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Determining the upper limits of drug loading in amorphous solid dispersion (ASD) with sufficient physical
stability and release performance is critical for developing ASD-enabled tablets for poorly soluble drugs.
Recent studies have highlighted the utility of the polymer overlap concentration, c*, in maintaining the
physical stability of ASD formulations. The present work demonstrates the feasibility of effectively devel-
oping high drug loaded ASD tablets using the c* concept as a guide, with posaconazole as the model
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drug. By incorporating various material sparing formulation technologies, a record high 50% POS loaded
tablet with adequate manufacturability and satisfactory dissolution performance was developed using
1.5 g of POS within 14 days. Physical stabilities of the ASD and tablet were maintained for at least
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1. Introduction

Drug product development is a complicated process requiring
expertise from multiple fields, such as physiology, medicinal
chemistry, materials science, process engineering, clinical trial
design, project management, intellectual property, regulatory
sciences, and manufacturing technology.”” To successfully
bring any drug product to market, it is essential to address
these diverse challenges early in the development process,
where efficiency is always emphasized.® Efficient drug product
development helps ensure timely access to cost effective and
high quality treatments for patients while maintaining com-
petitive and regulatory standards in the pharmaceutical
industry.*”

The oral route is the most preferred for administering
drugs due to the high compliance of patients. Among oral
dosage forms, the tablet is especially favored owing to excellent
stability, low manufacturing cost, and large production
volume.® However, up to 40% of marketed drugs and about
90% of new chemical entities in the pipeline possess low
aqueous solubility, which challenges oral drug delivery by lim-
iting bioavailability.® Therefore, various enabling formulation
strategies, such as amorphous solid dispersion (ASD), have
been employed to improve the dissolution and bioavailability
of poorly water-soluble drugs.'®™"?
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6 months under ambient conditions and 1 month at 40 °C.

The solubility advantages of amorphous drugs arise from
their high free energies compared to their crystalline counter-
parts, which lead to reduced physical stability."* ASDs formu-
lated by admixing drug and a polymer are often used to
improve physical stability. Usually, polymers added to ASDs
are at a high content, with reduced percent drug loading,
ensuring effective inhibition of drug crystallization."*™®
However, this arrangement leads to an increased pill burden.
Hence, there is a need to reliably determine the upper limit of
drug loading in ASD formulation without sacrificing physical
stability.

Recent studies have shown that the overlap concentration
of polymer in an ASD, c*, sets the upper limit of drug loading
to maintain the physical stability of an ASD.'”'® When the
polymer concentration exceeds c¢* in an ASD, polymer coils
overlap and interpenetrate, and the drug-polymer binary
system can be regarded as a single homogeneous phase at the
molecular level.'® It has also been shown that with a
polymer concentration exceeding c*, the first nucleation event
of amorphous drugs will be delayed, and crystallization will be
retarded.>"** Determination of c* is a first step in quickly iden-
tifying the maximum drug loading in an ASD based on the cri-
terion of physical stability.

In addition to physical stability, a quality ASD based
immediate release tablet must meet two other performance
criteria, namely adequate mechanical strength and rapid
dissolution.>*** Moreover, good flowability of the final blend
and low ejection force are required to ensure successful tablet
manufacturing. These requirements are typically met by select-
ing appropriate excipients in optimal amounts within the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formulation.>®® Due to the high cost of investigational drugs
in the early stage of drug development, material sparing strat-
egies are sought out to accelerate the process of drug product
development while lowering development costs.””

Posaconazole (POS), an antifungal agent, is a fluorine con-
taining triazole molecule with extremely poor aqueous solubi-
lity (<1 pg mL™"),”® which makes it a good model drug for
examining the drug loading limit in ASD based tablets. Using
POS, we aim to demonstrate a strategy for efficiently develop-
ing a high drug-loaded ASD-based tablet formulation, guided
by the c* concept and enabled by material-sparing formulation
techniques.

2. Materials and methods
2.1 Materials

POS was received from Merck; hydroxypropyl methylcellulose
acetate succinate (M grade) (HPMCAS, AquaSolve™; Ashland,
Wilmington, DE), microcrystalline cellulose (MCC: Avicel®
PH101; International Flavors & Fragrances, Philadelphia, PA),
fumed silica (CAB-O-Sil, M5-P, Cabot Corporation, Boston,
MA), croscarmellose sodium (Ac-Di-Sol, SD-711, International
Flavors & Fragrances, Philadelphia, PA), magnesium stearate
(MgsSt; Mallinckrodt Inc., St Louis, MO), hydrochloric acid
aqueous solution (HCl, 36.5-38%; VWR International LLC.,
Radnor, PA), sodium phosphate dibasic heptahydrate
(Na,HPO,-7H,0, Fisher Scientific, Fair Lawn, NJ), and sodium
phosphate monobasic monohydrate (NaH,PO,-H,0, Fisher
Scientific, Fair Lawn, NJ), polysorbate 20 (Tween® 20; Amresco
LLC., Solon, OH), ethanol (VWR International LLC., Radnor,
PA), methanol (MeOH; Sigma-Aldrich, St Louis, MO), dichloro-
methane (DCM; Sigma-Aldrich, St Louis, MO) were all used as
received.

2.2 Methods

2.2.1 Preparation of POS/HPMCAS amorphous solid dis-
persion. Amorphous solid dispersions of POS in HPMCAS (M)
with 60%, 70%, and 80% drug loadings were prepared by
spray drying 2% (w/w) solutions in DCM/MeOH (50: 50, v/v)
using a mini spray dryer (Bend Research, Bend, OR). Briefly, a
mixture of 300 mg of POS and polymer was dissolved in 18 mL
of the cosolvent. The solution was transferred to a 20 mL
syringe and injected into the spray dryer. The inlet tempera-
ture was 80 °C, and the outlet temperature was approximately
35 °C. Solution flow rate was 0.65 mL min~", and the nitrogen
gas flow rate was 12.8 standard liters per minute (SLPM). Spray
dried samples were collected on filter paper, transferred into a
scintillation vial, and vacuum dried at ambient temperature
overnight to remove residual solvents before further use.

2.2.2 True density measurement. The true density of the
materials was measured wusing a helium pycnometer
(Quantachrome Instruments, Ultrapycnometer 1000e, Byonton
Beach, Florida) with 1-2 g of an accurately weighed sample
that filled to about 75% of the volume of the sample cell. An
analytical balance (Mettler Toledo, Columbus, Ohio, model
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AG204) was used for weighing. The experiment was stopped
when the variation between five consecutive measurements
was below 0.005%, and the mean of the last five measure-
ments was taken as the true density.

2.2.3 Viscosity measurement. Zero shear rate viscosity ()
of pure drug and drug/polymer melts was measured using a
rotational rheometer (ARES, TA Instruments, New Castle, DE).
A parallel plate geometry with a diameter of 25 mm was
employed. Briefly, ~800 mg of POS/HPMCAS physical mixture
powder was placed on the bottom plate after zero torque,
normal force, and gap calibrations. The gap between the paral-
lel plates was fixed at approximately 1 mm. Physical mixtures
of POS and HPMCAS with various HPMCAS concentrations
were first cryomilled (Spex SamplePrep Grinder 6770) in a
liquid nitrogen bath. Cryomilling was performed at 10 Hz for
five 2-minute milling - 2-minute cooldown cycles. Cryomilled
samples were loaded between two plates, heated to 175 °C,
and equilibrated for ~5 min to guarantee complete melting of
POS crystals before each measurement. A steady rate sweep
test was performed with an initial frequency of 1 Hz and a
final frequency of 100 Hz with continuous nitrogen purge at a
flow rate of 3 standard cubic feet per minute (SCFM). A vis-
cosity-composition diagram was constructed, from which c¢*
was determined."

2.2.4 Physical stability by powder X-ray diffractometry.
Spray dried ASD powder consisting of 70% POS in HPMCAS
and six formulated tablets containing the same ASD were
stored under two conditions: (1) ambient environment and (2)
40 °C oven, both in 20 mL tightly capped glass vials. Samples
were examined after 1, 2, and 6 months using a laboratory
X-ray diffractometer (PANalytical X’pert pro, Westborough, MA,
USA), with Cu Ka radiation (1.54056 A). Data was collected
between 5° and 35° 26 with step size 0.019699° and dwell time
of 0.5 s. Tube voltage and amperage were set at 40 kV and
40 mA, respectively. The tablets were gently ground into
powders before PXRD data collection.

2.2.5 Dissolution. Degassed 0.1 M PBS at pH 6.5, contain-
ing 0.05% Tween® 20, was used as the dissolution medium.
300 mL of the medium was introduced into a jacketed beaker
maintained at 37 °C by a circulating water bath and stirred at
100 rpm with an overhead paddle. The concentration in the
medium was monitored in situ by a UV-Vis fiber optic dip
probe (Ocean Optics, Dunedin, FL) at A = 257 nm and con-
verted to a concentration-time profile based on a previously
established concentration-absorbance calibration curve.
Dissolution profiles of both freshly prepared ASD powders
with different drug loadings and formulated ASD tablets
(round convex, 6.3 mm diameter), prepared under 3.1 kN com-
paction force, were evaluated.

2.2.6 Tablet formulation, preparation, and characteriz-
ation. A batch of the formulation (Table 1, batch size ~3 g) was
prepared by mixing the ASD (70% POS + 30% HPMCAS) with
intra-granular excipients in a plastic bottle at 49 rpm for
5 min, using a Turbula mixer (GlenMills Inc., Clifton, NJ).
Approximately 500 mg of the blend was compacted into rec-
tangular (16 mm x 9 mm) flat-faced tablets, i.e., simulated
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Table 1 Formulation of 50% drug-loading posaconazole (POS) tablet
containing POS/HPMCAS ASD (70% POS loading)

Ingredient Function wt%
Intra-granular ~ POS: HPMCAS (7 : 3, w/w) ASD  Active 71.1
MCC PH101 Filler 21.9
Ac-Di-Sol Disintegrant 3
Extra-granular ~ Ac-Di-Sol Disintegrant 3
Cab-O-Sil Glidant 0.5
Magnesium stearate Lubricant 0.5
Total 100

ribbons, using a compaction simulator (STYL’One Evolution;
Medelpharm, Beynost, France) under a compaction pressure of
77 MPa. The simulated ribbons were then ground manually
using a mortar and pestle and passed through a 500 pm sieve
to obtain granules. The granules were mixed with extra-granu-
lar excipients (Table 1) for 5 min at 49 rpm to obtain a final
blend. Biconvex round tablets of the formulated granules
(400 mg) were prepared by the compaction simulator using
round concave tooling (6.3 mm in diameter) under different
compaction forces.

2.2.7 Powder flowability and bulk density. Approximately
3 g of each powder was poured into a graduated 10 mL cylin-
der, and its volume was recorded. The cylinder was then
dropped 50 times onto a padded benchtop from a height of
approximately 2 cm before the powder volume was measured.
The process was repeated until the difference in tapped
volume between two consecutive volume readings was less
than 2.0%. Bulk and tapped densities were calculated using
the powder weight and the corresponding bulk and tapped
volumes. Measurements were in triplicate for each powder.
Carr’s compressibility index (CI) of the powder was calculated
using eqn (1).2°

CI =100% x (1 — bulk density/tapped density) (1)

2.2.8 Tabletability. Formulated granules (~80 mg) were
compressed using flat faced round tooling (6 mm) under
different pressures (50-450 MPa) using the compaction simu-
lator with a force controlled, symmetrical single compression
cycle (2% speed, 2 s compression composed of a 1 s rise and a
1 s fall without holding at the maximum force, followed by 3 s
relaxation, and a 2 s ejection step). Tablet diametrical breaking
force was determined under ambient conditions using a
texture analyzer (TA-XT2i; Texture Technologies Corporation,
Scarsdale, NY) with a speed of 0.01 mm s~ ", and tablet dimen-
sions were measured using a digital caliper (Mitutoyo Corp,
Kanagawa, Japan). Tablet tensile strength (o, MPa) was calcu-
lated according to eqn (2),

6 = 2F /nDh (2)

where F is the breaking force (N), and D and # are the diameter
and thickness of the tablet (mm), respectively.*® Tabletability
profiles were generated by curve fitting data points to the
Vreeman-Sun equation using OriginLab software (version
10.0, Northampton, MA).*!
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2.2.9 Friability. The tablet friability profile, ie., tablet
weight loss as a function of compaction force used to prepare
tablets, of the final formulation was determined using an expe-
dited method.?* Tablets were produced under different com-
paction forces in the range of 1.7-10.6 kN in the compaction
simulator under a force controlled mode using a symmetrical
single compression cycle (see above). Tablets were individually
coded and placed into a friabilator (F-2; Pharma Alliance,
London, UK), which was run at 25 rpm for 4 min. Before and
after the test, tablets were cleaned to remove loose particles on
the surface and then weighed to calculate the percent weight
loss for individual tablets.

3. Results

3.1 Rheological analysis

Fig. 1 displays the effect of polymer concentration on the vis-
cosity of POS/HMPCAS melts. The linear portion of the curve
corresponds to the dilute polymer regime, while the nonlinear
portion corresponds to the semi-dilute and concentrated
regime.?* The overlap concentration, c*, of HPMCAS in molten
POS, determined from the boundary between the linear
(dilute) and nonlinear (semi-dilute) regimes, is approximately
3%.** Thus, physically stable POS/HPMCAS ASD can be
expected in the vicinity of 97% POS loading."®

3.2 Impact of ASD drug loading on powder dissolution

Dissolution performance, which is relevant to bioavailability,
is crucial for developing high performance oral dosage forms.
Therefore, ASD batches of various POS loadings below 97% (1
— ¢*), i.e., 60%, 70%, and 80% were prepared and powder dis-
solution studies were performed at a 40 mg dose under non-
sink conditions. Only the 60% and 70% ASDs showed appreci-
able dissolution (Fig. 2), where the concentration of POS in the
medium nearly reached the amorphous solubility of POS after
~20 min.”® The negligible dissolution of the 80% drug loaded

6
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5] T=175°C
7 4 :
@ ' /
e :
2 34 f
(7] ' .
8 ' %
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> 24 5
y e/e/e/‘Q'
0 T T T i T T T T T

Polymer concentration (%)

Fig. 1 Viscosity-composition diagram of POS/HPMCAS at 175 °C.
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Fig. 2 Powder dissolution profiles of POS-HPMCAS ASDs with 60%,
70%, and 80% POS loadings in 0.1 M PBS at pH 6.5 with 0.05% v/v
Tween 20 at 37 °C.

ASD is likely due to rapid crystallization of amorphous POS
upon contact with the dissolution medium. Therefore, a bulk
powder of the 70% POS loaded ASD (~3 g) was prepared and
used for tablet development.

3.3 Formulation optimization and tablet performance

Effective process optimization and successful selection of suit-
able excipients to ensure formulation performance depend on
a thorough understanding of the structure-property relation-
ships of the materials involved.® Owing to the low bulk density
(0.17 + 0.02 g em™®, n = 3) and poor flowability (CI = 40.1 +
3.1%, n = 3) of the 70% POS loaded ASD, consistent with its
fine particle size, granulation was deemed necessary for devel-
oping a commercial tablet.>® In this context, dry granulation
was employed to prevent potential adverse effects of water on
the physical stability and in vivo performance of the POS
ASD.”’

Due to the inadequate tabletability of pure 70% POS ASD
(Fig. 3), the ability of the ASD to form quality ribbons during
roller compaction was expected to be poor. Hence, MCC (Avicel
PH101), a binder with excellent tabletability, was chosen as an
intragranular binder to facilitate ribbon formation. To main-
tain a 50% drug loading in the tablet to lessen pill burden,
71.1% pure ASD is required. This leaves only 28.9% formu-
lation space for all excipients other than the ASD. To permit
incorporation of other functional excipients, 21.9% MCC was
used. For the remaining 7% formulation space, 3% of Ac-Di-
Sol was used as an intra-granular disintegrant. The pre-granu-
lation blend exhibited substantially improved tabletability over
the pure ASD (Fig. 3), and was deemed adequate for ribbon
formation.

To determine a compaction pressure yielding ribbons with
a target porosity of 15% to ensure sufficient tabletability, an
abbreviated compressibility profile of the pre-granulation
blend was obtained using three tablets to save material

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Tabletability of powders in different stages of tablet formulation
design, 70% POS-HPMCAS ASD (red), pregranulation blend (blue), and
final blend (black). Lines were obtained by fitting the data to the
Vreeman-Sun tabletability equation.
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Fig. 4 Compressibility profile of the pre-granulation blend. The line
was obtained by curve fitting with the Kuentz and Leuenberger (KL)
equation.

(Fig. 4). From the fitting curve, based on the Kuentz and
Leuenberger (KL) equation,*® a pressure of 77 MPa was pre-
dicted to yield ribbons with the target porosity of 15%. The
granules obtained from milling ribbons exhibited significantly
improved bulk density (0.54 + 0.008 g cm™?) and flowability (CI
=21.4 + 1.3%) (Fig. 5), which was expected due to both densifi-
cation and size enlargement.

The final tablet formulation was attained by adding the fol-
lowing extra-granular excipients to ensure good manufactur-
ability and performance of the final tablet, (1) 3% Ac-Di-Sol to
facilitate the disintegration of tablets during dissolution;
(2) 0.5% Cab-O-Sil to further improve flowability; and (3)

RSC Pharm., 2025, 2,178-185 | 181
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Flowability and bulk density of various powders generated in this

0.5% magnesium stearate to reduce ejection force during
tablet manufacturing. The amount of each excipient used
was based on typical usage in tablet formulation. Formulation
optimization was not performed due to the limited amount
of ASD available. The final blend exhibited flowability
(CI=26.7 + 1.6%) comparable to that of MCC PH102 (CI = 25.2
+ 1.7%) (Fig. 5), meeting the criterion for high speed
tableting.*®

The tablet friability profile of the final blend was deter-
mined, using a material sparing and expedited approach, to
guide the choice of an appropriate compaction force for tablet
manufacturing.>® From the friability profile (Fig. 6), tablets
with <0.8% friability could be attained at a compaction force
>3.0 kN. Using this approach, only 0.7 g of the final blend was
used. Importantly, excessive forces that could cause problems,
such as slow disintegration, slow dissolution, and lamination
of tablets, were avoided.3>*%*!

63

62

\\
A\

Friability (%)

0 2 4 6 8 10
Compaction Force (kN)

Fig. 6 Tablet friability profile of the final blend.
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3.4 Physical stability

After 6 months of storage at 25 °C under ambient conditions
and 1 month of additional storage at 40 °C, no sharp diffrac-
tion peaks were detected in the PXRD pattern of the 70% POS
ASD (Fig. 7). This suggests adequate physical stability of the
ASD powder. Similarly, the absence of diffraction peaks in the
PXRD pattern of the stored final tablet also confirms physical
stability for at least 6 months in a closed container under
ambient conditions.

3.5 Tablet dissolution

Based on the results obtained so far, we determined that a
high drug loaded tablet formulation with 50% POS (Table 1)
can be manufactured at 3.1 kN with a 6.3 mm diameter round
concave tooling. This POS loading, 70% in ASD and 50% in
tablet, is higher than all previously reported POS tablets
enabled by ASD (15.9%-40% in tablet).*>*> These 50% POS-
loaded tablets also exhibited fast dissolution in 0.1 M PBS at
pH 6.5 with 0.05% v/v Tween 20 at 37 °C (Fig. 8).
Concentration of POS in the medium reached the amorphous
solubility (~11 pg mL™") after around 35 min,*” similar to that
of 70% POS ASD powder (Fig. 2). The dissolution data is satis-
factorily fit by the eqn (3)

C(t) = Cas(1 — ™) (3)

where C(t) is concentration of released POS in the closed
aqueous suspension, Cys = 11.85 + 0.14 pug ml~" is the amor-
phous solubility, and a = 0.0819 + 0.0032 s~ " is a rate constant
determined by the volume of the suspension, the total surface
area of the ASD particles in suspension (assumed to be con-
stant at low percent released), and the mass transfer coefficient
of the particle/fluid interface. The calculated value of C,g is
very close to that reported previously,** but may be affected by
the presence of Tween in the dissolution medium.

tablet after 6 m at 25 °C

] | )
4 WW ., "
ASD powder after 6 mat 25 °C + 1 mat 40 'C

2
5 34
c
2
£ ASD powder after 6 m at 25 °C
(]
=24
&=
©
& fresh prepared ASD powder
14
WM
04

5 10 15 20 25 30 35
2 theta (°)

Fig. 7 PXRD patterns of the ASD powder and tablet after storage under
various conditions.
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Fig. 8 Dissolution profile of final tablets in 0.1 M PBS at pH 6.5 with
0.05% v/v Tween 20 at 37 °C (n = 3). The solid curve is the best fit of eqn
(3) to the data.

4. Discussion

A goal in tablet production for high dose APIs is to minimize
the amount of excipients added. One reason is reduced cost,
but this is a minor factor since excipients are typically much
cheaper than APIs. A more salient reason is that smaller
tablets are more convenient for the patient. In our previous
investigations, we demonstrated that solid state storage stabi-
lity of API is greatly enhanced when the ASD is formulated
with polymer concentration greater than the overlap concen-
tration, ¢*, which can be conveniently determined by hot melt
rheology. For typically high molecular weight polymers, c¢* is
quite small, which by itself would suggest that minimal
amounts of polymer need to be added.

However, physical stability does not necessarily imply good
dissolution performance and high bioavailability, likely
because the polymer needs to play the dual role of stabilizer
and water absorber.'®>"*>*> Indeed, in the present study we
showed that POS/HPMCAS ASDs require at least 30% polymer
to achieve satisfactory dissolution. How much does this affect
tablet size? It is straightforward to show that the volume
enhancement, g, due to blending polymer (p) with drug (d) is
calculated according to

_ Yp_\Pa
0=+ (00 255 @

where %p is the weight percent of polymer, and the ps are the
densities of the neat components, assuming negligible volume
change upon mixing. From the reported density values, p, =
1.26 g em ™ and pg = 1.27 g cm ™ (amorphous form) this
density ratio is essentially unity.** For 3% HPMCAS, we esti-
mate g =~ 1.03 while for 30% HPMCAS g ~ 1.43, representing
an approximately 40% increase in volume. Notice that the
above equation predicts a strong increase in volume when the
polymer component exceeds the drug component, as occurs in
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many ASDs. We conclude by noting that the amounts of the
other excipients to be added are proportional to the mass of
the ASD; therefore, reducing the polymer load also reduces the
amounts of the other excipients.

A recent study published by Mudie et al. reported a phys-
ically stable ASD POS/Eudragit L100 containing 75 wt% drug,
which is slightly superior to our 70% wt% drug ASD.*® Aside
from the difference in polymer used, we probably could
increase the drug loading in our ASD above 70% but not as far
as 80%. Mudie et al. also incorporated extra polymer
(HPMCAS-H) in their tablet formulation in order to prevent
precipitation of released drug. As a result, their final drug
loading was 40%, less than our 50%. In the present study we
did not carry out dissolution to the point where precipitation
could occur, nor did we add extra polymer to prevent it. Due to
differences in the dissolution conditions used in the two
studies, one cannot draw a definitive conclusion on the dis-
solution performance of the two formulations. As noted by
Mudie et al., amorphous solubility of POS increases greatly
upon addition of FaSSIF. Moreover, in the in vivo case, rapid
absorption of POS should reduce the driving force for precipi-
tation. Recently, in vitro techniques have been developed to
simulate dissolution in the presence of absorption, and these
techniques could be used to determine the minimal amount,

of polymer that should be added to prevent
43,45

if any,
precipitation.

5. Conclusions

The identification of an upper limit of drug loading in ASD
based on the ¢* concept was instrumental in identifying the
upper limit of POS loading with adequate physical stability. By
using material-sparing techniques, we subsequently developed
a record high (50%) POS-loaded tablet, exhibiting adequate
manufacturability and good dissolution performance. The
entire development process utilized approximately 1.5 grams
of POS and spanned 14 days. This material-sparing and fast
tablet development strategy, demonstrated with POS in this
work, has the potential to accelerate tablet development
during the preclinical phase when only minimal amounts of
active pharmaceutical ingredient are available.
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