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Abstract

A means to produce extruded—spheronized beads, devoid of microcrystalline cellulose (MCC) and with a high drug load (greater than 80%
w/w), is presented. Immediate release bead product with a high yield (greater than 60% of 1 mm diameter beads) and low friability (mass loss les
than 4.0%) that were spherical to the naked eye (roundness score less than 1.20) were obtained. The formulation consists only of water-solut
components, taking advantage of the properties of soluble polyethylene oxide (PEO) and methoxypolyethylene glycol (MPEG). This approact
incorporates minimal processing aids, with wetted PEO providing the apparent plasticity and cohesiveness, and MPEG550 providing the appare
self-lubricating characteristics necessary for successful extrusion and subsequent spheronization into beads. The success of this approach
important implications in cases where high drug load beads are desired, but where MCC cannot be used due to chemical incompatibility or wher
complete release cannot be achieved with MCC-containing beads.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The extrusion and spheronization process and equipment
offer many advantages over other wet granulation techniques,
Beads are a popular multiparticulate pharmaceutical dosagacluding the ease of equipment set-up, a shorter duration of pro-
formthat are utilized for both immediate release and a number afessing time, the resulting reduction of operator time, and ulti-
different controlled or specialty release applicatiodsmprayn  mately cost savingsGhebre-Sellassie, 1995, 198&xtruded
et al.,, 1999; Law and Deasy, 1998; Vervaet et al., 3995 and spheronized beads are usually immediate release products,
Although there are numerous production methods wherebjut then film coating of the beads is often an additional step to
beads can be manufactured, extrusion—spheronization hasodify the release rate of the active from the bead core or to
rapidly grown in favor in the pharmaceutical industry. However,enhance its stabilityffu and McGinity, 2003; Song et al., 2002;
the manufacture of beads by extrusion—spheronization is ¥ervarcke et al., 2002
poorly understood process and typically the formulations rely The minimal components necessary for the successful devel-
heavily on microcrystalline cellulose for successful productionopment of a bead usually include a diluent, a binder, a lubricant
of a high integrity, spherical producMérvaet et al., 1995; and the active component. The binder is utilized to maintain
Barrau et al., 1993; Ku et al., 1993ndeed, publications on the the bead integrity and minimize friability. Typically, water is
preparation of acceptable beads without microcrystalline celluselected for its ability to act as both a binder in the wet-massing
lose are rareAgrawal et al., 2004; Tho et al., 2002; Basit et al., step and a lubricant in the extrusion and spheronization steps
1999. (Ghebre-Sellassie, 1995; Thoma and Ziegler, 1988 most
bead formulations, microcrystalline cellulose (MCC), commer-
cially available as Avicél and Emcocé products, is regarded
* Corresponding author. as a crucial diluent and spheronizing aid for successful extrusion
E-mail address: neaus@umkc.edu (S.H. Neau). and spheronizatiomvarez et al., 2002; Heng and Koo, 2001;
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Koo and Heng, 2001; Kleinebudde et al., 1999is believed water is so high that the hydrogel formed dramatically affects
that MCC acts as a molecular sponge by holding water appliethe extrudability of a granulation or wetted mass. As expected,
during the wet massing step until pressure is applied (by extrusy decreasing the diameter of the extrusion die, greater extru-
sion or spheronization forces) that causes the held water to kson forces were required to produce extrudate, imposing greater
expressed to the particle surfadek(and Newton, 1998 The  stresses on the extruded meBmi(o et al., 200¥t Based upon the
water present at the surface of the particles acts as a lubricaqtrinciples of spheronization established®gnine and Hadley
reducing the shear forces of extrusion and thus assisting in tH@970) the diameter of the extrusion orifice is critical to the
formation of cylindrical extrudate from the wetted mass. Thedimensions of the final bead.
water remaining inside the extrudate acts as a plasticizer in that For many years, it has been known that the successful pro-
itallows the MCC to be less structurally rigid during spheroniza-duction of spherical beads by extrusion and spheronization is
tion. dependent upon the production of a wetted mass that is cohe-
Since MCC is considered essential in bead development, #ive, plastic, and self-lubricatingshebre-Sellassie, 198PDue
typically constitutes greater than 20% (w/w) of the final for- to its chemical nature, PEO forms a strong hydrogel in the pres-
mulation for successful bead productidtileman et al., 1993; ence of water and, if this PEO hydrogel is subjected to the shear
Jover et al., 1996 Unfortunately, this limits the active load in forces of extrusion, the water is not readily releadgidtp et al.,
the final bead. 2004, unlike the “sponge” behavior of wetted MCEK and
Often bead formulations with higher drug loads require theNewton, 1998 Thus, a wetted PEO mass should be cohesive
addition of a lubricant in addition to water, or addition of a plas-and plastic, but not self-lubricating.
ticizer to improve the sphericity of the final produgYlieatley, The purpose of the research presented herein was to charac-
2000; Mesiha and Valles, 1993; Chien and Nuessle, 1985 terize the effects of formulation and processing conditions on
Since MCC is a natural product derived from wood, it will pelletization using a high drug concentration. The formulations
exhibitlot to lot variability, as well as trace microbial contamina- are devoid of MCC and the bead production method employs
tion. It is not surprising then, that MCC also exhibits chemicallow pressure extrusion and subsequent spheronization.
incompatibility with a number of drugsBfandl et al., 1995;
George et al., 1994; Torres and Camacho, 1994; Patel et aR, Materials and methods
1988; Signoretti et al., 1986; Carstensen et al., 196¢ecif-
ically, Basit et al. (1999determined that the production of a 2.1. Materials
ranitidine hydrochloride bead with the use of MCC was possi-
ble, but the drug was not chemically stable due to a complex Polyethylene oxide (PEO, Poly®x WSR-N80) [MW
three-way interaction between water, ranitidine hydrochlorideapproximately 200k amu], to be used as an extrusion and
and MCC. Consequently, less conventional excipients were usexgpheronization aid, was purchased from Dow Chemical Com-
toreplace MCC, viz., barium sulfate with glycerol monostearatepany (Midland, MI). Triethyl citrate (TEC) and acetyltributyl
Nevertheless, they could only achieve acceptable bead producitrate (ATBC), obtained from Morflex (Greensboro, NC), and
tion by limiting the active load to 50%. polyethylene glycol 400 (PEG400) and methoxypolyethylene
Tho et al. (2002)stated that the need to identify alterna- glycol 550 (MPEG550, Carbowax Serfttyfrom Dow Chem-
tive extrusion—spheronization aids was important since beaital Company were each evaluated as lubricants/plasticizers.
formulations based upon MCC do not disintegrate. The intacPseudoephedrine hydrochloride (PSE) from Gaines Chemical
beads often result in incomplete release of poorly water-solubl@Carlstadt, NJ) was used as the model drug. Drug load in the
actives from the core beads. They proposed that pectinic acifiprmulation ranged from 82 to 88% (w/w). Water was distilled
with a higher aqueous solubility than MCC, would be capableand deionized in-house for use as the wet massing fluid.
of producing beads that could disintegrate and fully release a
poorly water-soluble compound, riboflavin, fromits core. Unfor- 2.2. Bead manufacture
tunately, the release after 60 min for beads containing 20 and
80% pectinic acid was 90 and 60% of the drug, respectively. PSE and PEO were dry-mixed in a Hobart Model N-50
Polyethylene oxide (PEO) is a highly water-soluble, non-planetary mixer (Hobart Corporation, Troy, OH) for 5min.
ionic, synthetic polymer with known binding properties that MPEG550, PEG400, TEC, or ATBC was added to the dry mix
is generally regarded as safe (GRAS status) for use in solids a lubricant/plasticizer prior to the addition of water as the
oral human dosage formBéw Product Info, 2004; Kim, 1998, wet massing fluid. Water was then added to form a wetted mass
1995. PEO has been previously studied as a wet granulatiofor extrusion. The wetted mass was further mixed for 1 min,
binder forimmediate and sustained release tabs/(Product  and then passed through a radial-basket Nica E-140 extruder
Info, 2004; as an aid in hot melt extrusioRépka and McGinity, (Niro Pharma Systems, Columbia, MD) equipped with a 0.8 mm
2000; as a bioadhesive for ordbéshmukh et al., 2003; Betageri screen. The extruder feed rate was varied from 25 to 75 rpm, and
etal., 2001; Moroni and Ghebre-Sellassie, I9BGccal Tiwari  the extruder rate from 75 to 125rpm. The extrudate was col-
et al., 1999, and ocularDiColo and Zambito, 2002products; lected on butcher paper. The extrudate was spheronized for up
and for coarse extrusion for tabletirgifito et al., 2004 butnot ~ to 4.5min in a Nica S-320 spheronizer (Niro Pharma Systems)
as an aid in the production of beads by extrusion—spheronizatiofitted with a cross-hatched plate. The spheronizer rate was varied
Pinto et al. (2004packnowledged that the affinity of PEO for from 650 to 950 rpm. The contents emptied from the spheronizer
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were dried in a Strea-1 fluidized bed dryer (Niro Pharma SysTable 1

tems) at 50C for 20 min. Empiric formulation and processing parameters
Material % (wiw)
2.3. Bead characterization Pseudoephedrine hydrochloride 85.0
) ) ) ) Polyethylene oxide (WSRN-80) 10.0
The usableyield (UY) was determined by sieve analysis of th@iPEG550 5.0
entire dried spheronization product from each batch using a U.Surified water, USP 5.0

Standard Sieve series. The 16/25 mesh fraction (approximatell:y .
arameter

a 1-mm diameter bead) was considered the usable yield. Magnitude
Friability testing was performed in triplicate using a Model Feeder rate (rpm) 75
10805 Roche friabilator (VanKel Industries, Inc., Edison, NJ).E;gg‘r’:r:_ritfrgg?zpm) 180500
. . . V4
Specifically, a pre-weighed bead sample (approximately Ggiphemnizaﬂon residence time (min) 3

taken from the 16/25 mesh cut was placed in the friabilator along

with 25 steel spheres, each 2-mm in diameter. After 100 revo-  Removed during processing, not present in final product.

lutions at 25 rpm, the mass retained on the 25-mesh screen was

weighed and the friability was calculated as the percentage losls5 mL/min. Each injection consisted of a [LQ volume from

of mass between the initial and final weights of each bead sana sample previously passed through aubfilter tip. PSE was

ple. detected using UV analysis at 210 nm, with a relative retention
Individual bead measurements (breadth, length, and roundime of 6 min.

ness) were assessed using a computerized video-tracking system

with a digital CCTV camera (Javelin Ultrachip) mounted onto2 4. Siatistical design and analysis

a viewing plate, connected to a Pentium Il personal computer.

Digital measurements were evaluated by the computer using After the empiric bead formulation and processing param-
Leica Quantimet 5000+ software, which reports a roundnesgters were identifiedTable 3, a five-factor, two-level, half
score, the Iength (defined as the longest dimension) and thesction (f—l) Screening designwith three center po|ﬁm(|ea
breadth (defined as the shortest dimension) data. Care was takgls employed to characterize the effect of formulation and pro-
prior to imaging to ensure that all beads were counted as indicess variables on the shape, friability, usable yield, and quantity
vidual entities and calibration was performed with steel spheregf fines of the beads. The ranges of the formulation and pro-
(roundness score 1.06jg. 1a). One pixel was calibrated to a cess variables are given Fable 3 The screening design was
width of 28.6um (Podczeck et al., 1999Individual bead val-  established and the results collected were analyzed with the aid
ues (from 100G 50 beads per batch) were pooled to calculateof Design-Expert, Version 6.0.6. (StatEase, Minneapolis, MN).

population statistics for each batdhriksson et al., 1997The  The regression equation that is fitted to the data of the screening
roundness score is calculated using the perimeter of the indiesign is of the sort:

vidual bead imagez, and the area covered by that imageas

defined in Eq(L): Y = Bo+ B1X1 + B2X2 + B3X3 + BaX4+ BsX5
P2 +B12X1X2 + B13X1X3 + B14X1X4 + B15X1X5
Roundness score —— Q)
4 A +B23X2X3 + B24aX2X4 + BosX2Xs + B3aX3Xa
Thus, the two-dimensional image of a spherical bead would +B3sX3Xs + BasXaXs )
have a roundness score of 1, and any other shape would result
in a roundness score greater than 1. whereY is the modeled responsk; the factors X;X; the two-

Even though immediate and complete release was expectef@dctor interactions, an®; the coefficients characterizing the
because the formulation included only water-soluble compomain (Bg—Bs) and the two-factor interactionB{2, B13, Bia,
nents Nesbitt, 199, release studies were carried out to ensureB1s, B2s, B2a, B2s, B34, B3s, Bss) effects. Analysis of variance
complete release. The testing conditions consisted of 900 M{ANOVA) was performed for each response employing an error
of 1 mM hydrochloric acid at 3% 0.5°C in a USP dissolution probability of p =0.05. The terms that appear in the equations
apparatus 2, with a 50rpm paddle stirring rate. Each sampleere determined by reverse hierarchical regression analysis.
was a size 3 hard gelatin capsule filled with a sufficient quan- Due to the very low water requirement, only 5% (w/w) of the
tity of beads to deliver 100 mg of PSE, i.e., approximatelypowder blend to produce an adequate wetted mass for extrusion,
122 and 114 mg for 82 and 88% drug loading, respectively. Avater level was not included as a factor in the statistical model
placebo consisting of a size 3 hard gelatin capsule filled wittfor these PSE formulations. This particular design is attractive
approximately 16 mg PEO and 8 mg MPEG550 was used téor five variables because it provides sufficient degrees of
confirm method specificity. Drug release was studied using freedom to statistically discriminate between main factor and
reverse-phase HPLC method on a Whatman Partisil 10 SCXinary interactions in about one-half the experiments required
4.6 mmx 250 mm, column using a mobile phase of 50/50 (v/v)for a full factorial design. The effects of interactions involving
acetonitrile/phosphate buffer (0.024 M sodium phosphate corthree or more factors are confounded and cannot be estimated.
taining 0.003 M sodium perchlorate, pH 2.0) with a flow rate of Center points were added to the design to provide additional
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Fig. 1. Digital images of steel spheres and bead products: (a) steel spheres for image analysis calibration and for the friability studiesofim)steadarfd order
batch 13 (average roundness score 1.15), (c) beads from standard order batch 10 (average roundness score 1.25), and (d) beads from stahdb(evendeyebatc
roundness score 1.36).

degrees of freedom, to provide a measure of experimentgl=0.05. Response variables measured included usable yield
error, and to provide for a statistical check for curvature in(expressed as the percentage of beads in the 16/25 mesh cut),
the responsedontgomery, 200 Analysis of variance was friability (expressed as the percentage loss of mass of beads
performed for each response employing an error probability oéfter the friability test), roundness score (as defined above),

Table 2
Statistical experimental design
Standard order Feeder rate) ( Extruder rate B) Spheronization rate(]) Spheronization residence time)( Drug load )
1 -1 -1 -1 -1 +1
2 +1 -1 -1 -1 -1
3 -1 +1 -1 -1 -1
4 +1 +1 -1 -1 +1
5 -1 -1 +1 -1 -1
6 +1 -1 +1 -1 +1
7 -1 +1 +1 -1 +1
8 +1 +1 +1 -1 -1
9 -1 -1 -1 +1 -1
10 +1 -1 -1 +1 +1
11 -1 +1 -1 +1 +1
12 +1 +1 -1 +1 -1
13 -1 -1 +1 +1 +1
14 +1 -1 +1 +1 -1
15 -1 +1 +1 +1 -1
16 +1 +1 +1 +1 +1
17 0 0 0 0 0
18 0 0 0 0 0
19 0 0 0 0 0
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Table 3 Table 4
Factor level definition Mean responses from screening design
Factor Low level (1) High level (+1) Standard order Usable yield Friability (% Roundness Fines (%
(% theoretical) weight loss) score theoretical)
Feeder rate (rpm) 25 75
Extruder rate (rpm) 75 125 1 47.4 29.1 1.36 23.2
Spheronization rate (rpm) 650 950 2 51.8 3.62 1.22 19.1
Spheronization residence time (min) 15 4.5 3 47.4 7.33 1.28 10.5
Drug load (%) 82 88 4 66.1 3.23 1.30 25.9
3 The batch size was fixed at 600 g. 2 ggg 1?_?,5 1;3 22'_26
. . 7 60.2 2.60 1.32 275
and “fines” (expressed as the percentage of material passing 208 265 129 8.57
through the 25 mesh screen). 9 66.7 6.78 1.18 10.2
10 51.1 17.5 1.25 17.8
3. Results 11 73.4 20.9 1.32 14.6
12 80.4 5.75 1.24 9.42
13 76.7 3.17 1.15 9.56
3.1. Preliminary studies 14 571 11.8 1.33 24.6
15 30.0 1.05 1.20 7.29
Experiments were conducted to determine if the model druglé 62.2 4.01 1.23 8.82
with deionized water as the wet massing binder, was able td’ 76.4 8.20 1.20 6.61
hibit the properties necessary to result in spherical beads. N}S 6d.4 750 1.22 10.2
ex 9 68.4 9.20 121 13.2

cohesive extrudate was produced, let alone beads. Under the
influence of the forces of extrusion, the wetted mass returned to

a form consistent with the starting powder blend. to empirically determine a wetted mass consisting of only PSE,
Mixtures of PSE and PEO (0-12%) were wetted with deion-PEQ, MPEG550, and water that would yield a product with
ized water to determine if suitable extrudate and beads could k@ie following characteristics: (1) spherical beads; (2) usable
produced. Formulations containing PEO concentrations of leSsead yield (16/25 mesh cut) greater than 60%; (3) minimal
than 5% (w/w) were not able to form a wetted mass capable ahead friability, surviving fluid bed drying and experiencing less
producing extrudate, while successful production of reasonablyhan 4% loss in the friability test; and (4) drug load greater
spherical beads, with low friability, could be produced with asthan 80%. An empiric formulation and process were identified
little as 10% (w/w) PEO. Atthe upper end of the PEO concentra¢Table ). Results from preliminary experiments revealed that
tions studied, the wetted mass was cohesive enough to withstafige key responses, usable yield, friability, and roundness score
the shear forces of extrusion, and visibly bead-like material wagsere sensitive to the mass ratio of 2:1:1 PEO/MPEG/water. The
discharged from the spheronizer. ranges for other variables that led to a bead product that could
The lubricants selected for this study were water-solublestill be characterized were established in preliminary studies.
PEG400, MPEG550, and TEC, as well as the poorly waterThe experimental design batches were then completed using the
soluble ATBC. For formulations containing ATBC, the extrudateranges about the center valu@salfles 2 and 8
produced was highly viscous yet flexible, with a high retention  Usable yield values ranged from 56.5 to 78.0% theoretical,
of moisture, and formed large aggregates in the spheronizegnd friability values ranged from 1.1 to 29.1% mass loss, largely
Reducing ATBC levels to as little as 2% (w/w) did not improve due to the harsh nature of the friability test. The quantity of fines
the quality of the product. Formulations incorporating TEC wasranged from 7.29 to 27.5%. Individual values for usable yield,
slightly more promising, with the best batches still produc-friability, roundness score, and fines are providetsible 4 The
ing visibly irregular beads. While the addition of either citrate results of the statistical analysis on the usable yield and friability
plasticizer appeared to reduce the quantity of material on thgre presented ifiables 5 and grespectively. The results of the
spheronizer walls, neither was capable of totally eliminatingstatistical analysis on the roundness score afalite 7 and the

material collection. results for fines are iffable 8
Including PEG400 in the formulation not only reduced the

mass of material collecting on the spheronizer walls, but ity 5

also allowed the successful production of beads. However, thgnalysis of variance: usable yield
PSE-PEO-PEG400 beads were noticeably soft. It could be co§-
. . . . ource p-Value Source p-Value
firmed visually that the bead geometry was negatively impacte

upon fluid bed drying. Beads that were subjected to forced hdyodel 0.0018 BC 0.0016

: : ; S : A 0.7538 BE 0.0171
air tray drying experienced significant particle agglomeration. s 0.8926 CE 0.0019
C 0.0149 Lack-of-fit 0.7139
3.2. Statistical design experiments D 0.0028 Curvature 0.0047
E 0.0050 R? 0.943
. ip2
Beads were successfully produced with a PSE—PEOA4? 8'85’33 AdjR 0.862

MPEG550 formulation. Numerous formulations were prepared
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Table 6 tribution in all processing phases. Next, the lubricant should be
Analysis of variance: friability of minimal molecular size, so as to be able to move about the
Source p-Value Source p-value  polymer strands to impart flexibility. Last, the selected lubri-
Model 0.0005 AE 0.0120 cant, regardlgss of its aqueous solupility, should be effective
A 0.0341 BD 0.0062  at concentrations low enough to not influence the rate of drug
B 0.0009 BE 0.0228 release from the beahien and Nuessle (1988pmmented
c 0.0003 CE 0.0005 on the potential use of polyethylene glycol as a lubricant for
b 0.4081 Lack-of-fit 0.1974  extrusion—spheronization. In later publications, authors discuss
fB 8:8223 R%“Nat“re O.c;.gsg 82 the use of common pharmaceutical plasticizers and surfactants
AC 0.0003 AdjR? 0.960 as lubricants for extrusion and spheronizatidnnpila et al.,
AD 0.0031 1998; Blanque et al., 1995; Mesiha and Valles, 1993

PEG400 was selected due to it structural similarity to PEO. It
Table 7 was hoped that this structural similarity would allow the PEG400

able

in the wetted mass to also act as a plasticizer during the extrusion

Analysis of variance: roundness score . . . .
Y and spheronization steps. Conceptually, with the applied forces

Source p-Value Source p-Value  of extrusion, the PEG400 would be capable of moving between
Model 0.0012 AD 0.0042 the strands of PEO to be expressed to the surface. Then, at the
A 0.1915 AE 0.0065  surface, the waxy texture of PEG400 would act as an adjunct
B 0.0510 CE 0.0013 |ubricant to water to reduce surface extrudate damage and dehy-
C 0.1617 DE 0.0078 dration.

D 0.0007 Lack-of-fit 0.3143 . . .

E 0.0104 Curvature 0.0015 Methoxypolyethylene glycol was identified as a potential
AB 0.0146 R2 0.969 plasticizer similar in chemical structure to PEG400, but less
AC 0.0015 AdjR? 0.913 chemically reactive due to the methoxy end group. MPEG of

higher molecular weight has been used in biopharmaceutical
formulations to add stability, both chemical and biological, to
liposomesZhang et al., 2004 RecentlyChen and Scott (2003)
demonstrated that MPEG could be attached to allogenic tissues

Table 8
Analysis of variance: fines

Source p-Value Source p-Value  to provide “immunocamouflage”, thus reducing tissue rejection
Model 0.0009 DE 0.0022  associated with transplants.

A 0.0584 Lack-of-fit 0.4985 Statistical analysis of the results data indicates that the models
B 0.1656 Curvature 0.0409  for usable yield, friability, and roundness score are significant
g 8:8322 RA iR gzgig (Tables 5-¥, with R2>0.94. TheR? for fines was only 0.83,

AB 0.0106 although the model describing the data was statistically sig-

nificant (Table §. Lack-of-fit was not statistically significant
(p>0.05), and the plots for both normal residuals and outliers
4. Discussion were unremarkable for each of the responses. Curvature is sta-
tistically significant for usable yield, roundness score, and fines,
Pseudoephedrine hydrochloride was selected as the modalggesting that three-dimensional plots for these responses are
drug for several reasons. It has a high solubility in water, whichmore curvilinear than linear in the design space.
could be challenging in the wet massing step. In addition, there The reported complexity of the extrusion—spheronization
are currently multiple commercial bead formulations with a highprocess is supported by the results of this study. While the great-
pseudoephedrine hydrochloride load, indicating the need foest usable yield and lowest roundness scores occur under similar
such a product. conditions, the lowest friability values do not. The lowest friabil-
Consistent with technical reports from the manufactureiity occurs under the highest extrusion conditions (feeder and
(Dow Product Info, 2004 PEO was capable of exhibiting bind- extruder rates), while the usable yield is highest and round-
ing properties in both the wetted mass and extrudate. After theess scores are lowest with the slowest extrusion conditions.
PSE-PEO-water extrudate was charged into and subjected lmterestingly, the highest usable yield and lowest roundness
the forces of spheronization, the product was only oval andcores occur with the most aggressive spheronization condi-
bead-like, somewhere between smaller extrudate pieces and trtiens (fastest spheronization rate and longest spheronization
spheres. Even with addition of citrate plasticizers, there was stilime), while the lowest friability values occur with the mildest
substantial build-up of material on the spheronizer wall. Furthespheronization conditions. Increasing drug load has a positive
experiments focused on the addition of a lubricant to reduce thimfluence by increasing usable yield and decreasing roundness
collection of material on the spheronizer walls, improve the beadcores, while decreasing drug load reduces bead friability. Nev-
sphericity, and improve reproducibility. ertheless, each of the four models for the responses predicts
An ideal extrusion—spheronization lubricant should posseswell the results from the study. In general, the complex nature
the following properties. First, it should be readily available asand statistical significance of multiple two-factor interactions
a liquid at room temperature in order to achieve uniform dis-did not make it possible to independently evaluate the effects
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of formulation or processing parameters on these responsdeng as the spheronization rate is greater than 650 rpm, increas-
Since the effects of main factors and two-factor interactionsng the drug load increases the usable yield. With the slowest
varied depending on the response, discussion of the individuapheronization rate, an increase in drug load can increase or

responses follows. decrease the usable yield, the direction being highly dependent
on opposing feeder and extruder rates.
4.1. Usable yield From this graphical interpretation, the greatest usable yield

values appear in the uppermost right corner of the graph, specif-
One measure of success for an extrusion—spheronization fogally low feeder and extruder rates, with high spheronization
mulation and process is a high percentage of beads producegtes, spheronization time, and drug load. Usable yield appears
within a selected size range. For these studies, a 1-mm bead be dominated by the influence of drug load. This could be
was desired and the 0.8-1.2 mm diameter range (the 16/25-megBcause the content of PEO is inversely proportional to the
range) was studied. Percentage of theoretical was selected agrig load, and the production of extrudate is more sensitive to
more conservative calculation, rather than the percentage basgghydration when the PEO content is higher. These conditions
upon the total mass of beads following drying. The regressiofvould represent the greatest opportunity for starving the extru-
equation for yield in terms of actual factors is: sion zone with extrusion rates three times the rate of material
Usable yield (%)= 10.3+0.0321x A — 0.0345 fed into the extrusion zone. Any damage encountered is subse-
quently exposed to the friction, heat, and shear forces produced
xB —0.0104x C+0.0389x D —0.127  py the highest spheronization rates studied. The ultimate effect
XE+482x 1075 x AB — 4.32 is milling of the sph_eronized material, which Wogld produc_e a
greater quantity of “fines” and reduce the usable yield. Substitut-
x107% x AE —1.72x 107> x BC+5.39  ing the optimal conditions into the usable yield equation above,
%104 x BE+140x 104 x CE (3) @ value of 81.0% is predicted. This value closely approximates
the 76.7% observed value.

Unfortunately, drawing conclusions from graphical interpre-y4 > - griapiliry
tations of a single three-dimensional plot is incomplete and often

deceptiveFig. 2demonstrates thatimbedding multiple levels of - ead friability is assessed because beads with low friability
additional factors can expand the possible graphical interpretgge more likely to retain their integrity on handling and during

tion to up to fiye dimensions, thus providing a more Cor_np|etqurtherprocessing, such as film coating. The regression equation
evaluation of five factors for one response. Each of the imbedryy the friability in terms of actual factors is:

ded graphs is plotted identically. The imbedded axes include
usable yield ranges from zero to 80% on thaxis, the feeder Friability (%) = —6610+ 0.872x A + 1.19 x B 4 0.496
rate from 25 to 75 rpm on theaxis, and extruder rate from 75 _3
to 125rpm on the-axis. Within each graph, three diagonally xC—680xD+878xE—156x10
arranged layers represent 1.5, 3.0, and 4.5 min of spheronization XxAB+851x 107* x AC +0.0520x AD
time. In each case, the 1.5 min time is the lower left portion and
4.5 min is the upper right portion of the plot, whereas the three —0.0188x AE +0.0442x BD — 0.0158
plots on the diagonal represent 3.0 min of spheronization time. xBE — 659 x 1072 x CE (4)
The positive coefficient for the main factdp*and the absence
of its involvement in any two-factor interactions in the model ) . . o
equation indicates that, irrespective of the level of any of the FOrFig. 3 the imbedded axes include friability ranges from
other factors, an increase in spheronization time will resultin arf t0 30% on the-axis, while all other axes remain in magni-
increase in usable yield. tude and orientation as stated previously. Graphical interpre-

The major vertical axis represents the spheronization ratdation is complex with the lowest friability scores occurring
The bottom row of all three imbedded graphs representé'”der the fgstest feeder and extruder_ rates, \_/vith the slowest
650 rpm, the middle row represents 800rpm, and the uppé.‘rpheronlzatlon rate, shortest spheronization time, and lowest
row represents 950 rpm spheronizer rate. It can be concludeyug load. In contrast to the results for usable yield, the opti-
that, under all combinations within the design space, as long g8um conditions for minimal friability appear to correlate with
the drug load is greater than 82% (w/w), higher spheronizatioﬁhe conditions that would provide optimum extrudate produc-
rates result in increases in the usable yield. For combinationéPn- Unfortunately, this was not a batch prepared within the
containing the lowest drug load studied (82%, w/w), only astgdy. Taking into account the h}gh c_qrrela'uon coefficient for
small difference in usable yield is observed with an increasdhis model §2=0.988), high predictability would be expected.
in spheronization rate.

The major horizontal axis represents increasing drug load4.3. Roundness score
The first column of graphs represents the low drug load (82%,
w/w), the second column is the middle drug load (85%, w/w), While it is desirable to obtain high usable yields of durable
and the third column is the highest drug load (88%, w/w). Asbeads, it is ultimately the shape of the collected material that is
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Fig. 2. Effect of feeder, extrusion and spheronization rates, spheronization time, and drug load on the usable yield.

critical for a number of processing advantages of beads (e.g.,slowest feeder and extruder rates. Subsequently, the extrudate is
free-flowing and uniformly coated product). It is ultimately the subjected to the most aggressive spheronization conditions, to
work of the spheronization process to fragment the extrudateeparate, round, and smooth the extrudate into spherical beads.
through interactions with the frictional plate, and subsequentiSubstituting these conditions into the roundness model equation,
round and smooth the fragments into beads largely through value of 1.16 is predicted. This closely approximates the 1.15
particle to particle interactions. Roundness scores ranged frowbserved value.
1.15 to 1.36, with a roundness score of 1 representing a perfect
sphere. 4. Fines

To illustrate the difference between roundness scores of 1.1
and 1.36, digital images of three selected batches representing
average roundness scores of 1.15, 1.25, and 1.36 are providedﬂ'
Fig. 1b—d. These images support the observatioHitgman et

Due to the small quantity of water required to adequately
fbduce beads for the center point of the design, 5% (w/w)

i as compared to typical MCC formulations requiring 20-30%
al. (1993)that beads with average roundness scores of 1.20 /w), the quantity of fines was analyzed. The quantity of fines

less are spherical to the naked eye. Prior to, and at the conclusi 'Ls defined as the mass of dried material that passes through a

of all bead measurements, the roundness score of steel Sphetis oy sereen. For prolonged spheronization times, two mech-
were measured as reference material (roundness score 1.05)

o atr?lsms exist to decrease the usable yield. First, extrudate that is
ensure the rella_lblhty of the reported values. . not sufficiently plastic or lubricated at the surface will experience
The regres§|CIm equation for the roundness score in terms %feater damage through the forces of spheronization, ultimately
actual factors is: fracturing the forming beads through attrition, and thus increas-
ing the quantity of fine particles. Alternatively, if the extrudate
is overwetted, excessive quantities of water are expressed to the
surface leading to agglomeration. This agglomeration increases

Roundness= —4.20+ 0.0149x A + 1.49 x 10 3x B + 3.97
x107% x C +0.258x D + 0.0670x E — 2.19

x107° x AB+5.95x 10 x AC +4.82
x107% x AD —2.19x 1074 x AE — 5.07
x10° x CE —351x 103 x DE

the quantity of abnormally large particles, while decreasing the
usable yield. Analysis of varianc&gble § suggests the mathe-
matical model is more than an adequate fit to the data).834).
Lack-of-fit was not statistically significanp & 0.05), and the

(5)

plots for both normal residuals and outliers were unremark-
able.

For Fig. 4, roundness scores ranging from 1.15 to 1.45 are
on thez-axis, while all other axes remain in magnitude andrable 9
orientation as stated previously. Graphical interpretation is comAverage (R.S.D.) dissolution values
plex with the lowest roundness scores appearing to occur iBy g joading

' - 15min 30 min 45 min
the uppermost right corner of the graph corresponding to | wzo/ 640D %55 (10) %69 (13)
. . . 0 . . . . . .
feeder and extruder rates, with all other factors at their high leve 8% 99.8 (3.4) 100.0 (3.4) 99.8 (3.4)

The optimum conditions for roundness scores correlate with the
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Fig. 3. Effect of feeder, extrusion and spheronization rates, spheronization time, and drug load on the friability.

The regression equation for the quantity of fines in terms oence on the quantity of fines. The lowest quantity of fines is

actual factors is: obtained with the slowest feeder and extrusion rates, shortest
. spheronization time, and lowest drug load. Substituting these
Fines= —3.14+ 0.00539x A +0.00174x B + 0.683 conditions into the fines model equation, a value of 6.6% is
x D +0.0368x E — 4.60E — 005 predicted. This value closely approximates the 5.05% observed
value.
xAB — 0.00825x DE (6)

4.5. Drug release studies

ForFig. 5, fines quantities range from 0 to 30% on the vertical
axis, while all other axes remain in magnitude and orientation One potential concern with beads produced with the aid of
as stated previously. MCC is the inability to achieve complete release, which in turn

Graphical interpretation reveals that differences in the finesvould negatively impact bioavailabilitfho et al., 2002 While
quantity are small, and this is reflected in the lowér despite it was fully anticipated that 100% release would be achieved
the fact that the model is significant. Since the faefds not  within 30 min, two batches with different drug loading (82 and
included in the model equation, spheronization rate has no influB8%, w/w) were selected from the screening design to determine

!

Spheronization Rate

Roundness
%@

Feeder Rate Q;i-“&

b 4

Drug Load

Fig. 4. Effect of feeder, extrusion and spheronization rates, spheronization time, and drug load on the roundness score.
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the PSE release profile. The release of PSE was fast with corBetageri, G.V., Deshmukh, D.V., Gupta, R.B., 2001. Oral sustained release
plete release (greater than 95%) occurring at 15 min, regardless bioadhesive tablet formulation of didanosine. Drug Dev. Ind. Pharm. 27,

of the drug loading. The average release results are provided in 129-136.
Table 9 Blanque, D., Sternagel, H., Podczeck, F., Newton, J.M., 1995. Some fac-

tors influencing the formation and in vitro drug release from matrix
pellets prepared by extrusion/spheronization. Int. J. Pharm. 119, 203-
5. Conclusions 211.

Brandl, M., Magill, A., Rudraraju, V., Gordon, M.S., 1995. Approaches for

The present study results demonstrated that PEO with improving the stability of ketorolac in powder blends. J. Pharm. Sci. 84,
1151-1153.

MPEGS50 prowdes_ a suitable alternative approz_ich .for uSII’]%arstensen, J.T., Osadca, M., Rubin, S.H., 1969. Degradation mechanisms for
low pressure extrusion, and subsequent spheronization to pro- yater-soluble drugs in solid dosage forms. J. Pharm. Sci. 58, 549-553.
duce beads that are devoid of MCC and that have a high drughen, AM., Scott, M.D., 2003. Immunocamouflage: prevention of
load. The statistical analysis provided highly correlated linear transfusion-induced graft-versus-host disease via polymer grafting of
models that included many two-factor interactions. Overall, the__donor cells. J. Biomed. Mater. Res. 67A, 626-636.

approach produced a hiah vield of immediate release. low fri-Chien' T.Y., Nuessle, N.O., 1985. Factors influencing migration during
pp p ghy ! spheronization. Pharm. Technol. 9, 42-46.

ability beads that were ViSi_bly spherical. _ ~ Conine, J.W., Hadley, H.R., 1970. Preparation of small solid pharmaceutical
The proposed formulation approach incorporates minimal spheres. Drug Dev. Ind. Pharm. 106, 38-41.

processing aids, with wetted PEO providing the apparent plagieshmukh, D., Ravis, W.R., Betageri, G.V., 2003. Delivery of didano-
ticity and cohesiveness. and MPEG550 providing the apparent sine from enteric-coated, sustained-release bioadhesive formulation. Drug

Il . . h . L. f ful Deliv. 10, 47-50.
sell- Ubncatmg characteristics necessary for successfu extrlb'iColo, G., Zambito, VY., 2002. A study of release mechanisms of different

sion and subsequent spheronization into beads. These resultSopnthaimic drugs from erodible ocular inserts based on poly(ethylene
have important implications in cases where high drug load oxide). Eur. J. Pharm. Biopharm. 54, 193-199.

(greater than 80%, w/w) beads are desired, but where MCC cafow Product Info, 2004 http://www.dow.com/polyox/index.htn{accessed
not be used due to chemical incompatibility or where complete November 2004).

. . .. Ek, R., Newton, J.M., 1998. Microcrystalline cellulose as a sponge as an
release cannot be achieved with MCC-containing beads. alternative concept to crystallite-gel model for extrusion and spheroniza-

tion. Pharm. Res. 15, 509-512.
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