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Abstract
Interest in antimicrobial photodynamic therapy for treating cutaneous leishma-
niasis has been rising, showing promising outcomes and good patient tolerance. 
In this study, we aimed to develop a protocol for producing giant plasma mem-
brane vesicles (GPMVs) from Leishmania amazonensis promastigote cell mem-
branes, focusing on the role of membrane-embedded proteins during methylene 
blue (MB) photooxidation with red light. Membrane extraction was achieved via 
centrifugation with various sucrose gradients. We then generated GPMVs by elec-
troformation, applying different frequencies and voltages over four cycles, and 
examined them using phase contrast optical microscopy. For MB photooxida-
tion, GPMVs were dispersed in an aqueous solution with 50 μM MB and exposed 
to 665 nm light at 830 μW. A comparable approach was used for mimetic mem-
branes (giant unilamellar vesicles, GUVs) made of Leishmania membrane lipids. 
MB photoactivation in GUVs caused a transient increase in membrane area and 
full permeability. Conversely, GPMVs showed an earlier onset of contrast loss but 
exhibited less overall contrast reduction and no expansion, indicating that mem-
brane proteins in GPMVs modulate the response to oxidative stress. Real-time 
monitoring revealed morphological changes in L. amazonensis promastigote cells 
consistent with apoptosis following photodynamic inactivation.
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INTRODUCTION

Antimicrobial photodynamic therapy (aPDT) or photody-
namic inactivation (PDI, for in vitro studies) is an inno-
vative technique that utilizes light-sensitive compounds 
known as photosensitizers (PSs), which, when activated 
by specific wavelengths of light, generate reactive oxygen 
species (ROS) capable of killing viruses, bacteria, fungi, 
and parasites. This non-invasive approach offers a prom-
ising alternative to traditional antimicrobials, particularly 
in addressing multidrug-resistant pathogens. The key 
mechanisms of aPDT involve the application of a PS to 
the target area, which, when exposed to light, typically in 
the visible range, becomes activated from its ground state 
to an excited singlet state. The excited PS then transfers 
energy to molecular oxygen (Type II reaction) or transfers 
charge directly to cellular components (Type I reaction). 
Both processes result in the production of ROS, which 
attack key microbial structures, including the cell wall, 
membrane, and internal components such as DNA and 
proteins, leading to cell death.1

It is well known that the cell membrane is the first 
target of PDI. Previous works based on lipid oxidation 
promoted by photoactivation of PSs in model lipid mem-
branes revealed that lipid oxidation may cause changes in 
membrane surface area, permeability increase, membrane 
disruption, and changes in membrane lipid domains.2–4 
All these effects depend on the membrane lipid composi-
tion and type of produced photooxidized lipids, which are 
related to PS features, such as the generation of singlet ox-
ygen (1O2) and other ROS, as well as their location in the 
membrane.5 For instance, it has been previously shown 
that membrane permeabilization is faster for 1,2-dioleoy
l-sn-glycero-3-phosphocholine (DOPC) lipid membrane 
(that contains one unsaturation in each alkyl chain) fol-
lowing methylene blue (MB) photoactivation than for 1-
palmitol-2-oleoyl-sn-glycerol-3-phosphocholine (POPC) 
lipid membrane (just one unsaturation in one of the alkyl 
chains).3 However, the role of photooxidation in more 
complex in giant unilamellar vesicles (GUVs) and giant 
plasm membrane vesicles (GPMVs) remains unexplored.

Here, we focus our attention on investigating how 
photooxidation may impact reconstituted parasite mem-
branes, as leishmaniasis (a parasitic neglected disease 
transmitted by the bite of an insect vector) shows good 
results following aPDT.6,7 This disease primarily affects 
people in low-income countries, where poor housing, 
inadequate hygiene, and limited access to healthcare are 
common. However, due to high population mobility and 
climate change, it is estimated that more than 1 million 
new cases occur globally each year.8

The membrane content of Leishmania spp. is rich in 
phospholipids (PLs) and sphingolipids (SLs).9 The most 

abundant PL is phosphatidylcholine (PC) followed by 
phosphatidylethanolamine (PE) and phosphatidylinositol 
(PI). On the other hand, the main SL is inositol phosphor-
ylceramide (ICP) instead of sphingomyelin (SM) like in 
mammals.10 Additionally, Leishmania spp. present ergos-
terol (ERG) in their membrane rather than cholesterol.10

In the current work, we prepared GUVs that mimic 
the lipid bilayer model for Leishmania spp. Further, we 
developed a protocol to produce GPMVs from Leishmania 
amazonensis cells. The latter is characterized by the pres-
ence of membrane-embedded proteins. Both GUVs and 
GPMVs dispersed in MB solutions upon irradiation were 
observed by phase contrast optical microscopy. We eval-
uated the dynamics of the photodamage on the vesicles 
through changes in the membrane surface area and per-
meability. At last, we monitored the real-time killing of L. 
amazonensis promastigote cells by PDI.

MATERIALS AND METHODS

Preparation of GUVs

For model lipid membranes, POPC, 1-palmitoyl-2-oleoyl
-sn-glycerol-phosphoethanolamine (POPE), SM (porcine 
brain, Avanti Polar Lipids, Inc., USA), and ERG (Sigma-
Aldrich, USA) were used. Model lipid membranes repre-
sented by GUVs were prepared with POPC:POPE:SM:ERG 
in the molar ratio 45:10:15:30. Here, SM replaced ICP 
since ICP is not commercially available. GUVs formed 
by POPC:POPE:SM:ERG mimic the lipid bilayer of the 
plasma membrane of parasites of the genus Leishmania.10

The preparation of the GUVs was carried out using the 
traditional method of electroformation.11 Briefly, 10-μL 
of a 2 mM total lipid solution in chloroform was spread 
on the surfaces of two conductive glasses coated with in-
dium titanium oxide (ITO, Sigma-Aldrich, USA), which 
were then placed with their conductive sides facing each 
other, separated by a 2 mm thick Teflon frame. This electro 
swelling chamber was filled with 0.2 M sucrose solution 
previously measured in an osmometer (Osmoma Gonotec 
030, Germany), and connected to an alternating power 
generator (Minipa MFG-4201A, Korea) at 1.5 V and 10 Hz 
frequency during 1.5 h at a temperature of 50°C (in an 
oven), above the SM gel-phase transition. Afterward, the 
vesicle solution was carefully transferred to an Eppendorf 
vial and held at rest at 4°C before use.

L. amazonensis membrane isolation

To isolate the membrane of L. amazonensis, we em-
ployed the membrane separation protocol developed 
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      |  3de SOUZA et al.

by Mukherjee et  al.12 This protocol utilizes a hypotonic 
buffer, followed by vortexing and the separation of various 
cellular components through sucrose gradient centrifuga-
tion. However, we made several adjustments to enhance 
the separation process, particularly modifying the wash-
ing steps, as detailed below.

L. amazonensis promastigote cells (MHOM/BR/73/
M2269) were cultured in 80% M199 medium (Sigma-
Aldrich, USA) and 20% fetal bovine serum (Gibco TM 
Invitrogen Corporation, USA) at a temperature of 25°C. 
After 7 days, parasites were centrifuged at 3000 g for 10 min; 
the supernatant was removed and discarded. The pellet 
was then transferred to another tube, which was centri-
fuged for 10 min at 3000 g. Thereafter, the supernatant was 

discarded, and the pellet was solubilized in 1 mL of 5 mM 
Tris–HCl buffer solution together with 0.5 mM of protease 
inhibitor cocktail. The solution was put in the refrigerator 
at a temperature of 4°C for 90 min, stirring every 10 min 
on a vortex. In the last agitation process, 2 mM of calcium 
chloride was added to the solution, followed by 20 min 
centrifugation at 3300 g. Then, the pellet was dissolved in 
a 5% (w/v) sucrose solution, previously prepared in 50 mM 
Tris–HCl buffer. In a tube, 10 mL of 20% sucrose diluted in 
Tris–HCl buffer was added, followed by the sample solu-
tion in 5% sucrose, forming two distinct phases. The tube 
was centrifuged at 1500 g for 30 min at 4°C. The process 
was repeated 4 times to separate the plasma membrane 
from the parasite cell (Figure 1A).

F I G U R E  1   Schematic illustration of the protocol for isolating the plasma membrane from L. amazonensis promastigote cells (A) and 
GPMV reconstitution (B).
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4  |      PHOTOCHEMISTRY AND PHOTOBIOLOGY

L. amazonensis membrane reconstitution 
in GPMVs

GPMVs were grown by the electroformation method 
under heating with voltage and frequency variation. On 
the top of two conductive slides, which were coated with 
ITO, 20 μL of the membrane isolate was added. The slides 
were then taken to a desiccator connected to a vacuum 
pump for 2 h. Afterward, the two conductive slides facing 
each other were separated by a 2 mm thick Teflon frame 
forming a sandwich, which was filled with a 0.2 M sucrose 
solution.

Several combinations of voltage, frequency, tempera-
ture, and number of cycles were tried to grow the GMPVs 
without success. Finally, we were able to define a proto-
col to grow GMPVs where the electroformation swelling 
chamber was connected to the power generator and sub-
mitted to an alternating electric field with a frequency of 
10 Hz and a voltage of 4 V for 2 h, followed by 15 min of 
5 Hz with 2 V, then by 15 min of 2.5 Hz with 1 V, and, in 
the last cycle, 30 min of 1 Hz with 1 V. The growth process 
of GPMVs was carried out in an oven at 40°C to prevent 
collagen denaturation (Figure 1B).

To verify the presence of proteins in GPMVs, we used 
the sodium dodecyl-sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) technique.13 Membrane isolate 
samples were treated with a water: methanol mixture at 
concentrations of 1:1 to remove lipids from the protein ex-
tract. Then, the protein extract was treated with a solution 
having 50 mM Tris buffer pH 6.8 that contained 2% (w/v) 
SDS, 0.1% (w/v) bromophenol blue, 10% (w/v) glycerol, 
and 357 mM 2-mercaptoethanol, and boiled for 5 min to 
denature the proteins. Thereafter, the sample was run on 
a 12% polyacrylamide gel, with a 5% stacking gel. For the 
run, a buffer with 25 mM Tris pH 6.8 containing 250 mM 
glycine and 0.1% (w/v) SDS was used. The electrophoretic 
run was performed at a voltage of 100 V, and the gel was 
developed using Coomassie Brilliant Blue.

Dynamics of photooxidation

For observation under the microscope in phase contrast 
mode, 100 μL of the solution of each vesicle (either GUV 
or GPMV) in sucrose was diluted in 600 μL of a 0.2 M 
glucose solution measured in an osmometer (Osmoma 
Gonotec 030, Germany) in the presence and absence of 
MB (50 μM) and with or without light exposure. The obser-
vation chamber was filled with the final vesicle solution, 
ensuring that the osmolarities of the sucrose and glucose 
solutions were matched to prevent osmotic pressure ef-
fects. The slight density difference between the inner and 
outer solutions causes the vesicles to settle on the bottom 

slide, making them easier to observe. Additionally, the re-
fractive index difference between the sucrose and glucose 
solutions enhances contrast when viewing the vesicles 
under phase contrast microscopy.

Irradiation and observation procedures were per-
formed under a ZEISS Z1 Axiovert 200 inverted optical 
microscope (Carl Zeiss, Germany) in phase contrast mode, 
equipped with a Zeiss Axio Cam digital camera (Jena, 
Germany). From the beginning of the irradiation, a 20 min 
video was recorded to evaluate the temporal evolution of 
the membrane under photodynamic action. Irradiation 
was performed by adapting the microscope's 103 W Hg 
lamp (HXP 120, Kubler, Carl Zeiss, Germany) with a filter 
for excitation at λ = 665 nm, which allowed photoactiva-
tion of the MB with a power of approximately 850 μW. Of 
note, the vesicles used in these experiments were prepared 
and used on the same day, as they are from natural sources 
and have low stability.

Changes in GUVs and GPMVs optical contrast asso-
ciated with membrane permeability increase were ana-
lyzed using the ImageJ software as described by Mertins 
et al.3 Membrane surface area alterations were evaluated 
through a routine developed by Prof. Spinozzi's group14 
and inserted as a Macro in ImageJ software.

PDI in L. amazonensis promastigote cells

An aliquot of the culture medium solution with the 
parasites was centrifuged, and the resulting pellet was 
resuspended in phosphate-buffered saline (PBS) once. 
The number of Leishmania cells was calculated using a 
Neubauer chamber (approximately 1 × 106 parasites/mL). 
Then, 100 μL of the solution was pipetted into a quartz 
chamber and diluted in PBS, in the presence of MB. The 
chamber was placed under the microscope and irradiated 
for approximately 27 min. The irradiation was performed 
using the same procedure as for the GPMVs and GUVs.

RESULTS AND DISCUSSION

The presence of proteins in the isolated membrane was 
confirmed using SDS-PAGE. Two samples, collected on 
separate days, were analyzed. As shown, proteins of varying 
molecular weights were identified in both samples, with no 
detectable differences between them (Figure 2). Although 
the protein composition of Leishmania amazonensis pro-
mastigote membranes may vary slightly depending on the 
methodology used, our finding is consistent with the label-
free proteomics study by Oliveira et  al., which identified 
95 putative plasma membrane proteins in L. amazonensis 
promastigotes.15 These proteins were primarily associated 
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      |  5de SOUZA et al.

with biological processes such as cell adhesion, signal trans-
duction, and transmembrane transport, as well as molecu-
lar functions including transmembrane transporter activity, 
ATPase activity, lyase activity, and peptidase activity.

In the absence of either MB or light, no morphological 
changes of mimetic membranes of L. amazonenis (GUVs) 

composed of POPC:POPE:SM:ERG (45:10:15:30) were ob-
served (Figure  3A,B). In contrast, changes in GUVs dis-
persed in MB were observed under 20 min of irradiation 
(Figure 3C). As one can note, original spherical vesicles 
subjected to MB photoactivation immediately start to in-
crease in area and fluctuate after short periods of time 
to such an extent that buds are released (Figure  3C be-
tween 390 and 450 s), followed by a loss of phase contrast 
between 780 and 900 s (Figure  3C). The maximum area 
increased to circa 15% and can be explained by the pho-
tooxidation of the unsaturated lipids that contain double 
bonds in the acyl tails and are more susceptible to oxida-
tive stress than saturated lipids.5

As previously reported for GUVs composed of just 
POPC, MB photoactivation generates 1O2 (type II or non-
contact mechanism) that reacts with the lipid double bond 
generating lipid hydroperoxide.2–4 As the hydroperoxide 
group is more polar than the hydrophobic tail, it tends to 
migrate to the membrane surface, imposing an increase in 
surface area on the order of 15%. Therefore, the hydrop-
eroxidized membrane can show large fluctuations due to 
excess area, without rupture, as seen in Figure 3C.

The continuity of the lipid peroxidation reaction on 
POPC-OOH containing membranes occurs due to a type I 
mechanism of MB (contact dependent).5 In this, the trip-
let state of MB reacts with the OOH group formed, ab-
stracting hydrogen and enabling the reaction to continue. 
Consequently, short-tailed oxidized lipids containing alde-
hyde can be formed as end product of photooxidation. The 
presence of these lipids in the membrane increases its per-
meability, promoting the formation of nanopores and/or 
macro-pores depending on the extent of lipid oxidation.3,4 
In this case, the formation of nanopores, or sub-micrometric 

F I G U R E  2   SDS-PAGE of two GPMV samples (A and B) 
obtained on different extraction days. The samples were used in 
volumes of 3, 5, and 7 μL.

F I G U R E  3   Phase contrast optical microscopy of time running sequences (in seconds) of GUVs composed of POPC:POPE:SM:ERG 
(45:10:15:30 molar ratio) in the presence of MB (50 μM) and absence of light (A); in the absence of MB with red irradiation (λ = 665 nm) (B); 
photoactivation of MB (665 nm; 50 μM) (C). The images in each panel above were superimposed with the best contour (red line) surrounding 
the GUVs, corresponding to the images located below, to calculate the area with an ImageJ macro.14 Bar spans 20 μm for all snapshots.
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6  |      PHOTOCHEMISTRY AND PHOTOBIOLOGY

pores, allows the exchange of glucose/sucrose solutions in 
the GUVs, decreasing their optical contrast.

Figure 4 presents the phase contrast decrease with MB 
irradiation time for GUVs and GPMVs. Of note, the per-
meability increase in the mimetic Leishmania membrane 
occurs more slowly than in the pure POPC membrane, 
which loses optical contrast in approximately 250 s.3 
Additionally, neither the pure POPC nor the Leishmania 
mimetic membranes exhibited rupture, even after 20 min 
of irradiation. Here, the presence of the unsaturated lipid 
SM in the model membrane as well as ERG, which is 

another target of 1O2 attack, may impair the membrane 
dynamic response to oxidative stress insult.

Regarding GPMVs, no membrane damage was ob-
served under the effect of MB alone (Figure 5A) or light 
alone (Figure  5B). When MB was combined with red 
light, no changes in membrane morphology or alterations 
in surface area were detected. Interestingly, although the 
loss of optical contrast began approximately 50 s earlier 
than in GUVs, a lower loss of optical contrast (~55%) is 
noticed (Figures 4 and 5C). This suggests that only partial 
membrane permeabilization was achieved after 1200 s of 
irradiation, with no membrane rupture observed.

As discussed earlier, phase contrast loss results from 
ROS generation, which primarily targets unsaturated lipid 
acyl chains in the membrane, leading to pore formation 
and the exchange of internal (sucrose) and external (glu-
cose) solutions. However, under photooxidation, GUVs 
and GPMVs exhibited distinct behaviors in terms of opti-
cal contrast loss (see Figure 4). In GUVs, composed solely 
of lipids, photooxidation caused an increase in membrane 
area followed by a significant loss of contrast. In contrast, 
GPMVs, which contain embedded proteins, displayed less 
pronounced optical contrast loss without any accompany-
ing membrane expansion. This suggests that the presence 
of proteins in GPMVs can help to stabilize the membrane, 
thus altering their response to oxidative stress. Unlike 
GUVs, the protein-rich GPMVs seem more resistant to 
membrane reshaping, highlighting the role that proteins 
play in modulating the effects of photooxidation.

Additionally, both lipids and proteins are suscepti-
ble to oxidative damage, and their interaction with ROS 
could create a dynamic where they “compete” for these 
oxidative agents. While the effects of photooxidation on 

F I G U R E  4   Optical phase contrast loss of giant vesicles 
under MB irradiation (665 nm; 50 μM) for mimetic GUVs of 
POPC:POPE:SM:ERG (45:10:15:30 molar ratio) and GPMVs 
reconstituted from L. amazonensis promastigote cells.

F I G U R E  5   Images of GPMVs reconstituted from L. amazonensis promastigote cells with MB (50 μM) without irradiation (A); in the 
absence of MB with red irradiation (λ = 665 nm) (B); photoactivation of MB (665 nm; 50 μM) (C). The images in each panel above were 
superimposed with the best contour (red line) surrounding the GPMVs, corresponding to the images located below. Bar spans 20 μm for all 
snapshots.
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      |  7de SOUZA et al.

GPMVs are still not well explored, it is known that ROS 
can oxidize amino acid chains and disrupt protein struc-
ture, potentially leading to protein fragmentation. Among 
the amino acids, cysteine and methionine are particularly 
susceptible to oxidation due to the high reactivity of their 
sulfur groups, making them especially vulnerable to oxi-
dative modifications.16

The rate constants for the reaction of 1O2 with amino 
acid residues are on the order of 106–107 M−1 s−1,17 indicat-
ing a high reactivity of 1O2 with proteins. In contrast, for 
lipids such as POPC, the rate constant was calculated as 
3 × 106 M−1 s−1.18 This difference in reactivity (potentially 
up to an order of magnitude) suggests that proteins can 
be more prone to oxidation by 1O2 than lipids. As a result, 
we hypothesize that in systems containing both proteins 
and lipids, such as GPMVs, proteins may undergo oxida-
tion more rapidly than lipids, leading to an earlier onset 
(around 50 s) of contrast loss compared to GUVs (see 
Figure  4), where lipids dominate the composition. This 
faster reaction with proteins could be a key factor in the 
observed differential behavior between GPMVs and GUVs 
under photooxidative conditions. Indeed, while proteins 
oxidize more quickly than lipids, the oxidation of proteins 
often involves specific sites and may not necessarily lead 
to complete membrane destabilization, as some structural 
integrity may remain intact. On the other hand, mimetic 
membranes (which lack proteins) might undergo more 
uniform damage, leading to a more significant loss of opti-
cal contrast due to the absence of protective or stabilizing 
factors.

Conversely, we cannot overlook the possibility that 
certain membrane proteins may act as antioxidants. 
Lipid peroxidation progresses through three key stages: 
initiation, propagation, and termination. Given that 
lipid peroxidation occurs near high concentrations of 
membrane-embedded proteins with exposed hydropho-
bic amino acid side chains, we assume that intramem-
brane tyrosine and tryptophan residues may serve as 

chain-breaking antioxidants, thereby inhibiting the pro-
cess. This hypothesis is supported by the reaction rate 
constant of lipid peroxyl radicals with tyrosine and trypto-
phan, which is approximately 104–105 M−1 s−1.19

Lastly, we monitored L. amazonensis cells under PDI 
using 50 μM MB and red light at 830 μW (as previously 
used), tracking their dynamics in real time. Despite 
challenges in focusing due to the motility of the para-
sites, we observed significant morphological changes 
and cessation of movement after 27 min of irradiation 
(Figure 6, Supporting Information S1). Initially fusiform, 
the Leishmania promastigotes transitioned to a rounded 
shape in response to oxidative stress induced by the treat-
ment, likely leading to apoptosis.20

Despite clear evidence of apoptosis in Leishmania, its 
mechanisms remain poorly understood. This is primarily 
because key proteins involved in mammalian apoptosis, 
such as caspases, have not been identified in Leishmania. 
However, recent research has uncovered several proteins 
that appear to play a role in Leishmania cell death.21

Furthermore, recent findings suggest that protein 
degradation is the primary driver, rather than a conse-
quence, of MB-mediated PDI in bacterial cells.22 The 
study demonstrated that protein degradation follows a 
dose-dependent trend closely aligned with bacterial in-
activation kinetics, suggesting it is a more significant fac-
tor compared to membrane permeabilization and DNA 
damage. Thus, it appears that proteins indeed play a crit-
ical role in PDI.

In conclusion, this study represents a first step toward 
understanding the role of proteins in the photooxidation 
of GPMVs. The electroformation technique, combined 
with the protocol developed here, successfully gener-
ated GPMVs from L. amazonensis promastigote mem-
brane isolates, which may also serve as potential drug 
delivery systems for visceral leishmaniasis treatment.23 
Additionally, the membrane isolation method effectively 
extracted the parasite's membrane while preserving its 

F I G U R E  6   L. amazonensis promastigote cells undergoing PDI with MB at 50 μM and irradiation at λ = 665 nm, p = 830 μW. Note the 
fusiform shape of the cells at the start of irradiation (*) (A). After 27 min of irradiation, the parasites cease movement and adopt a rounded 
shape (arrows) (B). The bar spans 20 μm.
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lipid and protein components. Photoactivation of MB 
in mimetic GUVs induced a clear photooxidation effect, 
initially increasing the membrane area before stabiliza-
tion and a significant loss of optical contrast. In contrast, 
GPMVs exhibited less contrast loss than mimetic GUVs 
and showed no reshaping, suggesting that the presence 
of proteins in GPMVs modifies the photoresponse to oxi-
dative stress. Further studies are needed to elucidate the 
molecular mechanisms underlying the photooxidation of 
natural GPMVs, and we hope our findings will motivate 
future research in this field.
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