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Abstract

Although strip films are a promising platform for delivery of poorly water-soluble drug particles
via slurry casting, the effect of critical materials attributes (CMASs), e.g., super-disintegrants on
critical quality attributes (CQAS), including film disintegration time (DT), remains under-explored.
A two-level factorial design is considered to examine the impact of the super-disintegrant (SDI)
type (sodium starch glycolate and croscarmellose sodium), their amount, and film thickness. SDIs
were used with hydroxypropyl methylcellulose (HPMC-E15LV) and glycerin solutions along with
viscosity matching. Fenofibrate, a model poorly water-soluble drug, was micronized and surface
modified (MC-FNB) via fluid energy milling. Significant decreases in film DT, measured using
three different methods, were observed due to the addition of SDIs. Percentage reduction in DT
was a strong function of SDI amount, and thinner films disintegrated faster. Films with either
higher SDI concentrations (>9%) or films under 80 um, exhibited fast DT (<180s, Ph. Eur.). All
thin films (50-60 pm) exhibited immediate release (>80% in 10 min). All films achieved good
content uniformity, except for those with the lowest amount of SDI, attributed to insufficient
viscosity and thickness non-uniformity due to the SDI. Finally, all films achieved adequate
mechanical properties, notwithstanding minor negative impact of SDIs.
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1. Introduction

There is continued interest in strip films for oral drug delivery thanks to their notable
advantages over traditional solid dosage forms, such as large surface area and dosing
accuracy, as well as increased flexibility and portability as compared to most orodispersible
tablets (ODTs).1 One of the most attractive aspects of films is their quick disintegration/
dissolution after contact with saliva in the mouth, leading to improved acceptance and
compliance among pediatric, geriatric, and dysphagic patients.> More recently, various
particle engineering techniques have been applied to develop films via slurry casting in
contrast to solution casting, establishing polymeric strip films as a robust platform to embed
relatively high drug loading (40 wt%) of poorly water-soluble drug nano or microparticles to
achieve fast drug release, excellent drug content distribution and uniformity, and mechanical
properties accompanied by fast dissolution.2-> Unfortunately, those papers did not
specifically examine the disintegration time and how it may be impacted by critical material
attributes. Clearly, determination of film disintegration time is essential in the development
and evaluation of this new dosage form. Thus, it is very essential to gain a systemic
understanding of the disintegration behavior of films laden with poorly water-soluble drug
particles via slurry casting.

Strip films benefit from access to a wide variety of usable excipients which can be used to
control film properties without sacrificing the integrity of the format.1-6.7 Recent studies
have begun to explore different film formers, film fillers or combinations used for the
preparation of rapidly disintegrating oral films.8-10 Visser et al. observed that films with
different film forming materials disintegrated in 20-206 s, such as hypromellose (HPMC),
hydroxypropy! cellulose (HPC), sodium alginate (SA), and carbomer 974P. Garsuch et al.
prepared very thin films (32-55 um) with several types of sodium carboxymethyl cellulose
(CMC), several types of hydroxypropyl methylcellulose (HPMC), a synthetic copolymer of
polyethylene glycol-polyvinyl alcohol (Kollicoat IR) and SA, and these rather thin films
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achieved very fast disintegration time (<37 s). However, these papers focus on films
composed of water-soluble drugs via solution casting.

Super-disintegrants (SDIs) are a class of compounds which primarily aid in the rapid
disintegration of orally disintegrating tablets.1112 This class of SDIs, e.g., sodium starch
glycolate (SSG), croscarmellose sodium (CCS) and crospovidone (CP) has been shown to be
effective at excipient concentrations as low as 2 to 10% in ODTs.3 However, it is not fully
clear how these excipients function when used in other applications, and the exact
advantages they render when employed.13 Azad et al. and Bilgili et al. showed that the SDIs
serve as a novel class of stabilizers for nano-suspensions or dispersants of poorly water-
soluble drugs in nanocomposites, and Gordon et al. showed that SDIs promote dissolution of
poorly water-soluble drugs when incorporated intra-granularly.14-16 A few studies have
incorporated SDIs to enhance dissolution rate of drugs from films. For example, Sagban and
Ismail demonstrated that solution cast, water-soluble drug loaded films prepared with 5% CP
have shorter disintegration time, dissolution time, as well as reduced mechanical properties.
17 Susarla et al. incorporated SSG, CCS, and CP primarily as viscosity enhancers to improve
drug content uniformity of films containing griseofulvin (GF) nanoparticles, and found that
they accelerate dissolution times, compared to films formed using alternate methods of
viscosity enhancements.18 Faster drug dissolution of donepezil hydrochloride from films
containing SDIs was also reported in another work.1® Unfortunately, they did not examine
disintegration time for such films.18 Ideally, mechanical properties such as a moderately
high tensile strength and elongation at break, low Young's modulus, along with a short
disintegration time are preferred for fast disintegrating films.20-21 To the best of our
knowledge, none of the previous papers has investigated the effect of incorporating SDIs on
reduction of disintegration time while maintaining proper mechanical properties, and the
effect of SDI concentration on overall film properties.

Three major mechanisms of disintegration have been proposed for tablets, which include
capillary action (wicking), swelling, and deformation (strain recovery).13 In principle, these
mechanisms are not independent and are often synergistic, leading to the break-up of the
tablet matrix and disruption of particle-particle bonds.13 Similarly, imbibition of water is
also the first stage of the disintegration process for film matrix and thus capillary action is of
primary importance, as it will affect all the other disintegration mechanisms. Thus, the
thickness of films and its effect on the water penetration path could impact disintegration
time significantly. The film thickness has been claimed to impact the dissolution time of
films laden with poorly water-soluble drugs.22 As film thickness increased from 26.2 um to
123.2 pm, drug dissolution slowdown was demonstrated in pullulan films with xanthan gum
as a viscosity enhancer.22 Therefore, it would be beneficial to explore the possible effect of
decreasing thickness on reducing disintegration time and mechanical properties.

So far neither the US Pharmacopoeia nor the European Pharmacopoeia has defined a
specific disintegration test or criteria of disintegration time for films. Generally, the frame
and Petri dish methods are the two most popular disintegration tests used in literature.®
Mazumder et al. promoted a modified Petri dish method by incorporating an orbital shaker
to mimic oral movement.23 In this work, disintegration time of films was obtained by
comparing within USP tablet method, frame, and Petri dish methods. Additionally, the effect
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of shaking speed on the disintegration time of films using the modified Petri dish method
was also examined.

With the groundwork in place for films as fast disintegrating/dissolving drug delivery
system, it is necessary to gain a systemic understanding of the effect of incorporating
varying amounts of SDIs as viscosity enhancers, on the intermediate critical quality
attributes (I-CQAS) (thickness) and the critical quality attributes (CQAS) of films,
particularly film disintegration time (DT) and mechanical properties. Therefore, in the
present study, a two-level factorial design was considered to examine the impact of the
super-disintegrant (SDI) type (SSG and CCS), their amount, and film thickness on CQAs.
Different amounts of SSG or CCS were incorporated in the low molecular weight
hydroxypropyl methylcellulose (HPMC-E15LV) polymer solution containing surface
modified, micronized fenofibrate (MC-FNB), a model poorly water-soluble drug. Two
different viscosity ranges, low and high, were attained for each key formulation following
the viscosity matching approach.24 The resulting film precursors were cast and dried to form
films loaded with MC-FNB at two different thickness ranges: low (50-60 um) and high (90-
100 pm). A medium thickness range (70-80 um) was also considered for assessing film DT.
These films were then characterized for drug content and uniformity, film structure,
disintegration time, moisture content, mechanical properties, and drug dissolution rate. It is
expected that this study will allow testing the main hypothesis that SDIs may provide ability
to achieve fast disintegration (<180s, Ph. Eur.) of films laden with poorly water-soluble drug
microparticles while retaining good content uniformity and mechanical properties.

2. Materials and Methods

2.1 Materials

Fenofibrate (FNB; Jai Radhe Sales, Ahmedabad, India) was selected as a model BCS Class
Il poorly water-soluble drug. Pharmaceutical grade amorphous hydrophilic silica (M5P,
Cabot Corporation, MA, USA) with a primary particle size of 16 nm was used as the coating
material for milled coated FNB (MC-FNB) particles to enhance wettability and reduce
agglomeration of micronized FNB particles. Low molecular weight hydroxypropyl
methylcellulose (HPMC; Methocel E15 Premium LV, Mw~40,000, The Dow Chemical
Company, Midland, MI) and glycerin (Sigma—Aldrich, Saint Louis, MO, USA) were used as
the film former and the film plasticizer, respectively. Sodium starch glycolate (SSG;
Primojel, Princeton, NJ, USA) and croscarmellose sodium (CCS; Ac-Di-Sol, Newark, DE,
USA) were used as a film filler and viscosity enhancer. Sodium dodecy! sulfate (SDS)
(Sigma—Aldrich, Saint Louis, MO, USA) was used as the surfactant in the dissolution media.
All materials were used as received, except for the MC-FNB, for which the procedure is
described in the next section.

2.2 Preparation of milled coated FNB particles

Two-step dry milling of coated FNB powders was performed following protocols established
in previous work, and utilized pre-mixing using Laboratory Resonant Acoustic Mixer
(LabRAM, Resodyn Acoustic Mixers, Inc., Butte, MT, USA), followed by continuous
milling in a fluid energy milling (FEM; qualification model, Sturtevant Inc., Hanover, MA,
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USA).25 For pre-mixing in LabRAM, as-received FNB powder (97 g) and M5P silica (3 g)
were added to a plastic cylindrical jar that was shaken at a frequency of 61 Hz with an
acceleration of 70 G for 5 min to ensure that the M5P silica particles were well attached and
distributed among as-received FNB (AR-FNB) particles. Simultaneous micronization and
surface modification of FNB (MC-FNB) particles was carried out using the FEM. Powder
feeding rate was controlled by a volumetric feeder (Model 102M, Schenck Accurate, WI,
USA) at 1 g/min. A constant feeding pressure (FP) of 45 psi and a constant grinding
pressure (GP) of 40 psi were maintained throughout the milling process. The milled and
coated FNB particles are referred to as MC-FNB. The particle size was reduced from 9.43
pum (AR-FNB) to 4.20 um (MC-FNB) after the simultaneous micronization and surface
modification process.

2.3 Preparation of film precursor and film laden with MC-FNB particles

The slurry casting method for films containing nano/micro drug particles has been
established previously.2:18 Slurry casting involves the preparation of a polymer solution
followed by addition of drug particles. The resulting film precursor is passed through a
Doctor Blade (3700, Elcometer, M1, USA) for film casting, followed by drying.

In order to examine the impact of SDIs, their amounts, and film thickness, a two-level
factorial design was employed. The response variable of interest is the film disintegration
time (DT). However, in order to avoid the confounding effect on DT of the film precursor
viscosity, which is an intermediate response variable that may have an impact on film
mechanical strength and hence DT, viscosity matching had to be considered, as was
suggested in previous literature.24 The experimental design followed is presented in Table
S1 in the supplementary material.

Polymer solution was prepared by adding corresponding amounts of glycerin (3.3 g) and
HPMC-E15LV (10 g) into 100 ml deionized water at 30-40 °C and 80-90 °C, respectively.
A sufficient amount of time was allowed for the polymer to dissolve completely without any
clumps, and the polymer solution was cooled down to room temperature while being stirred
continuously. This polymer solution was referred to as F-baseline with a low shear viscosity
of 1800-2000 cP. Next, a “viscosity matching” step was used in which two additional target
viscosity ranges were identified for this investigation: 3500-4500 cP (low) and 9500-10500
cP (high). The careful selection of formulations without SDIs, and SDIs amounts for
formulations with SDIs, is based on the F-baseline formulation, shown in Table 1 and
explained below. For a fair comparison, the ratio of polymer/plasticizer/drug particles was
maintained within each viscosity range.

In general, viscosity of polymer solutions may be varied through adjusting the amount of
polymer or viscosity enhancers while fixing the amount of water. Here, a slightly different
protocol was followed. According to the F-baseline, the formulations without SDIs, F-1 and
F-2 were prepared by reducing water amount from 100ml to 80 ml and 70 ml to achieve low
and high viscosity levels respectively, and adding the same amount of HPMC and glycerin.
For formulations with SDIs, F-SSGs and F-CCSs, appropriate amounts of SSG or CCS were
added to polymer solution (F-baseline) to match low and high viscosity levels. SDIs were
added as the polymer solution cooled down to 50-60 °C, with continued stirring for
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additional 2 h. These HPMC-SDI mixtures are aqueous micro-particulate suspensions
referred to as F-SSG-1, F-CCS-1 (low viscosity) and F-SSG-2, F-CCS-2 (high viscosity).
Once again, the viscosity levels of the polymer solution before adding drug powder are
provided in Table 1. Each of the resulting polymer solutions were mixed with MC-FNB (2.5
g) using a planetary mixer, called Thinky mixer (ARE-310, THINKY, CA, USA), for 10 min
at 2100 rpm, followed by 3 min of de-aeration at 2200 rpm to form a homogeneous film
precursor. To further ensure that no bubbles were present after deaeration, the precursor
suspension was left 8-12 h at room temperature before casting. As a side note, initial
investigation considered crospovidone (CP) also, but unfortunately it precipitated in the
polymer solution and film precursor during the de-aeration process. As a result, CP was not
considered for further investigations due to the miscibility issue of CP and HPMC polymer
solution.

The investigation of the effect of film thickness on the film properties and disintegration
time was also carried out. Hence, the wet casting thickness (provided in supplementary
Table S2) was varied to achieve two desired thickness ranges of dry films (50-60 um and
90-100 pm), for each formulation. In addition, films having thickness of 70-80 pm were
also used for disintegration testing. The final deaerated film precursors were cast onto a
plastic substrate (Scotchpak™ 9744, 3M, MN, USA) using a Doctor Blade (3700,
Elcometer, MI, USA), and dried inside a laboratory-scale tape caster (TC-71LC, HED
International, NJ, USA). The dry film was trimmed into dimensions of 8 cm x 15 cm pieces
for further analysis.

2.4 Characterization methods

2.4.1 Viscosity—The apparent shear viscosities of polymer solutions and film precursors
were measured with a rheometer (R/S-CC+, Brookfield Engineering, MA, USA) equipped
with a shear rate-controlled coaxial cylinder (CC25), and a temperature-controlled water
jacket (Lauda Eco, Lauda-Brinkmann LP, NJ, USA). Both were recorded at a low shear rate
(2.2 s'1) and 25 + 0.5 °C, representing the low-shear rate imparted during film casting at
room temperature,26:27

2.4.2 Digital optical microscope—A digital optical microscope (Axio Lab.Al, Carl
Zeiss, Germany) was used to evaluate the surface morphology of films. Sample films of F-1,
F-SSG-1, and F-CCS-1 were cut into strips with dimensions 2 cm x 3 ¢cm - a common
commercial strip film size, and imaged at 5x magnification.

2.4.3 Scanning electron microscope (SEM)—A field emission scanning electron
microscope (FESEM) (LEO1530VP GEMINI; Carl Zeiss Inc., MA, USA) was used to
examine the cross-sectional structure of films (F-1, F-SSG-1, and F-CCS-1). A rectangular
film sample with dimensions 0.3 cm x 0.5 cm was placed vertically on an aluminum stub
with carbon tape and carbon coated via a sputter coater (EMS150T ES; Quorum
Technologies Ltd, Laughton, UK) before imaging.

2.4.4 Determination of drug content and uniformity in films—A previously
established protocol for determining the drug content and uniformity of films was followed.
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28 Ten circular samples ~0.72 cm? in area were punched out randomly from film samples
and dissolved in 100 ml of 7.2 mg/ml SDS solution with continuous stirring for a minimum
of 3 h. A Thermo Scientific Evolution 300 UV-vi spectrophotometer (Thermo Fisher
Scientific Inc., MA, USA) was used to measure the UV absorbance of each sample using the
appropriate wavelength of 290 nm for each dissolved sample, and then the concentration was
calculated according to an established calibration curve. The thickness was measured using a
digital micrometer (Mitutoyo Corporation, Kanagawa, Japan) with an accuracy of 0.001 mm
(1 um) at 10 random points of an 8 cm x 15 cm size film to obtain a reliable estimate of the
film thickness. The average and standard relative deviation (RSD) values of film thickness,
drug dose per unit area (mg/cm?), and weight percentage of drug in the film (wt% FNB) of
ten samples were recorded. Moreover, percentage of label claim (%LC) and the acceptance
value (AV) were also calculated to determine the content uniformity of films.29:30

2.4.5 Disintegration time with three test methods—The in-vitro disintegration time
was estimated by three methods: USP, frame, and Petri dish. In addition, the modified Petri
dish method with orbital shaker was also used to evaluate the effect of shaking speed and the
pH of disintegration media on the disintegration time of films. The summary of main
features of the disintegration test methods are presented in Table 2. The average values of
disintegration time and standard deviations were calculated over six samples.

USP method: The disintegration time of the films was determined in 600 ml of deionized
water (DI water) at 37 + 0.5 °C, using a USP disintegration test apparatus (DT 2, Sotax,
Switzerland).31

Petri dish method: One circular sample ~0.72 cm? in area was placed in 4 ml of DI water
in a petri dish. The time taken for the film to disintegrate into tiny particles was measured.®
Figs. 1 (a)—(b) show the onset and complete disintegration points.

Frame method: A rectangular piece of film (1.5 cm x 3 cm) was held in a slide frame and
0.15 ml of DI water was placed on film surface using a pipette. The time taken for the water
to penetrate through the film was recorded.® Figs. 1 (c)—(d) show the onset and complete
disintegration points.

Modified Petri dish method: In order to imitate the movement of the tongue, a modified
Petri dish method involving an orbital shaker proposed by Mazumder et al.23, was used in
this study. The petri dish was placed into an orbital shaker maintained at a temperature of 37
+ 0.5 °C, with three shaking speeds (0 rpm, 35 rpm and 65 rpm). In order to identify the
influence of media pH, DI water (pH=5.7) and a phosphate buffer solution (PBS, pH=6.8)
were used. The PBS was prepared according to the published protocols.32 The time taken for
the film to disintegrate into tiny particles was recorded.

2.4.6 Mechanical properties of the films—Film mechanical properties were measured
using a TA-XT Plus Texture Analyzer (Stable Microsystems, UK). 3-5 rectangular film
strips with dimensions of 5 cm x 1.5 cm were held between two clamps positioned at an
initial distance of 3 cm. The films were then subjected to an extension (at a constant speed of
1 mm/s) until the breaking point (i.e., tensile failure). Tensile strength (75), Young's
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modulus ( YM), and percentage elongation (£%) were calculated from the stress versus
strain data. The average and standard deviation of 75, YMand £% were computed over
three film strips.

2.4.7 Thermo-gravimetric analysis (TGA)—TGA was performed using a TGA/
DSC1/SF STAR® system (Mettler Toledo Inc., OH, USA). A ~8 mg film sample was placed
in a standard ceramic crucible and heated under nitrogen flow from 25 °C to 150 °C at a
constant rate of 10 °C/min, maintained at 150 °C for 15 min, heated to 250 °C at a rate of
10 °C/min, and finally cooled back to 25 °C at a rate of =10 °C/min.28

2.4.8 Differential scanning calorimetry (DSC)—A differential scanning calorimeter
(DSC, Mettler Toledo, Inc., OH, USA) was used to determine the melting point of AR-FNB
and MC-FNB particles in the films. In a standard aluminum pan, a ~8 mg film sample was
heated under nitrogen flow from 25 °C to 150 °C at a constant rate of 10 °C/min, and then
cooled back to 25 °C at a rate of =10 °C/min.

2.4.9 X-ray diffraction (XRD)—X-ray diffraction was performed to determine the
crystallinity of AR-FNB, placebo films and drug particles in the films. Diffraction patterns
were acquired to analyze the amorphous/crystalline behavior of these samples using Philips
X'Pert (Almelo, Netherlands), scanning a 2@ angle in the range 5-35° (0.01° step).

2.4.10 Dissolution—Dissolution experiments of films containing MC-FNB particles were
performed following previously established protocols using an automated flow-through cell
dissolution apparatus (USP 1V, Sotax, Switzerland), equipped with six flow-through cells (&
22.6 mm) and 0.2 pm HT Tuffryn® disc filters (Pall Corporation, NY, USA).33 A ruby ball
(@ 5 mm) and 3 g of glass beads (& 1 mm) were placed at the bottom of the cone to ensure
uniform flow of dissolution media entering the cell. Punched circular samples from each
film with an area of ~0.72 cm? were horizontally positioned in the cells with 2 g of glass
beads on the top. The temperature of cells was maintained at 37 £ 0.5 °C and 100 ml
dissolution media (7.2 mg/ml SDS aqueous solution) was circulated at a flow rate of 16 ml/
min. Dissolution results are reported as percentage FNB released as a function of time for an
average of six circular samples from each type of film.

2.4.11 Statistical analysis—Basic calculations were performed using Microsoft Excel
(Microsoft Office 2010, USA). Results for disintegration time and mechanical properties are
expressed as mean + SD (standard deviation) while content uniformity results are expressed
as mean with RSD% (relative standard deviation). In order to analyze the impact of the
addition of SDIs and film thickness on the disintegration time and mechanical properties,
Student's t-test and General linear model of ANOVA were used and the results (p value and
main factor plot) were reported (Minitab® 18).

3. Results and discussion

3.1 Viscosity of polymer solutions and film precursors

As discussed in Section 2.3, the viscosity match approach was necessary in lieu of changing
polymer amount to keep the ratio of polymer/plasticizer/drug constant. Appropriately

J Pharm Sci. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 9

selecting amounts of DI water and SDIs within each viscosity range (3500-4500 cP and
9500-10500 cP) was expected to minimize the impact of polymer solution viscosity on film
properties.24 As discussed before and shown in Table 1, the water amount was reduced from
100 ml (F-baseline) to 80 ml (F-1) and 70 ml (F-2), leading to viscosity increases from 1820
cP (F-baseline) to 3470 cP (low) and 9980 cP (high) for F-1 and F-2, respectively. Adding
selected amount of SSG or CCS to F-baseline according to their swelling capacities!®
caused increases in viscosity, consequently matching low and high viscosity levels. As a
result, viscosities of F-SSG-1 and F-CCS-1 are 3260 cP and 4170 cP (low), and the
viscosities of F-SSG-2 and F-CCS-2 are 10830 cP and 9570 cP (high). The proposed
viscosity matching approach generally worked well except for two cases where the achieved
viscosity values were slightly outside the desired ranges. Thanks to relatively low drug
loading (13-15%), the viscosity of film precursors only increased by 1000-2000 cP after
adding drug microparticles compared to polymer solutions of all formulations; shown in
Table 1.

3.2 Multi-faced characterization of films laden with MC-FNB particles

3.2.1 Optical digital images and SEM images of films—Figs. 2 (a)-(c) and Figs. 3
(@)—(c) show the surface and cross-sectional images of films made from F-1, F-SSG-1, and
F-CCS-1. Optical images from Figs. 2 (a)—(c) showed distinguishable differences between
the HPMC films and HPMC-SDI films. Film made from F-1 exhibited a homogenous and
smooth surface (Fig. 2 (a)). On other hand, some aggregates and uneven structure in the
films of F-SSG-1 and F-CCS-1 can be observed (Figs. 2 (b)-(c)), which could be caused by
the intrinsically larger size and aggregation of insoluble SDIs particles (red arrows). SEM
images (Figs. 3 (a)—(c)) also showed that these films present quite different morphologies as
a result of embedded SDI particles. Films of F-1 show a more homogenous, uniform and
denser cross-sectional structure (Fig. 3 (a)). Whereas, Figs. 3 (b)—(c) revealed embedded
SDIs particles (red arrows) and small pores in the cross-sectional structures of films. SEM
images of films with SDIs are in good agreement with Susarla et al..18 Furthermore, these
images could shed light on the poor performance in mechanical properties of films with
SDIs (Section 3.2.7).

3.2.2 Content uniformity—Recent papers demonstrate that films containing uniformly
dispersed, poorly water-soluble drug nano or micro particles have very low relative standard
deviation (RSD) values relevant to drug content uniformity.>28 Susarla et al. have shown
that films made from high viscosity polymer solution containing SDIs (10,000-20,000 cP)
exhibited very low RSD values of drug content and uniformity, indicating uniformly
distributed nanoparticles in dry films.18 The present results are designed to examine if such
trends for drug content uniformity continue for polymer solutions with viscosities lower than
10,000 cP, specifically, at two viscosity ranges, 3500-4500 cP and 9500-10500 cP). Table 3
(@) presents the content uniformity of films at a thickness of 50-60 um for all formulations
including the average and relative standard deviation (RSD) values for thickness, drug
amount per unit area, weight percentage of drug, mean percentages of label claim (mean
%L.C) and acceptance value (AV). Whereas the results of films at higher thickness of 90-100
pum are provided in Table 3 (b).
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All HPMC films exhibited good RSD values (<6%) in terms of thickness, drug dose per unit
area, and FNB (drug) loading, as well as acceptable AV values (<15) and mean %LC close
to 100%. As anticipated, films made from F-baseline, which has the lowest viscosity led to
higher RSD value compared to F-1 and F-2. Nonetheless, those values still meet the content
uniformity criteria of the United State Pharmacopeia (USP) and European Pharmacopeia
(Ph. Eur.), demonstrating the capability of forming films containing uniformly dispersed
surface modified micronized drug particles, even when a low viscosity HPMC polymer
solution (<5000) was used.

HPMC-SDI films, on the other hand, have higher RSD values for all cases, as well as higher
AV values compared to F-1 and F-2 at the same viscosity ranges. This could be mainly
attributed to thickness non-uniformity due to the uneven distribution of the SDI particles,
confirmed by digital optical and SEM images. This contradicts the claim that the addition of
gums as viscosity enhancers promotes better thickness uniformity.18 Another surprising set
of results, as compared with Susarla et al.,18 is that viscosity values lower than 10,000 cP led
to very good content uniformity, except when the viscosity fell below 4,000 cP. In part, this
unique behavior of SDIs may stem from the fact that the adgg particle sizes of the SDI
particles (23.30 um for CCS and 25.03 pm for SSG) may also play some role for films at
lower viscosity formulations. Interestingly, thinner films made from F-SSG-1 have highest
RSD values (>6%) and also a high AV number (>15). All other HPMC-SDI films still meet
the content uniformity criteria of USP and Ph. Eur.. Therefore, these results suggest that the
viscosity of formulations that include SDIs may need to be above ~4000 cP to achieve good
content uniformity of drug in films. In this respect, both polymer solution viscosity and the
addition of insoluble SDIs, which are correlated with the drug particle dispersion in the
films, have influence on the drug content uniformity.

Interestingly, notwithstanding some issues with the AV results, the films at a thickness of
50-60 pm did not have higher RSD values of thickness compared to 90-100 um films. For
thicker films of 90-100 um, excellent drug content RSD values (<6%), good mean %LC
(91-105%) levels, and AV results (<15) are observed. However, as was the case for thinner
films, RSD values of thickness and API dose per unit area of F-SSG-1 are just above
acceptable levels, mostly likely due to its lower polymer solution viscosity (Table 3 (b)). In
all of these results, overall good content uniformity may be attributed to the good dispersion
and mixing of surface modified FNB microparticles as well as the high shear rate provided
by the Thinky mixer. As a result, the thickness variations did not have any significant impact
on the drug content uniformity of films.

3.2.3 Moisture content of films—~Presence of SDIs could have an effect on the moisture
content after drying due to their tendency to absorb water. Therefore, TGA analysis was
performed on films of all formulations and the results are presented in Fig. 4. The first mass
loss for films can be ascribed to the free or bound water content. Film made from F-baseline
exhibited greater weight loss (7.7%) compared to films made from F-1 and F-2 (6.5%),
which may due to higher water content in the polymer solution after the same drying time.
In contrast, the weight loss of films prepared from HPMC-SDI formulations had lower
moisture content ranged in 5.4-6.6%, indicating the incorporation of insoluble/swelling
SDIs does not significantly hinder the drying efficiency that could cause an increase in
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moisture content of dry films. The second mass loss was due to decomposition of glycerin,
as reported in the literature.26 The high moisture content was most likely due to the much
higher water content of polymer solution used in this study, compared to the previous work.>
Although the moisture content of all formulations in this study is somewhat higher (5.4—
7.7%), films are still peelable and non-tacky.

3.2.4 Crystallinity of films—Differential scanning calorimetry (DSC) analysis of AR-
FNB particles as well as films laden with MC-FNB particles show (Fig. 5) a thermal event at
80-82 °C, which corresponds to the melting endotherm for FNB, and sharp endothermic
peaks indicating the crystalline nature of FNB. As evident from the DSC profiles, the
crystalline state of FNB particles has been preserved after milling drug particles and film
manufacturing process.

In addition, XRD analysis was performed to study the crystal structure of drug particles and
the drug incorporated in films. Fig. 6 shows the XRD patterns of AR-FNB, placebo films
and films laden with MC-FNB particles. AR-FNB particles presented sharp, high intensity
peaks at the main diffraction angles (26) 10.0°-25.0°. Placebo films did not show any peak
due to the amorphous nature of HPMC and SDIs. For the films laden with MC-FNB
particles, the characteristic peaks in range 15.0°-25.0° were attributed to FNB, confirming
that the crystalline structure of drug was preserved during the milling, mixing and drying
processes. These results agree well with the DSC results that all processed dry powder and
films consisted of crystalline FNB. This is significant in the context of maintaining the API
form stability and release characteristics of the product over time.34

3.2.5 Comparison of disintegration time of USP, Petri dish and frame methods
—The disintegration time of films laden with MC-FNB particles made from all
formulations, as per the experimental design (Table S1), along with one additional thickness
range tested by USP, Petri dish and frame methods are presented in Fig. 7. The USP method
shown in Fig. 7 (a), has broader standard deviation (SD) and distribution of disintegration
time compared to Petri dish and frame methods for all films. The prime reason for this large
variation is due to difficulties in visual observation of films in the event they fold in the
basket or attach to the plastic disk during the disintegration process. Disintegration time of
most film samples showed good reproducibility with small standard deviations (SD) for
frame (Fig. 7 (c)) and Petri dish (Fig. 7 (b)) methods, and there is no significant difference
(0>0.05, details provided in supplementary Table S3) between both methods. The reader is
reminded that for the Petri dish method, the time measured is for complete film
disintegration as shown in Fig. 1. Therefore, Petri dish and frame methods were deemed
suitable for determining disintegration times of films and this lends support to previous
findings in the literature.® Overall, all films under 80 um and films with higher SDIs
concentrations (>9%) at the thickness of 90-100 um, exhibited fast disintegration time
(<180s for dispersible tablets) according to Ph. Eur..3% Furthermore, films with SDIs under
60 pm disintegrated much faster (<50 s) than the required disintegration time for dispersible
tablets. In particular, the film made from F-CCS-2 met the fast disintegration criteria of
orodispersible tablets by FDA (<30s).3!
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Regarding the effect of the addition of SDIs and the reduction of film thickness on the
disintegration time, significant improvement (p<0.05) in terms of shorter disintegration time
were obtained from both factors. HPMC films disintegrated in 70-380s compared to 30—
220s of HPMC-SDis films. The mean disintegration time for formulations including SDIs
followed the trend of F-SSG > F-CCS, most likely caused by the higher concentration of
CCS as compared to SSG in films. Regarding the effect of thickness, the observed trends
were as expected; the disintegration time of thinner films was faster. Films 90-100 pm thick
disintegrated in 150-380s, films 70-80 um thick disintegrated in 70-180s, and films 50-60
pum thick disintegrated in 30—75s.

Results may be better interpreted through Figs. 8 (a)—(b), which show that the disintegration
time of films has a nearly linear relationship with SDI concentration and film thickness (50—
60 pm, 70-80 um, 90-100 um). As expected, for fixed thickness, the addition of SDI is
clearly advantageous. Also, the main effects plot of thickness, SDI concentrations and
viscosity generated using General Linear Model of Minitab® (supplementary Fig. S4) lends
the same conclusion. Since it is difficult to visualize the extent of reduction in disintegration
time due to addition of SDIs and their amounts in Figs. 8 (a) and (b), the percentage
decrease of disintegration time is shown in Fig. 8 (c) as a function of SDI amount. Although
the scatter in the linear trend is high, the R? value of 0.84 indicates a nearly linear trend. In
this figure, since all three thickness values are found to have a nearly similar trend, only a
single trend line is shown (reader may refer to supplementary material Fig. S5 for a version
with three separate trend lines). Accordingly, the percentage reduction in the disintegration
time is largely controlled by the amount of SDI at any thickness. Also, the percentage
reduction in disintegration time values for all films at thickness ranges of 90-100 um, 70-80
um, and 50-60 um for a fixed type and amount of SDI are comparable to each other.
Therefore, addition of SDI and in larger amounts greatly reduces the disintegration time for
all films, regardless of their thickness in the ranges studied.

3.2.6 The effect of shaking speed and disintegration medium—The 50-60 pm
films made from F-CCS-2 was used to investigate the effect of shaking speed (0 rpm, 35
rpm, and 65 rpm) on disintegration time (Fig. 9 (2)). Interestingly, the results show that the
shaking speed did not affect the disintegration time at 0 rpm, 35 rpm or 65 rpm, indicating
the shaking motion did not facilitate water penetration rate into the film matrix, or the water
uptake rate of HPMC or SDls. Fig. 9 (b) shows the effect of disintegration medium on the
disintegration time of films (50-60 pm) of F-baseline, F-SSGs and F-CCSs, including DI
water (pH=5.7) and PBS buffer (pH=6.8). Disintegration time of all films was shown to be
slightly longer in higher pH medium (PBS buffer) compared to lower pH medium (DI
water). Our results are in line with Preis et al.'s finding that HEC films have increasing
disintegration time in media which contains more additives (water<buffer<SSF).”

3.2.7 Mechanical properties of films—An ideal rapidly disintegrating film should
possess good mechanical properties, such as moderate tensile strength (75) and high
elongation at break (£%), required for films to maintain their integrity, as well as being soft
enough (low Young's modulus ( YM)) to have a pleasant sensation in the buccal cavity.22:36 |t
has been reported that the type and amount of polymer, plasticizer, surfactant and drug all
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have profound effects on the mechanical properties of films.5:9.23.24.28.37.38 The results so
far indicate that the addition of SDIs reduce the disintegration time of films. However, the
extent of the effect of SDIs along with film thickness on mechanical properties of films
loaded with poorly water-soluble drug microparticles is unknown. Therefore, the mechanical
properties; tensile strength ( 7.5), Young's modulus ( YM) and percentage of elongation (£%),
of 50-60 pm and 90-100 pum films of all formulations were measured and are shown in Figs.
10 (a)-(c). The 7S, YM, and E% were determined from the stress-strain curves obtained
from experiments using the texture analyzer.

HPMC films (F-baseline, F-1 and F-2) resulted in the higher 75(17-23 MPa), £% (32—
84%), and YM (0.4-0.58 GPa) compared to HPMC-SDI films which have 75in 9-17 MPa,
E%in 10-22%, and YMin 0.28-0.48 GPa. Evidently, the incorporation of SDIs
significantly influences the mechanical properties of films (p<0.05), and increasing the SDIs
concentration in films exhibited decreases in 75, £%, and YM. This may be attributed to the
embedded SDI particles inserting themselves between the polymer strands, thereby breaking
the polymer-polymer interactions.23 In principle, the decreases in 7Sand £% lead to weaker
and less ductile films, and are expected to be contributing factors toward enhancement of
film disintegration and subsequent dissolution of drug microparticles. Hence, the mechanical
properties results are in agreement with the disintegration time results of films. Regarding
the effect of film thickness on mechanical properties (50-60 um vs 90-100 pum), there are no
significant changes (£>0.05) in 7S, E%and YM of HPMC films. On the other hand, an
obvious increasing trend of 75and £9% was observed in HPMC-SDI films with minor
decreases in YM with respect to increase in film thickness. The significant increases
(p<0.05) in 7Sand £% with increasing thickness of HPMC-SDI films suggests that thinner
HPMC-SDI films were more brittle and rigid. Remarkably, the values of 75(9.7-13.8 MPa),
E% (10.7-13.7%), and YM (0.34-0.48 GPa) of HPMC-SDI films at the thickness of 50-60
um are still in the proposed desirable ranges of ODFs, which are 75> 2 MPa, £% > 10%,
and YM < 0.55 GPa as per the literature.20 These results offer sufficient evidence that films
with SDIs can offer faster disintegration time while maintaining desired mechanical
properties with respect to manufacturing and patient compliance.

Finally, rather interesting outcomes were observed in terms of the effect of increasing
viscosity, via reducing water amount, on mechanical properties of HPMC films. It was found
that increases in viscosity had positive effect on 75and £% however there was no drastic
effect on YM of the films. One potential reason is that mechanical properties of films are
related to distribution and density of intermolecular and intramolecular interactions in
networks formed in films.39 Hence, high viscosity of polymer solution may result in forming
a more compact structure or network in the film,%%:41 which may be contributing to higher
7Sand E£% but not YM of films.

3.2.8 Dissolution—It is has been shown that thicker films lead to slower dissolution rate
for films containing poorly water-soluble drugs.® Here, dissolution profiles of both thin (50—
60 pm) and thick films (90-100 pm) are presented in Fig. 11 for all formulations, using 100
ml 7.2 mg/ml SDS as the dissolution media. It is important to note that all films exhibited
immediate release (>80% in 20 min). Films made from F-CCS-2 exhibited the fastest release
rate of MC-FNB microparticles due to the high SDI concentration (14 wt% CCS), followed
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by similar release rates for films made from F-CCS-1 and F-SSG-2, owing to their similar
concentrations of SDIs (8 wt% SSG and 9.6 wt% CCS). All HPMC films and films made
with F-SSG-1 exhibited similar dissolution profiles. The FNB release rate of films made
with F-SSG-1 was lowest among HPMC-SDI films, and similar to HPMC films, maybe due
to its lower SDI concentration (4 wt% SSG). These results suggest that dissolution rate of
films could be more dependent on SDI amount rather than the SDI type. The trend of
dissolution rates correlate fairly well with disintegration times of films, and HPMC-SDI
films disintegrate/dissolve faster than HPMC films. The faster release of drug from films is
most likely attributed to faster breakdown/disintegration, which creates more pores and
channels for the drug to diffuse out of the films.42

4. Conclusions

The impact of super-disintegrants (SDIs), their concentrations, and film thickness on various
properties of films loaded with poorly water-soluble drug (fenofibrate) microparticles were
investigated. A film precursor viscosity matching method was utilized to minimize the
confounding effect of viscosity on the resulting film properties. Amongst three different
disintegration testing methods, the Petri dish and frame methods were found to provide
reliable measure of disintegration time, and the shaking speed of the Petri dish did not have
an appreciable impact. The most important outcome of this study was that the addition of
SDIs (sodium starch glycolate (SSG) and croscarmellose sodium (CCS)) led to reductions in
disintegration time, which was found to be largely controlled by the amount of SDI at any
thickness. All films under 80 um thickness as well as thicker films (90-100 um) with highest
SDI (concentration > 9%) exhibited fast disintegration times (< 180 s) according to Ph. Eur.
Furthermore, thinnest (under 60 pm) HPMC-SDI films disintegrated within 50 s and
exhibited immediate release (< 80% in 10 min). All the films with SDIs achieved desired
mechanical properties even though SDIs had somewhat negative impact on the film
mechanical properties (tensile strength, elongation percentage and Young's modulus). All
films with or without SDIs, except for films with the lowest level of SDIs, had very good
drug content uniformity (RSD < 6%, AV < 15). Although the presence of SDIs in films led
to slightly higher moisture retention upon drying, the final moisture content was still low,
and resulted in peelable, non-tacky films with crystalline FNB microparticles. Overall, these
results demonstrate that SDIs impart faster disintegration (<180 s, Ph. Eur.) of films laden
with poorly water-soluble drug microparticles while achieving very good content uniformity
and acceptable mechanical properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Disintegration of film: Petri dish method: (a) at onset and (b) after complete disintegration;

frame method: (c) at onset and (d) after complete disintegration.
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Fig. 2.
Digital optical images of film surface: (a) F-1, (b) F-SSG-1, and (c) F-CCS-1. Scale bars are

200 pum each.
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Fig. 3.
Cross-sectional SEM images of films: (a) F-1, (b) F-SSG-1, and (¢) F-CCS-1.
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TGA curves for films of all formulations.

J Pharm Sci. Author manuscript; available in PMC 2019 August 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zhang et al.

Heat flow (W/g)
|
i
|
)
|III

As-received FNB powder
——— F-baseline
HPMC+SSG film loaded with MC-FNB
—— HPMC+CCS film loaded with MC-FNB
| | ] |

40 60 80 100
Temperature (°C)

Fig. 5.

Page 22

Endothermic down

120

DSC curves of as-received FNB particles, placebo film, and films with SDIs laden with MC-

FNB particles.
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Fig. 6.

XRD diffractograms of as-received FNB particles, placebo films with SDIs, and films with
SDIs laden with MC-FNB particles.
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Fig. 8.

Disintegration time analysis of films: (a) disintegration time as functions of SDI
concentration, (b) disintegration time as function of film thickness, (c) percentage reduction
in disintegration time as a function of SDI concentration.
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Disintegration time of selected thin films tested by modified Petri dish method: (a) shaking
speeds of orbital shaker; (b) disintegration media (DI water vs PBS).
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Fig. 10.
Mechanical properties of films made from all formulations at 50-60 um and 90-100 um: (a)

tensile strength, (b) elongation (%), and (c) Young's modulus.
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Fig. 11.
Dissolution profiles of (a) 90-100 um and (b) 50-60 um films from all formulations.
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Table 2
Summary of disintegration test methods
USP method Frame method  Petri dish method Modified petri dish method
Number of samples 6 6 6 6
Amount of media 600 ml 0.15ml 4ml 4ml
Type dynamic static static dynamic
End-point visual visual visual visual
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