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Abstract 

Lysosomotropic detergents (LDs) selectively rupture lysosomal membranes through 

mechanisms that have yet to be characterized. A consensus view, currently, holds that LDs, 

which are weakly basic, diffuse across cellular membranes as monomers in an uncharged 

state, and via protonation in the acidic lysosomal compartment, they become trapped and 

accumulate, and subsequently solubilize the membrane and induce lysosomal membrane 

permeabilization. Here, we demonstrate that the lysosomotropic detergent O-methyl-serine 

dodecylamide hydrochloride (MSDH) spontaneously assembles into vesicles at, and above, 

cytosolic pH, and that the vesicles disassemble as pH reaches 6.4 or lower. The aggregation 

commences at concentrations below the range of those used in cell studies. Assembly and 

disassembly of the vesicles was studied via dynamic light scattering, zeta potential 

measurements, cryo-TEM and fluorescence correlation spectroscopy, and was found to be 

reversible via control of the pH. Aggregation of MSDH into closed vesicles under cytosolic 

conditions is at variance with the commonly held view of LD behaviour, and we propose that 

endocytotic pathways should be considered as possible routes of LD entry into lysosomes. We 

further demonstrate that MSDH vesicles can be loaded with fluorophores via a solution 

transition from low to high pH, for subsequent release when the pH is lowered again. The 

ability to encapsulate molecular cargo into MSDH vesicles together with its ability to 

disaggregate at low pH and to permeabilize the lysosomal membrane presents an intriguing 

possibility to use MSDH as a delivery system. 
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Introduction 

Lysosomes are subcellular organelles with an acidic interior (pH 3.5-5), surrounded by a 

single bilayer membrane, and contain hydrolytic enzymes that break down macromolecules 

and intracellular waste. The acidic interior makes lysosomes susceptible to accumulation of 

weakly basic substances, such as amines, which diffuse across the lysosomal membrane in 

their uncharged state, but as they reach the acidic interior and become protonated, 

transmembrane diffusion of the now charged molecule through the lipid bilayer back to the 

cytosol is severely hindered. Such substances are referred to as lysosomotropic agents1, and 

via this mechanism, trapped substances may accumulate to concentrations hundredfold that of 

the cytosolic concentration.2 Firestone and co-workers3, 4 synthesized a series of basic 

detergents, such as alkyl amines and alkyl imidazoles, which are largely un-ionized at the pH 

of the cytosol, and selectively accumulate in lysosomes. However, in contrast to other 

lysosomotropic agents, it was suggested that these lysosomotropic detergents (LDs) acquire 

detergent properties within the lysosomes, while lacking surface activity in the cytosol. It was 

further hypothesized that at sufficiently high concentrations they destabilize the lysosomal 

membrane, eventually leading to leakage of the lysosomal content, and ultimately to cell 

death.5 The cytotoxicity of the LD types originally devised by Firestone3, is well documented, 

including N-dodecylimidazole5, 6, 7, 8, N-dodecylmorpholine6, and fluorinated N-

dodecylamines9. Also serine alkylamides4, 10 as well as structurally very different compounds 

such as siramesine 11 are cytotoxic LDs. Additionally, LDs have been demonstrated to exert 

antimalarial9 and antifungal12, 13 properties.  

It was initially suggested that LDs enter the lysosomes along the same route, and under the 

same conditions, as other lysosomotropic agents,3 but it appears that this proposition has 

never been tested. Experiments by Miller et al. suggested that LDs indeed kill cells by 

disrupting lysosomes from within5, and in the earlier work by Firestone3, a chain-length 

dependence on the toxicity of different alkyl amines was evident, indicating a physical rather 

than a chemical origin of the toxicity, and also supporting detergency as the mode of action. 

Cells lacking lysosomes, such as erythrocytes3, were found to be insensitive to LDs, further 

indicating that lysosomes are required for LD toxicity. However, in an experiment designed to 

test the effects of LDs on the integrity of lysosomal membranes, Forster et al. did not see any 

evidence of destabilizing effects by LDs on either isolated lysosomes or on lysosomes in 

fibroblast cells,6 and suggested that the cytotoxic effect may be mediated by a non-lysosomal 

mechanism. In a subsequent study, the results were mixed, and it was proposed that this was 
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due to differences in susceptibility to lysosomal membrane permeabilization, i.e. that some 

cells have their lysosomal membranes permeabilized and die, whereas resistant cells do not, 

and remain viable. However, no further explanation or reason for this difference was 

provided.14 Similarly, Cabantchik and co-workers failed to observe any detergent-like action 

of LDs on the acidic compartments of malarial parasites9. Siramesine destabilizes the 

lysosomal membrane11, but is structurally different from alkyl LDs, and while it partitions 

into bilayers, it also binds to acidic phospholipid headgroups with high affinity, and 

sequestering of acidic lipids has been suggested as an alternative mechanism by which it 

contributes to cell toxicity.15 

The sigmoidal concentration dependence of toxicity on LD concentration5, 7, 12, 16, indicates 

cooperative behaviour5, 12 and has been linked to aggregation, or the critical micelle 

concentration (CMC), of the protonated LD.3 In the prevailing picture, LDs are assumed not 

to harm plasma membranes of cells, but diffuse freely across these, because as free bases they 

are lipophilic and not surface active, but become powerful detergents upon protonation,13 or 

phrased differently, “the largely un-ionized amine will be simply an oily substance without 

surface-active properties, but upon ionization within the lysosome it will become a 

detergent”3. This is questionable on physicochemical grounds, since LDs will still have more 

or less polar headgroups under neutral conditions, and charging of headgroups usually 

counteracts aggregation due to headgroup Coulomb repulsion. This is supported and 

exemplified by the pH dependence on the CMC of sphingosine, a natural sphingolipid with 

lysosomotropic detergent ability, for which the CMC changes from 0.7 µM in the 

deprotonated state, to 1.7 µM in the protonated state, with a shift at pH 6.6, indicating a 

higher propensity for aggregation in the cytosol than in lysosomes.17  

The mechanism(s) by which lysosomotropic detergents destabilize lysosomes remains 

unknown, and the currently held view of how LDs enter cells and rupture lysosomal 

membranes has not been verified. The experimental evidence in this matter raises several 

important questions, which have remained unanswered. These concern the aggregation state 

of LDs in the cytosol and in the lysosomes, the mode of entry through the plasma and 

lysosomal membranes, the effects of pH and intracellular environments on the aggregation or 

dispersal of LDs, the exent to which LDs partition into, or solubilize, the inner leaflets of 

lysosomal membranes, and what qualitative differences there are in the behaviour and effects 

of different LDs. These issues are central to understanding lysosomotropism, and must be 

adressed in order to understand the mechanism(s) of lysomotropic detergent action, and their 
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contributions to cytotoxicity, at the molecular level. While LDs have been extensively used 

for controlled release of lysosomal content,10, 18, 19, 20 interest in lysosomotropic agents is not 

limited to destabilization of lysosomes. Lysosomotropic agents are also used for fluorescence-

guided surgery21, as lysosomal markers in fluorescence microscopy (acridine orange, 

LysoTracker®), or used as lysosomal transporters via covalent conjugation22. 

The synthetic LD O-methyl-serine dodecylamide hydrochloride (MSDH) (see Figure 1) is one 

in a series of LDs initially designed as anticancer drugs3, 16, and has also been tested for its 

ability to inhibit DNA synthesis.4 It selectively ruptures lysosomes, but is otherwise 

biochemically inactive, facilitating study of the specific mechanisms of lysosome-dependent 

cell death. Cell studies unequivocally demonstrate that MSDH selectively causes lysosomal 

membrane permeabilization.10, 19  

The specificity of MSDH towards lysosomes has been explained by its specific protonation, 

and ensuing accumulation, inside these organelles where pH is 5 or lower.4 However, the 

actual mechanism by which MSDH, or indeed any other lysosomotropic detergent, enter the 

lysosomes, or how they permeabilize the membrane to release lysosomal content, have never 

been investigated. With the prospects of gaining insight into the events taking place in whole 

cells, we examined the aggregation properties of MSDH under various pH conditions, using a 

combination of cryo-TEM, dynamic light scattering, zeta potential measurements, and also 

assessed the loading capability of MSDH vesicles using fluorescent quenching assays and 

fluorescence correlation spectroscopy. We discuss the aggregation and the lysosomotropic 

properties of MSDH in detail, and also comment on the possible use of MSDH for lysosomal 

drug delivery. 

 

Figure 1. O-methyl-serine dodecylamide hydrochloride (MSDH). 

 

Materials and Methods 

MSDH synthesis MSDH was synthesized according to a published protocol 4, purified using 

reverse phase chromatography (Merck LiChroprep® (RP-18)) (95:5 → 50:50 H2O/MeOH + 
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0.1 % HCl (aq.)) and lyophilized from H2O to give an off-white solid. 1H- and 13C NMR-

spectra were in accordance with those reported earlier 4. Optical rotation measurements were 

recorded at 20 °C with a Perkin-Elmer 141 polarimeter; [α]D -9.1 (c 1, H2O). The original 

synthesis protocol4 uses reaction conditions that can give rise to scrambling of the chiral 

center, but an enantiomeric excess (ee) of 95.2% was determined using resolution gas 

chromatography after chemical derivatization with (S)-(−)-N-(trifluoroacetyl)pyrrolidine-2-

carbonyl chloride. Electrospray ionisation mass spectrometry (ESI-MS) (Water Synapt 

HDMS with electrospray interface, recorded at Medivir AB, Huddinge, Sweden): [M]+ 

calculated for C16H34N2O2, 286.2621; found 286.2613.  

Dynamic light scattering (DLS) DLS measurements were performed using an ALV-CGS-

5022F Goniometer system (ALV GmbH, Langen) with a 22 mW HeNe laser illuminating the 

sample in a cylindrical cuvette immersed in refractive-index-matching toluene. The toluene 

temperature is controlled to 22± 0.02 °C using a circulating water bath and samples were 

equilibrated in the circulating water for ≥10 min before measurements. Scattered light is 

detected at 90° via a near single-mode optical fiber, split to two avalanche photodiodes 

(Perkin-Elmer) for operation in pseudo-cross-correlation mode. A dual multiple-tau digital 

correlator with 328 channels (ALV-6010-160) yields the time-correlation function of the 

scattered intensity. Correlation time distributions were calculated using a constrained 

regularization method supplied with the correlator software and the correlation time 

distribution recalculated to intensity size distributions via the Stokes-Einstein relationship. Z-

averaged particle sizes were obtained via second order cumulants analysis, provided with the 

correlator software, ignoring correlation data beyond 10% of the maximum value.  

Zeta potential The zeta potentials were measured using a Zetasizer Nano ZS90 (Malvern 

Instruments Ltd, Worcestershire, UK). Measurements were performed after titrating the 

suspensions of MSDH vesicles to the different pH values using disposable folded capillary 

cells (DTS 1070) previously rinsed with ethanol and MilliQ water (>18.2 MΩ cm, Millipore). 

Preparation of vesicles for DLS and zeta potential measurements MSDH was resuspended in 

MilliQ water to a final concentration of 60 mM and extruded 21 times through 100 nm pore 

size polycarbonate membrane filters (Nucleopore). This suspension was diluted 100 times in 

10 mM HEPES 10 mM KCl at the different tested pH values. pH measurements (using an MT 

SevenEasy pH meter) were routinely preceded by a two-point calibration at pH 4 and pH 7, 
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and sometimes three-point calibrations with an additional point at pH 10. The pH 

measurement error is estimated to be < 0.03 pH units. 

Loading and release of carboxyfluorescein in MSDH vesicles 40 mg MSDH was resuspended 

in 200 µl of 10 mM HEPES pH 5.3, 10 mM KCl and mixed with 1.6 ml of a highly 

concentrated solution of carboxyfluorescein (CXF): 106 mM CXF, 50 mM HEPES pH 8.6. In 

this final solution MSDH and CXF concentrations were 69 mM and 94 mM, respectively, and 

pH was 7.5. Non-encapsulated CXF was removed by size-exclusion chromatography using a 

pre-packed Sephadex column (PD MiniTrap G10, GE Healthcare), equilibrated with a 10 mM 

KCl + 10 mM HEPES buffer at pH 7.2. 0.5 ml of sample was loaded, and eluted in 1 ml of 

buffer. Fluorescence (λexc 494 nm, λem 520 nm) was measured in a Fluoromax4 

spectrophotometer at room temperature before and after the addition of Triton X-100 (0.1 %  

final concentration), in the same buffer. 

Loading and release of Rhodamine 6G in MSDH vesicles 40 mg MSDH was resuspended in 1 

ml of 10 mM HEPES pH 5.3, 10 mM KCl. 150  µl of this suspension was mixed with 350 µl 

of Rhodamine 6G 1 µM in 50 mM HEPES pH 8.6 50 mM KCl. In this final solution MSDH 

and Rhodamine 6G concentrations were 37 mM and 0.7 µM, respectively, and pH was 7.5. 

Non-encapsulated Rhodamine 6G was removed using a pre-packed Sephadex column (PD 

MiniTrap G10, GE Healthcare). The sample was diluted to 6 mM MSDH concentration in a 

10 mM KCl, 10 mM HEPES buffer at pH 7.2 or at pH 4.  

Fluorescence correlation spectroscopy FCS measurements were performed on a Zeiss 780 

confocal microscope (Zeiss, Jena, Germany) fully equipped for FCS analysis. The sample was 

excited by the 514 nm laser line and focused through a C-Apochromat 40X/1.2 NA water-

immersed objective via a dichroic mirror. The fluorescence was detected by the same objective 

and was spectrally divided and detected by a 32 channel GaAsP detector after passage through 

a pinhole in the image plane. By measurement on the dye Rhodamine 6G, using DRh6G = 

4.14⋅10-10 m2 s-1, 23 the radius ω and the volume of the confocal detection volume were estimated 

to ω = 0.23 µm and Vdv,514 = 0.43 fL respectively. FCS analysis was performed using the Zen 

2012 software (Zeiss, Jena, Germany) as well as in house written functions using Origin 9.1 

(Originlab Corporation, USA).  
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For a sample containing particles of two different main sizes, and where translational diffusion 

is the only process giving rise to fluorescence fluctuations, the autocorrelation function in an 

FCS measurement is fitted to: 

 

𝐺𝐺(τ)= 1
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Here N is the mean total number of particles in the detection volume (i.e. the sum of both 

species), τD1 and τD2 are the diffusion times of the two main species through the detection 

volume, θ is the fraction of the curve resulting from species 2, and ω and z denote the distances 

in the radial and axial dimensions respectively, at which the average detected fluorescence 

intensity has dropped to e-2 of its peak value.24 

Transmission electron microscopy Freezing of the cryo-TEM sample was carried out using a 

controlled environment vitrification system keeping the relative humidity close to saturation 

at around 26 °C. MSDH was resuspended to a final concentration of 39 mM (1.25%) in 10 

mM KCl, 10 mM HEPES at pH 7.2 or 5.5, gently vortexed and kept at 4 °C until cryo-TEM 

experiments were perfomed. A 5 µL drop of this solution was placed on a carbon grid and the 

excess fluid was gently blotted away, leaving a thin film covering the grid. The grid was then 

rapidly vitrified by plunging into liquid ethane (-180 °C), and stored in liquid nitrogen until 

examination. The micrographs were recorded in a Philips CM120 BioTWIN Cryo with a 

Gatan MSC791 cooled-CCD camera, operating at 120 kV under low-electron-dose 

conditions.  

 

Results and Discussion 

MSDH assembly into vesicles is pH-dependent, and is reversible. 

At pH 7.2, large vesicles were observed in the cryo-TEM images, which showed a single 

bilayer delimiting (in most cases) empty compartments (Fig 2A). The shape and size of these 

structures was not uniform and we could observe vesicles of diameters ranging from 50 to 500 

nm. Sometimes small vesicles were observed inside larger ones. The approximate width of 

their limiting membrane was 30 Å, compatible with two opposed monolayers formed by 

molecules of the size of MSDH. At pH 5.5, these large vesicles were completely absent and 

only very small aggregates, i.e. of less than 5 nm diameter, were observed (Fig 2B).  
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Figure 2. Cryo electron microscopy images. (A) MSDH vesicles resuspended at pH 7.2. (B) 

MSDH vesicles resuspended at pH 5.5. 

 

We used DLS to further study the behavior of MSDH vesicles over a wider range of pH 

values. In order to ensure a homogeneous population of vesicles, a suspension of MSDH (60 

mM) in Milli-Q water was extruded through a 100 nm membrane filter. These extruded 

vesicles were in turn resuspended at a final MSDH concentration of 600 µM in solutions of 

different pH to investigate their size and shape. MSDH vesicles resuspended at pH 6.4 or 

lower spontaneously disassemble as is qualitatively shown by the time autocorrelation 

functions from the DLS measurements (Figure 3A). Above this pH the overlapping 

correlation curves, i.e. the constant size distribution of the vesicles, indicate that over a wide 

range of pH values MSDH vesicles retain their size, and at pH 7.2 extruded MSDH vesicles 

retain their size for at least 72 hrs (Figure S2, Supporting Information). For dilute systems, the 

DLS count rate varies linearly with the number of scattering particles of equal size, but varies 

as the sixth power of the radius of the scatterers. The steep increase in count rate from pH 6.4, 

for samples of equal MSDH concentration, is thus indicative of the presence of large 

assemblies above this pH (Figure 3B). The z-averaged sizes of the assemblies, as obtained 

from a cumulants analysis of the correlation functions, are shown in Figure 3C. Although this 
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method is much less affected by data noise than distribution analysis, we were still not able to 

reliably obtain sizes for pH < 6.4 (for which the noise is clearly evident from Figure 3A). 

 

The zeta potential is a parameter correlated with particle stability because non-charged 

particles are less likely to remain dispersed in solution. We performed zeta potential 

measurements on the same systems as the DLS measurements, i.e. extruded vesicles 

resuspended in solutions at different pH. Above pH 6.4 and up to pH 11, vesicles were found 

to be positively charged (Fig 3D). The highest zeta potential is found immediately upon 

formation of the vesicles at pH around 7. The zeta potential then decreases continuously as 

the pH is increased, and turns negative at around pH 11. The low zeta potential values 

obtained below pH 6.4 are most probably indicating the progressive disassembly leading to 

the absence of the vesicles in this pH range. The TEM images show small (< 5 nm) 

aggregates under acidic conditions, these are most likely micelles, but our data is not 

conclusive on this point. Protonation of MSDH, exposing a primary amine, increases as pH is 

decreased, hence for given particle size and ionic environment, the ζ-potential of MSDH 

aggregates would increase with a further decrease in pH. This is also what Figure 3D shows 

while changing  from high to low pH, until pH reaches 6.4, where there is instead a sharp drop 

in potential. The TEM and DLS data clearly show that aggregate size is dramatically reduced 

at low pH. The ζ-potential does normally not vary with particle size, but with surface charge 

density. Hence, there is no obvious reason why, for example, micelles would have 

dramatically lower ζ-potential than the vesicles in an otherwise similar environment. After a 

bilayer-to-micelle transition, where the area per headgroup is presumably larger and charge 

regulation via headgroup repulsion decreases, even an increase in surface charge density 

could be expected. However, there might be a technical reason why this is not observed; the 

stated lower diameter limit for electrophoretical light scattering with the Zetasizer Nano ZS90 

is 3.8 nm, and we suggest that the sharp drop in ζ-potential at pH below 6.4 is a result of 

reduction in aggregate size outside of the available range of the Zetasiser. This does not imply 

that the aggregates are smaller than 3.8 nm, since the lower useful range is sample-dependent, 

and could in reality be greater. Hence, from our data, it is not possible to present a consistent 

picture of the structure of the aggregates at low pH. 
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Figure 3. Dynamic light scattering of MSDH vesicles extruded through 100 nm membrane 

pores. The data in this figure was assembled from four independent experiments. (A) 

Autocorrelation functions measured for MSDH vesicles resuspended in solutions of different 

pH values. Curves for pH > 7.2 overlap (a larger version of the graph, where the curves can 

be more easily distinguished, is included as Figure S1 in Supporting Information). (B) Count 

rate values obtained together with the curves in Figure 3A. (C) The z-average hydrodynamic 

diameters for the data in shown in Figures 3A and 3B. For low values of the pH (indicated by 

circles), the radii could not be unequivocally determined due to the low intensity and high S/N 

ratio. The polydispersity index for pH 6.4 is 0.37, and falls in the range 0.18-0.26 for the other 

radii. (D) Zeta potential of MSDH vesicles resuspended in buffers of different pH. 

 

The reversibility of the pH-dependent aggregation was tested by cycling the pH in a solution 

of MSDH by alternate addition of HCl and NaOH. The result of such a test for a vesicle 

solution where the pH was twice cycled from low to high pH, and back to low again, is shown 

in Figure 4. Since the MSDH concentration remains constant (not accounting for successive 

dilution of the sample, which amounts to ca. 5% for the entire series), the variations in 

scattering intensity relate to variations in the sizes of the aggregates.  

 

 

Figure 4. Dynamic light scattering count rates and z-average diameters for a vesicle solution 

where the pH is altered sequentially from low to high pH and back again, in two cycles, by 

addition of HCl or NaOH. Measurements were obtained from left to right. 
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MSDH vesicles can be efficiently loaded at neutral pH, and release of the contents triggered 

by low pH. 

In order to verify that MSDH forms vesicles containing an interior volume, and to evaluate 

whether it is possible to load MSDH vesicles, we used the auto-quenching properties of CXF, 

which is routinely used to assess encapsulation and release of this fluorophore (Figure 5). 

MSDH vesicles were loaded with large amounts of CXF by making use of MSDH differential 

behavior at low and high pH, i.e. resuspending MSDH in a buffer of low pH where it is not 

forming vesicles and triggering the formation of vesicles in the presence of CXF by raising 

the pH. Excess CXF not encapsulated in vesicles was removed by gel filtration. The increased 

fluorescence emission upon addition of Triton X-100 indicates that upon disruption of the 

vesicles the fluorophore is released into a larger volume in which it is no longer auto-

quenched (Figure 5A). Note that CXF was not loaded into the vesicles upon hydration of the 

MSDH, which is the customary and more efficient way of loading fluorophores into lipid 

vesicles for leakage assays, but via re-formation of vesicles from MSDH already in solution. 

This method was used to confirm that re-assembly into vesicles is pH-induced and can be 

performed in bulk solution, but results in comparatively lower quantities of entrapped 

fluorophores, and hence a less effective quenching. The fluorescence emission in Figure 5A 

remains stable for vesicles tested several days after preparation, but due to the low 

encapsulation efficiency, small changes related to slow leakage of the fluorophore would be 

difficult to detect in the assay. 

The same encapsulation procedure was followed to load MSDH vesicles with Rhodamine 6G 

to a final concentration of 1 µM inside the vesicles for FCS measurements. The fluorescence 

emission of Rhodamine 6G is not affected by pH, unlike that of CXF. Using FCS we assessed 

the diffusion rate of Rhodamine 6G when vesicles were resuspended in a buffer at pH 7.2 or 

at pH 4 (Figure 5B). A dual diffusion component model was fitted to the experimental data 

and the decay times of the curves are summarized in Table 1. At pH 7 a slow diffusion 

component corresponding to the diffusion of MSDH vesicles was present in the FCS curve, in 

addition to a fast component which indicates the diffusion of free Rhodamime 6G and of 

small aggregates. At pH 4, and also at pH 7 with Triton X-100 added, the diffusion time of the 

slow component was reduced substantially, indicating disruption of the MSDH vesicles 

(Figure 5B and Table 1).  
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Figure 5. Fluorophore encapsulation capacity of MSDH vesicles. (A) Fluorescence emission 

of (self-quenching) carboxyfluorescein encapsulated in MSDH vesicles before and after the 

addition of Triton X-100. Vesicles were loaded by pH-induced formation of vesicles in a bulk 

solution containing carboxyfluorescein and MSDH. Fluorescence was measured at pH 7.2. 

(B) Normalized autocorrelation data from FCS measurements of Rhodamine 6G encapsulated 

in MSDH vesicles at pH 7.2, at pH 4, and after the addition of Triton X-100 to vesicles at pH 

7. Data in black lines, coloured lines are fits using a two-component diffusion model. 

 

Table 1. Decay times and relative amplitudes for the autocorrelation of Rhodamine 6G in 

intact (pH 7.2) or disrupted (pH 4 or pH 7+Triton X-100) MSDH vesicles. The errors are 

standard errors obtained from the routine used to fit the model to the data. 

Sample τD1 (µs) a1 (%) τD2 (µs) a2 (%) 

pH 7 174 ± 6 91 ± 0.5 19 000 ± 3000 9 ± 0.5 
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pH 4 101 ± 5 96 ± 2 2500 ± 700 4 ± 2 

pH 7 + Triton X-100 90 ± 15 69 ± 8 550 ± 15 31 ± 8 

 

MSDH aggregate structure 

The driving force for self-assembly of amphiphiles into organized structures is the gain in free 

energy resulting from a reduced contact area between water and the hydrophobic regions of 

the molecules25. The final shape of the assembled structure is mainly dictated by geometrical 

constraints that have been formalized in the concept of packing parameters26. Thus, single-

tailed amphiphiles usually assemble into micelles because the lateral area of their headgroup 

is large relative to the volume filled by their hydrophobic chain.  However, under certain 

conditions, they can also assemble into vesicles, i.e., topologically closed structures with one 

or several bilayers enclosing an aqueous core. Vesicular assemblies are explored for a wide 

range of applications, such as cell mimicking 27, drug delivery 28, nano medicine 29 or as 

chemical reactors 30, and considerable effort has been invested in controlling their formation 

and properties. Phospholipid vesicles are well established as model systems across a number 

of fields 31, but also gemini surfactants 32, 33, 34, catanionic 35, 36 or other binary amphiphile 

systems 37, 38 39, and indeed also some single-tailed amphiphiles 40, 41, 42, 43, 44, 45 have been 

shown to form vesicles.  

MSDH aggregates under neutral pH, as revealed in the cryo-TEM images, are mostly 

unilamellar, or sometimes oligolamellar vesicles, with rarely more than 3 nested bilayers. The 

wall thickness of the layer enclosing the structures is estimated to approximately 30 Å, which 

is consistent with the thickness of two MSDH layers with not completely stretched 

hydrocarbon chains, hence supporting the conclusion that MSDH forms bilayers. The 

aggregates are mostly rounded and closed, sometimes with pores or open sides, and 

occasionally also with sharp bends. While some of these features might be artefacts from the 

vitrification of the sample, or remnants of perforated vesicles, in either case it indicates a 

bilayer with relatively low rigidity. The DLS results show that aggregates are pH sensitive, 

and that there is a sharp transition in aggregate size around pH 6.4. Aggregates formed by 

extrusion through 100 nm membrane pores retain a z-averaged diameter of 50-80 nm at, and 

above, neutral pH. Both the CXF leakage assay and the FCS measurements demonstrate that 

under neutral conditions, the MSDH aggregates are closed vesicles, and contain an interior 

volume, into which molecules can be entrapped.  
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Implications for lysosomotropism 

MSDH has been used as a lysosomotropic compound to trigger apoptotic cell death in a 

number of cellular systems.10, 19 The generally accepted mode of action for MSDH, like for 

other lysosomotropic detergents,2, 3, 4 is that as a weakly basic amphiphilic molecule, it is 

uncharged at the pH in the cytosol, and diffuses freely across cellular membranes until it 

reaches the lysosomes, which are the only compartments where the pH is low enough for 

MSDH to become protonated. After protonation in the lysosome, MSDH is believed to be 

trapped due to the reduced diffusion across the membrane, therefore accumulating, and 

eventually being able to disrupt the lysosomal membrane from the interior of the lysosomal 

compartment. Our study is the first addressing the physicochemical properties of MSDH and 

its aggregates, and it presents a series of results which are at variance with this commonly 

held view. MSDH is non-toxic to cells when used in concentrations below 7.5 µM (Ghosh et 

al.20 and unpublished results KÖ) and the concentrations that are used to cause cell toxicity 

are typically 15-25 µM.10, 18, 19 DLS experiments at successively lower concentrations were 

carried out to establish the onset of aggregation. Size distributions at concentrations as low as 

10 µM still reveal large aggregates, see Figure 6. Upon addition of Triton X-100, these 

rapidly disintegrate into much smaller aggregates by solubilization. This demonstrates that 

MSDH forms aggregates also at the concentrations used in cell studies. Protonation at lower 

pH tends to increase the critical aggregation concentration (CAC), but our preliminary data 

indicates that at 6.4, the CAC is still < 40 µm over a wide range of salinities. (Detailed 

investigations of the concentration dependence on aggregation at different pH values are in 

progress, and will be reported elsewhere). 

 

Figure 6. Normalized intensity-weighted size distributions for MSDH at 10 µM in a HEPES 

buffer at pH 7.2 and after solubilization of the MSDH by addition of Triton X-100. For 
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comparison, the sizes of aggregates formed by Triton X-100 are included, too. Note that 

scattered intensity scales with r6, and intensity-weighted size distributions thus give 

disproportionate weight to larger particles. The total intensity contributing to the peak 

centered round r ≈ 1 µm for MSDH is 5 × greater than that for r ≈ 100 nm, but this still 

corresponds to a much greater number of small aggregates (by approximately 200 ×).  

 

Consequently, the observation that at neutral pH, and already at 10 µM concentration (Figure 

6), MSDH is spontaneously assembling into vesicles with large diameters, suggest that, rather 

than entering the cell as monomers that diffuse across the plasma membrane, other 

possibilities must be considered. With MSDH forming aggregates under cytosolic (and indeed 

also intercellular) conditions, it is, in principle, still possible that MSDH enters through the 

plasma and lysosomal membranes as monomers via disassembly and passive diffusion. 

However, this appears unlikely; first, an important prerequisite of the free diffusion across 

membranes and subsequent retention of LDs in the lysosomes, is the presumed lack of 

detergent properties of LDs in the cytosol. Our data invalidates this presumption, and with 

MSDH itself forming bilayers, it is difficult to see why MSDH would not partition into any 

other lipid structures available in the cell. Second, and most importantly, the zeta potential 

data (Figure 3D) shows that the MSDH aggregates are positively charged at cytosolic pH. 

Cationic liposomes have been shown to traverse plasma membranes effectively, and are used 

as efficient drug delivery vehicles. Since the pioneering work on DNA transfection by Felgner 
46 this phenomenon has been utilized mostly for gene delivery47, but increasingly also for 

delivery of small molecules48. A recent study found that cationic liposomes were readily taken 

up by cells, and traversed the plasma membrane via some endocytotic pathway, without 

adverse effects on the cell.49 Based on the data presented here, the previous literature on 

MSDH action and effects on cells, as well as the extensive literature on cationic liposome 

uptake, we propose that MSDH could be taken up by an endocytic mechanism. As lysosomes 

are the last compartments in the endocytic route, MSDH vesicles would be precisely targeted 

to these organelles. According to our results, once the pH has dropped below 6.4, MSDH 

vesicles will disassemble into small aggregates or dissolve completely. While the literature on 

the solubilization of lipid membranes by detergents is extensive and addressing several 

aspects of solubilization or permeabilization of bilayers by detergents50, the interaction of 

detergents with membranes under the conditions particular to lysosomes appears not to have 

been investigated, and this is the subject of current studies in our laboratories. 



18 
 

pH-dependence  

Tuning the structure of self-assembled molecular aggregates requires control of parameters 

affecting aggregate structure, such as headgroup polarity and effective area, or hydrophobic 

chain length or volume. In this vein, much of the efforts aiming at vesiculation of surfactants 

has used binary surfactant systems to achieve good control of, and to balance, these 

parameters. However, contrary to this, it has been shown that a rich phase behaviour with 

structural transformations do not require chemically sophisticated amphiphiles, but can be 

obtained with simple molecules such as alkyl diamines.51, 52 An essential requisite for this is 

the pH-sensitivity of amines, and in particular for diamines (and thus potentially also for 

MSDH) that the differences in pKa between the amine moieties can be exploited. Protonated 

and deprotonated molecules will vary in polarity, perhaps also in conformation, and interact 

differently with the environment. Thus, there will be a pH range where a solution of single-

component pH-sensitive surfactants behaves like a binary mixture of the protonated and 

deprotonated forms, and where solution pH is used to tune the composition.53 Protonation of 

the MSDH headgroup at pH < 6.4 either increases solubility so that the critical aggregation 

concentration is increased and any aggregates dissolved, or increases headgroup repulsion 

enough to transform the vesicles to micelles, or other aggregates much smaller than vesicles. 

The former result is in agreement with the observations by Dubowchik et al.,4 that on going 

from pH 4.8 to pH 7.0, there was a considerable loss of solubilization capacity of MSDH. Our 

TEM images, on the other hand, indicate the presence of small aggregates, but conditions 

were not identical. The repeated assembly and disassembly of large MSDH aggregates, upon 

cycling the pH, shows that aggregation and disassembly of the aggregates is fully controllable 

via solution pH. The encapsulation of fluorophores from bulk solutions, as demonstrated in 

the leakage assay and the FCS results, show that this aggregation process results in closed, 

vesicular structures, in agreement with the TEM data. The coexistence of protonated and 

deprotonated forms of MSDH will persist over a certain pH range, and at extreme pH values, 

the solution will act as a single-component system. It is likely that the size or structure of the 

aggregates varies with pH, even at pH > 7.2, as suggested by the data at high pH in Figure 3B. 

It is possible that the stabilization of the count rate around 100 kHz represents the end of the 

coexistence region, where the deprotonation is saturated, but the data does not extend far 

enough to allow a verification of this. 

 



19 
 

Outlook: potential for lysosomal drug delivery 

pH-responsive materials in general, and vesicles in particular, are of interest for potential 

applications in drug delivery.54, 55 The pH of the organelles in the endolysosomal pathway 

decreases successively, from the early endosomes (pH 6.5), via late endosomes, to the 

lysosomes (pH 3.5-5), and as the last step in this pathway, lysosomes are good candidates for 

targeted delivery. In the field of nano medicine, pH-responsive lipid-based vesicles were 

recognized as promising delivery tools long ago56, 57 and pH-dependent liposome fusion was 

considered early on58. In more recent years, several groups have tried to develop pH-

responsive nano-carriers using different building blocks.59, 60, 61  Much of the interest in pH-

triggered drug release stems from the need to effectively target microenvironments with 

intrinsically low pH, such as endosomes or extracellular tumor environments55, and for the 

use of pH-responsive vehicles for gene delivery54. For therapeutic purposes, rapid drug 

release upon arrival to the pathological tissue is highly desired, since this will maximize the 

therapeutic efficacy, and also minimize the development of drug resistance. Polymeric 

systems, such as block co-polymers62 or dendrimers63 are often used to form carrier systems 

since the greater freedom in the choice of chemistry and molecular size gives better control of 

stability and retention of encapsulated matter, but at the cost of slower kinetics, and increased 

difficulties in adjusting the permeability for rapid release or uptake of molecules. Many 

polymer-based vesicles (polymerosomes), relying on diffusion of active substances across the 

polymer wall do not meet the requirement for rapid release and respond slowly to external 

stimuli; hence there is still considerable interest in designing pH-responsive surfactant-based 

systems allowing for rapid disassembly and release. Routes for directed delivery to particular 

organelles have been extensively investigated,64 and strategies adopted specifically for 

lysosomal delivery also include pH-responsive nanogels,65 polyelectrolyte complexes,66 or 

acid-sensitive micelles.67 However, this issue has mostly been adressed by covalent linking of 

lysosomotropic ligands either to liposomes68, 69 or directly to active substances 70, 71, 72, often 

with limited lysosomal specificity of the cargo-carrier conjugate.  

We demonstrate, via the pH-dependent disassembly, that MSDH forms vesicles which are 

capable of containing, and, at a suitable pH, release its contents. We show that this can be 

done both using high concentrations of cargo, as concluded from the carboxyfluorescein 

autoquenching data, and low concentrations of cargo, as concluded from the fluorescence 

correlation spectroscopy data. In the latter, the slow diffusion component at pH 7 indicates the 

presence of MSDH vesicles encapsulating Rhodamine 6G, while at pH 4 the diffusion time of 
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the slow component is substantially reduced, indicating that Rhodamine 6G is released after 

disassembly of the vesicles. At pH 7 with the addition of Triton X-100 the slow diffusion time 

is also reduced, but the fraction of the slow component is larger (Table 1). This may be the 

result of solubilization of Rhodamine 6G in mixed aggregates of MSDH and Triton X-100. 

Taken together, these results demonstrate that MSDH vesicles can efficiently encapsulate and 

retain small molecules that are released when MSDH vesicles are disrupted at sufficiently low 

pH. As such, we propose that MSDH has potential for use in pH-triggered lysosomal drug 

delivery applications. 

It is of considerable practical interest that our physicochemical studies, which clarify the 

aggregation properties of MSDH under conditions in the cytosol and inside lysosomes, also 

reveal a possible path for targeted and specific delivery to lysosomal compartments. Cell 

studies unequivocally demonstrate that MSDH induces lysosomal membrane 

permeabilization, and there is an MSDH dose range between the onset of aggregation and the 

toxicity concentration, where MSDH still accumulates in the lysosomes. We propose that this 

offers a window which could potentially be explored for endocytic delivery of MSDH-

encapsulated cargo, for subsequent pH-triggered release in the interior of the lysosomes, 

without release of the cargo to the cytosol. 

Summary and Conclusions 

We have initiated a study with a view to understand the mechanism of action of the 

lysosomotropic detergent MSDH. As a first step, we have considered the pH-dependent 

aggregation of MSDH itself, and some of our results conflict with the dominating picture of 

how LDs reach the lysosomal compartment. We have found that MSDH spontaneously forms 

vesicles near, or above, cytosolic pH, and at very low concentrations (< 10 µM), suggesting 

that endocytic transport to the lysosomes is probable. However, this will need to be confirmed 

by cell studies. Further, we demonstrate that MSDH vesicles can be loaded with small 

molecules via encapsulation induced via pH changes. The release of the contents can be 

triggered via Triton X-100 detergent solubilization, or via lowering of the pH, and hence 

MSDH could be of interest for delivery systems with pH-triggered release of molecules. 
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