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Abstract

Background and purpose: Lysosomal-targeted drug delivery can open a new strategy for drug therapy.
However, there is currently no universally accepted simulated or artificial lysosomal fluid utilized in the
pharmaceutical industry or recognized by the United States Pharmacopeia (USP).

Experimental approach: We prepared a simulated lysosomal fluid (SLYF) and compared its composition to
a commercial artificial counterpart. The developed fluid was used to test the dissolution of a commercial
product (Robitussin®) of a lysosomotropic drug (dextromethorphan) and to investigate in-vitro lysosomal
trapping of two model drugs (dextromethorphan and (+/-) chloroquine).

Findings/Results: The laboratory-prepared fluid or SLYF contained the essential components for the
lysosomal function in concentrations reflective of the physiological values, unlike the commercial product.
Robitussin® passed the acceptance criteria for the dissolution of dextromethorphan in 0.1 N HCI medium
(97.7% in less than 45 min) but not in the SLYF or the phosphate buffer media (72.6% and 32.2% within
45 min, respectively). Racemic chloroquine showed higher lysosomal trapping (51.9%) in the in-vitro model
than dextromethorphan (28.3%) in a behavior supporting in-vivo findings and based on the molecular
descriptors and the lysosomal sequestration potential of both.

Conclusion and implication: A standardized lysosomal fluid was reported and developed for in-vitro
investigations of lysosomotropic drugs and formulations.

Keywords: Biological fluids; CADs; Lysosomal trapping; Simulated lysosomal fluid.

INTRODUCTION mechanism of “trapping” potential drugs in

addition to the therapeutic implications of this

Intracellular sequestration of drug molecules
by various organelles has differential effects on
the disposition of xenobiotics which can impart
significant alterations to their distribution,
efficacy, and safety (1,2). Moreover, this
phenomenon can also vyield unintentional
targets for molecules which may help in
repurposing them for indications that involve
initially an off-target site of action (3-5). Previous
studies listed lysosomes, mitochondria, and Golgi
apparatus as intracellular sites for various drug
entities (1,6,7). In these investigations we
highlight lysosomal trapping, focusing on the
structure and function of the lysosomes and the
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phenomenon. We will also detail the various
physicochemical and structural properties that
candidate molecules possess to be subjected to
sub-cellular sequestration in lysosomes and the
models used to predict this occurrence.

Lysosomes structure and function

Lysosomes are acidic membrane-enclosed
organelles (pH 4 - 5.5) (8,9). They are ubiquitous
in cells, yet predominant in the liver, kidney,
spleen, and lung (10). Their size can differ in the
various tissues, ranging from 0.1 to 1.2 um (11).
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Lysosomes are essential in certain metabolic
processes including the digestion of
macromolecules and  cell  fragments,
phospholipid turnover, and destroying invading
bacteria and viruses (1,12,13). Lysosomes play
this key role through their array of hydrolytic
enzymes (> 60) that function within the acidic
environment of the lysosomes, which protects
other cell molecules and organelles from being
destroyed if these enzymes were able to leak
into the cytosol (10,14).

To maintain their acidic pH, lysosomes
depend on proton-pumping V-type ATPase
complexes that utilize the energy of ATP
hydrolysis in transporting the protons from
cytosol into lysosomes (15). As the parallel
influx of anions is essential for electro-neutrality,
chloride proton antiporter, known as chloride
channel-7 or CIC-7, moves chloride ions into
lysosomes to dissipate the transmembrane voltage
(15,16). Cation efflux into the cytosol has also
been reported to play a role in preserving a
steady-state pH inside the lysosomes (16).

Mechanism of lysosomal trapping

In 1974 Duve et al. first described drug
sequestration in the acidic lysosomal vicinity
via a process known as lysosomal trapping,
lysosomal sequestration, lysosomotropism,
acid trapping, or proton pump effect (13,17,18).

Lipophilic basic drugs were suggested to be
the targets for this process (18,19). However,
not all basic drugs have the requisite
characteristics to be possible candidates for
lysosomal trapping. It is the physicochemical
properties of the drugs that determine the
accumulation propensity in the lysosomal
organelles. Lysosomotropic drugs are termed

cationic amphiphilic drugs, referring to their
nature being relatively lipophilic (log P ~ 2 - 6)
and can bear a positive charge (pKa > 6) (13).

The pH gradient between cytosol
(pH 7 - 7.2) and lysosomes represents the
driving force for the candidate drugs’
deposition into lysosomes (1). Uncharged basic
molecules can passively diffuse into lysosomes
and their basic group(s) are protonated in the
acidic lysosomal vicinity. lonized charged
molecules cannot easily permeate biological
membranes, thus the acquired charges reduce
the permeability of the molecules across the
lipid bilayer lysosomal membrane back to the
cytosol. The equilibrium  between the
protonated and the neutral forms favors the
former and consequently leads to a high
fraction of the drug being “trapped” as depicted
in Fig. 1 (1,2,10). The percentage of drugs
in the lysosomes can reach up to 70% of the
total amount of the drug in the intracellular
vicinity (3).

Effects of lysosomal trapping
Drug action and disposition implications of

lysosomal  trapping mark  both  the
pharmacodynamics and  pharmacokinetic
properties of drugs (2,20). For certain

molecules, it can be beneficial if the drug target
is sequestered inside the lysosomes. Trapping
of the antimalarial drug, chloroquine, inside the
parasites’ lysosome (food vacuole) is fortuitous
as this drug binds the heme part of the
hemoglobin which is usually metabolized by
the parasite to the non-toxic form, hemozoin.
Prevention of this process by chloroquine
would lead to the death of the parasite in its own
waste from the hemoglobin metabolism (21-23).

Plasma (pH=7.4) Cytosol (pH=7.2) Lysosome
. . (pH=4-5.5)
BH BH BY*
B < > B< > B

Fig. 1. lllustration showing the lysosomal trapping of basic drug molecules.



Additionally, inhibition of the intra-
lysosomal enzyme acid sphingomyelinase is
one way through which certain antidepressants
elicit their pharmacological action. Thus,
lysosomal trapping of fluoxetine and
amitriptyline which happens because of their
physicochemical properties aids in their
pharmacological action as well (24,25).
Lysosomal trapping can also prolong the
availability of the drug and in doing so
potentiate its activity as seen with the
anticancer drug palbociclib and others (5,26).
Palbociclib is an anticancer drug with a
mechanism of action that relies primarily on
inducing cell-cycle arrest and senescence (27).
The process of lysosomal sequestration and
release of palbociclib facilitates an increase in
the exposure time of the drug and extends the
duration of the effect. In addition, the lysosomal
trapping of palbociclib can occur in both
responsive and resistant cancer cells, the latter
effect, however, was found to accumulate and
release the drug inducing its paracrine
senescence effect (a stable arrest mediated by
secreted factors). Moreover, the displacement
of palbociclib by other lysosomotropic drugs
into the cytosol potentiates its action on
cytosolic and nuclear targets (26).

Together with the endosomes (membrane-
formed-vacuoles), lysosomes play a major
role in wviral replication (3). Therefore,
lysosomotropic  drugs have also been
investigated to be potentially repurposed and
therapeutically utilized for their antiviral
properties (28). Several research investigations
support the use of lysosomotropic drugs as
antiviral agents as demonstrated through

Simulated lysosomal fluid for in-vitro studies

in-vitro, in-vivo, and clinical data. Ebola, Zika,
influenza, and even coronavirus are examples
of the targets for which lysosomotropic drugs
are being investigated (3,4,28-30). Table 1 lists
examples of different lysosomotropic drugs
which have been reported to have antiviral
activity.

Nevertheless, lysosomal trapping can also
have negative effects on the efficacy of drugs
by impeding and decreasing their therapeutic
concentration in their intended sites of action.
Such effects have been linked to cross-
resistance of lysosomotropic drugs and might
even result in drug resistance as in the case of
some anticancer drugs (41-43). An example of
lysosomotropic drug-induced resistance has
been reported with sunitinib (13). This

cytotoxic agent can trigger lysosomal
biogenesis which can result in increased
lysosomal  sequestration and inadequate

target exposure following treatment with
lysosomotropic anticancer agents including
sunitinib (44).

Excessive accumulation of phospholipids as
a result of drug hindrance of their degradation
is known as drug-induced phospholipidosis
(45). Most of the drugs that have been reported
to cause this pathological implication (> 50) are
lysosomotropic drugs (cationic amphiphilic
drugs) (46). Examples of which are collated in
Table 2. These molecules can be protonated to
yield cationic species that when bonded
with the phospholipid bilayer of the lysosomal
membrane alter its surface charge and
subsequently lead to the slowing of
phospholipid degradation, which results in their
lysosomal accumulation (46,53).

Table 1. Examples of some antiviral lysosomotropic agents from various drug classes.

Therapeutic categories Compounds

References for potential repurposing of
the lysosomotropic drug to an antiviral

(+/-) Chloroquine (29)
) ) (+/-) Hydroxychloroquine (29)
Anti-malarial (+/-) Mefloguine (31)
(+/-) Amodiaquine (32)

(+/-) Quinacrine (4)
. Chlorpromazine (33)
Psychoactive Clomipramine (34)
(+/-) Fluoxetine (35)
Cardiovascular Amiodarone (36)
(+/-) Verapamil (36)
Antibiotic Azithromycin (37)
Tamoxifen (38)
Estrogen receptor modulator Toremifene (39)
Raloxifene (40)
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Table 2. Examples of phospholipidosis-inducing lysosomotropic drugs.

Therapeutic categories Compounds References
Anti-malarial (+/-) Chloroguine (47)
Chlorpromazine (48)
. Clomipramine (49)
Psychoactive (+/-) Fluoxetine (48)
Amitriptyline (50)
. Amiodarone (51)
Cardiovascular (+/-) Propranolol (52)
I Erythromycin (48)
Antibiotic Gentamycin (47)
. (+/-) Ketoconazole (48)
Antifungal Perhexiline (48)
Estrogen receptor modulator Tamoxifen (49)

Models for lysosomal trapping

Models  describing  the intracellular
localization of drugs are not only helpful when
it comes to interpreting experiments; they are
also useful in rational drug design. Approaches
that consider quantitative structure-activity
relationships (QSAR) have been widely used to
forecast the movement of molecules within the
different intracellular compartments including
lysosomes (1). Due to increased interest
in lysosomal trapping, several in-silico and
in-vitro models have been proposed.

Fluorescent lipophilic amines such as
LysoTracker Red were used to evaluate the
lysosomal sequestration in in-vitro cell lines
including rat and human hepatocytes (2,13).
The compounds that inhibit the fluorescence of
these marker compounds in a concentration-
dependent manner are considered
lysosomotropics (2,54). This method succeeded
in predicting many possible lysosomotropic
agents yet failed at determining known
lysosomotropic drugs like dextromethorphan
and labetalol (13).

Nigericin, monensin, and ammonium
chloride are known as inhibitors of lysosomal
trapping (54). The first two inhibitors interfere
with the proton pump presenting in the
lysosomes, thus disrupting the pH of lysosomal
fluid and ammonium chloride achieves a
similar effect by increasing the pH via buffering
(13). If the cellular portioning of the tested
compounds decreases with the addition of
inhibitors, this indirectly confirms categorizing
the investigated drugs under lysosomotropic as
reported in some papers (13,20,55).

Effects of drug trapping on the intra-
lysosomal processes have also been used to
predict possible lysosomotropic drugs. The

degree of phospholipidosis induction was
strongly correlated with lysosomal trapping
through a study that involved 47 potential
compounds. A similar correlation was
undertaken for the phenomenon of lysosomal
swelling (56). Inhibition of autophagy can
similarly result from lysosomal trapping as
previously mentioned and was reported to
correlate with the concentrations of drugs
accumulating in the lysosomes. However, the
study was conducted on a smaller group of
drugs including lysosomotropic drugs such as
astemizole,  chlorpromazine, and (+/-)
chloroquine among others (3,56-58).

Trapp et al. designed an in-silico cell model
to predict the distribution of weakly basic drug
moieties inside the cell. The model is composed
of a cell comprising cytosol, lysosome, and
mitochondria; each is contained by a membrane
and has both an aqueous and a lipid portion. The
Fick-Nernst-Planck equation was utilized to
calculate the chemical potential-driven flux of
the molecules across the electrically charged
membranes. It evaluated the ionization status of
the different molecules tested via this model.
Neutral and ionic molecules across the
membrane model were examined for ten model
antimalarial drugs whose simulation results
anticipated that six of them are optimum for the
lysosomal trapping and three were close to the
optimum. The results suggested specific
physicochemical criteria for potential excellent
candidates for lysosomal trapping. These
properties included a pKa range of (6 - 10), with
a logP of (0 - 3) for monovalent bases, whereas
for the bivalent bases, pKa values of below 10
for the higher pKa (pKa1) and above 4 for the
lower pKa (pKa2) and a LogP of 3 - 6 are
optimum for lysosomotropism (1).



Another in-silico tool that could potentially
predict lysosomal trapping is Membrane Plus™
which is a software developed by Simulations
Plus, Inc. (California, USA) for modeling in-
vitro drugs permeability using different cell
types (e.g. human colorectal adenocarcinoma
cells (CaCo-2), Madin-Darby canine kidney
cells (MDCK)) and parallel artificial membrane
permeability assay (PAMPA). As there is no
reported data on lysosomal trapping using
Membrane Plus™, it was used to estimate the
lysosomal trapping of the lysosomotropic drugs
listed in Tables 1 and 2 in addition to other
molecules mentioned throughout the paper (the
method is detailed in the Materials and Methods
section). The obtained data is depicted in Fig. 2.
Some drugs, namely, the four quinolines; (+/-)
chloroquine, (+/-) hydroxychloroquine, (+/-)
amodiaquine (+/-), and quinacrine had high
lysosomal trapping percentages predicted
(88.6, 85.4, 74.7, and 88.6, respectively) while
the highest percentage for other drugs was 7%
for astemizole. Some other well-known
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lysosomtropics like (+/-) fluoxetine and (+/-)
propranolol were not predicted to be trapped in
lysosomes to a significant extent and had only
1.7% and 1.9% trapped predicted within
lysosomes, respectively. In our attempts to
modify the main input  parameters
(pKa and log P) for the lysosomotropic drug,
dextromethorphan, that has been used in some
of the reported experiments in this work we
could only obtain the percentage of 4.9%
predicted by this modeling methodology.

Generally, lysosomes are fragile organelles,
which can make it challenging to quantify the
compounds trapped inside them (10). The
in-vitro cellular models avoid the poor recovery
challenge and the drug diffusion during sample
preparation (59).

They are also superior to the in-silico models
based on their better resemblance to the in-vivo
conditions. However, all models have so far
been wunable to accurately predict every
lysosomotropic drug as they depend on indirect
methods to quantify the lysosomotropic agents.

W A o A

Fig. 2. Percentage of lysosomal trapping of different lysosomtropic drugs (100 uM) predicted by Membrane Plus™ 2.0
(Simulations Plus, Inc., California, USA) in Caco-2 cells. Default values for the cell model were used with a cytosol pH
of 7.22 and lysosomes pH of 4. All properties were calculated by ADMET Predictor 8.1 (Simulations Plus, Inc.,

California, USA).
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The in-silico models are at times limited by
being incapable of fully replicating what is
occurring biologically in the living cells, which
is sometimes due to the uncertainty related to
the accuracy of the underlying model parameter
inputs. Additionally, such models might not
consider non-linear processes such as
transporter saturation. The effects of the
trapped drugs on the lysosome’s membranes,
intracellular, and intra-organelle environment
properties need to be more holistically
integrated into the algorithms or the differential
equations that underlie the in-silico models.
The ionic strength effect on pKa has not been
considered in some in-silico models and this
may affect the accuracy of an important
molecular descriptor that determines the
lysosomal trapping tendency.

Lysosomal fluid

In the field of pharmaceutical sciences,
lysosomal targeted drug delivery could be
designed ab initio for drug therapy and this
approach has potential pharmacokinetic and
therapeutic benefits. However, there currently
is no universally accepted simulated or artificial
lysosomal fluid utilized in the pharmaceutical
industry or published by the United
States Pharmacopeia. There is at least
one  commercially available artificial
lysosomal fluid sold by Biochemazone
(www.biochemazone.com). Biochemazone
produces commercially available artificial
lysosomal fluid BZ257. This formulation is
proprietary although it has been communicated

that the use of HCl/acetic acid is employed to
maintain acidic pH.

The importance of standardized and
physiologically relevant simulated fluids for
use in biopharmaceutics and dissolution has
been highlighted in many excellent articles and
reviews (60,61). However, there is no mention
of a general or optimal lysosomal fluid in these
publications for pharmaceutical investigations.
The reported lysosomal fluids (artificial
lysosomal fluid and phagolysosomal fluid) are
categorized under simulated lung fluids (62-
66). The former simulated conditions occurring
in conjunction with phagocytosis by cells (62),
while the latter is a potassium hydrogen
phthalate buffered solution that represents the
medium inside  the phagolysosomes
(compartments form after fusion of alveolar
macrophages and lysosomes when
encountering a foreign particle) (63). Table 3
details the composition of each fluid.

Apart  from inhalable  formulations
investigated with the reported lysosomal fluids,
the bioaccessibility of lysosomotropic drugs in
preparations intended for other routes of
administration must also be considered.
Lysosomal sequestration, in general, can
demonstrate various therapeutic advantages as
illustrated in the earlier section-- “Effects of
lysosomal trapping”. Additionally, enterocyte
and hepatocyte lysosomal trapping can have a
profound impact on the pharmacokinetics of a
lysosomotropic compound, resulting in a delay
in drug input into the systemic vasculature and
thus retarded appearance in the plasma (67).

Table 3. The concentration of various constituents in artificial lysosomal fluid is reported in the biomedical literature.

Artificial lysosomal fluid

Phagolysosomal fluid composition

Compounds composition (g/L) (62,64-66)  (g/L) (63,66)
Sodium chloride 3.21 6.65
Sodium hydroxide 6.0

Sodium hydrogen phosphate dibasic (anhydrous) 0.071 0.142
Calcium chloride dihydrate 0.128 0.029
Citric acid 20.8

Trisodium citrate dihydrate 0.077 0.45
Glycine 0.059 0.071
Sodium sulfate 0.039 -
Magnesium chloride 0.05

Disodium tartrate sodium tartrate (dihydrate) 0.09

Sodium lactate 0.085

Sodium pyruvate 0.086* -
Potassium hydrogen phthalate - 4.085
pH 4.5-5 4.55

*The sodium pyruvate composition is 0.086 g/L according to references No. 64-66 but 0.172 g/L according to reference No. 62. All other ingredients

have similar composition across the different references.



Furthermore, ophthalmological lysosomal
trapping within the retinal blood barrier has
been suggested to be a part of novel transport
systems that could safely and effectively
deliver candidate drugs to treat retinal
dysfunction (68). Development  and
standardization of a simulated lysosomal fluid
(SLYF) would be an essential contribution to
pharmaceutical drug and  formulation
development and aid standardization of in-vitro
studies for lysosomotropic drugs and their
formulations. Based on literature reports on the
principal ions responsible for lysosomal
hemostasis and their concentrations (69), a
facile SLYF was developed for routine
pharmaceutical use. Selected representative
drugs that trap within lysosomes were identified
using in-silico modeling and a review of the
literature and solubility and dissolution were
examined.

MATERIALS AND METHODS

Materials

Sodium Chloride (NaCl, CAS: 7647-15-5),
potassium chloride (KCI, CAS: 7447-40-7) and
sodium acetate (CH3COONa, CAS: 127-09-3)

Simulated lysosomal fluid for in-vitro studies

were obtained from Caledon Laboratories
(Ontario, Canada) while the calcium chloride
dihydrate (CaCl..2H.0, CAS: 10035-04-8) was
from Sigma (Steinheim, Germany) and the
acetic acid (CH3COOH, CAS:64-19-7) was
purchased from Fischer Scientific, USA.
Distilled water was used for dissolving the
reagents. Dextromethorphan hydrobromide
(CAS: 6700-34-1) and chloroquine diphosphate
(CAS: 50-63-5) were obtained from Sigma-
Aldrich Co. (Missouri, USA) whereas the
dextromethorphan soft  gel capsules
(Robitussin®) were a product of Pfizer (Ontario,
Canada) from the lot: DP5155 (Expiration
Date: 02/2023).

Using Membrane Plus for lysosomal trapping
via CaCo-2 permeability model

Membrane Plus™ 2.0 from Simulations
Plus, Inc. (California, USA) was used to
estimate the lysosomal trapping of the potential
lysosomotropic. The molecular structure of
these drugs was imported into the Caco-2
12-well model. Properties of drugs were
predicted by  absorption,  distribution,
metabolism, excretion, and toxicity (ADMET)
Predictor 8.1 (Table 4).

Table 4. List of the tested drugs via Membrane Plus™ with their log P and PKa values as predicted by ADMET
Predictor 8.1 and used by Membrane Plus™ 2.0 (Simulations Plus, Inc., California, USA).

Drugs % Of lysosomal trapping Log P PKa
Amiodarone 2 6.83 8.96
Amitriptyline 21 4.97 8.93
Amodiaquine 74.7 4.95 6.25, 7.95, 10.29
Astemizole 7 5.54 7.97
Azithromycin 0.1 3.39 7.63,8.72

(+/-) Chloroquine 88.6 5.11 7.25,9.86
Chlorpromazine 21 5.31 8.87
Clomipramine 21 5.7 8.87
Dextromethorphan 2.2 3.81 8.91
Erythromycin 0.1 2.3 8.63

(+/-) Fluoxetine 1.7 4.39 9.82
Gentamycin 0 -1.79 7.29, 8.08, 8.9, 9.96
(+/-) Hydroxychloroquine 85.4 3.94 7.19,9.17

(+/-) Ketoconazole 0.4 3.74 6.15

(+/-) Labetalol 3.6 2.54 8.44,9.66, 11.72
(+/-) Mefloquine 2.1 3.81 8.52
Palbociclib 5.8 1.87 8.96

(+/-) Perhexiline 1.8 6.69 10.1

(+/-) Propranolol 19 2.89 9.48

(+/-) Quinacrine 88.6 6.16 7.88,9.8
Raloxifene 2.2 5.39 8.14, 9.4, 10.08
Tamoxifen 1.8 6.64 8.48
Toremifene 1.8 6.73 8.42

(+/-) Verapamil 2.6 4.45 8.46
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Table 5. Simulated lysosomal fluid composition for pharmaceutical investigations.

Reagents Amount per 100 mL (+ 0.1%)
NacCl 0.321¢g

KCI 0.0224 g

CaCl2.2H20 0.0119g

Na acetate 0.4046 g

Acetic acid* 0.5ml

HCI g.s to adjust the pH (4-5.5)

*Acetic acid volume can be adjusted to be only part of the buffering system and to use the HCI to adjust the pH to the required values.

The apical compartment of the model was
chosen to be filled with 0.5 mL of the drug
solution (100 pM, pH = 7.4) while the
basolateral one was filled with 1.5 mL of buffer
solution (pH = 7.4). The default data for the
membrane thickness and pore size were used at
a shaking rate of 100. Sampling was done at
0.25,0.5, 1, 1.5, and 2 h. Default values for the
cell model were considered with a cytosol pH
of 7.22 and lysosomal pH of 4. The obtained
values for the lysosomal trapping percentages
for the tested drugs were noted.

Preparation of the SLYF

The fluid was prepared with the components
listed in Table 5. Components were added
successively and dissolved in 70 mL water, and
then HCI was used to adjust the pH before
completing the volume to 100 mL.

Analysis of the developed lysosomal fluid and
a commercial artificial fluid

The laboratory-prepared lysosomal fluid
(SLYF) and the commercial artificial fluid
(BZ257, Biochemazone, Alberta, Canada) were
examined for their composition and pH as
follows.

pH determination

The pH of the fluids was determined via
Fischer Scientific XL20 pH/conductivity meter
(Massachusetts, USA).

Chemical analysis

The lysosomal fluids were chemically
investigated using Medica’s EasyRA® analyzer
(Massachusetts, USA). They were analyzed for
their content of potassium (K*), sodium (Na®),
calcium (Ca?"), and chloride (CI") ions, in
addition to lithium (Li*), magnesium (Mg*),
and total protein. After checking and calibrating
the system, the probe and the ion-selective
electrode were cleaned and the latter was
calibrated. A properly calibrated reagent for

each component was put with a blank (high-
performance liquid chromatography (HPLC)-
grade water) in the sample holder with 2000 pL
samples of the SLYF and the commercial
artificial fluids. The required components were
selected and the analysis was run for their
concentration in blank and fluids samples.

Measuring the solubility of dextromethorphan
in SLYF and the commercial artificial fluid

The solubility of the model lysosomotropic
dextromethorphan was tested in both fluids
using the shake-flask method (70). In brief, the
excess drug was weighed into 2 mL samples of
SLYF and the commercial lysosomal fluid, then
they were shaken at room temperature for 24 h.
Subsequently, samples from the supernatant
were filtered through 0.45 pm nylon filters
before being analyzed at 230 and 280 nm using
HPLC C18 (4.6 x 250 mm x 5 um) column that
utilized 60:40 methanol and phosphate buffer
(pH = 5.5) as a mobile phase at a rate of 0.8
mL/min for a run time of 10 min.

Measuring the dissolution and release profile
of dextromethorphan from the commercial
product Robitussin®:

Table 6 lists the main components in the
liquid-filled dextromethorphan capsules
(Robitussin DM Coughgels). In-vitro dissolution
profiles for this were conducted via VK 7000,
USP 711 apparatus by VanKel® (Varian Inc,
USA) in 900 mL of 0.1 N HCI, SLYF fluid and
0.05 M phosphate buffer (pH = 7.4), using a
USP type | basket method dissolution
apparatus. A temperature of 37 £ 0.5 °C and a
rotation speed of 100 rpm were maintained
according to USP dissolution methods
(USP34NF29). Three mL samples were
withdrawn over a period of 60 min at
predetermined time intervals (15, 30, 45, and 60
min). The filtered samples were suitably
analyzed using the HPLC procedure described
in the previous section.



Table 6. Summary of Robitussin

drug product

Simulated lysosomal fluid for in-vitro studies

information  obtained from: https:  //  www.

medsafe.govt.nz/Profs/Datasheet/r/robitussinDryCoughcap.pdf

Drug

Inactive ingredients

Dextromethorphan HBr-15 mg

Allura red AC, brilliant blue FCF, gelatin, macrogol 400,
opacode white NSP-78-18022, povidone, propyl gallate,
purified water, sorbitol special glycerin blend A810.

Table 7. Results of Analysis of the simulated lysosomal fluid and a commercial artificial lysosomal fluid using
Medica’s EasyRA® Analyzer (Massachusetts, USA) with the reference values of each component as adopted from

literature.
lons Amount in the prepared Amount in the commercial Optimum concentration for lysosomal
lysosomal fluid (mM) lysosomal fluid (mM +£5%)  homeostasis (mMM) (69)
Na+ 59.08 2.0 <10 X 20-140
K+ 3.09 £0.06 4.24 2-50
Ca2+ 0.46+0.02 1.65 X ~05
Cl- 59.1+5.0 v 90.8 X <80
pH 421 N 751 X 4-55 (1)
Clamps
Donor cell Receiver cell
Drug solution in phosphate Laboratory-prepared
buffer, pH=7.2 lysosomal fluid, pH ~ 4.2
PVDF*
Hydrophilic membrane
(0.22 pm)

Fig. 3. Schematic representation of the developed lysosomal trapping apparatus. *PVVDF, Polyvinylidene fluoride.

Using the developed fluid (SLYF) in
predicting lysosomal trapping

Hydrophilic synthetic 0.22 pum
polyvinylidene fluoride membranes were first
immersed in the developed lysosomal fluid
(SLYF) for 10 min and the excess media was
removed using absorbent tissues. The
membrane was then placed between the two
compartments of a horizontal Franz-cell
(Fig. 3). The receptor compartment was filled
with 20 mL of the SLYF (pH = 4.21), whereas
the donor compartment was filled with 20 mL
of the drug solution (1 mg/mL) in phosphate
buffer (pH = 7.2). Both compartments were
magnetically stirred at 600 rpm throughout the
experiment. At time points (1, 2, 3, 4, and 24 h),
400 pL aliquots were withdrawn from the
receiver compartment and replaced
immediately with an equal volume of fresh
receptor medium to maintain a constant volume

of the receiving solution. Analysis of both drugs
was done using the same HPLC system. For
chloroquine, the detection was done at 342 nm
using a mobile phase of 60% methanol and 40%
acetate buffer (pH = 5.8) that was run at the rate
of 1 mL/min for 10 min.

RESULTS

The pH of the commercial artificial
lysosomal fluid was determined to be 7.51,
while that of SLYF fluid was 4.2. The chemical
analysis of the constituents of both SLYF and
the commercial lysosomal fluid for the essential
ions for lysosomal function are depicted in
Table 7 along with the reported reference
values of the tested components. The
commercial artificial lysosomal fluid contained
only the potassium concentration within the
optimum range, while the sodium, calcium, and
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chloride were all out of range. Moreover,
similar to the SLYF fluid, the commercially
purchased fluid had no lithium yet contained
1.09 mg/dL of magnesium and a total protein of
2gl/L.

The solubility testing of dextromethorphan
in both fluids yielded a clear solution with the
SLYF, while the artificial commercial fluid
produced a turbid sample with a precipitate
(Fig. 4). The average solubility values of the
dextromethorphan in the commercial artificial
fluid and the SLYF were 1.3 mg/mL and
4.9 mg/mL, respectively (Fig. 5). Figure 6
depicts the drug’s rate and extent of release was

=

Fig. 4. Images of samples of the solubility test of the
model drug dextromethorphan in the laboratory prepared
lysosomal fluid (SLYF) where it fully dissolved (right)
and in the commercial artificial counterpart where the
fluid was turbid with a precipitate formed (left).

different in the three dissolution media;
0.1 N HCI, SLYF, and phosphate buffer
(pH 7.4). The highest release values
were in 0.1 N HCI (> 97%) followed by SLYF
(72.6%) and then the phosphate buffer in
which only about 32% of the drug was
released into.

Using SLYF in the developed model to
assess the lysosomal trapping of both
chloroquine and dextromethorphan revealed
that throughout the experiment the rate and
extent of chloroquine release into the lysosomal
compartment were higher than the other one as

Commercial fluid SLYF

Fig. 5. Solubility of dextromethorphan in SLYF and in
the commercial artificial fluid. Data are presented as
mean + SEM, n 3. SLYF, laboratory-prepared
simulated lysosomal fluid
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Fig. 6. Dissolution profile of dextromethorphan performe
simulated lysosomal fluid (SLYF), and phosphate buffer

d on the commercial product robitussin in 0.1 N HCI, developed
(pH = 7.4). Data are presented as mean + SEM, n = 3.
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Fig. 7. Cumulative percentage of tested lysosomtropics ((+/-) chloroquine and dextromethorphan) in the
receiver compartment of the model using the developed simulated lysosomal fluid (SLYF). Data are presented as

mean + SEM, n = 3.

DISCUSSION

Lysosomal ionic hemostasis is crucial for its
function. Sodium (Na") and potassium (K%)
ions are essential for determining lysosomal
membrane potential that in turn affect the
movement of the different ions across the
lysosomal membrane and regulate lysosomal
acidification. Calcium ions (Ca?*) efflux also
contributes to lysosomal acidification and is
linked to the fusion of lysosomes with other
cellular parts. Chloride ions (CI) are critical
counter ions for the chloride proton antiporter
which is the main mean that maintains the
acidic environment inside lysosomes. The
optimal range of these ions inside lysosomes is
listed in Table 7. In addition to the mentioned
ions, micromolar deposits of other ions
including iron (Fe** and Fe?*), zinc (Zn?*), and
copper (Cu?*) are also found in lysosomes to be
provided to the cell when required (69).

For SLYF preparation, only ions that are
essential for the lysosomal internal hemostasis
were selected. Sodium, potassium, and calcium
chlorides were wused to provide their
corresponding chosen ions (Na*, K*, Ca?,
and CI). The equipped buffering system
contained acetate and acetic acid (buffering
range = 3.5-5.5) (71). In addition to the acetic
acid playing a part in decreasing the pH, HCI
was used to adjust the pH to the required value.

The pH of the commercial fluid does not
reflect the pH inside the lysosomes that should
be maintained within 4 - 5.5 (1). Yet, the pH of
SLYF does reside within the range.
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Additionally, the results showed that
concentrations of all SLYF components
complied with reported data in the literature,
unlike the commercial fluid in which only
potassium values were optimized.

The improved solubility of the selected
model drug in the SLYF could be attributed to
the pH of the fluid (4.21) and the pKa of the
drug (9.8) (72). However, the discrepancy in the
solubility data poses a challenge when
considering pharmaceutical or biochemical
tests using simulated or artificial biological
fluids such as the lysosomal fluid. It is also of
special importance for the optimal dissolution
conditions of lysosomotropic drug entities and
their formulations.

Dextromethorphan’s rate and extent of
release were different in the three dissolution
media examined. The pH can be one factor to
the faster release of the basic drug (pKa 9.85)
in the 0.1 N HCI (pH = 1) than the SLYF fluid
(pH = 4.2) and the phosphate buffer (pH =7.4).
Fluid composition could also be another
factor affecting dissolution. However, even
after 45 min, it was only the 0.1 N HCI medium
that passed the acceptance criteria for the
dextromethorphan dissolution testing of not
less than 75% in 45 min in the specified
dissolution medium. Other reports indicated the
success of the different dextromethorphan
dosage forms including capsules to
pass the dissolution test in various media e.g.
0.1 N HCI, acetate buffer (pH= 4.5), and
simulated intestinal fluid (SIF, pH 6.8)
(73,74).
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The developed lysosomal fluid also showed
its usefulness in the model used to predict the
lysosomal trapping of the two lysosomotropic;
(+/-) chloroquine and dextromethorphan. The
model was designed in a way to replicate the
movement of drugs from the cytosol to
lysosomes by having two compartments filled
with  representative  media; a  donor
compartment in which the drug was dissolved
in a phosphate buffer with a pH of 7.2 and a
receiver one containing the simulated
lysosomal fluid (pH = 4.21). The release profile
into the receiver compartment which is an
indicator for the lysosomal trapping
demonstrated that chloroquine appeared in the
SLYF at e.g. a greater rate and extent than
dextromethorphan.  That observation is
reflected by physicochemical molecular
descriptors of both drugs, namely the pKa and
the log P which would favor chloroquine (pKa
=7.29 and 10.32 and LogP = 3.93) lysosomal
trapping over that of the dextromethorphan
(pKa =9.85 and Log P = 3.49) (17). Using this
developed SLYF fluid as an in-vitro model to
evaluate  additional  lysosomotropic  or
potentially lysosomotropic drugs.

CONCLUSION

The importance of lysosomes to drug action
and disposition is well known. Several in-vitro
models have been developed to assess
lysosomal trapping and quantify the proportion
of potential candidates that will be sequestered
inside lysosomes. However, there is no
standardized composition for lysosomal fluid.
Therefore, we developed a lysosomal fluid with
the basic components required for lysosomal
hemostasis (SLYF fluid) and compared it to a
commercial artificial lysosomal fluid. The
laboratory-prepared  fluid (SLYF  fluid)
complied with the reported data on the pH and
the concentration of the lysosomal components.
The obtained result helps fill the void with a
lysosomal fluid that can be used to examine
various factors related to pharmaceutical
product performance including dissolution,
solubility, and disposition which are relevant
and necessary parts of drug and product
development. Preliminary data from the
developed fluid and model with
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dextromethorphan and (+/-) chloroquine
suggest the pharmaceutical utility of this
developed methodology. The obtained results
and model system could be adapted to enable
investigating the sequestration of drugs in other
cellular organelles using a similarly developed
experimental design approach.
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