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ARTICLE INFO ABSTRACT

Keywords: The impact of dry coating with hydrophobic or hydrophilic nano-silica at 25-100% surface area coverage on
Dry coating' dissolution of micronized poorly water-soluble drugs was investigated by examining their agglomeration and
Agglor;iratlon surface hydrophobicity. Ibuprofen (20 um and 10 um) and griseofulvin (10 um) were selected having differing
Wettal ity solubility, hydrophobicity, and surface morphology. Characterization involved particle agglomeration via two
Hydrophobicity . . . . . . . .

Contact angle dry dispersion methods, drug dissolution using the USP IV method, cohesion reduction through shear testing, and
Dissolution powder wettability via the modified Washburn method. Dry coating dramatically reduced the cohesion hence

agglomerate size of both the coated ibuprofen particles, but less for griseofulvin, attributed to its surface
morphology. For hydrophobic silica, agglomerate size reduction outweighed the adverse impact of increased
surface hydrophobicity for ibuprofen. For griseofulvin, the agglomerate reduction was much lower, not able to
overcome the effect of increased drug particle hydrophobicity with hydrophobic silica coating. Hydrophilic silica
coating reduced hydrophobicity for all three drug powders, leading to the synergistic improvement in the
dissolution along with agglomerate size reduction. Overall, the combined effect of the drug particle surface
hydrophobicity and agglomerate size, represented by specific surface area, could explain the dissolution behavior

BCS Class II drugs

of these poorly water-soluble drugs.

1. Introduction

Dry particle coating, where smaller guest particles are attached on
larger host particle surfaces, is increasingly popular for altering the
surface properties and/or functionality of particles (Chen et al. 2018a;
Chen et al. 2008; Naito et al. 2003; Pfeffer et al. 2001; Yang et al. 2005;
Yokoyama et al. 1987). Being an environmentally benign solvent-less
process, it has been applied to wide varieties of materials in various
applications. Among those, increase in powder flow after coating with
very small amounts of nano-silica (Chen et al. 2018a; Chen et al. 2008;
Naito et al. 2003; Han et al. 2013a; Jallo et al. 2012; Pfeffer et al. 2001;
Yang et al. 2005; Yokoyama et al. 1987), improvement in packed bed
porosity (Capece et al. 2014), and enhanced fluidization of fine particles
(Chen et al. 2008) are some of the interesting implementations. In
addition, industrial applicability of dry coating has been demonstrated
through utilizing commercial devices such as the conical mill, called
comil, including model-supported understanding of comil operating
parameters and demonstrating the performance comparability between
various devices (Chen et al. 2018b; Chen et al. 2020; Deng et al. 2015;

Huang et al. 2015a; Mullarney et al. 2011). Recent pharmaceutical ap-
plications have demonstrated the impact of dry coating on enhanced
tablet properties (Huang et al. 2015b; Kunnath et al. 2018), enhanced
dissolution for hydrophilic silica coated ibuprofen (Han et al. 2013a;
Han et al. 2011), and reduced agglomeration of micronized acetamin-
ophen after dry coating hydrophobic silica on improving the content
uniformity of blends (Huang et al. 2017). Nonetheless, the synergistic
effect that dry coating can bring in terms of reduced agglomeration, as
well as changed surface wettability on drug dissolution, remains
underexplored, especially for poorly water-soluble drugs.

There are a few notable examples of work demonstrating the influ-
ence of hydrophilic or hydrophobic coating materials (Han et al. 2013a;
Han et al. 2011; Llusa et al. 2010; Osorio and Muzzio 2015; Pingali et al.
2011a; Pingali et al. 2011b; Qu et al. 2015; Swaminathan et al. 2006).
For example, an increase in the dissolution rate of micronized ibuprofen
(dsp of 20 um) after dry coating with hydrophilic silica was demon-
strated in powder form as well as in tablets formulated with high drug
content (Han et al. 2013a; Han et al. 2011). However, the surface hy-
drophobicity effect after dry coating was not examined. The lubricant
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material such as magnesium stearate (MgSt) has been shown to coat the
surface of microcrystalline cellulose (MCC) powders during blending as
the total strain and shear increased (Swaminathan et al. 2006). Such
coating decreased the dispersive surface energy of the blend, attributed
to coverage of some of the MCC high-energy sites by MgSt. In other
reports, lubrication with MgSt was found to increase the hydrophobicity
of the lubricant blend with excipient (Llusa et al. 2010) as well as with
acetaminophen, a water-soluble drug (Pingali et al. 2011a). Over
lubrication of MgSt was also shown to slow down the dissolution of the
drug from tablets (Pingali et al. 2011b). Thus, the consensus has been
that lubrication with MgSt leads to weaker tablets, attributed to reduced
dispersive surface energy, and slows down drug dissolution due to
increased hydrophobicity. Interestingly, a recent work reported (Qu
et al. 2015) an increase in the dissolution rate of as received ibuprofen
(dsp of 25 um) when the drug powder was dry coated with either hy-
drophobic silica or MgSt, although the powder hydrophobicity was not
reported. Such counterintuitive results were likely because of the
reduced cohesion and better dispersion of drug powders after dry
coating despite coating with hydrophobic materials. Although the extent
of powder agglomeration before and after dry coating was not reported,
dry coating could have led to reduced agglomeration, which in part
could lead to higher dissolution rate. All these results lead to an
important question; what is the net effect of dry coating on the disso-
lution of poorly-soluble drugs? The answer is not obvious because of two
competing and confounding effects, namely, the change in surface hy-
drophobicity (or wettability) and reduced agglomeration. This work
investigates this interesting problem by considering two poorly water-
soluble, hydrophobic drugs, and both hydrophilic and hydrophobic sil-
ica as coating materials.

The topic of the reduced agglomeration of drug particles upon dry
coating has not been well-explored. There are a few reports that
implicitly discussed the reduced agglomeration by examining the effect
on dissolution of drugs as powders and in tablets, and one explicit report
that demonstrated reduced agglomeration enabling better drug content
uniformity in blends (de Villers 1996, Han et al. 2013a; Han et al. 2011;
Huang et al. 2017; Kunnath et al. 2018). Unfortunately, such studies
cannot provide assessments of the dynamic nature of the state of powder
agglomeration, which is not only a function of external stresses in the
blend but is also affected by the nature of sample preparation. This study
will examine how dry coating materials affect the drug agglomerate size
as well as hydrophobicity of coated drug powders, and how those relate
to their dissolution. Dissolution of drug from agglomerates is signifi-
cantly more complex as compared to dissolution from primary particles,
as it involves additional steps such as the wetting of agglomerates’
surfaces, their sinking, dispersing in the liquid, and subsequent disso-
lution (Schubert 1993). Hence, the agglomerate dissolution is affected
by several drug particle properties such as the agglomerate size, the
primary particle size, hydrophobicity of the drug, the effective wetta-
bility, agglomerate dispersibility in a stirred dissolution medium, and so
forth. Clearly, some of these properties are inter-related and their effects
are confounding. For dry coated drug powders, the coating material
properties greatly impact two critical underlying factors such as the
particle cohesion, which governs their agglomerate size and dis-
persibility (Han et al. 2011; Ghoroi et al. 2013), and surface wettability
of the coated particles. In terms of other key factors, primary drug
particle size, its water solubility, and hydrophobicity are important.

Consequently, for this investigation, two poorly water soluble, model
biopharmaceutical classification system (BCS) class II drugs that differ in
their solubility and hydrophobicity are selected. The first choice is
ibuprofen (Ibu), which has been the subject of previous reports. Two Ibu
sizes are selected, Ibu20 (dso 20 um) and Ibul0 (dsp 10 pm). Selection of
Ibu20 allows for comparing with previous results (Han et al. 2013a; Qu
et al. 2015). The smaller sized Ibul0 allows assessing the size effect and
the effect from the physicochemical properties by comparing to the
second drug choice, griseofulvin (GF), comparable in size with Ibul0.
GF is less hydrophobic as per its LogP value, but has higher melting point
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and is less water-soluble hence slower dissolving. What makes GF even
more interesting is its surface morphology, which as discussed in recent
work, is macro-rough and does not exhibit as much cohesion reduction
as other drug powders that are relatively smoother (Kunnath et al.
2021). This means that the effect of dry coating on GF in terms of
agglomerate size reduction is expected to be lesser. Therefore, using GF
in addition to Ibu20 or IbulO allows for testing our preliminary hy-
pothesis that dissolution enhancement after silica coating, even hydro-
phobic silica, is possible largely due to significant reduction in active
pharmaceutical ingredient (API) agglomeration after dry coating. As a
corollary, when the API agglomeration cannot be reduced appreciably
after dry coating, hydrophobic silica coating is unlikely to enhance
dissolution performance. Consequently, these drug powders were dry
coated with either hydrophobic or hydrophilic nano-silica at varying
concentrations, normalized as theoretical surface area coverage (SAC)
(Chen et al. 2008; Yang et al. 2005). Assessment of cohesion reduction
was done through measuring powder flowability before and after dry
coating. For measuring agglomerate sizes, two different dry dispersion
methods, one with much gentler dispersion, were used. Wettability of
the drug powders was evaluated using the modified Washburn method
(Chander et al. 2007). The dissolution of the powders was determined as
per USP (711) guideline, using USP IV method. To maximize discern-
ment between dry coating formulations, de-ionized water was chosen as
the dissolution medium owing to the model drugs’ low solubility in
water. The dissolution profiles were quantitatively analyzed by fitting
the dissolution data via the Peppas model (Peppas 1985; Ritger and
Peppas 1987). In addition, the area under the curve (AUC) for all
dissolution profiles was evaluated to eliminate any issue with the
applicability of the dissolution kinetics model. Finally, hydrophobicity
and agglomerate sizes were assessed to better understand their potential
dual impact on the dissolution of poorly soluble drugs after dry coating
with hydrophobic or hydrophobic silica.

2. Materials and methods
2.1. Materials

Griseofulvin (GF) was purchased from Hegno, China, and was use as
received. It had a nominal mean particle size of 10 pm. For obtaining
Ibu20 and IbulO, Ibuprofen 50 (Ibu50) (BASF, South Bishop, Texas
78343) as a starting material was milled down to suitable sizes. Physi-
cochemical properties of these APIs are presented in Table 1. Typical
SEM images of the uncoated drug particles, presented in Fig. 1(a), (f),
and (k), demonstrate distinctly different surface morphology, with the
GF exhibiting macro-scale roughness, where the surface asperities are
about a micron or larger. In contrast, both Ibul0 and Ibu20 have rela-
tively smoother surfaces. These observations are in line with the relative
uniqueness of GF as reported in (Kunnath et al. 2021). Aerosil 200
(nano-sized hydrophilic fumed silica) and R972P (nano-sized hydro-
phobic fumed silica), donated by Evonik Corporation (Piscataway, NJ,
USA), were selected as the dry coating agents due to their nano-sizes and
relatively low surface energy values (Garg et al. 2015).

2.2. Methods

2.2.1. Surface energy analysis-Inverse Gas Chromatography
Surface energy assessment of the APIs and the silicas was done using

Table 1
Properties of APIs (Pubchem 2005).

API Log P Solubility in water at STP Melting Point at 1 atm
(mg/L) (9]
Ibuprofen20 3.9 21 75-77
Ibuprofen10 3.9 21 75-77
Griseofulvin 2.18 8.64 220
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Fig. 1. SEM images of uncoated and R972P coated drug powders. For ibuprofen20 (Ibu20): (a) uncoated, (b) theoretical SAC25%, (c) theoretical SAC50%, (d)
theoretical SAC75%, and (e) theoretical SAC100%. For ibuprofen10 (Ibul0): (f) uncoated, (g) theoretical SAC25%, (h) theoretical SAC50%, (i) theoretical SAC75%,
and (j) theoretical SAC100%. For griseofulvin (GF): (k) uncoated, (1) theoretical SAC25%, (m) theoretical SAC50%, (n) theoretical SAC75%, and (o) theoret-

ical SAC100%.

an automated Inverse Gas Chromatography (Surface Measurement
System Ltd., Middlesex, UK) with a flame ionization detector (FID). The
details of the sample preparation method as well as the conditioning
were as previously employed (Han et al. 2013b; Chen et al. 2018a).
Hexane, heptane, octane, nonane, and decane were selected as the
nonpolar probes to measure dispersive surface energy. Dichloromethane
and ethyl acetate were chosen as the polar probes for evaluating the
polarity (Han et al. 2013b; Chen et al. 2018a). The infinite dilution
method was employed with the fractional probe surface area coverage
fixed at 0.03 (Han et al. 2013b; Chen et al., 2018a,b).

2.2.2. Preparing milled Ibu via fluidized energy mill (FEM)

The mean particle size of as received Ibu50 was reduced by milling in
a fluid energy mill (FEM) to 20 um in a manner similar to previous
studies (Han et al. 2011). At a fixed feeding rate of 6 g/min, Ibu50 was
fed by employing a volumetric feeder (Schenck Process GmbH, WI, USA)
to the FEM. The feeding and grinding pressures were set to be 25 psi and
20 psi, respectively (Han et al. 2011). Likewise, Ibul0 was prepared by
milling Ibu50 at a fixed feeding rate of 5 g/min while setting the feeding
and grinding pressures at 30 and 25 psi, respectively (Han et al. 2011).

2.2.3. Dry coating: Ibu and as-received GF via LabRAM

Ibuprofen (Ibu) and griseofulvin (GF) are two model biopharma-
ceutical classification system (BCS) class II drugs. For coating materials,
silica R972P and silica A200 are used as model hydrophobic and hy-
drophilic additives, respectively. They are used for consistency in terms
of their main mechanism of reduced cohesion, which is attributed to the
creation of nano-scale surface roughness after coating while having
greatly differing hydrophobicity levels (Chen et al. 2018a; Chen et al.
2008; Huang et al. 2017; Kunnath et al. 2018; Yang et al. 2005).

Each API was dry coated into the eight different dry coating for-
mulations using a high-energy vibratory mixer, LabRAM (Resodyn,
USA) due to the ease of operation and short processing time. It is noted
that LabRAM is a convenient material sparing device. Unfortunately, it
may not be as industry relevant as the comil or fluid-energy mill, which
have both been used to achieve similar performance as the Lab RAM

(Chen et al. 2020; Chen et al. 2018b). The vibrational intensity was set at
75-times gravitational force with 5 min mixing time to ensure uniform
silica coating onto the surface of drug particles as per previous work
(Huang et al., 2015a,b; Huang et al. 2017). The amounts of silica that
correspond to theoretical surface area coverage (SAC) of the API parti-
cles are provided in Table 2. The weight percent of silica required to
achieve 100% SAC was based on the Sauter mean particle size d3 » of the
API following the assumptions presented previously (Chen et al. 2008;

Table 2
Formulation details for dry coated ibuprofen20 (Ibu20), ibuprofen10 (Ibul0),
and griseofulvin (GF).

Sample ID drug R972P Sample ID drug A200
% (w/ % (w/ % (w/ % (w/
w) w) w) w)
Ibu20-R972P- 99.46 0.54 1bu20-A200- 99.72 0.28
25SAC 25SAC
Ibu20-R972P- 99.01 0.99 Tbu20-A200- 99.45 0.55
50SAC 50SAC
1bu20-R972P- 98.47 1.53 1bu20-A200- 99.17 0.83
75SAC 75SAC
Ibu20-R972P- 97.70 2.30 1bu20-A200- 98.90 1.10
100SAC 100SAC
Ibul0-R972P- 99.08 0.92 Tbul0-A200- 99.48 0.52
25SAC 25SAC
Ibul0-R972P- 98.16 1.84 Ibul0-A200- 98.97 1.03
50SAC 50SAC
1Ibul0-R972P- 97.24 2.76 Ibu10-A200- 98.45 1.55
75SAC 75SAC
Ibul0-R972P- 96.32 3.68 Tbul0-A200- 97.93 2.07
100SAC 100SAC
GF-R972P- 99.43 0.57 GF-A200- 99.68 0.32
25SAC 25SAC
GF-R972P- 98.86 1.14 GF-A200- 99.36 0.64
50SAC 50SAC
GF-R972P- 98.28 1.72 GF-A200- 99.04 0.96
75SAC 75SAC
GF-R972P- 97.71 2.29 GF-A200- 98.72 1.28
100SAC 100SAC




S. Kim et al.

Yang et al. 2005). For dry coating, pre-determined masses of API and
silica were placed in a 300 mL plastic jar, and the LabRAM was operated
as mentioned above to achieve dry coating.

2.2.4. Field Emission Scanning electronic Microscope (FESEM)

Small quantities of powder samples, secured by a double-sided car-
bon type, were placed on an aluminum stub. The excess powder was
removed by compressed air before carbon coating (Q150T 16017,
Quorum Technologies Ltd, Laughton, East Sussex, England). All powder
samples were carbon-coated to enhance electron conductivity for better
imaging. A Field Emission Scanning Electron Microscope (FESEM) (EM
JSM-7900F, JEOL Ltd., USA) was used to assess the quality of dry
coating and dry coating efficiency by inspecting targeted particle surface
morphology for each formulation.

2.2.5. Particle sizing via laser diffraction after dry dispersion in air

The volume-based particle size distribution statistics including d;,
dsg, doo, and dz 2 of processed powders were measured by utilizing
Sympatec Helos/Rodos laser diffraction particle size analyzer (Sympatec
Inc., NJ). Before primary particle size evaluation, a dispersion pressure
titration was conducted by varying the pressure from 0.1 to 2 bar with
an increment of 0.5 bar. The lowest compression pressure was used
possibly to capture the presence of agglomerates. However, as reported
by the previous work (Huang et al. 2017), even at the gentlest dispersion
pressure, 0.1 bar, the particles were deagglomerated. See Supplementary
material, Table S1. Hence, Helos/Rodos laser diffraction particle size
analyzer was employed to measure primary particle sizes only, at the
dispersion pressure of 1.0 bar, the dispersion pressure which resulted in
the most consistent particle size distribution measurements as other
studies prove (Huang et al. 2017; Kunnath et al. 2018). For each sample,
at least triplicates of measurements were taken.

2.2.6. Particle sizing via dynamic image analysis after dry dispersion in air

The extent of agglomeration before and after dry coating was
assessed by Sympatec QICPIC/GRADIS, a dynamic imaging particle sizer
(Sympatec Inc., NJ) (Zakhvatayeva et al., 2018; Zuo et al., 2019). Unlike
Sympatec RODOS/HELQOS, QICPIC/GRADIS captures the particle im-
ages for both size and shapes analysis as the powders fall through a 50
cm long shaft via gravity (Zakhvatayeva et al., 2018; Zuo et al., 2019).
While falling, the camera captures 2-D images of powder in real-time
and converts the image data to measurement data. Since powder
dispersion relies only on gravity, the employment of QICPIC/GRADIS is
expected to impart a significantly lower level of deagglomeration force
as compared to RODOS/HELOS, allowing more sensitive discernment of
changes in agglomerate sizes after the dry coating. Therefore, the cur-
rent study assessed the agglomerates of each API before and after dry
coating by utilizing this instrument. To ensure repeatability, at least five
repeated measurements were taken for each powder sample.

2.2.7. Powder characterization using FT4 powder tester

The current study employed the Freeman FT4 powder tester
(Freeman Technologies Ltd., Worcestershire, UK) to evaluate the bulk
density and flow function coefficient (FFC). FFC is the ratio of major
principal stress to the unconfined yield stress. The previous publications
(Chen et al. 2018a; Chen et al. 2008; Freeman 2007; Jallo et al. 2012;
Yang et al. 2005) explained detailed test procedures for bulk density and
shear stress measurements. In the present study, 3 kPa was selected to be
the pre-consolidation pressure for evaluating FFC. The flowability of the
tested powders can be classified based on the calculated FFC values. This
classification was defined by Schulze as the following: FFC < 1 - not
flowing, 1 < FFC < 2 - very cohesive, 2 < FFC < 4 - cohesive, 4 < FFC <
10 - easy flowing, and FFC > 10 - free-flowing (Schulze et al. 2008). In
conjunction with FESEM image analysis, flowability measurement on
the dry coated powder is another reliable method to evaluate the quality
of the employed dry coating process on a quasi-quantitative scale.
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2.2.8. Liquid penetration in to agglomerates and the Washburn method

The physics of liquid infiltration into agglomerates has been studied
for model agglomerates of uniform spheres with well-defined pore
structures (see e.g. Bohin et al., 1994, 1995; Debacker et al., 2014).
Liquid infiltrates into agglomerates due to capillary pressure, P, =
2ycosf /r, generated by the small pores of the agglomerates. Here, y is
the liquid-air surface tension, 6 is the contact angle of the liquid on a
solid surface, and r is the effective mean pore radius. Bohin et al. (1994,
1995) provides insights into the controlling parameters of liquid infil-
tration into “model spherical agglomerates”. For the complete infiltra-
tion time tyx Of a spherical agglomerate of diameter D, and porosity €
that consists of primary particles with size D,, they proposed the
following.

150D%3(1 — ¢)

= A4 1
36ycosOD,€? D

max

It was proposed that as the liquid infiltrates, the primary particles
drag the infiltrating fluid with density p and dynamic viscosity 7, causing
a viscous resistance. Naturally, the model represented by Eq. (1) cannot
fully account for all the complexities of this process such as agglomerate
break-up that facilitates dispersion and dissolution (Alway et al. 1996;
Galet et al. 2004; Yaremko et al. 2001), or dissolution of the primary
particles, all of which alters the agglomerate structure. Nonetheless, Eq.
(1) suggests that the agglomerate size, porosity and contact angle (hy-
drophobicity of the surfaces) are controlling parameters for wetting as
well as drug dissolution-diffusion within the agglomerate pores, which
are expected to modulate dissolution in agglomerated drug powders.
The proposed study is intended to examine how dry coating materials
affect the drug particle cohesion, hence the agglomerate size, and hy-
drophobicity of coated drug powders, all of which would impact their
dissolution.

Towards that goal, the Washburn method allows for examining the
hydrophobicity of powders by measuring liquid mass penetration of a
wetting liquid through the voids of a packed powder bed via capillary
action (Chander et al. 2007; Washburn 1921). Dictated by surface hy-
drophobicity of the packed powder bed and its geometric packing factor
C, the squared mass m of liquid penetrating the bed as a function of time
t is expressed as

2
= (Cp J’/?cosé')t @

In Eq. (2), n, p, and vy are the viscosity, the density, and the surface
tension of the wetting liquid, respectively; C is a geometric packing
factor; 0 is the surface contact angle; m is the total mass of the wetting
liquid that penetrates through the packed bed. The data is recorded in
m? vs. t, forming a straight line with a slope ((C pz y cosO ) / n) (Llusa
etal. 2010). As the testing liquid penetrates a packed bed of testing drug,
the wettability of the drug (Thakker et al. 2013; Washburn 1921) was
assessed.

Attention Sigma 700 (Biolin Scientifin, Linthicum) was employed to
measure the liquid penetration rate through the drug powder-packed
bed. The testing powder holder consists of a perforated cylindrical
metallic tube (Height: 10 cm and ID: 2 cm) and a hook at the top of the
cover equipped with screw threads. After placing a paper filter (pore size
20 to 25 pm) at the perforated end of the metallic tube, packed 0.8 g of
testing powder before each measurement by a spring to ensure uniform
packing between the samples. A 30 mL beaker containing a pre-
saturated liquid (either n-hexane as a reference liquid or deionized
water) was placed below the perforated end of the tube. As the tip of the
perforated end of the sample holder submerged (depth of submersion:
1.95 mm) in the liquid, Attention Sigma 700 recorded the mass of liquid
penetrated the drug powder bed as a function of time. Geometric
packing factor, C, was determined for each powder formulation by
employing the reference liquid, the drug saturated n-hexane (Thakker
et al. 2013; Li et al. 2017). The reference liquid completely wets the
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particle surface, setting the surface contact angle to 0° (cos 6 = 1). Since
liquid properties and surface contact angles are known for the reference
liquid penetration test (see Table 3), the slope of the liquid penetration
curve was used to calculate C (Neirinck et al. 2010; Steele et al. 2008).
The same experimental steps were repeated using the dissolution me-
dium, de-ionized water, as the test liquid. As a standard approach, it was
assumed that C for each powder sample remains the same when ex-
periments with different liquids were performed. Hence, using the C
value obtained from the test with the reference liquid and the slope of
Eq. (2) from the test with the deionized water, the aqueous wettability,
cosd, was determined.

2.2.9. Dissolution testing and dissolution kinetics

Adopting a flow-through cell dissolution apparatus (Sievens-Fig-
ueroa et al. 2012) (USP 1IV; Sotax, Switzerland) ensured simultaneous
and efficient wetting of powder samples. 16 mL/min was the flow rate of
the dissolution medium (deionized Milli-Q water) through the cells with
an internal diameter of 22.6 mm. Following USP (711) guideline, the
temperature of the dissolution system was kept constant (37 £ 0.5 °C).
Two sets of glass filters (2.7 um pore size and 0.7 pm pore size) were
installed at the inlet and outlet of the cell to retain undissolved drug
particles. Automated temporal sampling and analysis were performed
using a Thermo Evolution UV spectrophotometer, which detects dis-
solved drug concentration in real-time. At the wavelength of 221 nm,
dissolved Ibu was detected, and its absorbance was recorded per time.
The recorded absorbance was converted to the concentration of dis-
solved Ibu using a pre-established calibration curve. The identical
practice was taken for GF but the detection wavelength was 296 nm.

Measured and reported solubility of Ibu in de-ionized water was 21
mg/L at 25 °C (Yalkowsky 1992). Hence, to induce sink condition, 15
mg of Ibu was added to each cell, and each was connected to a 1 L of the
de-ionized water reservoir (Liu 2008). During the experiment, the
aqueous drug solution was agitated with a magnetic stirrer rotating at
500 rpm. Identical dissolution methodology and experimental setup
were employed for GF as well. Since GF has a lower solubility in water
than Ibu, 12.2 mg of GF was dissolved in 2 L of de-ionized water. The
solubility of GF was reported as 8.64 mg/L at 25 °C and 14.5 mg/L at
37 °C (Yalkowsky 1992).

Dissolution data were fitted using the Korsmeyer-Peppas model
(Peppas 1985; Ritger and Peppas 1987), which is expressed as

M,/M,, = K" 3

whereM, andM,represent an initial mass of API powder added to a
dissolution medium, and total mass of powder dissolved in the medium
after time t, respectively; K denotes dissolution rate constant and n
represents order of dissolution process. M,,, M;, and t are the experi-
mentally measured values while K and n are the fitting parameters that
account for various parameters of the system, including the pH, prop-
erties of the powders and dissolution media, surface area, and diffu-
sional thickness. Eq. (3) describes both Fickian and non-Fickian
diffusional release from either swellable or non-swellable polymeric
delivery system.

As a simplified approach, n was assumed to be 0.43 for all formu-
lations, the value which was assigned when spherical monodisperse
particles dissolve in the Fickian system (Ritger and Peppas 1987). With
n = 0.43, K was fitted to the dissolution data. In all cases, the time series

Table 3
Properties of testing liquids for the modified Washburn testing.

Liquid Role Density Viscosity Surface tension
(kgem ™) (mPa-s) (mNem 1)
n-hexane Reference 661 0.32 18.0
liquid
De-ionized Test liquid 997 1.01 72.0
water
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data till about 60% of the API was dissolved were studied to capture
drug release kinetics (Peppas 1985; Ritger and Peppas 1987).

To minimize the impact of the discrepancy between the present
system and the system considered in the original Peppas model, instead
of just relying on the calculated dissolution rate constants, the area
under the dissolution curve (AUC) values were also used as a comple-
mentary approach. As will be seen in Section 3, the trends in the
dissolution rate constants were in line with the AUC trends for each
formulation (Amidon et al.1995; Kortejarvi et al. 2007).

3. Results and discussion

Each API was dry coated using LabRAM operated at fixed conditions.
Various concentrations of hydrophobic or hydrophilic silica were used
to investigate the impact of dry coating on agglomeration and surface
hydrophobicity of the coated powders on the dissolution rate. Theoret-
ical SAC % for each silica type on each API was varied in the increment
of 25% from 25 to 100%. Considering the differing nature of each silica
and the APIs, their compatibility was assessed using the total surface
energy values based on the spreading coefficient of material B on ma-
terial A (Wu 1973), see Eq. (4).

BlA) _ 4 “ra 1a + Ayp Byp _ B},er ra 4
Yot Bra o ot Py, 2

In the above, “y;and 2y, are the dispersive components, where-
as Aypand Bypare the Lewis acid-base components of surface energy of
two materials, respectively. Barra et al. (1998) considered both the in-
fluence of surface energy and particle size on the affinity of a binary
mixture using the difference in the spreading coefficient
| B/Ay— A/B)|. In a later work, Jallo et al. (2011) proposed use of this
difference to predict dry coating efficacy; when the difference is > 10,
then the coating will be very good, when the difference is < 5, the dry
coating will not be good, and when the difference is between 5 and 10,
the coating will be achieved but will not be very good. Such difference
for all pairs of host-guest combinations is calculated and shown in
Table 4. Fortunately, the results indicate very good affinity for either of
these silicas for all three APIs, hence dry coating efficacy is expected to
be very good. SEM images of dry coated APIs also confirm that the silica
particles are generally well-dispersed onto the surface of API particles,
as shown in Fig. 1. For the sake of brevity, the images of the APIs coated
with R972P are presented here although those for A200 coating were
also comparable, see Fig. S1 in Supplementary Material.

In what follows, the impact of dry coating on the size of API ag-
glomerates is assessed (Section 3.1), followed by an evaluation of the
flowability of the powders (Section 3.2). The impact of dry coating on
the wettability of API powders is discussed in Section 3.3, while disso-
lution profiles are presented in Section 3.4 to assess how API release was
impacted by API agglomerate size and hydrophobicity of the API par-
ticles, noting both are expected to be affected by the type and theoretical
SAC of the silica.

3.1. Size analysis of the coated and uncoated API powders

Laser diffraction size analysis using compressed dry air-based parti-
cle dispersion was employed for assessing primary particle size distri-
butions (PSDs). In contrast, gentler gravity-based dispersion along with
dynamic image analysis was used to evaluate agglomerate PSDs. Char-
acteristic PSD values, i.e., djg, dsg, and dgg, were measured and are
presented in Table S1 in in Supplementary Material for dry coated Ibu20,
Ibul0, and GF, whereas dgg values are provided in Table 5. Values
measured with the compressed air dispersion showed no notable dif-
ference in size between uncoated and coated API samples, including
those at varying silica concentration and type. In line with previous
work (Huang et al. 2017), this dry dispersion method resulted in com-
plete deagglomeration and allowed for the measurement of the primary
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Table 4
Affinity between APIs and the coating materials based on their total surface energy values.
Dispersive energy (mJ/m?) Polar energy (mJ/m?) Total Surface energy (mJ/m?) Affinity to R972P Affinity to A200
Ibu20 42.6 4.8 47.4 17.9 33.3
APIs Ibulo 47.3 8.1 55.4 34.0 17.2
GF 39.6 4.5 44.1 11.4 39.8
Coating materials R972P 364 20 384
s A200 42.8 21.2 64.0

particle sizes. Even for dgp measurements, no statistically significant
differences are seen (Table 5). Thus, the state of agglomeration could not
be assessed as was expected, likely because the API agglomerates are
relatively soft and can easily be broken even at the lowest applied
dispersion pressure. Fortunately, as seen in Table 5 and Supplementary
Materials Table S2, the particle sizing with the gravity-dispersion in the air
allowed better discernment of the differences in the API sizes before and
after dry coating. Hence, those measurements were used to quantify the
state of natural agglomeration.

3.2. Agglomerate size (dgo) and flowability as a function of silica SAC

The gravity-dispersion-based dgy particle sizing as a measure of par-
ticle agglomeration (Table 5) demonstrated that agglomerates for dry
coated APIs were much smaller than the agglomerates of uncoated APIs,
which also had large standard deviations (SDs). Deagglomeration
became more pronounced at higher silica loading, i.e., higher theoret-
ical SAC. Further, lower SDs were observed than those of the uncoated
powders. For better visualization of the relative agglomerate sizing for
Ibu20, Ibul0, and GF, those values were normalized and presented in
Fig. 2(a), (b), and (c), respectively. As shown, the agglomerate size
reduction was ~ 15 for dry coated Ibu20, and ~ 50 for dry coated IbulO,
but was only ~ 4 for dry coated GF. For GF, that could be due to lesser
cohesion reduction, which is in line with this tendency of GF as was
recently observed (Kunnath et al. 2021). Agglomerate particle size (dgg)
and flowability (FFC) are related to the interparticle force (Capece et al.
2014; Han et al. 2013a; Jallo et al. 2012). Therefore, the flowability
values were presented and normalized concerning their corresponding
values for uncoated powders in Fig. 2. For the normalized agglomerate
sizes, a smaller value indicates a greater extent of deagglomeration.
Normalized flowability values are presented in terms of percentage in-
crease in the FFC values. Numerical values of dgp and FFC before
normalization, as well as powder cohesion, are listed in Table S4 of
Supplementary Materials. For Ibu20 and Ibul0, the observed agglomerate
reductions at various silica coatings were much higher than those for GF
(also see Table 5). Likewise, the increased FFC values, also related to
powder cohesion, were higher for Ibu20 and Ibul0, ranging from 0% to
over 400% and 1000% for Ibu20 and Ibul0, respectively. A higher level
of agglomerate size reduction for Ibul0 compared to Ibu20 at higher
silica levels is in line with the dry coating impact. Whereas for GF, which
is also fine sized, the increases in FFC were lower yet significant, but
reaching only up to 40% because of its peculiar surface morphology
(Kunnath et al. 2021). For dry coated Ibu20 powders, cohesion (see
Supplementary Materials, Table S4) was reduced by up to 84%, improving
the powder flowability from cohesive to well-flowing or even free-
flowing. For Ibul0 powders, the cohesion was reduced by up to 93%,
improving the flowability from the non-flowing to the free-flowing. Dry
coated GF powders exhibited a maximum of 39% cohesion reduction,
barely reaching the easy-flowing regime (FFC of 4 and higher) at 100%
SAC. In summary, both the rheological powder testing and gravity-
dispersion-based size analyses confirm that for GF, the dry coating
does not yield as drastic improvement as for Ibu20 or IbulO0, attributed
to the intrinsic surface morphology of GF (Kunnath et al. 2021). Such
dramatically different responses to dry coating for Ibu20 and IbulO
versus GF may likely help confirm the hypothesis that dissolution
enhancement after the hydrophobic coating is possible due to a

significant reduction in API agglomeration after the dry coating.

Regarding the effect of the types of silica, for Ibu20 and IbulO, an
increase in FFC for coating with hydrophobic silica (R972P) was greater
than that for hydrophilic silica (A200); even 50% SAC R972P coating led
to significant enhancement in FFC as well as agglomerate size reduction.
Enhanced performance of R972P may be attributed to its lower disper-
sive surface energy, see Table 4 (Chen et al. 2018a). In summary, the
agglomerate size reduction after dry coating with either silica type was
more pronounced for both ibuprofen cases but not as pronounced for GF.
Next, the effect of coating on the wettability of these powders was
examined.

3.3. Impact of coating on the wettability of coated API powders

The wettability of the dry coated samples was quantified by evalu-
ating the contact angle of the powders by employing the modified
Washburn method. The geometric packing factor C calculated from the
hexane penetration data as well as the slope for the deionized water
penetration and associated contact angle 6 are reported in Table 5. The
further details of the liquid penetration experimental results including
slope, R?, and surface wettability are listed in Supplementary Materials
Table S5. The modified Washburn equation fitted the m?-t data for all
powders well with R? > 0.94. As the concentration of R972P increased,
all three cases of API powders exhibited lower surface wettability, as
signified by a lower cosf approaching O or ¢ approaching 90°. Higher
cos® was calculated for the A200 dry coated API powder, indicating
higher surface wettability. The results for wettability measurements,
cosb, are graphically presented in Fig. 3 as a function of theoretical SAC
for coated Ibu20, Ibul0, and GF powders with R972P (hydrophobic
silica) and A200 (hydrophilic silica). Interestingly, the uncoated Ibul0
and Ibu20 have dissimilar surface wettability, which could be due to a
combined effect of their sizes and differences in their dispersive and
polar surface energy values (Table 4) after dry milling. That might also
be likely due to induced surface defects or increased higher surface
energy surfaces, as observed previously, although such effects can be
partially mitigated after dry (Han et al. 2013b). Uncoated IbulO
wettability is very similar to GF, probably due to their size similarities.
Overall, these results in Table 5 and Fig. 3 exhibit mostly expected
trends except for Ibul0 at 25% SAC of A200 coating, which is most likely
because even after the dry coating, there was no reduction in agglom-
erate size. In addition, the wettability after the dry coating appears to be
independent of physicochemical differences in the APIs. Thus, the dry
coating seemed to have the remarkable capability of modifying the
target API's surface hydrophobicity based on the coating material’s
hydrophobicity and its concentration.

3.4. Drug release from the uncoated and coated API powders

The dissolution profiles for the dry coated Ibu20, Ibul0, and GF,
respectively, either with R972P or A200 coating, are presented along
with a quantitative analysis of the results. Readers are reminded that de-
ionized water was used as the dissolution medium for better discern-
ment of the impact of dry coating, whereas previous studies involving
the dry coating of Ibu used aqueous surfactant solutions; hence, the
dissolution time scale was shorter for those studies (Han et al. 2011; Qu
et al. 2015).
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Agglomerate size evaluation and Modified Washburn based surface wettability evalution of the API powders.

Compressed Air Gravity driven

Modified Washburn based evaluation

Sample ID dgo (pmy dgo (pmy Coating material (w/w, %) Packing factor Surface contact angle (°)
C (m®)

Uncoated Ibu20 52.3+0.47 1050.6+553.75 - 8.54 x 1074 70
1bu20-R972P-25SAC 49.0+0.33 467.2+556.24 0.54 4,07 x 1071° 80
1bu20-R972P-50SAC 49.4+0.29 66.8+6.34 0.99 8.14 x 1071® 84
1bu20-R972P-75SAC 48.2+0.18 59.7+3.35 1.53 1.22 x 1071° 88
1bu20-R972P-100SAC 46.6+0.16 56.1+2.42 2.3 1.63 x 107'° 89

1bu20-A200-25SAC 46.0+0.50 263.0+154.23 0.28 2.20 x 1071® 69
1bu20-A200-50SAC 46.5+0.47 74.6+5.85 0.55 4.07 x 10716 66
1bu20-A200-75SAC 45.1+0.54 73.7+6.77 0.83 4.27 x 1071° 66
1bu20-A200-100SAC 46.240.32 70.5+4.85 1.1 419 x 1071® 63

Uncoated Ibul0 31.3+0.20 1368.5+818.31 - 2.93 x 10716 82
Ibul0-R972P-25SAC 32.840.10 460.4+295.38 0.92 2.01 x 1071° 86
Ibul0-R972P-50SAC 31.740.21 43.8+1.95 1.84 3.26 x 107'° 87
Ibul0-R972P-75SAC 31.240.24 42.0+0.73 2.76 433 x 1071° 88
Ibu10-R972P-100SAC 31.740.05 42.0+1.70 3.68 1.14 x 1074 89

Tbul0-A200-25SAC 30.8+0.18 1427.5+625.57 0.52 1.73 x 107'° 82
Tbu10-A200-50SAC 30.6+0.35 1100.6:+323.33 1.03 2.79 x 1071° 65
Tbul0-A200-75SAC 29.6+0.12 983.9+301.34 1.55 418 x 1071° 59
Ibu10-A200-100SAC 29.440.24 49.243.96 2.07 5.42 x 107'° 55

Uncoated GF 21.5+0.69 968.24+446.16 - 8.14 x 1077 81

GF-R972P-25SAC 21.340.95 623.3+360.01 0.57 1.22 x 107'° 88

GF-R972P-50SAC 20.940.38 579.8+437.65 1.14 2.03 x 1071® 90

GF-R972P-75SAC 20.740.13 309.8+215.91 1.72 8.14 x 1071® 90

GF-R972P-100SAC 20.140.07 267.3+196.75 2.26 1.22 x 107'° 90

GF-A200-25SAC 21.440.85 765.1+415.14 0.32 1.63 x 107'° 79

GF-A200-50SAC 21.440.23 604.3+378.04 0.64 2.03 x 1071® 78

GF-A200-75SAC 21.440.05 293.5+249.20 0.96 8.14 x 1071° 77

GF-A200-100SAC 21.240.20 172.84+64.44 1.28 4,07 x 1071® 77

3.4.1. API release from the uncoated and coated Ibu20 and Ibul0

The dissolution profiles in Fig. 4 illustrate that Ibu20 dry-coated with
various SAC of R972P (hydrophobic silica) exhibited faster API release
for the first ~ 300 min than uncoated Ibu20. From the highest to the
lowest, the order of dissolution enhancement was ranked in terms of
SAC: 50% > 75% > 100% > 25%. For all coated Ibu20 powders, the
dissolution profiles exhibited a significant slow-down (shallower slope)
after 300 min, which became very apparent at 75% and 100% SAC. This
pattern can also be seen in the API release % values after 900 min shown
in Table 6 (also see Supplementary Materials Fig. S3 (a)).

The observed counterintuitive API dissolution rate improvement
after dry coating Ibu20 with hydrophobic R972P may be better under-
stood by considering two opposing effects: agglomerate size reduction
and enhanced hydrophobicity (reduced wettability). As discussed in
Section 3.2 (refer to Table 5 and Fig. 2(a)), as R972P loading (SAC)
increased, the agglomerate sizes for the coated Ibu20 powders decreased
significantly. However, such an increase in SAC of R972P led to lower
cosb, i.e., the decreased surface wettability of Ibu20 particles (refer to
Fig. 3). These two counteracting effects could explain significantly
improved dissolution rate at an intermediate level of R972P coating,
which appears to be 50% SAC for which the reduced agglomeration
effect seems to outweigh increased hydrophobicity (see Fig. 2(a)).
Reduced agglomeration itself reduces the apparent particle size, which
would generally lead to faster dissolution. In addition, Eq. (1) helps
understand another important effect due to reduced agglomerate sizes,
since it implies faster penetration and faster complete immersion (lower
tmax) Of API agglomerates by the dissolution medium (Shubert 1993). At
the same time, it also predicts that immersion takes longer for more
hydrophobic agglomerates. Hence, even though Eq. (1) represents a
highly simplified model, it outlines the underlying physics behind these

two opposing effects of R972P coating. It is expected that faster im-
mersion affects the dispersion of the agglomerates in the dissolution
medium and thus the dissolution rate. In summary, these competing
effects explain the enhanced dissolution of Ibu20 at an intermediate
coating level, i.e., 50% SAC, of R972P. It is useful to note that this level
of coating is equivalent to the amount of hydrophobic silica used in
previous work, i.e., 1 w/w % R972P, which also reported significant
dissolution improvement of Ibu20 even with hydrophobic silica coating
(Qu et al. 2015).

Hydrophobic silica R972P dry coated IbulO exhibited similar trends
as those observed with R972P dry coated Ibu20 (See Fig. 5 and Table 6).
However, only within the initial 100 min of the dissolution process, all
the dry coated Ibul0 powders showed faster release than the uncoated
Ibul0 powder. As the dissolution process progressed beyond 100 min,
the release rates decreased, showing slower Ibu release rates than that of
uncoated Ibul0, except for R972P of 25% SAC. The dissolution rate was
slowest for R972P of 100% SAC, followed by 50% SAC and 75% SAC.
R972P of 50% and 75% SAC showed no noticeable differences in their
release rates throughout the dissolution process. As was the case with
Ibu20, when 1 w/w% of R972P was used for dry coating Ibul0, which is
equivalent to 25% SAC, the dissolution rate was significantly improved
(Fig. 5 and Table 6). Both Ibu20 R972P 50% SAC and Ibul0 R972 25%
SAC samples show such intriguing results (refer Supplementary materials,
Fig. S3(a) and (b)), in line with (Qu et al. 2015). Thus, for R972P dry
coated Ibu20 and Ibul0, 1 w/w% of R972P (50% SAC and 25% SAC for
Ibu20 and Ibul0, respectively) appeared to be the right concentration of
hydrophobic silica. That was when the agglomerate size reduction effect
outweighed the impact from the reduction in surface wettability, hence
enhancing the dissolution rate of Ibu.

In contrast to the R972P coating, the hydrophilic silica A200 coated
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Fig. 2. Normalized agglomerated particle size (dgy coated / dgp uncoated), in relation to percent FFC increase after dry coating, measured using gravity driven

dispersion method for (a) dry coated ibuprofen20 (Ibu20), (b) dry coated ibuprofen10 (Ibul0), and (c) dry coated griseofulvin (GF).
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Fig. 3. Surface wettability (cos0) at varying silica coating surface area coverage, SAC %, for dry coated Ibu20, dry coated Ibul0, and dry coated GF. Trend lines are

only illustrative and do not represent a fitted model.
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Fig. 4. Dissolution profiles from UPS IV testing; R972P dry coated Ibu20 and A200 dry coated Ibu20. De-ionized water was used as the dissolution medium.

Ibu20 did not exhibit such opposing effects since being hydrophilic, both
the effects, agglomerate size reduction, and surface wettability was
additive. Accordingly, as the SAC of A200 increased, it led to a mono-
tonic reduction of agglomerate size (see Table 5) as well as a monotonic
increase in wettability (higher cosf, see Fig. 3). Hence, for all A200 dry
coated cases, the rates of Ibu20 release were significantly higher than

that of the uncoated Ibu (Fig. 4), although beyond 25% coating SAC, its
effect became marginal. These results agree with those in (Han et a.
2011), where although the effect of different silica amounts was not
explored, significant dissolution rate improvement after dry coating
with hydrophilic silica was noted. A quick examination of Fig. 3 and
Table 5 revealed a dramatic decrease of the surface wettability (cos6), up
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Total percentage drug dissolved and the dissolution rate constant at the fixed edissolution rate equation exponent (n = 0.43) for the uncoated and coated API powders.

Sample ID Total drug dissolved after 900 min Dissolution rate constant at fixed rate exponent, n
Dissolved percent (%) Dissolved percent change (%) Time range Dissolution rate constant R?
K (min~%*%)

Uncoated Ibu20 61.0 £3.7 - 0 to 900 min 0.030 0.996
Ibu20-R972P-25SAC 63.7 £7.7 + 4.4 0 to 900 min 0.031 0.996
Ibu20-R972P-50SAC 70.3 £8.2 +15.2 0 to 900 min 0.048 0.971
Ibu20-R972P-75SAC 57.6 £ 5.4 - 5.6 0 to 900 min 0.035 0.992
Ibu20-R972P-100SAC 48.4 £2.2 —20.7 0 to 900 min 0.029 0.995
Tbu20-A200-25SAC 81.3 +4.9 +33.3 0 to 300 min 0.058 0.997
Tbu20-A200-50SAC 84.9 £6.6 +39.2 0 to 300 min 0.056 0.999
Ibu20-A200-75SAC 82.2 £7.9 +34.8 0 to 300 min 0.057 0.996
Ibu20-A200-100SAC 86.2 + 4.1 +41.3 0 to 300 min 0.058 0.999

Uncoated Ibul0 70.2+5.1 - 0 to 900 min 0.035 0.984
Ibu10-R972P-25SAC 75.1+7.7 +6.9 0 to 900 min 0.044 0.997
Ibu10-R972P-50SAC 49.4+5.9 -29.7 0 to 900 min 0.030 0.992
Ibu10-R972P-75SAC 51.8+5.4 —26.2 0 to 900 min 0.032 0.993
Ibu10-R972P-100SAC 38.6+7.2 —45.0 0 to 900 min 0.022 0.993
Tbu10-A200-25SAC 81.0+7.7 +15.4 0 to 300 min 0.049 0.994
Ibu10-A200-50SAC 89.4+4.0 +27.3 0 to 300 min 0.048 0.995
Ibu10-A200-75SAC 86.5+6.1 +23.2 0 to 300 min 0.058 0.999
Ibu10-A200-100SAC 85.7+5.9 +22.1 0 to 300 min 0.077 0.991

Uncoated GF 72.6 + 0.03 - 0 to 300 min 0.054 0.994
GF-R972P-25SAC 42.7 £ 6.7 —41.2 0 to 900 min 0.025 0.983
GF-R972P-50SAC 22.1 £10.3 - 69.6 0 to 900 min 0.012 0.996
GF-R972P-75SAC 20.6 +6.1 - 71.6 0 to 900 min 0.011 0.998
GF-R972P-100SAC 17.5 +4.8 - 75.9 0 to 900 min 0.009 0.979

GF-A200-25SAC 76.4 £6.6 +5.2 0 to 160 min 0.068 0.990

GF-A200-50SAC 74.8 £14.0 +3.0 0 to 265 min 0.056 0.990

GF-A200-75SAC 81.2 £3.6 +11.8 0 to 155 min 0.065 0.993

GF-A200-100SAC 82.2 £13.0 +13.2 0 to 125 min 0.070 0.987

to 95% (refer to Table 5) of Ibu20 after coating with the hydrophobic
silica (R972P), whereas showing a maximum of 31% increase after
coating with the hydrophilic silica (A200). That implies that the surface
wettability impact of the A200 coating was relatively insensitive to the
SAC level compared to the R972P coating. Similarly, the dependence of
the reduction of the normalized dgg on A200 SAC was also weak (see
Table 5).

The dissolution profiles of hydrophilic A200 dry coated Ibul0, Fig. 5,
indicate that the dissolution rates increased in the order of increasing %
SAC, with noticeable improvement for all cases. The most visible dif-
ference between A200 dry coated Ibul0 and Ibu20 from both Fig. 4 and
Fig. 5 is that for Ibul0, % SAC seemed to have a noticeable influence on
the dissolution rate, especially at the early stage of the dissolution
process. Referring to the particle size measurement results (Table 5) and
the surface wettability evaluation results (Table 5 and Fig. 3, Supple-
mentary Materials Table S5), the enhanced dissolution upon A200 dry
coated IbulO could have resulted from both the effective reduction in
the agglomerated particle size and improved surface wettability, hence
the faster wetting and dissolution medium penetration into the ag-
glomerates. Further, faster penetration into smaller agglomerates could
weaken the agglomerate structure, which could facilitate breakage of
the agglomerates during the dissolution and thus faster drug release, all
of which could be additive (Forny et al. 2011; Ji et al. 2016). As A200
coating increased, the gradual reduction in the gravity-dispersion-based
agglomerated size (Table 5 and Supplementary Materials Table S2) for
Ibul0 was observed. In contrast, for Ibu20, the agglomerated size (dgg)
did not change with SAC above 50% SAC. These observations are in line
with the dissolution profiles for both Ibul0 and Ibu20, indicating that
the agglomerate size is driving the dissolution rate after dry coating with

10

a hydrophilic coating material. Overall, both the agglomerate size and
surface hydrophobicity of the coating material have a significant impact
on the dissolution rate.

3.4.2. API release from the uncoated and coated GF

The dissolution profiles of GF dry coated with R972P and A200 are
presented in Fig. 6. In contrast to Ibu, a higher % SAC of hydrophobic
silica R972P monotonically led to the slower dissolution of GF. Although
there could be some positive effects of the reduced agglomeration after
dry coating, the impact from increased surface hydrophobicity may have
been dominating (refer to Fig. 3). In summary, when the impact of
agglomerate size reduction due to the reduced cohesion is low, the
dissolution is mainly driven by the surface hydrophobicity or wetta-
bility, which is the case for GF. Whereas for Ibul0 and Ibu20, the dry
coating is very effective in both the cohesion reduction and agglomerate
size reduction for either silica (refer to Table 5 and Supplementary Ma-
terials, Table S4), hence they demonstrate this unique behavior. While
outside the scope of the current manuscript, a mechanistic under-
standing of when dry coating works better is an area worthy of future
investigations.

3.4.3. Quantification of dissolution profiles at varying SAC%

As discussed before, considered two approaches to quantify the
dissolution behavior. In the first approach, the Korsmeyer-Peppas
model (Peppas 1985; Ritger and Peppas 1987) was used as an empirical
fitting model with a fixed exponent in Eq. (3), n = 0.43, to obtain an
estimate of the drug dissolution rate. The second approach is to utilize
the area under the curve (AUC), to avoid uncertainties in applying any
rate equation including the one used here.
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Using the first approach, the estimated dissolution rate constant K
and R? for all cases are presented in Table 6. The time-series data, shown
in the second column, for each case was selected such that about 60% of
the drug was dissolved. Based on the R? values, the fits are excellent for
all cases indicating that the model is very reasonable. Estimated values

for K as a function of silica SAC for Ibu20, Ibul0, and GF, are plotted in
Fig. 7. For Ibu20, K increased with the hydrophilic silica (A200) coating
at as little as 25%, which leveled off as the SAC was increased further
(Fig. 7). Thus, 25% SAC appeared to be sufficient for enhancing the
surface wetting of dry coated Ibu20 particles. In contrast, for IbulO,
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although 25% SAC with A200 improved K, it kept increasing beyond
25% SAC, most likely because the agglomerate size of IbulO continued
to decrease with higher % SAC (Table 5). Whereas for Ibu20, agglom-
erate sizes significantly reduced at 50% SAC beyond which the impact
was minimal. Thus, the quantitative evaluations based on K agree with
the qualitative findings discussed in section 3.4.1.

For the hydrophobic silica (R972P) coating of Ibu20 and Ibul0, the
outcomes are more intriguing, although in line with the qualitative
findings where the highest K values occurred at the SAC of 50% and SAC
of 25%, respectively. The highest K value is well in line with the
dissolution profiles in Fig. 4.

For the second approach, the values for the area under the dissolu-
tion curve (dissolution AUC) from 0 to 900 min are plotted in Fig. 8 and
follow the trends observed using the first approach where the dissolu-
tion rate constants for Ibu20 and Ibul0 with fixed n were considered.
Hence, along with the qualitative trends, the dissolution kinetics rep-
resented by K values, the AUC results confirm the counterintuitive
dissolution enhancements observed for Ibul0 and Ibu20 for hydropho-
bic silica coating.

The dissolution rate constants K for dry-coated GF present more
intuitive trends (Fig. 7). For A200 coating, K increased monotonically
with higher SAC, whereas for R972P coating, it decreased monotonically
with higher SAC. The level of decrease in K due to R972P coating was
higher than the level of increase in K due to A200 coating. This quan-
titative finding is in line with the qualitative observations in Section
4.3.2 and confirms that the overall dissolution driver for GF was surface
wettability, which was dictated by the applied coating material. Com-
bined with the wetting results (refer to Table 5 and Fig. 3), such behavior
could have been anticipated from the agglomeration results in Table 5
and FFC results in Fig. 2 (also see Supplementary Materials, Table S4),
demonstrating that the dry coating of GF was not as effective as those for
Ibu20 and IbulO.

The results shown in Fig. 7 were further substantiated by the AUC
analysis presented in Fig. 8. As was the case for Ibu20 and Ibul0, the GF
dissolution rate constants followed the same trends as the AUC.
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3.4.4. Combined effect of the surface hydrophobicity and agglomerate size
on the dissolution rate

The results so far indicate that the dissolution of dry coated API
powders was affected by both the surface hydrophobicity and the
reduction in agglomerate size. As mentioned before, the dissolution
from an agglomerate is a multi-step process that includes wetting,
sinking, penetration, dissolution, etc. (Schubert 1993). Therefore, it is a
complex process that cannot be easily described by a simple model.
Nonetheless, these two factors may be combined as the product of the
wettability and available external specific surface area (SSA) of an
agglomerate. Since the SSA is inversely proportional to the Sauter mean
diameter d3y of the agglomerate measured by GRADIS, the combined
effect could be captured by cos6/ds 5. Consequently, the dissolution for
Ibu20, Ibul0, and GF are presented as a function of this product in Fig. 9
(a), 9(b), and 9(c), respectively.

For Ibu20, the combined effect is shown in Fig. 9(a) indicates that the
product of the wettability and the extra-granular SSA of the agglomerate
could capture the trends well. As could be expected, hydrophobic and
hydrophilic silica behave differently, and that could be attributed to
various complex phenomena (Schubert 1993), including the penetration
of the dissolution media within the agglomerate, which could not be
captured by cos0/ds 5. The most striking outcome is that the increased
SSA effect well-compensates hydrophobicity effect for three different
levels, 50%, 75%, and 25% SAC R972P silica coating, as the AUC for
those cases is higher than for the uncoated Ibu20 shown as a filled
square marker. While the 50% SAC R972P case, which is equivalent to 1
wt% silica, has the highest AUC, 25% SAC R972P silica coating appears
to be an outlier, likely because its agglomerate size reduction was
significantly lower than the other two SACs, see Fig. 2(a). The figure also
shows that although the AUC for 50% SAC R972P coating is remarkably
high, it barely reaches the level achieved after the lowest level of A200
coating. Further, the slopes of the trendlines for A200 and R972P are
significantly different and may be driven by their wetting angles, the API
sizes, and the APT’s solubility in the medium when Ibu20 is dry coated
with hydrophilic silica.

Dissolution rate constant at varying SAC%
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Fig. 7. Dissolution rate constant at varying surface area coverage, SAC%, with the fixed dissolution rate equation exponent (n = 0.43) for ibuprofen20 (Ibu20),
ibuprofen10 (Ibul0), and griseofulvin (GF). Trend lines are only illustrative and do not represent a fitted model.
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ibuprofen10 (Ibul0), and dry coated griseofulvin (GF). Trend lines are only illustrative and do not represent a fitted model.

For IbulO, given its smaller size, its highest AUC was observed at
R972P 25% SAC, equivalent to 1 wt% silica. While there are no prom-
inent outliers, R972P 50% SAC case appears to be slightly off of the main
trend. In that case, the increased surface hydrophobicity may have
outweighed the reduced agglomeration effect on its dissolution rate. As
was the case for Ibu20, increased SSA effect for Ibul0 well-compensates
hydrophobicity effect for at least 25% SAC R972P silica coating, as its
AUC is higher than for the uncoated Ibul0 shown as a filled square
marker. Likewise, the slopes of the trendlines for A200 and R972P are
significantly different.

For GF, Fig. 9(c), while it is similarly sized as Ibul0, the slope of its
trendline for R972P is more like Ibu20 that is double its size. It appears
that the surface hydrophobicity could be the driver for its dissolution
since the reduction in the interparticle cohesion was not as effective as
for IbulO and Ibu20. That is evident from the filled square marker
representing uncoated GF being higher than all R972P coated cases.
Interestingly, the slope of the GF trendline for A200 is also more like
Ibu20, although not significantly different from that of Ibul0.

Overall, the combined effect of the surface hydrophobicity and
agglomerate size appears to be captured by cos0/ds » for all three cases
although it cannot explain differing behavior of hydrophobic and hy-
drophilic silica coating. Therefore, advanced modeling and analysis may
be required to fully understand the complex behavior of drug powder
agglomerate dissolution.

4. Conclusions

The investigation of the dissolution behavior of two sizes of
ibuprofen and griseofulvin as a function of the type and amount of silica
coating indicated that changes in surface hydrophobicity and reduced
agglomeration are the main drivers. Dry coating of the ibuprofen par-
ticles dramatically reduced their cohesion as evidenced by their FFC
values evaluated via shear testing. Further, the agglomerate sizes were
reduced by one to two orders of magnitude. When hydrophobic silica
R972P was used, such dramatic agglomerate size reduction outweighed
the adverse impact of increased surface hydrophobicity for both sizes of
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ibuprofen at relatively low levels of surface areas coverage. Perhaps not
coincidentally, the amount of hydrophobic silica when that occurred
was about the same, 1 wt%, for both ibuprofen sizes, corresponding to
25% SAC for Ibul0 and to 50% SAC for Ibu20. For GF, the other selected
drug, cohesion reduction was not as dramatic as for ibuprofen. Hence
the reduction in agglomerate size was also much lower and could not
overcome the effect of increased drug particle hydrophobicity after
coating with hydrophobic silica R972P. Interestingly, the behavior of GF
is in line with conventional wisdom that coating with hydrophobic silica
is not conducive to improved dissolution. Nonetheless, for many poorly
water-soluble drug powders, dry coating with hydrophobic silica would
likely be very effective in reducing cohesion. Therefore, even hydro-
phobic coating could promote their dissolution. For hydrophilic silica,
its coating led to both the agglomerate size reduction and reduced sur-
face hydrophobicity. Consequently, the improvement in the dissolution
rate appears to be driven by their combined effect. In summary,
although the dissolution from drug agglomerates is a complex process,
the combined effect of the drug particle surface hydrophobicity and
agglomerate size, represented through the external SSA of the agglom-
erate, could explain the dissolution behavior of micronized particles of
poorly water-soluble drugs. Overall, although the current work only
utilized LabRAM for dry coating and did not employ industry relevant
devices such as comil or fluid energy mill, the outcomes reported are
expected to be similar is those devices are used judiciously as discussed
in previous work (Deng et al. 2015; Huang et al. 2015a; Chen et al. 2020;
Chen et al. 2018b; Mullarney et al. 2011).
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