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1. Introduction

Increased prevalence of micronized active powders in powder-based
formulations [1-4] poses challenges for their handling and processing
due to increased relative particle cohesion with reduced size [5-10]. Dry
coating has emerged as an attractive environmentally benign approach
[11,12] capable of fine powder cohesion reduction by an order of
magnitude or more due to the resulting nano-scale roughness [11,13]. It
has been shown to significantly improve powder flowability, bulk den-
sity, compressibility, and dispersibility [14-22]. Dry coating can be
done through various high-intensity mixing devices such as the
mechanofusion [16,20,21,23-25], hybridizer [26-28], theta-composer
[29-32], Magnetically Assisted Impaction Coating (MAIC) [33],
rotating fluidized bed coater [34], simultaneous milling and coating
[35-371, conical mill [18,38,39], and a high-intensity vibratory mixer
[19,40,41]. Previous studies have investigated various nanoparticles, e.
g., metal oxides such as fumed silica, titania, alumina, etc.
[17,31,35,42-50] or soft, wax-like spreadable materials, e.g., magne-
sium stearate (MgSt), leucine, etc. [25,51-57] as the dry coating (guest)
particles to modify the surface properties of the cohesive (host) particles.
More recently, a high-intensity vibratory coater, a.k.a., an acoustic
mixer, has been reported to be a material sparing, lab-scale, and effec-
tive dry coating approach [58-60] utilizing various guest and host
particle combinations. Significant bulk powder properties enhance-
ments, including flowability, bulk density, compaction behavior,
agglomerate reduction, and dissolution rate, have been reported for
cohesive host powders dry coated with nano silica [61-66]. Collectively,
these studies have provided insights into the impact of a few different
types of silica on individual powders. However, the topic of judicious
silica type selection while minimizing the silica amount and its subse-
quent impact on blend properties where one constituent is dry coated
with a specific silica has not been well-explored. Further research in this
aspect is warranted to minimize exposure due to the potential increase
in cytotoxicity as silica size decreases and based on FDA recommenda-
tions. The well-established industry guidelines to handle silica and most
pharmaceutical compounds include wearing personal protective
equipment for particulate handling, such as masks and goggles, while
working with the lowest possible quantities in negative-pressured fume
hoods [66-68].

The impact of silica size, amount, and the rationale behind its
normalization based on the host particle size has been elegantly
addressed in multi-asperity particle contact model, hereafter called
Chen’s model [13]. This model demonstrated that there exists an optimal
guest particle size for the highest possible adhesion force reduction,
which for cohesive host particles of ~5-100 pm is in the range ~ 5-25
nm. The model also provides theoretical basis for predicting the ex-
pected performance of silica; both in terms of the quantification of the
level of cohesion reduction and the amount of silica, further discussed in
Sections 2 and 3. Chen’s paper [13] demonstrated that the highest
cohesion reduction may be achieved through a certain amount of silica,
equivalent to between 30% to no >100% theoretical surface area
coverage (SAC) of a host particle’s surface with nano silica (guest par-
ticle) [63,65,69,70]. Whereas Chen’s model is deterministic and has a
few simplifying assumptions such as uniformly distributed guest or
nano-silica particles, Deng and Davé [71] employed a probabilistic
approach and further emphasized the importance of SAC and resultant
three possible contact regimes for dry coated powders, i.e., host-host,
host-guest, and guest-guest. This model, called the Deng’s probabi-
listic contact model, demonstrated smoother transitions between these
three contacts, in terms of the SAC values, host-guest size ratio, and
subsequent cohesion reduction. Nonetheless, both these models indi-
cated that while SAC need not be very high, it should be adequate, e.g.,
30% SAC, to achieve guest-guest contacts that provide maximal cohe-
sion reduction, whereas the higher amounts are ill-advised. A few,
recent papers have experimentally recognized that indeed less silica may
be adequate and could also be beneficial in improving the blend
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uniformity and flowability [70,72-74]. In fact, a recent paper consid-
ered over a dozen materials and demonstrated that the normalization of
silica amount in terms of SAC is a better approach than the conventional
fixed wt% approach [74]. Also, Kim et al. 2022a emphasized the
importance of keeping SAC constant instead of employing a fixed wt%
value [75]. In their work, both R972P and A200 were used. They found
that A200 was more agglomerated on the surface of the host particles as
compared to R972P at a fixed wt% dry coating, observed through SEM
images [70]. Consequently, the cohesion reduction for A200 at fixed wt
% for the dry coated host was less than fixed SAC, further highlighting
the need to employ fixed SAC values instead of fixed silica wt%.

Chen’s model [13] suggested that using smaller guest particles
within the optimal range is preferable for achieving the maximum
amount of cohesion reduction. However, recent work demonstrated that
finer guest particles tend to have higher agglomeration tendency due to
the use of high-intensity mixing devices typically used for dry coating
[76]. Silica aggregation on the host particle surface negates the advan-
tage of using finer silica, hence the silica selection may need to examine
the aggregation tendency that may be predicted by the Zheng’s stick-
bounce model [76]. In addition, one may need to examine the surface
energy of guest and host particles to check their compatibility, intro-
duced by Jallo et al. [77], and demonstrated in [69,75]. The host par-
ticle surface energy and its Log P values are phenomenologically
identified critical factors may impact the bonding strength or tablet
hardness [77,78] or surface hydrophobicity [65,79], restricting the type
of silica that may be used. Etzler et al. demonstrated that the tablet
tensile strength is proportional to the square-root of the dispersive
component of particle surface energy [80]. Therefore, coating with silica
with lower surface energy is likely to reduce the tablet tensile strength.
All of these factors that may have different, and in some cases opposing,
effects may be analyzed a priori using the available models. Hence there
is a need for investigating the impact of the inherent physicochemical
properties of host and guest particles for selecting the right type and
amount of silica to achieve adequate bulk properties enhancements via a
combined experimental and modeling study; the main topic of this
paper.

Consequently, the predictions based on the following models were
employed and described in the next section: (1) Chen’s model for the
selection of silica amount via normalization and corresponding cohesion
reduction, (2) host-guest compatibility equation based on silica and API
surface energy [69,75,77,81], (3) tablet hardness model relating
dispersive surface energy with the tablet tensile strength [80], and (4)
the stick-bounce model to assess the silica aggregation tendency [76].
Previous papers [72,75,82] have shown that both R972P and A200 are
very effective hence they were included in this investigation. Two other
hydrophilic silicas were included for offering additional choices to in-
dustry practitioners. Therefore, four different nano silicas were selected
as the guest particles: three hydrophilic silicas of different sizes, M5P
(20 nm), A200 (12 nm), A300 (7 nm), and one hydrophobic silica,
R972P (18 nm). Four cohesive, similar-sized (dsg in range 10-15 pm) but
physiochemically different active pharmaceutical ingredients (APIs)
were chosen as the hosts: micronized acetaminophen, micronized
ibuprofen, micronized fenofibrate, and griseofulvin. Dry coating was
performed for all guest-host pairs and the resulting products were tested
to assess which guest material, i.e., silica, was the most effective for
improving the host powder’s properties such as the flowability, bulk
density, and agglomeration at the same % SAC. One of the APIs,
micronized acetaminophen, was selected as the model host powder to
prepare blends at a fixed API concentration of 40 wt%. The rationale for
its selection is discussed in the results section. These blends were tested
for their bulk properties such as agglomeration, flowability, bulk den-
sity, tablet compactability, and API release rate to assess which of the
four silicas performed well. This comprehensive investigation along
with using different models for potentially predicting silica performance
is expected to help provide guidelines to select the most suitable silica
for achieving significant bulk property enhancements of individual dry
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coated API powders and their blends.

2. Theorical models

2.1. Chen’s model and normalization of silica amount

Rumpf [83] demonstrated the significant role of particle asperities in
reducing short-range van der Waals force. This weak force dominates
interparticle adhesion, without the presence of moisture and electric
field, of the primary particle smaller than 30 pm [5,9]. However,
Rumpf’s single asperity model cannot fully explain the reported phe-
nomenon in the improvement of powder flow and bulk density due to
cohesion reduction as the coverage of asperity (number of guest parti-
cles) vary [58,59,65,84]. The Chen’s multi-asperity particle contact
model [13] addressed this short-coming by employing geometric argu-
ments that include the role of SAC expressed in Eq. (1).

Ad A

(e 0T )

Hamaker constant, A, is a function of host particle surface energy
(see Eq. (2)), and % SAC represents the percentage of the theoretical
surface area of the host particle covered by the guest particle (see Eq.
(3)). The primary particle size (dso) of host and guest (or asperity) were
noted as D and d respectively. zg is the inter-atomic equilibrium sepa-
ration distance between two particles, 0.4 nm.

(€Y

A =24n (yﬁispersi\'e) DO (2)

In above equation, y gispersive and Dg are dispersive surface energy of
host particle and the atomic scale minimum separation distance at
contact, 0.165 nm, respectively [75,85].

The three key assumptions made in calculating theoretical % SAC
were: (1) non-deforming monodispersed perfect smooth spheres for both
host (API) and guest (nano- silica) particles, (2) coating is discrete, and
(3) coating is done based on the smallest number of guest particles,
forming equidistance triangle [13]. Eq. (3), the theoretical % SAC,
presented by Chen et al. 2008 [13] and Yang et al. 2005 [11], is shown
below.

N 2
N 00% )
4(d+D)

Here, N is the number of guest particles covering 100% of theoreti-
cally available host particle’s surface area. Rearranging Eq. (3) to
calculate the weight percent of the guest particle (silica) required to
have the target % SAC results in Eq. (4) [11,72,75].

4D*dp,
4D*dp,+ D3 p,

%SAC =

wit% = %SAC x ( @

Here, pp and pq are the densities of the host and guest particles,
respectively.

The computational and experimental analysis in the previous pub-
lications [13,25,58,59,65,75,86] provides the basis for selecting suitable
SACs. Consequently, two cases of % SAC were selected to mimic
potentially optimal (50% SAC) and complete (100% SAC) dry coating
[70,75].

2.1.1. Relative particle cohesion: Granular Bond number, Bog

The granular Bond number, Bog, is the ratio of the inter-particle
cohesion, e.g., van der Waals force, F,q, and the gravitational force,
Fng, acting on a particle; see Eq. (5) below [9]. It has been known to have
a direct correlation to the powder’s bulk properties including flow,
powder bulk density and agglomeration tendency [75,85,87,88]. Chen’s
model [13] was used to calculate F,q, followed by computing Bog of
uncoated and dry coated (50% SAC) powders as per Eq. (5) below where
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m is the mass of the particle and g is the gravity.

P Fu ®)

F, gravity mg

Bo, =

2.2. Guest-host compatibility model: dry coating quality estimation

The guest-host compatibility model, which is based on a simple case
of interactive mixture model [58,89] was adopted to calculate the
spreading coefficient (7»2/ 1) of the guest (particle 2) over the surface of
the host (particle 1) and vice versa, assuming even and discrete distri-
bution of the guests. The spreading coefficient can be calculated using
below Eq. (6).

0 _ ﬂXﬁ> (ﬁXﬁ>7@%]
’ 4{Q$+ﬁ v 2 ©
In the above equation, y‘il and "{% are the dispersive surface energy
particle 1 and particle 2. The polarity of particle 1 and particle 2 are
denoted as Y} and yB, respectively. y5 or y; is the surface energy of
particle 2 or 1. Jallo et., al. [77] considered a special case where the
mixture is between two disparate sized powers and proposed that if the
absolute difference between 2! and A1/2 is >5, preferably >10, good
compatibility between the host and guest particles would be expected
[58,69,75]. Coating quality estimation was performed for the model API
and silica powders used for the current study to investigate if surface
energy analysis based on Eq. (6) could explain the experimental obser-
vations for dry coated APIs.

2.3. Stick-bounce model: Guest particle agglomeration tendency

Zheng’s stick-bounce model [76] assumes two frictionless, perfect
half spherical solid particles in head-on contact where they either collide
and bounce off or collide and stick together, for which the model relied
on Hertz and JKR contact equations. It is noted that as discussed in a
recent study by Chen et al. 2023 [90], both Hertz and JKR models could
lead to large deviations in the contact geometry, thus, the contact radius,
force, and time. Nonetheless, these assumptions are reasonable for the
purpose of qualitatively assessing the relative agglomeration tendency
of different guest particles.

Zheng’s stick-bounce model allowed estimating guest particles ag-
gregation tendency, Ky, for a high intensity LabRAM dry coating process
(operated at 75G, 60 Hz) as a function of primary particle radius (r),
particle material density (p), surface energy (1), Poisson’s ratio (v), and
Young’s modulus (E) of both host (API particle) and guest (nano silica)
particles. Kq is the ratio between the energy required for deagglomera-
tion (DA) and the kinetic energy supplied for agglomerate detachment
(KE). The first order assumption between a pair of guest particles was
used for the sake of simplicity to estimate DA which can be summarized
as shown in Eq. (10). The graphical representation of the stick bounce
model is presented in Fig. 1.

Consider reduced radius (R*) and elasticity (E*) given as follows.

111
y — - 7
g thrrg )
11— 1-4

- 8
E_ E | E ®)

Hertz contact theory gives the contact radius, a as

3R
4E°

= F 9
In the above, ry, rg, En, Eg, vh, and vg are radius of host and guest,
Young’s modulus of host and guest, Poisson’s ratio of host and guest,
respectively. F shown in Eq. (9) is estimated contact force between guest
and host particles.
Thus, Zheng’s stick-bounce model equation can be expressed as the
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Ky21

0<Ky<1

Deagglomerated and stick to
the surface of API

K, = f (Guest-host contact radius, guest & host van der Waals force, material stiffness, kinetic energy)

Fig. 1. Graphical representation of the stick-bounce model.

S.S. Kim et al.
Collision
(kinetic energy
provided by LabRAM)
M
Guest particles
(silica)
Host particles
(API1)

following.

DA = Plastic deformation energy + van der Waals energ =

Ad> Ar, Fa&
— 1
2D 12D r (10)

In the above, A and Dy are the Hamaker constant and minimum
separation distant at contact (see Eq. (2)). The contact force, F can be
estimated using Eq. (11). Ey, Eg, vp, vg, h, T'g are Young’s modulus of host,
Young’s modulus of guest, Poisson’s ratio of host, Poisson’s ratio of
guest, radius of host, radius of guest, respectively.

F:mAu

t

1)

In the above, m is the relative mass calculated using Eq. (12), Av is
the relative velocity change before and after the collision. The collision
time, t, is calculated using Eq. (13) [91].

m :M (12)
thrmg

1/5

~2 %0

m°E

"hTg (13)

trg

t~2.86

Kinetic energy, KE, is estimated using Eq. (14).

1
KE = Er?wz 14)

2.4. Tablet tensile strength model accounting for the effect of dispersive
surface energy

The Ryshkewitch and Duckworth equation presented below illus-
trated the empirical relationship between the tablet porosity and tensile
strength at different compaction pressures.

T =T19e ¢ 15)

In the above equation, 1, 70, k, € are tensile strength of tablet, tensile
strength of tablet at zero porosity, characteristic constant, and tablet
porosity, respectively. Unfortunately, Eq. (15) does not explicitly

capture the effect of surface energy that drives the bonding strength
between the powder materials. A general approach discussed by Etzler
etal. [80], brings the effect of the dispersive surface energy shown in Eq.
(16) below.

Ty = (71/2)2 (16)

Eq. (16) describes the contact between the identical particles, where
y is the surface energy.

Egs. (15) and (16) were combined as below by Etzler for multi-
component blends of similarly sized constituents.

in(e) = S pulin(en) - ke a7
Eq. (17) accounts for volume fraction (¢v;) of each component.

3. Materials and methods

3.1. Materials

Fenofibrate (FNB, Jai Radhe Sales, Ahmedabad, India), ibuprofen
(Ibu, generously gifted by BASF, USA), griseofulvin (GF, Hegno, China),
and micronized acetaminophen (mAPAP, generously gifted by Mal-
linckrodt Inc., USA) were the selected four model APIs. The as-received
Ibu and FNB (dsg of ~70 pm and ~ 40 pm, respectively) were micron-
ized to a finer size (dsp ~ 15 pm). Microcrystalline cellulose (Avicel
PH105, gift from FMC Biopolymer, USA) was used as a filler, and lactose
(Pharmatose 450, gift from DFE, USA) was added as a binder to mimic a
commercial tablet powder blend. Magnesium stearate (MgSt, Mal-
linckrodt Inc., USA) was used as a lubricant for easier tableting. The
current study did not include a disintegrant for the purpose of maxi-
mizing sensitivity between the dry coating formulation on the API
release rate from the tablets. Aerosil A300 (nano-sized hydrophilic sil-
ica), Aerosil A200 (nano-sized hydrophilic silica), Aerosil R972P (nano-
sized hydrophobic silica), all generously gifted by Evonik Corporation
(Piscataway, NJ, USA), and Cab-O-sil M5P (gifted from Cabot Corpo-
ration (MA, USA)) were chosen as the dry coating materials [75,92]. The
properties of the materials are presented in Table 1. The log P values of
APIs in Table 1 were taken from the references [65, 93, 94].
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Table 1
Properties of the APIs, excipients, and four silicas.

Materials Mean particle size at Particle Log P value of
1.0 bar dispersion density (g/ APIs [58, 64,
(um) mL) 65]
Micronized
acetaminophen 8.3+0.2 1.29 + 0.02 0.49
(mAPAP)
Milled ibuprofen 14.0 £0.2 1.14+ 0.01 3.9
(mIbu)
Milled fenofibrate
(mFNB) 6.9 + 0.0 1.25 £ 0.01 5.24
Griseofulvin (GF) 9.1 +0.3 1.51 £ 0.02 2.18
Avicel PH105 189 +0.1 1.43 £ 0.01
Pharmatose 450 195 +1.7 1.48 + 0.01
MgSt 7.7 £0.2 1.01 £ 0.01
R972P (Hydrop}}('Jblc 0.018 265
nano fumed silica)
M5P (Hydropl'fl%lc nano 0.020 2.45
fumed silica)
A200 (Hydrop}.u.llc 0.012 .45
nano fumed silica)
A300 (Hydrophilic 0.007 2.45

nano fumed silica)

3.2. Methods

3.2.1. Micronization by milling APIs

A fluidized energy mill (FEM) (Pharmaceutical Micronizer Fluidized
Energy Grinding Jet mill, Sturtevant Inc., Hanover, Massachusetts) was
used to produce micronized Ibu (mIbu) and fenofibrate (mFNB). The
FEM powder feeding rate, feeding pressure, and grinding pressure were
varied as per previous papers to achieve the desired final milled sizes
[75,92,95].

3.2.2. Qualitative particle morphology analysis: Scanning Electron
Microscopy (SEM)

Qualitative dry coating effectiveness was studied using a Scanning
Electron Microscopy (SEM, EM JSM-7900F, JEOUL USA) [70,75]. De-
tails of sample preparation for SEM imaging may be found elsewhere
[65].

3.2.3. Dry coating method

A material sparing, high-intensity vibratory mixer (LabRAM, Reso-
dyn, USA) was used as the dry coating device [59,96]. The amount of
silica required for a given weight of the API powders (~66% by volume
of a standard 300 mL screw-top plastic container, equivalent to 30 to 40
g) was calculated based on the theoretical estimates of the surface areas
of the host (API particle) and the guest (nano silica), as shown in the
above Eq. (4) [11,72,75]. The container was filled with ~40 g of the API
powders with the computed amount of nano silica and mixed in the

Table 2
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LabRAM for 5 min at 75 times the gravitation force at 60 Hz. The cor-
responding dry coating formulation is presented in Table 2, which also
includes corresponding % SAC values for 1 wt% fixed dry coating for
reference.

3.2.4. Powder true density measurements

A helium multipycnometer (P/N 02029-1, Quantachrome In-
struments, USA) was used to measure an individual powder’s true par-
ticle density. For each case, ten repeated measurements were taken
under a helium environment to ensure repeatability. Assuming that the
blends are ideal mixtures, the particle densities of all prepared blends
were calculated using the following equation [97,98].

N
Pholend = inﬂ[ 18)
p

In the above, each x; and p; denotes the mass fraction of component i
and particle density of component i, respectively.

3.2.5. Particle surface energy measurements

A particle’s total surface energy, the sum of the Liftshitz-van der
Waals dispersive surface energy and the polarity, was evaluated using an
automated inverse gas chromatography (SEA-IGC; Surface Energy
Measurement Systems Ltd., UK). The details of sample preparation and
analysis methods may be found elsewhere [69,99]. The measured sur-
face energy of the API particles before dry coating was used to estimate
the comparability between the selected API and each silica type.

3.2.6. Particle sizing: primary and agglomerated size evaluation

Two different particle sizing methods were utilized to measure pri-
mary and agglomerated particle size distribution with and without dry
coating the APIs and blends. Primary particle size was measured via
compressed dry air dispersion using the Rodos unit along with Helos
laser diffraction particle sizer (Rodos/Helos, Sympatec, USA). The
Rodos dispersion was done at 1 bar, selected based on pressure titration,
details may be found in the previous papers [65,70]. Even the lowest
dispersion pressure (0.1 bar), there was no discernment of natural state
of API agglomeration for all APIs with or without dry coating [65,70].
However, the Rodos/Helos system provided very reliable sizes for the
primary particles at 1 bar dispersion pressure. For a more accurate
assessment of the natural agglomerate sizes, a gentler gravity dispersion
based (Gradis) dynamic imaging (QicPic) particle sizer (Gradis/QicPic,
Sympatec, USA) was used as per the detailed investigation reported in
the previous studies [65,70,100-103].

Both particle sizers are highly reliable by providing repeatable
measurements, requiring a minute sample for replicate measurements.
The measured particle size distribution (PSD) data for the Rodos/Helos
was consistent due to the effective particle dispersion requiring only a
triplicate repetition per sample. However, a minimum of ten repetitions

Dry coating formulation for the APIs for each silica at two different theoretical surface area coverages (100% and 50% SAC).

100% SAC (corresponding wt% of silica)

50% SAC (corresponding wt% of silica)

Silica API M5P A200 A300

R972P M5P A200 A300 R972P

mAPAP 2.78 1.68 0.98 3.00 1.39 0.84 0.49 1.50
mlbu 2.17 2.07 0.77 3.68 1.08 1.03 0.38 1.84
mFNB 3.57 2.25 1.27 4.00 1.79 1.13 0.64 2.00
GF 2.08 1.26 0.74 2.25 1.04 0.63 0.37 1.13
Corresponding %SAC values for a 1 wt% fixed silica weight for each API

Corresponding %SAC at 1 wt% of silica (%)

M5P A200 A300 R972P
mAPAP 36.0 59.5 102.0 33.3
mlbu 46.1 48.3 129.9 27.2
mFNB 27.0 46.2 78.7 31.0

GF 48.1 79.4 135.1 44.4
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per sample (total usage per sample is less than ~3 g) were performed for
the Gradis/QicPic system to ensure the reproducibility and statistically
meaningful averaging of the results for agglomerate PSD assessment.

The agglomerate ratio (AR), a dimensionless size ratio between the
dsg of agglomerated particle size and the dsg of primary particle size, was
used to quantify the degree of particle agglomeration with and without
dry coating. The agglomerated particle size measurement value was
taken from the gravity-dispersed dynamic imaging particle sizer, and the
primary particle size measurement value was taken from the compressed
air dispersion-based laser diffraction particle sizer.

_ dSU.Agglomcralcd (Gradis)

AR (19)

dSO.Primary (Rodos)

3.2.7. Bulk flow and density assessments

A FT4 powder rheometer (FT4, Freeman Technology, UK) was used
to evaluate bulk powder flowability, bulk cohesion, and bulk density of
an individual host powder and blends with and without dry coating,
following previously reported procedure [65,72]. Two acrylic cylinders
of 25 mL x 25 mm and 10 mL x 25 mm were used for bulk powder
density measurement, bulk cohesion, and flowability assessments,
respectively. A pre-shear normal stress of 3 kPa was applied throughout
all relevant assessments. Flow Function Coefficient, FFC, the ratio be-
tween the major principal stress and unconfined yield strength [104]
was used to quantify the powder flowability. The numeric value can be
used to classified flow regimes: no flow (0 < FFC < 1), very cohesive (1
< FFC < 2), cohesive (2 < FFC < 4), easy-flow (4 < FFC < 10), and free-
flow (10 < FFC) [105]. Triplicate of bulk density assessments was done
per sample whereas six to ten repeated measurements were done for
bulk cohesion and flowability evaluation to confirm the repeatability.

3.2.8. Blend preparation: low-intensity mixing using a V-blender

The most cohesive API out of the four available selections, mAPAP,
was selected to prepare cohesive and fine particle-sized blends
comprised of 40 wt% of mAPAP, equal parts of Avicel PH 105 and
Pharmatose 450 (for example, 29.5 wt% each for uncoated mAPAP
blend) and 1 wt% of MgSt; see Table 3. Mixing parameters, including a
V-blender container size of 600 mL and its volume fill-level, mixing
intensity, and mixing time, were held constant for all blends to prevent
any confounding effects [106,107]. The same protocol for charging or
addition of the powder constituents in the blender was followed for all
cases by pre-hand mixing all the constituents [108,109]. Hand-mixing
involved adding the pre-weighted constituents (except MgSt) to a 1-
gal Ziplock plastic bag and gently shaking for ten seconds. The
container fill level was kept at ~37% by volume (equivalent to 90 g of
powder blends) for all cases. The total mixing time for each blend was
fixed to ~16 min, equivalent to 500 revolutions with 25 rpm rotational
speed, as per the outcomes from previous reports examining blend
uniformity as a function of mixing time [63,72,73]. MgSt was added to
the V-blender container during the last 90 s of mixing to avoid chances
of over lubrication [63,99,110].
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3.2.9. Tablet preparation: Gamlen D-series and Carver manual press

Tablets were prepared using two different methods. 70 mg (equiv-
alent to 28 mg mAPAP dosage) tablets were prepared for tensile strength
testing using Gamlen D-series tablet press (Gamlen Tableting Ltd., UK)
with a 6 mm single punch die set [111]. Gamlen D-series press was used
for this purpose due to its capability to use small quantities of powder
per tablet (maximum ~150 mg). That allowed obtaining a statistically
significant number of samples (five to ten duplicates) per compaction
pressure without the need for preparing excessive amount of dry coated
API powders to be used for the blends.

Throughout tablet compaction, the hold time was kept constant at 5
s. 70 mg tablets were prepared by random powder sampling using a
spinning riffler (SP-230, Gilson Company, INC., USA) [70,72]. The
riffler has 16 collection ports with a test tube. A vibratory chute feeder
tray fed the tubes while the riffler was spinning. After completion of the
sampling of the entire bag, one test tube was randomly selected. That
was followed by the next round of sampling on that tube, repeating until
each subsequent sampling tube contained <100 mg of powders; see the
details in [72].

Larger tablets were preferred for testing dissolution to reduce the
influence from tablet weight variability of the API. A standard 12.7 mm
die set with a flat-faced round punch and a manual Carver platen press
(Carver, Inc., USA) were used to prepare 40 wt% mAPAP blend tablets
under 155 MPa compaction pressure, for test of API release rate
following USP <711> guidelines. Tablets, each at 200 mg where the
sample collection procedure was as described in the above, were com-
pacted at 155 MPa. This pressure was selected to obtain tablet strength
of about 2.0 MPa, which was evaluated using a texture analyzer (Texture
Technologies Corp., USA), testing five tablets per formulation.

Three tablets per formulation were tested for their moisture content
with a thermogravimetric analyzer (TGA, TGA/DCS1/SF START® sys-
tem, Mettler Toledo Inc., USA) before testing the mAPAP release rate.
Details of tablet preparation, tensile strength assessment with the
texture analyzer, and TGA may be found elsewhere [70,95].

3.2.10. Tablet tensile strength assessment

The impact of guest selection and % SAC on tablet hardness was
studied by varying compaction pressures from 240, 340, 470, and 600
kg, equivalent to 119.9, 169.8, 234.7, and 300.0 MPa. A diametrical
compression test was done using the tablet tensile analyzer (TTA,
Gamlen Tableting Ltd., UK) to evaluate tablet tensile strength for un-
coated and dry coated 40 wt% mAPAP tablets. The tablet tensile
strength was calculated by converting the tablet breaking force as per
the following equation.

2xF

o7 =
T ﬂ'DT(ST

(20)

Here, o1, F, D1, and &t represent the tensile strength of tablet,
measured tablet breaking force, the diameter of the tablet, and thickness
of the tablet, respectively. An automated digital thickness gauge
(Mitutoyo, Japan) was used to measure the thickness of the tablets. A
minimum of 10 tablets were tested and the calculated values were
averaged.

Table 3
Details of the mAPAP blend formulations.
Uncoated M5P A200 A300 R972P
Control 100% SAC 50% SAC 100% SAC 50% SAC 100% SAC 50% SAC 100% SAC 50% SAC
Constituent wt% wt% wt% wt% wt% wt% wt% wt% wt%
mAPAP 40 40 40 40 40 40 40 40 40
Avicel PH105 29.5 28.94 29.22 29.16 29.33 29.30 29.40 28.90 29.20
Pharmatose 450 29.5 28.94 29.22 29.16 29.33 29.30 29.40 28.90 29.20
MgSt 1 1 1 1 1 1 1 1 1
Colloidal silica 0 1.11 0.56 0.67 0.34 0.39 0.20 1.20 0.60
Total wt% 100 100 100 100 100 100 100 100 100
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3.2.11. API release rate test using a USP II apparatus: 40 wt% mAPAP
tablets

The release rates from the mAPAP tablets were tested via the USP II
method (USP II, SOTAX, Switzerland) with 50 rpm rotating paddle and
PBS pH 5.8 as the dissolution medium as per USP <711> guidelines. The
system temperature was kept at 37 °C + 0.2 °C throughout the test. The
solubility of acetaminophen in a PBS pH 5.8 buffer was measured to be
~15 mg/mL at the ambient condition [112]. Hence, 500 mL of pH 5.8
phosphate buffer was used as the dissolution medium throughout the
testing, keeping the system in a sink condition. At the pre-determined
time interval, 3 mL of samples were drawn. At each sampling, 3 mL of
fresh make-up solvent was added, keeping the volume of the dissolution
medium consistent. The dissolution samples were filtered with a 0.45
pm syringe filter, followed by dilution by adding 22 mL of the fresh
dissolution medium to keep the API concentration within the UV-vis
spectrometer (UV-vis spectrometer, Thermo Scientific, USA) detection
range. The absorbance of the sample was measured in duplicate at the
wavelength of 234 nm. At least three tablets per formulation were tested
to check for repeatability in the mAPAP release rate trend.

Additionally, the wetting angle of the tablets was evaluated as sup-
porting evidence using the sessile drop method [65,113,114]. The de-
tails of the method and results are discussed in the Supplementary
Materials Section S1 for the sake of brevity.

4. Results and discussion

The weight amounts for each different silica for each API at two
different % SAC values were estimated using Egs. (3) and (4), presented
in Table 2. For each fixed % SAC value, the largest-sized M5P silica
requires three times the mass of the smallest-sized A300 silica because
the wt% amounts are inversely proportional to silica sizes when they
share identical particle densities. That suggests that if the finer silicas are
equally effective at the same % SAC, it would be advantageous to use
those since lesser amounts by mass or wt% is required. If the silica
amounts were to be selected based on the fixed wt%, then the corre-
sponding % SAC values for the 1 wt% fixed dry coating formulation are
as presented in Table 2 [53,92,95,99]. The particle density difference,
but most importantly, the size difference in the nano silica resulted in
varying degrees of % SAC for fixed wt% despite the similarly sized host
powders. For example, the % SAC values for mIbu ranged from 27.2 to
129.9, making it impossible to make a fair comparison of the perfor-
mance of different silicas. Likewise, A300 as the guest resulted in % SAC
>100 in several cases, which is undesirable. In contrast, R972P as the
guest resulted in % SAC much lower in values (Table 2).

The ideal size of the silica has been addressed by the Chen model
[13], which supports the selection of four popular, commercially
available silicas that rather fortuitously fall in the desired size range of

Table 4
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~7-25 nm. This size range was also evident in the two previous
experimental investigations [11,85]. For the sake of illustrating that
silica higher sizes such as 50 nm or 100 nm are unsuitable, two hypo-
thetical silicas of those sizes were considered in the computations of
normalized particle cohesion or the granular Bond number, Bog, values.
Those values were computed using Chen’s model with experimentally
measured dispersive surface energy (Table 4), particle true density
(Table 1), and particle size (Table 5), all for the 50% SAC dry coated
APIs. For the hypothetical 50 nm and 100 nm silicas, two different sets of
surface energy values were taken from R972P and A200, respectively.
The degree of cohesion reduction from dry coating was illustrated by
plotting the normalized Bog with respect to the uncoated API in Fig. 2.
Various cases are plotted in the order of increasing silica sizes. For all dry
coated APIs, significant cohesion reduction is evident as expected. It is
noted that the Bond numbers are plotted in a linear scale, whereas the
bulk parameters such as the FFC are expected to be its power functions
[74,75]. Therefore, Fig. 2 intentionally presents somewhat exaggerated
differences for the influence of each type of silica and each API type.
Nonetheless, based on this analysis, larger silica sizes are clearly not
desirable, whereas one would expect A300 to be the most effective dry
coating material out of four commercially available options. Conse-
quently, A300 dry coated APIs are expected to show the most significant
agglomeration reduction, highest bulk flowability and bulk density
increases.

Interestingly, the experimentally measured bulk properties of the dry
coated APIs did not match such predictions well, likely due to the higher
agglomeration propensity of A300 compared to the other three
commercially available silica as well as two larger hypothetical sized
silicas as per the model-based predictions from Zheng et al. 2020 [76].
The agglomeration tendency evaluation with the stick-bounce model is
summarized in Fig. 3, where the higher K4 values would indicate higher
aggregation tendency. Since the Young’s modulus values for the APIs are
not readily available, very rough estimates are obtained in Fig. 3 by
taking relatively low or high values for the Young’s modulus of the API
particles. The plotted results demonstrate rather weak sensitivity to the
API's Young’s modulus, and the results indicate that A300 having the
highest K4 values would lead to the greatest aggregation of guest par-
ticles for all APIs. The trend of aggregation tendency in Fig. 3 is opposite
that of Fig. 2, indicating these two different phenomena to be opposing
each other and that using the smallest sized silica in the desired range
may not be the best choice. Overall, one should not rely on the predic-
tion of the silica performance solely based on the Chen model.

Expected dry coating compatibility based on the surface energy measured at low (0.03n/m) IGC probe molecule coverage. The underlined values, which are greater

than 10, indicate expected good compatibility.

Description Hosts Dispersive SE (mJ/ Polar SE (mJ/  Coated with Coated with Coated with Coated with
m2) m2) R972P M5P A200 A300
mAPAP 47.2 4.2 22.1 3.5 3.0 2.3
- . . mlbu 47.3 8.1 30.0 4.4 4.9 10.2
APIs, dry coated by silica (Direct dry coating) mFNB 30.4 56 93 16.3 15.8 105
GF 39.6 4.5 7.5 18.2 17.7 12.3
MgSt 31.6 4.7 8.3 33.9 334 28.1
Excipients, contact with silica during blending Avicel PH105 51.32 9.15 40.2 14.6 15.0 20.4
(no direct dry coating) Phai:ggwse 41.6 6.5 15.5 10.2 9.7 4.4
Guests Dispersive SE Polar SE
(mJ/m2) (mJ/m2)
R972P 37.2 3.1
- . M5P 41.0 12.2
Silica used for dry coating A200 42.8 10.2
A300 43.6 6.7
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Table 5
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Primary and agglomerated particle size distribution of uncoated and dry coated APIL Primary particle sizing was repeated at least three times, while agglomerated

particle sizing was repeated at the minimum of ten times per sample.

Silica API Agglomerate PSD, Gradis Primary PDS, Rodos (1.0 bar) Agglomerate ratio
dio dso doo Span (d90 - dlo) dio dso doo ds0,Gradis / d50.Rodos
d50 ) Gradis
Uncoated mAPAP 204 + 63 1199 + 382 2575 + 653 2.0 25+0.1 8.3+ 0.2 25.0 +£ 0.4 144 £ 0.3
mlbu 55.3+ 6.7 679+ 377 1872 + 489 2.7 3.8+0.2 14.2 £ 0.2 33.3+£0.3 48 + 0.6
mFNB 51.9+75 808 + 254 2078 + 540 2.5 2.8 £0.0 6.9 £ 0.0 14.7 £ 0.0 118 £ 0.3
GF 87.4+7.6 271 + 66 1543 + 484 5.4 3.24+0.1 9.1 +£0.3 21.5 + 0.7 30+ 0.3
mAPAP 20.9 £0.5 40.0 + 2.6 314 + 361 7.3 2.8 £0.0 9.7 £0.1 30.1 £0.3 41+0.1
MS5P mlIbu 20.9 £0.2 349+0.5 70.9 £6.1 1.4 49+0.0 159 +0.1 36.1£1.2 2.2 +£0.0
mFNB 20.9 £0.2 38.3+£0.7 89.1 £6.3 1.8 2.5+ 0.0 7.4 £ 0.0 23.4+0.6 5.1+0.0
GF 61.4 + 3.4 165 £+ 19.2 539 + 145 2.9 3.1+0.1 9.4 + 0.2 24.7 £ 0.2 17.5+0.1
mAPAP 19.0 + 0.4 35.8 +£0.5 67.0 + 4.0 1.3 2.7 £0.0 8.8 £0.0 26.2 £0.1 41+0.2
A200 mlbu 13.1 £ 0.1 25.1 £0.2 49.2 + 4.0 1.4 2.9 +£0.0 151 +0.1 29.4 £ 0.2 1.7 £ 0.0
mFNB 16.1 + 0.9 29.7 + 3.4 245 + 271 7.7 2.8+ 0.0 6.6+ 0.0 154+ 0.1 4.5+ 0.1
100% SAC GF 16.1 £ 0.5 329 +23 173 + 64.4 4.8 2.9+0.1 8.6 +£0.5 21.2+£0.2 3.8+0.1
mAPAP 17.6 £ 0.4 32.9+0.8 59.0 £ 3.5 1.3 2.6 £ 0.0 8.6 £0.1 255+ 0.2 3.8+0.3
A300 mlbu 23.0+1.7 43.5 £9.1 992 + 769 22.3 4.5+ 0.3 15.7 £ 0.2 34.6 £ 0.4 2.8+ 0.2
mFNB 19.4 £ 0.3 34.7 £ 1.0 62.9 + 2.8 1.3 2.2+ 0.0 6.6 £ 0.1 159+ 0.4 5.2+ 0.1
GF 49.3 £ 4.2 130 + 24.4 534 + 364 37 2.9 +£0.0 8.6 £0.1 20.9 £ 0.4 145+ 0.1
mAPAP 16.0 +£ 0.2 279+ 0.4 42.0 £ 0.8 0.9 2.7 £0.0 8.7 +£0.1 26.1 +0.4 3.2+0.0
R972P mlbu 12.4 £ 0.2 22.8 £ 0.6 42.0 £ 1.7 1.3 2.8+ 0.0 15.2 £0.0 31.7 £0.0 1.5+ 0.0
mFNB 17.3 + 0.4 32.6 +2.2 477 + 152 14.1 2.3+£0.0 6.4 +0.1 14.2 £ 0.3 51+0.1
GF 15.8 £1.3 37.6 £13.8 580 + 438 15.0 2.7 £0.7 8.1+0.2 20.1+£0.1 4.6 £0.4
mAPAP 17.6 £ 0.2 329+0.8 96.1 + 52.1 2.4 2.7 £ 0.0 8.9+ 0.0 27.24+0.2 3.7+ 0.0
M5P mlbu 24.6 + 0.4 40.6 + 0.7 662 + 378 15.7 47 £0.2 16.2 + 0.1 36.5 + 0.1 2.5+ 0.0
mFNB 19.5 + 0.4 36.0 + 1.0 75.1 +13.9 1.5 2.3+0.1 7.0+0.3 17.7 £ 0.9 52+0.1
GF 56.0 £ 5.2 146 + 25.5 453 £ 75.1 2.7 31+01 9.4+0.4 23.5+0.8 15.6 + 0.2
mAPAP 18.2 £ 0.3 349 £ 0.8 65.0 + 2.7 1.3 2.6 £ 0.0 8.7+0.1 25.7 £ 0.2 4.0 £ 0.0
A200 mlbu 16.2 £ 1.0 113 + 168 1101 + 323 9.6 2.8 +£0.1 15.2+ 0.2 30.6 + 0.4 7.4+15
mFNB 16.5 £ 1.0 32.1+6.6 349 + 329 10.3 23 +0.0 6.4 £ 0.0 15.0 £ 0.1 5.0 £0.2
50% SAC GF 18.8 £ 1.6 42.7 £12.8 604 + 378 13.7 3.0+ 0.1 9.0+ 0.5 21.6 £ 0.2 4.8 + 0.4
mAPAP 17.8 £ 0.4 33.0+0.7 59.5 + 3.9 1.3 2.6 +0.0 8.6 + 0.0 255+ 0.1 3.9+0.0
A300 mlbu 289 +1.1 50.2 + 3.3 526 + 455 9.9 4.7 £0.0 15.6 + 0.1 35.3+0.5 3.2+0.1
mFNB 16.5 £ 1.0 32.1+6.6 349 + 329 4.2 2.2+0.0 6.6 £0.1 159+ 1.0 5.1+£0.0
GF 80.1 + 4.6 228 + 25.9 732 + 262 2.9 3.2+0.0 9.6 +£0.1 23.1+0.4 23.8+0.1
mAPAP 15.8 + 0.3 28.1 +0.6 44.6 + 4.6 1.0 2.7 £0.0 8.7 £0.0 259 +0.1 3.2+0.0
R972P mlbu 11.8 £ 0.1 22.4+0.2 43.8+1.9 1.4 2.8+ 0.0 15.2+ 0.0 31.7 £ 0.2 1.54+0.0
mFNB 15.0 £ 0.4 27.5+0.7 181 + 123 6.0 2.2+0.0 6.0 £ 0.0 13.0 £ 0.1 4.6 £ 0.0
GF 211 +£21 67.4 +29.2 623 + 378 8.9 2.9+0.0 8.6 +£0.1 20.9 + 0.4 7.8 £0.5

4.1. Experimental results: Bulk properties of individual API powders

4.1.1. Individual API's agglomeration reduction with and without dry
coating

The predicted normalized cohesion for dry coated APIs presented in
Fig. 2 does not account for the potential issues with coating effectiveness
due to surface energy mediated low compatibility between the host and
guest particles that may be analyzed a priori through Eq. (7). Those
computations for guest-host compatibility are presented in Table 4.
These outcomes indicate that the hydrophobic R972P silica is more
compatible with mAPAP and mIbu, whereas all three hydrophilic silicas
are more compatible with mFNB and GF. Next, we examined if such
predictions hold for how well these silicas may be dry coated. Conse-
quently, powder samples of all dry coated APIs for each silica type and
amount were examined for the silica coating effectiveness using an SEM.
Typical image obtained are presented in Fig. 4, presenting uncoated and
50% SAC coated APIs. The corresponding 100% SAC coated APIs are
shown in the Supplementary Materials, Fig. S1. These images qualita-
tively show that generally the dry coating of these silicas is effective and
the differences amongst silica types are not significant. Although these
observations are at the best highly qualitative, it appears that the use of
high intensity dry coating device may have overcome guest-host
compatibility issues evident in Table 4 for some cases. Nevertheless,
closer examination reveals some differences such as: (a) For mAPAP and
mIbu, hydrophobic R972P (Fig. 4(b) and (g)) seems to be better coated,
partly in the sense that more of it is visible, than three hydrophilic silicas
(Fig. 4(c), (d), (e) and (h), (i), and (k)); in line with the compatibility
predictions in Table 4. (b) For mFNB, hydrophobic R972P (Fig. 4(1)) and

hydrophilic A200 (Fig. 4(n)) both seem to be well coated, indicating that
their differing host-guest compatibility values of 9.5 and 15.8, respec-
tively do not lead to striking differences in the coating quality. (c) While
difficult to visualize due to its rough surface morphology, the coating is
equal or better for the three hydrophilic silicas for GF as compared to
hydrophobic R972P, also in line with the compatibility predictions in
Table 4. (d) In most cases, there is aggregation of silica on host API
surfaces, and it appears to be more for A300 even though lesser A300 is
found on the surfaces as compared to other three silicas (Figs. 4(e), 4(j)
and 4(0)).

Characteristic primary particle size and agglomerated particle size
distribution of the uncoated and dry coated APIs are provided in Table 5
as per the procedure discussed in Section 3.2.6. Fig. 5(a) presents the
normalized agglomerate size and the agglomerate ratio (AR), defined by
Eq. (19), of the uncoated and dry-coated APIs. The most obvious trend
for each model API is the significant agglomeration reduction due to dry
coating, irrespective of the silica used. Interestingly, for all APIs, RO72P
(hydrophobic silica) was more effective as a guest particle in agglom-
eration size reduction than predicted by its poorer host-guest compati-
bility, Table 4, and the trends shown in Fig. 2. Further, there was no
significant difference between 100% SAC and 50% SAC, at least for
mAPAP and mFNB. In addition, surface energy measurements and
spreading coefficient-based estimations indicated that mFNB and GF
had better compatibility with hydrophilic silica (M5P, A200, and A300),
hence lesser degree of agglomeration. However, that was generally not
the case and could be attributed to high-intensity coating process
whereas Eq. (7) is intended for conventional lower intensity mixers
[75,115]. It is likely that the high energy intensity during dry coating
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Chen model prediction based Bog: 50%SAC cases
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Fig. 2. Normalized particle cohesion expressed as the granular Bond numbers for the dry coated APIs at 50% SAC. These computations based on Egs. (1) through (5)
utilized experimentally measured surface energy, particle true density, and median particle size, all for the 50% SAC dry coated APIs.
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Fig. 3. Estimated aggregation tendency based on the stick-bounce model [76] for all four silicas. The values are computed for one high and one low value to the API

Young’s modulus, indicating low sensitivity and suggesting A300 to have the highest aggregation tendency amongst four silicas. Four additional cases with different-
sized silica were added to demonstrate a significant impact of the guest particle size in its agglomeration tendency.

aided the spreading of guest particles on the surface of the host. Thus, silica coated APIs could be attributed to the interaction between the
the compatibility estimation using Eq. (7) [58] may only be applicable hydrophilic silica and the available ambient moisture, potentially
to low intensity mixing processes, more relevant to blend processing. causing particles to agglomerate due to a capillary effect [116].

Finally, lesser reduction in the agglomerate sizes for the hydrophilic
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Fig. 4. SEM images of the exemplary APIs without and with dry coating (50% SAC) to qualitatively compare silica aggregation tendency: (a) ~ (e) uncoated and
coated mAPAP; (f) ~ (j) uncoated and coated mIbu; (k) ~ (o) uncoated and coated mFNB; (p) ~ (f) uncoated and coated GF.

4.1.2. Flowability and bulk density of uncoated and dry coated APIs

The bulk properties of individual APIs with and without drying are
presented in Table 6. The results for the powder flowability (FFC) and
bulk density (BD) may be better visualized in Figs. 5(b) and 5(c),
respectively. In general, dry coating enabled drastic API flowability
improvement of up to three flow regimes, i.e., shifting from a very
cohesive to a free-flowing range (Fig. 5(b)). The FFC results generally
match the trend of the AR results (Fig. 5(a)), thus corroborating to the
previously reported correlation between AR and FFC [75]. Similarly, the
bulk density of the dry coated APIs had improved considerably, i.e.,
doubling in many cases, with an average of 50% increase for the un-
coated API bulk density. Such dramatic flow property enhancements by
all except GF, are in line with the reduced Bond number predicted by
Chen’s model (Fig. 2). GF is an exception is due to its macro-rough
surface in its natural state [58,74,75].

4.2. Bulk properties of mAPAP blends

4.2.1. mAPAP blend’s agglomeration reduction due to dry coating
Amongst four APIs, uncoated mAPAP had the highest cohesion
(Table 6), lowest FFC and bulk density (Table 6, Figs. 5(b) and 5(c)), and
highest agglomeration (Fig. 5(a)). It is also known to be a poorly
compactible API [117,118]. Therefore, it was selected for the next level
of experiments to test the influence of dry coating of the API on its blend
agglomeration, flowability, bulk density, and compactability. Conse-
quently, 40 wt% loaded blends of mAPAP were prepared with fine
cohesive excipients (Avicel PH105 and Pharmatose 450). It is noted that
while the selection of mAPAP is justified for these blend properties, it
may not be best candidate for discerning the silica effect on drug
dissolution from tablets, which was done for the sake of completeness.
Nonetheless, previous work has considered ibuprofen for assessing the

10

dissolution affected by hydrophobic silica in detail [65,119]. It is noted
that the cases of silica addition during blend mixing were not investi-
gated because the previous studies have already reported far less
effective blend properties improvements for the cases where nano silica
was simply mixed in during blending instead of the dry coating of the
APIs [69,70,72,120].

The assessment of the blend agglomeration with and without the API
dry coating was performed and the AR values, evaluated as per Eq. (19),
are presented in Fig. 6(a). Several observations are made: (1) The AR
values for both uncoated and dry coated blends match closely with the
AR values of the individual mAPAP. (2) Dry coating of mAPAP, which at
40% is a minority component of the multi-component blend, had a
significant impact on the reduction of the AR values of all blends. (3) The
AR reduction due to dry coating of mAPAP was nearly the same
regardless of the type and amount of silica used for dry coating. The last
observation for the blends is very interesting. That is because although
the host-guest compatibility shown in Table 4 indicates performance
differences for four silicas for individual API, i.e., mAPAP, it is in line
with the higher compatibility predicted for all four silicas to the excip-
ients (Avicel PH105, Pharmatose 450, and even MgSt) as compared with
mAPAP. The reader may recall that the dry coating of mAPAP was done
using a high-intensity mixer hence the Eq. (7) and results in Table 4 are
not directly applicable. Therefore, the disagreement between the uni-
formly similar experimental AR values and the model predicted per-
formance differences in Table 4 are justifiable. In contrast, the blend
mixing was done using a conventional low-intensity mixer and the
predicted results from Table 4 should hold, and the experimental results
are indeed in line. That is because as per guest-host compatibility pre-
dictions, better silica re-distribution from mAPAP to excipients was
expected, resulting in uniformly lower degree of agglomeration for
blends than an individual APL In summary, dry coating of the API not
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Table 6
Bulk properties of APIs without and with dry coating. Each measurement was
taken six times for the sake of reproducibility.

API Dry coating Bulk density BD Cohesion Flowability FFC
(g/mL) (kPa) =)
Uncoated 0.20 + 0.00 1.72 4 0.23 1.35 + 0.11
0,
R97zsié°°/" 0.41 = 0.00 0.08 =001 1691 476
0,
M5P 100% 0.33 £ 0.01 014+003  11.00 +1.95
SAC
0,
A200 100% 0.38 + 0.01 0.15 + 0.02 10.14 + 1.01
SAC
0,
MAPAP A3°§;(§’M 0.37 + 0.01 0114003 1696 +3.74
0,
R97§£C5°/° 0.35 = 0.00 0.21 £ 0.02 7.32 £0.79
M5P 50% SAC  0.36 + 0.01 0.30 + 0.03 5.87 + 0.26
0,
A200 50% 0.35 + 0.01 0.21 + 0.03 7.28 + 0.70
SAC
0,
A300 50% 0.30 + 0.01 0.14 + 0.01 10.33 + 0.70
SAC
Uncoated 0.24 + 0.00 0.90 + 0.16 1.72 + 0.27
0,
R972P 100% 0.41 + 0.01 0.19 + 0.07 11.30 + 0.38
SAC
0,
M5P 100% 0.43 + 0.01 0.23 + 0.02 6.18 + 0.39
SAC
0,
A200 100% 0.42 £ 0.01 0.12 = 0.07 7.85 + 1.32
SAC
0/
mIbu ABOS A1C°M 0.44 + 0.01 015+005  10.23+287
0,
RO72P 50% 0.44 + 0.01 0.23 + 0.07 7.91 + 0.44
SAC
M5P 50% SAC 0.41 + 0.00 0.25 + 0.01 5.60 + 0.13
0,
A200 50% 0.42 + 0.01 0.23 + 0.08 5.68 + 1.29
SAC
0,
A300 50% 0.33 £ 0.01 0.26 = 0.09 5.87 £1.72
SAC
Uncoated 0.28 + 0.00 0.81 + 0.02 2.01 + 0.03
0,
R972§\é°“’ 0.36 = 0.00 0.16+£0.06  10.87 +5.43
0,
M5P 100% 0.31 + 0.00 0.24 + 0.01 6.08 + 0.08
SAC
0/
A200 100% 0.36 = 0.00 0.21 = 0.02 9.20 + 6.41
SAC
0,
mFNB A302A1C°°/° 0.33 + 0.00 0.22 + 0.08 8.58 + 2.28
0,
R97:APC5M 0.37 + 0.02 0.08+£0.01  17.36+1.93
MS5P 50% SAC 0.34 £ 0.01 0.18 £ 0.03 7.80 +1.48
0,
A200 50% 0.35 = 0.00 0.27 £ 0.02 553 +1.21
SAC
0,
A300 50% 0314002 0274003 6104181
SAC
Uncoated 0.29 + 0.00 0.59 + 0.14 2,92+ 0.49
0,
RO72P 100% 0.36 - 0.01 0.36 + 0.01 410+ 0.11
SAC
0,
MS5P 100% 0.31 + 0.00 0.33 + 0.05 4.60 + 0.62
SAC
0,
Azo;);gom 0.35 + 0.00 0.38 + 0.04 4.00 + 0.34
0,
GF A309 120% 0334002 0394002  415+025
0,
R97:£ CSM 0.35 + 0.00 0.4 + 0.02 3.53 4 0.09
MSP 50% SAC 0.30 £+ 0.01 0.41 + 0.04 3.73+£0.25
0,
A200 50% 0.34 £ 0.00 0.43 £ 0.02 3.69 +0.15
SAC
0,
A3‘£\g°/“ 0.31 + 0.00 0.46 + 0.02 3.39+0.11

only significantly reduced the AR level of mAPAP, but also resulted in
the reduction of the AR of its blends. Clearly, this could not be achieved
if the silica was not dry coated and only added to the blend during
conventional low-intensity mixing [69,70,72,120].
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4.2.2. Flowability and bulk density of mAPAP blends

Next, the flowability and bulk density of the mAPAP blends are
presented in Table 7. They are also presented in Figs. 6(b) and 6(c),
respectively, for better visualization of the trends. Here, too, the impact
of dry coating of the minority blend component, mAPAP, is evident. The
FFC values, Fig. 6(b), for all 100% SAC mAPAP dry coating blends
exceeded the level required for a direct blending and direct compaction
(DB-DC) tableting [58,121] and ranged from just above 7.0 to over 21;
the lowest being silica M5P. At lower amount of silica coating of 50%
SAC, both A200 and A300 slightly underperformed, likely due to much
lesser amount of silica being available for re-distribution. The results for
the blend bulk density, Fig. 6(c), are similar to the FFC results, where six
out of eight dry coating formulation cases achieved adequate values
considered suitable for DB-DC tableting. Overall, in all cases, R972P dry
coated mAPAP blends achieved the highest flow improvement to a level
well above the requirement for DB-DC tableting. Considering that pla-
cebo FFC was measured at under 4.00 in the cohesive category and its
Bulk density was below the DB-DC target (shown as a red horizontal line
in Fig. 6(c), these are remarkable results for blend bulk density en-
hancements due to dry coating of a fine cohesive minority API compo-
nent and are in line with the previous reports [70,72,73,119].

The flowability of blends is a crucial property attribute that affects
tablet weight variability, hence, tablet product quality [122,123]. The
USP <905> guideline recommends, especially for tablets with API
dosage equal to or >25 mg, testing tablet-to-tablet weight variability as
a key test to discern uniformity of tablets for medium to high API loading
tablets [124]. Although tablet weight variability testing is outside the
scope of this paper, the results of this work demonstrating significantly
improved blend flowability, reduced agglomeration, as well as reduced
API cohesion all suggest that one could expect improved API content
uniformity [72,73] and lower tablet-to-tablet weight variability [125].

Next, the impact of using hydrophobic R972P silica, which was the
most effective in cohesion reduction and correspondingly led to highest
blend bulk properties improvements, on compactability of the tablets
was tested since the hydrophobicity of R972P implying lower surface
energy could lead to greater loss of the tablet tensile strength [126,127].

4.3. The blend tablet tensile strength: mAPAP dry coating with different
silicas

Tablet hardness or tensile strength (TS), being a critical quality
attribute [128], was assessed for each of the different dry coating for-
mulations, at several compaction pressures of 240, 340, 470, and 600 kg
(equivalent to 119.9, 169.8, 234.7, 300.0 MPa). The results for mAPAP
dry coating at 50% SAC and 100% SAC, respectively, are presented in
Figs. 7(a) and 7(b). The placebo TS values, presented for reference were
the highest as expected because of poor compactability of mAPAP, and
corresponded to their lowest tablet porosity (Supplementary Materials,
Table S2) [96]. The horizontal lines at 2.0 MPa indicate the recom-
mended TS for typical commercial oral tablets to prevent tablet
breakage during transportation [59,63,121]. The results presented in
Fig. 7 reveal a few trends, which although surprising, confirm previous
work where the blends containing dry coated API did not exhibit any
appreciable loss of TS. Although a tablet made of an individual dry
coated powder may exhibit some loss of TS due to the presence of silica
[59,119]. For lesser silica amounts (50% SAC, Fig. 7(a)), the tablet TS
value at the lowest compaction pressure for the A200 coated mAPAP
blend are the highest, and the M5P coated mAPAP blend are the lowest.
At higher compaction pressures, the TS differences between R972P,
A200, and A300 silicas coated mAPAP blends are minimal, comparable
to the uncoated mAPAP blends, except for at the highest compaction
force when the uncoated mAPAP blend has a lower TS. Such outcomes
are rather surprising considering R972P has the lowest surface energy
amongst these three silicas and uncoated mAPAP, since it is hydrophobic
and its amount by wt% is the highest. This might be due to low
agglomeration of powders due to R972P coating that could lead to easier
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Fig. 6. Properties of the different dry coated mAPAP blends containing 40 wt% API along with those of the mAPAP by itself in dak blue bars provided for reference:
(a) blend agglomerate ratio (B-AR, dsg Gadis / d50 Rodos) Of blends, (b) bulk flowability (FFC), and (c) bulk density (BD) of the blends. To ensure reproducibility, a
minimum of ten repeated measurements were taken for the agglomeration, and six repeated measurements were done to evaluate bulk flow and bulk density. (For
i‘nterpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

<

Table 7
Bulk properties of 40% mAPAP blends at different dry coating formulations.
Each measurement was taken six times for the sake of reproducibility.

Blend description Bulk density BD (§/  Cohesion Flowability FFC
mL) (kPa) )
Placebo 0.38 + 0.00 0.38 + 0.06 4.14 +£1.26
uncoated mAPAP 0.35 + 0.01 0.44 + 0.02 3.55 +0.08
0,
mAPAP R:Zép 100% 0.42 4 0.01 0.07 + 0.01 21.77 + 2.35
0,
mAPAP I;’[A5(I; 100% 0.39 + 0.01 0.22 + 0.04 7.04 + 0.91
0,
mMAPAP Asi?c? 100% 0.42 + 0.01 0.16 + 0.06 10.19 + 3.82
0/
mAPAP AS?CO 100% 0.41 + 0.01 0.20 + 0.03 8.09 + 0.93
0/
MAPAP RSQA7CZP 50% 0.42 4 0.01 0.08 + 0.00 17.02 + 0.60
0,
mAPAP ;VIAsCP 50% 0.39 + 0.01 0.21 + 0.02 7.34 £ 0.87
0,
mAPAP 18\[2\(():0 50% 0.37 + 0.01 0.26 + 0.04 5.81 + 0.86
0,
mAPAP :z(éo 50% 0.36 + 0.04 0.25 + 0.02 6.46 + 2.42

particle rearrangement during pre-compaction, although further
research may be necessary to better understand this outcome. The
lowest TS value trend continues for the M5P coated blends at all
compaction pressures and it is also surprising. The most noteworthy
outcome is that for all four silicas, TS value of about 2 MPa was achieved
at a compaction pressure of as low as ~235 MPa, and for three of those,
it was achieved at even lower ~170 MPa compaction pressure.

For the higher 100% SAC silica levels, dry coating of mAPAP with
A200 and A300 silicas resulted in even higher tablet TS values as
compared to the uncoated mAPAP formulation, achieving >2 MPa at the
compaction pressure of ~170 MPa or higher. Hydrophilic silica M5P
was the least desirable choice even for these cases amongst four silicas
from the tablet TS perspective, failing to achieve 2 MPa at any of the four
compaction pressures for 100% SAC (Fig. 7(b)). This was surprising
because although the tablet tensile strength should be proportional to
powder material’s total surface free energy (sum of dispersive and polar
components) [80], it was the lowest for M5P having the highest surface
free energy. Similarly, the higher amount of R972P at 100% SAC did not
lead to lesser TS values as compared to those at 50% SAC, despite R972P
being the one with the lowest surface free energy. Overall, these results
demonstrate that R972P, A200, and A300 silicas, preferably in their
lesser amounts (50% SAC), would have no adverse impact on tablet TS
and may even provide harder tablets than those blend formulations that
do not have any silica.

4.4. Dissolution testing of mAPAP tablets through USP II testing

As mentioned before, the use of a hydrophobic silica poses concerns
regarding its adverse effect on drug dissolution from poorly water-
soluble drugs. This topic was investigated previously where the effect
of dry coating of micronized ibuprofen with R972P on drug dissolution
from tablets indicated no adverse effect due to the reduced API
agglomeration [73]. Here, the impact of different silicas and their two
different amounts was examined on the dissolution of mAPAP, even
though it is a readily dissolving drug. For each case, 200 mg, 12.7 mm
tablets each having tensile strengths of about 2 MPa were selected and
tested as discussed in Section 3.2.10. Tablet moisture content values and
the relative surface wettability assessment using the sessile drop testing
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were carried out to ensure that there were no appreciable differences
amongst uncoated and four different silica coated formulations. The
details of such testing are shown in Supplementary Materials, Section S1
and Fig. S2.

The mAPAP dissolution profiles are shown in Figs. 8(a) and 8(b) for
50% SAC and 100% SAC, respectively. The results from Fig. 8(a) clearly
convey that using lesser silica amounts of 50% SAC is better since there
was little or no adverse effect of any of the four silicas on drug disso-
lution. In fact, even hydrophobic silica may be used without any loss in
dissolution rate as compared to either uncoated API or hydrophilic silica
coated API blends. For the higher silica amounts of 100% SAC, the
dissolution profiles for silica A200 or A300 dry coated mAPAP tablets
were similar to those of the uncoated mAPAP tablets (Fig. 8(b)), all
achieving 80 wt% API dissolution within 40 min. Not too surprisingly,
there was a slight adverse impact for the hydrophobic silica R972P at
100% SAC. This small drop may be justified because of the rather high
wt% amount of hydrophobic silica, i.e., 100% SAC being equivalent to 3
wt% of R972P silica. The dissolution rate for the tablets with mAPAP
coated with silica M5P were marginally better and may also be due to
the higher amount of hydrophilic silica M5P as compared to A200 and
A300. Nonetheless, these results indicate that dry coating with any of
these four silicas, preferably in lesser silica amounts, could lead to
positive outcomes from both the tablet strength and dissolution
perspectives.

5. Conclusion

The experimental results of the four APIs and four silicas at two
different % SAC levels showed that appreciable yet differing extent of
property enhancements may be achieved with dry coating of silica,
generally in line with the Chen’s model predictions. The improvements
in the reduced agglomeration, enhanced flowability, and increased bulk
density were significant for three out of four APIs, GF being an exception
due to its macro-rough surface, in line with the previous reports [75,82].
Nonetheless, minor differences existed amongst the various dry coated
silica and API combinations, which may be attributed to the combined
effect of various factors evident from the presented models. The analysis
of silica sizes in range 7-100 nm, based on Chen’s model [13] and
Zheng’s stick-bounce model [76], indicated that silica size stands out as
the major driver for these fine APIs having three main effects: (1) silica
amount required at each % SAC, (2) reduction in cohesion, and, (3)
tendency for silica aggregation on to the API surfaces. Whereas the finer
silica size was a better choice with respect to the first two factors, it was
not necessarily the best choice because of the higher aggregation ten-
dency for smaller silicas. The additional factors included: the surface
energy, for which the dispersive component may impact the bonding
strength and hence tablet TS, the total surface energy may impact the
coating effectiveness based on guest-host compatibility, and silica hy-
drophobicity, which may impact API dissolution. Interestingly, the
surface energy had a secondary effect on the tablet tensile strength, most
likely because only one of the constituents of the blend was dry coated
[59,70]. Another potential reason could be the differences in the powder
rearrangement during tablet pre-compaction because of the lower
powder cohesion due to dry coating, a topic that would require further
research. Similarly, the hydrophobicity of silica R972P also had a sec-
ondary impact, which was attributed to reduced API agglomeration, in
line with a previous detailed investigation based on two hydrophobic
APIs, ibuprofen and fenofibrate [75]. Lastly, the SEM images provided
qualitative indication that the use of high-intensity coating device
largely negated the guest-host compatibility issues. All things
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Fig. 8. Drug release profile for 40 wt% mAPAP loaded 200 mg (12.7 mm, tensile strength 2.06 + 0.08 MPa) tablets in pH 5.8 phosphate buffer in USP II apparatus at
37.8 + 0.3 °C. 40 wt% of: (a) 50% SAC coated mAPAP blends, (b) 100% SAC coated mAPAP blends. Each test was repeated at least three times.

considered, the results demonstrated that the significant enhancements lower 50% SAC, corroborating with both the Chen and Deng models.
in flowability, bulk density, compactability, agglomeration reduction,
and dissolution for API or blend may be achieved by dry coating with all
silicas, although best overall outcomes were for R972P and A200 at
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