, the sys-
em is rapidly approaching homogeneity. The final image in the
equence shows that after 12 s from the start of addition the
ystem has reached almost complete equilibrium.

The rapid pouring of the secondary media increases both the

arge-scale stirring and small-scale turbulence. The large-scale
tirring enables the transport of high mixture fraction fluid from
ne side of the vessel to the other, and thus reduces the global
nhomogeneity of the flow. It is well known that small-scale tur-

F
d

r rapid addition of rhodamine-B dye solution.

ulent eddies act to stretch intermaterial surfaces, which leads to
arger intermaterial surface areas and larger concentration gra-
ients, both of which lead to enhanced rates of diffusion (Ranz,
979, 1985). Therefore, rapid addition of the “buffer phase” to
he “acid phase” results in efficient mixing of the two phases
y increasing large-scale transport of the buffer and the rate of
iffusion within the vessel.

Fig. 5 shows the time-evolution of the unmixedness for the
apid addition of the rhodamine-B solution. Recall that the
nmixedness is a measure of the global inhomogeneity of the
ixture over the entire dissolution vessel. It can be seen from

his figure that initially the unmixedness exceeds 250%, which
ndicates that there are significant large-scale concentration dif-
erences in the vessel prior to the development of the circulating
ow pattern generated by the rapid addition of the secondary
ig. 5. Time evolution of the unmixedness for the rapid addition of rhodamine-B
ye solution.
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the tested enteric dosage form.

In the investigation of the mixing profile for the gradual media
addition, the influence of the location of media addition was also
investigated by examining the effect of adding the secondary
Fig. 6. Time-sequence of the mixture fraction field for gr

essel where the agitation due to the paddle is minimal, namely
he upper portions of the vessel. Once the circulatory mixing
attern develops, the concentration deviations in the vessel are
apidly diminished as dye is convected to the more stagnant
egions of the vessel. Consequently, at the completion of media
ddition (5 s), the unmixedness is reduced to 19%. After 7.5 s
rom the start of addition, the unmixedness within the vessel is
pproximately 3%, indicating that uniformity, on the scale of the
oint areas (∼1.4 × 1.4 mm2), occurs rapidly following convec-
ion of the dye throughout the vessel. This figure demonstrates
hat rapid addition of the buffer medium to the acid medium
esults in efficient mixing of the two phases and indicates that
he probability of developing hot spots with rapid buffer addi-
ion during the neutralization step of the method A enteric test
s very low.

.2. Imaging mixing development with rhodamine-B
olution—gradual media addition

The time-sequence of images shown in Fig. 6 illustrates the
ixing pattern for the gradual addition of the secondary media

irected near the shaft of the paddle. It can be seen from this
equence of images, that there is substantial segregation of the
ye solution in a conical region around the paddle shaft that
longates over the course of the media addition. Segregation in
his region is expected as Muzzio and coworkers have shown
hat a low velocity recirculation region is formed in this area
y the rotation of the paddle (Kukura et al., 2003, 2004; Baxter
t al., 2005). In this region of the vessel, convective stirring
s low, and thus the rhodamine-B solution appears to stagnate,
articularly near the liquid surface. Since the rate of addition

s relatively slow, the momentum of the rhodamine-B solution
roplets entering the primary media is not sufficient for transport
ut of the recirculation region. The large-scale segregation of the
ye persists to over 5 min.

F
B

addition of rhodamine-B solution near the paddle shaft.

Fig. 7 shows the unmixedness over the entire time required
or secondary media addition. Initially the unmixedness exceeds
00%, it then decreases to about 50% after 100 s of addition
ime, and further decreases to 13% after 5 min of mixing time.
his illustrates that the movement of dye from the vortex region
ccurs relatively slowly over a period of several minutes, during
hich there exists substantial concentration differences within

he vessel. Therefore, it can be expected that slow addition of
he buffer phase at the paddle shaft for the method A enteric test
ill result in high pH regions in the vortex at the center of the
issolution vessel, and overall poor homogeneity of the mixing
ystem during the addition process. This is an undesirable mix-
ng profile as it could lead to variations in the performance of
ig. 7. Time evolution of the unmixedness for the gradual addition of rhodamine-
dye solution near the paddle shaft.
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Fig. 8. Time-sequence of the mixture fraction field for gradua
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higher shear regions allows the droplets to be more readily con-
ig. 9. Time evolution of the unmixedness for gradual addition of rhodamine-B
ye solution near the vessel wall.

v
b
a

Fig. 10. Time-sequence of the pH development field for rapid
l addition of rhodamine-B solution near the vessel wall.

edia near the vessel wall rather than along the paddle shaft.
ig. 8 shows a sequence of images depicting the evolution of
ixing over 5 min of simulated buffer medium addition. It can

e seen from this series of images that the problem of segregation
f the dye solution along the paddle shaft is largely eliminated
y adding the media near the wall of the dissolution vessel.
uzzio and coworkers have shown that the rotation of the paddle

enerates circular mixing patterns of ascending and descending
ow along the walls of the dissolution vessel (Kukura et al.,
003, 2004). The slow addition of the secondary media at these
ected from the liquid surface to lower regions in the vessel by
ecoming entrained in the circulating flow along the walls. In
ddition, the high shear flow near the walls also acts to stretch

addition of 0.2 M sodium phosphate tribasic (50 mL/s).
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Fig. 11. Time-sequence of the pH development field for gradual addit

nd deform the droplets as they enter the primary media such that
he interfacial area and concentration gradient increase substan-
ially, thereby improving the rate of diffusion. Consequently, the

ixing of the rhodamine-B solution occurs more rapidly when
he secondary media is added slowly near the wall rather than
long the paddle shaft due to increased convection and improved
iffusion.

Fig. 9 depicts the time evolution of the unmixedness for the
low media addition at the vessel wall. It is seen that initially the
nmixedness is similar to the media addition at the shaft. This
s due to the fact that the convective motions near the vessel
all are relatively weak, and thus transport of the dye to the
ower regions of the vessel is somewhat slow. Although the initial
oncentration differences are similar, it can be seen that with
radual addition near the vessel wall the unmixedness decreases
uch more rapidly than with addition near the shaft. This further

fl
s
b
a

Fig. 12. Time-sequence of the pH development field for gradual addition o
0.2 M sodium phosphate tribasic near the paddle shaft (50 mL/min).

ndicates that convective mixing and shearing of the secondary
edia droplets by the circulating flow patterns near the vessel
all results in more rapid mixing when compared to addition of

he media at the paddle shaft. Therefore, if slow media addition
s required or preferred for a particular test method, the media
ddition should be made near the vessel wall as it results in more
fficient mixing.

.3. pH development with fluorescein dye

As shown in Fig. 10, the rapid addition of the 250 mL of
uffer medium to the acid medium over 5 s exhibits a similar

ow pattern as seen with the rhodamine-B mixing study. As
tated above, the convective mixing and turbulence generated
y the circulating flow pattern, as well as the increased shear
llowed for rapid mixing of the two phases and accelerated the

f 0.2 M sodium phosphate tribasic near the vessel wall (50 mL/min).
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Fig. 13. PLIF images of tablets coated with Eudragit L 30 D-55 containing
0 D.A. Miller et al. / International Jou

eutralization reaction. There were no stagnant regions of high
H detected during the mixing process. Complete neutralization
f the system pH was achieved after about 20 s.

Slow addition of the buffer medium over 5 min at a rate of
0 mL/min near the paddle shaft resulted in segregation as illus-
rated in Fig. 11. Soon after the start of the buffer addition,

vortex region of higher pH developed and stagnated around
he paddle shaft. After about 3 min, the vortex elongated to
each the paddle blade, at which point the high pH media began
o disperse to the regions of the vessel below the paddle and
ear the walls. The neutralization reaction was completed after
.5 min, a slightly longer period than the time of addition. Again,
he pH development followed a similar trend as seen with the
hodamine-B mixing studies. The low fluid velocity and shear
orces in the vortex region hinder the transport of the high pH
edium to other regions in the vessel and reduces the rate of dif-

usion. Consequently, the vortex region near the paddle becomes
recirculation region of high pH during the buffer addition pro-
ess for this method of addition.

As seen with the rhodamine-B mixing studies, the segrega-
ion in the vortex was improved by directing the gradual buffer
ddition to an area near the vessel wall as shown in Fig. 12. The
irculating flow pattern near the wall of the vessel generated by
he paddle provides improved mixing by increasing convection
nd shear of the buffer phase droplets which correspondingly
ncreases the rate of pH neutralization. Up to 3 min after the
eginning of buffer addition, there is no fluorescence detectable
s the pH of the entire dissolution vessel is below 5. Between
and 4 min, the sudden color change represents the onset of

uorescence at a pH of about 5.5 in the area of the circulating
ow between the vessel wall and the paddle shaft. Complete
H neutralization occurred simultaneously with the end of the
lkaline medium addition after 5 min.

.4. Comparison of enteric polymer dissolution with
ethods A and B

It was demonstrated in the previous sections that a large and
ustained hot spot was generated by gradual addition of the
uffer medium down the paddle shaft. It was also shown that
y altering the location of gradual buffer addition, the mixing
fficiency was substantially improved and hot spot generation
as eliminated. This suggests that gradual buffer addition near

he paddle shaft is not a valid method of addition, while gradual
ddition near the vessel wall is an ideal method of buffer medium
ddition. Although it was demonstrated that rapid buffer addition
as very efficient with respect to mixing and pH neutralization,

t was also observed that the rapid pouring action caused the
uffer medium to pass first through the lower regions before
eing dispersed throughout the remainder of the vessel. This
ow pattern causes a substantial fraction of somewhat unmixed
uffer medium to briefly traverse the region where a typical
osage form would reside during testing. Although too brief to be

onsidered a hot spot, this consequence of rapid buffer addition
ust be further investigated to determine its effect on the disso-

ution of an enteric-coat in order to fully validate this method of
ddition. To this end, placebo tablets coated with Eudragit® L

rhodamine-B tested for enteric dissolution performance according to USP meth-
ods A and B.
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0 D-55 containing rhodamine-B were used to visualize the dis-
olution of an enteric-coat in order to determine if rapid buffer
ddition accelerates the polymer dissolution rate. As a compar-
son, these tablets were also subjected to the USP method B
nteric test.

Fig. 13 shows the resulting images from both test methods at
pecific time points. Initially, the tablets appear bright red due
o the fluorescence of the rhodamine-B contained in the coat.
s the enteric coat dissolves, rhodamine-B is released into the
edia thereby allowing for visualization of the polymeric coat

issolution. The tablets tested in both cases showed no release
f rhodamine-B from the enteric coat during the acid stage con-
rming that rhodamine-B is not released from the film prior to
issolution of the enteric coat. The images taken at the zero
ime point show that there is no instantaneous dissolution of
he film coat using either enteric method. This demonstrates
hat the rapid addition of buffer medium with method A did
ot expose the tablets to elevated pH for a sufficient time to
licit a burst release of rhodamine-B from the enteric coat. The
mages labeled 3.6 s (method A) and 3.7 s (method B) represent
he onset of enteric coat dissolution and indicate that the initia-
ion of polymer dissolution is very similar in both cases. Further
issolution of the tablet coatings is observed as the test contin-
es over 2 min. The rate of dissolution of the polymer coatings
nd subsequent release of rhodamine-B appear to be very simi-
ar for both test methods. Thus, this study indicates that there is
ssentially no difference in the dissolution rate of an Eudragit®

30 D-55 enteric-coated dosage form when tested for enteric
erformance according to method A with rapid buffer addition
s compared to method B.

. Conclusions

The results of the investigation of the USP drug release
tandard for enteric-coated articles method A with rhodamine-B
nd fluorescein dyes demonstrate that the mixing profiles and
H development follow similar trends for all methods of
ddition studied. Rapid addition of the buffer medium to
he acid medium produced the most efficient mixing and pH
eutralization as a result of increased stirring (convection) and
urbulence resulting from the addition of the high momentum
uffer media into the stationary acidic media. For the gradual
ethods of buffer medium addition, the efficiency of mixing

nd pH neutralization was seen to be location dependent as
result of the heterogeneous flow patterns generated in the

issolution vessel by the rotating paddle. Addition of the buffer
edium along the paddle shaft results in inefficient mixing and

H neutralization due to segregation of the added media in the
ecirculating region that surrounds the paddle shaft. In contrast,
ntroducing the buffer media slowly near the wall of the vessel
hows more efficient mixing and pH neutralization as a result
f more rapid dispersion of the droplets by the large-scale
ortical motions that exist near the vessel walls. Enteric-coated

ablets tested by the method A enteric test with rapid buffer

edium addition and the method B enteric test exhibited very
imilar enteric polymer dissolution rates, thus indicating that
he rapid addition of highly basic media to the acid phase does

K

K

f Pharmaceutics 330 (2007) 61–72 71

ot influence the result of the method A enteric test. From
he results of the PLIF imaging studies with rhodamine-B,
uorescein, and enteric-coated tablets, it was seen that “hot
pots” affecting the dissolution performance of enteric-coated
osage forms are not generated during the neutralization step
f the method A enteric test when the media is added rapidly or
utside of the low-shear vortex region that surrounds the paddle
haft.
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