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Abstract

A highly porous additive, Neusilin®, with high adsorption capability is investigated to improve bulk properties, hence pro-
cessability of spray-dried amorphous solid dispersions (ASDs). Griseofulvin (GF) is applied as a model BCS class 2 drug
in ASDs. Two grades of Neusilin®, US2 (coarser) and UFL2 (finer), were used as additives to produce spray-dried amor-
phous composite (AC) powders, and their performance was compared with the resulting ASDs without added Neusilin®.
The resulting AC powders that included Neusilin® had greatly enhanced flowability (flow function coefficient (FFC) > 10)
comparable to larger particles (100 pm) yet had finer particle size (< 50 pm), hence retaining the advantage of fast dissolu-
tion rate of finer sizes. Dissolution results demonstrated that achieved GF supersaturation for AC powders with Neusilin®
was as high as 3 times that of crystalline GF concentration and was achieved within 30 min. In addition, 80% of drug was
released within 4 min. The flowability improvement for AC powders with Neusilin® was more significant as compared to
spray-dried ASDs without Neusilin®. Thus, the role of Neusilin® in flowability improvement was evident, considering that
spray-dried AC with Neusilin® UFL2 has higher FFC than ASDs having a similar size. Lastly, the AC powders retained a
fully amorphous state of GF after 3-month ambient storage. The overall results conveyed that the improved flowability and
dissolution rate could outweigh the loss of drug loading resulted by addition of Neusilin®.
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Introduction

Approximately 40% of marketed active pharmaceutical
ingredients (APIs) and 80% of pharmacological compounds
under development are classified as poorly water-soluble,
and fall into either class 2 or 4 of the Biopharmaceutics
Classification System (BCS), of which class 4 also has poor
intestinal permeability [1—4]. Poor solubility of newly dis-
covered APIs is a major hurdle in designing and manufac-
turing effective dosages and a lot of academic and indus-
try efforts have gone into utilizing practical formulation/
processing procedures to improve the solubility of poorly
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water-soluble APIs [5-10]. There are two major approaches
to increase API solubility: (i) the size reduction of crystal-
line forms to increase the surface area and (ii) the creation
of amorphous drug forms to achieve saturation solubility
enhancement [9, 11-16]. Reducing particle size results in
fine API with increased total surface area, improving the
dissolution rate, but it fails to enhance drug supersaturation,
which is needed for drugs with a water solubility <50 mg/
mL [17]. Excessive agglomeration is another problem with
fine APIs that in most cases, nullifies the expected advan-
tage of micronization to achieve faster dissolution rates [18].
In addition, fine APIs (e.g., median particle size less than
20 pm) are highly cohesive with poor flowability due to
strong interparticle force [9, 19-22]. Consequently, phar-
maceutical blends with poor flowing APIs have processing
problems at high API doses or poor content uniformity at
low API doses [23]. Owing to such limitations, amorphous
drug forms are of increased interest; in particular, finer
sized amorphous solid dispersion (ASD) powders with good
flowability are highly desired [24].
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Solvent evaporation and melting are the two main tech-
niques employed to create amorphous drug forms [24]. Drug
degradation caused by high temperatures is the main dis-
advantage of melting processes, while solvent evaporation
methods would be preferred to avoid degradation because
organic solvent evaporation can be done at low tempera-
tures [25]. Spray drying is one of the most popular solvent
evaporation methods [26]. While it has several advantages
such as preferred suitability to both heat-sensitive and heat-
resistant APIs, the capability for continuous processing,
and achieving consistent powder quality throughout a well-
designed drying process [27], it has a high environmental
footprint and low yield rate [28-31]. Additionally, spray dry-
ing poses certain constraints such as avoiding high viscosity
for the solution and propensity for nozzle clogging during
atomization [28, 32, 33]. Furthermore, developing a proper
formulation for spray drying presents challenges, such as
overcoming any potential drug and carrier polymer misci-
bility issues, maintaining the metastable state after spray
drying, and a lack of adequate predictive models to guide
formulation development [34]. Last, as is well-known, ASDs
may also have low bulk density, which may be a drawback
for downstream processing [32]. However, it can produce
particles as fine as micron-size within a very short time [25,
35]. Before spray drying, the drug substance and carrier(s)
are both dissolved in common solvents or solvent mixtures
during the solvent evaporation process. The solvent removal
by spray drying can lead to a very fine sized molecular mix-
ture of drug and carrier(s), called amorphous solid disper-
sions (ASDs) [10, 36]. Fine sized ASDs hold significant
promise to enhance drug solubility, thus dissolution perfor-
mance of APIs by converting APIs’ state from crystalline
to amorphous [9]. Unfortunately, finer sized ASDs have a
higher tendency to recrystallize due to their decreased size
and increased specific surface area, leading to API recrystal-
lization and precipitation, hence decreasing the supersatura-
tion [10]. Although finer ASDs can contribute to faster drug
release, their poor flowability is a major problem. Several
groups have reported that producing larger sized ASDs using
spray drying may be beneficial for the purpose of improv-
ing flowability. For example, larger scale production using
large-scale spray dryers could produce larger sized, more
spherical, and denser particles, beneficial from flowability
perspective [37, 38]. Other reports also show various ways
to achieve increased particle size [39, 40]. However, larger
size usually comes with certain disadvantages such as slower
dissolution rates [41] or weaker tablet tensile strength [39].
There are a few examples where adding materials like leu-
cine, which separates out to form a coating layer on the sur-
face of the spray-dried particle, hence achieves surface-mod-
ified powders with improved flowability [42, 43]. However,
such reports have not reported dissolution profiles and were
targeting inhalation applications. The issue of flowability is

@ Springer

not necessarily limited to spray drying and challenges can
be seen with milled hot-melt extrusion (HME) extrudates.
It has been reported that in general, larger milled particles
were more desirable to achieve very good flowability, but
those may have slower dissolution rates [44—46]. Overall,
achieving better powder flowability from either spray-dried
or HME-produced materials without attaining larger particle
sizes remains a challenge.

One potential approach to alleviate the flowability prob-
lem for spray-dried powders is the addition of highly porous
functional carrier(s), which could not only contribute to
forming stable ASDs with faster, higher levels of drug dis-
solution, but also achieve higher drug load and improved
flowability. However, such additives also decrease the
drug loading; hence, judicious selection of their amounts
remains challenging due to the need for maintaining higher
drug loading as well as a higher stability of the ASDs
[47]. Ideally, the stabilizing carrier(s) should increase the
flowability and packability of the solid dispersion as well
as contribute to higher drug release [42, 48, 49]. However,
some additives could only work as precipitation inhibitors
or supersaturation maintainers [50, 51], while some could
only enhance flowability and processability [48]. Neusilin®
is one of the possible carriers as a high function stabilizer,
a precipitation inhibitor, and a flow enhancer [48, 52-55].
Neusilin® is defined as magnesium aluminometasilicate
(A1,0;MgO, ;Si0,- X H,0), a fine synthetic amorphous
powder with high porosity and adsorption ability. Its enor-
mous specific surface area makes it an excellent adsorption
core material. It may also prevent amorphous pharmaceuti-
cals from recrystallizing owing to nano-confinement of the
drug-Neusilin® complex formation caused by the acid—base
reaction, hydrogen bonding effect, and ion—dipole interac-
tions [55-60]. Several studies have shown its remarkable
capacity to improve supersaturation while obtaining excel-
lent stability at high drug loading [55, 56, 61]. Another
study showed that due to the large specific surface area and
adsorption capacity of Neusilin®, the co-melt of API and
surfactant was adsorbed onto it via hot-melt granulation
[48]. The surface area of the API was increased by form-
ing ASD granules, resulting in a higher dissolution rate.
Meanwhile, the decreased angle of repose and increased
bulk density implied enhanced flowability and tabletability,
respectively. Hence, Neusilin® could be used as a potential
flow enhancer for ASDs.

The main objective of this work is the generation of drug-
containing particles with improved flowability and bioavail-
ability by using Neusilin® as a minor component within the
amorphous composites (ACs). A BCS (Biopharmaceutics
Classification System) class 2 drug, griseofulvin (GF), was
used as a model drug. AC formulation containing Soluplus-
surfactant (SDS: sodium dodecyl sulfate) [25] with Neusilin®
was investigated to form fine spray-dried powders that could
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achieve enhanced solubility, stability, and flowability [25,
62]. Soluplus is widely used in ASDs of poorly soluble drugs
[10, 25, 63—66]. It has a glass transition temperature of 70 °C,
and it permits the low drying temperature to prepare ASDs.
Low drying temperatures contribute to spherical particle for-
mation [67]. SDS as a minor component can improve ASD’s
wettability, enabling faster supersaturation [62]. Laser dif-
fraction was used to measure the particle size of the spray-
dried powders, X-ray powder diffraction (XRPD) was used
to assess the solid state of GF in spray-dried powders, the
Freeman Technology FT4 powder tester was used to evalu-
ate the AC powder flowability and bulk density, scanning
electron microscopy (SEM) was used to obtain spray-dried
powder images, and the USP II dissolution apparatus with
UV spectroscopy was used to analyze drug release behavior
of the spray-dried powders.

Materials and Methods
Materials

BP/EP-grade micronized griseofulvin (G; dsy: 11 pm) was
provided by Letco Medical (Decatur, AL, USA). Soluplus
(Sol) was donated by BASF (Tarrytown, NY) and used as
a stabilizer. Sodium dodecyl sulfate (SDS) was purchased
from GFS Chemicals, Inc. (Columbus, OH) and used as a
surfactant in ASDs. Acetone (ACS reagent, 99.5 percent)

Acetone SDS, SoluPlus

- l

DI water
~

was purchased from BDH Analytical Chemicals (VWR, GA)
and employed as a solvent. Neusilin® powders, UFL2 and
US2, were donated by Fuji Chemicals (Burlington, NJ), hav-
ing ds sizes of 3 and 105 um, respectively.

Preparation of GF ASDs and AC via Spray Drying

GF solution or slurry feeds were prepared for spray-dried
ASDs and AC, respectively (see Fig. 1). GF was employed
as a model BCS Class II drug, since it is recognized as
fast recrystallization drug [68]. The solubility of GF in de-
ionized (DI) water at 25 °C and 37 °C are 8.9 mg/L and
14.2 mg/L, respectively [68]. The GF amorphous solubility
varies from 28 to 38 mg/L [9, 25, 69, 70]. GF slurry contain-
ing Neusilin® was used to prepare spray-dried AC, while GF
solution without Neusilin® was used to prepare spray-dried
ASDs. The formulations used in this study are presented in
Table I. The drug loading was theoretically calculated as
the drug weight fraction in the final spray-dried powder. A
solvent combination of 20 mL DI water added to 100 mL
acetone was prepared. A magnetic stirrer was utilized during
solution/slurry preparation. After the polymer and surfactant
dissolved in the binary solvent, GF was added to the solu-
tion. When GF dissolved, the solutions were sonicated for
10 min. Neusilin® was then added to the solution under soni-
cation for additional 20 min to prepare the slurry feed for
spray-dried AC preparation. Solution feed without Neusilin®
was directly fed into spray drier after sonication for ASD

Drying Air

A—

Feed
. Stirring
Irring Until All Atomizing Air
Dissolved
Neusilin GF
ALL Dissolved,
l Spray-dried ~ Then Soni§ate l Air With Vaper
AC for 10 Mins Cooling Air 1
. Spray-dried . - Gyclons
Stlrlrlng ASDS Stirring Cyclone Air
Dry Powder
Collector

Fig.1 Schematic of sample preparation and spray drying process
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Table| Formulations Used for This Study and Theoretical Drug Loading of Each Sample

Sampleno  GF:Soluplus:Neusilin® GF ~ SDS  DIwater  Acetone  Soluplus  Neusilin® Neusilin® type ~ Theoretical
® (@ (mL) (mL) (® (e drug loading
(%)
1 3:6:0 3 0.15 20 100 6 - - 32.8
2 3:3:3 3 0.15 20 100 3 3 UFL2 32.8
3 3:6:3 3 0.15 20 100 6 3 UFL2 24.7
4 3:9:3 3 0.15 20 100 9 3 UFL2 19.8
5 3:6:2 3 0.15 20 100 6 2 UFL2 26.9
6 3:6:3 3 0.15 20 100 6 3 UsS2 24.7
Tablell Spray Dryer Operation Parameters atomizing air pressure at 2 bar, a bi-fluidic nozzle with a tip
Parameters Value diameter of 0.2 mm, and a cyclone pressure of 55-60 mbar
were chosen. The spray drying condition was selected based
Liquid (solution or slurry) feed rate 1.6 g/min on the previous work [25]. The spray-dried powder was col-
Atomizing air flow rate 202.7L/min  Jected from the collection jar and then transferred into a
Drying air temperature 75°C plastic bag. The bags were stored in a vacuum desiccator at
Drying air flow rate 0.3 m*/min room temperature.
Atomization pressure 2 bar
Nozzle tip diameter 0.2 mm Particle Size Analysis Using HELOS/RODOS Particle

preparation. During the preparation of feeds, a shear mixer
from Fisher Scientific Laboratory Stirrer (Catalog No.
14-503, Pittsburgh, PA) was used to mix the solvent and
powder except for the sonication step.

GF solution or slurry feed was dried in a spray dryer
(4M8-Trix, Procept, Zelzate, Belgium), and the schematic
of the drying process is shown in Fig. 1. The spray dryer’s
overall length and diameter are 1.59 m and 0.15 m, respec-
tively. Drying air (75 °C) was fed from the top of the drier
column at a 0.3-m>*/min flow rate (see Table II for spray
dryer operation parameters). A peristaltic pump (Make-it-
EZ, Creates, Zelzate, Belgium) was used to pump and spray
200 g solution or slurry (approximately 2 batches of GF-
Polymer solution or suspension) into the spray dryer at a rate
of 1.6 g/min. The dried particles were separated from the
outflow stream into a glass jar using a cyclone separator. An

Sizer

A Sympatec HELOS/RODOS laser diffraction particle size
analyzer (Sympatec Inc., Pennington, NJ) was used to exam-
ine the particle size distributions. Approximately 1.5 g of
powder (as-received GF, as-received Neusilin® UFL2 and
US2, spray-dried ASDs, or AC) was dispersed into a dry
dispersion feeder system, and particle size distribution was
tested under 1-bar dispersion pressure. Table III shows the
dyo. dsp, and dg of the particle size calculated by Sympa-
tec WINDOX 5.0 software. Previous literature details the
measurements using the HELOS/RODOS laser diffraction
particle size analyzer [52, 71].

X-ray Powder Diffraction

X-ray powder diffraction (XRPD) was performed using
Empyrean Series 2 X-ray diffraction machine (Westborough,

Table lll Properties of As-Received GF and Different Formulated Spray-Dried Composites

Sample no  Description Status dy ds dyg Flow function Bulk den-

(measured by XRPD)  (pm) (pm) (um)  coefficient (FFC) sity (BD)
(g/mL)

- As-received GF Crystalline 3 11 21 3.16 0.266

- As-received Neusilin® UFL2 Amorphous 1 3 10 - -

- As-received Neusilin® US2 Amorphous 32 110 189 - -

1 Spray-dried ASDs Amorphous 6 19 37 7.35 0.461

3 Spray-dried composites with Neusilin® UFL2  Amorphous 8 19 38 >10 0.299

6 Spray-dried composites with Neusilin® US2 Amorphous 13 36 65 >10 0.393
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MA, USA) to examine the samples of as-received GF, spray-
dried ASDs, or AC. The diffractometer with a Cu Ko radia-
tion source (A =1.5418740 A) was set as 45 kV and 40 mA.
The divergence slit, receiving slit, and detector slit were 2°,
10°, and 10°, respectively. Step time was 10.2 s per step,
and patterns were recorded between 5° and 50°. The sample
volume required for XRPD was about 0.3 cm®. The XRPD
analysis was performed after 3—6 months of storage.

Field Emission Scanning Electronic Microscope

Small amounts of powder samples were deposited on an
aluminum stub and fastened with double-sided carbon
tape. The excess powder was removed with compressed
air before applying the carbon coating (Q150T 16,017,
Quorum Technologies Ltd., Laughton, East Sussex, Eng-
land). All powder samples were coated with carbon to
improve electron conductivity and imaging. The particle
morphology of each formulation was inspected by Field
Emission Scanning Electron Microscope (EM JSM-7900F,
JEOL Ltd., USA).

Powder Rheometer (FT4 Tester)

The bulk density (BD) and flow function coefficient (FFC)
of the samples were measured using the powder rheome-
ter Freeman Technology FT4 (Freeman Technology Ltd.,
UK). The BD, which is a conditioned bulk density, is highly
repeatable and is an essential parameter to determine the
amount of powder that can fit in a space, whereas the FFC
represents powder flowability, both being the higher, the
better. The 25 mm X 25 mL split vessel and 25 mm X 1 mL
shear cell module were used for BD and FFC measurements,
respectively.

The powder was consolidated at 9-kPa normal stress
when FFC was measured [46]. Then, shear tests were per-
formed at 3-, 4-, 5-, 6-, and 7-kPa normal stresses with
recorded incipient failure shear stresses. The shear test find-
ings were then put into the FT4 Data Analysis v4 program to
calculate the FFC, which is a ratio of main principal stress
to unconfined yield strength [72]. FFC <2 means the pow-
der is very cohesive and not flowing, 2 < FFC <4 means the
powder is cohesive, 4 < FFC < 10 means the powder is easy
flowing, and FFC > 10 means the powder is free-flowing [72,
73]. It is worth noting that there are no physical distinctions
when FFC is larger than 10.

A conditioning step was performed on the powder for
both tests to standardize the powder’s initial state. Each test
was performed in triplicate, and the average is presented in
Table III.

Dissolution Test

The amorphous form has greater solubility than the crys-
talline form. It is foreseen that ASDs can achieve super-
saturation levels and have increased the bioavailability of
poorly soluble drugs both in vivo and in vitro [74-76]. As
a result, under supersaturating circumstances, the disso-
lution behavior of spray-dried ASDs and spray-dried AC
with Neusilin® were examined. Dissolution experiments
were carried out with powder containing an equivalent of
50 mg GF per 1000 mL DI water at 37 °C for each sample
to explore supersaturating conditions (The solubility of GF
in DI water at 37 °C is 14.2 mg/L.). The United States Phar-
macopeia (USP) II paddle method was used to determine
the drug release from ASDs or AC by a Distek 2100C dis-
solution tester (North Brunswick, NJ). A paddle speed of
50 rpm was maintained. During dissolution, the particles
were thoroughly dispersed. Samples of 4 mL were obtained
manually at 1, 2, 3, 4, 5, 10, 15, 20, and 30 min. Before UV
spectroscopy tests, the solution was filtered with a 0.1-pm
PVDF membrane-type syringe filter to remove any undis-
solved drug aggregates that could affect the results. The fil-
tered samples were held at 37 °C and diluted in a 1 to 5 ratio
with deionized water. The absorbance was measured by UV
spectrophotometer (Agilent, Santa Clara, CA) at 291-nm
wavelength. The API concentration was calculated using a
pre-established calibration curve. The mean drug concentra-
tion and relative standard deviation were calculated using
three replicates from each formulation.

Results and Discussion

Preparation of Spray-Dried ASDs, AC With Neusilin®
UFL2, or US2

Spray-dried solid dispersions and composites with Neusilin®
UFL2 or US2 were prepared using the material composi-
tion and process conditions mentioned in Tables I and II. To
verify the successful transfer from crystalline to amorphous
form, the physical state of drug molecules in as-received
GF, spray-dried AC, and spray-dried ASDs was assessed
by XRPD analysis. The results were presented in Fig. 2 and
Table III. As-received GF showed multiple intense diffrac-
tion peaks in the XRPD pattern (Fig. 2) due to GF crystal-
linity. When comparing the spray-dried AC and spray-dried
ASDs to their equivalent crystalline GF, no distinct peak
was observed, as illustrated in Fig. 2. Halos were observed
in the XRPD patterns for the ASD (sample #1) and both AC
(samples #3, 6). As a result, the produced spray-dried ASDs
and spray-dried AC were proven to be in the amorphous
state after preparation, or their crystalline components were
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As-received GF
Spray-dried ASDs
Spray-dried AC w/Neusilin UFL2
—— Spray-dried AC w/Neusilin US2 |
T

Intensity (a.u.)

26 (degree)

Fig.2 XRD diffractograms for the as-received GF, spray-dried ASDs,
and spray-dried AC with Neusilin.® US2 or UFL2

considerably below the XRPD method’s detection limit. The
result agreed with the findings observed by Sun et al. for GF-
Neusilin® composites [53]. The drug loading of the spray-
dried samples was calculated and found between 20 and 33%
(w/w) (Table 1), depending on the sample’s composition.

Flow Property Improvement of Spray-Dried AC With
Neusilin® UFL2 or US2

Powder flowability may be evaluated using Hausner’s ratio,
Carr’s index, and shear test [77, 78]. Here, particle size, bulk
density, and flow function coefficient via shear testing of as-
received GF and different formulated spray-dried ASDs and
ACs were measured using the FT4 powder rheometer. The
particle sizes of the samples were measured as it impacts
flowability. The bulk density, size, and flow function coef-
ficient data were presented in Table III. Among six samples
used in this research, three samples (#1: with ASDs, #3: with
Neusilin® UFL2, and #6: with Neusilin® US2) were selected
for flow property characterization, where sample 1 was the
control, and samples 3 and 6 were chosen to observe the flow
property difference due to the difference in the Neusilin®
type as both had the same formulation compositions and
drug loading.

According to Schulze [72], FFC values of powders may
be classified into different regimes: FFC < 1: not flow-
ing, 1 <FFC <2: very cohesive, 2 <FFC < 4: cohesive,
4 <FFC < 10: easy flowing, and FFC > 10: free-flowing.
The FFC of as-received GF was 3.16, which was in the
cohesive regime and considered poor flowability [72, 79].
The spray-dried ASDs and AC had FFC of 7.35 and > 10,
which indicated varying degrees of improvement in flowabil-
ity compared to as-received GF. Generally, larger particles
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flowed better, and this had been reported in several publi-
cations [80, 81]. Comparing the particle size in Table III,
as-received GF had the smallest particle sizes, ds, and dy,
(11 pm and 21 pm, respectively). Spray-dried ASDs and AC
with Neusilin® UFL2 had nearly the same ds, particle size
(19 pm), whereas spray-dried AC with Neusilin® US2 had a
ds, particle size (36 pm). Based on their particle sizes, it was
reasonable that the as-received GF had the lowest FFC=3.16
and corresponding poor flowability, whereas sample 6 had
the highest flowability. It was noted that fine powders with
a size smaller than 50 pm were cohesive and were usually
unlikely to achieve the free-flowing category (FFC > 10)
[82-84]. Therefore, as compared with the spray-dried ASD,
the free-flowing property of spray-dried AC with Neusilin®
represented a significant improvement in powder flowability.

It should be noted that UFL2 had very small sizes, ds,
and dy;, 3 and 10 pm, respectively [55]. Due to the small
size, larger surface area, and high adsorption capacity, most
UFL2 was embedded into the final particles or covered by
other excipients. Therefore, the particle sizes of AC with
Neusilin® UFL2 showed little difference with ASDs. Unlike
UFL2, US2 had a comparatively large particle size, and the
dsy was 105 pm. However, it was surprising that the size of
spray-dried AC with Neusilin® US2 was much smaller than
that of US2. One of the reasons for this phenomenon may be
the breakage of US2 during the atomization process in the
spray drier [85]. When the fed solution was pumped into the
spray drier, high air pressure (2 bar) was applied to spray the
solution into droplets during the atomization step. The high
pressure may have led to the collision or direct breakage of
US2. Therefore, the spray-dried AC with Neusilin® US2 had
a smaller size than US2 itself.

Spray-dried ASDs and spray-dried AC with Neusilin®
UFL2 had similar mean particle sizes but different FFC.
Hence, particle morphology was also investigated as besides
the size, the morphology also impacted powder flowability
[86]. To better understand the morphology of spray-dried
powders, SEM images of as-received Neusilin®, spray-dried
ASDs, and spray-dried AC with Neusilin® were shown
in Fig. 3. For each sample, different images were shown
at lower to higher magnifications. Figure 3a—c show that
Neusilin® UFL2 and US2 particles had a highly rough and
porous surface. Neusilin® UFL2 was composed of agglom-
erates of very fine particles, and Neusilin® US2 showed
spherical appearance. Figure 3d—f present the spray-dried
ASDs. The round-shaped ASD particles had a smooth sur-
face with some minor concaves on the surface. In contrast,
the spray-dried AC with Neusilin® UFL2 (Fig. 3g—i) or with
US2 (Fig. 3j-1) had a much rougher surface. Figure 3m—-o
would be discussed in the next section. Overall, SEM images
showed a variation in surface morphology, which contrib-
uted to better flowability [86]. This phenomenon strongly
proved that the addition of Neusilin® could help to improve
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Neusilin®

Spray-dried ASDs

Spray-dried AC w/ Neusilin® UFL2

”, 2

Fig.3 SEM images of as-received Neusilin® a UFL2 at lower mag- embedded Neusilin® US2 within the spray-dried AC. For each case
nification, b UFL2 at higher magnification, ¢ US2, d—f spray-dried except pure Neusilin®, different images are shown at lower to higher
ASDs, g-i spray-dried AC with Neusilin® UFL2, j-I spray-dried AC magnification, respectively

with Neusilin® US2, and m-o enlarged area demonstrating semi-
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powder flowability, and the spray-dried composite with
Neusilin® could be free-flowing with such a fine size.
Comparing the bulk density of all samples (Table III),
as-received GF had the lowest BD, whereas spray-dried
ASD had the highest BD. GF had the smallest particle size
among all of the samples. The higher cohesivity resulted
in the strong interparticle force between smaller particles;
ultimately, it led to lower bulk density. Hence, the powder
may not pack itself in a denser state [77]. Compared with
as-received GF, the bulk density of the spray-dried samples
improved. Spray-dried ASDs showed a larger mean particle
size than as-received GF. Previous contact models revealed
that the larger particle sizes resulted in reduced cohesiveness
[21]. Reduced cohesion would result in fragile structures
that rapidly collapse in the powder bed and improve powder
bed packing bringing higher bulk density [77]. Compari-
son between spray-dried AC showed that the powder with
larger mean particle sizes had higher bulk density. Interest-
ingly, spray-dried ASDs and spray-dried AC with Neusilin®
UFL2 had similar particle sizes, but spray-dried AC with
Neusilin® UFL2 had much a lower BD. This difference may
have resulted from the porous structure of UFL2. The fed
solution was absorbed and dried inside the pores of UFL2,
which may lead to vacuum space inside the final particle [60,
87]. This behavior also explained why BD of spray-dried
AC with Neusilin® US2 was lower than spray-dried ASDs.

Dissolution of Spray-Dried AC With Neusilin® UFL2
or US2 vs. ASDs

Polymer loading played a crucial influence on the super-
saturation of GF in ASDs. To confirm the effect of Soluplus
in the formulation, samples 2—-4 were chosen for the dis-
solution test. Samples 2—4 had 3 g, 6 g, and 9 g Soluplus,
respectively. As shown in Fig. 4, the amount of Soluplus
was essential to maintain high supersaturation. With the
increasing amount of Soluplus, spray-dried AC showed a
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Fig. 4 Dissolution profiles of spray-dried AC with Neusilin® UFL2
with different Soluplus loading (3 g,6 g, and 9 g)
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higher drug release. The 6-g Soluplus formulation contained
a different amount of UFL2 to examine the enhanced dis-
solution resulting from UFL2 rather than the impact stem-
ming from Soluplus (Fig. 5). Formulations with or without
Neusilin® showed almost similar drug concentration after
15 min. The main difference happened in the first 5 min,
and sample no. 3 with 3 g UFL2 showed the fastest drug
release. This result indicated that the porous structure of
UFL2 with a higher surface area may contribute to drug
dissolution [55]. However, the failure in higher supersatura-
tion maintenance still left considerable room for improve-
ment in dissolution. The size of UFL2 (3 pm) was much
smaller than spray-dried AC with Neusilin® UFL2 (19 pm).
It indicated that most UFL2 should be embedded inside
spray-dried AC rather than be on the surface. If that indeed
was the case, the surface morphology and visible features
of these ACs should be more like spray-dried ASDs and
not as-received UFL2. This was checked via observation of
SEM images shown in Fig. 3b, f, and g—i. That may explain
why sample no. 5 with 2 g UFL2 had a dissolution profile
similar to the sample without Neusilin®. In Fig. 31 (spray-
dried AC with Neusilin® US2), the top part showed a simi-
lar surface as spray-dried AC with Neusilin® UFL2, while
the part marked with red box showed different morphology.
For better comparison, Fig. 3m—o present the typical images
where the rough surface of semi-embedded spray-dried AC
with Neusilin® US2 was seen. Its morphology was discern-
ibly different from the surface of Neusilin® UFL2, and more
like Neusilin® US2. Such observations seemed to imply that
Neusilin® US2 particles were only semi-embedded inside
the spray-dried AC, and it was likely that most of the drug
was absorbed into Neusilin® US2. Therefore, to reduce
the tendency of Neusilin® to get embedded, the larger size
Neusilin® US2 may be another choice. In Fig. 6, the dis-
solution of as-received GF, spray-dried ASDs, spray-dried
AC with Neusilin® US2, and spray-dried AC with Neusilin®
UFL2 were shown. Spray-dried ASDs and two spray-dried
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Fig.5 Dissolution profiles of spray-dried AC having different UFL2
loading (3 g,2 g,and 0 g)
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Fig.6 Dissolution profiles comparison for as-received GF, spray-
dried ASDs, spray-dried AC with Neusilin® UFL2, and spray-dried
AC with Neusilin® US2. All samples contain 3 g GF, 0.15 g SDS,
and 6 g Soluplus

ACs had achieved supersaturation, which was expected
based on the XRD results discussed above. Spray-dried AC
with Neusilin® US2 had the largest particle size (Table III),
which was expected to have a lower total surface area and
decreased dissolution rate. However, spray-dried AC with
Neusilin® US2 represented a faster drug release rate and
higher supersaturation. This indicated that the improvement
in dissolution is not related to particle size but to the addi-
tion of Neusilin® US2. The existence of Neusilin® US2 on
the surface may not only contribute to ASD formation but
also inhibit recrystallization. These results confirmed the
positive effect of Neusilin® in supersaturation maintenance
and drug release, not to mention in improved flowability.

Conclusion

The findings reported above reveal that free-flowing spray-
dried AC powders may be produced using Neusilin®. In addi-
tion, this spray-dried AC powder with Neusilin® US2 consists
of a fully amorphous state of GF, achieving high supersatura-
tion as well as faster drug release. The results demonstrated
the positive impact of the amount of added Soluplus on
supersaturation enhancement, albeit at the cost of decreased
drug loading. For the fixed amount of Soluplus, the amount
of Neusilin® UFL2 did not have any significant impact on
the supersaturation level. However, as compared to UFL2,
the same amount of Neusilin® US2 had a significant impact
on enhanced supersaturation. Most interestingly, the spray-
dried AC powders with Neusilin® US2 retained the advan-
tage of a faster dissolution rate of relatively finer size (well
below 50 pm), yet exhibited excellent flowability (FFC> 10,
free-flowing), like powders having sizes over 100 pm (the
spray-dried AC powders with Neusilin® UFL2 also achieved

excellent flowability). Although the improved flowability is in
part due to the increased size of US2-based AC powders, the
role of Neusilin® in flowability improvement is clear consid-
ering that spray-dried AC with Neusilin® UFL2 had higher
FFC than ASDs with a similar size. Although the addition of
Neusilin® had a negative impact on reduced drug loading, the
results showed that the benefits of including Neusilin® such as
improved flowability, bulk density, and dissolution rate could
outweigh the loss of drug loading.
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