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3MA: 3-methyladenine; Baf: bafilomycin A1; CQ: chloroquine; Cim: cimetidine; DMEM: 

Dulbecco’s Modified Eagles’ Medium; DPBS: Dulbecco’s Phosphate-Buffer Saline; FBS: fetal 

bovine serum; FD: FITC-dextran; FITC: fluorescein isothiocyanate; Gua: guanidine;  HC3: 

hemicholinium-3; HCor: hydrocortisone; LTG: LysoTracker® Green; MDCK: Madin-Darby 

canine kidney cells;  MLB: multilamellar body;  MVB: multivesicular body; Suc: sucrose; TEA: 

tetraethylammonium. 
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Abstract 

In vivo, the weakly basic, lipophilic drug chloroquine (CQ) accumulates in the kidney to 

concentrations more than thousand-fold greater than in plasma. To study the cellular 

pharmacokinetics of chloroquine in cells derived from the distal tubule, Madin-Darby Canine 

Kidney (MDCK) cells were incubated with CQ under various conditions. CQ progressively 

accumulated without exhibiting steady state behavior. Experiments failed to yield evidence that 

known active transport mechanisms mediated CQ uptake at the plasma membrane. CQ induced a 

phospholipidosis-like phenotype, characterized by the appearance of numerous multivesicular 

and multilamellar bodies (MLB/MVBs) within the lumen of expanded cytoplasmic vesicles.  

Other induced phenotypic changes including changes in the volume and pH of acidic organelles 

were measured, and the integrated effects of all these changes were computationally modeled, to 

establish their impact on intracellular CQ mass accumulation. Based on CQ’s passive transport 

behavior, the measured phenotypic changes fully accounted for the continuous, non-steady state 

CQ accumulation kinetics.  Consistent with the simulation results, Raman confocal microscopy 

of live cells confirmed that CQ became highly concentrated within induced, expanded 

cytoplasmic vesicles that contained multiple MLB/MVBs.  Progressive CQ accumulation was 

increased by sucrose, a compound that stimulated the phospholipidosis-like phenotype, and was 

decreased by bafilomycin A1, a compound that inhibited this phenotype.  Accordingly, 

phospholipidosis-associated changes in organelle structure and intracellular membrane content 

can exert a major influence on the local bioaccumulation and biodistribution of drugs.  
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Introduction 

Xenobiotics can accumulate and reach very high concentrations in specific sites of the body 

due to active transport across cellular membranes, binding and partitioning into cellular 

components, or sequestration within organelles driven by pH gradients and trans-membrane 

electrical potentials present across phospholipid bilayers.  For example, more than thirty years 

ago, DeDuve discovered that weakly basic molecules would accumulate within lysosomes by an 

ion trapping mechanism (de Duve et al., 1974).  Ion trapping arises when a phospholipid bilayer 

separates two compartments of different pH levels. Under these conditions, basic membrane 

permeant lipophilic molecules become protonated and charged preferentially in the acidic 

compartment. Because of the lowered membrane permeability of the charged form of the 

molecule, the molecule becomes concentrated in the acidic compartment. Since then, many 

weakly basic, lipophilic small molecules have been reported to be sequestered within lysosomes 

or other acidic, membrane-bound intracellular compartments, through passive ion trapping 

(Gong et al., 2007; Hayeshi et al., 2008; Bawolak et al., 2010).  

  However, detailed mass measurements have revealed that DeDuve’s classical ion trapping 

mechanism often underestimates the extent of sequestration of many weakly basic compounds 

within acidic endolysosomal organelles (Duvvuri and Krise, 2005; Zhang et al., 2010).  In fact, 

intracellular accumulation of weak bases may also be influenced by active transport mechanisms 

or by the many concomitant changes in endolysosomal organelle structure and function, 

including alterations in pH and changes in membrane traffic leading to the formation of new 

endolysosomal organelles with unique characteristics (Heuser, 1989; Honegger et al., 1993).  In 

some cell types, exposure to lipophilic weak bases induces a peculiar phenotype, 

“phospholipidosis” (Reasor and Kacew, 2001), characterized by the formation of numerous, 
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phospholipids- and cholesterol-rich multivesicular and multilamellar bodies (MLB/MVBs). 

Physiologically, MLB/MVBs are late endosomal compartments that normally form as a result of 

the activation of the ubiquitin-dependent membrane protein sorting and degradation pathway 

(Gruenberg and Stenmark, 2004; Piper and Katzmann, 2007; Saftig and Klumperman, 2009).   

Previously, we developed a computational model of cell pharmacokinetics to predict the 

intracellular accumulation and transcellular transport properties of small molecules across cell 

monolayer (Zhang et al., 2006; Zhang et al., 2010). Using the weakly dibasic, high solubility 

drug chloroquine (CQ, pKa1 = 9.96 and pKa2 = 7.47) as a test compound, the model was capable 

of capturing the transcellular transport kinetics for the first four hours of drug treatment but 

underestimated the intracellular accumulation beyond the first five minutes of incubation (Zhang 

et al., 2010). Experimentally, the initial rates of transport of CQ across cell monolayers were 

directly proportional to CQ concentrations in donor compartment. Also, the transport of CQ 

across MDCK monolayers in the presence of a transcellular concentration gradient was similar in 

both apical-to-basolateral and basolateral-to-apical directions. No saturation or nonlinear kinetics 

were observed at CQ concentrations < 500 μM, as expected from a passive transport mechanism 

(Zhang et al., 2010).  

Here, we present an alternative hypothesis to explain CQ accumulation: that drug-induced 

phospholipidosis corresponds to an inducible, weak base disposition system – a mechanism 

promoting CQ sequestration within cells.  We performed a detailed quantitative analysis of CQ 

pharmacokinetics in Madin-Darby Canine Kidney (MDCK) cells, a cell line that stably expresses 

the differentiated properties of distal tubular epithelial cells (Rindler et al., 1979),  extensively 

accumulates CQ and exhibits a marked phospholipidosis-like response (Hostetler and Richman, 

1982) corresponding to the phospholipidosis phenotype reported in the kidney cells of CQ-
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treated patients (Muller-Hocker et al., 2003). The potential involvement of active transporters 

and plasma membrane mediated uptake mechanisms was evaluated in the presence of 

extracellular pH changes, sodium-free medium, and organic cation transporter inhibitors. 

Although CQ concentration in plasma ranges between 10 to 250 nM (Walker et al., 1983; 

Bergqvist et al., 1985), cells lining the distal tubules are exposed to 10 to 300 μM CQ 

corresponding to the concentrations measured in the urine of human subjects (Bergqvist et al., 

1985).  Therefore clinically relevant urine concentrations (0-200 μM) of CQ were used to mimic 

the physiological conditions of the distal tubule, and used as input parameters to mathematically 

model CQ’s transport behavior. Simulation results were compared to experimental 

measurements of intracellular CQ mass in dose-response and time-course experiments, under 

conditions that either enhanced the phospholipidosis effect (co-treatment with sucrose (Wilson et 

al., 1987; Helip-Wooley and Thoene, 2004)) or inhibited vacuolation (co-treatment with 

bafilomycin A1 (Morissette et al., 2009)).  
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Materials and Methods 

Cell Culture. Madin-Darby canine kidney (MDCK) cells were purchased from ATCC 

(CCL-34TM) and grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco® 11995) 

containing 10% FBS (Gibco® 10082), 1X non-essential amino acids (Gibco® 11140) and 1% 

penicillin/streptomycin (Gibco® 15140), at 37ºC in a humidified atmosphere with 5% CO2. 

MDCK cells were seeded at a density between 1×105-2×105 cells per square centimeter and were 

grown until cell monolayer was formed as suggested by visual inspection.  

Drugs and chemicals. Chloroquine diphosphate (CQ), cimetidine (Cim), guanidine (Gua) 

and tetraethylammonium (TEA) were obtained from Sigma-Aldrich (Catalog numbers C6628, 

C4522, G4505 and T2265) and dissolved in Dulbecco’s Phosphate-Buffer Saline (DPBS, 

Gibco® 14190) at a concentration of 100 mM for storage at 4 ℃ . Bafilomycin A1 (Baf), 

hemicholinium-3 (HC3) and hydrocortisone (Sigma® B1793, H108 and H0888) were dissolved 

in DMSO (Sigma® D8418) to a final concentration of 5 μM (Baf) or 50 mM (HC3 and HCor) 

for storage at -20 ºC. 3-methyladenine (3MA, Sigma® M9281) was dissolved in warm DMEM 

at a concentration of 10 mg/ml immediately before use. FITC-dextran (FD, Sigma® FD150S) 

was dissolved in DPBS at a concentration of 10 mg/ml for storage at 4 ℃. Fluorescent dyes 

including BCECF-AM, LysoTracker® Green (LTG) and Hoechst 33342 (Molecular Probes® 

B1150, L7526 and H3570) were stored according to the manufacturer’s instructions.  

Measurement of LTG fluorescence intensity, distribution and LTG-labeled organelle 

volumes. MDCK cells were grown on optical bottom plate or chamber glass, subject to various 

CQ treatment, stained with 0.5 μM LTG for 30 min, and subject to microscopic analysis in situ. 

A Nikon TE2000S epifluorescence microscope with standard mercury bulb illumination, coupled 
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to a CCD camera (Roper Scientific, Tucson, AZ), with a 20X objective ((Nikon Plan Fluor 

ELWD 20x) or a 100X oil immersion objective (Nikon CFI Plan Fluor 100xH oil), and a triple-

pass DAPI/FITC/TRITC filter set (Chroma Technology Corp. 86013v2) was used to image the 

LTG-labeled cells. The 12-bit grayscale images were acquired with the FITC channel, and 

background subtracted. The LTG-labeled expanded vesicles (or the MLB/MVBs contained 

within) were manually outlined with Circular Region tool in MetaMorph® software (Molecular 

Devices Corporation, Sunnyvale, CA). The volume and surface area of individual vesicles was 

calculated assuming a spherical shape. Fluorescence volume density was calculated as Integrated 

Intensity divided by vesicle volume. The total vesicular volume/surface area per cell under each 

treatment at each time point (0, 1, 2 or 4 hours) was determined using 10 cells (Supplemental 

Figure 1, validation of method). Contrast and brightness were adjusted to the same level in all 

figures.  

Raman confocal microscopy of CQ distribution. MDCK cells were seeded on cover glass 

until confluent. CQ-treated cells were exposed 10 μM CQ for 12 hours, followed by 100 μM CQ 

for 2 hours, and briefly washed in DPBS buffer prior to mounting on microscope slides.. The 

induced Raman spectrum of solid CQ salt, 100 mM CQ solution in DPBS, and the 

vesicular/cytosolic regions of the cells under various treatment conditions was acquired with a 

Renishaw inVia confocal Raman microscope coupled with a Nikon CFI Plan Fluor 100xH oil 

immersion objective and a CCD detector. The excitation wavelength was 514 nm. The exposure 

time was 30 sec for each measurement, with spectral resolution set to 1.5 cm-1, scanning from 

400 cm-1 to 3200 cm-1. All spectra were smoothened, baseline subtracted and normalized to the 

highest peak with ACD/UV-IR Processor (ACD/Labs, Toronto, Canada). To determine the effect 
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of pH on  CQ’s Raman spectra, spectra of 100 mM CQ solution in pH 7, 6 and 5 buffers were 

also acquired. 

Measurement of lysosomal, cytosolic and extracellular pH. pH measurements were 

performed using published methods (Nilsson et al., 2003). To measure lysosomal pH, MDCK 

cells were incubated with 0.2 mg/ml FD in DMEM for 24 hours in dark prior to drug treatments. 

FD-loaded cells were washed twice with warm DPBS buffer, incubated in CQ-DMEM with or 

without Suc or Baf for 1, 2, 3 or 4 hours. To measure cytosolic pH, BCECF-AM was added to a 

final concentration of 2 mg/ml during the last 30 min of drug treatment, in the dark. At the end of 

treatments, cells on plate were washed twice with cold buffer prior to ratiometric analysis of the 

pH-sensitive FD or BCECF-AM fluorescence signal. Fluorescence data was acquired with a 

BioTek SynergyTM 2 Microplate Reader using Ex.485/20-Em.528/20 filter set and Ex.450/50-

Em.528/20 filter set. Background fluorescence was acquired with dye-free untreated cells. 

Standard curves were obtained by first preloading untreated cells with 0.2 mg/ml FD for 24 hrs 

or 2 mg/ml BCECF-AM for 30 min, then equilibrating with 10 µg/ml nigericin in different pH 

buffer, and finally scanning with the same filter sets as mentioned above. The fluorescence ratio 

(FR) was calculated as: 
bgi

bgi

FF

FF
FR

450450

485485

−
−

= , where F485i and F450i standard for integrated 

fluorescent intensity from the ith well of cells under Ex.485 nm and Ex.450 nm, respectively, and 

the subscript bg indicates background fluorescence. FR values were plotted against known pH 

values to create a standard curve, or compared with the standard curve to calculate pH. 

Extracellular pH was measured with a Corning pH meter 430 at designated time points. The 

average vesicular pH, cytosolic pH and extracellular pH were reported as the mean ± S.D. over a 

4-hour incubation period with each time point measured from 3 independent experiments.  
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Measurement of cell volume. Cells were detached from the tissue culture plates after drug 

treatment by incubating them with 0.25% trypsin-EDTA (Gibco® 25200) for 15 min. The 

rounded, detached cells were imaged with Nikon TE2000S inverted microscope under brightfield 

illumination with a 20X objective (Nikon CFI Plan Fluor 20x). In the images, the perimeters of 

the cells were manually outlined with Circular Region Tool in MetaMorph® and cell volume 

was calculated from the radius of the outlined perimeter, assuming spherical shape. For each 

treatment, 10 bright field images (more than 100 cells) were collected after 1, 2, 3 or 4 hours. 

The average cell volume was reported as the mean ± S.D. over 4 hour treatment.  

Measurement of the cellular partition coefficient of CQ. MDCK cells were grown on 

tissue culture dishes, treated with 50 μM CQ for 4 hours to induce vacuolar expansion and 

MLB/MVBs.  After this induction period, the cells were permeabilized with 0.1% saponin in 

DPBS buffer for 30 min to extract soluble cellular components while leaving lipids, DNA, and 

associated, insoluble cytoskeletal components.  Permeabilized cells were then incubated with 

100 μM CQ for 1 hour, washed twice and centrifuged. Cellular lipids and associated molecules 

were extracted from the pellet with 1% Triton X-100 in DPBS for 1 hour. Nuclei and other 

insoluble debris were spun down, and the amount of extracted CQ in the supernatants was 

determined by measuring absorbance at 343 nm using Microplate Reader. Based on electron 

micrographs, we estimated a Triton-extractable, 5% lipid volume fraction in the cell. CQ 

concentration partitioned into the cellular lipid structures was calculated as bound CQ amount 

divided by the estimated lipid volume for the cells.  The lipid partition coefficient was calculated 

as the logarithm of the lipid:buffer CQ concentration ratio.   

Probing the mechanism of CQ uptake with transport inhibitors. To study the effect of 

active cation transporters on CQ uptake, MDCK cells on 24-well tissue culture plates (Costar® 
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3526 or NuncTM 165305) were incubated with 50 μM CQ in 0.5 mL bicarbonate-free transport 

buffer (sodium chloride 140 mM, potassium chloride 5.4 mM, calcium chloride 1.8 mM, 

magnesium chloride 0.8 mM, d-glucose 25 mM, HEPES 10 mM, pH 5.5, 6.5, 7.4 and 8.5) or  

sodium-free, choline-based transport buffer (substitute sodium chloride with choline chloride in 

the above transport buffer), at 37 ℃. To study the effect of autophagy, energy supply, vacuolar-

ATPase, organic cation transporters (OCTs) and pre-expanded lysosomal volume on CQ uptake, 

MDCK cells were incubated in 0.5 mL DMEM containing 50 μM CQ in the presence or the 

absence of 10 mg/ml 3MA (autophagy inhibitor); 5 μM FCCP (mitochondrial uncoupling agent 

that disrupts ATP synthesis and cellular metabolism);  10 nM Baf (vacuolar H+/ATPase inhibitor 

that disrupts endolysosomal pH gradients); 500 μM Cim (OCT inhibitor); 500 μM Gua (OCT 

inhibitor); 500 μM HC3 (OCT inhibitor); 500 μM TEA (OCT substrate/inhibitor); 20 μM HCor 

(a hormone that stimulates OCT expression); or, 0.1 M Suc (a treatment that  enhances the 

phospholipidosis phenotype without competing with CQ uptake). Cells co-treated with CQ and 

sucrose (Suc) or hydrocortisone (HCor) were pre-incubated with 0.1 M sucrose  or 20 μM 

hydrocortisone in DMEM for 24 hours or 48 hours, respectively, before the experiments. CQ 

uptake was measured 0.5, 5, 15, 30, 60, 120, 180 or 240 min after beginning of incubation with 

CQ, with or without Suc or Baf. CQ uptake was measured 30 min and 240 min after the 

beginning of incubation. For CQ uptake measurements, three of the four replicates under the 

same treatment were briefly washed with cold buffer and lyzed in 1% Triton X-100 for 1 hour. 

The lysates were centrifuged at 15,000 rpm for 10 minutes and the supernatant was collected for 

CQ measurement by reading absorbance at 343 nm using Microplate Reader. Intracellular CQ 

mass was normalized by the number of cells per well as evaluated by counting cells in the fourth 

replicate well. Background signal from 0 μM CQ treatment was subtracted and CQ mass was 
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calculated with the aid of a standard curve. The results were expressed as mean ± S.E.M from 3 

independent experiments for each time point.  

Measurement of MLB/MVB morphology.  For transmission electron microscopy, MDCK 

cells were grown on tissue culture dish (BD FalconTM 353003), incubated with 50 μM CQ for 4 

hours, washed twice with serum-free DMEM, fixed with 2.5% glutaraldehyde in 0.1 M 

Sorensen’s buffer at pH 7.4 at 37 ℃, and washed with 0.1 M Sorensen’s buffer  three times, 5 

min each. Cells were fixed with 1% osmium tetroxide in 0.1 Sorensen’s buffer for 15 min at 

room temperature and washed three times with double-distilled water. Cells were incubated with 

8% uranyl acetate in double-distilled water for 1 hour at room temperature, dehydrated in a 

graded ethanol:water series (50, 70, 90 and 100%, 5 min each), infiltrated in Epon resin and 

polymerized at 60 ℃ overnight. Cells were sectioned and photographed with a Phillips CM-100 

transmission electron microscope at magnifications from 2,600 to 96,000X. More than 5 cells 

were photographed for control and treated cells under each condition. Quantitative 

morphological analysis of EM images was performed with MetaMorph® software (Molecular 

Devices, Inc.)  

Mathematical Modeling of CQ Uptake. A multi-compartment, constant-field, fixed-

parameter mathematical model (Trapp and Horobin, 2005) was adapted to predict the passive, 

membrane potential and pH-dependent ion trapping behavior of CQ in MDCK cells. The original 

model was modified to incorporate the gradual volume expansion of the endolysosomal 

compartment induced by CQ, coupled to changes in extracellular concentration accompanying 

pronounced, intracellular CQ sequestration. Briefly, the total change in CQ mass with time in 

each compartment was expressed by equations 1-4: 
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where, M stands for the total mass, J indicates the flux, A and V indicate the membrane surface 

area and volume, respectively, of the specific subcellular compartments as indicated by the 

subscripts e, c, m, and l: extracellular compartment, cytosol, mitochondria and (acidic) 

lysosomes compartment. Ac indicates the cell’s plasma membrane area. The comma between two 

subscripts means “to” (e.g. “Jc,m” represents the flux from cytosol to mitochondria). With 

extracellular volume, cell volume and mitochondria volume constant and lysosomal volume 

change, the concentration change in each compartment was expressed by equations 5-8: 
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For CQ, the total flux is contributed by a neutral form and two ionized forms with one or two 

positive charges (Zhang et al., 2010). The total flux across membrane as contributed by three 

species can be calculated with Fick’s equation and Nernst-Planck equation: 
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where, subscripts o and i indicate outer- and inner-compartment, n, d1, and d2 indicate neutral 

form, ionized form with one charge, and ionized form with two charges, respectively. P is the 

permeability across the bilayer membranes and it was estimated based on the logarithm of CQ’s 

octanol/water partition coefficient (logPo/w) calculated with ChemAxon® MarvinSkecth 5.1.4 

(http://www.chemaxon.com) as log  ��,��,�� � log ��/� �

 6.7 Error!  Bookmark not de�ined. (Trapp and Horobin, 2005). f represents the ratio of the 

activities (an, ad1 and ad2) and the total concentration. It can be calculated from lipid fraction and 

ionic strength in each compartment and the sorption coefficient for each species as estimated 

from logPo/w (Trapp and Horobin, 2005; Zhang et al., 2006) or the measured cellular partition 

coefficient (Zhang et al., 2010). In equation 4, N = zEF/(RT), where z = +1 for Nd1 (ionized base 

with one charge), and z = +2 for Nd2 (ionized base with two charges); E, F, R, and T are 

membrane potential, Faraday constant, universal gas constant, and absolute temperature, 

respectively. The rate of change in vesicular volume was derived by fitting volume measurement 

at each time point with a linear model. When simulating CQ binding to MLB/MVBs, the 

measured cellular partition coefficient of CQ was used to estimate f. The ordinary differential 

equations were numerically solved with MATLAB® ODE15s solver using the average value of 

each parameter to plot a kinetic curve of CQ intracellular accumulation. Model 

validation/consistency check was performed by summing CQ mass in all compartments during 

the simulation, confirming that total CQ mass in the system stays constant (mass balance).  

Parameter Sensitivity and Error Propagation Analysis. To determine whether variations in 

individual parameters would lead to a large variation in prediction, sensitivity analysis was 

performed by systemically changing one parameter at a time and plotting predictions against 

parameter values. In addition, Monte Carlo simulations were performed to assess the distribution 
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CQ accumulation values that would be consistent with uncertainties or experimental error of the 

input parameters. Parameter ranges were obtained based on the error of experimental 

measurements or variations in the published literature reports (Supplemental Table 1). 

MATLAB® ODE15s solver was employed to run 10,000 simulations during which simulation 

parameters were randomly sampled from uniform distributions within the range of parameter 

values (Table S1). Histograms of simulation results were plotted with R program (http://www.r-

project.org). 
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Results 

CQ-treated MDCK cells undergo marked changes in organelle structure and 

membrane organization. Electron microscopy was performed to study the effects of CQ on the 

membrane and organelle structure of MDCK cells during the course of a 4 hour incubation 

period. Most strikingly, CQ induced the formation of numerous MLB/MVBs within the lumen of 

expanded cytoplasmic vesicles (Fig. 1).  The expanded vesicles were approximately 1.50 ± 0.34 

μm (n = 20) in diameter.  Within these expanded vesicles there were many MLBs of 0.42 ± 

0.025 μm (n = 10) in diameter and MVBs of 0.39 ± 0.03 μm (n = 10) in diameter.  For MLBs, 

the spacing between membrane layers ranged from 24.0 to 29.2 nm (25.7 ± 2.2 nm) and the 

apparent thickness of each layer varied from 22.5 to 24.0 nm (23.2 ± 0.7 nm).  For MVBs, the 

internal vesicles varied in size between 50 to 100 nm in diameter. It was generally the case that 

in the presence of CQ, each expanded vesicle contained several MLB/MVBs.  Without CQ 

treatment, control cells completely lacked these features (data not shown).  

Induced MLB/MVBs sequester weakly basic lipophilic molecules. LTG is a weakly basic 

fluorescent probe that labels acidic organelles within cells by the ion trapping mechanism.  

Fluorescence micrographs of CQ-treated cells incubated with LTG showed LTG fluorescence 

accumulation in enlarged vesicles ranging 1-2 μm in diameter. Most remarkably, at high 

magnification, LTG distribution within each one of the expanded vesicles was clearly associated 

with intralumenal MLB/MVBs (Fig. 2A). In many of these vesicles, LTG was clearly localized 

to multiple internal vesicles of about 0.34 ± 0.06 μm (n=20) in diameter, consistent with the 

numbers and diameters of the MLB/MVBs previously observed by electron microscopy.  Based 

on quantitative image analysis, we calculated accumulation of LTG fluorescence bound to the 

MLB/MVBs was at least 4.7 ± 0.5 (n=20) –fold greater than its accumulation in the lumen of the 
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expanded vesicle. LTG-labeled MLB/MVBs appeared to move by Brownian motion, within the 

confines of the outer membrane bounding the expanded vesicles (Fig. 2A, a-f and Supplemental 

Movie 1). Increasing CQ concentrations did not inhibit LTG fluorescence accumulation. Instead, 

the accumulation of LTG fluorescence in the vacuoles was directly dependent on the 

concentration of CQ used for treatment showing no evidence of competition or saturation (Fig. 

2B). 

CQ accumulates within induced, expanded vesicles. The MLB/MVB containing, LTG-

labeled vesicles induced by CQ corresponded to large, clear vacuoles apparent by brightfield 

transmitted light microscopy (Fig. 3A). Confocal Raman microscopic imaging was performed in 

CQ-treated (Fig. 3B, a) and -untreated (Fig. 3B, b) cells. The signature Raman signal of CQ (Fig. 

3B, spectrum 1, arrows, 1370 and 1560 cm-1) was present in the vacuoles observed by brightfield 

transmitted light microscopy (Fig. 3B, spectrum 2), yet CQ signal was mostly undetectable in the 

vesicle-free regions of the same cells (Fig. 3B, spectrum 3). In control experiments, the signal 

intensity of the Raman vibrational peaks of CQ at 1370 and 1560 cm-1 were constant between pH 

7 and 5 (data not shown), so differences in the pH of intracellular compartments cannot explain 

the observed, spectral differences in Raman signal.  Furthermore, CQ signal was completely 

absent from untreated cells (Fig. 3B, 4 and 5). Given their small volume, the presence of Raman 

signal within the vacuoles of CQ-treated cells confirmed that CQ is highly concentrated within 

these vesicles.  

CQ uptake is coupled to induction of phospholipidosis-like phenotype and cannot be 

inhibited by OCT inhibitors.  Consistent with the neutral, membrane-permeant form of CQ 

being mostly responsible for its passive cellular uptake, CQ uptake within the first 30 minutes 

was significantly reduced in by lowering extracellular pH (Figure 4A) but not significantly 
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affected by the presence of OCT inhibitors and a stimulator (Cim, Gua, HC3, TEA or HCor) nor 

by the substitution of sodium with chloride in the transport buffer (Figure 4B). Incubation at 4 ℃ 

reduced CQ uptake in the first 30 min, consistent with inhibited passive diffusion at low 

temperature, while pre-incubation with 0.1 M sucrose-DMEM, a treatment that induced 

lysosomal volume expansion, stimulated CQ uptake by 32% during this time (Figure 4B). 

Bafilomycin A1, a vesicular-ATPase inhibitor which hampers the acidification of lysosomes, 

reduced CQ uptake by 21% within the first 30 min of CQ incubation, while the autophagy 

inhibitor 3MA did not (Figure 4B). After 4h treatment, a close correlation between CQ uptake 

(Figure 4C) and lysosomal volume expansion (Figure 4D) was observed: in cells treated with Baf 

and FCCP, CQ-induced vesicular expansion was significantly suppressed, and so was the cellular 

uptake; in cells treated with transporter inhibitors, sucrose or 3MA, no significant reduction in 

vesicular expansion nor cellular uptake were observed, as compared with CQ treatment alone.  In 

the presence of Suc, 3MA, or other OCT inhibitors we also observed LTG fluorescence 

accumulated in association with the MLB/MVBs present within the induced, expanded vacuoles, 

as was observed in cells treated with CQ alone.   

CQ affected organelle volume and pH.  LTG-positive (acidic) organelle volume and pH, 

as well as cell volume and cytosolic pH, were measured at various time points, during a 4 hour 

CQ incubation period (Table 1). Experiments were also performed in the presence of 0.1 M Suc, 

a treatment that perturbs endolysosomal membrane traffic and promotes a phospholipidosis-like 

phenotype (Helip-Wooley and Thoene, 2004). CQ uptake measurements were also performed in 

the presence of 10 nM Baf, a treatment that inhibits the phospholipidosis effect.  CQ-induced 

vacuolation was greater in the presence of sucrose compared to cells treated with CQ alone, and 

was inhibited by Baf (Table 1). Total cell volume significantly expanded in Suc but not in CQ or 
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CQ/Baf. (Table 1). CQ (with or without Suc or Baf) increased vesicular pH during 4-hour 

incubation period, but cytosolic pH was not significantly perturbed (Table 1). The extent of CQ 

induced vesicular pH increase was highest in the presence of Suc, intermediate with Baf and 

least with CQ alone. At 200 µM CQ, toxicity became apparent, with several of the observed 

trends becoming reversed (Table 1). Consistent with the large buffering capacity of the 

extracellular medium, measurements confirmed that CQ treatments with or without Suc or Baf 

did not alter the extracellular pH (Table 1). 

Organelle volume and pH also affect CQ uptake.  The effects of Suc and Baf on the 

pharmacokinetics of CQ were measured in dose-response and time-course experiments.  Upon 

prolonged incubation, CQ exhibited a time-dependent, gradual accumulation over the 4h 

incubation period (Fig. 5). Suc treatment prior to CQ incubation led to the most pronounced 

intracellular accumulation of CQ (Fig. 5A).  Baf inhibited the gradual accumulation of CQ, with 

cells showing a rapid uptake during the first five minutes, followed by a low, steady state level 

during the next four hours (Fig. 5A).  At 50 and 100 µM, CQ accumulation over the 4h period 

appears almost linear in Suc-treated cells as well as in cells that were incubated with CQ alone 

(Fig. 5A).  

Simulations of CQ cellular pharmacokinetics. Computational simulations of CQ uptake 

with a mathematical model that incorporates volume expansion of acidic organelles, protonated 

CQ binding to MLB/MVBs, and using the measured parameter values as input yielded CQ dose-

response and time-course traces that were consistent with the experimentally measured values 

(Fig. 5A) and well within the simulated margins of error based on physiologically-relevant 

ranges of input parameters (Fig. 5B).  The effects of Suc and Baf on CQ uptake paralleled the 

experimental measurements (Fig. 5A) for 25, 50 and 100 μM CQ treatments. Simulation results 
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for 200 μM treatments tended to over-predict CQ uptake (Fig. 5A), which we ascribe to the toxic 

effects that were apparent at this higher dose. Overall, the accuracy of predicted cellular uptake 

was good for a wide range of different CQ concentrations, in the presence or absence of Suc or 

Baf at 8 time points, with 70% of the predicted values within a factor of 2 or 86% within a factor 

of 3 of the measured cellular uptake values (Figure 6). Except for 200 μM treatment during 

which cellular uptake was possibly reduced by toxic effect, most other discrepancies were 

observed between predictions and measurements for the first time points when the amount of 

cellular CQ uptake was closest to the detection limit of the instrument. 

For comparison, the simulated intracellular CQ mass at the end of a 4-hour incubation period 

was calculated under three different conditions (1) in the presence of ion trapping but without 

expanding organelle volumes nor binding of protonated CQ species to MLB/MVBs (Fig. 5B, 

green); (2) in the presence of ion trapping within expanding acidic organelles but without 

binding of protonated CQ species to MLB/MVBs (Fig. 5B, blue); and (3) in the presence of ion 

trapping in expanding acidic organelles, with binding of protonated CQ species to MLB/MVBs 

(Fig. 5B, black). Parameter sensitivity analysis (Supplemental Figure 2) showed that molecular 

properties including pKa and logP for the neutral forms or ionized forms, pH and volume in the 

extracellular compartment, volume in the cytosol, pH, volume, membrane potential, ionic 

strength and lipid fraction in the lysosomes were important factors (caused a >20% change with 

parameters randomly sampled from physiologically-relevant ranges) for CQ uptake. 

Consequently, Monte Carlo simulations were performed to calculate a distribution of predicted 

CQ accumulation values based on a range of these input parameters, in cells incubated with CQ 

alone, or in combination with Suc or Baf.  
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The impact of CQ induced phenotypic effects on the predicted cellular accumulation of CQ 

was consistent with most of the intracellular CQ accumulation occurring within the expanding 

acidic (LTG-positive) vesicles.  Based on the simulations,  the volume increase of acidic 

organelles led to a > 5 fold increase in the predicted intracellular mass (Fig. 5B, green vs. blue), 

while adding an MLB/MVB binding component led to an additional 2-fold increase in 

intracellular CQ mass (Fig. 5B, blue vs. black). Simulation results incorporating vesicular 

expansion and CQ binding to MLB/MVBs corresponded to the range of measured values (Fig. 

5B, black vs. red lines). 

The greatest discrepancy between simulation results and experimental measurements was 

observed in Baf-treated cells.  This discrepancy can be ascribed to measurement errors: In Baf, 

LTG uptake is much reduced and the diameter of acidic vesicles was close to the optical 

resolution limit of the microscope, so the organelle volume measurements were less precise as 

compared to the other conditions.  Also, the accuracy and precision of CQ mass measurement in 

the presence of Baf was considerably lower than in the other experimental conditions, because 

the CQ signal in Baf was almost undetectable. 
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Discussion 

In this study, we used MDCK cells exposed to 0 to 200 μM CQ as a physiologically-relevant 

in vitro experimental model to analyze CQ pharmacokinetics in cells of the distal renal tubule. 

We present quantitative evidence that the phospholipidosis-like phenotypic effect induced by CQ 

may be responsible for the observed, non-steady state intracellular accumulation of CQ. In the 

process, we elaborated a computational in silico model for simulating how phospholipidosis 

affects the cellular pharmacokinetics of small molecule drugs. As a physiologically-relevant 

transport probe, CQ is a weak base drug for treatments of malaria, arthritis, viral infection and 

cancer (Djordevic et al., 1992; Pardridge et al., 1998).  Despite of its high solubility, CQ has 

slow clearance, accumulates in kidney (and other organs) >1000-fold relative to plasma 

concentrations, and has  highly variable pharmacokinetics with the elimination half-life ranging 

from 20-60 days (Ducharme and Farinotti, 1996). Significant variability in CQ pharmacokinetics 

have been ascribed to differences in protein binding, but functional differences in renal filtration 

could also be involved as the drug is mostly cleared by the kidney (Krishna and White, 1996).  

Previous studies have established that CQ reached high concentrations inside cells with 

particularly high levels in the lysosomes (Hostetler et al., 1985), presumably by the action of a 

carrier-mediated active transport mechanism. However, while CQ may be a substrate of multiple 

drug resistance 1 protein (Polli et al., 2001) and organic cation transporter-like 2 protein (Reece 

et al., 1998), both of these are involved in the excretion of drugs from cytosol to the extracellular 

medium.  No active transporter mechanisms have been found to play a role in CQ cellular uptake. 

The organic cation transporter 2 (OCT2) plays important roles in the uptake of cationic 

compounds in the kidney, but chloroquine does not appear to interact with OCT2 (Zolk et al., 

2009).  In fact, unlike other organic cations which are substrates of an active transporter (i.e., 
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plasma membrane monoamine transporter or PMAT) (Engel and Wang, 2005), the cellular 

uptake of CQ did not depend on sodium concentration in the extracellular medium (Figure 4B 

and 4C). Also, while low pH in the extracellular medium has been found to stimulate the uptake 

of PMAT substrates, we found it significantly inhibited CQ uptake. Lastly, PMAT and OCTs are 

not extensively expressed in normal, distal tubular cells (Karbach et al., 2000; Xia et al., 2009). 

Therefore, all available evidence indicates that CQ crosses biological membranes of MDCK cells 

by passive diffusion (Figure 4A). We found that many pharmacological OCTs inhibitors did not 

affect cellular uptake of CQ (Figure 4A, 4B and 4C), while all treatments that directly affected 

the cellular vacuolation response did affect CQ uptake.  

Microscopically, the appearance of MLB/MVBs in MDCK cells treated with CQ 

corresponded to the morphology of kidney cells of CQ-treated patients, as well as that of other 

cells following exposure to weakly basic, lipophilic drugs (Hallberg et al., 1990; Muller-Hocker 

et al., 2003; Marceau et al., 2009). The size of the expanded vesicles and the internal vesicles as 

measured by fluorescence microscopy and TEM were comparable (Figure 1 and 2). The 

discrepancy between the absolute values of these two measurements can be ascribed to 

differences in sample preparation as well as the resolution of these two instruments. In 

fluorescence microscopy the samples are fresh and immersed in living cell environment, while in 

EM the samples are dehydrated. Secondly, for TEM sample preparation, cells are sliced with a 

ultramicrotome so the diameter of the vesicles in TEM micrographs might not be the actual 

equatorial diameter. As a result, the measured size of the expanded vesicles in TEM images were 

smaller than measurements from fluorescent images. When comparing the measured sized of 

internal vesicles in MLB/MVB, the discrepancy in measured sizes was not significant 
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considering the relatively low resolution of the fluorescence microscopy (1 pixel = 0.047 μm in 

this study).  

Meanwhile, a close relation between CQ-induced volume expansion of LTG-positive 

vesicles and CQ uptake was observed (Figure 4B and 4C). Accordingly, we measured the 

cellular pharmacokinetics of CQ in dose-response and time-course experiments. In turn, these 

measurements were compared to simulation results obtained by modeling intracellular CQ mass 

accumulation under three different scenarios: (1) in the absence of CQ-induced phenotypic 

effects; (2) in the presence of expanding acidic organelles; and (3) in the presence of expanding 

acidic organelles coupled to binding to intralumenal MLB/MVBs. We found that the latter 

condition yielded results that were consistent with the measured absolute CQ levels as well as 

the relative changes of intracellular CQ mass under different experimental conditions.  

Supporting a role for MLB/MVBs in the sequestration of CQ, LTG (a weakly basic 

fluorescent probe that accumulates in acidic organelles due to ion trapping) was visibly 

concentrated within MLB/MVBs in the lumen of expanded cytoplasmic vesicles induced by CQ.  

The inability of 3MA to inhibit the phenotypic effects induced by CQ suggests that the 

phospholipidosis effects of CQ are not due to an induced, autophagocytic mechanism. 

Experiments and simulations of CQ uptake in combination with Suc provided evidence that 

stimulating the phospholipidosis-like phenotype facilitates CQ accumulation. Experiments and 

simulations of CQ uptake in combination with Baf provided evidence that inhibiting the 

phospholipidosis-like phenotype decreases CQ accumulation. Lastly, Raman confocal 

microscopy confirms that intracellular CQ accumulates within the expanded, CQ-induced 

cytoplasmic vesicles with intralumenal MLB/MVBs, as predicted by the model.  Phospholipids 

such as phosphatidylcholine have very high affinity for protonated CQ (Kuroda and Saito, 2009), 
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consistent with most of the protonated CQ within the expanded vesicles being bound to the 

membranes of intralumenal MLB/MVBs.  

It is also noteworthy that intracellular transformation of CQ into a less membrane permeant 

CQ metabolite cannot account for its continuous accumulation in MDCK cells. With Previously, 

we demonstrated that intracellular CQ in MDCK cells is mostly present in intact form (Zhang et 

al., 2010).  While passive diffusion coupled to ion trapping and phospholipid binding can explain 

the observed transport behaviors, we also searched for an active transport mechanism driving CQ 

accumulation . However, the effects of bafilomycin and sucrose, the lack of effect of active 

transport inhibitors, the correlation between vacuolar expansion and the accumulation of CQ, the 

pH sensitivity of CQ uptake, the insensitivity to extracellular sodium, and the linear 

concentration dependence of CQ uptake all made it very difficult to relate CQ’s behavior to 

candidate active transport mechanisms. 

To conclude, our results provide evidence that the phospholipidosis effects of CQ may 

underlie an inducible, highly effective, intracellular weak base sequestration system. To our 

knowledge, this is the first study to evaluate the potential effects of phospholipidosis on the 

cellular pharmacokinetic behavior of a weakly basic molecule. Our simulations and experimental 

results converged onchanges in organelle structure and membrane organization induced by CQ 

which could profoundly alter the intracellular bioaccumulation and distribution of CQ according 

to its passive transport properties, leading to the non-steady state accumulation behavior.  

Considering that similar morphological changes are induced by other weak base drugs that 

accumulate intracellularly, such as procainamide and amiodarone (Morissette et al., 2009), the 

phospholipidosis phenotype warrants consideration as candidate, mechanistic determinants of the 

local (and systemic) distribution and disposition of weakly basic lipophilic molecules in the 
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tissues and organs of the body, especially in cells exposed to high local concentrations of the 

drug. Passive transport models have been successfully used for developing predictive 

physiologically-based pharmacokinetic models of bioaccumulation and biodistribution of neutral 

or ionized organic compounds in tissues and organs (Fu et al., 2009; Trapp et al., 2010; Yu and 

Rosania, 2010).   For weakly basic molecules, incorporating the cellular pharmacokinetic effects 

of phospholipidosis may considerably improve physiologically-based pharmacokinetic and 

biodistribution predictions. 
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Legends for Figures 

Figure 1. CQ induces a phospholipidosis-like phenotype characterized by the formation 

of many MLB/MVBs in MDCK cells. MDCK cells were treated with 50 μM CQ for 4 hours 

followed by transmission electron microscopy analysis. A. (Magnification 7900X), B. and C. 

(Magnification 34000X), and D. (Magnification 13600X) illustrate MDCK cells with enlarged 

vesicular compartments, or MLB/MVBs, comprised of intralumenal MLBs (single arrows) or 

MVBs (double arrows). The nucleus is noted by N. 

Figure 2. CQ-induced non-uniform distribution (A) and dose-dependent accumulation (B) 

of LTG within the LTG-positive vesicles in MDCK cells. A. At the end of 4-hour incubation 

with 50 μM CQ, LTG fluorescence within individual vesicles was concentrated within small 

particles of 0.3 – 0.4 μm in diameter, which underwent Brownian motion within the confines of 

the enlarged vesicles. These particles corresponded in shape and size to MLB/MVBs observed 

by EM (see Fig. 1). Image a to f was taken at 4 second intervals to show the Brownian 

movement of the bright MLB/MVB particles within the lumen of the expanded vesicles. Scale 

bar: 2 μm. B. After 4-hour incubation with different amount of CQ, the fluorescence volume 

intensity per vesicle increased as CQ treatment. 5 cells (more than 300 vesicles) were measured 

under the same treatment.  

Figure 3. CQ accumulates within enlarged MLB/MVB-positive vesicles. MDCK cells 

were treated with 10 μM CQ for 12 hours, which primes them for vacuolar expansion and 

MLB/MVB formation, followed by 100 μM CQ for 2 hours prior to imaging. For fluorescence 

microscopy, cells were incubated with 0.5 μM LTG for 30 min immediately prior to imaging. A. 

LTG fluorescence (top) and the corresponding brightfield image (middle) of a representative 
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CQ-treated cell was merged (bottom) showing the highly heterogenous LTG fluorescence 

associated with MLB/MVBs within the expanded cytoplasmic vesicles. Scale bar: 4 μm. B. 

Analysis of intracellular CQ distribution by confocal Raman microscopy. (upper) Brightfield 

image showing a 100 μM CQ-treated (a)  and untreated (b) cells from which spectra were 

acquired. Scale bar: 5 μm. (lower) Spectrum 1 was acquired from 100 mM CQ solution in buffer, 

as reference. Spectrum 2 and 3 were acquired from the vesicles and cytosol of treated cells, 

respectively; spectrum 4 and 5 were acquired from the vesicles and cytosol of untreated cells.  In 

these spectra, CQ-specific Raman vibrational peaks (around wavenumbers 1370 and 1560) were 

identified based on Spectrum 1.  CQ-specific Raman signal was mostly localized within the 

expanded vesicles of CQ treated cells. 

Figure 4. Temperature- and pH-dependent CQ uptake parallels the induced 

phospholipidosis effect, and is insensitive to pharmacological inhibitors of organic cation 

transport.  (A) Within 30 min CQ uptake (50 μM) into MDCK cells was significantly reduced by 

lowering extracellular pH and lowering the temperature. Uptake experiments were performed in 

transport buffer. Control experiments were performed at pH 7.4 and 37 ℃. (B) Within 30 min of 

incubation,  CQ uptake (50 μM) and cellular vacuolation were not significantly perturbed by 

inhibitors of autophagy or active transport. Pre-incubation with 0.1 M sucrose in DMEM 

increased CQ uptake within 30 min, while co-treatment with bafilomycin A1 inhibited CQ 

uptake, but the difference was not significant. Uptake experiments were performed in choline-

based transport buffer (Cho) and DMEM (all the other conditions). (C) and (D) At the end of 4-

hour incubation, CQ uptake and LTG-positive vesicular expansion was partially inhibited by 

FCCP, significantly suppressed by bafilomycin A1 but not reduced by OCT inhibitor/stimulator, 
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the autophagy inhibitor 3MA or the sodium-free extracellular buffer..  Con.: control, 50 μM CQ 

only; Cho: 50 μM CQ in choline-based transport buffer; Cim: 500 μM cimetidine; HC3, 500 μM 

hemicholinium-3; Gua: 500 μM guanidine; TEA: 500 μM tetraethylammonium; HCor: 20 μM 

hydrocortisone; FCCP: 5 μM FCCP; 3MA: 10 mg/mL 3-methyladenine; Suc: 0.1 M sucrose; Baf: 

10 nM bafilomycin A1. Data were presented as mean ± S.E.M from 3 experiments. Asterisks 

indicate significant difference from control using unpaired Student’s t-test (p < 0.05). The 

nucleus is indicated by N. Scale bar:  10 μm.  

Figure 5. Quantitative analysis and mechanism-based, predictive pharmacokinetic 

modeling of CQ uptake in MDCK cells. A. Measured uptake kinetics during 1) 25, 50, 100 and 

200 μM CQ treatments, in previously untreated cells (CQ/); 2) Suc pre-treated cells during co-

treatment with CQ and sucrose (CQ/Suc); and 3) co-treatment with CQ and Baf in previously 

untreated cells (CQ/Baf). Data points correspond to mean ± S.E.M. (n = 3). B. Histograms of 

Monte Carlo simulations of intracellular CQ accumulation in relation to experimental CQ mass 

accumulation. A total of 10,000 simulations were performed with parameters randomly selected 

from a range (Table S1). Red solid lines correspond to the measured, average CQ mass per cell 

at the end of a 4-hour incubation with 25, 50, 100 and 200 μM CQ (red dashed lines represent ± 

S.E.M). Green: simulation results in the absence of phenotypic changes. Blue: simulation results 

incorporating volume changes of organelles but without partitioning to MLB/MVBs. Black: 

simulation results incorporating volume changes in acidic organelles, as well as CQ partitioning 

to MLB/MVBs.   

Figure 6. Assessing the performance of the cellular pharmacokinetic model. The 

predicted intracellular mass was plotted against the measured values at 8 time points for 4 levels 
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of CQ treatment with (or without) sucrose or bafilomycin A1. The solid line represents the unity 

line and the dashed lines represent a factor of 2 on both side of the unity. The dotted line 

represents the best fit with the equation displayed. The solid circles represent data from 25, 50 

and 100 μM CQ treatments; the open circles represent data from 200 μM CQ treatments. (A) 

Analysis of measurements from 25, 50, 100 and 200 μM CQ treatments (B) Analysis of 

measurements from 25, 50 and 100 μM CQ treatments .  
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Tables 

Table 1. Measured cellular parameters. 

  vesicular pH 

vesicle 

volume 

/ cell (μm3) 

vesicle 

surface area 

/ cell (μm2) 

cytosolic pH 
cell volume 

(103μm3) 

extracellular 

pH 

Untreated 5.03±0.15 21±8 219±74 7.4±0.2 1.64±0.41 7.45±0.04 

25 μM 

CQ 

Suc 5.91±0.23 602±145 2130±349 7.37±0.02 3.00±0.14 7.48±0.03 

/ 5.36±0.28 304±76 1159±47 7.36±0.04 1.66±0.12 7.48±0.03 

Baf 5.55±0.17 18±5 189±55 7.38±0.03 1.74±0.14 7.47±0.03 

50 μM 

CQ 

Suc 6.08±0.20 843±176 2795±491 7.36±0.01 3.05±0.28 7.47±0.03 

/ 5.51±0.34 587±126 2207±1050 7.36±0.01 1.84±0.05 7.47±0.03 

Baf 5.69±0.37 19±4 204±24 7.35±0.02 1.70±0.15 7.47±0.03 

100 μM 

CQ 

Suc 6.45±0.21 1121±343 2995±385 7.37±0.02 2.95±0.33 7.50±0.02 

/ 5.81±0.21 294±53 1219±234 7.35±0.04 1.83±0.12 7.50±0.02 

Baf 5.88±0.14 17±3 178±28 7.34±0.03 1.77±0.14 7.50±0.02 

200 μM 

CQ 

Suc 6.73±0.28 565±140 1468±351 7.37±0.02 3.27±0.37 7.50±0.02 

/ 5.98±0.45 204±47 785±193 7.30±0.02 1.62±0.17 7.50±0.02 

Baf 6.26±0.45 17±4 186±32 7.17±0.04 1.78±0.09 7.50±0.02 

 

Table 1. Cellular parameters were measured during a 4-hour incubation with different 

concentrations of CQ. pH measurements and cell volume correspond to the average over the 4-

hour incubation period; data corresponds to mean ± S.D., n = 4. Vesicle volume corresponds to 

the volume at the end of the fourth hour treatment; data was presented as mean ± S.D., n = 10. 
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Values in bold indicate a statistically significant difference from the untreated cells using 

Tukey’s test (p < 0.05). 
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Table S1. Parameter ranges for Monte Carlo simulations1. pH, E, A, V, L and Is indicate pH, 
membrane potential relative to the cytosol, surface area, volume, lipid fraction and ionic strength in each 
compartment, while the subscripts a, c, l, and m indicate the apical/extracellular, cytosolic, lysosomal and 
mitochondrial compartment. pH_a, pH_l, V_l, V_c, A_l, rate of change in surface area or volume and 
cellular partition coefficient (logPn,d1,d2_cell) were measurement as described in the manuscript. pKa1, pKa2, 
logPn, logPd1 and logPd2 were calculated by ChemAxon® based on weighted method prediction with 0.5 
log units variant. Temperature (T) is set to 310.15 K during uptake experiment. Ionic strength and 
membrane potential values were based on literature report (Barry and Eggenton, 1972; Trapp and 
Horobin, 2005; Zhang et al., 2006). 
 

CQ CQ/Suc. CQ/Baf. 
25 50 100 200 25 50 100 200 25 50 100 200 

pH_c 2, 4 
a 7.29 7.34 7.28 7.27 7.34 7.34 7.34 7.32 7.33 7.32 7.29 7.10 
b 7.43 7.38 7.42 7.33 7.40 7.38 7.40 7.38 7.43 7.38 7.39 7.24 

pH_l 2 
a 4.88 5.22 5.45 5.20 5.51 6.03 6.09 6.25 5.26 5.05 5.64 5.48 
b 5.84 5.80 6.17 6.76 6.31 6.73 6.81 7.21 5.84 6.33 6.12 7.04 

V_c (m3) 2 
a 1452 1752 1616 1314 2761 2572 2391 2630 1491 1437 1512 1608 
b 1874 1922 2042 1916 3250 3535 3516 3904 1989 1961 2022 1945 

V_l_initial 2  
(m3) 

a 8.8 8.8 8.8 8.8 54.9 54.9 54.9 54.9 8.8 8.8 8.8 8.8 

b 32.4 32.4 32.4 32.4 128.0 128.0 128.0 128.0 32.4 32.4 32.4 32.4 

A_l_initial 2, 4 
a 111.5 111.5 111.5 111.5 517.5 517.5 517.5 517.5 111.5 111.5 111.5 111.5 
b 335.0 335.0 335.0 335.0 899.7 899.7 899.7 899.7 335.0 335.0 335.0 335.0 

rate of change   
A: m2/hr 3, 4 
V: m3/hr 3 

A 239.3 466.3 247.9 163.0 339.0 549.9 624.2 206.2 0.0 0.0 0.0 0.0 

V 68.7 106.9 66.0 45.1 121.4 227.2 266.3 127.3 0.0 0.0 0.0 0.0 

T (K) 310.15 
logPn

 (3.68, 4.18)  
logPd1 (0.18, 0.68)  
logPd2 (-1.16, -0.66)  

logPn,d1,d2 cell (1.70, 1.83) 
pKa1 (9.71, 10.21) 
pKa2 (7.22, 7.72) 

E_a (mV) 4  -10  
E_l (mV) (5, 15) 

E_m (mV) -160 
pH_a (7.4, 7.5) 

pH_m 4 8 
cellNo (/well) (50, 70) × 104 

V_a (m3) 0.5×1012/cellNo 

V_m (m3) 16.35 

A_a (m2) 4 100 

A_m (m2) 4 196.35 
L_c 4 0.05  
L_l (0.025, 0.075) 

L_m 4 0.05 
Is_c 4 0.3 
Is_l (0.2, 0.4) 

Is_m 4 0.3 



 
1 The center points for each range were used to simulate the typical kinetic curves under specific 
each treatment, as shown in Figure 6. 
  
2 The upper (b) and lower (a) boundaries of uniform distribution were calculated from the 
following equations based on measurements:  

1
( )

2
mean a b  , (S1) 

21
variance ( )

12
b a  , (S2) 

where the mean values were reported in Table 1, and the variance was calculated as the squared s.d.. 
 
3  Rate of changes of vesicular volume and surface area were obtained by fitting measurements at 
1-4 hour time points with a linear model using the initial values as intercepts. The slope of 
vesicular volume and surface area under CQ treatments with bafilomycin A1 were essentially 0 
after statistical analysis.   
4 These parameters do not significantly affect intracellular mass of CQ as suggested by sensitivity studies. 
(Figure S2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Movie S1. Movement of LTG-rich MVB/MLB within the xenosomes. MDCK cells were treated 
with 50 M CQ for 4 hours and stained with LTG for 30 min. A series of 20 images were 
acquired at 2 sec intervals with a Nikon TE2000S epifluorescence microscope coupled with a 
standard mercury bulb illumination, a CCD camera (Roper Scientific, Tucson, AZ), a 100X oil 
immersion objective (Nikon CFI Plan Fluor 100xH oil), and a triple-pass DAPI/FITC/TRITC 
filter set (Chroma Technology Corp. 86013v2). Images were compiled as a movie and played at 
10X speed with the Stack Tool box in MetaMorph®.  
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Supplemental Figure 1.  Validation of vesicular volume measurement. Fluorescent 
microspheres of known sizes (TetraSpeckTM T14792) were imaged and the diameter of 
individual bead was measured as mentioned in text. Six images were used to determine the 
diameter of each kind of microsphores.  Size measurement was plotted against know diameter. 
For 0.2, 0.5, 1 and 4 m microsphere, the slope was essentially 1 after statistical analysis, 
indicating that this method is able to capture spatial information of particles from 0.2 m and 
above. To determine the thickness of the focal plane, stack images of the 0.5 m fluorescent 
beads (which can be considered as point objects) were acquired at step size 1 m. In each stack, 
the size of microsphores can be accurately determined in 3 or 4 images, indicating that one 
image captures signals from 3-4 m distance space (images not shown). Considering the 
thickness of cell monolayer is 10 m, the total vesicular volume/surface area was calculated as 
the product of 2.5 and the sum of vesicular volume/surface area associated with one image. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Supplemental Figure 2 Sensitivity analysis on variations induced by model parameters. Model 
was run with one parameter continuously sampled from a given range but all the other parameter 
fixed to simulated intracellular uptake for cells treated with 50 M CQ. The predicted 
intracellular mass was divided by that under the typical condition, and the ratio was plotted again 
parameter value to show the effect of uncertainty of model parameter on cellular drug 
accumulation.  Parameters that lead to less than 5% variance were considered as not significant 
factors for CQ uptake, thus they were fixed at specific values in Monte Carlos Simulation.  

 



 

 

Supplemental Figure 2 (cont.) Sensitivity analysis on model parameters.  



 

Supplemental Figure 2 (cont.) Sensitivity analysis on model parameters.  

 

 

 

 



MATLAB® code and R code 

To simulate CQ uptake in MDCK cells with the assumption of lysosomal swelling and CQ 
binding to cellular lipid fractions, save Code_S1 and Code_S2 as .m files. To simulate CQ 
uptake in without binding, in Code_S1, use logPn,d1,d2 instead of logPn,d1,d2_cell in calculated 
sorption coefficients (Kn,d1,d2) in each compartment. To simulate CQ uptake without volume 
expansion, in Code_S2, substitute A_slope_Gr and V_slope_Gr (rate of change in lysosomal 
area or volume) to an array of 0s. MATLAB® R2009b was used to code the programs; higher 
versions MATLAB® should be able to run the files. Code_S3.txt was copied into R 2.8.1 
program to plot Monte Carlos simulation of CQ uptake. To generate green or blue histograms 
when simulating uptake without binding or swelling, substitute code “col="black"” or 
“col="white"” to “col="green"” or “col="blue"” in the “hist” and “lines” command. 

 

1) Code _S1. m 

% The following section is to simulate the intracellular 
% concentration of CQ in MDCK cells with volume expansion in acidic 
% compartment and binding of CQ to cellular membrane structures.  
% Smiles: CCN(CC)CCCC(C)NC1=C2C=CC(=CC2=NC=C1)Cl.OP(=O)(O)O.OP(=O)(O)O 
% MDCK cells on 24well plates, 2cm^2 bottom, assuming 60*10^4 cell/well 
  
% Clear the memory 
clear 
clc 
  
global V_l_initial A_l_initial V_c_initial A_a V_m A_m V_a i  
global Pn Pd1 Pd2  
global Nd1_a Nd1_m Nd1_l Nd2_a Nd2_m Nd2_l 
global fn_a fn_c fn_l fn_m  
global fd1_a fd1_c fd1_l fd1_m  
global fd2_a fd2_c fd2_l fd2_m   
  
% Constant 
T = 310.15 ;                % temperature 
R = 8.314 ;                 % Universal gas constant 
F = 96484.56 ;              % Faraday constant 
  
% Group conditions: 1-4, CQ treatments (25, 50, 100, 200 uM); 5-8, CQ/Suc. 
% treatments (25, 50, 100, 200 uM); and 9-12, CQ/Baf. treatments (25, 50, 
% 100, 200 uM). 
  
C_aGr = [0.025, 0.050, 0.100, 0.200, 0.025, 0.050, 0.100, 0.200, 0.025,... 
    0.050, 0.100, 0.200] ;         % Apical initial drug concentration (mM) 
V_cGr_a = [1452, 1752, 1616, 1314, 2761, 2572, 2391, 2630, 1491, 1437,... 
    1512, 1608] ;                  % cell volume, lower bound (um^3) 
V_cGr_b = [1874, 1922, 2042, 1916, 3250, 3535, 3516, 3904, 1989, 1961,... 
    2022, 1945] ;                  % cell volume, upper bound (um^3) 
pH_lGr_a = [4.88, 5.22, 5.45, 5.20, 5.51, 5.73, 6.09, 6.25, 5.26, 5.05,... 
    5.64, 5.48] ;                  % pH in lysosome, lower bound 
pH_lGr_b = [5.84, 5.80, 6.17, 6.76, 6.31, 6.43, 6.81, 7.21, 5.84, 6.33,... 
    6.12, 7.04] ;                  % pH in lysosome, upper bound 
pH_cGr_a = [7.29, 7.34, 7.28, 7.27, 7.34, 7.34, 7.34, 7.32, 7.33, 7.32,... 
    7.29, 7.10] ;                  % cytosolic pH, lower bound 



pH_cGr_b = [7.43, 7.38, 7.42, 7.33, 7.40, 7.38, 7.40, 7.38, 7.43, 7.38,... 
    7.39, 7.24] ;                  % cytosolic pH, upper bound 
A_l_initial_Gr_a = [111.5, 111.5, 111.5, 111.5, 517.5, 517.5, 517.5,... 
    517.5, 111.5, 111.5, 111.5, 111.5] ;  
    % initial lysosomal membrane area, lower bound 
A_l_initial_Gr_b = [335.0, 335.0, 335.0, 335.0, 899.7, 899.7, 899.7,... 
    899.7, 335.0, 335.0, 335.0, 335.0] ; 
    % initial lysosomal membrane area, upper bound 
V_l_initial_Gr_a = [8.8, 8.8, 8.8, 8.8, 54.9, 54.9, 54.9, 54.9, 8.8,... 
    8.8, 8.8, 8.8] ; % initial lysosomal volume, lower bound 
V_l_initial_Gr_b = [32.4, 32.4, 32.4, 32.4, 128.0, 128.0, 128.0, 128.0,... 
    32.4, 32.4, 32.4, 32.4] ; % initial lysosomal volume, upper bound 
  
rand('seed',2010); 
  
for i = 1:1:12 
    for round = 1:1:10000 
  
C_a = C_aGr(i);                              % extracellular concentration 
cellNo = (50+20*rand())*10^4;                % cell number per well 
         
% Drug information -- ChemAxon calculation including logPn, pKa1, and pKa2 
pKa1 = 9.96+0.25-0.5*rand() ;  % higher pKa 
pKa2 = 7.47+0.25-0.5*rand() ;  % lower pKa 
z1 = 1 ;                       % electric charge 
z2 = 2 ;                       % electric charge 
i1 = sign(z1) ; 
i2 = sign(z2) ; 
logPn = 3.93+0.25-0.5*rand() ;  
    % logarithm of octanol/water partition coefficient for neutral species 
logPd1 = 0.43+0.25-0.5*rand() ; 
    % logarithm of octanol/water partition coefficient for +1 ion species 
logPd2 = -0.91+0.25-0.5*rand() ; 
    % logarithm of octanol/water partition coefficient for +2 ion species 
  
logPn_cell = 1.70+rand()*(1.83-1.70) ; 
logPd1_cell = 1.70+rand()*(1.83-1.70) ; 
logPd2_cell = 1.70+rand()*(1.83-1.70) ; 
    % logarithm of cellular partition coefficient for all three species 
     
Pn = 10^(logPn-6.7) ;          % membrane permeability for neutral species        
Pd1 = 10^(logPd1-6.7) ;        % membrane permeability for +1 ion species 
Pd2 = 10^(logPd2-6.7) ;        % membrane permeability for +2 ion species 
     
% pH values 
pH_a = 7.4+0.1*rand() ;                         % pH in apical compartment 
pH_c = pH_cGr_a(i)+(pH_cGr_b(i)-pH_cGr_a(i))*rand() ; % pH in cytosol 
pH_l = pH_lGr_a(i)+(pH_lGr_b(i)-pH_lGr_a(i))*rand() ; % pH in lysosomes 
pH_m = 8.0;                                           % pH in mitochondria 
  
% lipid fractions 
L_l = 0.025+0.05*rand() ;           % lipid fraction in lysosomes 
L_c = 0.05 ;           % lipid fraction in cytosol 
L_m = 0.05 ;                        % lipid fraction in mitochondria 
  



% Areas and volumes (units in m^2 and m^3) 
A_a = 100*10^(-10) ;                 % apical membrane surface area 
A_l_initial = 10^(-12)*(A_l_initial_Gr_a(i)+(A_l_initial_Gr_b(i)... 
    -A_l_initial_Gr_a(i))*rand()) ;  % lysosomal membrane surface area 
A_m = 250*7.85*10^(-13) ;            % mitochondrial membrane surface area 
V_a = 0.5*10^(-6)/cellNo ;           % extracellular drug solution volume 
V_c_initial = 10^(-18)*(V_cGr_a(i)+(V_cGr_b(i)-V_cGr_a(i))*rand()) ; 
                                     % initial cytosolic volume 
V_l_initial = 10^(-18)*(V_l_initial_Gr_a(i)+(V_l_initial_Gr_b(i)... 
    -V_l_initial_Gr_a(i))*rand()) ;  % lysosomal volume 
V_m = 250*6.55*10^(-20);             % mitochondrial volume 
  
% Membrane potential (units in 'Voltage') 
E_a = -0.009 ;                   % membrane potential of apical membrane 
E_l = +0.01-0.005+0.01*rand() ;  % membrane potential of lysosomal membrane 
E_m = -0.16 ;                % membrane potential of mitochondrial membrane 
  
% Apical Compartment 
fn_a = 1/(1+10^(i1*(pKa1-pH_a))+10^(i1*(pKa1-pH_a)+i2*(pKa2-pH_a))) ; 
% ratio of the activity of neutral species and  
% total molecular concentration in apical compartment 
fd2_a = fn_a*10^(i1*(pKa1-pH_a)+i2*(pKa2-pH_a)) ; 
% ratio of the activity of +1 ion species and  
% total molecular concentration in apical compartment 
fd1_a = fn_a*10^(i1*(pKa1-pH_a)) ; 
% ratio of the activity of +2 ion species and  
% total molecular concentration in apical compartment 
Nd2_a = z2*E_a*F/(R*T) ; 
Nd1_a = z1*E_a*F/(R*T) ; 
  
% Cytoplasm 
W_c = 1-L_c ;        % water fraction in cytosol 
Is_c = 0.3 ;         % ionic strength in cytosol (mol) 
gamman_c = 10^(0.3*Is_c) ;  
                     % activity coefficient of neutral molecules in cytosol 
gammad1_c = 10^(-0.5*z1*z1*(sqrt(Is_c)/(1+sqrt(Is_c))-0.3*Is_c)) ;   
                     % activity coefficient of monovalent base in cytosol 
gammad2_c = 10^(-0.5*z2*z2*(sqrt(Is_c)/(1+sqrt(Is_c))-0.3*Is_c)) ;   
                     % activity coefficient of bivalent base in cytosol 
Kn_c = L_c*1.22*10^(logPn_cell) ;  
                     % sorption coefficient for neutral species in cytosol 
Kd1_c = L_c*1.22*10^(logPd1_cell) ; 
                     % sorption coefficient for +1 ion species in cytosol 
Kd2_c = L_c*1.22*10^(logPd2_cell) ; 
                     % sorption coefficient for +2 ion species in cytosol 
an_c = 1/(1+10^(i1*(pKa1-pH_c))+10^(i1*(pKa1-pH_c)+i2*(pKa2-pH_c))) ; 
                     % activity of neutral species in cytosol 
ad2_c = an_c*10^(i1*(pKa1-pH_c)+i2*(pKa2-pH_c)) ; 
                     % activity of +1 ion species in cytosol 
ad1_c = an_c*10^(i1*(pKa1-pH_c)) ; 
                     % activity of +2 ion species in cytosol 
Dd2_c = ad2_c/an_c ; 
Dd1_c = ad1_c/an_c ; 
fn_c = 1/(W_c/gamman_c+Kn_c/gamman_c+Dd2_c*W_c/gammad2_c... 
    +Dd2_c*Kd2_c/gammad2_c+Dd1_c*W_c/gammad1_c+Dd1_c*Kd1_c/gammad1_c) ; 
% ratio of the activity of neutral species and  



% total molecular concentration in cytosol 
fd2_c = fn_c*Dd2_c ; 
% ratio of the activity of +1 ion species and  
% total molecular concentration in cytosol 
fd1_c = fn_c*Dd1_c ; 
% ratio of the activity of +2 ion species and  
% total molecular concentration in cytosol 
  
% Mitochondria 
W_m = 1-L_m ;        % water fraction in mitochondria       
Is_m = 0.3 ;         % ionic strength in mitochondria (mol)       
Nd2_m = z2*E_m*F/(R*T) ; 
Nd1_m = z1*E_m*F/(R*T) ; 
gamman_m = 10^(0.3*Is_m) ;   
                % activity coefficient of neutral molecules in mitochondria 
gammad1_m = 10^(-0.5*z1*z1*(sqrt(Is_m)/(1+sqrt(Is_m))-0.3*Is_m)) ; 
                % activity coefficient of +1 ion molecules in mitochondria 
gammad2_m = 10^(-0.5*z2*z2*(sqrt(Is_m)/(1+sqrt(Is_m))-0.3*Is_m)) ; 
                % activity coefficient of +2 ion molecules in mitochondria 
Kn_m = L_m*1.22*10^(logPn_cell) ; 
                % sorption coefficient for neutral species in mitochondria 
Kd1_m = L_m*1.22*10^(logPd1_cell) ; 
                % sorption coefficient for +1 ion species in mitochondria 
Kd2_m = L_m*1.22*10^(logPd2_cell) ; 
                % sorption coefficient for +2 ion species in mitochondria 
an_m = 1/(1+10^(i1*(pKa1-pH_m))+10^(i1*(pKa1-pH_m)+i2*(pKa2-pH_m))) ; 
                % activity of neutral species in mitochondria 
ad2_m = an_m*10^(i1*(pKa1-pH_m)+i2*(pKa2-pH_m)) ; 
                % activity of +1 ion species in mitochondria 
ad1_m = an_m*10^(i1*(pKa1-pH_m)) ; 
                % activity of +2 ion species in mitochondria 
Dd2_m = ad2_m/an_m ; 
Dd1_m = ad1_m/an_m ; 
fn_m = 1/(W_m/gamman_m+Kn_m/gamman_m+Dd2_m*W_m/gammad2_m... 
    +Dd2_m*Kd2_m/gammad2_m+Dd1_m*W_m/gammad1_m+Dd1_m*Kd1_m/gammad1_m ) ; 
% ratio of the activity of neutral species and  
% total molecular concentration in mitochondria 
fd2_m = fn_m*Dd2_m ; 
% ratio of the activity of +1 ion species and  
% total molecular concentration in mitochondria 
fd1_m = fn_m*Dd1_m ; 
% ratio of the activity of +2 ion species and  
% total molecular concentration in mitochondria 
  
% lysosomes 
W_l = 1-L_l ;                  % water fraction in lysosomes 
Is_l = 0.2 + 0.2 * rand() ;    % ionic strength in lysosomes (mol)  
Nd2_l = z2*E_l*F/(R*T) ; 
Nd1_l = z1*E_l*F/(R*T) ; 
gamman_l = 10^(0.3*Is_l) ;  
                   % activity coefficient of neutral molecules in lysosomes 
gammad1_l = 10^(-0.5*z1*z1*(sqrt(Is_l)/(1+sqrt(Is_l))-0.3*Is_l));   
                   % activity coefficient of +1 ion molecules in lysosomes 
gammad2_l = 10^(-0.5*z2*z2*(sqrt(Is_l)/(1+sqrt(Is_l))-0.3*Is_l)); 
                   % activity coefficient of +2 ion molecules in lysosomes 
Kn_l = L_l*1.22*10^(logPn_cell) ; 



                   % sorption coefficient for neutral species in lysosomes 
Kd1_l = L_l*1.22*10^(logPd1_cell) ; 
                   % sorption coefficient for +1 ion species in lysosomes 
Kd2_l = L_l*1.22*10^(logPd2_cell) ; 
                   % sorption coefficient for +2 ion species in lysosomes 
an_l = 1/(1+10^(i1*(pKa1-pH_l))+10^(i1*(pKa1-pH_l)+i2*(pKa2-pH_l))) ; 
                   % activity of neutral species in lysosomes 
ad2_l = an_l*10^(i1*(pKa1-pH_l)+i2*(pKa2-pH_l)) ; 
                   % activity of +1 ion species in lysosomes 
ad1_l = an_l*10^(i1*(pKa1-pH_l)) ;  
                   % activity of +2 ion species in lysosomes 
Dd2_l = ad2_l/an_l ; 
Dd1_l = ad1_l/an_l ; 
fn_l = 1/(W_l/gamman_l+Kn_l/gamman_l+Dd2_l*W_l/gammad2_l... 
    +Dd2_l*Kd2_l/gammad2_l+Dd1_l*W_l/gammad1_l+Dd1_l*Kd1_l/gammad1_l ) ; 
% ratio of the activity of neutral species and  
% total molecular concentration in lysosomes 
fd2_l = fn_l*Dd2_l ; 
% ratio of the activity of +1 ion species and  
% total molecular concentration in lysosomes 
fd1_l = fn_l*Dd1_l ; 
% ratio of the activity of +2 ion species and  
% total molecular concentration in lysosomes 
  
  
% Solve the differential equation system: 
% Given a system of linear ODE's expressed in matrix form: 
% Y' = AY+G with initial conditions Y(0) = [0 0 0 1 1 C_a]' 
  
time = 14400; 
Y0 = [0 0 0 1 1 C_a]'; 
[TI,Y] = ode15s(@Code_S2,[0,time],Y0); 
[a,b]=size(Y); 
Mass_cell = Y(a,1)*(V_c_initial-V_l_initial*Y(a,4))*10^12+... 
    (Y(a,2)*V_m+Y(a,3)*V_l_initial*Y(a,4))*10^12 ;   
    % intracellular mass (pmol/cell) 
Mass_all = Y(a,1)*(V_c_initial-V_l_initial*Y(a,4))*cellNo*10^9+... 
    (Y(a,2)*V_m+Y(a,3)*V_l_initial*Y(a,4)+Y(a,6)*V_a)*cellNo*10^9 ;  
    % total mass (nmol) 
N = [i, round, C_a, Y(a,1), Y(a,2), Y(a,3), Y(a,4), Y(a,5), Y(a,6),... 
    Mass_cell, Mass_all]; 
if mod(i,4)==1 
    fid = fopen('Monte25.dat','a'); 
elseif mod(i,4)==2 
    fid = fopen('Monte50.dat','a'); 
elseif mod(i,4)==3 
    fid = fopen('Monte100.dat','a'); 
else fid = fopen('Monte200.dat','a'); 
end 
fprintf(fid,'%+12.0f %+12.0f %+12.2f %+12.6f %+12.6f %+12.6f %+12.6f %+12.6f 
%+12.6f %+12.6f %+12.6f\n', N); 
fclose(fid); 
clear Y TI; 
  
    end 
end 



 

2)  Code_S2.  

 

% The following section is the function called by Code_S1.m to simulate 
% intracellular concentration of CQ in MDCK cells with volume expansion in 
% acidic compartment and binding of CQ to cellular membrane structures.  
  
function [dCR] = Code_S2(t,CR)  
  
global V_l_initial A_l_initial V_c_initial A_a V_m A_m V_a i  
global Pn Pd1 Pd2  
global Nd1_a Nd1_m Nd1_l Nd2_a Nd2_m Nd2_l 
global fn_a fn_c fn_l fn_m  
global fd1_a fd1_c fd1_l fd1_m  
global fd2_a fd2_c fd2_l fd2_m   
  
% Solve the differential equation system for each drug: 
% Given a system of linear ODE's expressed in matrix form: 
% Y' = AY+G with initial conditions Y(0) = [0 0 0 1 1 C_a]' 
  
A_slope_Gr = [237.75, 464.69, 246.37, 161.42, 339.03, 549.90, 624.23,... 
    206.23, 0.00, 0.00, 0.00, 0.00] ; % rate of change in lyso surface area 
V_slope_Gr = [68.77, 106.88, 66.07, 45.08, 121.37, 227.24, 266.29,... 
    127.33, 0.00, 0.00, 0.00, 0.00] ; % rate of change in lyso volume 
V_slope_base = [20.6, 20.6, 20.6, 20.6, 91.42, 91.42, 91.42, 91.42,... 
    20.6, 20.6, 20.6, 20.6] ; % initial lysosomal volume (um^3) 
A_slope_base = [223.26, 223.26, 223.26, 223.26, 708.61, 708.61, 708.61,... 
    708.61, 223.26, 223.26, 223.26, 223.26] ; 
    % initial lysosomal surface area (um^2) 
  
V_l = V_l_initial*CR(4) ; 
A_l = A_l_initial*CR(5) ; 
V_c = V_c_initial-V_l ; 
  
k11 = -(A_a/V_c)*Pn*fn_c... 
       -(A_a/V_c)*Pd1*Nd1_a*fd1_c*exp(Nd1_a)/(exp(Nd1_a)-1)... 
       -(A_a/V_c)*Pd2*Nd2_a*fd2_c*exp(Nd2_a)/(exp(Nd2_a)-1)... 
       -(A_m/V_c)*Pn*fn_c-(A_m/V_c)*Pd1*Nd1_m*fd1_c/(exp(Nd1_m)-1)... 
       -(A_m/V_c)*Pd2*Nd2_m*fd2_c/(exp(Nd2_m)-1)... 
       -(A_l/V_c)*Pn*fn_c-(A_l/V_c)*Pd1*Nd1_l*fd1_c/(exp(Nd1_l)-1)... 
       -(A_l/V_c)*Pd2*Nd2_l*fd2_c/(exp(Nd2_l)-1) ; 
k12 = (A_m/V_c)*Pn*fn_m+(A_m/V_c)*Pd1*Nd1_m*fd1_m*exp(Nd1_m)/... 
    (exp(Nd1_m)-1)+(A_m/V_c)*Pd2*Nd2_m*fd2_m*exp(Nd2_m)/(exp(Nd2_m)-1) ;  
k13 = (A_l/V_c)*Pn*fn_l+(A_l/V_c)*Pd1*Nd1_l*fd1_l*exp(Nd1_l)/... 
    (exp(Nd1_l)-1)+(A_l/V_c)*Pd2*Nd2_l*fd2_l*exp(Nd2_l)/(exp(Nd2_l)-1) ;    
k16 = (A_a/V_c)*Pn*fn_a+(A_a/V_c)*Pd1*Nd1_a*fd1_a/... 
    (exp(Nd1_a)-1)+(A_a/V_c)*Pd2*Nd2_a*fd2_a/(exp(Nd2_a)-1) ; 
  
k21 = (A_m/V_m)*Pn*fn_c+(A_m/V_m)*Pd1*Nd1_m*fd1_c/(exp(Nd1_m)-1)... 
       +(A_m/V_m)*Pd2*Nd2_m*fd2_c/(exp(Nd2_m)-1) ; 
k22 = -(A_m/V_m)*Pn*fn_m-(A_m/V_m)*Pd1*Nd1_m*fd1_m*exp(Nd1_m)/... 
    (exp(Nd1_m)-1)-(A_m/V_m)*Pd2*Nd2_m*fd2_m*exp(Nd2_m)/(exp(Nd2_m)-1) ;  
  



S4 = V_slope_Gr(i)/V_slope_base(i)/3600 ;  
S5 = A_slope_Gr(i)/A_slope_base(i)/3600 ;                                 
  
k31 = (A_l/V_l)*Pn*fn_c+(A_l/V_l)*Pd1*Nd1_l*fd1_c/(exp(Nd1_l)-1)... 
       +(A_l/V_l)*Pd2*Nd2_l*fd2_c/(exp(Nd2_l)-1) ; 
k33 = -(A_l/V_l)*Pn*fn_l-(A_l/V_l)*Pd1*Nd1_l*fd1_l*exp(Nd1_l)/... 
    (exp(Nd1_l)-1)-(A_l/V_l)*Pd2*Nd2_l*fd2_l*exp(Nd2_l)/(exp(Nd2_l)-1)... 
    -S4/CR(4) ; 
  
k61 = (A_a/V_a)*Pn*fn_c+(A_a/V_a)*Pd1*Nd1_a*fd1_c*exp(Nd1_a)... 
    /(exp(Nd1_a)-1)+(A_a/V_a)*Pd2*Nd2_a*fd2_c*exp(Nd2_a)/(exp(Nd2_a)-1) ; 
k66 = -(A_a/V_a)*Pn*fn_a-(A_a/V_a)*Pd1*Nd1_a*fd1_a/... 
    (exp(Nd1_a)-1)-(A_a/V_a)*Pd2*Nd2_a*fd2_a/(exp(Nd2_a)-1) ; 
  
% CR = [0,0,0,1,1, C_a]; 
dCR(1) = k11*CR(1)+k12*CR(2)+k13*CR(3)+ k16*CR(6); 
dCR(2) = k21*CR(1)+k22*CR(2); 
dCR(3) = k31*CR(1)+k33*CR(3); 
dCR(4) = S4; 
dCR(5) = S5; 
dCR(6) = k61*CR(1)+k66*CR(6);  
  
dCR = [dCR(1),dCR(2),dCR(3),dCR(4),dCR(5), dCR(6)]' ;     
  
end 
 

3) Code_S3.txt 
 

#---Remove extra top margin: 

par(mar=c(3,3,1,1))  # Trim margin around plot [b,l,t,r] 

par(tcl=0.35)  # Switch tick marks to insides of axes 

par(mgp=c(1.5,0.2,0))  # Set margin lines; default c(3,1,0) 
[title,labels,line] 

par(xaxs="r",yaxs="r")  # Extend axis limits by 4% ("i" does no extension) 

par(lwd=1) 

par(mfrow=c(4,3)) 

 

## 25uM 

 

IntraMass_exp= 0.0052 

IntraMass_exp_std = 0.0015 

IntraMass_expS = 0.0062 

IntraMass_exp_stdS = 0.001 

IntraMass_expB = 0.0020 

IntraMass_exp_stdB = 0.0014 

 



file <- "Monte25.dat" 

Data <- read.table(file,header=F) 

 

Data.IntraMass <- log(Data[1:10000,10], base=10) 

Data.IntraMassS <- log(Data[10001:20000,10], base=10) 

Data.IntraMassB <- log(Data[20001:30000,10], base=10) 

 

Histo <- hist(Data.IntraMass, freq=T, breaks=c(-125:0)/25, axes=TRUE, main="", 
xlim=c(-4,-1), ylim=c(0,1500), col="white")  

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_exp), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_exp+IntraMass_exp_std), col="red", lty=2, lwd=3) 

abline(v=log10(IntraMass_exp-IntraMass_exp_std), col="red", lty=2, lwd=3) 

 

Histo <- hist(Data.IntraMassS, freq=T, breaks=c(-125:0)/25, axes=TRUE, 
main="", xlim=c(-4,-1), ylim=c(0,1500), col="white")   

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_expS), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_expS+IntraMass_exp_stdS), col="red", lty=2, lwd=3) 

abline(v=log10(IntraMass_expS-IntraMass_exp_stdS), col="red", lty=2, lwd=3) 

 

Histo <- hist(Data.IntraMassB, freq=T, breaks=c(-125:0)/25, axes=TRUE, 
main="", xlim=c(-4,-1), ylim=c(0,1500), col="white")   

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_expB), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_expB+IntraMass_exp_stdB), col="red", lty=2, lwd=3) 



abline(v=log10(IntraMass_expB-IntraMass_exp_stdB), col="red", lty=2, lwd=3) 

 

## 50uM 

 

IntraMass_exp= 0.0108 

IntraMass_exp_std = 0.0004 

IntraMass_expS = 0.0170 

IntraMass_exp_stdS = 0.0044 

IntraMass_expB= 0.0034 

IntraMass_exp_stdB = 0.0012 

 

file <- "Monte50.dat" 

Data <- read.table(file,header=F) 

 

Data.IntraMass <- log(Data[1:10000,10], base=10) 

Data.IntraMassS <- log(Data[10001:20001,10], base=10) 

Data.IntraMassB <- log(Data[20001:30000,10], base=10) 

 

Histo <- hist(Data.IntraMass, freq=T, breaks=c(-125:0)/25, axes=TRUE, main="", 
xlim=c(-4,-1), ylim=c(0,1500), col="white")  

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_exp), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_exp+IntraMass_exp_std), col="red", lty=2, lwd=3) 

abline(v=log10(IntraMass_exp-IntraMass_exp_std), col="red", lty=2, lwd=3) 

 

Histo <- hist(Data.IntraMassS, freq=T, breaks=c(-125:0)/25, axes=TRUE, 
main="", xlim=c(-4,-1), ylim=c(0,1500), col="white")   

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_expS), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_expS+IntraMass_exp_stdS), col="red", lty=2, lwd=3) 



abline(v=log10(IntraMass_expS-IntraMass_exp_stdS), col="red", lty=2, lwd=3) 

 

Histo <- hist(Data.IntraMassB, freq=T, breaks=c(-125:0)/25, axes=TRUE, 
main="", xlim=c(-4,-1), ylim=c(0,1500), col="white")   

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_expB), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_expB+IntraMass_exp_stdB), col="red", lty=2, lwd=3) 

abline(v=log10(IntraMass_expB-IntraMass_exp_stdB), col="red", lty=2, lwd=3) 

 

## 100uM 

 

IntraMass_exp= 0.0153 

IntraMass_exp_std = 0.0019 

IntraMass_expS = 0.0216 

IntraMass_exp_stdS = 0.0057 

IntraMass_expB= 0.0048 

IntraMass_exp_stdB = 0.0012 

 

file <- "Monte100.dat" 

Data <- read.table(file,header=F) 

 

Data.IntraMass <- log(Data[1:10000,10], base=10) 

Data.IntraMassS <- log(Data[10001:20000,10], base=10) 

Data.IntraMassB <- log(Data[20001:30000,10], base=10) 

 

Histo <- hist(Data.IntraMass, freq=T, breaks=c(-125:0)/25, axes=TRUE, main="", 
xlim=c(-4,-1), ylim=c(0,1500), col="white")  

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_exp), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_exp+IntraMass_exp_std), col="red", lty=2, lwd=3) 



abline(v=log10(IntraMass_exp-IntraMass_exp_std), col="red", lty=2, lwd=3) 

 

Histo <- hist(Data.IntraMassS, freq=T, breaks=c(-125:0)/25, axes=TRUE, 
main="", xlim=c(-4,-1), ylim=c(0,1500), col="white")   

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_expS), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_expS+IntraMass_exp_stdS), col="red", lty=2, lwd=3) 

abline(v=log10(IntraMass_expS-IntraMass_exp_stdS), col="red", lty=2, lwd=3) 

 

Histo <- hist(Data.IntraMassB, freq=T, breaks=c(-125:0)/25, axes=TRUE, 
main="", xlim=c(-4,-1), ylim=c(0,1500), col="white")   

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_expB), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_expB+IntraMass_exp_stdB), col="red", lty=2, lwd=3) 

abline(v=log10(IntraMass_expB-IntraMass_exp_stdB), col="red", lty=2, lwd=3) 

 

## 200uM 

 

IntraMass_exp= 0.0110 

IntraMass_exp_std = 0.0013 

IntraMass_expS = 0.0191 

IntraMass_exp_stdS = 0.0047 

IntraMass_expB= 0.0056 

IntraMass_exp_stdB = 0.0003 

 

file <- "Monte200.dat" 

Data <- read.table(file,header=F) 

 

Data.IntraMass <- log(Data[1:10000,10], base=10) 

Data.IntraMassS <- log(Data[10001:20000,10], base=10) 



Data.IntraMassB <- log(Data[20001:30000,10], base=10) 

 

Histo <- hist(Data.IntraMass, freq=T, breaks=c(-125:0)/25, axes=TRUE, main="", 
xlim=c(-4,-1), ylim=c(0,1500), col="white") 

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_exp), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_exp+IntraMass_exp_std), col="red", lty=2, lwd=3) 

abline(v=log10(IntraMass_exp-IntraMass_exp_std), col="red", lty=2, lwd=3) 

 

Histo <- hist(Data.IntraMassS, freq=T, breaks=c(-125:0)/25, axes=TRUE, 
main="", xlim=c(-4,-1), ylim=c(0,1500), col="white")   

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_expS), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_expS+IntraMass_exp_stdS), col="red", lty=2, lwd=3) 

abline(v=log10(IntraMass_expS-IntraMass_exp_stdS), col="red", lty=2, lwd=3) 

 

Histo <- hist(Data.IntraMassB, freq=T, breaks=c(-125:0)/25, axes=TRUE, 
main="", xlim=c(-4,-1), ylim=c(0,1500), col="white")   

axTicks(1) 

axTicks(2) 

axis(1, lwd = 4.5) 

axis(2, lwd = 4.5) 

lines(Histo$mids, Histo$counts, lwd=4.5, col="black") 

abline(v=log10(IntraMass_expB), col="red", lty=1, lwd=3) 

abline(v=log10(IntraMass_expB+IntraMass_exp_stdB), col="red", lty=2, lwd=3) 

abline(v=log10(IntraMass_expB-IntraMass_exp_stdB), col="red", lty=2, lwd=3) 
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