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Abstract 

Understanding how cells process nano-sized materials 

could contribute to further improve their success for 

nanomedicine and drug delivery applications. Many 

nanomedicine uptake studies use pharmacological 

inhibitors to characterize the pathways involved. 

However, these compounds can have toxic effects on 

cells: stringent controls are necessary to verify their 

efficacy and exclude their toxicity. The results generated 

need to be interpreted with care. Moreover, 

nanomedicine uptake studies should be performed in 

the presence of serum, which complicate the use of 

pharmacological inhibitors. We illustrate these concepts 

with a panel of six common pharmacological inhibitors 

and a model nanoparticle-cell system. Careful controls 

of drug efficacy and toxicity are included and different 

limits and challenges presented, including unique nano-

related complications when they are applied to the 

question of nanomedicine uptake. Overall this study 

illustrates some of the challenges that this 

interdisciplinary field needs to face for its further 

improvement. 
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Background 

Nano-sized drug carriers are used to improve targeted delivery of drugs to their site of 

action.1–3 Several products are now on the market and extensive research is still ongoing in 

order to further advance the development of successful nanomedicines. Recent debates 

within the field have highlighted that a better understanding of the mechanisms by which 

these materials are processed at cellular level is one of the factors that could enable such 

improvements.4–6 

Cells use different processes to internalize extracellular materials such as proteins, large 

molecules and natural nano-sized materials, such as for instance lipid nanoparticles (HDL, 

LDL etc.). These are all active processes that require energy consumption by the cell. Several 

mechanisms of endocytosis have been identified and extensive reviews are available to try 

to classify and summarize the key aspects of each of these different pathways.7–10 However, 

the field is still very active and still constantly updating. It is generally recognized that 

nanomedicines typically enter cells by active processes. Unless specifically engineered to do 

so,11 these objects are in fact too large to simply diffuse inside cells, therefore cells need to 

spend energy for their internalization.12,13 However, the details of the molecular machinery 

involved and the pathways utilized are in many cases still unclear, as well as very challenging 

to characterize.  

Several studies have tried to determine how the mechanism of uptake changes with 

nanoparticle type as a function of their size, charge, shape and other nanoparticle 

parameter. For instance Reijman et al. and Chitrani et al. have tried to investigate the effect 

of size and shape on nanoparticle uptake mechanisms;12,13 dos Santos et al. have done 

similar efforts to try to characterize the uptake of particles of different sizes and how these 

change in a panel of different cell lines;14 Arvizo et al have tried to demonstrate the 

correlation between uptake and surface charge of gold nanoparticles.15 More recently it has 

emerged that not only nanomaterial properties such as size, shape and charge, but even 

the medium in which the nanomedicines are dispersed and the resulting corona of 

molecules adsorbing on their surface can affect the details of the mechanisms they use to 

enter cells.16,17 

The fact that the field of endocytosis is still so active in itself in investigating how cells 

internalize extracellular cargoes further complicates this challenge. A close connection 

between the nanomedicine field and the cell biology community is highly auspicabile4,6 to 

avoid discrepancies between the latest findings in endocytosis and the ongoing studies on 

nanomedicine characterization. This is only one of the examples on the complexity that 

interdisciplinary fields, such as nanomedicine, need to face. 
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nano-sized drug carriers enter cells 

Overall, several methods are available to study transport in cells. Most classic approaches 

are based on methods to block a certain portal of entry and - in this way - determine its 

involvement in the uptake of the material of interest. These include for instance the use of 

pharmacological inhibitors and RNA interference or other approaches to knock down or 

transiently block the expression of key proteins involved in endocytosis. However, when 

attempting to block transport, cells can adapt by over-activating alternative mechanisms 

normally less relevant, or by overcompensating for the blocked function or protein.18 This 

makes interpretation on the role of certain pathways in the unperturbed cells 

complicated.19 

Next to these methods, imaging based approaches can be used to try to characterize the 

pathways involved by directly visualizing uptake and determine whether the material of 

interest is associated to key endocytic structures or proteins during internalization. This can 

be done by immunostaining or for instance by using cells expressing fluorescently labelled 

proteins of interest.20 Even though similar imaging-based approaches do have the 

advantage of trying to characterize endocytic pathways without perturbing it, the analysis 

needed to demonstrate that a certain structure or protein is involved is not always 

straightforward. Moreover, it has been shown that also overexpression of fluorescent 

proteins can alter physiological processes.21 More recent technologies such as CRISPR/CAS9 

may be used to avoid such limits. 

When attempting to block transport, strategies such as RNA interference, knock down or 

CRISPR/CAS9 technology can be used to reduce or block the expression of key proteins 

involved in the different pathways. These methods are relatively specific, however 

interfering with the expression of one single protein does not necessarily imply that the 

pathway is fully blocked. Thus, careful controls need to be performed to verify not only the 

blocked or reduced expression of the target of interest, but also the effect on the pathway 

under study.19,22 Furthermore, as mentioned above, cells have time to adapt to the induced 

perturbation, since silencing - for instance - requires at least 3-5 days before the protein of 

interest is reduced.  

Perhaps the most classical method used to block transport involves the use of 

pharmacological inhibitors. Most studies on the uptake of nanomedicines indeed make use 

of this kind of compounds to try to determine how nanomedicines enter cells.12,14 

Pharmacological inhibitors have been developed and used extensively since many decades 

as a tool to block or interfere with determined transport pathways. Advancement in drug 

design has allowed improving their properties and selecting compounds with higher 

specificity and superior efficacy through the years.23 Compared to other methods that block 

transport, pharmacological inhibitors are usually preferred because of their fast action, thus 
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limiting the possibility for cells to adapt to the perturbation they induce, and because they 

are seemingly easy to use.  

However, it is also well known that pharmacological inhibitors possess limits associated with 

both their specificity and toxic side effects. For instance, Vercauteren et al. have shown in 

details how pharmacological inhibitors can have very different toxicity and efficacy 

depending on the cell line in which they are used;22 similar results have been observed also 

in other works and when comparing the results obtained with inhibitors and RNA 

interference to downregulate the expression of key proteins involved in endocytosis.24 

Within this context, in this work we have selected a panel consisting of six pharmacological 

inhibitors and used them to illustrate the challenges associated to their use, while trying to 

characterize the uptake of one model nanoparticle-cell system.  

We use this example to discuss limits related on the mechanism of action of the selected 

compounds and interference, in many cases, with multiple mechanisms of uptake; we also 

show how the results generated with these compounds can be confused by their toxicity, 

and how this - if overlooked - can lead to wrong conclusions. Next to this, we illustrate the 

need of control markers to verify and demonstrate the efficacy of these inhibitors in the 

cells and conditions tested, and we discuss challenges associated with the selection and 

availability of such controls. Finally, we also show specific limits when these compounds are 

used for nanomedicine uptake studies, in particular due to the interference of proteins in 

the cell culture medium on their action. 

Results and discussion 

The selected panel of pharmacological inhibitors and their 

mechanisms of action  

In order to illustrate limits and challenges associated to the use of pharmacological 

inhibitors to study uptake of nanomedicines, the following compounds have been selected: 

o Chlorpromazine and EIPA (5-(N-ethyl-N- isopropylamiloride), typically used as inhibitors of 
(respectively) clathrin mediated endocytosis and macropinocytosis. These are good examples of 
compounds which should have effect on one specific pathway, but with a relatively complex 
mechanism of action. 

o Methyl beta cyclodextrin to determine the effect of cholesterol depletion on nanoparticle uptake 

o Nocodazole to determine the role of microtubules 

o Cytochalasin D to determine the role of actin 

o The dynamin inhibitor dynasore to determine the role of dynamin. 

As opposed to the first two, these latter compounds have relatively specific mechanism, but 

they block components which are involved in multiple mechanisms of endocytosis, thus 

alone do not allow to identify a specific pathway. 
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Chlorpromazine (CP) is a good example of a compound used to block one specific pathway, 

that is - in this case - clathrin mediated endocytosis (CME).22,26 CP is a cationic amphiphilic 

drug which inhibits the function of AP2, one of the key adaptor proteins in CME. This results 

in the formation of clathrin lattices onto endosome, instead of clathrin-coated pits on the 

cell membrane. CP is also known to block receptor recycling by trapping receptors inside 

the endosomes.26 Thus the mechanism of action is complex to describe and this compound 

interferes with CME at multiple levels.  

Similarly, amiloride and its derivative EIPA are often used as specific inhibitors of 

macropinocytosis: these compounds are actually inhibitors of the Na+/H+ exchanger pump 

in the plasma membrane. It is proposed that they block macropinocytosis as a consequence 

of their interference with the pH of the cytosol close to the cell membrane27,28 where 

macropinosomes form. The resulting acidification then blocks Rac1 and Cdc42 signalling 

which is essential for macropinocytosis (note however that Cdc42 signalling is essential also 

for the so called Cdc42 dependent mechanism of clathrin independent endocytosis (CIE), 

also referred to as CLIC-GEEC pathway). 

The other selected pharmacological inhibitors instead have a more direct mechanism of 

action in blocking a key component of endocytosis, but – as mentioned - they do not allow 

direct identification of the pathway involved, since such components are essential for 

different ones. More in detail, cytochalasin D is a mycotoxin that blocks actin polymerization 

by binding to the barbed end of F-actin.29 Thus CytD can be used to rule out the role of actin 

in the uptake process under study. However, actin is known to be involved in several 

pathways. This means that caution should be taken into interpreting CytD as an inhibitor of 

- for instance - macropinocytosis30, since also CME31 and other CIE mechanisms32 depend 

on actin.  

Similarly, nocodazole is a compound that binds to tubulin, blocking microtubule 

polymerization33. This compound can be used to rule out the role of microtubules. However, 

microtubules are essential components for CME,34 macropinocytosis and possibly other 

mechanisms.35,36 More importantly microtubules also control the intracellular trafficking of 

vesicles after internalization.37 

Dynasore is a commonly used dynamin inhibitor.38,39 Although its specificity is sometimes 

still questioned,40 dynasore is generally used to inhibit dynamin, a key protein for vesicle 

fission. The presence of multiple dynamin isoforms with different expression levels in 

different tissues can complicate the outcomes of experiments using this and other similar 

dynamin inhibitors, since inhibition of an isoform may be compensated by the presence of 

the other isoforms. Triple knock out cells have been generated to try to overcome these 

limits. 41 Furthermore, multiple pathways do depend on dynamin activity (indeed Pagano et 

al. 32 classify endocytic pathways into dynamin dependent and dynamin independent, thus 
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illustrating the key role of this protein in uptake). Thus, also in this example, having 

established that a certain uptake mechanism depends on dynamin does not allow alone to 

identify the pathway involved.  

Finally, methyl-β-cyclodextrin is a common agent for cholesterol depletion. MβCD and other 

compounds such as filipin, nystatin etc. can be used to interfere with the cholesterol in the 

cell membrane. In general, it is important to keep in mind that cholesterol depletion can be 

a very disruptive treatment for cells. It has consequences not only for caveolae mediated 

endocytosis, as often implied, but for almost every endocytic mechanism, also strongly 

depending on the concentration used and cells tested (the effects of these different 

compounds and the role of cholesterol in multiple uptake pathways have been extensively 

reviewed by Sandvig et al.).19 

Clearly, none of these latter four compounds alone allows determining the pathway 

involved in the uptake of the material of interest since, as explained above, they affect 

components of the transport and cell machinery which are involved in multiple 

mechanisms. 

Selection and availability of control markers to test and 

demonstrate the effect of pharmacological inhibitors 

A first essential requirement when using pharmacological inhibitors is to test and verify 

their efficacy in the conditions used with appropriate control markers. A good control 

should be a protein or other cargo which is known to enter cells via a determined pathway. 

Thus, one can use such controls to test whether in the cell type under study and conditions 

tested, a certain pathway is effectively blocked. 

In many cases protocols are applied based on information found in literature, but 

unfortunately often without prior verification on the drug efficacy using similar controls. As 

mentioned earlier, several studies have highlighted instead how different cell types can 

have different sensitivities to the action of these compounds.22 In other words, one cannot 

simply apply a protocol as found in literature: preliminary tests are needed to determine 

the drug concentration which is effective in the particular cell type of interest. For this study, 

HeLa epithelial ovarian cancer cells were selected as a model cell line commonly used to 

characterize cellular transport.12,42,43 These cells are often used also within the 

nanomedicine community when characterizing nanocarrier uptake and behaviour in 

cells.12,14 

Other parameters that can affect the efficacy of these compounds, are: the length of the 

pre-incubation with the inhibitor prior to the exposure to the tested compound or 

nanomedicine; the overall exposure time to the drug; the medium in which the drug and 

tested nanoparticle or compound are dispersed (serum free or complete cell culture 
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medium supplemented with serum proteins); the cell number (cell density) and cell passage 

number. For instance, higher cell numbers may require higher concentrations of the drug 

for it to be effective and are typically associated with lower toxicities. Similarly, cells at 

higher passage number can become less sensitive to the compounds. These factors are all 

rather common for any drug tested, not only pharmacological inhibitors of transport 

pathways. Nevertheless, it is important to stress their effect on drug efficacy and overall the 

need of careful and appropriate controls which should take them all under consideration. 

In order to be able to test and optimize all these parameters, as mentioned above an 

appropriate control marker, known to enter cells via a specific endocytic pathway should 

be selected. As easy as this may sound, for several of the mechanisms of endocytosis 

described in literature such stringent controls may be missing or are constantly debated. 

This is again a reflection of the fact that – as mentioned earlier - endocytosis is still a very 

active field of research and the classification and characterization of endocytic pathways 

and cargoes specifically assigned to a given pathway is constantly being updated and 

revised.  

In the case of CME, the selection of appropriate markers may seem easy, as it is generally 

recognized that cargoes such as for instance transferrin (TF) or low density lipoprotein (LDL) 

are internalized by cells via this pathway.44,45 

However other complications may arise. For instance, we tested the uptake of labelled 

transferrin in HeLa cells in the presence of chlorpromazine (Supplementary Figure S1). For 

short incubation times, the exposure to CP leads to a strong reduction of transferrin uptake, 

suggesting inhibition of CME. However, after 1h of exposure this reduction is fully lost and 

transferrin uptake levels are comparable to those observed in control cells not exposed to 

CP. This could be due to the cells adapting quickly to the effect of CP and compensating it 

in some way. However, a 60 minute pre-exposure to the drug leads to a strong reduction of 

transferrin uptake, ruling out this interpretation. Still, also in this case, after 60 minutes 

exposure to transferrin in the presence of CP, the effect of CP is lost. Interestingly, no such 

loss of inhibition is observed in the same cells using CP in the exact same conditions but 

with LDL as a control marker (also in Supplementary Figure S1). A possible interpretation is 

that after longer exposure times, transferrin (and not LDL) adheres out of the cell 

membrane, even if uptake is blocked and this pollutes the flow cytometry measurements. 

Alternatively, cells exposed to transferrin in the presence of CP may adapt and use 

alternative routes for its uptake. Further studies are required to understand this 

phenomenon, which here we include solely to illustrate the complexity of outcomes that 

one may observe, even when setting up control experiments with these inhibitors. This 

example also shows that performing experiments over time may add important information 

in comparison to a simpler snapshot at a given exposure time, though the effect of the 
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inhibitors over time may also change due to the cells adapting to the treatment, or other 

pathways being activated to compensate for the inhibition.  

As a further example, Supplementary Figure S1 also shows controls for cells exposed to 

dynasore. As previously mentioned, dynamin is involved in several uptake pathways 

including CME, thus we expect the uptake of LDL and TF to be both reduced in the presence 

of this compound. Again, in the conditions tested we found that TF uptake is only partially 

reduced while LDL uptake is strongly inhibited over time. Overall, this shows that even when 

appropriate markers are available and are used as controls on the effect of the inhibitors 

on a given pathway, ulterior factors may complicate the results and make the selection of 

appropriate protocols challenging.  

The selection of appropriate cargoes to test the efficacy of the inhibitors on pathways other 

than CME is more complicated.  

Molecules such as cholera toxin B or SV40 are typically used as cargoes for caveolae 

mediated endocytosis. However it has been shown that - for instance - cholera toxin seems 

to be able to enter different cells independently of caveolae and via different mechanisms, 

including both CME and CIE.46,47 Even more importantly, the actual role of caveolae in 

endocytosis is strongly debated within the endocytosis community.48,49 It has been shown 

in fact that in many cell types caveolae do not even pinch off from the plasma membrane, 

rather have a role in maintaining cell shape and controlling membrane tension.50 In these 

cases, just a fraction of caveolae is mobile and can undergo endocytosis, mainly if activated 

by a ligand.51 Another ongoing debate is related to the capacity of this pathway to promote 

transcytosis in endothelial cells,52,53 an observation that has been confuted in other works.54 

This all has been beautifully summarized by Iversen et al.19 Again, this is another example 

highlighting how the endocytosis field in itself is still extremely active, and the drug delivery 

community needs to strongly connect with it to be able to interpret their findings in light of 

the latest developments.  

Molecules such as LacCer, a glycosphingolipid that resides preferably in lipid rafts, are often 

used to verify the efficacy of cholesterol depletion protocols. LacCer uptake is in fact known 

to be dependent on cholesterol.22,55 Thus LacCer has been used here to test the efficacy of 

cholesterol depletion via methyl-β-cyclodextrin (MBCD). 

Finally, even more challenging is the selection of markers and specific cargoes to test the 

effect of pharmacological inhibitors on the so-called CIE pathways or to be able to 

differentiate them. Reviews on endocytosis are constantly updating the list of cargoes 

involved in certain CIE pathways, and similarly the community is still debating on their 

existence, inter-connections and characteristics.9,32,56,57 
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When using compounds such as cytochalasin D and nocodazole, imaging of actin and 

microtubules, respectively, can be used to easily assess the efficacy of the protocol applied 

in altering these structures. Again, it is important to keep in mind that given the different 

sensitivity of different cell types to these drugs, some optimization of protocols is always 

required and similar controls are necessary to demonstrate the effect of the drug in the 

conditions applied and specific cell type tested. 

Optimization of protocols for the use of the pharmacological 

inhibitors 

In order to determine the conditions for using the panel of inhibitors on HeLa cells, different 

doses of the various compounds were tested and their effect on the uptake of control 

cargoes (when available) measured, together with the effect on the uptake of 50 nm silica 

nanoparticles as a model nanoparticle. We also included a measurement of the cell viability 

via MTT assay, and light microscopy imaging of the cells in order to get an overview on the 

impact of the inhibitor tested on the cellular morphology and eventual toxicity. 

Silica nanoparticles of 50 nm were chosen as a common model nanoparticle used in many 

cell-nanoparticle studies and with size comparable to many drug carriers currently under 

investigation for drug delivery. These particles constitute an optimal model thanks to their 

well-known stability and formation of homogenous dispersions, even in the cell culture 

medium supplemented with serum that is used to maintain cells.58,59 The size distribution 

and zeta potential in relevant media and over time is included in Supplementary Figure S2 

and Table S1. We stress that also for studies focused on the mechanisms of uptake of 

nanoparticles and other drug carriers it is crucial to include this information (unfortunately 

often missing): dispersion in cell culture medium can lead to agglomeration, as also 

sometimes incubation in such media over time in the conditions applied for cell experiments 

(37 C and 5% CO2). Presence of agglomeration over time could affect strongly the pathways 

involved in uptake.  

Another key factor that has been nowadays recognized to control and dictate the biological 

behaviour of nano-sized object is the corona that forms once they are exposed to biological 

environments, due to adsorption of biomolecules on their surface.60,61 It has emerged in 

fact that cells recognize these molecules and the uptake and intracellular fate can strongly 

be affected by this layer.16,62,63 While the specific effects of the corona on the mechanisms 

cells use to internalize nanocarriers is emerging only recently and still needs to be fully 

elucidated, it is clear that studying these pathways in the complete absence of any form of 

corona, such as in serum free media, may have totally different outcomes than in real 

applications. Bare nanoparticle surfaces can strongly adhere on cells, sometimes even 

leading to cell membrane damage and consecutively presence of particles free in the 

cytosol, and ultimately cell death.59 Even when similar strong effects may be not present, it 
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is clear that we will have to elucidate how this layer affects the mechanisms of uptake and 

more importantly, consider what is the “correct corona” to use when studying uptake for a 

given application and nanocarrier investigated. While here – to begin with - we limit to 

exclude artificial serum free conditions and we consider a simple situation for nanoparticles 

dispersed in 10% FBS (clearly not a relevant corona for application in humans), this crucial 

aspect is object of further ongoing studies. 

We also stress that we have taken particular care in performing these inhibition and uptake 

experiments as a function of time. Time resolved experiments in fact provide more 

complete information on the kinetic of the process and are of particular importance when 

studying internalization of larger objects such as nanocarriers, as opposed to (much smaller) 

proteins. Uptake kinetics are in fact typically slower. Furthermore, shorter exposure times 

can be affected by particle adhesion to the outer cell membrane, which may confuse the 

results.64 Even if longer exposure times may lead to cells adapting to the effect of the drug 

or multiple pathways being activated, eventual effects of this kind (which are also 

interesting to capture) can be monitored by using the appropriate controls over time in the 

same conditions, as indeed we show below.  

Figure 1 shows the results obtained for cells exposed to chlorpromazine at different 

concentrations. This drug, as previously mentioned, is often used as inhibitor of CME and 

provides a very interesting example on possible complications in using pharmacological 

inhibitors, in relation to their toxicity. 

For the lower CP concentration tested, the inhibition of the control marker LDL was already 

extremely strong, suggesting that these conditions are efficient in blocking the pathway 

(Figure 1A). However only a minor effect could be observed on nanoparticle uptake, but this 

was much stronger at higher CP concentrations (Figure 1B). Thus, based on the results 

obtained at higher CP concentrations, including the LDL controls, one could conclude that 

these nanoparticles do enter cells by CME. However, cell viability measurements clearly 

indicated that the higher CP concentration tested induced a very strong toxicity on cells, 

which is also confirmed by imaging. Thus, the observed reduction in nanoparticle uptake is 

most likely a simple consequence of the very strong toxicity of the compound on cells, 

rather than a proof of uptake by CME. This is particularly clear when comparing the results 

for the control LDL which is efficiently blocked at much lower CP drug concentrations, where 

no effect is observed on nanoparticle uptake. 

It is important also to note that while nanoparticles were added to cells in the presence of 

proteins to allow corona formation, controls with labelled markers such as transferrin or 

LDL were done in absence of serum. This is a standard praxis to avoid competition with the 

unlabelled transferrin and LDL which are present in the serum. However, it is also well 

known that drug efficacy can be limited by protein adsorption and only the fraction of free 
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drug is active. Thus, as an ulterior control, in order to exclude that CP efficacy was reduced 

in presence of serum, uptake of labelled LDL was also performed in medium supplemented 

with serum. The results clearly showed that CP efficacy was not affected by the presence of 

proteins (Supplementary Figure S3), thus excluding - in this case - that the absence of effect 

of CP on nanoparticle uptake was due to loss of efficacy when serum is present.

Figure 1. Uptake in cells exposed to chlorpromazine to block clathrin mediated endocytosis. HeLa cells were exposed to 0, 
10 or 20 μg/ml chlorpromazine (CP). A) Uptake by flow cytometry of 2 µg/ml Dil-LDL in sfMEM, used as a control of drug 
efficacy (upper panel: average median fluorescence intensities; lower panel: same data normalized for uptake in control 
cells without CP); B) Uptake by flow cytometry of 100 μg/ml  red silica nanoparticles in cMEM (upper panel: average 
median fluorescence intensities; lower panel: same data normalized for uptake in control cells without CP); C) Viability 
measured by MTT test (left panel) and light microscopy images (right panel) of HeLa cells exposed for 4h to CP in sfMEM 
or cMEM (scale bar: 200 μm). The viability data are normalized by results obtained in control cells without CP. Positive 
control (Ctrl +) performed as described in the Methods. Flow cytometry data represent the average and standard deviation 
over 3 replicates of the median fluorescence intensity of at least 20000 cells except where indicated (X:  average of 2500 
cells acquired; Y: average of 13000 cells acquired). 

Figure 2 shows a similar study performed on cells exposed to the macropinocytosis inhibitor 

EIPA. In this case labelled dextran is used as a control fluid phase marker to determine the 

appropriate EIPA concentration to use on cells. It is interesting to mention that the so-called 

fluid phase marker dextran typically used as a control, as here, is also in itself a small 

nanoparticle (10 kDa dextran has a diameter of around 6 nm).65 While the lower 

concentrations tested showed only a partial dose-dependent reduction of dextran uptake 

(Supplementary Figure S4), at 100 µM a strong reduction of dextran uptake was obtained, 

which was not further improved when using higher EIPA concentrations (Figure 2A). In the 

case of the nanoparticles, instead, as observed for CP, 100 µM gave only a minor uptake 

reduction, but the effect was stronger for higher EIPA concentrations (Figure 2B). Cell 

viability measurements and microscopy clarified also in this case that in these conditions 
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the observed reduction in nanoparticle uptake was most likely only a side effect of the 

strong toxicity on cells (Figure 2C).  

 Figure 2. Uptake in cells exposed to EIPA to inhibit macropinocytosis. HeLa cells were exposed to 0, 100, 150 or 200 μM 

5-(N-Ethyl-N-isopropyl)amiloride (EIPA). A) Uptake by flow cytometry of 250 µg/ml 10kDa TRITC Dextran in cMEM, used 

as a control of drug efficacy (upper panel: average median fluorescence intensities; lower panel: same data normalized 

for uptake in control cells without EIPA); B) Uptake by flow cytometry of 100 μg/ml red silica nanoparticles in cMEM (upper 

panel: average median fluorescence intensities; lower panel: same data normalized for uptake in control cells without 

EIPA); C) Viability measured by MTT test (upper panel) and light microscopy images (lower panel) of HeLa exposed for 4h 

to EIPA in cMEM (scale bar: 200 μm). Flow cytometry data represent the average and standard deviation over 3 replicates 

of the median fluorescence intensity of at least 20000 cells except where indicated (X = not enough cells (less than 500); 

Y= average of 700 cells measured; Z= average of 8000 cells measured). 

Another interesting observation was that when using non-toxic EIPA concentrations (50-

100 µM), the reduction of nanoparticle uptake seemed stronger for the latest times tested. 

This may indicate that macropinocytosis is at least partially involved in the uptake of these 

nanoparticles at the longer exposure times. Similar reslts have been reported in other 

works.66 Particle size measurements showed good stability of the dispersions for up to 24 

hours (Supplementary Figure S2), excluding the possibility that such an effect may be 

connected to particle agglomeration over time and activation of mechanisms commonly 

associated with the uptake of larger objects. Further studies are required to elucidate these 

results and fully clarify whether macropinocytosis is involved in the uptake of these 

nanoparticles.  
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Figure 3. Uptake in cells exposed to dynasore to inhibit dynamin. HeLa cells were exposed to 25, 50, 100 or 200 μg/ml 

dynasore. A) Uptake by flow cytometry of 2 µg/ml Dil-LDL in sfMEM, in control cells (Ctrl) and cells exposed to 25 μg/ml 

dynasore (Dynasore); B) Uptake of 100 μg/ml red silica nanoparticles in cMEM, in control cells (Ctrl) and cells exposed to 

25 μg/ml dynasore; C) Viability measured by MTT test of HeLa cells exposed for 4 h to different doses of dynasore in cMEM. 

The viability data are normalized by results obtained in control cells without dynamin. Positive control (Ctrl +) performed 

as described in the Methods; D) Uptake by flow cytometry of 2 µg/ml Dil-LDL in cells exposed to different concentrations 

of dynasore in sfMEM and cMEM; E) Uptake by flow cytometry of 100 μg/ml red silica nanoparticles in cMEM in cells 

exposed to different concentrations of dynasore; F) light microscopy images of cells exposed for 4 h to different doses of 

dynasore in cMEM (scale bar: 100 μm). Flow cytometry data represent the average and standard deviation over 3 

replicates of the median fluorescence intensity of at least 20000 cells except where indicated (X = not enough cells (less 

than 500). Y=average of 4000 cells. Z= average of 10000 cells). In D and E data are normalized by the uptake in control cells 

without dynamin. 

Figure 3 shows the optimization of protocols for the use of dynasore to inhibit dynamin. 

With this compound, we could observe a very good inhibition of the uptake of LDL at 

concentrations not associated with a decrease in cell viability (Figure 3A and 3C). In these 

conditions, we found that the uptake of silica nanoparticles was not affected by this 

compound (Figure 3B). However, we also found that when LDL was used in presence of 

serum, dynasore efficacy was partially lost. Increasing the drug concentration only partially 

reduced LDL uptake in serum, but still with almost no effect on nanoparticle uptake. 

Furthermore, at these higher concentrations strong toxicity was observed (Figure 3C). 

Overall this is an interesting example of a unique nano-specific challenge when using 

pharmacological inhibitors to study nanocarrier uptake: given the need to include some 

biological fluids to allow corona formation, some of these compounds – unfortunately - may 

become fully ineffective. Other methods need to be used to try to determine – in this 

example – the role of dynamin in uptake, or different inhibitors not affected by the presence 

of biological fluids need to be selected. 
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Figure 4 shows similar results for methyl beta cyclodextrin. Cholesterol depletion was 

extremely effective in blocking uptake of LacCer, here used as a control marker (Figure 4A), 

while only a minor effect was observed on the uptake of the silica nanoparticles (Figure 4B). 

However as for dynasore, when experiments with the control marker LacCer were done in 

the presence of serum (Figure 4A, lower panel), the efficacy of MBCD was lost, and 

increasing drug concentration, also in this csae, only led to strong cell death (Figure 4C) 

without any sign of improved efficacy. Thus, other compounds not sensistive to the 

presence of proteins should be selected when studying the role of cholesterol on 

nanocarrier uptake into cells. 

Figure 4. Uptake in cells exposed to methyl-β-cyclodextrin to deplete cell membrane cholesterol. HeLa cells were 
exposed to 0, 2,5, 5 or 10 mg/ml methyl-β-cyclodextrin (MBCD). A) Uptake by flow cytometry of 1 µg/ml LacCer in sfMEM 
in control cells (Ctrl) and cells exposed to 2,5 mg/ml MBCD (MBCD); B) Uptake of 100 μg/ml red silica nanoparticles in 
cMEM in control cells (Ctrl) and cells exposed to 2,5 mg/ml MBCD (MBCD); C) Viability measured by MTT test (upper panel) 
of HeLa exposed for 4h to different doses of MBCD in cMEM. The viability data are normalized by results obtained in 
control cells without MBCD. Positive control (Ctrl +) performed as described in the Methods; D) Uptake by flow cytometry 
of 1 µg/ml LacCer in cells exposed to different concentrations of MBCD in sfMEM and cMEM; E) Uptake by flow cytometry 
of 100 μg/ml red silica nanoparticles in cMEM in cells exposed to different concentrations of MBCD; F) light microscopy 
images of cells exposed for 4 h to different doses of MBCD in cMEM (scale bar: 100 μm). Flow cytometry data represent 
the average and standard deviation over 3 replicates of the median fluorescence intensity of at least 20000 cells except 
where indicated (X = not enough cells (less than 500), Y: average of 5000 cells counted). In D and E data are normalized by 
the uptake in control cells without MBCD. 

Figure 5 shows the results obtained with cytochalasin D, with additional optimization in 

Supplementary Figure S5: concentrations were tuned to achieve disruption of actin 

filaments, as clearly visible by immunostaining, but also with simple light microscopy, from 

the strong alteration of cell morphology (Figure 5A and Supplementary Figure S5A). It is 

important to confirm that this was not associated with decreased viability, as indicated by 

MTT measurements at all concentrations tested (Figure 5C and Supplementary Figure S5B). 
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Interestingly, actin disruption clearly affected the uptake of the nanoparticles, suggesting a 

role for actin in the internalization mechanism (Figure 5B). 

 

Figure 5. Uptake in cells exposed to cytochalasin D for actin depolymerization. HeLa cells were exposed to different 

concentrations of Cytochalasin D (CytoD). A) Fluorescence (scale bar: 50 μm) and light microscopy images (scale bar: 150 

μm) of HeLa cells exposed for different times to 2,5 μg/ml CytoD, used as a control of drug efficacy; green: actin staining 

by TRITC-Phalloidin, and blue: DAPI stained nuclei.  B) Uptake by flow cytometry of 100 μg/ml red silica nanoparticles in 

cMEM in control cells (Ctrl) and cells exposed to 2,5 μg/ml CytoD; C) Viability by MTT test of HeLa cells exposed for 4 h to 

different doses of CytoD in cMEM. The viability data are normalized by results obtained in control cells without CytoD. 

Positive control (ctrl +) performed as described in the Methods. Flow cytometry data represent the average and standard 

deviation over 3 replicates of the median fluorescence intensity of at least 20000 cells.  

Finally, Figure 6 shows the results obtained with nocodazole to disrupt microtubules (see 

also Supplementary Figure S6 for further controls). Microtubule disruption led to reduction 

in nanoparticle uptake (Figure 6B), suggesting that the cell cytoskeleton is involved in the 

mechanism of internalization or that altering the intracellular trafficking machinery has an 

effect on the uptake levels. 

Figure 6. Uptake in cells exposed to nocodazole to disrupt microtubules. HeLa cells were exposed to different 

concentrations of nocodazole. A) Fluorescence (scale bar: 50 μm) and light microscopy images (scale bar: 150 μm) of  HeLa 

cells exposed for different times to 5 μM nocodazole, used as a control of drug efficacy; red: α-Tubulin staining and blue: 

DAPI stained nuclei. B) Uptake by flow cytometry of 100 μg/ml red silica nanoparticles in cMEM in control cells (Ctrl) and 

cells exposed to 5 μM nocodazole; C) Viability by MTT test of HeLa cells exposed for 4 h to different doses of nocodazole 

in cMEM. The viability data are normalized by results obtained in control cells without nocodazole. Positive control (Ctrl 

+) performed as described in the Methods. Flow cytometry data represent the average and standard deviation over 3 

replicates of the median fluorescence intensity of at least 20000 cells.  
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Summary 

In summary, optimization of the protocols used with the selected panel of pharmacological 

inhibitors allowed to define conditions in which controls showed good efficacy of the drug 

tested without strong effects on cell viability. However, it is important to add that even with 

the optimized protocols, reproducibility with these compounds can be challenging. 

Supplementary Figure S7 shows results for independent replicates to illustrate this and 

Figure 7 shows the average uptake levels obtained across all samples for the same exposure 

times in independent experiments in cells exposed to the different compounds, after 

normalization for the uptake levels in control cells.  The observed variability is probably 

connected to the toxicity intrinsically associated with the activity of these compounds, 

aimed at blocking a vital function of cells such as transport, even when conditions are 

optimized. By reproducing multiple times the experiments with the optimized conditions, 

we could also clearly see that for drugs where only minor effects were observed on 

nanoparticle uptake, like chlorpromazine, these were easily lost when averaging over 

multiple replicates. Instead, where the inhibitory effect was more substantial, as expected, 

it was easier to reproduce it in independent replicates. This overall suggests the need to set 

relatively high thresholds on the efficacy of inhibition.  

Looking at the results of Figure 7, and using high thresholds on the inhibitory effect (the red 

line in the Figure is set for 40% inhibition in comparison to untreated cells), we could 

conclude that with compounds like chlorpromazine higher variability was observed and its 

effect on uptake is questionable. At the same time a clear effect was observed with 

cytochalasin D and nocodazole, and for the longer exposure times also with EIPA. As an 

ulterior complication unique to the use of these compounds for nanomedicine uptake 

studies, we have also found that for some inhibitors, efficacy was reduced or fully lost in 

the presence of serum, likely due to protein adsorption. We stress again that for 

nanoparticles and other nanomedicines, the presence of a biological fluid to allow corona 

formation is an essential prerequisite: in real applications, in fact, cells will always encounter 

these materials covered by biological molecules, and the presence or absence of this layer 

fully change the behaviour on cells. 

A last challenge is that to summarise similar results and attempt to conclude on the pathway 

involved in the uptake of these nanoparticles. While our aim in this work is mainly to 

illustrate the complexity of this question and challenges associated to the use of 

pharmacological inhibitors, rather than answering on how this selected model nanoparticle 

enters cells, we include some considerations on the possible interpretation of these results. 

The results obtained with chlorpromazine seem to exclude CME. Interestingly, instead, 

other works in literature consider CME as one of the main pathway involved in the uptake 

of nanoparticles smaller than 100 nm,12 because of their size and the size of clathrin coated 
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pits. Other studies however have already contradicted these findings.67,68 It will be 

important to fully elucidate whether one can extrapolate on pathways of nanocarrier 

uptake solely based on their size, which – based also on these results - seems rather unlikely. 

Unfortunately, with the selected panel we could not conclude on the role of cholesterol and 

dynamin, which both help to classify uptake mechanisms. The results obtained with 

cytochalasin D point towards an actin driven mechanism, and those with EIPA would suggest 

that macropinocytosis may be involved at the longer exposure times, with a clear role also 

for microtubules, as illustrated with nocodazole. Further studies using compounds not 

sensitive to the presence of proteins and combining multiple methods (such as RNA 

interference or imaging live cells expressing fluorescently labelled proteins of interest, just 

to mention few examples) are required to conclude on the mechanisms of uptake in this 

particular example. 

Figure 7. Overview of uptake inhibition results in HeLa cells. Uptake by flow cytometry in HeLa cells exposed to 100 µg/ml 

red silica nanoparticles in cMEM in the presence of 10 µg/ml chlorpromazine, 100µM 5-(N-Ethyl-N-isopropyl)amiloride 

(EIPA), 5 µM nocodazole or 2.5 µg/ml cytochalasin D for the indicated times. Data represents the averaged mean and 

standard deviation of three independent experiments, each normalized by the results in control cells exposed to the same 

nanoparticles without inhibitors (% ctrl).  

 

Conclusions 

Answering the question on the mechanisms nano-sized drug carriers use to enter cells is an 

essential step for the drug delivery community, that can help optimizing the design of truly 

successful nanomedicines and targeted drugs. 

At the same time, the field of endocytosis is still highly active in defining and characterizing 

the different mechanisms cells use to internalize proteins, biomolecules and other cargoes. 
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This poses considerable challenges in highly interdisciplinary fields such as that of 

nanomedicine, and points toward the need of a closer connection with the endocytosis 

community.  

Within this context, pharmacological inhibitors are useful tools in cell biology to study 

transport pathways, often used in nanomedicine uptake studies due to their apparently 

ease of use. However, we have showed here that these need to be handled with extreme 

attention. Stringent controls are required to optimize conditions for the cells used for the 

study, demonstrate their effect using appropriate control markers (where available), and 

exclude strong toxicity, which in some cases can be easily misinterpreted with efficient 

inhibition. 

Even when conditions are optimized, multiple independent replicate experiments are 

needed to try to conclude on the effect of these compounds and results can be highly 

variable: time resolved experiments with high threshold on the inhibitory effect may be 

useful to try to conclude on the results obtained. Furthermore, the need to include corona 

effects when studying nanomedicine uptake means that it will be important to consider 

what is the “appropriate corona” for a given nanomedicine and application (for instance 

using bovine serum on human cells is likely not relevant, as also using serum for inhaled 

nanomedicines). This is a further aspect for the field to evaluate and address. 

Overall, while it is true that pharmacological inhibitors, such as those used here, allow 

simple screening on the role of certain components (actin, microtubules, cell membrane 

cholesterol etc.) or pathways on the uptake of nanocarriers, it is important to keep in mind 

the difficulty that remains in determining the pathway involved solely based on the results 

obtained with this kind of compounds. The combination with other methods (each 

presenting advantages and limits) is probably the best approach to try to fully characterize 

the pathways involved and answer this central question for the field. 

 

Methods 

Cell culture  

HeLa cells (ATCC® CCL2TM, Manassas, VA, USA) were grown in a complete cell culture 

medium (cMEM) composed by MEM (GibcoTM Thermofisher Scientific, Landsmeer, 

Netherlands) supplemented with 10% v/v Fetal Bovine Serum (FBS, GibcoTM Thermofisher 

Scientific) under standard conditions (37 °C, 5% CO2). Cells were defrosted and cultured 

following company instructions and were not kept in culture for more than 20 passages.  
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Nanoparticle characterization 

Plain fluorescently labelled silica nanoparticles (SiO2 NPs) of 50 nm diameter with an 

excitation and emission wavelength of, respectively, 569 and 585 nm were purchased from 

Kisker Biotech (Steinfurt, Germany). NP hydrodynamic diameter and ζ-potential were 

measured by Dynamic Light Scattering (DLS) using a Malvern Zetasizer Nano ZS (Malvern 

Instruments Ltd., Worcestershire, UK) with disposable capillary cells (Malvern). In order to 

assess NPs stability, 100 μg/ml NPs were dispersed in 1ml of dH2O, PBS, cMEM or MEM 

supplemented with 4 mg/ml Human Serum (Pooled human serum from TCS BioSciences Ltd 

Botolph Claydon, UK) and measured immediately at 20˚C or after 24 h at 37°C, 5% CO2. Size 

measurements were averaged results from 5 runs of at least 3 measurements. 

Studies with pharmacological inhibitors of endocytosis 

In order to assess the role of different endocytic pathways on the uptake of 50nm SiO2 NPs, 

HeLa cells were treated with inhibitors of endocytosis prior to and during NPs addition. An 

extensive optimization of the inhibitors exposure conditions has been performed and is 

described in Results and discussion. Drug toxicity on cells has been measured via an MTT 

assay (see below for details). Briefly, 50000 cells/well were seeded in a 24-well plate 

(Greiner Bio-One BV, A. Alphen on den Rijn, Netherlands) 24h prior to the experiments. 

Then, HeLa cells were pre-incubated for 10 or 20 minutes (in the case of Nocodazole) in 

cMEM with the different inhibitors at the following concentrations: 5-(N-Ethyl-N-

isopropyl)amiloride (EIPA) 100 µM, chlorpromazine hydrochloride (CP) 10 µg/ml, methyl-β-

cyclodextrin (MβCD) 2.5 mg/ml, dynasore 25 μg/ml (all from Sigma-Aldrich St. Luis, USA), 

nocodazole 5 µM (Biovision, California, USA), cytochalasin D 2.5 µg/ml (Thermofisher 

Scientific) After the pre-incubation, 50 nm SiO2 NPs were dispersed in cMEM or MEM 

supplemented with 4 mg/ml Human Serum and incubated on cells with or without the drug. 

The efficacy of the drugs was assessed by measuring the uptake of fluorescently labelled 

markers of endocytosis or by immunohistochemistry. 2 µg/ml of fluorescently labelled Low 

Density Lipoprotein (Dil-LDL, (Thermofisher Scientific) was dispersed in MEM with or 

without 10% FBS and used as a marker for Clathrin-Mediated Endocytosis. 15 µg/ml of 

fluorescently labelled human transferrin (TF, Thermofisher Scientific) was dispersed in 

serum free MEM and also used as a marker for Clathrin-Mediated Endocytosis. 1 µg/ml of 

BODIPY® FL C5-Lactosylceramide/BSA complex (LacCer; Thermofisher Scientific) was 

dispersed in MEM with or without 10% FBS and used as a marker for caveolae mediated 

and lipid raft dependent endocytosis. 250 µg/ml TRITC Dextran of 10 kDa (Thermofisher 

Scientific) was dispersed in cMEM and used as a marker for macropinocytosis. Samples were 

collected and prepared for flow cytometry as described below. Alternatively, the efficacy of 

cytochalasin D and nocodazole on, respectively, actin or microtubule disruption was 

assessed by immunohistochemistry as described below. 
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MTT assay 

HeLa cells viability after treatment with different concentrations of inhibitors has been 

assessed via MTT assay. Briefly, 50000 cells/well were seeded in a 24-well plate 24h prior 

to the experiments and afterwards incubated with the different inhibitors in MEM or cMEM 

as described above for about 4 hours. As a positive control, HeLa cells were incubated with 

50 µg/ml amino modified 50 nm polystyrene NPs (Bang Laboratories, Sanbio BV, Uden, 

Netherlands), in serum free MEM. These NPs are known to induce strong cell death, 

especially when exposed to cells in absence of serum, due to their positive charge.25 After 

the incubation period, HeLa were washed with cMEM and were incubated in 500 µl of 0.5 

mg/ml MTT solution (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-

Aldrich) dissolved in cMEM. After formation of a precipitate (about 2h), cells were incubated 

under continuous agitation with 250 µl of DMSO in order to dissolve the MTT precipitate. 

After 15 minutes, 200 µl of solution were transferred in a 96-well plate (Greiner) and 

absorbance at 550 nm measured using an UV-plate reader (Molecular Devices LLC., 

Sunnyvale CA, USA). 

Flow cytometry analysis 

Cell fluorescence intensity due to uptake of 50 nm SiO2 NPs, LacCer, Dextran or LDL was 

measured by flow cytometry. After different exposure times, HeLa were washed once with 

cMEM and twice with PBS in order to remove the excess of fluorescent NPs and markers 

outside the cells. Subsequently HeLa were collected using 0.05% trypsin–EDTA, centrifuged 

and resuspended in PBS for the measurement. Cell fluorescence was recorded using a 

Cytoflex Flow Cytometer (Beckman Coulter, Woerden, the Netherlands) with a 488 nm 

laser. Data were analyzed using Flowjo data analysis software (Flowjo, LLC). Double scatter 

forward and side scattering plots were used to set gates in order to exclude cell debris and 

cell doublets and select intact cells. A total of at least 20000 cells were acquired per sample 

and each sample was performed in triplicate. The results are expressed as the averaged 

median cell fluorescence intensity and standard deviation over the 3 replicates. 

Immunohistochemistry  

For immunohistochemistry, cells were plated on glass coverslips inserted in 24-well plates 

and experiments were performed as described previously. The efficacy of nocodazole on 

microtubules depolymerization was assessed by incubating HeLa cells for 1h with a mouse 

primary antibody against human α-Tubulin (Merck Millipore, Netherlands) followed by 1h 

incubation with a secondary antibody Alexa Fluor®488 goat anti-mouse (Thermofisher 

Scientific). Efficacy of cytochalasin D on actin disruption was assessed by incubating samples 

with TRITC-Phalloidin (Sigma-Aldrich), which selectively stains F-actin. After each step of 

antibody incubation, cells were washed 3 times with PBS. Nuclei were stained by incubating 

cells for 5 minutes with 0.2 μg/ml DAPI (4',6-diamidino-2-phenylindole). Afterwards, slides 

were mounted with Mowiol 4-88 mounting medium (EMD Chemical, Inc, CA, USA). Image 
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acquisition was performed using a Leica TCS SP8 fluorescent confocal microscope (Leica 

Microsystems, Wetzlar, Germany) with a 405nm laser for DAPI excitation, a 488 nm laser 

for Alexa Fluor®488, and a 552 nm laser of TRITC. Images were processed using ImageJ 

software (http://www.fiji.sc).  
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Supplementary Information 

 

Figure S1. Uptake of low density lipoprotein and transferrin as controls of chlorpromazine and dynasore efficacy. HeLa 

cells were exposed to 3 μg/ml fluorescently labelled transferrin (TF) in sfMEM (left panels) or 2 μg/ml Dil low density 

lipoprotein (LDL) in sfMEM (right panels) in the presence of 10 μg/ml chlorpromazine (CP)(upper panels) or to 26 μg/ml 

dynasore (Dyn) (lower panels) Uptake results in control cells not exposed to CP are also included (Ctrl). In A, results in cells 

pre-incubated for 10 or 30 min to the inhibitors are shown, showing that increasing pre-incubation time did not change 

the outcomes. Overall the results show that the effect of CP on TF uptake was lost at longer exposure time (A, upper panel) 

while this was not the case for LDL (B, upper panel). In the presence of Dyn instead only a partial reduction of TF uptake 

was observed (A, lower panel), while LDL uptake was strongly inhibited for the full time of the experiment (B, lower panel). 

While the TF results indicate only partial inhibition with both drugs, LDL results confirm drug efficacy in the conditions 

tested. The results are discussed in more details in main text. 
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Sample Name T 

(°C) 

Z-Avg 

(d, nm) 

PDI Zeta 

potential 

(mV) 

Water 20 59±1 0.25±0.03 -25±1 

sfMEM 20 44±1 0.09±0.03 -17±3 

cMEM 20 Xxx Xxx -7±1 

TableS1. z-average hydrodynamic diameter (diameter, d, nm), and polydispersity index (PDI) extracted by cumulant 

analysis of DLS data and zeta potential of 50 nm red silica nanoparticles in different media. 100 µg/ml nanoparticles in 

water, PBS or cMEM (10% FBS) were measured immediately after dispersion at 20˚C. The size distribution results for the 

dispersions in cMEM are shown in Figure S2. 
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Figure S2. Size distribution by intensity (diameter, d, nm) (A, C and D) and zeta potential (B) of 50nm red silica nanoparticle 

dispersions in different media. Nanoparticles were dispersed in water, PBS or cMEM (10%FBS) at 20˚C and measured 

immediately or (for dispersion in cMEM) after 1 and 24h incubation at 37˚C, 5% CO2 as for experiments with cells. The size 

distribution in cMEM shows a second peak around 5-10 nm due to the presence of free proteins in solution. Red, blue and 

green distributions represent three different size measurements of the same samples.  The results confirmed that good 

dispersions were obtained in all media and remained stable also in cMEM for up to 24 h in the conditions used for cell 

experiments. 
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Figure S3. Optimization of chlorpromazine concentrations. A) Uptake by flow cytometry of 1 mg/ml Dil-LDL in sfMEM or 

cMEM in cells exposed to 0, 10 and 20 μg/ml CP; B) same data for results in cMEM, normalized for uptake in control cells 

without CP; C) Light microscopy images of HeLa exposed for 4h to different concentrations of CP in cMEM (scale bar: 200 

μm). Flow cytometry data represent the average and standard deviation over 3 replicates of the median fluorescence 

intensity of at least 20000 cells, except where indicated (X= average of 15000 cells). The results suggested that good 

inhibition was obtained already at 10 μg/ml CP and the efficacy of CP was maintained even when added to cells in the 

presence of proteins in cMEM.  
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Figure S4. EIPA optimization. HeLa cells were exposed to 0, 50, 75 or 100 μM 5-(N-Ethyl-N-isopropyl)amiloride (EIPA). A) 
Uptake by flow cytometry of 250µg/ml 10kDa TRITC Dextran in cMEM, used as a control of drug efficacy; B) Uptake by 
flow cytometry of 100 μg/ml red silica nanoparticles in cMEM; (upper panel: average median fluorescence intensities; 
lower panel: same data normalized for uptake in control cells without EIPA) C) Viability by MTT test (upper panel) or light 
microscopy images (lower panel) of HeLa cells exposed for 4h to EIPA in cMEM (scale bar: 200 μm). The viability data are 
normalized by results obtained in control cells without CP. Positive control (Ctrl +) performed as described in the Methods. 
Flow cytometry data represent the average and standard deviation over 3 replicates of the median fluorescence intensity 
of at least 20000 cells. The results showed increasing efficacy of EIPA at increasing concentrations up to 100 μM and MTT 
suggested no major effects on viability, even at the highest concentration tested. Thus 100 μM EIPA was selected for 
following tests with nanoparticles. 
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Figure S5. Optimization of cytochalasin D concentrations. HeLa cells were exposed to 0 (Ctrl), 1, 2,5 or 5 μg/ml Cytochalasin 

D (CytoD). A) Fluorescence (scale bar: 50 μm) and light microscopy images (scale bar: 150 μm) of HeLa cells exposed for 

different times to different concentrations of CytoD; Red: actin staining with TRITC-Phalloidin. Blue: DAPI stained nuclei. 

B) Uptake by flow cytometry of 100 μg/ml red silica nanoparticles in cMEM in HeLa cells exposed to different 

concentrations of CytoD. Flow cytometry data represent the average and standard deviation over 3 replicates of the 

median fluorescence intensity of at least 20000 cells, normalized by results obtained in control cells without CytoD (0). 

The results confirmed good efficacy of the drug at all concentrations tested (A), with similar efficacy on silica uptake (B). 

2,5 μg/ml Cytochalasin D was selected for following studies with nanoparticles. 
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Figure S6. Optimization of nocodazole concentrations. HeLa cells were exposed to 0, 5, 10 or 20 μM nocodazole. A) 

Fluorescence (scale bar: 50 μm) and light microscopy images (scale bar: 150 μm) of HeLa cells exposed for different times 

to different concentrations of nocodazole; Green: α-Tubulin staining. Blue: DAPI stained nuclei. B) Uptake by flow 

cytometry of 100 μg/ml red silica nanoparticles in cMEM in cells exposed for different times to different concentrations 

of nocodazole. Flow cytometry data represent the average and standard deviation over 3 replicates of the median 

fluorescence intensity of at least 20000 cells. The results confirmed good efficacy of the drug at all concentrations tested 

(A), with similar efficacy on silica uptake (B). Thus, 5 μM nocodazole was selected for following studies with nanoparticles. 
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Figure S7. Summary of results from independent experiment replicates. HeLa cells were exposed to 100 µg/ml red silica 

nanoparticles in cMEM in the presence of 10 µg/ml chlorpromazine (CP), 100µM 5-(N-Ethyl-N-isopropyl)amiloride (EIPA), 

5 µM nocodazole or 2.5 µg/ml cytochalasin D (CytoD) for the indicated times. Each experiment was repeated multiple 

times (from 3 to 6 times as it is possible to see in each panel), and for each exposure time 3 replicates were performed in 

each experiment. Data represents the average and standard deviation over 3 replicates of the median fluorescence 

intensity, each normalized by the results in control cells without drug. The figure allows to compare results of independent 

experiment replicates and shows that for some drugs such as CP, lower effects on silica uptake and – due to this - higher 

variability is observed, while other compounds such as nocodazole and cytoD have stronger effects on particle uptake with 

higher reproducibility across independent experiments. The same data after averaging over the independent experiment 

replicates are shown in Figure 7. 
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