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Abstract

BARDS is a novel analytical technology based on the change in acoustic phenomena observed
when a material is added into a solvent. Addition of a solid material results in the introduction
of air (gas) into the solvent, which changes the compressibility of the liquid system and reduces
the velocity of the sound (resonance) therein. In this study the behaviour of tablets in water
was monitored using the BARDS technique. Tablets investigated contained 10%
metoclopramide HCI (model water soluble drug), microcrystalline cellulose (MCC) filler and
were formulated with and without lubricant (0.5% magnesium stearate) at a range of tensile
strength and porosity properties. The BARDS frequency-time profile for lubricated tablets
showed an extended profile, indicating a slower wetting and prolonged displacement of gas
compared to tablets without lubricant. BARDS frequency-time profiles were transformed into
gas volume-time profiles from which the area under the total gas volume and volume curve
(AUVC) were calculated. Lubricated tablets displayed a greater AUVC compared to
unlubricated tablets. A decrease in the AUVC was observed for tablets up to the yield pressure
of the formulation. For unlubricated tablets compacted at lower pressures the gas elimination
phase displayed first order rate elimination kinetics. However, for lubricated tablets and
unlubricated tablets compacted at higher pressures, two phases of gas elimination were
observed; an initial fast elimination phase followed by a slower terminal elimination phase.
This preliminary analysis of BARDS profiles collected, demonstrates the capability of BARDS

to capture differences between tablet formulations manufactured under different conditions.

Key words: Tablet compaction, disintegration, dissolution, direct compression, magnesium

stearate, lubrication, BARDS
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1 Introduction

BARDS is a novel technique that has been applied to study the in-vitro behaviour of solid
pharmaceutical systems.!” BARDS analysis has been demonstrated as a tool to distinguish
substandard and falsified medicines from genuine pharmaceutical products.> A number of
studies have applied BARDS to study the properties and behaviour of enteric coated pellets.®®
Evans Hurson et al.,* showed that BARDS could predict the dissolution rate of enteric coated,
drug-loaded spheres in dissolution media at different pH values.* Howick et al.,” used BARDS,
as a complementary technique to confirm the results seen in United States Pharmacopeia (USP)
dissolution studies of a novel ghrelin receptor agonist, FHI-2571.7 The applicability of BARDS
to study the wettability of pharmaceutical powder blends detected differences in degrees of
tablet blend lubrication.” The study presented builds on this earlier study, it explores capability
of BARDS to detect differences during disintegration behaviour of tablets formulated with and

without lubricant, produced at different levels of compaction.

BARDS works on the principle of frequency change of acoustic resonances (mechanically
provoked in a liquid using a stirrer bar) when a material is added to a liquid, thereby liberating
gas bubbles.!*!! The frequency of acoustic resonances correlates with the compressibility of
the liquid system. The addition of gas to the liquid system alters the compressibility of the
liquid system and causes a reduction in the acoustic frequency. Studies to date have shown how
the addition of a powder sample to a liquid medium reduces the acoustic frequency recorded
by the BARDS instrument through the introduction of air (associated with the powder), and as
the material wets or dissolves the acoustic frequency returns to the initial steady state frequency
as air is displaced and eliminated.>*!'? The working principles and theory of BARDS are

provided in detail in the original publication related to the development of BARDS
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technology.’ The focus of this study was to determine what information could be gained by

studying the behavior of tablets in aqueous media using the BARDS technique.

In its simplest form, a pharmaceutical tablet can be described as a mixture of a compacted solid
material and gas. The gas is the air contained within the pores of the tablet. Upon introduction
of tablets into aqueous media, the air entrapped within the tablet’s surface pores is displaced
into the liquid as the tablet compact is wetted. As the tablet proceeds to disintegrate and
dissolve, the gas entrained within the tablet is released into the aqueous system. Therefore, the
process of air introduction, from the tablet into the liquid media, would result in a change into
the compressibility of the liquid and hence the frequency spectrum recorded by the BARDS

instrument.

During tablet wetting in aqueous media wicking, water imbibition or penetration into the pores
of tablets occurs.!>!* Liquid penetration into the tablet compact initiates a range of mechanisms
such as swelling (particles enlarge omni-directionally), strain recovery (particles enlarge
unidirectionally) and dissolution (particles dissolve from the pore walls).!* These mechanisms
can rupture the particle-particle bonds in the tablet and result in tablet disintegration. Wicking
and tablet disintegration can result in further release of gas into the liquid media. Tablet
disintegration behaviour depends on the nature of bonds formed between the particles of the
tablet blend during compression. The nature of the bonds formed between tablet particles is
dependent on their porosity, tensile strength and the compactability and ratio of blend
components.'® Studies have indicated that tablet performance is additionally sensitive to the
content and distribution of the commonly used powder lubricant, magnesium stearate, which
can lead to reduced tablet tensile strength, chipping, lamination and a change in the drug

product release profile.'*2° Our hypothesis was that the BARDS frequency-time profiles would
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help understand the tablet's behavior in aqueous media, which could be correlated with its

physical properties.

The tablet formulations selected for this study are composed of a model water soluble drug
(metoclopramide HCI) 10% w/w, with or without a lubricant magnesium stearate 0.5% w/w
and the remaining composition the widely used filler MCC. In this study tablets prepared from
blends compressed at different compaction pressures were investigated. At increased
compaction pressures, the volume and amount of gas entrapped within the tablet compact is
initially reduced.?! In this study we demonstrated the capability of BARDS to profile the
process of tablet wetting behaviour in aqueous media. The BARDS profiles detected
differences between tablets produced with and without magnesium stearate and at different

tensile strengths and porosities.

2  Materials and Methods

2.1 Materials
Microcrystalline cellulose (Avicel PH200) was kindly donated from FMC International,
Ireland. Metoclopramide HCl was obtained from Kemprotec Ltd, United Kingdom and

Magnesium Stearate was obtained from Alfa Aesar, Manchester, United Kingdom.

2.2 Methods

2.2.1 Tablet blend formulation

Two tablet blend formulations were investigated in this study. The first formulation was
composed of MCC (90% w/w) and metoclopramide hydrochloride (10% w/w) and referred to
as unlubricated Blend. The second formulation was composed of microcrystalline cellulose
(89.5% w/w), metoclopramide hydrochloride (10% w/w) and a powder lubricant Magnesium

stearate (0.5% w/w) and referred to as lubricated Blend. For both formulations, the total blend
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size of 2 kg was blended in a stainless-steel double cone blender (DKM) with an 11.9 litre
volume operated with ERWEKA AR402 drive unit at an angle of 90°. The blender rotated for
30 minutes at 30 rpm with MCC (90% w/w) and metoclopramide hydrochloride (10% w/w).
Magnesium stearate (0.5% w/w) was added to the /ubricated Blend and blended for a further

minute at 30 rpm.

2.2.2 Tablet compaction and characterisation
Unlubricated and lubricated blends were compressed at a range of pressures using 8§ mm flat
faced round punches on a 10 station Riva Piccola tablet press (Riva, United Kingdom). Target

compaction pressures ranged from 30 MPa to 234 MPa.

Hardness, thickness, diameter and weight of tablets were determined by using SMARTTEST
50 Autotester (Pharmatron, Switzerland). The tablet tensile strength ¢ (MPa) was calculated
using Equation (1).
2H (1)
]
Where H is hardness (N), ¢ is tablet overall thickness (mm) and d is tablet diameter (mm).
Tablets with and without lubricant were compressed at different compaction pressures and

analysed using BARDS. Porosity of the tablets was calculated using equation (2)

Volume of tablet—Volume solid fraction of tablet
Volume of tablet

Porosity = x 100 2)

Volume of tablet was calculated from the thickness and diameter measurements of the
cylindrical tablets. The volume of the solid fraction was determined from the weight of the

tablet and the individual blend true densities, which were measured using a helium pycnometer.
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Tablets produced from the unlubricated and lubricated blends are referred to as unlubricated

and lubricated tablets respectively.

2.2.3 Heckel Analysis
Compressibility of the unlubricated and lubricated blends was examined by fitting the
experimental data with Heckel equation, (equation 3).%

In[1/1—D] =KP + A 3)

where D is the relative density of the tablets, K is the slope of straight line in Heckel plot, P is
the compression pressure (MPa), 4 is the constant. The yield pressure (Py) was calculated by

taking the reciprocal of the Heckel slope K.

2.2.4 Disintegration Test

The in vitro disintegration time was determined for each tablet using a standardised
pharmacopoeial disintegration test apparatus, in accordance with USP30 <701>.2* The
disintegration media, water was maintained at 37°C + 2 °C. Each tablet was placed in a tube of
the apparatus. The tablet was observed at 1 min intervals up to 5 minutes until no substantial

mass remained in the apparatus. Measurements were taken in triplicates.

2.2.5 Dissolution Test

The dissolution test of metoclopramide hydrochloride tablets was performed using USP paddle
apparatus, Distek 2100B dissolution tester, at a stirring speed of 50 rpm in 0.1 N HCI (pH 1.2).
Tablets with tensile strength of 3 MPa were chosen across all batches. The dissolution

apparatus was maintained at 37°C throughout the experiment. Samples were withdrawn at time
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points between 1 min and 60 min. Samples were filtered using a 0.45 pm filter and analysed

by Reversed-phase High Performance Liquid Chromatography (RP-HPLC).

Mobile phase for RP-HPLC constituted of 30 parts acetonitrile, 70 parts water and 0.2 part of
Tetramethylammonium (TMA) hydroxide. pH of the mobile phase was adjusted to 6.5 with
acetic acid. A 10 pl sample was injected through Gemini 5u Cig column (250 x 4.60 mm 5
micron) with a mobile phase pumped at a flow rate of 1 ml/min and the samples were analysed

at 215 nm using UV detector. All dissolution tests were performed in triplicate.

2.2.6 Broadband Acoustic Resonance Dissolution Spectroscopy (BARDS)

Instrumentation

A BARDS Spectrometer consisting of a dissolution chamber and a vessel equipped with a
magnetic stirrer and a microphone set above the dissolution vessel, to receive and record the
acoustic responses from the vessel. The glass vessel containing 25 mL of deionised water is
placed on the stirrer plate (Figure 1). The stirrer motor underneath is positioned to allow the
magnetic stirrer bar to gently tap the inner vessel wall, which will act as the source of broadband
acoustic excitation. The audio is sampled at a rate of 44.1 kHz. The resonances of the liquid
vessel are recorded in a frequency band of 0-20 kHz. A tipper motor with a weighing boat on

it is used to introduce the sample into the dissolution medium.



166

167

168

169

170

171

172

173

174

175

Figure 1. (A) External view of the BARDS instrument highlighting the enclosed acoustic
measurement chamber and dissolution vessel. (B) Top view of the internal dissolution vessel
showing the integrated microphone assembly and (C) Tipper motor assembly with a tablet

positioned in a weighing boat ready for addition to the stirred solution below.

BARDS tablet analysis

The BARDS spectrometer recorded the initial steady state resonances of the vessel containing
the solvent (deionised water) for 30 seconds once the stirrer was set in motion, as a reference.
Changes in the acoustic resonance with time is referred to as a frequency-time profile, as shown

in Figure 2A, which is directly related to changes in the compressibility and gas concentrations
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in the solvent due to sample addition. Acoustic profiles or frequency-time profiles of all tablets
analysed were measured under the conditions of constant volume of 25 mL deionised water,
temperature of 21°C and stirring rate of 500 rpm. Following addition of the sample (tablet
compact 250 mg) the pitch of the resonance modes in the deionised water decreases giving rise

to a frequency minimum (f.:») by effecting the change in the velocity of the sound.

The introduction of the tablet introduces a gas volume into the system which is related to gas
on the tablet surface or in surface pores. The rate of gas liberated from the tablet into the solvent
was initially greater than the rate of loss of gas at the solvent surface. At the fmin the rate of gas
liberated from the sample is equal to the rate of gas loss, this is known as gas equilibrium phase
(Figure 2B). The frequency gradually returns to a steady state (equal to the frequency prior to
sample addition). This is due to a greater rate of gas loss at the solvent surface compared to gas
liberation from the sample as the tablet is wetted and reaches end point. The approximate time
for the frequency to progress from tablet addition (t=30 s) to fmin is designated as Atfmin), and
time between fmin and return to final steady state (ss) is designated as ATgs. ‘Final steady state’
refers to the time point when the acoustic frequency returns to that of the acoustic frequency
measurement before the addition of tablet/blend, at 30s. In this study Atfmin) and ATss are used
to differentiate between tablet wetting behaviour. Gas elimination during ATss can be further

divided into different phases related to differences in the rate of gas elimination.

Crawford’s equation (Equation 4) was applied to the frequency- time profile of BARDS tablet
data to generate the data relating to the fractional gas volume (FGV) occupied by compressible
gas during the disintegration of the tablets investigated and create the gas volume profile
(Figure 2B).!% Crawford’s equation (Equation 4) was originally derived for homogeneous

liquid systems containing dispersed gas bubbles.!® Its application in BARDS to analyse

10
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complex disintegrating solids therefore requires several assumptions. First, the frequency shift
is assumed to be dominated by changes in the compressibility of the liquid phase arising from
liberated gas, consistent with the established BARDS mechanism in which the fundamental
resonance mode is governed primarily by bubble-induced variations in sound velocity.’
Second, although gas in the present system originates from entrained air released from the
tablet rather than chemical generation, once dispersed it behaves as an effective compressible
bubble phase, enabling proportionality between fractional gas volume and resonance
frequency. Third, the calculated gas volume represents an ‘apparent’ gas volume, reflecting the
total compressible phase contributing to the acoustic response; this is consistent with prior
BARDS studies in pellets, powders, and tablets where Equation 4 has been validated.>*° While
bubble coalescence, migration, or surface loss may occur during disintegration, their influence
remains secondary compared to the dominant effect of fractional gas volume on solvent
compressibility. Thus, the model is appropriate for comparative and semi-quantitative

interpretation of gas-volume profiles in disintegrating tablet systems.

_ fw 4)
V1 +1.49 x 10*FGV

f

where f and fy are the resonance frequencies of the bubbled filled water and fundamental
resonance modes in pure water, respectively.

Converting frequency-time profiles (Figure 2A) to gas volume-time profiles (Figure 2B)
facilitated quantitative interpretation of tablet wetting behaviour from BARDS data, and
calculation of area under the gas volume profile (AUVC), and a selection of tablets first order
gas rate constant (kei) during AT (Figure 2C). The AUVC represents the total amount of
compressible gas released/displaced from the tablet into the dissolution medium over the

course of the wetting and disintegration process. In contrast, the gas elimination rate constant

11
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specifically quantifies the speed at which gas is removed from the medium during the
elimination phase (Figure 2 C), typically modelled as a first-order process. While the rate
constant describes how quickly the system returns to equilibrium after gas introduction, it does
not capture the total volume of gas released or the total duration of gas evolution.

BARDS spectra were recorded for time periods of 800 to 1200 seconds depending on the
duration to return of the fundamental frequency to steady state for each sample. Experiments
were performed in duplicate with average values for individual tablets presented, unless

otherwise indicated.
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Figure 2. (A) Frequency time profile of lubricated tablet compressed at 135 MPa in 25 mL of
water at room temperature. (B) Gas-volume profile of Figure 2A showing different phases of
gas introduction and elimination following addition of a tablet to aqueous media. (C) A gas-
volume-time log plot showing time range for different phases of gas elimination observed in
lubricated tablets. Tablet compressed from lubricated blend at 135MPa. Average values shown,

n=2, y-error bars indicate max and min values
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240 3 Results

241 3.1 Tablet characterisation

242 Prior to BARDS analysis of tablets, tablets were characterised in terms of tensile strength and
243 porosity, Figure 3. Raw data related to tablet properties are provided in Table S1. For both the
244  unlubricated and lubricated blends, tablets were produced at a range of compaction pressures.
245  As anticipated, an increase in compaction pressure showed an increase in the tablet tensile

246  strength and decrease in the tablet porosity as shown in Figure 3.

247
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—a— T.S of Unlubricated Tablets - ® -=T.5 of Lubricated Tablets
248 —a— Porosity of Unlubricated tablets — & = Porosity of Lubricated tablets

249  Figure 3. Tensile strength (T.S.) and porosity of unlubricated (dark solid lines — square/triangle
250 symbols) and lubricated (red dashed lines - square/triangle symbols) blends compressed at
251  different compaction pressures. Average values shown, n=20, y-error bars indicate standard

252  deviation.
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The addition of lubricant to the blend did not show any significant effect on tablet porosity.
However, as anticipated presence of magnesium stearate showed a decrease in the tablet tensile
strength for lubricated blend, relative to the unlubricated blend (Figure 3, Table S1). The
relationship between tablet relative density and applied pressure for both blends was
determined using the Heckel equation.?>** Heckel plots for the unlubricated and lubricated
tablets are included in the supplementary data (Figure S1). The yield pressures for plastic
deformation for unlubricated and lubricated blends were determined at 98 and 102 MPa
respectively. Above the yield pressure particles undergo densification and form stronger inter-
particulate bonds, which can affect tablet disintegration behaviour.'>?> The objective of
determining the yield pressure in this study was to investigate whether BARDS could detect
any differences in the behaviour of tablets compacted above and below the yield pressure in an
aqueous media.

All tablets compacted from both formulations had disintegration times of <5 min when tested
under USP 30 conditions (Table S1), which agrees with the standard disintegration test
specifications for uncoated tablets (Hirschfelder, 1930). Unlubricated and lubricated blends
compressed at lower compaction pressures < 135 MPa disintegrated in less than 1 minute.
Whereas unlubricated and lubricated tablets compacted at 178 MPa and lubricated tablets
compaction at 234 MPa disintegrated within 3 minutes. Unlubricated tablets compacted at 234
MPa disintegrated in approx. 5 minutes. Slow disintegration of unlubricated tablet compressed
at 234 MPa was attributed to its high tensile strength compared to lubricated tablet compacted

at the equivalent compaction pressure.
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3.2 BARDS Analysis

During BARDS analysis it was visually observed that all tablets completely wetted and
disintegrated over the time course of the measurement. It was assumed that the gas adhered to
the tablet surface would be instantly liberated into the solution resulting in an increase in gas
volume in the medium. Secondly, the gas that was entrapped between the particles within a
tablet would be introduced to the media during tablet disintegration. Finally, additional gas
would be introduced as agglomerated particles disintegrate to primary particles and individual
particles are wetted or dissolved. As gas is introduced into the aqueous media from the tablet,
the volume of gas would exceed the equilibrium concentration of gas in solution, and as a result
gas would be liberated from the solution until the volume of gas in the media returns to
equilibrium. These changes in gas volume in the solvent, alter the solvent’s compressibility
and hence the acoustic frequency time profile, as shown for a representative tablet Figure 2A.
From the frequency-time profiles, the time to reach fin, Atfmin) and time to return to steady state
equilibrium, AT, were determined. The f.i» was related to the initial volume of gas released
from the tablet introduced. ATss is indicative of the combined time for the tablet to disintegrate
and all gas introduced within the tablet to be released into the aqueous media and eliminated.
To track the gas volume changes following the introduction of the tablet to the aqueous media,
the BARDS frequency-time profiles were transformed to gas volume-time profiles using the
equation 4. A representative BARDS gas volume-time profile is shown in Figure 2B.

As shown in FigurelB, when a tablet was added into the aqueous media it was accompanied
with a rapid increase in gas volume in the medium. This was then followed by a period when
the rate of gas evolution into solution from the tablet and the rate of gas elimination at the
surface of the liquid are equal (gas evolution = gas elimination). Finally, gas evolution from
the tablet was decreased relative to gas elimination from the liquid. The analysis of changes in

the compressible gas volume during the elimination stage is given by the descending slope of
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gas-volume time profile. A gas elimination rate was calculated from the gas-volume time
profiles by fitting data to a first order rate equation (Figure 2C).°> Gas elimination rates for

tablets are shown in Table 2 and discussed in section 3.4.

3.3 Frequency-time profiles of tablets

The BARDS frequency-time profiles for unlubricated and lubricated tablets compressed at
increasing compaction pressures are shown in Figure 4. To aid understanding of the effect of
compaction at low compaction pressures, the frequency-time profile for powder blends prior

to compaction were also included in Figure 4.
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Figure 4. Frequency-time profiles of tablets compressed at different compaction pressures
analysed by BARDS in 25 mL of water at room temperature. (A) Unlubricated tablets, (B)
Lubricated tablets. For all samples analysed average values are shown, n=2, y-error bars
indicate max and min values, except for lubricated tablets, at higher compaction pressures of

178 MPa and 234 MPa, n=1
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Clear differences in the frequency-time profiles can be observed with respect to tablet
compaction pressures and the presence or absence of magnesium stearate. Compared to
unlubricated tablets, lubricated tablets compressed at similar compaction pressures showed
differences in time to reach the frequency minimum Atgmin), @ longer time to return to reach
steady state (ATss) frequency and showed a prolonged acoustic response at fin (Table 1).

The non-linear behaviour of ATss with increasing compaction pressure, particularly above the
blend’s yield pressure, appears to reflect a transition in the tablet breakdown mechanism. At
moderate pressures, the tablets retain enough porosity for capillary-driven wicking and internal
flooding, leading to rupture of inter-particulate bonds and allows for efficient gas

displacement.'?

However, when compressed significantly above the yield pressure, the internal
pore structure becomes densified and partially collapsed. This reduces the accessibility of
intra-tablet pore pathways and limits deep capillary penetration, thereby reducing the
contribution of wicking driven disintegration. Under these conditions, the breakdown process
increasingly resembles a surface erosion dominated mechanism, wherein hydration proceeds
from the periphery inward, exposing fresh pore structures gradually rather than flooding the
whole tablet at once. Consistent with this behaviour, BARDS gas-volume profiles show early
stage gas release and a more gradual, extended terminal phase, reflecting controlled
displacement of gas from deeper structural domains. This mechanism also explains the
disproportionate growth of AT for lubricated tablets at high compaction pressures: magnesium
stearate creates a hydrophobic coating that further inhibits internal fluid penetration and
amplifies the mechanistic shift toward erosion-based disintegration.!"'> Consequently, ATss

becomes sensitive not only to pore accessibility but also to the evolving surface hydration

kinetics, yielding complex non-linear trends as compaction pressure increases.
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Table 1. Time periods associated with time taken to reach frequency minima Atfmin), the gas
equilibrium phase at fn;» and time taken to reach steady state (ATs) for unlubricated and
lubricated tablets compressed at different compaction processes. Values are calculated from

the BARDS frequency-time profiles. (n=2). * indicates gas equilibrium phase time range before

tablet delamination in BARDS medium

Blend 3 70 350 186 570
30 3 38 320 155 545
59 5 11 230 50 710
98 5 8 135 13 815
135 8 50 90 51 850
178 15 157 450 114%* 695
234 22 335 550 123* 715
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The frequency-time profile for unlubricated blend prior to compaction and unlubricated tablets
prepared at the lowest compaction pressure were similar (Figure 4A). However, differences
were observed between the profiles for lubricated tablets produced at the lowest compaction
pressure and corresponding blends (Figure3B). Tablets compacted at higher pressures (178
MPa and 234 MPa) showed a smaller drop in frequency when introduced to the aqueous media,
compared to both unlubricated and lubricated tablets compacted at lower pressures. They also

displayed a shallower and more prolonged frequency-time profile (Figure 4).

3.4 Gas volume time profile

The gas volume plots for unlubricated and lubricated tablets are presented in Figure 5. Similar
to the frequency-time profiles, clear differences were observed between the gas-volume
profiles for unlubricated and lubricated tablets produced across the range of compaction
pressures. The gas volume-time profiles for unlubricated blends and unlubricated tablets
compacted at the lowest compaction pressures were similar (Figure 5A). However, differences
were observed between lubricated tablets produced at 30 MPa and lubricated blend (Figure
5B). Compared to unlubricated and lubricated tablets at lower compaction pressures, a more
prolonged gas volume-time profile was observed for tablets produced at higher compaction

pressures (Figure 5).
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364  Figure 5. Gas volume-time plots derived from BARDS frequency data: (A) Unlubricated tablets (B) Lubricated tablets. For all samples analysed average values
365 are shown, n=2, y-error bars indicate max and min values, with the exception of lubricated tablets, at higher compaction pressures of 178 MPa and 234 MPa,

366 n=l.

23



367

368

369

370

371

Lubricated tablets produced at compaction pressures of 178 MPa and 234 MPa corresponding
to tensile strength of 3.61 MPa and 3.98 MPa, showed a delayed gas volume introduction, with
a second step of gas volume introduction, Figure 6. The cause of this introduction of gas was
attributed to tablet delamination which was captured by during the tablet disintegration process

in real-time.
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74  Figure 6. Gas volume-time plots for tablets showing a second gas release due to tablet delamination in lubricated tablets. (A) 178 MPa and (B) 234 MPa. Photographs

75  in insert show delamination behaviour captured by video recording during wetting of tablet in BARDS medium.
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As compaction pressure is increased, porosity is decreased and the gas volume exhibited a
similar trend. Despite unlubricated and lubricated tablets with similar porosities at varying
compaction pressures, unlubricated tablets showed lower gas volumes than lubricated tablets
when evaluated in BARDS (Figure 7 A and B). Figure 7 (C and D) shows the area under the
gas volume profile (AUVC) for unlubricated and lubricated tablets produced at different
compaction pressures. Clear differences can be seen in AUVC between unlubricated and
lubricated tablets. Unlubricated tablets showed smaller AUVC compared to lubricated tablets
at similar compaction pressures (Figure 7). For both formulations, as the compaction pressure
increased, AUVC decreased up to yield pressure, and above yield pressure, AUVC did not

show any specific trend.
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388  Figure 7. Gas Volume for (A) unlubricated (B) lubricated tablets and Area Under Volume Curve for (C) unlubricated and (D) lubricated tablets,
389 compressed at different compaction pressures. Dashed lines on graph indicate the respective yield pressures of unlubricated and lubricated blends.
390  Average values, shown n=2, y-error bars indicate max and min values.
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Gas elimination rate constants were calculated for tablets from the descending slopes of the gas
volume log plots (gas elimination phase) as shown in Figure 2C. BARDS profiles for both
unlubricated and lubricated prepared > 178 MPa did not fit the first order gas elimination
process and therefore gas elimination rate constants are not reported. Unlubricated tablets
showed single gas elimination phase, whereas lubricated tablets showed a change in gas
elimination behaviour with time and was modelled considering two gas elimination phases; an
initial short faster phase followed by a terminal longer slower phase. The gas elimination rate

constant for tablets and associated time ranges are shown in Table 2.

A relatively slow gas elimination rate constant was observed for unlubricated blend (k ~1.04
x102 s1). As the compaction pressure was increased up to 135 MPa, the gas elimination rate
constant increased moderately from k ~1.28x1072 s! to 3.89x102 s (Table 2). Lubricated
tablets showed two phase gas elimination, an initial phase and terminal phase (Table 2 and
Figure 2C). The initial phase showed a faster gas elimination rate compared to terminal phase.
No specific trend was observed in the elimination rate constants for the initial phase for
lubricated tablets in relation to compaction pressure. However, the elimination rate constant
was similar for the 2" elimination phase for all lubricated tablets irrespective of the compaction
pressure. Overall, unlubricated tablets showed faster gas elimination compared to lubricated

tablets at similar compaction pressures (Table 2).
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411

412  Table 2. Gas elimination rate constant (k(s™!)) for unlubricated and lubricated tablets compressed at different compaction pressures. Values were
413  calculated from the BARDS gas volume-time log plots and the time ranges used for the calculation are also shown. R- Squared indicates the linear

414  fit for the selected time ranges for the gas elimination rate constants. (n=2)

Blends 30 MPa 59 MPa 98 MPa 135 MPa
Tablets Parameter
Range ka R? | Range (s) ka r: | Range ka re | Range ka R? | Range (s) ka R?
(s) ) (s)

Unlubricated Gas elimination rate 102-450 |[1.04E-02 | 0.99 72-391 1.28E-02 | 0.99 47-275 1.96E-02 0.99 44-180 | 3.22E-02 0.98 89-180 3.89E-02 0.99

Tablets constant - ky(s™?)
Gas Phase I 190-360  |6.85E-03 | 0.97 68-93 6.29E-03 0.99 49.-79 2.26E-02 0.99 86-118 1.66E-02 0.99

Lubricated elimination 222-792 |5.56E-03 | 0.99
Tablets rate constant

— ka(s™) Phase I1 390-1188 |3.08E-03 | 0.94 [99-1188 | 3.82E-03 0.98 |85-1188 | 2.91E-03 0.98 128-1188 | 3.01E-03 0.99

415

30



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

4 Discussion
The results of this study show that BARDS analysis successfully distinguished between the
unlubricated and lubricated tablets in an aqueous media. BARDS profile also detected

differences between tablets compressed at different compaction pressures.

BARDS analysis was also shown to discriminate between tablets that were produced below
and above the blend yield pressures. There was a significant change in the f;» and gas volume
introduction for both unlubricated and lubricated tablets produced above yield pressure (Figure
4 and Figure 5). Below the yield pressure, as the compaction pressure increased the acoustic
response of unlubricated and lubricated tablets changed from prolonged U-shape to V-shape.
This prolonged U-shape response at lower compaction pressures can be attributed to an
increase in outgassing time due to gas oversaturation, slow liberation of gas bubbles in the
solution and prolonged period at f,.i».2® Whereas the V-shaped response may be due to faster
outgassing and more rapid bubble displacement and elimination, indicating the fast wetting of

tablet in aqueous media.

Additionally, the time to return to steady state (ATss) for unlubricated tablets decreased as the
compaction pressure increased up to 135 MPa. However, the ATss increased for tablets
produced at higher compaction pressure of 178 MPa and 234 MPa (Table 1). This can be related
to the formation of stronger bonds between particles resulting in higher tablet tensile strength
and densification above the yield pressure. These tablets also displayed prolonged
disintegration times relative to unlubricated tablets at lower compaction pressures. Conversely,
an increase in the ATs was observed for lubricated tablets up to 135 MPa (Table 1).
Interestingly the lubricated tablets produced at higher compaction pressures showed shallow
fmin and a slightly reduced ATss values indicating a relative faster return to steady state (Table
1). The delamination behaviour observed for the lubricated tablets at higher compaction

pressures can help explain this reduction in ATss. The time to return to steady state was slower
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in lubricated tablets compared to unlubricated tablets compacted at a similar compaction
pressure which was related to slower wetting of primary particles following disintegration due

to presence of magnesium stearate.’

Despite unlubricated and lubricated tablets showing similar porosities (Figure 3), lubricated
tablets showed higher area under volume curve compared to unlubricated tablets (Figure 7).
Again, this can be related to the presence of hydrophobic magnesium stearate in the formulation

delaying disintegration and particle wetting of lubricated tablets.?’

Previous studies using BARDS showed the importance of the gas elimination rate constant in
understanding the wetting of materials. A study by Vos et al.,'”> and Peddapatla et al.,” showed
that a lower gas elimination rate constant corresponds to slower wetting and higher gas
elimination constant corresponds to faster wetting of milk protein powders and pharmaceutical
powder blends.”!? The biphasic gas elimination behaviour was observed for lubricated tablets.
The initial fast phase may result from rapid flooding of the inter-particulate void network,
where relatively large, accessible channels allow displacement of entrained air once the tablet
matrix becomes wetted and begins to fragment. In contrast, the subsequent slower phase
appears to reflect the delayed wetting of intra-particulate pores within the MCC particles. The
presence of magnesium stearate introduces a hydrophobic barrier that coats particle surfaces
and partially occludes fine capillaries, thereby reducing surface wettability.!* As a result,
ingress of water into these smaller pore domains and the displacement of trapped intra-particle
gases occurs only after progressive erosion or disruption of the lubricant film during ongoing
hydration. This hierarchical wetting behaviour gives rise to an extended, slower terminal gas
elimination phase that contrasts sharply with the single first order kinetic profile observed for
unlubricated tablets, where both inter and intra particle wetting occur more uniformly. These
findings highlight the sensitivity of BARDS to subtle differences in pore-scale wetting

mechanisms and reinforce the role of lubrication in modulating disintegration kinetics (Table
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2). Tablets produced at higher compaction pressures (178 MPa and 234 MPa) did not fit first
order rate elimination kinetics, therefore an elimination rate constant could not be determined

for all tablets.

It is important to note that while tablets showed unique BARDS acoustic traits between
lubricated and unlubricated tablets, the standard dissolution test performed on these
formulations did not show any change in the percentage drug release (Figure 8). It is
noteworthy that the BARDS profile is a result of the behaviour of all constituent components
of the formulation. In this formulation, the sole water-soluble component was the model drug
metoclopramide HCIL. Itis a salt of weak base with a pKa of 9.2 which was highly water soluble
(0.241 mg/ml). It is anticipated that due to its solubility it would undergo rapid dissolution, as
shown in Figure 8. The dissolution rate of all tablets resulted in metoclompramide dissolution
at the 10 min time point. From the introduction of the tablet into the aqueous media the
disintegration process is rapid as indicated in Table S1. Therefore, for the formulations studied
the dissolution rate is not limited by the disintegration process or sensitive to lubrication effects
as would be observed for more poorly water-soluble compounds.?® These findings demonstrate
that BARDS is capable of detecting subtle differences in tablet behavior, such as those arising
from lubrication or compaction even when conventional disintegration and dissolution tests
show little or no difference. This enhanced sensitivity positions BARDS as a valuable tool in
pharmaceutical formulation development. Specifically, BARDS can provide early detection of
formulation or process differences that may not be apparent using standard pharmacopeial tests,
enabling formulators to identify and address potential issues related to CQA’s at an early
stage.> Integration of acoustic monitoring with established process modelling approaches for
direct compression may further strengthen Quality by Design (QbD) based control of CQA’s.?’

By analyzing parameters such as AUVC and gas elimination rate constants, BARDS can help
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elucidate how formulation variables including disintegrant type, lubricant content, and

compaction force influence disintegration mechanisms.

While BARDS is not a direct substitute for disintegration or dissolution testing, it provides
complementary information that could help understand the relationship between disintegration
and drug release, particularly for formulations where disintegration may be rate-limiting.>* The
technique is also well-suited for rapid, at-line comparison of different formulations, including
those with varying formulation differences or process parameters, and has potential as a
Process Analytical Technology (PAT) tool for real-time monitoring of quality attributes during

development and manufacturing.>’

BARDS could support formulation development by identifying over-lubrication, assessing the
impact of mixing time, detecting batch-to-batch excipient variability, and defining an
appropriate lubrication design space before scale-up. Such information is difficult to obtain
using standard QC tests alone. Importantly, while dissolution was not sensitive to lubrication
for this highly soluble API, many poorly soluble drugs are strongly impacted by lubrication
level. Future work should therefore evaluate BARDS in such formulations to determine
whether BARDS acoustic responses correlate with dissolution CQAs under lubrication-limited
conditions. This would represent a critical step toward validating BARDS as a potential at-line

or in-process tool during lubrication-sensitive tablet development.’
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5 Conclusion

This study shows the application of a novel analytical methodology, BARDS, to study the
behaviour of tablets in aqueous media in real-time. Despite no differences in disintegration or
dissolution, BARDS detected clear lubrication related differences in tablet behaviour in
aqueous media. Gas volume plots further highlighted lubrication dependent behaviour of
tablets across a range of compaction pressures. Parameters such as Atgmin), ATss, AUVC and
gas elimination rate constants were calculated from BARDS data and identified as useful
parameters to understand differences in the tablet behaviour in aqueous media. BARDS
technology has the potential to serve as a rapid, at-line process analytical technology (PAT) for
monitoring the degree of lubrication in tablets. To advance BARDS toward validation as a PAT
tool, the next essential step is to evaluate the technique in formulations where lubrication is
known to be rate-limiting for drug release, such as poorly water-soluble APIs or hydrophobic
matrix systems. In such formulations, lubricant efficiency can show strong influence on
wetting, disintegration, and dissolution rate. This provides an appropriate system in which
BARDS kinetic parameters could correlate quantitatively with both lubrication state and the
dissolution. Subsequent steps would involve establishing the robustness of the BARDS signal
across blending conditions, evaluating sensitivity to lubricant distribution, and demonstrating
that BARDS derived metrics track with dissolution changes in a manner suitable for integration
into a PAT-enabled control strategy. Prior BARDS studies in tablets, pellets, and powders

indicate strong potential for such an application.**!!:!2

As a further step toward enhancing BARDS as a dissolution-relevant PAT tool, ongoing work
is focused on integrating an UV probe into the BARDS vessel to enable simultaneous
acquisition of acoustic resonance data and drug-specific UV dissolution profiles. This approach
provides an opportunity to related BARDS kinetic parameters with dissolution related CQAs,

thereby addressing a key limitation of acoustic only measurements. The combined acoustic
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spectroscopic dataset may provide detailed understanding of tablet wetting, disintegration, and
drug release, strengthening the suitability of BARDS for real time process monitoring and
potential real time release applications. O’Mahoney et al.,>° demonstrated that BARDS spectra
for pantoprazole tablets exhibit strong correspondence with UV—-Vis dissolution data,
particularly when mapped through the EDDDI (Erosion, Disintegration, Deaggreation,
Dissolution and coating Integrity) framework, supporting the feasibility of integrating
spectroscopic detection into the BARDS workflow*’. This prior correlation further validates

the rationale for developing an integrated BARDS-UYV platform.

Collectively these capabilities position BARDS as a valuable tool for real-time quality control
during both the development phase and routine pharmaceutical production, offering enhanced

process understanding and ensuring consistent finished product quality.
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