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Abstract

Using an artificial stomach and duodenum (ASD), we investigated the pH-dependent precipitation
of erlotinib (ERL) during dissolution in the gastrointestinal (Gl) tract by varying the rate of gastric fluid
secretion (GFS). Results show that decreasing GFS rate from 2.5 to 0.5 mL/min leads to an increased
degree of supersaturation in the duodenum fluid due to elevated pH, resulting in precipitation of ERL and
a reduced area under the curve (AUC) of the concentration — time profiles from 14,000 to 3,000
(ug'min)/mL. Such a change in AUC is expected to lower the bioavailability of ERL, a BCS Il drug, in patients
with a low GFS. This example demonstrates the potential use of ASD as an effective tool for guiding the
efficient development of robust tablet formulations by better understanding the impact of Gl tract pH on

the fate of drugs in the duodenal fluid.
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1. Introduction

Understanding the physical processes that a drug product encounters in the gastrointestinal (Gl)
tract is important, because disintegration, dissolution, precipitation and solubilization events in the Gl
tract directly affect the bioavailability of drugs. In fact, in vitro dissolution behaviors have been routinely
investigated to predict in vivo dissolution and bioavailability to facilitate the drug development process

(Wang et al., 2009).

Drug dissolution can be slowed down by several physical mechanisms, such as a change in solid
forms (Alonzo et al., 2011; Hawley and Morozowich, 2010; Yamashita and Sun, 2016), drug-excipient
complexation (Guo and Sun, 2021; Guo et al., 2019), and agglomeration of fine particles (Bilgili et al., 2018).
The interplay between a drug and Gl tract environment also plays an important role. For example, a poorly
soluble weak acid may precipitate out in the acidic gastric fluid (pH 1-2) when a soluble salt is administered.
A weak base may precipitate out a solution in gastric fluid when it is transferred to the intestine (pH 5-7),

due to the high degree of supersaturation of the unionized form in the solution (McAllister, 2010).

Since the pH condition in human Gl tract can be highly variable, depending on gender, diet habit,
drug therapy, food intake, and disease state (Freedberg et al.,, 2014; Freire et al.,, 2011; Fuchs and
Dressman, 2014; Hens et al., 2016; Lu et al.,, 2010; Russell et al., 1993; Wang et al.,, 2015a), the
precipitation behaviors of ionizable drugs in the Gl tract could be highly variable among patients. Thus, a
clear understanding of the dissolution performance of such drugs in a dynamic pH environment in the Gl

tract is important for designing tablet products with robust biopharmaceutical performance.

Although the pH variations in the Gl tract depend on the dynamic fluid transfer in the Gl tract, it
is not captured by the current static mono-compartment pharmacopeial dissolution systems. Therefore,

an in vitro dissolution apparatus that mimics key physiological conditions of human Gl tract is of value
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(Thakore et al., 2021). Several dissolution apparatuses have been developed to mimic the Gl tract, such
as biphasic dissolution appratus (Mudie et al., 2012), TIM-1 (Blanquet et al., 2004; Minekus et al., 1995),
BioGIT System (Kourentas et al., 2018), gastrointestinal simulator (Takeuchi et al., 2014), and artificial
stomach and duodenum (Carino et al., 2006; Polster et al., 2010). Although varied in design, such as
number of chambers, medium volume, and application of hallow membrane, these apparatuses were all
introduced based on the realization that an in vitro dissolution apparatus should be more than static and

mono—compartmental.

In this study, we employed an ASD (Figure 1) due to its simplicity and ease of setting up. The ASD
is a multi-chamber dissolution apparatus, comprising a stomach chamber and a duodenum chamber, that
can mimic liquid infusion and emptying in both chambers (Carino et al., 2006, Polster et al., 2010). If the
amount of drug dissolved in the duodenum chamber is proportional to the bioavailability, the ASD has the
ability to rank order bioavailability of different formulations of a given drug (Carino et al., 2006, 2010;
Chen et al., 2019; Polster et al., 2010; Polster et al., 2015; Wang et al., 2018). The ASD can be controlled
to mimic several key physiological events, such as gastric secretion, stomach emptying, duodenal
secretion and emptying. Hence, the ASD can provide a great deal of information to facilitate the
understanding of physical events in the Gl tract after a drug is given orally (Polster et al., 2010; Polster et

al., 2015).

It has been suggested that more than half of drug molecules contain basic groups, among
which >50% are either mono-basic or di-basic (Manallack, 2009; Manallack et al., 2013). These drugs can
be dissolved more in the gastric fluid but are at the risk of uncontrolled precipitation in the higher pH
environment of the duodenum, which could lower their bioavailability. In this work, we investigated this
phenomenon using erlotinib HCI (ERL-HCI) as a model drug. ERL has a pH-dependent solubility with a pK;
of 5.42 and solubility of 0.4 mg/mL at pH 2 and 25 °C (TARCEVA (erlotinib) [package insert]). It was

recognized that antacids, proton pump inhibitors and histamine H2 receptor antagonists reduce the
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absorption of ERL (Aronson, 2016). The commercial oral tablet of ERL-HCI, Tarceva®, has a bioavailability
of ¥60% and exhibits large intra- and inter-patient variability in both peak plasma concentration and AUC.
The large variability may be attributed to variable dissolution of ERL in Gl tract (CDER, 2004; Leeuwen et
al., 2016; Yang et al., 2017), or processes that affect the absorption and metabolism of ERL (Touma et al.,
2017). In this study, we focused on elucidating the potential role of changing gastric secretion rate, and

pH-sensitive precipitation in the duodenum, on the dissolution of ERL in the Gl tract.

2. Materials and Methods
2.1. Materials

ERL-HCl tablets (150 mg of ERL equivalent per tablet) were prepared in the laboratory using a wet
granulation process. Hydrochloric acid aqueous solution (36.5%-38%, VWR international, Eagan, MN)

was ACS reagent grade. FaSSIF powder was purchased from Biorelevant.com Ltd. (London, UK).

2.2. Methods
2.2.1. In vitro dissolution in an Artificial Stomach-Duodenum (ASD)

Dissolution of ERL-HCI tablets was monitored using an ASD apparatus consisting of two jacketed
beakers with temperature controlled at 37 °C using a water bath (Figure 1). This apparatus simulates
stomach and duodenum by regulating the fluid flow using a programmatically controlled peristaltic
Masterflex L/S Easy-Load Il pump (Cole-Parmer, Vernon Hills, IL).

Parameters of ASD in this work were chosen to be consistent with those in the literature (Polster et al.,
2010; Polster et al., 2015; Wang et al., 2018), which accord with typical physiological conditions in fasted
state (Dressman, 1986; Kararli, 1995). In the experiments, the stomach chamber contained simulated
gastric fluid (0.01M HCI, pH = 2) and the duodenum chamber contained FaSSIF (pH = 6.5). The initial
volume of liquid in the stomach chamber was 250 mL (50 mL simulated gastric fluid plus 200 mL dosing

liquid of DI water), which was decreased to 50 mL following a first-order emptying kinetics with a half-
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life of 15 min. The duodenum volume was maintained at 30 mL throughout the entire study, achieved
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Figure 1. a) Schematic of artificial stomach and duodenum (ASD) (modified from Ref. (Wang et al., 2018));
b) Stomach fluid volume — time profile; and c) stomach emptying rate — time in ASD when the gastric

secretion rate is 2 mL/min. The resting volume in the stomach chamber is 50 mL.

by setting a vacuum line in the duodenum chamber at a calibrated height. To mimic the in vivo secretion
processes, fresh gastric fluid (0.5-2.5 mL/min) and duodenal fluid (2 mL/min) were infused into respective
chambers at predetermined rates to create various pH profiles in the duodenum chamber. For a typical

adult human, the gastric mucosa secretes 1.2 to 1.5 liters of gastric juice per day (Sircus, 2020),
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corresponding to a GSF of approximately 1 mL/min. Since pH in the Gl tract can vary due to physiological
reasons (Freire et al., 2011; Wang et al., 2015b), or pathophysiological reasons, such as hypochlorhydria
(lack of stomach acid) or hyperchlorhydria (excessive stomach acid), the range of GSF secretion rate, 0.5
to 2.5 ml/min, was investigated in this study. The pH profile in the duodenum chamber was monitored
using a pH meter (Orion Star A211, Thermo Scientific, Waltham, MA). Drug concentration was determined
by a fiber optic UV/vis probe. To eliminate the interference of particles on determined concentration of
ERL, a second derivative approach was used to analyze the UV absorbance data (Karpinska, 2012). Mixing
was achieved by an overhead paddle stirrer (80 rpm) in the stomach chamber and a magnetic stirrer (100
rom) in the duodenum chamber. Prior to each experiment, all pumps were calibrated. All fluids used in
the experiment were degassed to avoid the generation of bubbles that might affect the UV data collection

during the course of the experiment.

The area under the curve (AUC) of the concentration — time profile in the duodenum chamber
was used to predict the impact of secretion rate on bioavailability, assuming that the amount of drug
dissolved in duodenum chamber is proportional to bioavailability (Carino et al., 2006; Polster et al., 2010;

Polster et al., 2015).

2.2.2. Simulating stomach emptying kinetics
The process of liquid transfer from stomach to duodenum follows first order kinetics, and the

stomach emptying rate R (mL/min) is given by equation (1),

R=a+k(V;-V) (1)

where a is the GFS rate (0.5 to 2.5 mL/min); k is the stomach emptying constant (— = 0.04621 min?,

n2
ti2
assuming t,= 15 min), Vs (mL) is the total volume of liquid in the stomach chamber at any given time,

and V; is the resting volume of SGF in stomach chamber (50 mL). The initial volume in the stomach
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chamber was 250 mL (50 mL SGF resting liquid and 200 mL DI water dosing liquid). After an ERL-HCI tablet
was introduced, the stomach emptying process was initiated immediately by the programmable
controlled pump to gradually lower the total volume to 50 mL (Figure 1b). The duodenum chamber
receives both the secreted duodenal fluid at 2 mL/min and liquid transferred from the stomach chamber.
However, the total duodenal liquid volume was maintained at 30 mL by removing excess medium using a

vacuum line.

2.2.3. Nucleation induction time measurement

A pH-shift method was used to investigate the nucleation induction time, where a saturated stock
solution of ERL-HCI (~0.4 mg/mL) in 0.01 M HCl was prepared. To 20 mL of this solution, different volumes
of a NaOH solution (1 M) were added, resulting in solutions with different pHs. Precipitation was
monitored using a fiber optic UV-Vis probe (Ocean Optics, Dunedin, FL) at 450 nm with 3 s data sampling
intervals. Since ERL does not absorb UV light at this wavelength, a rise in “absorbance” is attributed to
blockage of light by solid particles due to nucleation and crystal growth. Induction time was determined
from the cross point between the linearly extrapolated rising portion of the curve and the baseline

(Yamashita and Sun, 2019).

3. Results and Discussion

The ERL concentration —time profiles in both the stomach chamber (Figure 2a) and the duodenum
chamber (Figure 3a) varied significantly with the GFS rate. The AUC of the profiles in the stomach chamber
decreased approximately linearly with increasing GFS rate (Figure 2b) because of the more extensive
dilution by the fresh gastric fluid and faster stomach-emptying rate (Eq. 1). On the contrary, the duodenal
AUC increased with increasing GSF rate (Figure 3a). The AUC was 3,000 (pug*min)/mL at the 0.5 mL/min
GFS rate but 14,000 (ug*min)/mL when GFS was greater than 2 mL/min (Figure 3b). This ~5-fold change

in AUC is qualitatively correlated with the extent of precipitation in the duodenum chamber. For example,

8
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To explain the visually observed effect of GFS rate on the precipitation of ERL, we monitored the
pH — time profile in the duodenum chamber throughout the course of experiment (Figure 4). The pH of
the initial duodenual medium, i.e., FaSSIF, was 6.5. As the gastric fluid enters the duodenum chamber, the
pH decreased for all groups but occurred more rapidly with a faster gastric secretion rate. For secretion
rates in the range of 0.5 — 2 mL/min, the pH reached a minimum value at ~17 min before rising. The rise
in pH with time was due to the continuous infusion of FaSSIF (pH = 6.5) at a rate of 2 mL/min, combined
with the decreasing rate of gastric fluid transfer (Figure 1c). When the GFS rate changed from 0.5 to 2
mL/min, the pH at 90 min in the duodenal medium varied from 6.2 to 4.2. When the GFS rate was 2.5
mL/min, the pH continued to decrease after 17 min, reaching approximately 2.8 at 90 min. In this case,
the volume of SGF entering the duodenum was sufficient to acidify the replenishing FaSSIF and, thereby,

maintained a low pH in the duodenum medium.

0.5 mL/min
6 1 mL/min
1.5 mL/min
E 1.75 mL/min
g
G 3
]
S 7%
° s
£ 44 T = T ‘
T sz - T T 2 mL/min
o

(2]
1

2 T T T T T T T T T

1
0 10 20 30 40 50 60 70 80 90 100

Time (min)

Figure 4. pH — time profiles in duodenum medium with the GSF rate varying from 0.5 to 2.5 mL/min (n
=3).

In addition to monitoring the pH, we also measured the induction times of ERL precipitation in

different pH media using a UV dip probe at 25 °C (llevbare et al., 2013) (Figure 5). The pH of an ERL solution
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in 0.01 M HCI (~0.4 mg/mL) was raised to different pH values by adding suitable volumes of a 1 M NaOH
solution. ERL molecules in the initial HCI solution were essentially ionized since the pH was more than 3
pH units below the pK, of ERL (= 5.42 at 25°C). While the total ERL concentration did not change
significantly, the concentration of neutral ERL increased sharply with increasing pH when the solution pH
passed the pK, in accordance with the Henderson-Hasselbalch equation. Consequently, the degree of
supersaturation (Eq. 2) of neutral ERL increased significantly, which led to the precipitation tendency of
ERL free base differing by several orders of magnitude as measured by induction time (0 - 500 min) (Figure

5a).

S== (2)

where C is the total concentration of neutral ERL in a given solution and C; is the intrinsic solubility of

the ERL free base in water, which is 4.9 + 0.9 ug/mL at 25 °C (Téth et al., 2016).
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Figure 5. a) Induction time and calculated degree of supersaturation as a function of pH in duodenum (pK;,

is indicated with an arrow). b) Induction time determination from UV-vis data obtained at pH 5.12.
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Precipitation took place immediately when the equilibrium pH was greater than the pK,,
corresponding to an S > 40 (Figure 5a). The induction time rose sharply when equilibrium pH decreased
below pK,, reaching more than 6 h at a pH = 3.6, corresponding to S = 1.22. This explains the drastically
different precipitation behaviors observed in the duodenum chamber with different solution pHs when
the GFS rate was varied between 0.5 and 2.5 mL/min (Figure 4). Thus, variable GFS rates could potentially
lead to substantially different amounts of drug dissolved in the duodenal fluid, resulting in a larger AUC

at a faster GFS rate (Figure 3).

We chose ERL as a model drug in this work because it is a BCS class Il drug (Sanphui et al., 2016),
which has a high permeability and poor solubility. Because the rate limiting process to bioavailability of
ERL is mainly dissolution, not permeation, in the Gl tract, ERL tablets would benefit from formulation
strategies that maintain robust dissolution behavior by minimizing precipitation in the duodenum even at
a high duodenal pH. Useful strategies to prevent uncontrolled precipitation in the duodenum could
include 1) incorporating a nucleation inhibitor in the formulation (Price et al., 2019) and 2) incorporating

a pH modifier (Guo and Sun, 2022).

Various experimental attempts have also been reported to investigate the pH effect in Gl tract on
dissolution of ionizable drugs, including utilization of dissolution media with different pHs in the static
mono-compartment USP apparatus (Zhou et al., 2005); transferring fluid at a constant rate among several
chambers (Gu et al., 2005); simulating the physiological dynamic fluid transfer in multi-compartment
apparatus (Bhattachar et al.,, 2011), mimicking the absorption process by using fiberglass dialysis
(Blanquet et al., 2004), caco-2 cell membrane (Kobayashi et al., 2001), or coupling with the physiological
based pharmacokinetic (PBPK) model to predict in vivo pharmacokinetics (Bhattachar et al., 2011; Hens

and Bolger, 2019). This work demonstrates that the relatively simple ASD setup can be quite useful in
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understanding the impact of changes in key human Gl tract physiological parameters on drug dissolution.
Although this is demonstrated here using a weakly basic drug, ERL, the application of ASD can be
reasonably extrapolated to other weakly ionizable BCS Il drugs to efficiently screen for formulations that
exhibit robust dissolution in the Gl tract. Moreover, similar to the investigation of the effects of gastric
secretion rate, ASD can be used to investigate the effects of many other factors, such as stomach emptying
and food effect, on dissolution and precipitation of drugs. The use of duodenal AUC to rank order
bioavailability of formulations is valid only if dissolution is the rate limiting step for absorption. If the
absorption of a drug is limited by the permeation process, the in vitro dissolution data does not predict
bioavailability. For ERL, the reduced total concentration of ERL in the duodenal fluid is accompanied by
a higher percentage of neutral ERL, which is expected to exhibit a higher permeability than the ERL cation.
However, the assumption that the permeation step is not rate limiting for absorption is reasonable as the
interconversion between the neutral and cationic species of ERL in solution is much faster than crossing
the membrane, which is high for ERL (i.e., high permeability). For other classes of drugs, the in vitro
dissolution investigation may not predict bioavailability, since bioavailability is also affected by first pass
effect by CYP3A4, biliary secretion into the duodenum, and Gl wall secretion by P-glycoprotein. Other
more sophisticated in vitro tools or in silico techniques that account for such limitations should be

employed when reliable predictions of bioavailability is sought.

4. Conclusion

Using an ASD, this work shows that the profound changes in the AUC of erlotinib in duodenum is
explained by pH variations in duodenum due to a change in GFS rate, which leads to the variable
precipitation kinetics. This mechanism may also be applicable to other weakly basic drugs with a similar
pKa. As pH in the Gl tract is variable among patients, results of such a study using ASD can provide insights
and guide the efficient development of robust tablet formulations to maximize the chance of success in

clinical studies.
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