
Journal of Controlled Release 373 (2024) 533–546

Available online 27 July 2024
0168-3659/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Impact of immediate release film coating on the disintegration process
of tablets

Mingrui Ma a, Daniel Powell b,c, Marwa Nassar d, Jason Teckoe d, Daniel Markl b,c, J.
Axel Zeitler a,*

a Department of Chemical Engineering and Biotechnology, University of Cambridge, Philippa Fawcett Drive, Cambridge CB3 0AS, UK
b Centre for Continuous Manufacturing and Advanced Crystallisation, University of Strathclyde, Glasgow G1 1RD, UK
c Strathclyde Institute of Pharmacy and Biomedical Sciences, University of Strathclyde, Glasgow G4 0RE, UK
d Colorcon Ltd, Flagship House, Victory Way, Dartford DA2 6QD, UK

A R T I C L E I N F O

Keywords:
Tablet
Film coating
Terahertz pulsed imaging
Optical coherence tomography
Disintegration
Dissolution
Immediate release

A B S T R A C T

Pharmaceutical tablets are often coated with a layer of polymeric material to protect the drug from environ-
mental degradation, facilitate the packaging process, and enhance patient compliance. However, the detailed
effects of such coating layers on drug release are not well understood. To investigate this, flat-faced pure
microcrystalline cellulose tablets with a diameter of 13 mm and a thickness between 1.5 mm to 1.6 mm were
directly compressed, and a film coating layer with a thickness of 80 μm to 120 μm was applied to one face of
these tablets. This tablet geometry and immediate release film coating were chosen as a model system to un-
derstand how the film coating interacts with the tablet core. The coating hydration and dissolution process was
studied using terahertz pulsed imaging, while optical coherence tomography was used to capture further details
on the swelling process of the polymer in the coated tablet. The study investigated the film coating polymer
dissolution process and found the gelling of dissolving polymer restricted the capillary liquid transport in the
core. These findings can help predict the dissolution of film coating within the typical range of thickness (30 μm
to 40 μm) and potentially be extended to understand modified release coating formulations.

1. Introduction

The pharmaceutical tablet is the most common solid oral dosage
form to administer drug or active pharmaceutical ingredient (API) to
patients [1,2]. Specifically, immediate release tablets are designed to
release all API over a relatively short period to achieve rapid onset of
drug effects and maximise the bioavailability of poorly soluble API [2].
However, some APIs are vulnerable to moisture or UV radiation-induced
decomposition. Therefore, it is common to apply a film coating layer to
protect the tablet core before administration, and the coating should
dissolve as quickly as possible once the tablet enters the gastrointestinal
(GI) tract [3]. There are also modified release coatings to delay or extend
the release of the API into the GI tract [4,5]. The pH-dependent enteric
coatings can be utilised to protect the API from the acidic environment
in the stomach, while other polymer film coatings can play the role of
the diffusion barrier to maintain the API release over a long period [5].
As a result, the coating thickness and its dissolution can directly impact
the performance of the drug product. The disintegration and dissolution

tests are standardised methods outlined in the pharmacopoeias to
establish whether the dosage forms meet their quality standards. For
decades, these compliance tests have been considered the most effective
in vitro method to test the quality of solid dosage forms [2,6]. However,
results from the said tests provide us with limited opportunity to further
understand the mechanisms of tablet disintegration and dissolution,
much less the process of film coating disintegration or dissolution in
detail.

The immediate release film coating is often believed to cast negli-
gible influences on the disintegration of tablets. However, the dissolu-
tion medium (e.g., water) needs to permeate the said coating layer
before the tablet core can become hydrated for film-coated tablets [7].
Water then hydrates and activates the disintegrant particles, which swell
to initiate the tablet core disintegration [6]. The film coating, therefore,
acts as a water transport barrier. The hydration and subsequent disso-
lution of the coating layer is a complex process. For example, swelling of
the coating polymer can introduce inhomogeneity in the film coating to
initiate the polymer dissolution [8]. The hydrated coating polymer then
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forms a layered structure with different thermodynamic states [9]. This
layered structure is likely to reduce the transport of water to the tablet
core, resulting in a slowdown of subsequent water penetration in the
porous matrix of the core compared with uncoated tablets [3]. In
contrast, if the tablet core beneath the film coating is hydrated at the
same time, the swelling of the disintegrant in the core can produce stress
at the core-coating boundary that triggers faster coating and tablet core
disintegration [2]. The cascade of interactions and responses following
water ingress are poorly understood in the literature. Hence, a detailed
investigation of the liquid transport behaviour is critical to offer
mechanistic information to design film-coated tablets effectively and to
model their disintegration performance.

Several methods have been used to understand the mechanism of
tablet disintegration processes, including volumetric apparatus [10],
force-displacement apparatus [11–13], high-speed video imaging [14],
magnetic resonance imaging (MRI) [15–17], UV imaging [18,19],
among others. Although quantitative measurements of the water
transport kinetics can be performed, these methods have primarily
focussed on the disintegration of the tablet core and have yet to consider
in detail the disintegration of film-coated tablets. Volumetric, force-
displacement and video imaging measurements are well-established
and straightforward methods to investigate the disintegration of tab-
lets. However, researchers find the methods challenging to directly track
the liquid front within the porous media. Further, UV imaging can only
be utilised to characterise non-transparent liquids/solids, while MRI
characterisation is too slow to start measurements for fast disintegration
processes. Holographic interferometry and electronic speckle pattern
interferometry are valuable techniques to study drug release by diffu-
sion through a gel layer [20]. Furthermore, new techniques such as
broadband acoustic resonance dissolution spectroscopy [21] and 3D
tomographic laser-induced fluorescence imaging [22] are seen in the
literature to provide more quantitative characterisations on the tablet
disintegration process.

Terahertz Pulsed Imaging (TPI) has been applied to examine phar-

maceutical dosage forms and study the depth-resolved features non-
destructively in reflection [23]. The terahertz waveforms in the time
domain provide information on the refractive indices of the sample
studied [24,25]. This feature further enables us to extract the sample
porosity [25] or to analyse the thickness of a thin sample, e.g., the film
coating thickness [5,23,26]. Since the wavelength of terahertz radiation
is longer than the typical size of pharmaceutical particles (50 μm to 100
μm), broadband terahertz radiation can be utilised to explore features in
tablets without much attenuation. The time-domain terahertz waveform
contains depth-resolved information collected by the terahertz detector
after a terahertz pulse is sent to a sample of interest. When the terahertz
pulse arrives at an interface between two media in a porous sample, a
reflection of the pulse will take place if the medium that the pulse is
entering does not absorb all the energy of the pulse (Fig. 1). The Fresnel
equations [8,27] can predict the proportion of the pulse reflected back to
the detector:

rmeasured =

(
nmedium1 − nmedium2

nmedium1 + nmedium2

)2

(1)

where rmeasured is the reflectivity whose square root ( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅rmeasured
√ ) is pro-

portional to the terahertz signal amplitude, nmedium1 is the refractive
index of the medium the terahertz pulse enters from and nmedium2 is the
refractive index of the medium the terahertz pulse enters into. Hence, if
one continuously acquires the reflected pulses as water transports
through a sample, the water penetration front in the sample can be
tracked by investigating the reflection peak on the optical time delay
line of the time-domain terahertz waveforms [28]. The underlying
principle of TPI was employed to investigate the water transport kinetics
in pharmaceutical tablets. The literature views TPI as a technique of low
energy radiation, fast data acquisition, and calibration-free [25]. Hence,
samples can be studied rapidly in situ in real-time without changing the
sample integrity due to thermal warm-up by the radiation. Key chal-
lenges facing TPI include the drop in signal-to-noise with increasing

Fig. 1. Principle of terahertz pulsed imaging (TPI) with (a) the deconvoluted time-domain waveforms and (b) schematics illustrating the detection of terahertz pulses
that reflected from interfaces before and after the hydration of the tablet. The time-domain waveforms acquired from the TPI illustrate the spatial information of the
tablet interfaces. The sudden change of the effective refractive index at the interface leads to the reflection peaks on the waveforms. Reflection peaks from these
interfaces are labelled on the waveforms. Tracking these peaks yields the depth-resolved information of the tablet disintegration process. Legends in (a) show the time
after the TPI acquisition begins.
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sample thickness and the strong attenuation of terahertz radiation by
bulk water [29]. Yet, given that the measurements in film-coated tablets
are sufficiently short-ranged to allow for sufficient signal-to-noise signal
to propagate through the structures such that commercial terahertz
spectrometers can be employed for the analysis, TPI is a versatile plat-
form to study water transport directly through different film-coated
tablets. Since the change in refractive index between the dry tablet
core and water is sufficiently high, the water-tablet interface can be well
characterised by TPI.

Optical coherence tomography (OCT) is another robust technique to
study sub-surface structures, e.g. film-coated tablets [30]. Used
conventionally as a medical imaging tool, OCT can be utilised as a
pharmaceutical process analytical technology to monitor the coating
process in-line or perform end-of-product tests on the coating thickness.
OCT works by employing a large bandwidth (high spatial) and several
microns coherence length (low temporal) light sources [30]. The tech-
nique can generate depth-resolved vision by performing 2-D or 3-D
cross-sectional depth scans. The scans compare the time-of-flight be-
tween the single scattered photons and the reference beam. In applica-
tions, OCT can visualise the cross-sectional changes in refractive index at
the boundary by performing scans that record both the coherent light
absorption through A-scans and B-scans (Fig. 2), which are similar no-
menclatures as those used in ultrasonic imaging. The A-scan is a single
scan into the thickness of the film-coated tablet, while the B-scan com-
bines a series of A-scan images along the radial direction of the tablet
[31]. OCT has been explored for applications such as determining the
thickness of the coating layer off-line [32] or in-line [30], monitoring
the dissolution process of uncoated dosage forms [31], investigating the
multilayer coatings [33] and studying the acid protection from enteric
coatings [34]. Although the acquisition rate of the commercial OCT
equipment (0.33 Hz) was set to a much slower rate than the acquisition
rate of TPI (15 Hz), it is sufficiently fast to characterise the swelling of
the film coating. It is important to note that the OCT acquisition rate can
be orders of magnitude faster than TPI but that a tradeoff is made during
acquisition between the signal-to-noise required, the dynamics of the
process and the data storage needed for the experimental data. Attempts
have beenmade previously to compare the coating thickness determined
by TPI and OCT [17]. The complementary features of TPI and OCT in
terms of resolution (OCT> TPI) and imaging depth (TPI>OCT) provide
an excellent case to couple these techniques to improve the interpreta-
tion of the film-coated tablet disintegration process significantly
[35,36].

We previously utilised TPI to mechanistically understand the liquid

transport process through different placebo tablets at room temperature.
Early studies focussed on using the power law model (Eq. 2) to inves-
tigate liquid transport kinetics and mass transport mechanism through
uncoated tablets [8].

y = ktm (2)

where y is the liquid front position in the porous medium,m is the power
law constant, which describes the mass transport mechanism, k is the
pre-exponent constant, and t is the time after the liquid penetration
starts. The m and k constants can be determined by taking natural log-
arithms on both sides of Eq. (2) and fitting experimental data extracted
from TPI to the linear equation.

The power law constants m and k were found to correlate to the
physical properties of the tablet and dissolution medium, such as liquid
temperature, tablet porosity and tablet formulation [24]. The liquid
transport behaves differently depending on whether the porous matrix
can swell or not [27,28]. Follow-up studies began to characterise the
disintegration process of coated tablets. The polyvinyl alcohol (PVA)
based Opadry II coated microcrystalline cellulose (MCC) tablets were
found to swell and form a gel in the coating layer once hydrated, and the
water transport in the tablet core slowed down subsequently [3,6].
However, the swelling of the polymer in the coating and core cannot be
sufficiently addressed with only TPI. Besides, the porous matrix’s water
transport rate slowed down after film coating with the PVA-based
formulation. The mechanism that led to the slower waterfront pene-
tration needs further characterisation.

This study will extend the scope to two different Opadry II formu-
lations, a PVA-based formulation and a hydroxypropyl methylcellulose
(HPMC) based immediate release film coating formulation, and sys-
tematically contrast the difference between their disintegration or
dissolution process using TPI and OCT for the first time. For all formu-
lations, we continue to use MCC tablet cores. Using a combination of
different imaging techniques is necessary to map out the disintegration
process of film-coated tablets more precisely. The flat-faced tablets were
chosen due to their geometric simplicity (cylindrical), ease of manu-
facture, and potential to film coat the tablet uniformly. The overall re-
sults from this simple model will hopefully lay the foundation and offer
preliminary insights on the predictive modelling for the disintegration
process of film-coated tablets.

Fig. 2. OCT A-scan and B-scan in this study. The A-scan refers to the scan at a single depth only. The B-scan combines these single-depth scans at different points
along the tablet surface to generate the 2-D image of the tablet cross-section.
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2. Materials and methods

2.1. Tablet preparation

Tablet cores were prepared by direct compression of pure excipient
powder. Microcrystalline cellulose (MCC, Avicel PH102) powder was
directly compressed into 13 mm-diameter tablets using a compaction
simulator (HB50, Huxley Bertram Engineering Ltd., Cambridge, UK)
that mimicked the process of an industrial scale rotary compaction
machine. An example of the compaction profile can be found in the
appendix. The target thickness ranged from 1.5 mm to 1.6 mm, which
can be adjusted by varying the gap width between the upper and the
lower punch during the compaction. Maximum compaction forces of
about 28 kN, 18 kN and 12 kN are required to reach the 10%, 15% and
20% target porosities to model the low, medium and high porosity tablet
disintegration respectively. 18 MCC tablets were prepared at each
compaction force. The tablet porosities were calculated using the rela-
tive density method [28]:

f = 1 − ρrelative = 1 −
ρbulk

ρtrue
= 1 −

4M
πd2Hρtrue

(3)

where d and H are the tablet diameter and thickness, respectively,
measured using a micrometer (Sealey AK9635D.v3, Suffolk, UK), M is
mass, and ρ is density. The true MCC density was quoted from the
literature [37].

Measurements were carried out immediately after the compaction
and 17 days after compaction to account for long-run mechanical
relaxation. The tablets were sealed in polyethylene sample bags and
stored under standard lab conditions between measurements.

We found an average 1.27% volume increase for the MCC tablets
between the two measurements due to MCC swelling under ambient
storage conditions and long-term elastic recovery.

2.2. Film coating

All tablets were coated 17 days after compaction to ensure complete
mechanical stress relaxation. A custom-built research coating spray rig
at Colorcon was used to apply the film coating layer [3]. Tablets were
divided into two batches. In Batch 1, we chose 12 tablets from each of
the three different porosities and coated with a PVA (Opadry II
85F18422, Colorcon, Dartford, UK) based on a complete coating
formulation. The remaining 18 tablets in Batch 2 were film coated with
an HPMC (Opadry II 47U180002, Colorcon, Dartford, UK) based com-
plete coating formulation. Both formulations contain titanium dioxide.
Tablets were adhered to a metal plate via blu-tack so that the top sur-
faces of the tablets were exposed to the spray. The coating operation
commenced by switching on the coating spray nozzle. Suspensions with
10%wt Opadry II were reconstituted in deionised water for 45 min using
a paddle-mixer at a 300 rpm stir rate. A peristaltic pump was then used
to feed the suspension to the nozzle. The tablets first underwent two
slow spray cycles (22 rpm pump feed rate), followed by about 10 fast
spray cycles (63 rpm pump feed rate). Each cycle comprised a spray
round (nozzle: on, dryer: off) and a drying round (nozzle: off, dryer: on).
In the drying round, heated air was blown over the tablets’ surface to

evaporate the aqueous solution. All 54 tablets were successfully film-
coated. The target coating thickness (80 μm 120 μm) was confirmed
by measuring the thickness before and after coating using a micrometer
(Sealey AK9635D.v3, Suffolk, UK). The changes in mass and thickness of
the tablets due to the film coating are recorded in Table 1. In our pre-
vious studies, the TPI imaga system has been utilised to study the vari-
ation of film thickness along the tablet surface [38]. We have also used
X-ray computed tomography to obtain a cross-sectional image of the
tablet film coated following the same film coating protocol [3]. The film
coating layer was found to be relatively uniform along the tablet face.

2.3. 3D-printed sample holder

A customised sample holder (Fig. 3) was 3-D printed from sintered
nylon (Nylon 12, Formlabs, Boston, MA) using a Formlabs 3-D printer
(Fuse 1+, Formlabs, Boston, MA). The film-coated tablets were then
mounted in the cylindrical aperture of the sample holder. The gap be-
tween the edge of the aperture and the band of the tablet was sealed
using epoxy resin that cured under UV light for about 20 s, so only the
film-coated surface was exposed to the surroundings. This means that
the band of the tablet, which is free of coating, will not be directly
hydrated.

2.4. TPI measurement and data analysis

A commercial time-domain terahertz systemwas used to perform TPI
measurements (TeraPulse 4000, TeraView Ltd., Cambridge, UK). All
measurements were carried out at ambient temperatures (about 21◦C).
This temperature is chosen as a starting point as it can be relatively well-
controlled under lab conditions to prevent any temperature variation
from influencing the polymer dissolution rate. The sample holder
described in Fig. 3 was attached about 20 mm beneath the reflection
head with an 18 mm focal length lens, therefore the beam waist at the
tablet surface is about 2 mm. A bespoke immersion cell setup (Fig. 4)
was then employed to investigate liquid transport through the coating
layer and the tablet core. This setup was adapted from the one described
before [39]. In this setup, the sample holder was immersed into the cell
filled with 100 cm3 room temperature water. The terahertz acquisition
commenced before the sample holder was immersed in the deionised
water, ensuring the entire water transport process was captured. Data
were acquired continuously at 1 Hz rate. The acquisition was terminated
when no stable reflection peak was evident any longer in the time-
domain waveforms. The sample holder was then lifted from the solu-
tion and washed with warm tap water. The immersion cell was also
replaced with fresh water before the following experiment. The exper-
iment at each tablet porosity and film coating formulation was repeated
twice.

The standard TPI signal deconvolution process and analysis were
performed using MATLAB (MathWorks, Natick, MA, USA) [28,39]. The
raw data file exported from the Terapulse 4000 spectrometer was con-
verted to the dotTHz format before the deconvolution process [40]. The
raw signal T was treated as a convolution between the sample signal S
and instrument signal I and the noise (or baseline B) from the back-
ground air. By taking a fast Fourier transform, the sample signal can be
considered in terms of the raw, reference, and baseline signals. A double-

Table 1
Details of the pure MCC tablets before and after the film coating process. The values quoted in the table are the average values of the film coated MCC tablets with the
95% confidence interval of the averages.

Target Coating Actual porosity Mbefore/mg Mafter/mg Hbefore/mm Hafter/mm

10% PVA 10.1% ± 0.1% 289.6 ± 0.2 306.8 ± 1.0 1.546 ± 0.001 1.649 ± 0.008
HPMC 10.1% ± 0.1% 288.9. ± 0.8 313.8 ± 0.5 1.543 ± 0.005 1.655 ± 0.005

15% PVA 15.4% ± 0.1% 275.3 ± 0.2 293.2 ± 0.3 1.559 ± 0.001 1.658 ± 0.005
HPMC 15.3% ± 0.2% 275.4 ± 0.6 299.0 ± 0.6 1.558 ± 0.001 1.659 ± 0.003

20% PVA 20.5% ± 0.1% 257.2 ± 0.2 275.0 ± 0.9 1.547 ± 0.001 1.644 ± 0.005
HPMC 20.4% ± 0.1% 257.4 ± 0.7 280.4 ± 2.7 1.548 ± 0.004 1.645 ± 0.010
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Gaussian band-pass filter was applied in the frequency domain to
improve the waveform contrast and filter out the noise at high and low
frequencies. As a final step, the Fourier synthesis transformed the sample
signal back into the time domain for subsequent processing.

To visualise the time evolution of characteristic reflection peaks in
the time-domain waveforms, each succeeding waveform was plotted
above its preceding waveform with a vertical offset. This method
generated the waterfall plot (Fig. 5(a)). The waterfall plot representation
assisted the visual tracking of time-dependent features, e.g., the water
transport through tablets, by locating the peaks and the peak intensities
on the plot. A two-phase process can be clearly identified in Fig. 5(a): the
dissolution of the film coating and the water capillary penetration in the
MCC core. The MATLAB-embedded “findpeak” function was utilised to
track the characteristic reflection peaks on the waterfall plot. These
peaks were extracted to quantify the tablet disintegration later in Sec-
tion 3.

2.5. OCT measurement and data analysis

A Ganymede Series commercial spectral-domain preconfigured OCT
system (Thorlabs Inc., Newton, New Jersey, USA) with 880 nm central
wavelength was coupled to the flow cell described in Fig. 6(a) to scan the
cross-sectional area of the film coating (OCT B-scans) on tablets. The
sample holder was mounted with a test tablet in Fig. 3 and attached to
the flow cell before the cell chamber was filled with room-temperature
deionised water. The OCT requires the sample light path length to be
equal to the reference light path length. The dissolution medium
changes the optical path length of the light. Therefore, this must be
compensated for by re-focussing the OCT beam on the film-coated sur-
face of the tablet before the dissolution starts to capture the swelling

behaviour from the beginning. The field-of-view of the B-scan area is
approximately 1.5 mm and 8.2 mm along the thickness and radial di-
rection of the tablet. The chamber was then emptied and dried, and the
test tablet was replaced with the film-coated tablet of interest. The 2-D
OCT B-scan commenced before filling water into the chamber using a
peristaltic pump at 1.0 rpm that generates a flow rate of 2.9 mL min− 1.
Images were acquired at 5-s intervals until 1500 s passed since the start
of dissolution. MATLAB’s “findpeak” function was used to track sudden
changes in OCT intensity at the film-coated surface hydrated by the
deionised water on OCT images (Fig. 6(b)). Thus, the extent of polymer
swelling or dissolution during the tablet hydration process can be
characterised if we calibrate the position of this surface at 0 s as zero
point.

3. Results and discussion

3.1. Dissolution of immediate release film coating

The data extracted from TPI and OCT measurements (Fig. 5(b) and 7
(a)) offer complementary information on the film coating dissolution
process. Eq. (1) shows that the amplitude of the reflected terahertz pulse
is proportional to the difference in the effective refractive indices neff
between two media. Since water normally has the greatest neff value of
the materials under investigation at terahertz frequencies, the water
accumulation in the film coating during the hydration process leads to a
noticeable rise in terahertz amplitude for about 150 s initially (Fig. 5(b),
Phase 1). Quantitatively, we can uncover the amount of water accu-
mulated in the film coating by analysing the increase in terahertz
amplitude, assuming the rise in terahertz amplitude is proportional to
the extent of coating hydration. The amplitude plot of the TPI signal also

Fig. 3. The 3-D printed sample holder. A film-coated tablet is placed in the aperture. The band of the tablet is then sealed using epoxy resin so that the dissolution
medium can only enter via the film-coated surface.

Fig. 4. The immersion cell design for the terahertz pulsed imaging measurements. The sample holder described in Fig. 3 is mounted on a stage holding the terahertz
reflection head and immersed into the room temperature water held in an about 100 cm3 customised plastic cuvette. Water only hydrates the tablet from the film-
coated side since the uncoated band of the tablet is sealed with UV-hardened epoxy resin.
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provides direct access to the analysis of the film coating dissolution
process. The processed terahertz amplitude is plotted on the z-axis in
Fig. 5(b). We witness the gradual decline in the terahertz amplitude at
around 300 s as the polymer in the film coating begins to slowly dissolve
(Fig. 5(b), Phase 2). This is attributed to the distribution of water mol-
ecules in the coating polymer that creates a different phase, which will
be discussed later in Section 3.3. This new phase has a lower neff than
free water at terahertz frequencies due to the mixing with polymer
molecules of lower refractive index and the disruption of the dense
hydrogen bonding network of bulk water. The dissolution of film coating
coating is a complex process, including hydration, solubilisation,
erosion, and swelling, to name a few. The umbrella term “dissolution”
was used to describe these processes in the previous publications [3,6].
The end of the dissolution of film coating is then characterised by the
sharp fall of the terahertz amplitude (Fig. 5(b), Phase 3) to a level below
30% of the initial terahertz amplitude that was recorded prior to the film
coating hydration process. Hence, the average film coating dissolution
rate, vcoating, can then be calculated by dividing the coating thickness by
the time taken for the terahertz amplitude to drop to this level (Table 2).
We find values of vcoating average at around 0.2 μm s− 1, which suggests a
100 μm thick film coating requires about 500 s to dissolve without
agitation in room temperature water. Therefore, this measurement can
be translated into about 150 s for a typical 30 μm thick immediate
release film coating to dissolve, assuming a uniform polymer dissolution
rate.

We characterise the swelling process of the polymer in the film
coating of a separate set of samples using OCT (Fig. 7(a)). During the
hydration process, an OCT A-scan along the thickness direction of the

film-coated tablet enables a direct characterisation of the boundary
between the coated surface and dissolution medium (Fig. 2A). We then
sweep the OCT scan along the radial direction of the tablet to obtain OCT
images (Fig. 6(b)), which allows us to resolve the changes along the B-
scan line spatially (Fig. 2B). In addition to capturing the swelling process
of the polymer, the OCT method further reveals that the weak points in
the film coating are located in the region closer to the band of the tablet
where the coating dissolution rate was fasted. The coating thickness in
the previous study using X-ray computed tomography [3] was almost
uniform. Thus, we speculate that additional stress is developed at the
boundary with the epoxy resin near the band because of the inhomo-
geneous polymer swelling. In the OCT images, a “step change” is found
near the epoxy resin reference site (Fig. 6(b)). This makes the polymer
more permeable and can dissolve more rapidly. The non-uniform
coating dissolution rate then suggests that the water front is less likely
to be uniform and parallel to the diameter of the tablet as water hydrates
the film coating.

The initial thickness increase of the coating layer in the first 150 s
following hydration, shown in Fig. 7(b), is solely due to the swelling of
the coating polymer after water diffuses into the porous matrix of the
tablet core. The power law model (Eq. 2) was previously used to
investigate the swelling kinetics as well [24,28], therefore, the process
was repeated here to work out the swelling rate of PVA- and HPMC-
based coating layer using the power law model. The modified Schott
model (Eq. 4) was also utilised to study the one-dimensional polymer
swelling process [41].

Fig. 5. The analysis of TPI results. (a) The waterfall plot showing the water transport process through a 10% porosity pure MCC tablet core with PVA-based film
coating. The waveforms are stacked to describe the movement of the water front after the TPI measurement is commenced. (b) Changes of terahertz signal amplitude
tracked from (a) as the water hydrates the film coating and penetrates through the 10% porosity MCC tablet core. Noticeable rise and fall in the signal amplitude can
be found during the film coating dissolution process. In contrast, a gradual decline in signal amplitude is witnessed during the tablet core water transport process. The
different lines represent repeats of measurement. Possible events during the hydration process are labelled in the figure. (c) Visual inspection on the different phases
of disintegration. The dissolution process has already commenced in Phase 1. The steady solubilisation and erosion are seen in Phase 2. These phenomena can still be
observed in Phase 3, when the film coating dissolution has almost finished, whereas almost no coating dissolution is witnessed in Phase 4 after the coating has
fully dissolved.
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Δδ =
t

α + 1
δ∞ − δ0

t
(4)

where Δδ = δ − δ0 is the extent of swelling, α is the reciprocal of the
initial swelling rate, δ0 is the initial thickness of the polymer layer, and
δ∞ is the maximum possible thickness of the polymer layer. The Schott
model is based on the second-order kinetics of liquid uptake in the
swelling medium and thus provides more physical insights for modelling
the swelling process [41].

The results summarised in Fig. 7(b) show that the HPMC-based film
coating swells about four times faster on average than the PVA-based
film coating. The modified Schott model also reveals that the initial
swelling rate of HPMC-based coating is 4.46 times as fast as its PVA-
based counterpart (Table 2). As HPMC has a more rigid polymer back-
bone than PVA, the HPMC polymer will exhibit reduced chain mobility
and slower chain disentanglement during the film coating hydration.
Therefore, the HPMC-based film coating shows a greater swelling rate.
The modified Schott model predicts that both types of film coatings will
exhibit similar theoretical extent of swelling at about 240 μm. However,

the PVA based-coating is observed to swell to a much smaller maximum
thickness (120 μm) than this theoretical value because of the film
coating dissolution. The difference in power law model constants (k and
m) in Table 2 denote that the PVA- and HPMC-based film coatings swell
under different mechanisms. While the swelling kinetics of PVA-based
coatings show zero-order kinetics, the HPMC-based counterpart un-
dergoes a more thickness-dependent swelling process. Prior research has
established that the swelling driving force stems from the difference in
the chemical potential between water molecules and the dry particles
[42]. The swelling rate also depends on the water diffusion coefficient in
the particles and the (initial) size of particles [43]. Since PVA and HPMC
are the major components in the film coating formulation, their ability
to interact with water molecules will dominate the swelling kinetics of
the film coating.

3.2. Water transport in the tablet core

The tablet core disintegration takes place following the film coating
dissolution (Fig. 5(b), Phase 4) for MCC tablets. The water front

Fig. 6. The OCT experiment design and results. (a) The flow cell design for optical coherence tomography (OCT) experiments. A 3-D printed three-layer flow cell was
employed with the OCT probe mounted on a horizontal linear stage to the right-hand side of this cell. Room-temperature water flows gradually through the central
chamber of the cell that is sandwiched between two frames. The OCT scans were focussed on the film-coated surface of the tablet through the quartz window and the
water (both are transparent to OCT operating frequencies). The sample holder in Fig. 3 holds the tablet. The OCT probe shown is currently in the “off” state. The
protection lid needs to be removed before commencing measurements. (b) OCT images of the coated tablet cross-section along the scan line describing the PVA- and
HPMC-based coating dissolution process and the subsequent MCC tablet core swelling process. The tablet core porosity is about 10%, and the coating thickness is
about 100 μm. The “resin reference” is covered by the UV-hardened epoxy resin so that the coating at this point is free from hydration. The MATLAB algorithm tracks
the interface changes at the middle point of the field of view (labelled).
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propagation in the tablet core can be effectively tracked from the depth-
resolved features in the TPI waterfall plot. In contrast, the OCT images
(Fig. 6(b)) reveal the core polymer (MCC) swelling process instead. One
possible approach to quantify and compare the water front penetration
rate is to compute the average core transport rate, vcore, by measuring
the time it takes for water to penetrate to half of the thickness of the
tablet core tcore (because the tablets are only film coated on one side, c.f.
Table 4). Results are summarised in Table 3. Another approach is to
investigate the kinetics of tablet core water penetration and swelling
using the power law model. The metrics in Table 3 illustrate that the
tablet core penetration rate and swelling rate are independent of the
type of film coating once errors have been considered.

Noticeably, the water front penetration rates in the MCC tablet core
after coating dissolution (Fig. 8) are much slower when comparing them
with results obtained in previous studies of uncoated MCC tablets [24].
The uncoated 10% porosity MCC tablet becomes fully hydrated within
about 15 s whereas the water penetration process following the coating

dissolution takes more than 500 s for the entire tablet, and about 300 s to
400 s for the first half of the tablet. Similar results were reported in our
previous TPI study on the dissolution of immediate-release film-coated
tablets [6]. Meanwhile, the swelling of uncoated MCC cores alone is
reported at a much faster rate (about 16 μm s− 1) in a study using 10%
porosity uncoated MCC tablets [24]. After the film coating had dis-
solved, we found that the swelling rate for MCC had declined by a factor
of greater than 20. We noticed from the OCT images that the film coating
closer to the band of the tablet dissolves faster than the coating near the
centre of the tablet (Fig. 6(b)). As a result, water wicks into the tablet
core from the region near the tablet band, while the centre of the tablet
core is still covered by a more or less intact film coating. Hence, the
available area for initial water wicking will be much smaller than is the
case for uncoated tablets, and the water penetration slows down.

The fitted m constant in the power law is correlated with the liquid
mass transport mechanism. Suppose the water penetration behaviour,
which is relatively incompressible, in the porous matrix of the tablet
core can be modelled as the capillary rise taking place in the parallel
cylinders. In that case, the value of this constant is close to 0.5. The m
value will deviate from 0.5 if there are changes in the porous matrix or
the water ingress behaviour. We previously found the m value to remain
around 0.5 for uncoated MCC tablets at higher porosities but increase to
about 0.75 for tablets at lower porosities [24]. This inverse porosity
dependence happens because the swelling of MCC changes the structure
of the porous matrix, and the MCC has a greater opportunity to swell in
lower porosity tablets where the water front penetration is slow. Here,
since the water penetration is much slower in film-coated tablets, the
swelling of MCC in the tablet core is no longer negligible. With m con-
stants close to unity in those film-coated tablets with 10%MCC porosity,
significant MCC swelling may narrow the capillaries of the porous ma-
trix. The water penetration is more likely to be driven by the concen-
tration gradient of water between the inside and the outside of the
matrix following the MCC swelling that leads to zero-order water
transport kinetics [24]. Furthermore, the swelling is observed to have
strong inverse porosity dependence. The MCC core swells less in tablets
at 20% porosity, with its m value remaining around 0.75. This shows
there is considerable swelling at higher porosity as well. Still, the extent
of swelling is smaller than in the case at 10% porosity so that them value
deviates less from 0.5 at higher porosity.

The formulation of the tablet core and the temperature of the
dissolution medium can influence the water transport in the core and,
hence, the disintegration of the film-coated tablet. If soluble APIs or
excipients are formulated in the core, they will dissolve, creating

Fig. 7. (a) The swelling of the water-tablet interface tracked from the OCT images shown in Fig. 6(b) as water hydrates the film-coated MCC tablet. The metrics here
clearly quantify the swelling and dissolution of the film coating and the swelling of the 10% porosity MCC tablet core. Datapoints with different colours represent
repeats of measurement at the same porosity. (b) The swelling kinetics of PVA- and HPMC-based film coating following hydration. The red and blue curves are the
best-fit curves for the polymer swelling kinetics using the power law model and modified Schott model, respectively. The initial film coating thickness is about 100
μm. The experimental results show that the PVA-based film coating is able to swell to a maximum of 120 μm while the swelling of the HPMC-based counterpart can
reach about 200 μm. Only data from the first 150 s of polymer swelling are fitted in the models. The best-fit curves are extrapolated beyond 150 s to show the
theoretical film coating swelling without dissolution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 2
Summary of the film coating swelling models and the rate of film coating hy-
dration. The swelling model is applied to the data for up to 150 s within which
the coating swelling is the dominant process.

Type of
coating

Power law
model

Modified Schott
model

Coating hydration
vcoating/μms− 1

PVA-based Δδ =

0.810t0.898
Δδ =

t
1.61+ 0.00410t

0.230± 0.014

HPMC-
based

Δδ =

12.6t0.505
Δδ =

t
0.361+ 0.00427t

0.195± 0.013

Table 3
Summary of the power law liquid penetration kinetics, the liquid penetration
time through the first 50% tablet core thickness, i.e., the full penetration time
thyd, and the average rate of liquid front penetration vcore in the MCC tablets.

MCC porosity Coating base Kinetics model/μm thyd /s vcore /μm s-1

10% PVA y = 3.29t0.913 824 ± 164 1.71 ± 0.29
HPMC y = 4.16t0.921 826 ± 94 2.44 ± 0.23

15% PVA y = 19.0t0.711 685 ± 121 2.99 ± 1.61
HPMC y = 12.5t0.786 772 ± 109 3.26 ± 2.06

20% PVA y = 57.0t0.669 525 ± 74 9.82 ± 3.26
HPMC y = 37.2t0.727 552 ± 200 8.54 ± 3.14
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additional pore space in the core. As a result, the water mass transport
mechanism will no doubt further deviate from the simple capillary rise
mechanism. Meanwhile, the extent of overall bulk core swelling will
vary depending on the composition of the core. For example, suppose a
disintegrant is included in the tablet core. In that case, the disintegrant
particles will swell considerably and rapidly, resulting in mechanical
strain that leads to crack formation and rapid erosion of the tablet core.
In the case of a film-coated tablet, this strain release may cause the film
coating to rupture, further accelerating the coating dissolution and
completing API release much earlier. Although the tensile strength of a
typical film coating layer is about an order of magnitude higher than
that of the tablet core, which prevents strain release from the core in dry
conditions, the hydration of the film coating layer results in its tensile
strength becoming comparable to the tablet core. An increase of water
temperature from about 21◦C to 37◦C, i.e. the body temperature, will
further accelerate the mass transport. The time required to dissolve the
film-coating polymer will therefore decrease. At the same time, the
water front will penetrate the MCC core much faster, which is likely to
increase the disintegration or dissolution rate of the film-coated tablet.

3.3. The barrier effect

When the film coating is fully hydrated, and the water molecules
reach the boundary between the film coating and the tablet core, the
water front cannot penetrate the porous matrix of the core immediately,
as the film coating layer restricts the propagation of the water molecules.
This is experimentally evident from the TPI results (Fig. 5(a)), where the
advancing water front becomes stationary upon reaching the coating-
core interface. This barrier effect has been observed and discussed pre-
viously [3]. In contrast, the water transport into the tablet core starts
immediately when an uncoated tablet surface is exposed to water
[8,24,28].

The polymer dissolution process follows a complex mechanism [44].
When dry and below its glass transition temperature, the polymer is in a
glassy state, and hence, the macromolecules remain quite rigid. Adding
water molecules during hydration triggers the polymer dynamics to
transition to a rubbery phase, imparting molecular mobility that facili-
tates the polymer solubilisation and subsequent dissolution. The process
was first summarised in detail by Ueberreiter [9], who explored the
depth-resolved complexity of the microstructure of polymers below the
surface in contact with the dissolution medium. Ueberreiter described
the process as a stratification of the polymer dynamics into four different
regimes with increasing mobility and water content from the dry core

(pure polymer) to the pure solvent: infiltration layer, solid swollen layer,
gel layer and liquid layer. This model aligns broadly with the experi-
mental observations from TPI and OCT. There are no sharp interfaces
between each domain that separate clear layers of different polymer
dynamics. The transition between the domains is gradual, which is in
line with the mechanism articulated by Ueberreiter.

In contrast to the porous matrix of the uncoated tablet, there are no
pores available in a cured film coating for capillary transport of water
directly into the coating layer (Fig. 9(a)). However, apart from the voids
between the molecules due to the free volume of the polymer phase, the
film coating formulation contains a considerable fraction of a readily
water-soluble polymer. Water molecules can enter the film coating layer
via channels that form between the PVA or HMPC domains in the
respective coating structures. Water quickly fills these channels and
interacts via hydrogen bonding with the polymers in the film coating.
The water front penetration is relatively fast due to the channels that
form in the film coating, the volume of which was previously occupied
by the soluble polymer (Fig. 9(b)). Water molecules penetrate the free
volume of the polymer domains, resulting in an increase in macromo-
lecular mobility and the polymer dynamics to transition to the rubbery
state. With increasing water concentration, gel formation commences
before the coating polymer is fully solubilised. As a result the film
coating layer is swelling from its initial thickness L, to a swollen thick-
ness S. The hydrated film coating contains a growing liquid-rich rubbery
layer, R and a receding solid-rich glassy layer (S-R, Fig. 9(c)).

The OCT swelling data shows that the MCC core swells before the
film coating has fully dissolved (Fig. 7(a)). This observation suggests the
porous matrix is accessible to water molecules, and some diffusional
water transport process can take place through the film coating (Fig. 9
(d)). In contrast to the uncoated tablets, which do not have these surface
layers, the apparent water permeability to the MCC core is significantly
reduced. This means that the supply of water molecules to the MCC core
is limited until the film coating has dissolved. Moreover, the soluble
content needs to leave the tablet core via diffusion through the gel
barrier of the coating layer (Fig. 9(d)). However, since MCC is insoluble
in water, in this specific experiment, only negligible dissolution of the
MCC core is detected in the TPI waterfall plots (Fig. 5(a)). If MCC is
replaced with other soluble components, the components can dissolve in
water and diffuse out of the core through the hydrated film coating.

The concept of so-called competitive hydration [45,46] emphasises
the thermodynamic penalty for water molecules at the coating-core
boundary that creates a barrier to penetrate into the porous matrix of
the MCC core. The chemical potential difference that is driving the

Fig. 8. (a) An example of the peak tracking process in the waterfall plot for the kinetics study. The waterfall plot shows the TPI results of a 20% MCC tablet film
coated with the PVA-based coating formulation. (b) The water penetration kinetics in 10% and 20% porosity MCC cores following the film coating dissolution. The
initial MCC core thickness is about 1.5 mm. The red curves are the best-fit lines for the kinetics using the TPI experiment data. The time required to hydrate the first
half of the tablet is representative of water ingress from both faces of the tablet. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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diffusion process across the film thickness competes with the chemical
potential gradient due to the entropy and enthalpy changes of subse-
quent hydration in the tablet core at the interface between the coating
and tablet core after water molecules arrive at the coating-core bound-
ary (Fig. 9(e)). The number of water molecules bonded to the polar
groups of the material, the hydration number, determines a material’s
ability to attract water molecules [47]. A hydration shell around the

polymer can be formed after the water molecules hydrogen bond to the
polar groups. Since the polymers in the film coating have higher polar
group fractions along its polymer chain than MCCs in the tablet core, the
majority of water molecules hydrogen bond to the film coating layer
even if the water molecules reside at the boundary between the film
coating and the tablet core after the film coating becomes saturated with
water. This results in a temporary water transport barrier. The PVA-

Fig. 9. The film coating polymer dissolution process. (a) The film coating layer (of thickness L) of the tablet remains in the dry state before the water ingress. (b)
Water predominantly enters the pores, resulting in the successive dissolution of the water-soluble polymer within the film coating layer. In parallel, slower diffusion
of water into the free volume of the polymer domains starts. (c) Water that is propagating along the pore has reached the interface with the tablet core. (d) Water
continues to diffuse into the polymer domains surrounding the channels, resulting in further gel formation. A gradient of glassy-to-rubbery domain has developed in
the hydrated film coating: S, the rubbery-to-solvent interface; R, the glassy-to-rubbery interface. (e) The film coating polymer becomes fully hydrated, and water
starts to diffuse into the insoluble core. Competitive hydration at the interface between the coating and core restricts the capillary water transport into the porous
matrix in the MCC core. (f) Following the film coating dissolution, capillary water transport begins in the MCC core, which is captured by TPI. The diffusional water
transport has resulted in some MCC swelling, as evidenced by the OCT swelling data.

Fig. 10. The disintegration mechanism for a film-coated swelling tablet core summarised from the observations extracted from TPI and OCT data. (a) The upper and
lower sections of the plot exhibit the changes in TPI amplitude and the film coating swelling, respectively. TPI is helpful for extracting the hydration process, while
OCT is more sensitive to the swelling process. Both methods can be used to investigate the film coating dissolution process. (b) Schematics showing the possible
events during the disintegration process based on the data presented in (a). The tablet core remains dry until Stage III, when the inhomogeneous coating dissolution
rate provides the dissolution medium with shortcuts to reach the tablet core. The rate of tablet core swelling depends on the porosity of the core.
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based and HPMC-based film coatings will exhibit different water
permeability due to the different hydration numbers of PVA and HPMC
[47,48] and the different hydration shells formed around the polymer.
However, MCC has poorer solubility than PVA or HPMC in water [49].
Fig. 5(c) clearly shows that the majority of dissolution takes place as the
film coating, which contains PVA or HPMC, dissolves. Little MCC
dissolution can be observed after the complete film dissolution. More-
over, the hydrophilicity/hydrophobicity of the components in the tablet
core and the film coating will determine the surface wetting properties.
The water droplet is reported with a smaller wetting angle on the air-
PVA interface (44◦ ±6◦) [50] than on the air-HPMC interface (58◦ to
86◦, depending on the HPMC grade) [51]. The water contact angle at the
MCC-air interface is reported from about 57◦ to 71◦ [49]. This means
that the film coating will be more readily to be wetted during the tablet
disintegration process. Hence, only a limited number of water molecules
can diffuse into the MCC core that is not sufficient to cause capillary
water transport in the porous matrix until the film coating surface layer
has become thin enough (Fig. 9(f)).

3.4. Proposed film coated tablet disintegration mechanism

The associated metrics from the results of TPI and OCT in Fig. 5(b)
and 7(a) can be inspected in parallel to extract information on the
processes of coating dissolution and the tablet core hydration. The
metrics provide complementary illustrations of the behaviours of hy-
dration, swelling, solubilisation, and erosion of the film coating. In
addition to the hydration kinetics of the MCC core, the swelling kinetics
of the MCC core can also be seen in Fig. 10(a). Therefore, the disinte-
gration process of a film-coated tablet can be deduced by inspecting the
associated metrics in Fig. 10(a). Hereby, we propose the film-coated
tablet disintegration mechanism as summarised in Fig. 10(b).

The surface wetting process of the coating layer is assigned as Stage
Zero. The surface tension at the coated surface needs to be overcome
before water can wick into the film coating. As a result of water wicking,
the coating layer begins swelling and dissolving. Then, Stage I describes
the coating layer hydration and swelling process. The increase in the
terahertz signal amplitude shows that water starts to accumulate in the
coating layer rapidly. As more water hydrates the coating polymer, the
coating layer swells sharply. However, the swelling rate gradually de-
creases because the coating polymer becomes saturated with bulk or free
water molecules. The coating layer continues to dissolve, yet the
dissolution rate is much smaller than the swelling rate. Therefore, the
overall thickness of the coating layer slowly increases. Water molecules
can diffuse in the polymer layer and form hydrogen bonds with the
coating polymer, disrupting the intermolecular forces holding the
coating film together. Therefore, the amplitude of the terahertz signal
declines slowly in Stage II. This process leads to a glassy-to-rubbery
gradient in the polymer so that a gel layer gradually develops in the
coating. The extent of coating swelling rate almost reaches the
maximum. The gel layer will protects the tablet core from capillary
water ingress and only the outmost part of the film coating can slowly
erode or solubilise. However, materials are allowed to diffuse through
the hydrated polymer. Water can diffuse into the tablet core that triggers
the slow core swelling. As the gel is exposed to the dissolution medium
for a significantly long period, the inhomogeneity can be introduced in
the film coating and the medium will find shortcuts to reach the tablet
core (Stage III). This process can lead to further core swelling, which
will push the gel layer apart and introduce further permeability and
reduce the polymer density of the gel layer. Consequently, the quick
dissolution of the gel layer results in a sudden drop in the terahertz
signal (Stage IV). Finally, following the collapse of the gel layer,
capillary water transport begins in the tablet core and induces rapid
MCC swelling in Stage V. Noticeably, Stages I-IV, which account for the
film-coating dissolution, takes up more than half of the total time for the
water to hydrate the entire film-coated MCC tablet (Table 4). If the MCC
core is more porous (for example, at 20% porosity), Table 4 shows that

the film coating dissolution becomes the rate-determining process for
the disintegration of the coated MCC tablet. The polymer dissolution
have been discussed in detail in Section 3.3.

4. Conclusions

The disintegration process of film-coated immediate-release tablets
was studied using TPI and OCT in room-temperature water. Either PVA-
based or HPMC-based coating formulations were film-coated on pure
MCC tablets produced by direct compression. Results from this model
system suggest a film coating layer of about 100 μm thickness takes
about 500 s to dissolve under the experiment conditions fully. The MCC
core porosity plays little role in determining the rate of film coating
dissolution. The film coating hydrates and swells before dissolution
takes place. The dissolution of the film coating involves the transform of
coating polymer from the glassy to rubbery phase so that water mole-
cules will be able to diffuse in the said polymer to promote coating
erosion or solubilisation. However, the capillary water transport does
not take place until the rubbery phase polymer becomes thin enough and
no longer restricts the water molecules because of competitive hydra-
tion. The MCC core itself begins swelling when water diffuses through
the film coating, which results in the swelling force pushing the film
coating apart to create further paths for water to enter theMCC core. The
power law model was used to study the kinetics of the film coating
swelling and water front penetration in the MCC core based on the re-
sults from TPI and OCT. As the power law model suggests that the water
penetration in the MCC core is less likely to resemble as the capillary
rise, the core is believed to swell as well, and therefore, this reduces the
rate of water front penetration in the porous matrix of the MCC core. The
said rate is also much lower than the rate in uncoated counterparts
because the barrier effect from the film coating extends the MCC
swelling that narrows down the channels for water penetration. The
swelling kinetics of the film coating and the tablet core depend on their
ability to interact with water molecules. The phenomena observed
during the disintegration of the film-coated MCC tablet were summar-
ised into a potential disintegration mechanism of film-coated tablets
without tablet core erosion and agitation in the dissolution medium.
This mechanism can be further utilised to understand film-coated tablets
with modified release characteristics.

Future work will be required to study the disintegration process of
film-coated tablets using water at body temperature as the dissolution
medium. This will help to understand the temperature dependence of
the gelling process of coating polymers. It will also be interesting to use
simulated gastric fluids to study the effects of pH on the coating disso-
lution. Although initially limited to pure MCC tablets, further in-
vestigations may explore the impact of more complex tablet core
formulations. For example, the core can be formulated step-wise by
extending it from a pure excipient to a drug and another commonly used
excipient, such as lactose. On the film-coating side, tablets with different
coating thicknesses can be employed to corroborate if the exact disin-
tegration mechanism would apply to all these film-coated tablets. The
investigation will be extended to sustained release tablets as well.

Table 4
Comparison between the time spent to dissolve the film coating in room tem-
perature water tcoating and the time spent for the water front to penetrate half of
the MCC core following the film coating dissolution tcore. Data assume the tablet
has 100 μm-thick layer of film coating on 1.5 mm-thick MCC tablet and use the
calculated vcoating and vcore from Table 2 and Table 3.

MCC porosity Coating base tcore/s tcoating/s tcoating/(tcoating + tcore)

10% PVA 439 ± 77 452 ± 69 0.508 ± 0.031
HPMC 308 ± 28 524 ± 79 0.630 ± 0.015

15% PVA 260 ± 160 484 ± 63 0.654 ± 0.114
HPMC 241 ± 159 587 ± 60 0.712 ± 0.122

20%
PVA 77 ± 25 418 ± 22 0.844 ± 0.038
HPMC 86 ± 31 506 ± 99 0.855 ± 0.044
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Equipment permitting, the research can include simultaneous or parallel
TPI and OCT characterisation.

CRediT authorship contribution statement

Mingrui Ma: Writing – original draft, Validation, Software, Meth-
odology, Funding acquisition, Formal analysis.Marwa Nassar:Writing
– review & editing, Methodology, Investigation. Jason Teckoe:Writing
– review & editing, Resources, Project administration. Daniel Markl:
Writing – review& editing, Resources, Methodology, Conceptualization.
J. Axel Zeitler:Writing – original draft, Supervision, Resources, Project
administration, Methodology, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal

relationships that may be considered as potential competing interests:
M. Ma reports that financial support was provided by CSC. J.A. Zeitler
reports equipment, drugs, or supplies was provided by Colorcon Ltd.

Data availability

Data will be made available on request.

Acknowledgements

M.M. would like to acknowledge funding by CSC Cambridge Inter-
national Scholarship from the Cambridge Commonwealth, European &
International Trust, UK in partnership with the China Scholarship
Council. D.P. and D.M. would like to acknowledge funding from the
EPSRC (EP/W003295/1; EP/S02168X/1) to support the OCT work in
this study.

Appendix A. The compaction simulator

Fig. A.11 shows a typical compaction profile to make an MCC tablet at about 10% porosity, including information on both the punch positions and
the compaction force.

Fig. A.11. The compaction simulator and an exemplar compaction profile for compacting MCC powders into round 13 mm flat-faced tablets. The MCC powder is
filled into the die before the lower and the upper punch close to exert forces on the free-flow powder to compact it into cylindric-shaped tablets. The porosities of the
resultant tablets depend on the powder fill weight in the die, the compaction force exerted by the punches, as well as the type of powder used.

Appendix B. Additional waterfall plots

Two exemplar water plots are attached in Fig. B.12 to illustrate the disintegration process of MCC tablets film coated with HPMC-based coating
formulations capture by TPI. The film coating dissolution is similar at both 10% and 20% porosities, whereas the said film coating takes longer to
dissolve than the PVA-based film coating.

Fig. B.12. Additional waterfall plots showing the water transport process through (a) a 10% porosity and (b) a 20% porosity pure MCC tablet core with HPMC based
film coating. The waveforms are stacked to describes the movement of the water front after the TPI measurement is commenced.
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