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Abstract
Purpose Precipitation of amorphous solid dispersions has gained traction in the pharmaceutical industry given its applica-
tion to pharmaceuticals with varying physicochemical properties. Although preparing co-precipitated amorphous disper-
sions (cPAD) in high-shear rotor–stator devices allows for controlled shear conditions during precipitation, such aggressive 
mixing environments can result in materials with low bulk density and poor flowability. This work investigated annealing 
cPAD after precipitation by washing with heated anti-solvent to improve bulk powder properties required for downstream 
drug product processing.
Methods Co-precipitation dispersions were prepared by precipitation into pH-modified aqueous anti-solvent. Amorphous 
dispersions were washed with heated anti-solvent and assessed for bulk density, flowability, and dissolution behavior relative 
to both cPAD produced without a heated wash and spray dried intermediate.
Results Washing cPAD with a heated anti-solvent resulted in an improvement in flowability and increased bulk density. 
The mechanism of densification was ascribed to annealing over the wetted  Tg of the material, which lead to collapse of the 
porous co-precipitate structure into densified granules without causing crystallization. In contrast, an alternative approach to 
increase bulk density by precipitating the ASD using low shear conditions showed evidence of crystallinity. The dissolution 
rate of the densified cPAD granules was lower than that of the low-bulk density dispersions, although both samples reached 
concentrations equivalent to that of the spray dried intermediate after 90 min dissolution.
Conclusions Hot wash densification was a tenable route to produce co-precipitated amorphous dispersions with improved 
properties for downstream processing compared to non-densified powders.
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Introduction

Amorphous solid dispersions (ASDs) are a well-established 
formulation approach to improve the dissolution rate and 
oral bioavailability of poorly water-soluble pharmaceuticals.
[1–4] However, material attributes of ASDs are sensitive 

to processing conditions and can plague downstream oral 
solid dosage form manufacture.[5–7] For instance, although 
spray drying is a common manufacturing method to pro-
duce ASDs in an commercial setting,[8] the resulting pow-
der often possesses variable particle morphology and non-
ideal bulk properties,[9–13] resulting in poor powder flow 
that challenges the manufacturing process. Additionally, 
small changes to spray drying process parameters can have 
an impact on the mechanical properties of the formulation.
[14] Continuous unit operations to generate amorphous dis-
persions, such as hot melt extrusion and co-precipitation, 
offer improved control and reproducibility of bulk powder 
properties of amorphous dispersions[15–18] and can allevi-
ate complexities involved with processing and technology 
transfer of spray drying manufacturing trains.[19–21] Due 
to the temperature requirements to achieve a homogene-
ous solid solution during melt extrusion, co-precipitation is 
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preferred to generate amorphous dispersions for thermally 
labile pharmaceuticals.[22–24].

One challenge of co-precipitated amorphous dispersions 
(cPAD) can be low bulk density and poor flow properties. 
Additionally, while in some instances in vitro dissolution 
of cPAD particles and spray dried intermediate (SDI) are 
comparable, the wettability of cPAD bulk powder is often 
worse than SDI, which can challenge the ability to achieve 
a uniform suspension for formulations in toxicity studies or 
achieve complete dissolution.[25, 26] Previous work has 
investigated precipitation conditions[18] and downstream 
unit operations such as dry granulation[27, 28] to improve 
flow properties of cPAD. Recent work from our group dem-
onstrated an approach to densify cPAD by briefly heating 
dispersions above their solvent-wetted glass transition tem-
peratures.[29] This process was performed at scale using an 
in-line rotor stator mill coupled to a thin-film evaporator.[30] 
Processing by thin film evaporation resulted in improved bulk 
density and flow properties, allowing for direct compression 
of tablets at a reduced image size compared to a comparable 
formulation containing spray dried intermediate. Despite the 
promise of thin film evaporation and continuous manufactur-
ing methods at commercial scale[17, 31], implementing this 
technology requires upfront capital costs and process optimi-
zation for successful operation. Particularly for the produc-
tion of pharmaceutical supplies to support pre-clinical and 
early clinical studies, maximizing speed and minimizing cost 
are essential to inform probability-of-success for a new chem-
ical entity. Given the importance of these constraints in early 
development, and the ability to generate cPAD using standard 
drug substance facilities,[32] we sought to investigate pro-
cesses using commonly available laboratory equipment to 
densify co-precipitated amorphous dispersions and improve 
their bulk powder properties for small-scale deliveries.

Co-precipitated amorphous dispersions were prepared 
under a variety of conditions to identify sensitivities in the 

precipitation process to material attributes and powder 
properties. Pharmaceuticals celecoxib and Compound 
X, a Merck & Co., Inc., Rahway, NJ, USA compound, 
were studied as model compounds using hydroxypro-
pyl methylcellulose acetate succinate (HPMCAS) and 
a poly(dimethylaminoethyl methacrylate) copolymer 
(Eudragit EPO) as polymeric stabilizers in the amor-
phous phase. Densification of cPAD was achieved by 
washing with heated anti-solvent, resulting in improved 
flow properties and dispersibility in aqueous suspensions 
(Fig. 1). Compared to other densification approaches, 
this hot wash method reduced risk to recrystallization 
of the cPAD and did not require the use of additional 
excipients for improved mechanical strength during 
tableting. Such work highlights the promise of novel 
solvent-based unit operations to optimize the powder 
properties of ASDs.

Materials/Methods

Materials

Compound X was synthesized by Merck & Co., Inc., 
Rahway, NJ, USA, celecoxib (> 98%, Sigma-Aldrich, St. 
Louis, MO, USA), HPMCAS-L (ShinEtsu, Japan), HPM-
CAS-M (ShinEtsu), Eudragit® EPO (Evonik, Darmstadt, 
Germany), acetone (Fisher Chemical, USA), ammonium 
hydroxide (10 vol%, Fisher Chemical), 5 N hydrochlo-
ric acid (Ricca, Arlington, TX, USA), n-heptane (Fisher 
Chemical), dimethylformamide (Fisher Chemical), dime-
thyl sulfoxide (Fisher Chemical), and dimethylacetamide 
(Fisher Chemical) were purchased from listed suppliers. 
Hydrochloric acid and ammonium hydroxide were diluted 
in deionized water prior to use.

Fig. 1  Illustration depict-
ing densification process for 
co-precipitated amorphous 
dispersions.

3198 Pharmaceutical Research (2022) 39:3197–3208



1 3

Solubility of Compound X

Solubility of Compound X in various anti-solvents and 
binary solvent/anti-solvent mixtures was assessed by agi-
tating crystalline Compound X powder in solvents on 
a laboratory shaker (Glas-Col, Terre Haute, IN, USA) at 
ambient temperature (~ 20 °C). The slurry was then filtered 
through a 0.22 µm filter (Cytiva Life Sciences, Marlbor-
ough, MA USA) and diluted in acetonitrile before analysis 
by reverse-phase ultra-high performance liquid chromatog-
raphy (1290 Infinity II LC System, Agilent, Santa Clara, 
CA, USA) using a C18 column (Ascentis Express C18 
column, Sigma-Aldrich) and a 95:5 acetonitrile:0.1 vol% 
aqueous phosphoric acid mobile phase with UV detection 
at 210 nm. Equilibrium solubility at room temperature was 
measured for four separate samples with averages reported 
in the manuscript text.

Spray dried dispersions of Compound X

Spray dried intermediate was manufactured on a PSD-1 
spray dryer (GEA Niro, Columbia, MD, USA) by dissolv-
ing API and HPMCAS in acetone (10 wt% solids loading) 
and spray drying at 15 L/hr at an inlet temperature of 119 °C. 
The obtained SDI was dried at 40 °C/15% RH for at least 
12 h to remove residual solvent.

Preparing co‑precipitated amorphous dispersions 
containing Compound X by precipitation 
into beaker

Compound X (40 g/L) and HPMCAS-L (93.3 g/L) were 
co-dissolved in acetone at elevated temperature (~ 40 °C, 
10 ml solution overall). The solution was cooled to room 
temperature and manually added at ~ 5 mL/min into cooled 
anti-solvent (0.001 N HCl cooled to 5°C), either unagi-
tated or stirred at 500 RPM by a magnetic stir bar, at a 1:10 
solvent:anti-solvent ratio. The precipitated dispersion was 
filtered on a fritted funnel (10–15 µm pore size) with a nitro-
gen sweep and dried in a vacuum oven overnight at room 
temperature to remove residual solvent.

Preparing co‑precipitated amorphous dispersions 
by overhead mixing

Compound X (40 g/L) and HPMCAS-L (93.3 g/L) were 
co-dissolved in solvent at elevated temperature (~ 40°C). 
The solution was cooled to room temperature and manu-
ally added at ~ 25 mL/min into the shear zone of a 0.001 N 
HCl anti-solvent agitated at 375 RPM by a OHS 20 Digi-
tal Overhead Stirrer (VELP Scientifica, Deer Park, NY, 
USA) at a 1:10 solvent:anti-solvent ratio. For precipitation 
from acetone, anti-solvent at either 5°C or 75°C was used 

to understand the impact of anti-solvent temperature on 
cPAD properties. For precipitation from dimethylacetamide 
(DMAc), anti-solvent was cooled to 5°C, and for precipi-
tation for precipitation from dimethyl sulfoxide (DMSO), 
anti-solvent was controlled to 22°C to avoid freezing of sol-
vent. The precipitated dispersions were filtered on a fritted 
funnel (10–15 µm pore size), displacement washed with an 
additional equivalent amount of anti-solvent (for DMAc and 
DMSO co-precipitations), and dried with a nitrogen sweep 
overnight at ambient temperature.

Preparing co‑precipitated amorphous dispersions 
in Quadro HV0

API (40 g/L) and stabilizing polymer (93.3 g/L) were co-dis-
solved in acetone at elevated temperature (~ 40°C). The solu-
tion was cooled to room temperature and fed at ~ 150 mL/
min into a Quadro HV0 homogenizer (Quadro Engineer-
ing Corp., Waterloo, ON, Canada) running at a tip speed 
of 30 m/s containing cooled 0.001 N HCl as anti-solvent 
for dispersions stabilized by HPMCAS and cooled 0.1 vol% 
ammonium hydroxide for ASDs containing Eudragit EPO 
at a 1:10 ratio of solvent:anti-solvent. The co-precipitated 
amorphous dispersion was isolated by filtration.

Hot wash densification

The co-precipitated amorphous dispersion was densified by 
washing the wet cake with anti-solvent heated to a specified 
temperature with a displacement wash. Approximately 1 L of 
anti-solvent was used per 15 g cPAD, although as discussed 
below, less anti-solvent may be required to densify the cPAD 
given sufficient annealing can be achieved at a given tempera-
ture. After densification, the cPAD was allowed to dry under 
a nitrogen sweep. Once dried, the powder was de-lumped 
through a 1 mm mesh screen to break apart aggregates.

Densification in oven

To understand the kinetics of densification, a sample of 
unwashed co-precipitated amorphous dispersion containing 
Compound X was also densified by annealing the wet cake 
in an oven set to 50°C after precipitation. After storage to 
pre-determined time points, the extent of densification was 
assessed qualitatively.

Drug load assay by UV vis spectrometry

Drug loading in the precipitation dispersions was determined 
by dissolving a known mass of amorphous dispersions in 
acetonitrile and calculating drug load by UV vis absorbance 
using an Agilent UV vis spectrometer (Cary 60, Agilent, 
Santa Clara, CA, USA). For Compound X, 294 nm was used 
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to quantify drug concentration; for celecoxib, 274 nm was 
used. Drug load was measured for two samples separately 
and is presented with standard deviation.

Powder X‑ray diffraction (PXRD)

PXRD was performed on a Bruker D2-PHASER 
(Bruker, Madison, WI, USA) using a Cu tube radiation 
(λ = 1.54184 Å) at 30 kV and 10 mA between 5 and 40° 2θ 
with a 0.002° step size and 0.150 s/step. Data was visualized 
using X’Pert HighScore Plus software package (Malvern 
Panalytical Inc., Westborough, MA, USA).

Differential scanning calorimetry (DSC)

Thermal analysis was performed on a Q2000 DSC (TA 
Instruments, New Castle, DE) using hermetically sealed 
Tzero pans and lids with pinholes. The glass transition of 
dry cPAD was measured by pre-cooling samples below 50°C 
and heating at 3°C/min with a modulation of 1°C per 60 s. 
The glass transition of the wet cake samples (HPMCAS dis-
persions wetted with 0.001 N HCl and Eudragit EPO dis-
persions wetted with 0.1 vol% ammonium hydroxide) was 
measured by pre-cooling samples to at least 5°C and heating 
at 2°C/min with a modulation amplitude of 1.5°C per 60 s 
using hermetically sealed Tzero pans and lids. The glass 
transition temperature was identified by a step change in 
reversing heat flow. Melting point endotherms were meas-
ured in standard heating mode with a ramp rate of 5°C/min 
using hermetically sealed Tzero pans and lids with pinholes.

Particle size distribution

Particle size analysis was performed in deionized water 
using a Mastersizer 3000 (Malvern, Panalytical, United 
Kingdom) and analyzed using Mie scattering theory for 
non-spherical particles using 1.53 as an estimated refractive 
index, 0.1 as the absorption index of the amorphous disper-
sions, and 1.33 as refractive index for aqueous buffer. The 
aqueous dispersant to measure particle size of EPO disper-
sions was basified using a few drops of concentrated NaOH. 
Five measurements were collected per sample.

Flodex measurement

Powder flowability was assessed using the Flodex instru-
ment (Hanson Research, CA). Approximately 70 mL of each 
powder was equilibrated at 30% RH in an open weigh boat. 
Flodex measurement was performed by charging the powder 
into the Flodex and recording the critical arching diameter 
where 50% of replicates flow and 50% of replicates arch, 
which is reported in the text with ± 2 mm error.

Scanning electron microscopy

Scanning electron micrographs were collected using a 
Hitachi TM3030 Tabletop Microscope (Hitachi High-Tech-
nologies Corporation, Tokyo, Japan) at 15 kV voltage.

Bulk Density

Bulk density of cPAD powders was measured using a 10 mL 
graduated cylinder. A known volume of powder was filled 
into the graduated cylinder, and the weight of the filled 
power was measured using a pre-tared analytical balance. 
The bulk density was calculated by dividing the mass of the 
powder by the volume.

Compressibility and strength of cPAD compacts

Tabletability profiles of neat cPAD were generated to evalu-
ate suitability of hot washed cPAD for downstream tablet 
compression. A single-stage compaction simulator (Roland 
Research Devices Inc., Ewing, NJ) using 3/8″ round flat 
faced tooling was used to generate 10 compacts of approxi-
mately 300 mg compressing weight using compression pres-
sures ranging from 50 to 500 MPa. Powder was hand filled 
into the die to ensure compact weight. Weight, thickness, 
diameter, and hardness of compacts was measured using a 
SOTAX ST50 (SOTAX Corp., Westborough, MA, USA). 
Tensile strength ( TS ) of compacts produced by each com-
pressive force was calculated by the below equation with F

B
 

is the peak force at breaking, t  the tablet thickenss, and D 
the tablet diameter. Actual compression pressure applied was 
recorded by the compaction simulator software and used to 
generate a tabletability profile.

Dispersibility and dissolution rate of Compound X 
ASDs

Dispersibility was assessed by charging 75 mg of cPAD into 
7.5 mL 0.001 N HCl and shaking by hand. Images of the 
dispersed material are shown in the manuscript text after 
30 s to allow for powder settling.

Dissolution of amorphous solid dispersions was per-
formed in a two-stage dissolution procedure by initially 
charging 100 µg/mL API-equivalent dose into pH 1.6 
simulated gastric buffer, dispersing for 30 min, followed 
by dilution to 50 µg/mL concentration with the addition 
of an equal volume of neutral buffer solution contain-
ing 6.88 g/L  NaH2PO4 of sodium phosphate monobasic 

TS =

2F
B

�tD
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(anhydrous), 10.37 g/L NaCl, and dilute NaOH such that 
a 1:1 mixture of SGF and the buffer solution had a pH 
of 6.5. This concentration was selected as it is below the 
amorphous solubility of Compound X in FaSSIF (90 µg/
mL), allowing for differentiation between the samples.

Specific surface area measurement

Specific surface area was measured using the Brunauer, 
Emmett, Teller (BET) isotherm method using a Micromer-
itics TriStar II 3020 (Micromeritics, Norcross, GA, USA) 
surface area analyzer. For BET analysis, the amount of 
nitrogen gas that was adsorbed in the relative pressure (P/
Po) range from 0.08 to 0.3 was used (containing a total 
of 9 relative pressure points) with an equilibration time 
of 5 s. Approximately 0.5 g sample quantity was used for 
each measurement and prior to the analysis sample degas-
sing was performed under nitrogen flow for approximately 
2 h at 35°C.

Results/Discussion

The solubility of Compound X was measured in anti-solvents 
and binary mixtures of solvent and anti-solvent to inform 
processing conditions to produce and densify co-precipitated 
materials. Shown in Table I, crystalline Compound X had 
low solubility in anti-solvents 0.001 N HCl and n-heptane. 
Adding 10 vol% acetone to the acidified water anti-solvent 
increased the API solubility to roughly 1 µg/mL, whereas 
addition of 10 vol% of acetone to n-heptane had a more pro-
nounced effect and increased solubility to > 4 µg/mL. Such 
observations are in line with historical process development 
of Compound X cPAD (see Table S1 in Supporting Infor-
mation), where precipitation into n-heptane resulted in the 
extraction of API from the amorphous dispersion.

Impact of mixing conditions during precipitation 
on crystalline content

The shear environment used to mix solvent and anti-sol-
vent was correlated with distinct material attributes of the 
resulting co-precipitated dispersion. Although rapid mix-
ing can be necessary to produce kinetic phases by pre-
cipitation,[33] aggressive shear during co-precipitation 
can result in low bulk density particles. Co-precipitation 
was performed under four conditions: dropwise addition 
of solvent into anti-solvent in an unagitated beaker, drop-
wise addition into a beaker with agitation from a magnetic 
stir bar, dropwise addition with agitation by an over-head 
stirrer, and feeding into the shear-zone of an in-line wet 
mill homogenizer, representing shear rates ranging over 
at least 3-orders of magnitude.[34] Characterization of 
these cPAD materials and a spray dried intermediate of 
the same composition is shown in Table II. The unstirred 
precipitation yielded a material with residual crystallin-
ity, in contrast to precipitations in the presence of a shear 
field. Crystallinity in the dispersion was measurable by 
PXRD as well as indicated by a melt endotherm at high 
temperature by DSC. The material also had a bulk density 
of approximately 0.3 g/cc, greater than that of the SDI or 

Table I  Solubility of Compound X in Various Anti-Solvent and Anti-
Solvent/Solvent Binary Pairs to Assess Feasible Conditions for Co-
Precipitation and Densification (Average of Four Separate Measure-
ments with Standard Deviation)

aExtrapolated from Van’t hoff equation by measuring solubility at 
various temperatures (see Figure S1)

Solvent Solubility of crystalline Compound 
X at room temperature (µg/mL)

0.001 N HCl  < 1
10 vol% acetone in 0.001 N HCl 1.2 ± 0.1
n-heptane  < 1
10 vol% acetone in n-heptane 4.3 ± 0.4
Methyl tert butyl ether 208 ± 0.1
Acetonea 48,000

Table II  Material Attributes of Target 30% DL Compound X in HPMCAS-L ASDs Prepared by Co-Precipitation and Spray Drying

Processing Conditions %Drug Load Tg (°C) PXRD Bulk Density 
(g/cc)

ΔHmelt (J/g)/Tm (°C)

Co-precipitation without agitation (5°C) 29.1 ± 1.2 102.6 Partial crystallinity 0.3 4.92/235
Co-precipitation with magnetic stir bar (5°C) 30.0 ± 1.0 99.0 Amorphous  < 0.1 2.04/238
Co-precipitation with overhead agitator (5°C) 29.4 ± 0.7 99.5 Amorphous  < 0.1 0.71/239
Co-precipitation with in-line rotor–stator (5°C) 30.1 ± 0.5 99.6 Amorphous  < 0.1 not observed
Co-precpitation with overhead agitator (75°C) 27.2 ± 0.1 100.5 Amorphous 0.13 1.68/235
Spray drying 30.2 98.3 Amorphous 0.23 not observed
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cPAD formed under agitation. One possible mechanism for 
both higher bulk densities as well as crystallization for the 
unstirred cPAD was solvent-induced plasticization during 
precipitation.[29] Without adequate convective mixing, 
the co-precipitated dispersion contained entrained solvent 
after precipitation which was later removed by drying by 
a nitrogen sweep. In contrast, co-precipitation in the pres-
ence of a shear field produced amorphous material. Mixing 
with a magnetic stir bar during the precipitation produced 
a material without crystallinity by PXRD; however, this 
material showed a melt endotherm at elevated tempera-
ture, possibly signifying low levels of residual crystallinity 
in the dispersion or amorphous nanostructure primed to 
undergo crystallization while heating during DSC analy-
sis. cPAD prepared at higher shear rates using an over-
head agitator showed reduced crystallinity by DSC, and no 
crystallinity was observed for material prepared using an 
in-line rotor–stator wet mill. This difference between the 
precipitates indicates that the shear conditions during co-
precipitation can impact residual crystallinity in the dis-
persion. However, one downside to higher shear rates was 
that the bulk density of the cPAD was below 0.1 g/cc. The 
high shear rates and turbulent mixing appeared to reduce 
bulk density of the precipitate, a phenomenon which has 
been observed for other cPAD materials generated in a 
similar fashion.[35] Co-precipitation was also performed 
at 75°C to understand sensitivities to temperature. At a 
higher temperature, cPAD had 27.2% drug load (91% label 
claim) and a glass transition temperature  (Tg) of 100.5°C. 
The loss of drug from the cPAD during co-precipitation 
was likely due to elevated solubility of Compound X in 
mother liquors at high temperature. There was no evidence 
of crystallinity in the amorphous dispersion, although DSC 
analysis showed a melt endotherm at elevated temperature. 
Additionally, this dispersion had improved bulk density 
relative to those prepared at lower temperatures. Similar 
amorphous materials were prepared using dimethyl sulfox-
ide (DMSO) or dimethylacetamide (DMAc) as solvents, 
indicating a limited impact of solvent on the solid-state 
properties of the co-precipitated dispersion (see Table S2 

in Supporting Information). Qualitative properties of the 
cPAD material such as bulk density were also unchanged 
by using DMAc or DMSO as opposed to acetone.

Impact of a heated anti‑solvent wash on bulk 
powder properties

Although a high shear rate was effective to generate fully 
amorphous co-precipitate, the material attributes of this 
cPAD were not ideal for formulation. The bulk density of 
the Compound X co-precipitate was less than 0.1 g/cc and 
flowability was poor. Following previous work investigating 
densification of co-precipitated materials, cPAD was densi-
fied by washing with heated anti-solvent to briefly plasticize 
the cPAD above its wetted glass transition temperature.[29] 
This hot wash method allowed for rapid heating and cooling 
of the cPAD in the presence of residual aqueous anti-solvent, 
which was preferred over slower heat transfer methods such 
as secondary drying. Additionally, washing with heated anti-
solvent did not result in crystallization or any drug extraction 
from the cPAD. Both heated n-heptane and heated acidified 
water were able to densify the cPAD wet cake, although it 
was necessary to remove residual solvent to prevent extrac-
tion of API during the wash process (see Table S3 in Sup-
porting Information).

Table  III details material attributes before and after 
densification including particle size, bulk density, Flodex 
coefficient, and specific surface area. The flow properties 
of the unprocessed cPAD were poor and a Flodex minimum 
diameter could not be measured. Densification via a hot 
wash improved bulk density and flow properties. Shown in 
Table III, densification at 60°C provided an increase in bulk 
density to > 0.1 g/cc. Although flow properties of the cPAD 
were also improved upon densification at this temperature, 
the Flodex coefficient for material washed at 60°C was simi-
lar to spray dried intermediate (23 mm vs 21 mm). However, 
washing cPAD with anti-solvent heated to 75°C provided a 
further improvement in flow properties of the material (Flo-
dex minimum diameter of 11 ± 2 mm). Figure 2 compares 
microstructure of cPAD by scanning electron microscopy 

Table III  Material Attributes of 30% DL Compound X in HPMCAS-L ASDs prepared by Co-Precipitation, Spray Drying, and Co-Precipitation 
with a Hot Wash.  D10,  D50, and  D90 Particle Sizes are Given as an Average of Five Measurements with Standard Deviation

Processing Conditions D10 (µm) D50 (µm) D90 (µm) Bulk Density 
(g/cc)

Flodex Specific 
Surface Area 
 (m2/g)

Spray dried dispersion 9.9 ± 0.3 27.8 ± 0.1 61.0 ± 0.9 0.23 21 ± 2 mm not measured
Co-precipitation with in-line rotor–stator 15.5 ± 0.2 67.7 ± 1.4 202 ± 4  < 0.1  > 34 mm 15.73 ± 0.12
Co-precipitation with in-line rotor–stator and 

60°C anti-solvent wash
38.7 ± 0.4 181 ± 2 696 ± 19 0.13 23 ± 2 mm not measured

Co-precipitation with in-line rotor–stator and 
75°C anti-solvent wash

64.3 ± 0.9 221 ± 2 413 ± 7 0.14 11 ± 2 mm 2.27 ± 0.05
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after washing at various temperatures to understand these 
differences in powder attributes. Before densification, the 
cPAD material was composed of porous fibers with a spe-
cific surface area of 15.73 ± 0.12  m2/g (Table II). Densifica-
tion with a hot wash mediated collapse of these fibers; cPAD 
densified at 60°C (Fig. 2b) showed fusion of these fibers 
into larger particles, although it also contained flat sheets 
of ASD which may have contributed to cohesive interac-
tions in the material. Densification at 75°C (Fig. 2c) further 
collapsed cPAD into aggregates, resulting in a decrease in 
specific surface area of the material to 2.27 ± 0.05  m2/g. 
This corresponded with an increase in the median particle 
size from 67 µm to 181 µm, reflecting agglomeration of 
cPAD primary particles, while SEM also showed altered 
surface features suggesting annealing. Both particle size and 
shape impact the flow properties of a powder[36–38], and 
it is possible that the increase in particle size as well as the 
altered morphology of the cPAD upon densification medi-
ated improvements in flowability. Furthermore, despite these 
improvements in bulk powder properties achieved upon den-
sification, no evidence of crystallization was observed in the 
densified cPAD by DSC analysis (see Figure S2 in Support-
ing Information).

Wettability and dissolution of the cPAD powder was com-
pared before and after densification. As illustrated in Fig. 3, 
densified cPAD showed improved dispersibility into aqueous 
media. The non-densified cPAD floated on the surface of 
the aqueous suspension (Fig. 3). In contrast, the densified 
material readily redispersed in the suspension, similar to the 
spray dried amorphous dispersion. Similar improvements in 
dispersibility have been achieved with a hierarchical particle 
approach, where water-soluble excipients are coated onto 
cPAD during drying.[25, 35] This improvement in dispers-
ibility might allow for dosing aqueous suspensions in toxic-
ity studies by gavage. Additionally, dissolution of the cPAD 
powder was performed into simulated gastric buffer followed 
by dilution to pH 6.5 phosphate buffer (Fig. 4). The spray 
dried intermediate showed the fastest drug release in the 
first five minutes of dissolution at neutral pH. After 15 min 

Fig. 2  Scanning electron micrographs of co-precipitated dispersions containing Compound X (a) without densification, (b) washed with 60°C 
anti-solvent, and (c) washed with 75°C anti-solvent.

Fig. 3  Dispersibility of Compound X ASD generated by (from left to 
right) precipitation using an overhead agitator, precipitation from an 
in-line rotor–stator followed by a 75°C anti-solvent wash, and spray 
drying in deionized water.

Fig. 4  Dissolution comparison between Compound X (30% DL in 
HPMCAS-L) spray dried intermediate (dark teal), unwashed co-pre-
cipitated dispersions (light teal), and densified cPAD (blue). The first 
30  min of dissolution were in SGF, followed by dilution to neutral 
pH. Average of three dissolution trials is plotted with standard error.
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of dissolution at neutral pH, the unwashed co-precipitated 
dispersion reached equivalent concentrations to the SDI. The 
densified cPAD showed slower release in neutral conditions, 
possibly due to the large particle size of the dispersed pow-
der. Nevertheless, at 120 min of dissolution, all three materi-
als showed approximately 60% drug release. Although a full 
pharmacokinetic study would be necessary to understand if 
these differences in dissolution rate impact in vivo exposure, 
previous pharmacokinetic studies comparing spray dried 
intermediate and cPAD densified by thin film evaporation 
showed equivalent performance for both materials.[30].

Informed by process development for Compound X, 
amorphous dispersions containing celecoxib were gener-
ated by co-precipitation to understand if hot wash densi-
fication can be a compound agnostic approach to improve 
bulk density and flow properties of cPAD. HPMCAS-M 
and Eudragit EPO were employed as stabilizers in the dis-
persions to investigate the impact of polymer  Tg on den-
sification and flow properties. Co-precipitated dispersions 
of celecoxib in HPMCAS-M (30% DL) were generated by 
precipitation from acetone into 0.001 N HCl. Shown in 
Table IV, similar to dispersions containing Compound X, 
the celecoxib cPAD powder had low bulk density and poor 
flow properties. Washing with 60°C acidified water did not 
result in a large improvement to bulk density or flowabil-
ity. Washing with 75°C anti-solvent improved bulk density 
to greater than 0.1 g/cc and decreased the Flodex arching 
flow diameter to 17 mm. Additionally, for celecoxib/HPM-
CAS cPAD samples, specific surface area was measured 
for the undensified material and the sample washed with 
75°C anti-solvent. The specific surface area of the cPAD 
decreased from 13.7 ± 0.02  m2/g to 2.2 ± 0.03  m2/g upon 
densification at 75°C, similar to changes observed for Com-
pound X cPAD, highlighting a decrease in surface area as 
one potential mechanism of improved powder attributes the 
densified cPAD. Co-precipitated amorphous dispersions 
containing celecoxib and the basic copolymer Eudragit EPO 

were generated by precipitation from acetone into alkaline 
aqueous media (0.1 vol% aqueous ammonium hydroxide) 
and had a  Tg of 53°C. Although the Eudragit EPO cPAD 
also had poor bulk density and flow properties directly after 
precipitation, hot wash densification at 60°C resulted in an 
improvement in bulk density (to 0.26 g/cc) and flow proper-
ties (Flodex arching diameter of 9 mm) without extraction of 
API or crystallization of the cPAD. Furthermore, similar to 
Compound X cPAD, densification with a hot wash resulted 
in an increase in particle size (see Figure S20 for scanning 
electron micrographs illustrating aggregation of the cPAD 
after hot wash densification). These data illustrate that den-
sification approaches by annealing cPAD with a hot wash 
can be applied across pharmaceuticals and polymeric stabi-
lizers, and that there is a relationship between temperatures 
required for an improvement in bulk powder properties and 
the polymer stabilizer used in the ASD.

Compaction performance of the densified cPAD powders 
was assessed by measuring tabletability profiles of the neat 
materials (Fig. 5). Profiles were not generated for unwashed 
materials due to their low bulk density. All three ASDs 

Table IV  Material attributes of celecoxib cPAD including drug loading in dispersion, particle size distribution (with standard deviation), bulk 
density, and Flodex measurement

cPAD Material (API/Polymer) Processing Conditions %Drug Load Tg (°C) D10 (µm) D50 (µm) D90 (µm) Bulk 
Density 
(g/cc)

Flodex

30% DL Celecoxib in 
HPMCAS-M

In-line rotor–stator 29.7 ± 0.6 84.7 15.4 ± 0.2 76.8 ± 1.3 252 ± 11 0.04  > 34 mm

In-line rotor–stator with 60°C 
anti-solvent

29.9 ± 0.6 85.0 24.0 ± 0.5 118 ± 1.3 345 ± 10 0.06 33 ± 2 mm

In-line rotor–stator with 75°C 
anti-solvent

29.0 ± 1.0 84.5 49.5 ± 1.6 220 ± 2 613 ± 16 0.12 17 ± 2 mm

30% DL Celecoxib in 
Eudragit EPO

In-line rotor–stator 29.9 ± 0.3 53.2 10.7 ± 0.2 38.9 ± 0.7 88.7 ± 1.7 0.03 32 ± 2 mm

In-line rotor–stator with 60°C 
anti-solvent

29.6 ± 2.0 53.3 17.5 ± 0.3 85.9 ± 2.3 644 ± 25 0.26 7 ± 2 mm

Fig. 5  Tensile strength as a function of compressive stress for washed 
30% DL cPAD containing celecoxib in HPMCAS-M (dark teal), 
Compound X in HPMCAS-L (light teal), and celecoxib in Eudragit 
EPO (blue).
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showed sufficient tensile strength to indicate robust tablet-
ing behavior without the addition of mechanical strength 
enhancers or other compaction aid excipients. This com-
paction behavior, in tandem with favorable flow properties, 
may allow for direction compression of tablets containing 
the densified cPAD material, similar to tablets generated 
using cPAD densified by thin film evaporation.[30] Such 
results suggest that hot wash densification may be an effec-
tive approach to enable direction compression and minimize 
tablet burden for amorphous dosage units.

Comparison to other densification approaches 
and mechanism of powder densification 
during the hot‑wash process

Previous work has offered alternative pathways to improve 
mechanical properties of co-precipitated amorphous disper-
sions. For instance, Hou, et al. generated co-precipitated 
dispersions by overhead mixing. These cPAD had reduced 
surface area relative to those generated by resonant acoustic 
mixing, which the authors linked to improved flow proper-
ties and bulk density.[18] A similar low surface area co-
precipitate morphology was generated by Bhujbal, et al. [39] 
which showed bulk densities > 0.3 g/cc. Although improved 
bulk densities can be obtained by dropwise co-precipitation 
of Compound X, there was risk of crystallinity in the disper-
sion. This crystallization risk was hypothesized to originate 
from poor mixing between solvent and anti-solvent resulting 
in solvent entrainment in the ASD. Plasticization by resid-
ual solvent during secondary drying of ASDs has also been 
observed as a mechanism of crystallization during process-
ing of spray dried dispersions.[40, 41] In contrast, higher 
shear processes to generate the amorphous phase resulted in 
a low bulk density material but improved mixing between 
solvent and anti-solvent and reduced evidence of crystallin-
ity. Although low-shear co-precipitation may be appropriate 
for compounds with low crystallization propensity, a more 
rapid crystallizer such as Compound X can be sensitive to 
mixing conditions during precipitation. An additional advan-
tage to precipitation in rotor–stator wet mills is that such 
devices can be integrated into manufacturing processes in 
a recycle loop to independently control the shear environ-
ment of a precipitation for varying batch sizes.[42, 43] It 
is unclear to what extent low-shear precipitation and dry-
ing conditions can be controlled at large-scale to ensure 
reproducible cPAD properties. Another method to densify 
cPAD is by dry powder slugging, which was investigated 
as an analog to roller compaction.[27] That said, this pro-
cess required the use of Avicel as a dry binder to enhance 
mechanical strength in the formulation, which can result in 
increased tablet burden, in contrast to direct compression of 
densified ASDs.[30].

Annealing amorphous materials above their glass tran-
sition can cause risks to physical stability.[44] Previous 
work densifying co-precipitated dispersions by heating in a 
thin film evaporator resulted in favorable densification but 
also a reduction in physical stability of the densified cPAD 
under stressed storage conditions. In such work, cPAD was 
annealed in the thin film evaporator with a residence time 
of 10 min at approximately 80°C under vacuum to remove 
mother liquors and densify the co-precipitate. Though the 
thin film evaporated material demonstrated favorable flow 
properties and particle size allowing for direct compression 
of dosage units, and did not show crystallinity by PXRD 
at t = 0, the elevated densification temperatures correlated 
with in reduced physical stability under accelerated storage 
conditions (40°C/75% RH). In contrast, this hot wash densi-
fication approach used lower temperatures and shorter ther-
mal exposure to densify cPAD. Hot wash densified cPAD 
showed limited evidence of crystallization during DSC in 
comparison to the TFE-processed material (see Figure S2 
and Figure S3, Supporting Information). These data imply 
that there may be a trade-off between aggressive densifica-
tion conditions leading to favorable powder properties and 
physical stability. Controlling the temperature and duration 
of washing with hot anti-solvent may mitigate risks of phase 
transformation during processing.

Despite a 15°C difference in  Tg between cPAD con-
taining celecoxib  (Tg ~ 85°C) versus Compound X 
 (Tg ~ 100°C), both materials required a 75°C hot wash 
to achieve improved flow and bulk density relative to the 
unwashed cPAD. The  Tg for 30% DL Compound X cPAD 
wet cake was measured to be ~ 40°C, in line with previous 
analysis [30], and the wet cake  Tg for 30% DL celecoxib 
cPAD was ~ 36°C (see Figure S19a in Supporting Informa-
tion). Although there was a 15°C difference in dry  Tg for 
each material, similarities in the wetted  Tg may account 
for the similar requirements for densification temperature 
to achieve improved flowability. Additionally, low wetted 
 Tg values relative to required densification temperatures 
implied that the collapse and agglomeration of cPAD fib-
ers does not occur instantaneously above the  Tg. To assess 
the kinetics of densification, Compound X cPAD wet cake 
was heated in an oven set to 50°C. After 10 min of anneal-
ing at 50°C, little densification was observed, whereas 
30 min of annealing provided sufficient time for densifica-
tion of the powder. The requirement of an anti-solvent hot 
wash to be above the wetted  Tg suggests that the kinetics 
of cPAD densification vary with temperature above  Tg, 
and that densification may be a function of temperature-
dependent parameters such as viscosity of an amorphous 
material.[45] In line with these observations, the wet  Tg 
of the celecoxib/EPO cPAD was measured to be ~ 26°C 
(see Figure S19b), and efficient densification was observed 
using an anti-solvent wash at 60°C. These data suggest 
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that annealing at least 35°C over the wet  Tg is sufficient 
to achieve densification of cPAD powders with a hot anti-
solvent wash. Furthermore, although heating cPAD above 
its  Tg did not result in extraction or crystallization for 
Compound X or celecoxib, such a procedure may not be 
tenable for pharmaceuticals with rapid crystallization pro-
pensity in the solid-state. That said, the crystallization rate 
of amorphous materials is sensitive to temperature.[44, 
46] For ASDs containing drug heavily diluted in polymer 
(as is often necessary for long-term storage stability and 
rapid dissolution performance of ASDs [47]), there may 
be lower risk to briefly heating cPAD during densification 
as compared to long term stressed storage testing used 
de-risk physical stability for manufacturing and commer-
cialization.[48] Based on the above data, hot-wash den-
sification of cPAD at least 35°C above the wetted  Tg can 
mediate an improvement in bulk powder properties, and 
without a direct measurement of the wet  Tg for an ASD, 
75°C may be an appropriate densification temperature for 
dispersions stabilized by HPMCAS[49]. If such processing 
temperatures induce recrystallization in the cPAD, anneal-
ing for a longer duration at lower temperatures may yield a 
similar improvement to bulk powder properties.

Conclusion

Challenges associated with developing enabled formula-
tions of poorly-soluble drug candidates can lead to lengthy 
manufacturing timelines and increased costs relative to con-
ventional formulation approaches.[50] Co-precipitation, in 
place of spray drying or melt extrusion, has the potential 
to reduce manufacturing timelines and cost[32], as well as 
allow for the formulation of compounds with poor solubil-
ity in volatile organic solvents or high melting-points.[2] 
Reducing shear conditions during co-precipitation produced 
a dispersion with increased bulk density, although such a 
process increased risk of crystallinity. Instead, generating 
cPAD under high-shear conditions eliminated crystallinity 
in the dispersion, and heating the cPAD material via an anti-
solvent wash produced a material amenable to delivery in 
suspension formulations as well as with improved mechani-
cal properties and flow to enable direct compression. Such 
a two-step process allowed for control over temperature 
and convective mixing during the precipitation step and a 
separate step to optimize powder properties of the cPAD. 
This hot wash unit operation could also be coupled with 
particle coating[25, 35] to generate hierarchical particles 
for additional improvements to performance. Future work 
will continue to leverage this procedure to generate densified 
cPAD for a range of chemical entities and at increasing scale 
to support clinical studies and commercial manufacturing.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11095- 022- 03416-6.
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