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1. Abstract
Development of a release test for amorphous solid dispersions (ASDs) that is in vivo predictive
is essential to identify optimally performing formulations early in development. For ASDs
containing an enteric polymer, consideration of buffer properties is essential. Herein, release
rates of hydroxypropyl methyl cellulose acetate succinate (HPMCAS) and ritonavir from ASDs
with a 20% drug loading were compared in phosphate and bicarbonate buffers with different
molarities, at pH 6.5. The bioaccessibility of ritonavir from the ASD in the tiny-TIM apparatus
was also evaluated and compared to that of the crystalline drug. The surface pH at the dissolving
solid: solution interface was evaluated using a pH-sensitive fluorescence probe for HPMCAS
and ASD compacts in phosphate and bicarbonate buffers. Drug and polymer were found to
release congruently in all buffer systems, indicating that the polymer controlled the drug release.
Release was slowest in 10 mM bicarbonate buffer, and much faster in phosphate buffers with
molarities typically used in release testing (20-50 mM). Release from the 10 mM bicarbonate
buffer was matched in a 5 mM phosphate buffer. The surface pH of HPMCAS and
HPMCAS:ritonavir ASDs was found to be lower than the bulk solution pH, where surface pH
differences largely explained release rate differences seen in the different buffer systems.
Ritonavir was highly bioaccessible from the ASD, as assessed by the tiny-TIM system, and much
less bioaccessible when crystalline drug was used. The observations highlight the need for

continued development of biorelevant assays tailored for ASD formulation assessment.
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2. Introduction
Amorphous solid dispersions (ASDs) are widely used to improve the bioavailability of poorly
soluble drugs.!”'* An amorphous solid dispersion is a molecular mixture of a drug and a polymer,
yielding a single phase homogeneous blend. The amorphous form of a drug has a transiently
higher solubility than the equilibrium crystalline solubility, and consequently, supersaturated
solutions can be generated following dissolution under non-sink conditions. However, if
crystallization occurs, the extent of supersaturation is decreased.>”!>!¢ ASD polymers ideally
inhibit crystallization in the solid and solution phases, and consequently improve drug release
relative to neat amorphous drug.
Hydroxypropyl methylcellulose acetate succinate (HPMCAS), is a commonly used enteric ASD
polymer.!*!718 Congruent release of drug and polymer has been noted from ASDs with
HPMCAS, in particular at lower drug loadings, suggesting that drug release is controlled by the
polymer dissolution rate.>!*?° Given the key role played by the polymer in controlling drug
release from an ASD, determination of factors that impact the polymer dissolution rate is key to
understand the overall release profiles of ASD formulations. Ionization of carboxylic acid groups
is the critical step in enteric polymer dissolution, since it leads to hydration, solubilization and
the subsequent dissolution of the polymer chains.*?!?? Enteric polymers tend to have an acidic
micro-environment at the dissolving interface due to liberation of protons following ionization of
carboxylic acid groups.??~2® Hence, dissolution media factors such ionic strength, buffer capacity
and buffer species pKa, as well as pH impact polymer dissolution rate.>?!**2° Drug loading and
drug physico-chemical properties also impact polymer release.’
Biorelevant media, such as fasted state simulated gastric fluid (FaSSGF), fasted state simulated

intestinal fluid (FaSSIF), and fed state simulated intestinal fluid (FeSSIF) are frequently



employed in release studies to better understand the effect of bile salts and other digestive
components.’® However, biorelevant media may not adequately simulate in vivo conditions as far
as buffer capacity is concerned. /n vivo intestinal fluid buffer capacity values are very low, being
in the range of 2-8 mM/ApH in the fasted state and 3-15 mM/ApH in the fed state
gastrointestinal (GI) tract.>*!73* The buffer capacity of FaSSIF was reported to be around 10
mM/ApH and that of FeSSIF was around 25 mM/ApH.?%*! Several studies have compared the
effect of phosphate versus bicarbonate buffers on the dissolution rate of BCS II weak acids.**>*
For indomethacin, much higher dissolution rates were observed in FaSSIF compared to a more

physiologically-relevant bicarbonate buffer, for a fixed pH.*® This was attributed to differences in

media buffer capacity.

Bicarbonate is the pH modifying agent in the small intestine.>*° Thus, bicarbonate buffer is the
most biorelevant testing media for mimicking the upper small intestine in terms of factors such
as buffer capacity and species. The pH of a bicarbonate buffer depends on the concentration of
carbonate ions, carbonic acid, dissolved CO2, and the partial pressure of COz in the headspace.*
Studies show that it is possible to generate a stable bicarbonate buffer by continuous sparging of
CO, to maintain the buffer species concentration as well as the pH. However, it is not
particularly convenient to use bicarbonate buffer for in vitro release testing. To broaden the use
of bicarbonate buffers, Sugano and coworkers developed a floating lid apparatus where a foamed
styrol sheet was inserted above the surface of the bicarbonate buffer solution in a USP II
apparatus. This decreased the headspace and delayed release of CO2. The method was user-
friendly and maintained the pH over the duration of the experiment, making the use of

bicarbonate buffer more convenient in the lab.3%#!



It has been noted that bicarbonate buffer has a higher buffer capacity in bulk solution as
compared to in the diffusion boundary layer at the interface between the dissolving solid and
solution. This is due to the slow kinetics of hydration and dehydration reactions of CO2 and
H>COs relative to the diffusion rate of species. Hence, the effective pKa of bicarbonate in the
boundary layer lies between 4 to 5 even though its apparent pKa is 6.04.%°

Since dissolution ultimately happens in vivo, it is also important to understand the intricacies of
the GI tract beyond simply using bicarbonate buffer. Various GI factors such as pH, buffer
capacity, bile salts, surface tension, motility, osmolality, total protein content, pepsin etc. should
be taken into consideration for understanding intraluminal performance of dosage forms.*? The
pH values of the luminal fluids are highly dynamic, and have been reported to range from 5.0 to
8.4 in comparison to the static values of biorelevant media (pH 6.8 in SIF and pH 6.5 in
FaSSIF).* Also, postprandially the small intestine creates various motor patterns termed as
migrating motor complexes (MMC) to mix the contents with chyme and intestinal fluids, and
expose them uniformly to the mucosal tissue for absorption. Phase III of MMC has a
characteristic feature of increasing the pH in the antroduodenal region i.e. rapid alkalization and
duodenal phase III activates the release of electrogenic chloride and bicarbonates in the antral
lumen.® It was also demonstrated from human intestinal fluid (HIF) samples collected
postprandially that the solubilizing capacity of HIF is highly time dependent and pH plays an
important role in the dissolution of ionizable drugs in the fed state.***> These observations
demonstrate that it is important to take into account the dynamic pH, as well as the low buffer
capacity of GI fluids and perform in vitro studies in a dynamic set-up for better in vitro in vivo
correlation (/VIVC).>! This has led to the development and utilization of more complex in vitro

testing systems. The TIM intestinal model is a computer-controlled dynamic gastro-intestinal



model which simulates all the processes of upper GI tract. Tiny-TIM is a benchtop version of
TIM which has a simulated pressure-controlled gastric compartment and an intestinal
compartment. The use of the tiny-TIM as a predictive tool for bioavailability of a variety of

formulations has been discussed in the literature.*0->2

The goal of this study was to investigate the release of neat HPMCAS and HPMCAS-based
ASDs in increasingly biorelevant conditions. First, we compared the impact of low and high
buffer capacity media on the dissolution of an ASD of a weakly basic drug, ritonavir (RTV) at a
20% drug loading (DL) in pH 6.5 phosphate buffer. We performed surface normalized release
experiments using Wood’s apparatus. Next, the drug and the polymer release were measured in
bicarbonate buffer media. The floating lid method developed by Sugano et al***! was adapted to
the Wood’s apparatus dissolution test. This approach maintained a constant pH for the
experimental duration by minimizing COz release. Finally, the release of a RTV: HPMCAS 20%
drug loading (DL) ASD was evaluated using the tiny-TIM and the % of bioaccessible drug was
compared for the ASD and a crystalline reference sample at a 100 mg dose. To confirm the role
of interfacial pH as a factor in the release rate of components from the ASD, a fluorescence
method was developed to determine the pH gradient across the boundary layer of an

HPMCAS/ASD compact immersed in different buffers.

3. Materials
Ritonavir (RTV) was purchased from ChemShuttle (Jiangsu, China). Hydroxypropyl methyl
cellulose acetate succinate (HPMCAS AQOAT -MF) was supplied by Shin-Etsu (Tokyo, Japan).
Fluorescein isothiocyanate (FITC) and rhodamine 6G (R6G) were purchased from Sigma-Aldrich
Co. (MO, U.S.A.). Methanol (MeOH), dichloromethane (DCM), acetonitrile (ACN),

tetrahydrofuran (THF), phenol, sulfuric acid, trifluoroacetic acid (TFA), formic acid (FA), sodium



hydroxide (NaOH), sodium chloride (NaCl), triethylamine (TEA), sodium phosphate dibasic
anhydrous (NazHPOs), and sodium phosphate monobasic monohydrate (NaH2PO4.H20) were
purchased from Fisher Chemicals (Fair Lawn, NJ, USA). Hydrochloric acid (HCI) and sodium
bicarbonate (NaHCO3) were supplied by Merck (USA). a-Amylase from Bacillus sp., lipase from
Rhizopus oryzae, pepsin, pancreatin, sodium acetate trihydrate, glacial acetic acid, calcium
chloride dihydrate (CaCl2:2H20), bile extract porcine powder, hydroxypropyl methyl cellulose
(HPMC), gastric electrolyte stock were purchased from Sigma-Aldrich Co. (MO, U.S.A.).
Chemical structures of RTV, HPMCAS, FITC and R6G are shown in Figure 1. Various buffer
solutions used in this study are summarized in Table 1. High performance liquid chromatography

(HPLC) grade ultrapure water was used for preparation of all buffers and mobile phases.
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Figure 1. Chemical structures of (a) ritonavir (RTV), (b) hydroxypropyl methyl cellulose
acetate succinate (HPMCAS) (c) fluorescein isothiocyanate (FITC) (d) rhodamine 6G (R6G).



Table 1. Media used in the study with their buffer concentrations and capacities

Media Buffer Concentration (mM)  Buffer capacity (mM/ApH)

pH 6.5 phosphate buffer 5 1.9
pH 6.5 phosphate buffer 10 4.0
pH 6.5 phosphate buffer 20 8.7
pH 6.5 phosphate buffer 50 23.8
pH 6.5 bicarbonate buffer 10 4.4
pH 6.5 bicarbonate buffer 20 8.8
4. Methods

4.1. Analysis of Ritonavir Concentration
A high performance liquid chromatography (HPLC) method was developed to quantify the
concentration of ritonavir. An Ascentis® Express (Sigma-Aldrich, St. Louis, MO) 90 A C18
column with dimensions of 15 cm X 4.6 mm and particle size of 5 pm was used with a mobile
phase of 50:50 v/v water: ACN with 0.1% TFA at 1 mL/min. The injection volume was 80 pL and
the drug was detected at an ultraviolet (UV) wavelength of 210 nm. Standard curves were prepared

in triplicate over the concentration range of 1-50 ug/mL with an R? of 0.999.

4.2. HPLC Analysis of HPMCAS
The concentration of HPMCAS was analyzed using HPLC and an evaporative light scattering
detector (ELSD). A Shodex RS pak DS-413 column was used for the analysis. A gradient method
was developed using a mobile phase of 0.1% FA in water and 0.1% FA in ACN at a flow rate of
0.5 mL/min with an injection volume of 80 pL. The method details for various systems are
summarized in Table S1. A continuous flow of high-pressure liquid nitrogen at a rate of 1.5
standard L/min was required for the ELSD detector. The nebulizer temperature was set to 80 °C
and the evaporator temperature set to 85 °C. Standard curves were prepared in triplicate over the

concentration range of 1-250 ug/mL with an R? of 0.999.



4.3. Preparation of Amorphous Solid Dispersions
HPMCAS-based ASDs of ritonavir were prepared using a rotary evaporator (Hei-VAP Core rotary
evaporator, Heidolph Instruments, Schwabach, Germany) equipped with an Ecodyst EcoChyll S
cooler (Ecodyst, Apex, NC, USA). Briefly, ritonavir and HPMCAS were dissolved in 1:2 v/v
MeOH: DCM and the solvent was evaporated on a rotary evaporator with a water bath maintained
at 50 °C. The ASDs were dried overnight under vacuum, cryomilled using a 6750 Freezer/Mill
(SPEX SamplePrep, Metuchen, NJ) and sieved to obtain the particle size fraction in the range of
106-250 pm. The amorphous nature of ASDs was cofirmed using powder x-ray diffraction

(PXRD) (Figure S1).

4.4. Surface Area Normalized Dissolution Rate Experiments
Intrinsic dissolution rate (IDR) type experiments were performed using Wood’s apparatus (Agilent
Technologies, Santa Clara, CA) for neat HPMCAS and RTV: HPMCAS ASDs in various media.
100 mg of the powder was added into the die (diameter of 8 mm and surface area of 0.5 cm?) and
compressed using a Carver press (Carver, Wabash, IN) under a pressure of 1500 psi held for one
minute. The die was then attached to the rotating spindle and rotated at 100 rpm. The entire
assembly was inserted into a jacketed beaker containing 100 mL of the dissolution medium
maintained at 37 °C and connected to a water bath. Samples were taken at 5-minute intervals up
to 30 minutes and at 10-minute intervals up to 60 minutes. Samples were replenished with fresh
media. Drug and polymer were analyzed with HPLC as described in sections 3.1 and 3.2

respectively. The normalized release rate of the drug and polymer is calculated from equation 1.

kxV
SXx

R = (eq. 1)



where k is the slope of the regression line, V is the volume of dissolution medium (100 mL), S is
the surface area of the compact exposed to the dissolution medium (0.5 cm?) and x is the weight

fraction of each component.

4.5. Floating Lid Method Adapted to Wood’s Apparatus
The floating lid set-up described by Sugano and coworkers***! was adapted. Briefly, 100 mL of
freshly prepared pH 6.5 bicarbonate buffer was added to the jacketed beaker which was attached
to a water bath maintained at 37 °C. A low-temperature polystyrene foam moisture-resistant
insulation sheet was fitted inside the beaker immediately above the surface of the buffer to decrease
the headspace and minimize COz loss from the solution. The pH was monitored every minute for
first 10 minutes and then every 5 minutes for up to 1 hour using a calibrated pH probe (Mettler
Toledo, Greifensee, Switzerland). Once the set-up was optimized, dissolution experiments were
performed for neat HPMCAS and HPMCAS-based ASDs. Samples were taken using a 2 mL
syringe needle which was inserted through a small hole in the polystyrene sheet. The media was
replenished with fresh buffer maintained at 37 °C and kept in another beaker under a polystyrene
sheet. The pH was checked at the end of the experiment, and the data were considered for further
evaluation only if pH showed a change of less than 0.1 units. Samples were analyzed using HPLC

as described in sections 4.1 and 4.2.
4.6.Tiny-TIM

4.6.1. Design and Set-up
The tiny-TIM by The TIM Company (Delft, Netherlands) consists of a dynamic computer-
controlled gastric compartment and small intestinal compartment to simulate the human gastro-
intestinal system. The gastric and the intestinal compartments consist of a flexible silicon sleeve

immersed in water maintained at 37°C, and contained within a glass jacket. Contraction and


https://en.wikipedia.org/wiki/Greifensee,_Z%C3%BCrich

distension are applied to the silicon sleeve via the external water compartment which has inlet
and outlet valves, thereby mimicking gastrointestinal motility. A peristaltic valve controls the
movement of mass and fluid from the gastric to small intestinal compartments. Air pressure
applied on the valves permit opening or closing. There are two pH probes, one in stomach and
one in the intestinal compartment to measure pH in real time. Throughout the experiment, pH
curves are generated based on data gathered by the pH probes and are used to ensure
physiological pH conditions are maintained via addition of acid or base when the pH deviates
from pre-set values. The intestinal compartment is connected to a polysulfone hollow fiber
membrane with a cut-off diameter of 50 nm which acts as a simulated absorption unit allowing
the passage of dissolved species in the gastro-intestinal fluids. Samples passed through the
polysulfone membrane are sampled continuously throughout the run based on weight, and
samples are pooled together based on regular time intervals and are considered to be the
bioaccessible fraction (fraction of the drug available for absorption). All media were prepared as
per Table S2 and were filled into 8 syringes. The media were: fasted gastric enzyme solution,
pancreatin solution, water, bile, 1 M HCI, sodium bicarbonate buffer, small intestinal electrolyte
(SIES), and water to replenish the media in compartments when samples are taken. As per the
predetermined protocol, different amounts of 1 M HCI and sodium bicarbonate are pumped into

the system through syringes to adjust the pH throughout the experiments.

4.6.2. Sampling and Run
Before starting the experiment, 270 g of media was added into the gastric compartment. | mL of
2 mg/mL trypsin solution was added into the small intestine compartment. The hollow fiber
membrane filter was rinsed with a solution containing ~9 mL bile, 16 mL 10% pancreatin and 65

mL SIES. Once the set-up was ready, the weighed amount of sample powder was added, and the



run commenced. The total run time for an experiment in the tiny-TIM was 5 hours. Samples
were taken every 15 min for the 1% hour and every 30 minutes for the rest of the run. The
housekeeping wave took place at the end of one hour, where all contents from the gastric
compartment were mixed with into the intestinal compartment by opening of a peristaltic valve.
Figure S2 shows the pH profiles measured by each pH probe in the stomach and small intestine
during the course of entire tiny-TIM run. Samples in the collection vessel were analyzed with
HPLC. Two runs were performed, one with 100 mg of crystalline ritonavir, and the second with a
100 mg drug dose using the RTV: HPMCAS 20% DL ASD (500 mg of total ASD). The particle

size range of the crystalline drug and ASD powders was 106-250 pm (based on sieve fraction).

4.7. Determination of Equilibrium Surface pH: Slurry pH Method
The slurry pH method was adapted from Pudipeddi et al.> for determination of the equilibrium
surface pH for HPMCAS-MF. Briefly, an excess amount (20-40% w/w above its solubility limit)
of HPMCAS-MF was added to ultrapure water and vortexed for 15 minutes to create a slurry of
HPMCAS-MF. The pH of the suspension was determined using a B10P benchtop pH meter
(VWR International, Radnor, PA) with a connected sympHony combination pH probe (VWR
International, Radnor, PA). The suspension showed a constant pH value within 15 minutes.

4.8. Determination of Boundary Layer pH gradient: Confocal Microscopy
Confocal fluorescence microcopy was used to image the boundary layer of a dissolving
HPMCAS or ASD compact in situ and to quantify the boundary layer pH gradient as a function
of distance from the solid-liquid interface.>* Briefly, 0.1 % w/v of the fluorescein isothiocyanate
(FITC), a pH-sensitive fluorescent dye, was dissolved in phosphate buffer of various pH ranging
from 5.0 to 9.0. Images of each calibration sample of known pH containing FITC were obtained

using the confocal microscope. From these, a calibration curve was prepared. Briefly, Image-J



software was used to determine the mean green intensity of the solutions of different pH, where a
region of interest (ROI) was selected for each image, and a histogram of intensities was created.
The region of interest was a rectangle of 100 pm in width and 1000 pm in height. To evaluate the
pH gradient from neat polymer or ASD, a 100 mg compact of neat HPMCAS or RTV: HPMCAS
20% DL ASD was prepared from powder by compaction using a Carver press maintained at
1500 psi for one minute. The compact was adhered to the surface of a 14 mm diameter well plate
by applying a miniscule amount of organic solvent to one surface with a brush and pushing into
contact with the glass, followed by solvent evaporation. A thin layer of vacuum grease was
applied to the top surface. Next, 3 mL of buffer containing 0.1% w/v FITC was added. The
diameter of the compact was 8§ mm and hence the remaining 6 mm of space in the well plate,
containing the buffer was imaged using the confocal microscope. A Nikon R1 fluorescence
microscope (Melville, NY) with a 20x lens was used. Images were taken every minute for 60
minutes. 14 ROIs were selected for each timepoint image, representing various locations of
different distance from the dissolving interface. The same ROIs were used across all images and
the average pH was determined for each ROI based on the calibration curve. Two controls were
employed to confirm that there were no confounding detector or laser fluctuations. An inert
weight of the same diameter as the ASD compact (8§ mm) was adhered to a 14 mm well plate and
buffer containing FITC was added. No change in intensity was observed over a 1 h period,
confirming the stability of the laser and the fluorescent dye. Likewise, no detector fluctuations
were observed when using a pH-insensitive dye, rhodamine-6G (R6G).

4.9.Gel Layer pH determination
The pH of the gel layer for a neat HPMCAS compact was determined following immersion in 50

mM pH 6.5 phosphate buffer as described previously.? In brief, a dispersion of HPMCAS and



chlorophenol red was prepared. After exposure to the dissolution medium, the surface gel layer
was physically removed using a spatula and transferred to a glass slide. A Varian Cary 300 Bio
(Varian, Inc., Palo Alto, CA, USA) UV-visible spectrophotometer was used to obtain the
spectrum of the gel. The gel pH was determined using a calibration curve over the pH range 4.8-

6.8 (R2 0f 0.99) constructed using chlorophenol red solutions of known pH.

5. Results

5.1. Surface Area Normalized Dissolution Rate Experiments
Figure 2 shows a summary of surface area normalized release rates for neat HPMCAS and a 20%
drug loading (DL) ASD of RTV with HPMCAS, performed in pH 6.5 phosphate buffer with
molarities of 20 or 50 mM. These correspond to buffer capacities of 8.7 mM/ApH and 23.8
mM/ApH respectively. For both buffer molarities, drug and polymer released at similar
normalized release rates from the ASD. The normalized release rates were of the same order of
magnitude as the neat polymer release rate, indicating that the release was controlled by the
polymer; neat lipophilic amorphous drugs release much slower than neat polymer.>>’ The
release rate of polymer from the ASD was lower than that of the neat polymer for both buffer
molarities, but this decrease was more notable 50 mM buffer compared to 20 mM buffer. This is
in line with previous observations, and has been attributed to a change in the predominant release

mechanism as buffer capacity is altered.



Bl RTV (pH 6.5 phosphate buffer)
1.0 4 [l HPMCAS (pH 6.5 phosphate buffer)

o o
fo oo
1 L

Normalized release rate
(mg.min“.cm?)
(o]
S
1

0.2

0.0 -
Neat HPMCAS RTV: HPMCAS Neat HPMCAS RTV: HPMCAS
20 mM 20 mM 50 mM 50 mM

Figure 2. Comparison of normalized release rates of neat HPMCAS and ASD components
from RTV: HPMCAS 20:80 ASDs in pH 6.5 phosphate buffer 20 mM or 50 mM. Error
bars represent standard deviations, n = 3.

Surface normalized dissolution rates for neat polymer and components from the RTV: HPMCAS
20:80 ASD were also performed in 20 mM pH 6.5 bicarbonate buffer using the floating lid set
up. Prior to conducting these experiments, pH stability was monitored to confirm that CO2 loss
was minimized using this approach. Figure 3 shows a comparison between the pH stability of the
bicarbonate buffer system with and without the floating lid. It is apparent that good pH stability

was achieved using the floating lid for the duration of the experiment, whereas the pH variation

was unacceptable for the open system. 20 mM pH 6.5 bicarbonate buffer was chosen to provide a



comparable medium to that used in the tiny-TIM experiments, although the buffer concentration

was much more dynamic in the latter system.
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Figure 3. Change in pH with and without floating lid in 20 mM pH 6.5 bicarbonate buffer.
Error bars represent standard deviations, n = 3.

Comparing bicarbonate and phosphate buffers of the same molar concentration and pH 6.5
(Figure 4) revealed slower release of neat HPMCAS and ASD components from the bicarbonate
buffer. These data show that the release rate of RTV from the ASD in the 20 mM bicarbonate
buffer was approximately 60% of that observed for the 20 mM phosphate buffer. Importantly, the
polymer and drug released at the same normalized rate in bicarbonate buffer, indicating that the

polymer dissolution controlled the drug release rate. Therefore, the mechanism of drug release



was unchanged when switching from phosphate to bicarbonate buffer, and was controlled by the

polymer release in both media.
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Figure 4. Comparison of normalized release rates of neat HPMCAS and components from
the RTV: HPMCAS 20:80 ASD in pH 6.5 20 mM phosphate and pH 6.5 20 mM
bicarbonate buffer. Error bars represent standard deviations, n = 3.

Figure 5 shows that the release rates of neat HPMCAS and the components of the RTV:
HPMCAS ASD in 20 mM pH 6.5 bicarbonate buffer were very similar to the corresponding
release rates in 10 mM pH 6.5 phosphate buffer. Further, Figure 6 shows that the release rates of

neat HPMCAS and the components of the RTV: HPMCAS ASD in 10 mM pH 6.5 bicarbonate

buffer were very similar to their release in 5 mM pH 6.5 phosphate buffer. At buffer molarities



of 5 mM, 10 mM and 20 mM, the normalized release rates of components from the ASDs were
similar to the release rate of neat HPMCAS in the corresponding buffer for both phosphate and

bicarbonate buffers.
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Figure 5. Comparison of normalized release rates of neat HPMCAS and components from
the RTV: HPMCAS 20:80 ASD in pH 6.5 10 mM phosphate (neat HPMCAS release rate
value taken from Bapat et al.’) and pH 6.5 20 mM bicarbonate buffer. Error bars represent
standard deviations, n = 3.
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5.2.Tiny-TIM results
Figure 7 shows the % of bioaccessible drug following dosing of 100 mg of crystalline RTV, or
the RTV: HPMCAS 20:80 ASD to the tiny-TIM. The housekeeping wave occurred after one
hour, whereby all contents were emptied into the intestinal compartment by opening of a
peristaltic valve. Prior to the housekeeping wave, the amount of bioaccessible drug was low.
Bioaccessibility of the ASD was about 5-fold higher as compared to the crystalline drug. For
crystalline RTV, ~ 20% drug was bound to filter whereas for the ASDs ~40% filter binding was
observed (Figure S3), in agreement with previous studies that show filter binding of RTV.*
Thus, for the ASD, near mass balance is obtained where ~90% of the administered dose could
either cross the membrane or bind to it, indicating a high degree of bioaccessibility and
suggesting that most of the ASD could release. This is in accordance with the visual observation
that all of the ASD powder had completely dissolved after 20 minutes when added to 20 mM pH
6.5 bicarbonate buffer during a powder dissolution experiment. In contrast, for the crystalline
drug, <30% of the drug crossed or interacted with the membrane, suggesting that a large fraction
remained undissolved at the end of the experiment. Table 2 shows a bioaccessibility estimation
based on the crystalline and amorphous solubilities of RTV in FaSSIF. The estimated amount of
bioaccessible drug based on solubility is >80% for the amorphous drug and <10% for the
crystalline material, which is readily understandable based on the 8-fold difference in the
solubilities of the two forms. The estimates in Table 2 are in agreement with experimental
observations and support the conjecture that the bioaccessibility of crystalline RTV was
solubility-limited whereas for the ASD, ~80% of the drug could dissolve based on the

amorphous solubility and the available fluid volume.



Table 2. Theoretical bioaccessibility estimation for a 100 mg dose based on crystalline and

amorphous solubility values and available volume.

Sample FaSSIF Fluid Estimated mg Actual mg
solubility* sampled in  bioaccessible  bioaccessible
(mg/mL) tTIM (mL)

Crystalline RTV 0.007* 1412.8 9.9 8.9

Amorphous RTV (RTV: «

HPMCAS ASD) 0.058 1412.8 81.9 453

*Fluid in tiny-TIM intestinal compartment has a different composition from FaSSIF.

Crystalline® and amorphous® solubility values were taken from the literature.
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Figure 7. Percent drug bioaccessible from tiny-TIM study for crystalline RTV, and RTV:

HPMCAS 20:80 100 mg dose formulation.



5.3. Boundary layer pH measurements for polymer and ASD compacts using confocal
microscopy

FITC shows pH dependent fluorescence. 8 A shows how the brightness of an aqueous solution of
FITC, which emits green light, increases as the pH is increased. Figures 8B-C illustrate the
procedure used to delineate a region of interest (ROI) and from this, measure the mean green
intensity of the solutions of various pH values. From this procedure, a calibration curve over the
pH range of 5.0-7.5 could be generated (Figure 8D). Figure 9 shows results from a control
experiment where the pH was determined for a solution as a function of location and time,
whereby an inert object (to mimic a tablet compact) was placed in the buffer. It is apparent that a
consistent pH value was observed as a function of distance from the surface of the inert object
(Figure 9A and Figure S4). Furthermore, the fluorescence intensity for a single ROI was constant
over the duration of 1 h, indicating that the laser is sufficiently stable, and that FITC does not
undergo photobleaching to an extent that could impact the results (Figure 9B and Figure S4).
Similarly, the pH-insensitive dye, rhodamine 6G, showed no change in fluorescence intensity as
a function of time and location (Figure S5 and Figure S6), again confirming sufficient stability of

the laser and detector, to allow for dynamic experiments to be performed with confidence.



Following method optimization, similar experiments as a function of time and location were
performed on neat HPMCAS compacts and RTV: HPMCAS ASDs compacts. The boundary
layer pH gradient was then quantified for 14 constant ROIs, each of which had width of around
100 um and a height of around 1000 um, using pH 6.5 phosphate buffer of 20 mM or 50 mM.
Figures 10 and 11 show representative fluorescence intensity images across the solution
boundary layer for the two phosphate buffer solutions, and at different time points for neat
HPMCAS. For both Figure 10 and 11, moving from left (adjacent compact surface) to right
(“bulk solution™), it is apparent that the fluorescence intensity increased, indicating an increase in
pH. Thus, even by qualitative examination, pH was clearly lower closer to the dissolving
compact surface. With time, the low fluorescence intensity region extended further from the
compact surface, which itself receded due to dissolution, although this was not seen directly from
these images. At longer times, dissolution of the polymer resulted in a decrease in the “bulk”
solution pH, due to the high amount of protons liberated during polymer dissolution and the
limited volume of buffer relative to the mass of polymer. Therefore, quantitative evaluation of
the pH gradient was performed only at a short times, where the extent of polymer dissolution
was low. The pH gradients observed at 5 min are summarized in Figure 12A, while Figure 12B
shows the development of the interfacial pH gradient as a function of time over the first 5 min. It
is apparent that there was a steeper pH gradient between the surface and the bulk solution at the 5
min time point in 20 mM pH 6.5 phosphate buffer with a surface pH of 5.1 £ 0.1, whereas for 50
mM pH 6.5 phosphate buffer, the pH at the interface was 5.9+ 0.1. The pH value approached that
of the bulk solution at around 3 mm distance from the interface for the higher buffer capacity

solution and at around 4 mm for the lower buffer capacity solution. The gel layer pH determined



using chlorophenol red in 50 mM pH 6.5 buffer was found to be 5.9+ 0.1, in excellent agreement
with the fluorescence method.

Figure 13 compares the pH profile of the boundary layer of a neat HPMCAS compact versus that
of a RTV: HPMCAS 20:80 ASD compact as a function of distance from dissolving compact
surface in 50 mM pH 6.5 phosphate buffer, after 5 min of exposure to buffer. It is clear that the
presence of the drug did not impact the pH gradient.

A similar experiment on an RTV: HPMCAS ASD compact was performed in 20 mM pH 6.5
bicarbonate buffer for 5 minutes (Figure 12A). The mean green value for the ROI at the compact
tablet-buffer interface showed a value of 0. This indicates that the interfacial pH was less than 5,
since FITC shows no fluorescence below this value. The pH of a suspension of HPMCAS-MF in
water, i.e. an unbuffered saturated solution was found to be 4.6 £+ 0.1. Therefore, the pH at the

interface for the bicarbonate buffer systems was between 4.6 and 5.0.
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Figure 8. Confocal images of FITC showing (A) fluorescence intensity in S0 mM phosphate
buffer of various pH values, (B) an image with selected region of interest (ROI) on ImageJ
software capturing a square with a side of 1000 pm, (C) mean green intensity calculated on
ImageJ for selected ROI, and (D) calibration curve showing mean green intensity value as a
function of pH for FITC for the calibration samples.
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Figure 10. A confocal capture showing the entire boundary layer pH gradient at different
time points (from top to bottom, 1, 2, 4 and 5 min) for a neat HPMCAS compact in 50 mM
pH 6.5 phosphate buffer.

T05

Figure 11. A confocal capture showing the entire boundary layer pH gradient at different
time points (from top to bottom, 1, 2, 4 and 5 min) for neat HPMCAS compact in 20 mM
pH 6.5 phosphate buffer.
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dissolving RTV: HPMCAS 20:80 ASD compact as a function of distance from dissolving
compact surface in 50 mM pH 6.5 phosphate buffer with added FITC. Error bars represent
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6. Discussion
HPMCAS is one of the most widely used polymers in ASD formulations.*>!%! It is typically
effective in inhibiting crystallization from the supersaturated solution generated upon ASD
dissolution under non-sink conditions.5> % However, HPMCAS is an amphiphilic, ionizable
polymer with pH-dependent solubility and therefore, has a pH-dependent dissolution

rate.3’14’17’18’55’

62.66-68 Further, multiple studies have demonstrated that at drug loadings where the
polymer is the majority component of the ASD, the polymer dissolution rate controls the release

rate of the drug into solution.®?%% Given the variability in pH and other media properties along



the gastrointestinal tract, understanding factors that impact the dissolution rate of HPMCAS, and
consequently the drug release rate, are of thus of interest to enable optimized ASD formulations
to be developed. In addition, understanding the relationship between HPMCAS/drug release rate,
bulk solution pH and media composition is also critical to design meaningful in vitro testing
approaches that predict release rates in vivo.

It is well known from classic studies of ionizable, crystalline small molecule APIs, that factors
beyond the bulk solution pH control the dissolution rate.”®”? The dissolution of a crystalline
weakly acidic (or basic) compound is a diffusion-controlled process across an aqueous boundary
layer, bounded on one side by the solid surface, and by the bulk solution on the other. The
concentration gradients of drug and other species across the boundary layer result from diffusion
of reactive species (from the surface to the bulk or from the bulk solution to the surface) and
instantaneous reaction of acidic drug with water, hydroxyl ions and base components of the
buffer. A critical parameter is the pH at the dissolving solid: solution interface, typically called
the surface pH, which for an acid, is lower than the bulk solution pH. The surface pH of a
crystalline drug depends on its intrinsic solubility, pKa and diffusion coefficient, as well as the
concentration, diffusivity, pH and pKa of the buffer system.”! For a weakly acidic compound, the
reduction in surface pH relative to the bulk solution is due to dissociation and liberation of
protons. The boundary conditions for the surface pH are the pH of a saturated solution of the
drug in unbuffered media (lower bound),”® and the bulk solution pH for scenarios where the acid
is highly insoluble, or where the basic buffer species is present in such a high concentration that
it swamps and controls the pH in the diffusion layer (upper bound).”! There are multiple
literature reports demonstrating that the surface pH of a weakly acidic compound is lower than

the bulk solution pH, for pH ranges approximating small intestinal conditions and for acids with



pKa values of around 4-5.77* In these instances, the surface pH was calculated from
mathematical models, and validated by comparing the experimental and predicted dissolution
flux.

Based on extensive studies on small molecules, the pH gradient observed for HPMCAS between
the surface and the bulk aqueous solution (Figure 12) is to be expected, given the weakly acidic

nature of the polymer, which has a reported pKa of 4.9,2022

and is in agreement with previous
experimental and modeling studies on different acidic polymers.?®’* The experimental surface
pH observed in 50 mM phosphate buffer was 5.9+ 0.1, while it was around 5.1+ 0.1 in 20 mM
phosphate buffer, for a bulk solution pH of 6.5 (Figure 12A). This difference in surface pH of
0.8 units accounts for the approximately two-fold difference in the intrinsic dissolution rate
observed for neat HPMCAS in the two buffers (Figure 2). Although it would be of interest to
compare the experimentally measured surface pH values to calculated values, unfortunately, the
models used to calculate the surface pH of dissolving crystalline solids are likely not appropriate
for predicting the surface pH of a dissolving polymer. This is because the interface between the
solid surface and the boundary layer is not as well defined for a polymeric system, due to
penetration of water and basic species into the polymer matrix, leading to polymer ionization and
the formation of a thin gel layer at the surface. We have previously confirmed that HPMCAS
does form a thin gel layer on the surface of a polymer compact in buffered aqueous media.’
Consequently, there are at least two boundary layers which need to be considered: the gel layer
(which is unlikely to be uniform in properties) and the aqueous boundary layer. Values for key
parameters needed to calculate pH gradients, in particular diffusion coefficients of various
species, cannot be estimated in the gel layer, since the viscosity is unknown, and likely to be

non-uniform. Blechar et al. have pointed out other considerations specific to bicarbonate buffer



that also need to be considered in the case of gel layer formation and penetration of buffer
species into the gel layer.*°

From our current and past experimental studies, we propose the schematic shown in Figure 14
to capture pH variations across the gel layer and aqueous boundary layer relative to the pH of the

bulk solution.

pH 6.5

Dry' Gel Boundary Bulk
core layer layer solution

Figure 14. Schematic showing the micro-environment of dissolving HPMCAS-MF/ASD
compact in 50 mM pH 6.5 phosphate buffer.

The interior of an HPMCAS compact is proposed to exist as a “dry” glass, consisting of
unionized, or largely unionized HPMCAS that does not contain sufficient water to form a gel.
HPMCAS has a dry glass transition temperature of 123°C, and has a large miscibility gap with
water when unionized.” Gel formation requires sufficient water to be absorbed so that the
polymer is extensively plasticized and mobilized. When enteric polymers become ionized, they
are able to absorb larger amounts of water relative to the unionized polymer.?® A gel layer thus
forms between the glassy core and the aqueous boundary layer and consists of partially ionized
polymer that is sufficiently hydrated and plasticized to form a gel layer, and which has sufficient
viscosity to resist hydrodynamic forces. The apparent average pH of the gel layer of HPMCAS,

which was reported to have a thickness of approximately 5-6 um,® in pH 6.8 50 mM phosphate



buffer was 6.0.°> For pH 6.5 50 mM phosphate buffer (conditions used in the current study), the
gel layer pH was determined as pH 5.9+ 0.1. The gel layer apparent pH, determined by
incorporating a colorimetric pH indicator into the polymer, is in good agreement with the surface
pH value of 5.9 £ 0.1 in 50 mM pH 6.5 phosphate bufter, estimated using an orthogonal method,
namely a pH sensitive fluorescence probe (Figure 12). Because the surface pH value is lower
than the bulk solution pH, a pH gradient exists across the aqueous boundary layer. The aqueous
boundary layer thickness, calculated using the Levich equation,’® is estimated as ~25 pm for a
rotation speed of 100 rpm (conditions used for the rotating disc release studies shown in Figures
2,4).

Comparing the surface pH in 20 mM phosphate versus 20 mM bicarbonate buffer (Figures 11,
12), it is apparent that a lower value is obtained in the latter buffer system. The actual value
could not be determined but lies somewhere between 5.0 (lower limit of method) and 4.6 (pH of
a saturated solution of HPMCAS, taken as the lower limit of the surface pH). This difference in
surface pH explains why the intrinsic dissolution rate of both neat HPMCAS and release of
components from the HPMCAS-RTV ASD are lower in 20 mM bicarbonate buffer than in 20
mM phosphate buffer (Figure 4). Sakamoto and Sugano found a similar magnitude of release
difference for nifedipine from an HPMCAS-based ASD, when comparing bicarbonate and
phosphate buffers of the same buffer capacity and pH.>° It is likely that the surface pH
differential between these two buffers is smaller than that between 20 and 50 mM phosphate
buffer (ApH of 0.8), based on a consideration of the IDR ratios (factor of ~1.5 for 20 mM
phosphate versus 20 mM bicarbonate, factor of ~2.2 for 50 mM versus 20 mM phosphate
buffer). The relevant equations for dissolution flux which incorporate a consideration of surface

pH differences can be found in Mooney et al.”!



The lower surface pH observed for the HPMCAS-RTV ASD with 20 mM bicarbonate buftfer
relative to 20 mM phosphate buffer is consistent with observations from precedent-setting work
with small crystalline organic acids. Krieg and coworkers demonstrated that the concentrations
of phosphate buffer required to match the flux observed from physiologically relevant
bicarbonate buffer (10.5 mM) were generally lowered.”® For example, for ibuprofen, a
phosphate buffer concentration of 4-8 mM was needed to match dissolution in the
physiologically relevant bicarbonate buffer (10.5 mM), while for the less soluble acid,
indomethacin, the corresponding phosphate concentration was estimated as 1-2 mM. Thus,
based on the observations made in this study, as well the previous work of Krieg et al. comparing
phosphate and physiologically relevant bicarbonate buffer, 7 it is clear that USP simulated
intestinal buffer (50 mM phosphate buffer pH 6.8) would likely overpredict the dissolution rate
of HPMCAS ASDs in vivo. Similarly, 20 mM phosphate buffer, which is closer to the buffer
molarity used in FaSSIF (28 mM phosphate), led to a faster release rate than 20 mM bicarbonate
buffer. However, 10 mM phosphate buffer matched the release rate of the ASDs in 20 mM
bicarbonate buffer (higher end of physiologically relevant buffer molarity), while 5 mM
phosphate buffer was a match for 10 mM bicarbonate buffer (which is around the bicarbonate
buffer molarity typically considered as a good representation of physiological values?>4%73).
Therefore, it may be reasonable to use these low molarity phosphate buftfers to match
physiologically relevant bicarbonate buffer for ASDs with HPMCAS MF grade. If the grade of
HPMCAS used in the ASD is the less soluble HF grade, then a lower strength phosphate buffer is
likely a more appropriate matching buffer, analogous to the situation described above with
ibuprofen versus indomethacin. It is also important to note that the presence of the drug in the

ASD was not found to impact the surface pH relative to the value observed for neat HPMCAS



(Figure 13). This is because the solubility of the drug is much lower than that of the polymer at
the pH of interest.

Figure 4 demonstrates that the HPMCAS-RTV ASD has reasonable surface area normalized
dissolution rates in physiologically relevant bicarbonate buffers. Because formulated commercial
tablets containing HPMCAS ASDs tend to disintegrate when added to aqueous media, as long as
the resultant ASD particle/agglomerate size is not too large, sufficient surface area should be
available to enable complete release in a physiologically relevant time frame for this particular
ASD system. Consequently, the RTV-ASD powder with a particle size range of 106-250 um was
observed to fully dissolve in 20 mM bicarbonate buffer in 20 min. This dissolution time is in
accordance with the results of the tiny-TIM experiment which suggested that a majority of the
RTV released from the ASD and was bioaccessible, in contrast to the crystalline powder. Thus,
the tiny-TIM system predicts that RTV absorption is solubility limited in the case of crystalline
drug, while ritonavir in the ASD, was rapidly released, even in biorelevant media, and hence,
available for absorption. This is in broad agreement with an in vivo study comparing the
absorption of crystalline ritonavir versus amorphous polyethylene glycol formulations in beagle
dogs, where much higher area under the curve and maximum plasma concentration values were
obtained for the amorphous formulations'® when compared to crystalline ritonavir.

Al-Gousous et al. studied the rupture time of enteric coatings, comparing 8 mM bicarbonate
buffer pH 6.5 to phosphate buffers of varying molarities and the same pH.? They found that 15
mM phosphate buffer most closely mimicked the rupture time observed in bicarbonate buffer.
However, they studied different polymers, methacrylic acid-ethyl acrylate or polyvinyl acetate
phthalate. As observed for different weakly acidic crystalline drugs, the molarity of phosphate

buffer required to match a physiologically relevant bicarbonate buffer will be dependent on the



solubility of the polymer. Furthermore, these studies evaluate the rupture of a polymer coating,
rather than polymer dissolution per se, whereby it is the polymer dissolution rate that is critically

important for drug release from ASDs.

7. Conclusions
Release rates of drug and polymer from ritonavir-HPMCAS ASDs, as well as neat HPMCAS
release rate were found to be highly dependent on buffer type and strength when assessed using a
rotating disc apparatus. Release was slowest from physiologically relevant pH 6.5 10 mM
bicarbonate buffer. Despite the slower release in bicarbonate buffer, ritonavir was found to be
highly bioaccessible from the ASD powder when evaluated in the tiny-TIM apparatus. The
slower release from bicarbonate buffer relative to phosphate buffer of the same molarity was
attributed to a lower pH at the surface of the dissolving ASD in the former system. This was
verified experimentally using confocal microscopy and a fluorescent probe that was sensitive to
pH. These observations are in good agreement with studies of the variation in surface pH of
weakly acidic crystalline drugs in different buffers.”® The finding reported herein highlight
important considerations for the in vitro assessment of HPMCAS-based ASDs. Thus, for drug
loadings where polymer dissolution controls drug release, buffer type, pH and strength will
influence release rates. Consequently, to predict in vivo outcomes, buffer properties should be
matched to those of physiologically relevant bicarbonate buffer. For HPMCAS-MF grade ASDs,
pH 6.5 phosphate buffer with molarity of 5-10 mM may meet this requirement. Clearly, these are

preliminary observations, and additional ASD systems should be tested to compare release



properties in different buffers, and studies should be extended to include different HPMCAS

grades and other enteric polymers of interest.
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