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Abstract 
Aim: In this report we try to give a clear view of what uptake mechanisms are involved in internalization of 
negatively charged liposomes in HeLa cells. Materials and methods: Liposomes were exposed to six different 
pharmacological inhibitors that all have a different mechanism of action when inhibiting internalization 
pathways. Uptake of liposomes was measured by staining them with a fluorescent dye and performing flow 
cytometry. Results & conclusion: The different experiments that we performed showed that macropinocytosis 
might be the main pathway of internalization for the negatively charged liposomes. However, all known 
pathways of liposomal internalization seemed to be involved in uptake. Finally, liposomal internalization 
depends on a lot of parameters varying from cell type to liposome characteristics making. Combination of 
different methods and testing of more parameters in the future will clear up how liposomes exactly are 
internalized into the cells.  
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Introduction and Theory 
Nanotechnology is a revolutionary technology that has been applied in multiple fields. Application of 

nanotechnology for medical purposes has been deemed as nanomedicine. This uses nanomaterials for 

treatment and prevention of diseases, diagnosis, monitoring and control (Soares et al., 2018). Liposomes are a 

type of well-established nanoparticles that is commercially used to deliver drugs and vaccines within the cell. 

These particles resemble the cell membrane and consists of a lipid bilayer. This layer provides solubilization 

and protection of both hydrophobic and hydrophilic agents. Because of this, several therapeutic drugs can be 

encapsulated and delivered to cells.  (Cheung & Al-Jamal, 2018). To this date, over eighteen liposomal drugs 

are approved by the FDA for cancer treatment, infectious diseases and pain management (Kim & Jeong, 

2021).   

Liposomes  
Even though liposomes are the ideal way to transfer encapsulated drugs directly into the cell, they do carry 

some drawbacks. These consist of a short half-life, low stability and high production costs. Along with that, the 

drugs or molecules that are encapsulated could leak out through the membrane. Through size and charge the 

nanoparticles could also cause major toxicity to the cells (Amornwachirabodee et al., 2018; Maja et al., 2020). 

However, these flaws can be helped by modification of the liposomes. The physical and chemical properties of 

liposomes can be genetically altered to improve their workings. This means that the genetic material is 

modified in such a way which is not normal. Some of these modifications include change in particle size, 

surface charges and attachment of polyethylene glycol polymer chains (PEGylation) (Ren et al., 2019). When 

looking at charge, it has been found that nanoparticles that contain a negative charge are preferentially 

internalized, in contrast to positively charged nanoparticles. This is the case, because positively charged 

nanoparticles cause more disruption of the plasma membrane, liposomal/mitochondrial damage and a higher 

number of autophagosomes when compared to nanoparticles with a negative charge (Fröhlich, 2012).  

Internalization pathways 

It has also come to attention that liposomes are internalized via several different pathways inside the cell, 

which will be delved into later. (Alshehri et al., 2018). The earlier mentioned liposomal characteristics (surface 

charge, particle size, PEGylation etc.) have an effect on the liposomal uptake as well (Montizaan et al., 2020; 

Verma, 2003). It is possible for nanomedicines to pass the cell membrane through passive uptake, however 

this mainly plays a role after long-time exposure to low nanoparticle concentration. The way in which surface 

properties of nanoparticles behave in passive uptake is not yet fully characterized (Treuel et al., 2013).  Thus, 

most uptake is done through active processes via different pathways. As the field of nanomedicine tries to 

improve features of the nanoparticles for detection and treatment of several pathologies, better 

understanding of how these pathways work at a cellular level could enable man to further improve the 

characteristics of the liposomes (Sabourian et al., 2020). There are many methods that are available to study 

how liposomes are taken up in cells. One method is blocking of a certain entry point for the liposomes to enter 

the cell. Many pathways are involved in liposomal internalization, however not all pathways are regulated in 

the same way. Blocking one entry point gives information about the importance of that specific pathway for 

the uptake of the liposomes. Properties of the liposomes that are important for transport through that 

pathway are then allowed to be modified, to further optime liposomal internalization. The liposomes mainly 

enter the cell through endocytosis. This process can be classified into two categories: pinocytosis and 

phagocytosis. Phagocytosis is mainly viewed at as a process of cleaning up debris. Pinocytosis, otherwise 

known as “cellular drinking” can be further subcategorized into micropinocytosis, clathrin-mediated 

endocytosis, caveolae-mediated endocytosis and clathrin- and caveolae-independent endocytosis  

(Foroozandeh & Aziz, 2018). Blockade of these uptake mechanisms by pharmacological inhibitors is the 

most common way to determine its involvement in uptake. Another way is to block synthesis of proteins that 

are involved in certain pathways. These inhibitors either block transcription of mRNA or translation of the 

proteins.  (Laham-Karam et al., 2020). Both these methods can be used to study nanoparticle uptake in the 

cell, however there remain drawbacks. When one pathway or protein is blocked, the cell might compensate 

for this by upregulation of other mechanisms. With this in mind, the study was performed using several 

pharmacological inhibitors. This method is preferred due to a relatively fast onset of action to hopefully limit 
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the possibility for cells to adapt. Along with that they are easy to use (dos Santos et al., 2011; Francia et al., 

2019). However, pharmacological inhibitors do contain limits as some show low specificity and efficacy can 

strongly vary depending on what type of cells are used an can be cell-type specific (Niepel et al., 2017).  

Inhibitors & mechanism of action 
With this knowledge six pharmacological inhibitors have been chosen which are applied in nanomedicine 

uptake studies. These inhibitors have been derived from the article: “Limits and challenges in using transport 

inhibitors to characterize how nano-sized drug carriers enter cells” (Francia et al., 2019). The concentration per 

inhibitor was optimized in this study by testing the effect of different concentrations on the cell viability. The 

compounds all work on different mechanisms so that differences in cell uptake can be closer studied. The 

following compounds were chosen: 

- Chlorpromazine, inhibitor of chlathrin-mediated endocytosis; 

- Cytochalasin D, inhibitor of actin polymerization; 

- Nocodazole, inhibitor of microtubule polymerization; 

- EIPA (N-ethyl-N-isoprpylamiloride), inhibitor of macropinocytosis; 

- Dynasore, inhibitor of dynamin; 

- MBCD (Methyl-ß-cyclodextrin), cholesterol depletion. 

Clathrin-mediated endocytosis depends on a protein called clathrin which interacts with other proteins to form 

clathrin-coated vesicles. Adaptor proteins, like AP2, are important for linkage between the clathrin coated 

vesicles and the membrane-bound cargo. Along with that, AP2 also has interaction with other adaptor proteins 

which in turn further facilitates endocytosis (Smith et al., 2017). Chlorpromazine inhibits AP2, leading to 

inhibition of clathrin-mediated endocytosis on numeral levels. Cytochalasin D blocks actin polymerization. 

Actin plays an essential role in endocytosis as it creates protrusions that could encompass extracellular 

materials  (Mooren et al., 2012). Cytochalasin D acts as an inhibitor of the interaction between cofilin, a 

regulator needed for actin filament dynamics, and G-actin. To add to this, cytochalasin D also inhibits binding 

of cofilin to F-actin leading to a decreased rate of polymerization. Cytochalasin D is also well known for its 

binding to the barbed end of the F-actin (Shoji et al., 2012). Because actin is involved in several pathways, 

interpretations should be taken with caution as actin is involved in macropinocytosis, clathrin-mediated 

endocytosis and clathrin-independent macropinocytosis  (Francia et al., 2019). As actin is the major 

cytoskeletal protein for most cells, inhibition of its polymerization might also lead to change in cell shape 

(’Cooper, 2000). Just like actin, microtubules are cytoskeletal elements that are also involved in several 

pathways. These microtubules are composed of Þ-tubulin and ß-tubulin heterodimers  (Logan & Menko, 

2019). Nocodazole is a compound which binds to tubulin and therefore inhibits microtubule polymerization. 

Microtubules have been found to be essential in clathrin-mediated endocytosis (Day et al., 2015), 

macropinocytosis through disturbance of between F-actin and microtubules (Li et al., 2020) and several other 

mechanisms (Tsuchiya et al., 2021). EIPA is used as inhibitor for macropinocytosis. This is a form of endocytosis 

which is initiated by activation of several growth factor signaling pathways. After a biochemical signal, the cells 

starts with internalizing extracellular particles into certain endocytic vesicles, which are known as 

macropinosomes. These deliver the particles into lysosomes for degradation (Xiao et al., 2021). 

Macropinocytosis has a unique relationship with Na+/H+ exchanger pump. These Na+/H+ exchanger pumps are 

known to regulate the activity of pH sensitive signaling molecules. EIPA inhibits this pump leading to a change 

in sub membranous pH, close where the macropinosomes are formed. This leads to inhibition of 

macropinocytosis  (Koivusalo et al., 2010; Lin et al., 2018) . Dynasore is a compound that inhibits dynamin. 

Dynamin is a GTPase which plays a great role in clathrin-dependent endocytosis and other vesicular trafficking 

processes. It acts as a pair of molecular scissors and plays a role in cleavage of clathrin coated vesicles  (Singh 

et al., 2017). Along with that dynamin is heavily involved in membrane fission, which is highly involved in 

endocytosis. Dynamin activity is therefore found in multiple pathways correlated with endocytosis (Antonny et 

al., 2016). MBCD is a compound which causes acute cholesterol depletion. Mostly caveolae-mediated 

endocytosis is affected. Caveolae-mediated endocytosis leads to nanoparticles being trafficked to caveolae 

invaginations on membrane of the cells which internalizes the particle. Caveolae-mediated endocytosis has a 

complicated signaling pathway  (Rees, 2013). Caveolin-mediated endocytosis is known to be dependent on 
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cholesterol-rich domains or so called lipid rafts. These are plasma membrane microdomains that are enriched 

in cholesterol and sphingolipids. These are involved in lateral compartmentalization of particles at the 

membrane surface. MBCD removes cholesterol therefore inhibiting both caveolae-mediated endocytosis and 

formation of lipid rafts (Hao et al., 2012; Lajoie & Nabi, 2010).  

Cytochalasin D, nocodazole, dynasore and MBCD all show to have an involvement with several pathways, as 

they all affect mechanisms for multiple pathways. Therefor interpretation of the results obtained with these 

compounds is complex, making it difficult to conclude on what is the leading mechanism in liposome uptake. 

Nevertheless, these inhibitors do give us more insight about the pathways and eventual upregulation. With 

this in mind, the uptake mechanisms of negatively charged liposomes was investigated. First, the 

internalization of the negative liposomes was studied using flow cytometry. Next, it was tested whether these 

liposomes were taken up through active or passive processes by depleting the ATP in HeLa cells using sodium 

azide (NaAz). Finally, the different transport inhibitors described above were tested on how they affected the 

liposome uptake. Overall, all results obtained could give a clearer view on liposome uptake mechanisms and 

could further help improving liposome formulations. 
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Materials and Methods 

Cell culture 
For all experiments HeLa cells (ATCC) were used. These cells were grown in MEM (GibcoTM) cell culture 

medium (cMEM) which were supplemented with 10% v/v fetal bovine serum (FBS, GibcoTM) . The cells were 

grown in  T75 flasks under standard conditions at 37  °C and 5% CO2 until cell culture contained 10*106 cells. 

Cells between passage four and twenty were used. Cells at higher passage numbers could become less 

sensitive to the compounds used. When splitting cells, they were first washed twice with 5 ml phosphate 

buffer solution (PBS). 3 ml TEP was added to the flask to free the cells and incubated in the stove for 5 minutes 

at 37 °C. After incubation cMEM was added to the cells, transferred to a tube and centrifuged for 5 minutes at 

300 rpm. After removing the medium without removing the cell pellet, it was resuspended in 10 ml medium 

and a cell count was performed. Cells were counted using a hemocytometer (counting plate). Through this 

count a new T75 flask could be prepared for upcoming experiments. For each experiment wells plates were 

plated out at least 24 hours before conducting the experiment. Each well contained 50.000 cells. Each well was 

plated out with 500 µl of cell solution. 

Liposomes 
Negatively charged liposomes were used composed of DOPC : DOPG : cholesterol in the ratios 10 : 6,67 : 1, 

respectively. The structures are found in Figure 1. The zeta potential of the liposomes in PBS was -30 mV. Two 

different batches of liposomes were used, however the composition remained the same. The liposome 

concentration in each well containing liposomes was 50 µg/ml. The liposomes were stained with DiL (1,1'-

Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate ('DiI'; DiIC18(3))) with excitation and emission 

wavelengths of 549 and 565 nm. These were measured in the 585/42 BP channel in the flow cytometer. 

 
Figure 1. Structural formulas of DOPC, DOPG and cholesterol, respectively. These structures were drawn with ChemDraw. 

Inhibitor experiments 
Every inhibitor was tested in the same way with the same pre-incubation of t = 20 minutes, with an exception 

for MBCD and Dynasore. The experiments with these inhibitors were performed with a pre-incubation time of 

t = 1 hour. Cells were pre-incubated with the different inhibitors at the desired concentrations. After this pre-

incubation time, the wells were filled 250 µl of cMEM with the desired liposome- and/or inhibitor 

concentration. The optimum conditions for these inhibitors are derived from the article: “Limits and challenges 

in using transport inhibitors to characterize how nano-sized drug carriers enter cells”. These conditions were as 

follows: chlorpromazine 10 µg/ml, cytochalasin D 2.5 µg/ml, nocodazole 5 µM, EIPA 100 µM, MBCD 2.5 mg/ml, 

dynasore 25 µg/ml. Efficacy of the inhibitors was assessed by measuring the uptake of the fluorescently 

labeled marker. 26 µg/ml of DiL (3,3’-dioctadecylindocarbocyanine-low density lipoprotein) was added to the 

liposomes so their uptake could be measured through fluorescence. Positive controls were used for both EIPA 
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(Dextran 250 µg/ml) and MBCD (LacCer 0.1 µM). These were used as a marker for macropinocytosis and 

caveolae-mediated and lipid raft dependent endocytosis, respectively. The cells were harvested after certain 

timepoints; t=1h, t=3h and t=5h. MBCD and Dynasore were measured after one timepoint t = 30 minutes, due 

to their inability to produce an effect in serum. The process of harvesting required washing one time with 

cMEM and two times with PBS. The washing step is performed because trypsin gets inactivated in presence of 

serum. Traces of the culture medium must therefore be completely removed. PBS is used because unlike 

water it prevents cells from rupturing or shriveling up by osmosis (Wangen et al., 2018).  TEP (trypsin-EDTA) 

was added to free the cells from the bottom of the wells. After addition of medium, transferring the content of 

the wells to tubes and centrifuging the suspensions for 5 minutes at 300 rpm, a pellet was obtained. The cell 

pellet was resuspended in 100 µl PBS, and cell fluorescence measured by flow cytometry.   

 

Flow cytometry analysis 
The tubes containing the cells were analyzed under the Cytoflex Flow Cytometer (Beckman Coulter). To 

optimize the analyzed data, a gate was set to first filter out excess cell debris. After this a second gate was set 

to only analyze single cells. The y-axis contained the side scatter of the light emitted at the cells whilst the x-

axis contained the forward scatter. At least 20.000 cells were acquired per sample and every sample was 

performed in duplicate by two students for a total of two replicate experiments. These results were then 

analyzed using the Flowjo software (Flowjo, LLC). From this single cell histograms were created by filtering out 

the leftover cell debris and the cell duplets. These histograms give an indication about the cellular uptake of 

the liposomes (Supplementary figure 1). Along with this a table was created containing the median, geometric 

mean and the cell count. Figures 2-9 are expressed as median cell fluorescence intensity of the distributions 

obtained averaged over two duplicate samples for two replicate experiments. Figures 3 and 4-10 also show 

histograms where the cells that are exposed to liposomes in the presence of a drug inhibitor have been 

normalized by uptake of liposomes in cells that were not exposed to the inhibitors. Error bars have been added 

to function as the standard deviation. 
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Results & Discussion 
All experiments were performed in duplicates by two persons for a total of four measurements per timepoint. 

The results were analyzed with Flowjo. The sideward scatter ‘SSC-H’ was put against the forward scatter ‘FSC-

H’ to get a clear view of all cells. Leftover cell debris was then excluded from the test results. To exclude the 

cell doublets from the results, ‘A-FSC’ was put against ‘H-FSC’ and a gate was set around this A histogram could 

then be created by putting ‘cell count’ on the y-axis and the settings of the fluorescence channel on the x- axis 

‘FL6-A :: PE-A’. The median values were extracted by creating a table using the Table editor. Transfer of this 

data to excel allowed us to use this the data to create the graphs related to the inhibitors.  

The first step was to analyze whether the negative liposomes showed increasing uptake over time. These 

results can be seen in Figure 2. The graph shows a positive correlation between increasing time and measured 

intensity. This indicates that with increasing time more liposomes are internalized by cells.  

 
Figure 2. Kinetics negative liposomes. The measured fluorescence intensity against the time in hours. The measured 

intensity is proportional to the liposome uptake within the cells (a). 

The understanding that the liposomes were indeed taken up in the cell over time led to the next step. This was 

analyzing whether the liposomes were taken up in the cell through active or passive transport. The cells were 

exposed to sodium azide (NaAz) to test which one of the latter two was most responsible for liposome uptake. 

NaAz is a compound which inhibits oxidative phosphorylation through inhibition of cytochrome oxidase. This is 

the final enzyme in the mitochondrial electron transport chain, which results in a rapid depletion of 

intracellular ATP (Harvey et al., 1999). To look at this effect, NaAz was first preincubated in four wells per three 

plates for a total of twelve wells, for t = 20 minutes. Prei-ncubation was performed because this could enhance 

the inhibitory potency of NaAz  (Tátrai et al., 2019). After pre-incubation the content of the wells was sucked 

up and they were filled up with either liposome solution, liposomes + inhibitor or a negative control. The 

plates were harvested and measured at three different timepoints; t = 1 hour, t = 3 hours and t = 5 hours. 

These results can be seen in Figure 3. It shows that there is indeed a decrease in uptake of the negative 

liposomes when NaAz is added in contrast to cells which were not exposed to the NaAz. It is peculiar that even 

when NaAz is present, the cell fluorescence increases, thus liposomes are still internalized, as this would 

indicate that the effect of the NaAz diminishes after several hours. A possible explanation for the results 

shown in Figure 2 could be that the pre-incubation of 20 minutes was not enough to reach a maximum 

inhibitor potency.  

0

50000

100000

150000

200000

250000

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

C
FI

Time (h)

Kinetics negative liposomes with concentration 50 𝜇g/mL

E1

F1

E2

F2

a



10 
 

 
Figure 3. Sodium azide for ATP depletion with pre-incubation time t = 20min. Uptake by flow cytometry of 50 µg/ml 

negative liposome solution in cMEM in control cells and cells exposed to 5 mg/ml NaAz (duplicate measurements for two 

replicate experiments of median fluorescence intensity of 20.000 cells) (a).  Percentage liposomal internalization 

normalized for uptake in control cells without NaAz (b). 

 

A possible explanation for the results shown in Figure 3 could be that the pre-incubation of 20 minutes was not 

enough to reach a maximum inhibitor potency. It is apparent that pre-incubation times could reach up to 2 

hours to reach maximum inhibitor potency (Tátrai et al., 2019). For this reason, the decision was made to redo 

this experiment. The only difference was that the pre-incubation time was increased from t = 20 minutes to t = 

1,5 hours and one timepoint at t = 5 hours was replaced with t = 4 hours due to time reasons. The results from 

this experiment can be seen in Figure 4. As can be seen from the figure, a longer pre-incubation time with 

NaAz resulted in less uptake of the liposomes. 

 
Figure 4. Sodium azide for ATP depletion with pre-incubation time t = 1.5h. Uptake by flow cytometry of 50 µg/ml 

negative liposome solution in cMEM in control cells and cells exposed to 5 mg/ml NaAz (duplicate measurements for two 

replicate experiments of median fluorescence intensity of 20.000 cells) (a).  Percentage liposomal internalization 

normalized for uptake in control cells without NaAz (b). 

By preincubating the cells with NaAz for 1.5 hours, at timepoint t = 4 hours, almost a 90% reduction in cell 

uptake is observed. This confirmed that the liposomes were mostly taken up through active transport, which 

requires ATP. Now that we confirmed that negative liposomes are mostly internalized in the cell via active 

transport, it was time to study the different mechanisms through which this internalization could take place. 

For this we used the inhibitors that were previously mentioned in the introduction. 

The first inhibitor tested was chlorpromazine, the AP2 inhibitor, which blocks liposome uptake through 

clathrin-mediated endocytosis (CME) at multiple levels. The results are seen in Figure 5. A peculiar observation 

is that between timepoint t = 1 and t = 5 the cell fluorescence increases, meaning that liposome internalization 

did show a slight increase over time. Why this happens is not certain, however it is known that chlorpromazine 

mainly blocks the CME. There is the possibility that in the early stages of liposome uptake CME is upregulated. 

a b 

a b 
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At a later timepoint the liposomes may enter the cells through different pathways than CME, as there are 

several pathways for liposomal uptake possible. It has been found that in some cases a clathrin light-chain 

isoform (CLCB) is upregulated in cancer cells of other tissue than the cervix. These cells showing an increased 

expression of CLCb exhibit an increased rate in clathrin-mediated endocytosis through dynamin. (I. Khan & 

Steeg, 2021). This could give the indication that at later stages clathrin-mediated endocytosis is upregulated 

through upregulation of other molecular mechanisms. this knowledge would be taken into consideration when 

experimenting with the rest of the inhibitors. 

 
Figure 5. Chlorpromazine to block CME. Uptake by flow cytometry of 50 µg/ml negative liposome solution in cMEM in 

control cells and cells exposed to 10 µg/ml chlorpromazine (duplicate measurements for two replicate experiments of 

median fluorescence intensity of 20.000 cells) (a). Percentage liposomal internalization normalized for uptake in control 

cells without chlorpromazine (b). 

The next experiment was with the inhibitor Cytochalasin D (CytD). CytD is a mycotoxin which binds actin and 

blocks its polymerization. Actin is found to be involved in several pathways, meaning that interpretation of 

these results might not give a clear indication about the exact pathways involved. The inhibitory effect of cytD 

on uptake can be found in Figure 6. As actin cannot be polymerized due to its inhibition the cytoskeleton also 

under finds changes as the filaments which provide the cells with mechanical support are not formed (Pollard 

& Cooper, 2009). These changes in cell form are seen in Figure 6. CytD is seen to have a fast onset of effect as 

at t = 1 hour almost 90% less liposome uptake is seen. At t = 5 hours it looks like maximum inhibition is 

reached. CytD generally shows the highest inhibition potency for macropinocytosis. CME and caveolae/lipid 

raft dependent endocytosis are also partially inhibited  (Mäger et al., 2012). These results might indicate that 

macropinocytosis plays a major part in liposome internalization. However, as earlier mentioned cytD affects 

multiple pathways, making these results harder to interpret. 

 

a b 

a b 
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Figure 6. Cytochalasin D for inhibition of actin polymerization. Uptake by flow cytometry of 50 µg/ml negative liposome 

solution in cMEM in control cells and cells exposed to 2.5 µg/ml cytochalasin D (duplicate measurements for two replicate 

experiments of median fluorescence intensity of 20.000 cells) (a). Percentage liposomal internalization normalized for 

uptake in control cells without cytochalasin D (b). Light microscopy images of cells exposed to cytochalasin D in cMEM at 

different time stamps (scale bar: 100 µM) (c).  

Nocodazole, like cytD, affects many pathways involved in liposomal uptake. It binds to beta-tubulin, which 

disrupts microtubule assembly. These microtubules are partly responsible for endocytic trafficking and are 

found to have a direct correlation with CME, macropinocytosis and other possible mechanisms. The inhibitory 

effect of nocodazole can be seen in Figure 7. Due to blocking of microtubule formation, the shape of the HeLa 

cells also changes. These changes can be seen in Figure 7. The results show that over time nocodazole 

decreases liposomal uptake. As nocodazole is an inhibitor of many different pathways these results are no 

surprise. Actin filaments and microtubules have been found to have several interactions with each other 

regarding cellular transport mechanisms. However, actin filaments are shorter and actin based transport has 

also been found to be slower than vesicular transport by microtubules  (Apodaca, 2001; Nakase et al., 2015). 

This could explain the obtained results. Due to microtubules acting at a relatively higher pace, liposomal 

internalization could also be relatively higher compared with actin filaments. T = 1 shows a 40% total uptake 

for inhibition with nocodazole while figure 5 shows a 15% total uptake for this timepoint when inhibition is 

done by cytD. The higher mobility of microtubules compared to actin could have as result that at lower 

timepoints more liposomal uptake takes place when inhibiting these microtubules as the liposomes are also 

taken up via other mechanisms. However this remains a theory as actin and microtubules are both used in 

multiple pathways. 

 

c 

a b 
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Figure 7. Nocodazole to disrupt microtubules. Uptake by flow cytometry of 50 µg/ml negative liposome solution in cMEM 

in control cells and cells exposed to 5 µM nocodazole (duplicate measurements for two replicate experiments of median 

fluorescence intensity of 20.000 cells) (a). Percentage liposomal internalization normalized for uptake in control cells 

without nocodazole (b). Light microscopy images of cells exposed to nocodazole in cMEM at different time stamps (scale 

bar: 100 µM) (c).  

The next inhibitor that was used is the macropinocytosis inhibitor, EIPA. By blocking of the Na+/H+ exchanger 

pump, macropinocytosis is inhibited due to interference with the pH of the cytosol where the 

macropinosomes are formed. Dextran was used as a positive control as dextran is a common marker molecule 

for the macropinocytosis pathway (Nakase et al., 2015). The inhibitory effect of EIPA can be seen in Figure 8. 

This experiment is reproducible as the two values for each timepoint lie very close to each other in terms of 

uptake percentage. It seems that EIPA has already reached its maximum effect after 45 minutes. Along with 

this liposome uptake stayed at about 10% when exposed to EIPA for every timepoint. This could indicate that 

EIPA blocks most of the liposomal uptake and that macropinocytosis is one of the, if not, major pathways for 

these negatively charged liposomes. 

 
Figure 8. EIPA for inhibition of macropinocytosis. Uptake by flow cytometry of 50 µg/ml negative liposome solution in 

cMEM in control cells and cells exposed to 100 µM EIPA (duplicate measurements for two replicate experiments of median 

fluorescence intensity of 20.000 cells) (a). Percentage liposomal internalization normalized for uptake in control cells 

without EIPA (b).  

Dynasore is a non-competitive inhibitor of dynamin GTPase activity, which blocks dynamin-dependent 

endocytosis. There are multiple pathways which require dynamin activity to be performed in the cell 

(Kirchhausen et al., 2008). MBCD is the most widely used drug for cholesterol depletion. Cholesterol is 

essential for formation of domains in membranes, often known as lipid rafts. Along with that cholesterol is 

important for membrane trafficking and cell signaling, along with lipid sorting. For this reason, application of 

MBCD to the HeLa cells would lead to inhibition of multiple pathways. Dynasore and MBCD are known to not 

have an effect when bound to serum proteins  (Kirchhausen et al., 2008; Mahammad & Parmryd, 2008). Serum 

contains a protein source which affects liposomal uptake by both the corona composition and presence of free 

proteins in the solution (Yang et al., 2021).  We countered this problem by preincubating the cells with 

dynasore and MBCD for 1 hour and then measuring one timepoint after t = 30 minutes. This timepoint was 

recommended as longer exposure could terminate any MBCD and dynasore activity. The results are seen in 

Figure 9. Both dynasore and MBCD showed an inhibiting effect. No changes in cell structure were observed. 

c 

a b 
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Exposure to dynasore led to an 80% reduction of liposomal uptake. MBCD led only to an approximate 40% 

decrease, which was quite fascinating as cholesterol is an important component for multiple pathways 

involved in liposomal uptake, mainly being CME and caveolae-mediated endocytosis. 

 
Figure 9. Dynasore for inhibition of dynamin & MBCD for cholesterol depletion. The percentage uptake of liposomes 

when cells are exposed to dynasore or MBCD regulated for cells not exposed to dynasore or MBCD at that timepoint (a). 

No kinetics were done as only one timepoint could be measured. 

Because the results for MBCD did not show a great reduction in uptake this inhibitor was tested a second time 

along with a positive control LacCer, a glycosphingolipid which uptake in the cells depend on cholesterol. This 

LacCer was fluorescently labelled and tested in another channel of the cytoflex. The results of this second 

experiment can be seen in Figure 10. LacCer was taken up in high amounts in the cells, however when exposed 

to MBCD this uptake decreased significantly as expected. Quite interestingly, the uptake of liposomes in cells 

which were exposed to MBCD had a rather higher decrease in uptake in contrast to the first MBCD 

experiment. None of the variables changed between these experiments, so the exact reason for why this 

happened remains unknown. 

 
Figure 10. MBCD for cholesterol depletion. The percentage uptake of liposomes when cells are exposed to MBCD. LacCer 

was used as a positive control (a). The percentage uptake of the both experiment with MBCD shows a higher drop in the 

second experiment than in the first one (b). 

 

  

0

20

40

60

80

100

120

0 Dyn MBCD

N
o

rm
al

iz
ed

 C
FI

 (
%

^)

% uptake negative liposomes; 50 𝜇g/ml; Dynasore 25 𝜇g/ml;  
MBCD 2.5 mg/mL

Elise

Floris

a

a b 



15 
 

Conclusion 
To give insight about the mechanisms used for internalization of the negative liposomes, we first verified that 

liposomes were in fact taken up in the cell via active transport. The results obtained after exposure to NaAz 

experiment confirmed this initial claim. The inhibitor experiments were then performed to hopefully give a 

better view on what exact mechanisms were used by the liposomes to enter the cells. Chlorpromazine and 

EIPA both have a clear mechanism of action and are mainly involved in only one pathway, which makes 

interpretation of these results relatively clear. While chlorpromazine does show an inhibiting effect at early 

timepoints, this blockage seems to slowly take off with increasing time. As chlorpromazine inhibits CMEa 

possible interpretation is that this type of endocytosis might be more upregulated in early stages of liposome 

uptake. As for EIPA, the results were even more clear with almost full inhibitory effect seen after the first 

measurement. This could give the suggestion that macropinocytosis is the main pathway for which these 

liposomes are internalized. It was earlier mentioned that when looking at the inhibitors that were not specific 

for only one pathway (cytD, nocodazole, dynasore, MBCD), these results could be hard to interpret. That being 

the case, these inhibitors do give us some information regarding the uptake mechanisms.  

Cytd and nocodazole mainly work on the actin filaments and microtubules, respectively. As actin and 

microtubules have been found to interact with each other the results obtained could be interpreted together. 

However, it was found that inhibition with cytD showed a significantly faster effect than inhibition with 

nocodazole. This was the case because cytD reached almost a full inhibitory effect after three hours. A theory 

was that actin based transport was slower compared with transfer through microtubules, thus explaining this 

difference in effect. To add to this cytD mainly inhibits macropinocytosis, while nocodazole is a main inhibitor 

of CME. This adds to the theory that macropinocytosis might be the main pathway in negative liposomal 

internalization. 

It was previously shown that MBCD and dynasore were drugs that lost their efficacy when exposed to serum. 

For this reason pre-incubation in serum free medium was done. One timepoint was measured after half an 

hour in serum. The short exposure was done, to minimize the loss of efficacy of both MBCD and dynasore. 

Along with that, free proteins in serum seem to affect liposome uptake by the free proteins present in the 

serum  (Jian et al., 2013). To prevent significant differences in liposome uptake when compared to other 

experiments, the one timepoint was measured in serum. Both showed a decrease in liposomal internalization, 

however when the  MBCD experiment was repeated a second time along with a positive control, the 

percentual uptake of the liposomes was less than in the first experiment. This was a rather strange outcome as 

nothing was changed between experiments, other that a positive control was used. 

Overall, the obtained information suggests that the negative particles are internalized in the cell via many 

pathways, as every inhibitor showed a significant decrease in cellular uptake. Anyhow, the results we acquired 

suggest that macropinocytosis is the most relevant pathway used, as inhibitors that focus on this pathway 

showed the most blockage of liposomal internalization. CME, CIE and caveolae-mediated endocytosis are 

involved as well, however the results would suggest that they are not the main pathway. 

Our results may imply this, however there is no certainty whether macropinocytosis is indeed the main 

pathway when talking about negative liposomal uptake. Something that needs to be addressed is the 

reproducibility. This has been quite good for the two persons that performed these experiments. However, 

when redoing the MBCD experiment the results were not the similar, questioning the reproducibility of these 

experiments. To add to that, a maximum of three timepoints were taken for the separate experiments. More 

timepoints would give a more elaborate take on the workings of the mechanisms. Finally, only one analytical 

method in flow cytometry was performed to study these uptake mechanisms. Using other methods could give 

a clearer view of the applied mechanisms. Some of these techniques may include mass spectrometry or  

transmission electron microscopy (Drasler et al., 2017). Combination of these methods might be the best 

approach to get the best understanding of the uptake pathway of the liposomes. 

When looking at an even broader field, we must also look at the liposome formulation. The liposomes used in 

this study had a zeta potential of -30 in PBS. As mentioned earlier several parameters could have an effect on 

liposomal internalization, such as size, charge, PEGylation etc. Other properties such as leak tightness or 
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stability can also be influenced by parameters like pH and temperature (Pentak, 2014). Modifications of these 

properties could have a positive effect an might further improve cellular uptake of liposomes as several studies 

have shown (A. A. Khan et al., 2020; Nguyen et al., 2016).  

Finally, cellular uptake also depends on the type of cells. Not only for cancer cells, but also for regular cells like 

macrophages and epithelial cells (Kuhn et al., 2014). Overall, a lot of parameters determine the uptake of 

particles. By combining multiple methods and trying different liposome formulations we could come one step 

closer with, every experiment that would be performed in the future, to answer the central question of how 

exactly liposomes are internalized in the cell. 

 

 

  



17 
 

References 
1. Alshehri, A., Grabowska, A., & Stolnik, S. (2018). Pathways of cellular internalisation of liposomes delivered 

siRNA and effects on siRNA engagement with target mRNA and silencing in cancer cells. Scientific Reports, 

8(1), 3748. https://doi.org/10.1038/s41598-018-22166-3 

2. Amornwachirabodee, K., Khramchantuk, S., Pienpinijtham, P., Israsena, N., Palaga, T., & 

Wanichwecharungruang, S. (2018). Enhancing Passive Transport of Micro/Nano Particles into Cells by 

Oxidized Carbon Black. ACS Omega, 3(6), 6833–6840. https://doi.org/10.1021/acsomega.8b00487 

3. Antonny, B., Burd, C., de Camilli, P., Chen, E., Daumke, O., Faelber, K., Ford, M., Frolov, V. A., Frost, A., 

Hinshaw, J. E., Kirchhausen, T., Kozlov, M. M., Lenz, M., Low, H. H., McMahon, H., Merrifield, C., Pollard, T. 

D., Robinson, P. J., Roux, A., & Schmid, S. (2016). Membrane fission by dynamin: what we know and what 

we need to know. The EMBO Journal, 35(21), 2270–2284. https://doi.org/10.15252/embj.201694613 

4. Apodaca, G. (2001). Endocytic Traffic in Polarized Epithelial Cells: Role of the Actin and Microtubule 

Cytoskeleton. Traffic, 2(3), 149–159. https://doi.org/10.1034/j.1600-0854.2001.020301.x 

5. Cheung, C., & Al-Jamal, W. T. (2018). Liposomes-Based Nanoparticles for Cancer Therapy and Bioimaging 

(pp. 51–87). https://doi.org/10.1007/978-3-319-89878-0_2 

6. Cooper, G. (2000). The Cell: a Molecular approach. 2nd edition. (Vol. 2). 

7. Day, C. A., Baetz, N. W., Copeland, C. A., Kraft, L. J., Han, B., Tiwari, A., Drake, K. R., de Luca, H., Chinnapen, 

D. J. ‐F., Davidson, M. W., Holmes, R. K., Jobling, M. G., Schroer, T. A., Lencer, W. I., & Kenworthy, A. K. 

(2015). Microtubule Motors Power Plasma Membrane Tubulation in Clathrin‐Independent Endocytosis. 

Traffic, 16(6), 572–590. https://doi.org/10.1111/tra.12269 

8. dos Santos, T., Varela, J., Lynch, I., Salvati, A., & Dawson, K. A. (2011). Effects of Transport Inhibitors on the 

Cellular Uptake of Carboxylated Polystyrene Nanoparticles in Different Cell Lines. PLoS ONE, 6(9), e24438. 

https://doi.org/10.1371/journal.pone.0024438 

9. Drasler, B., Vanhecke, D., Rodriguez-Lorenzo, L., Petri-Fink, A., & Rothen-Rutishauser, B. (2017). 

Quantifying nanoparticle cellular uptake: which method is best? Nanomedicine, 12(10), 1095–1099. 

https://doi.org/10.2217/nnm-2017-0071 

10. Foroozandeh, P., & Aziz, A. A. (2018). Insight into Cellular Uptake and Intracellular Trafficking of 

Nanoparticles. Nanoscale Research Letters, 13(1), 339. https://doi.org/10.1186/s11671-018-2728-6 

11. Francia, V., Reker-Smit, C., Boel, G., & Salvati, A. (2019). Limits and challenges in using transport inhibitors 

to characterize how nano-sized drug carriers enter cells. Nanomedicine, 14(12), 1533–1549. 

https://doi.org/10.2217/nnm-2018-0446 

12. Fröhlich, E. (2012). The role of surface charge in cellular uptake and cytotoxicity of medical nanoparticles. 

International Journal of Nanomedicine, 5577. https://doi.org/10.2147/IJN.S36111 

13. Hao, X., Wu, J., Shan, Y., Cai, M., Shang, X., Jiang, J., & Wang, H. (2012). Caveolae-mediated endocytosis of 

biocompatible gold nanoparticles in living Hela cells. Journal of Physics: Condensed Matter, 24(16), 

164207. https://doi.org/10.1088/0953-8984/24/16/164207 

14. Harvey, J., Hardy, S. C., & Ashford, M. L. J. (1999). Dual actions of the metabolic inhibitor, sodium azide on 

K ATP channel currents in the rat CRI-G1 insulinoma cell line. British Journal of Pharmacology, 126(1), 51–

60. https://doi.org/10.1038/sj.bjp.0702267 

15. Jian, Y., Xu, X., Li, Y., & Gu, Z. (2013). Effect of serum on PEGylated quantum dots: Cellular uptake and 

intracellular distribution. Progress in Natural Science: Materials International, 23(6), 566–572. 

https://doi.org/10.1016/j.pnsc.2013.11.012 

16. Khan, A. A., Allemailem, K. S., Almatroodi, S. A., Almatroudi, A., & Rahmani, A. H. (2020). Recent strategies 

towards the surface modification of liposomes: an innovative approach for different clinical applications. 3 

Biotech, 10(4), 163. https://doi.org/10.1007/s13205-020-2144-3 

17. Khan, I., & Steeg, P. S. (2021). Endocytosis: a pivotal pathway for regulating metastasis. British Journal of 

Cancer, 124(1), 66–75. https://doi.org/10.1038/s41416-020-01179-8 

18. Kim, E.-M., & Jeong, H.-J. (2021). Liposomes: Biomedical Applications. Chonnam Medical Journal, 57(1), 

27–35. https://doi.org/10.4068/cmj.2021.57.1.27 

19. Kirchhausen, T., Macia, E., & Pelish, H. E. (2008). Use of Dynasore, the Small Molecule Inhibitor of 

Dynamin, in the Regulation of Endocytosis (pp. 77–93). https://doi.org/10.1016/S0076-6879(07)38006-3 



18 
 

20. Koivusalo, M., Welch, C., Hayashi, H., Scott, C. C., Kim, M., Alexander, T., Touret, N., Hahn, K. M., & 

Grinstein, S. (2010). Amiloride inhibits macropinocytosis by lowering submembranous pH and preventing 

Rac1 and Cdc42 signaling. The Journal of Cell Biology, 188(4), 547–563. 

https://doi.org/10.1083/jcb.200908086 

21. Kuhn, D. A., Vanhecke, D., Michen, B., Blank, F., Gehr, P., Petri-Fink, A., & Rothen-Rutishauser, B. (2014). 

Different endocytotic uptake mechanisms for nanoparticles in epithelial cells and macrophages. Beilstein 

Journal of Nanotechnology, 5, 1625–1636. https://doi.org/10.3762/bjnano.5.174 

22. Laham-Karam, N., Pinto, G. P., Poso, A., & Kokkonen, P. (2020). Transcription and Translation Inhibitors in 

Cancer Treatment. Frontiers in Chemistry, 8. https://doi.org/10.3389/fchem.2020.00276 

23. Lajoie, P., & Nabi, I. R. (2010). Lipid Rafts, Caveolae, and Their Endocytosis (pp. 135–163). 

https://doi.org/10.1016/S1937-6448(10)82003-9 

24. Li, Y., Gonzalez, W. G., Andreev, A., Tang, W., Gandhi, S., Cunha, A., Prober, D., Lois, C., & Bronner, M. E. 

(2020). Macropinocytosis-mediated membrane recycling drives neural crest migration by delivering F-

actin to the lamellipodium. Proceedings of the National Academy of Sciences, 117(44), 27400–27411. 

https://doi.org/10.1073/pnas.2007229117 

25. Lin, H.-P., Singla, B., Ghoshal, P., Faulkner, J. L., Cherian-Shaw, M., O’Connor, P. M., She, J.-X., Belin de 

Chantemele, E. J., & Csányi, G. (2018). Identification of novel macropinocytosis inhibitors using a rational 

screen of Food and Drug Administration-approved drugs. British Journal of Pharmacology, 175(18), 3640–

3655. https://doi.org/10.1111/bph.14429 

26. Logan, C. M., & Menko, A. S. (2019). Microtubules: Evolving roles and critical cellular interactions. 

Experimental Biology and Medicine, 244(15), 1240–1254. https://doi.org/10.1177/1535370219867296 

27. Mäger, I., Langel, K., Lehto, T., Eiríksdóttir, E., & Langel, Ü. (2012). The role of endocytosis on the uptake 

kinetics of luciferin-conjugated cell-penetrating peptides. Biochimica et Biophysica Acta (BBA) - 

Biomembranes, 1818(3), 502–511. https://doi.org/10.1016/j.bbamem.2011.11.020 

28. Mahammad, S., & Parmryd, I. (2008). Cholesterol homeostasis in T cells. Methyl-β-cyclodextrin treatment 

results in equal loss of cholesterol from Triton X-100 soluble and insoluble fractions. Biochimica et 

Biophysica Acta (BBA) - Biomembranes, 1778(5), 1251–1258. 

https://doi.org/10.1016/j.bbamem.2008.02.010 

29. Maja, L., Željko, K., & Mateja, P. (2020). Sustainable technologies for liposome preparation. The Journal of 

Supercritical Fluids, 165, 104984. https://doi.org/10.1016/j.supflu.2020.104984 

30. Montizaan, D., Yang, K., Reker-Smit, C., & Salvati, A. (2020). Comparison of the uptake mechanisms of 

zwitterionic and negatively charged liposomes by HeLa cells. Nanomedicine: Nanotechnology, Biology and 

Medicine, 30, 102300. https://doi.org/10.1016/j.nano.2020.102300 

31. Mooren, O. L., Galletta, B. J., & Cooper, J. A. (2012). Roles for Actin Assembly in Endocytosis. Annual 

Review of Biochemistry, 81(1), 661–686. https://doi.org/10.1146/annurev-biochem-060910-094416 

32. Nakase, I., Kobayashi, N. B., Takatani-Nakase, T., & Yoshida, T. (2015). Active macropinocytosis induction 

by stimulation of epidermal growth factor receptor and oncogenic Ras expression potentiates cellular 

uptake efficacy of exosomes. Scientific Reports, 5(1), 10300. https://doi.org/10.1038/srep10300 

33. Nguyen, T. X., Huang, L., Gauthier, M., Yang, G., & Wang, Q. (2016). Recent advances in liposome surface 

modification for oral drug delivery. Nanomedicine, 11(9), 1169–1185. https://doi.org/10.2217/nnm.16.9 

34. Niepel, M., Hafner, M., Duan, Q., Wang, Z., Paull, E. O., Chung, M., Lu, X., Stuart, J. M., Golub, T. R., 

Subramanian, A., Ma’ayan, A., & Sorger, P. K. (2017). Common and cell-type specific responses to anti-

cancer drugs revealed by high throughput transcript profiling. Nature Communications, 8(1), 1186. 

https://doi.org/10.1038/s41467-017-01383-w 

35. Pentak, D. (2014). Physicochemical properties of liposomes as potential anticancer drugs carriers. 

Interaction of etoposide and cytarabine with the membrane: Spectroscopic studies. Spectrochimica Acta 

Part A: Molecular and Biomolecular Spectroscopy, 122, 451–460. 

https://doi.org/10.1016/j.saa.2013.11.061 

36. Pollard, T. D., & Cooper, J. A. (2009). Actin, a Central Player in Cell Shape and Movement. Science, 

326(5957), 1208–1212. https://doi.org/10.1126/science.1175862 

37. Rees, P. (2013). Uptake and Toxicology of Nanoparticles (pp. 123–138). https://doi.org/10.1016/B978-0-

08-098338-7.00005-4 



19 
 

38. Ren, H., He, Y., Liang, J., Cheng, Z., Zhang, M., Zhu, Y., Hong, C., Qin, J., Xu, X., & Wang, J. (2019). Role of 

Liposome Size, Surface Charge, and PEGylation on Rheumatoid Arthritis Targeting Therapy. ACS Applied 

Materials & Interfaces, 11(22), 20304–20315. https://doi.org/10.1021/acsami.8b22693 

39. Sabourian, P., Yazdani, G., Ashraf, S. S., Frounchi, M., Mashayekhan, S., Kiani, S., & Kakkar, A. (2020). Effect 

of Physico-Chemical Properties of Nanoparticles on Their Intracellular Uptake. International Journal of 

Molecular Sciences, 21(21), 8019. https://doi.org/10.3390/ijms21218019 

40. Shoji, K., Ohashi, K., Sampei, K., Oikawa, M., & Mizuno, K. (2012). Cytochalasin D acts as an inhibitor of the 

actin–cofilin interaction. Biochemical and Biophysical Research Communications, 424(1), 52–57. 

https://doi.org/10.1016/j.bbrc.2012.06.063 

41. Singh, M., Jadhav, H. R., & Bhatt, T. (2017). Dynamin Functions and Ligands: Classical Mechanisms Behind. 

Molecular Pharmacology, 91(2), 123–134. https://doi.org/10.1124/mol.116.105064 

42. Smith, S. M., Baker, M., Halebian, M., & Smith, C. J. (2017). Weak Molecular Interactions in Clathrin-

Mediated Endocytosis. Frontiers in Molecular Biosciences, 4. https://doi.org/10.3389/fmolb.2017.00072 

43. Soares, S., Sousa, J., Pais, A., & Vitorino, C. (2018). Nanomedicine: Principles, Properties, and Regulatory 

Issues. Frontiers in Chemistry, 6. https://doi.org/10.3389/fchem.2018.00360 

44. Tátrai, P., Schweigler, P., Poller, B., Domange, N., de Wilde, R., Hanna, I., Gáborik, Z., & Huth, F. (2019). A 

Systematic In Vitro Investigation of the Inhibitor Preincubation Effect on Multiple Classes of Clinically 

Relevant Transporters. Drug Metabolism and Disposition, 47(7), 768–778. 

https://doi.org/10.1124/dmd.118.085993 

45. Treuel, L., Jiang, X., & Nienhaus, G. U. (2013). New views on cellular uptake and trafficking of 

manufactured nanoparticles. Journal of The Royal Society Interface, 10(82), 20120939. 

https://doi.org/10.1098/rsif.2012.0939 

46. Tsuchiya, M., Ogawa, H., Watanabe, K., Koujin, T., Mori, C., Nunomura, K., Lin, B., Tani, A., Hiraoka, Y., & 

Haraguchi, T. (2021). Microtubule inhibitors identified through nonbiased screening enhance DNA 

transfection efficiency by delaying p62‐dependent ubiquitin recruitment. Genes to Cells, 26(9), 739–751. 

https://doi.org/10.1111/gtc.12881 

47. Verma, D. (2003). Particle size of liposomes influences dermal delivery of substances into skin. 

International Journal of Pharmaceutics, 258(1–2), 141–151. https://doi.org/10.1016/S0378-

5173(03)00183-2 

48. Wangen, R., Aasebø, E., Trentani, A., Døskeland, S.-O., Bruserud, Ø., Selheim, F., & Hernandez-Valladares, 

M. (2018). Preservation Method and Phosphate Buffered Saline Washing Affect the Acute Myeloid 

Leukemia Proteome. International Journal of Molecular Sciences, 19(1), 296. 

https://doi.org/10.3390/ijms19010296 

49. Xiao, F., Li, J., Huang, K., Li, X., Xiong, Y., Wu, M., Wu, L., Kuang, W., Lv, S., Wu, L., Zhu, X., & Guo, H. (2021). 

Macropinocytosis: mechanism and targeted therapy in cancers. American Journal of Cancer Research, 

11(1), 14–30. 

50. Yang, K., Reker‐Smit, C., Stuart, M. C. A., & Salvati, A. (2021). Effects of Protein Source on Liposome Uptake 

by Cells: Corona Composition and Impact of the Excess Free Proteins. Advanced Healthcare Materials, 

10(14), 2100370. https://doi.org/10.1002/adhm.202100370 

  

  



20 
 

Appendices 

 
Supplementary figure 1. Example of the gates set to separate the single cells. 
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