
 

 

 University of Groningen

Liposome interactions with biological systems: a journey into cells
Yang, Keni

DOI:
10.33612/diss.123825197

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Yang, K. (2020). Liposome interactions with biological systems: a journey into cells. [Thesis fully internal
(DIV), University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.123825197

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.123825197
https://research.rug.nl/en/publications/019af716-7e16-4bc6-a3c3-473d88054126
https://doi.org/10.33612/diss.123825197


 

 
 

Chapter  3 

 
 

Effects of Protein Source on Liposome Uptake 
 by Cells: Corona Composition and Impact 

 of the Excess Free Proteins 
 

Keni Yang1, Anna Salvati1* 

 

 

 
1 Department of Pharmacokinetics, Toxicology and Targeting,  

 Groningen Research Institute of Pharmacy, University of Groningen,  
A. Deusinglaan 1, 9713AV Groningen, the Netherlands 

 
 
 

Manuscript submitted 

  



  

84 
 

ABSTRACT 

    Once exposed to biological fluids, nanomedicines are modified by corona 

formation. Many studies have shown the impact of corona formation on 

nanomedicine interactions with cells. However, relatively less attention has been 

paid on additional effects due to the presence of free proteins in solution. Within this 

context, the present study aims to gain a better understanding of nanomaterial-cell 

interactions in different biological fluids and – more specifically – to disentangle 

effects due to corona composition and those related to the presence of excess free 

proteins. To this aim, liposomes have been chosen as a model nanomedicine and their 

uptake in medium supplemented with bovine and human serum compared. Uptake 

efficiency in the two media differed strongly, as also corona composition. However, 

when the different corona-coated liposomes were exposed to cells in serum free 

medium, their uptake was comparable. Similar results were obtained when the 

corona-coated liposomes were re-introduced in medium with either human or bovine 

serum. Thus, in this case, the different uptake efficiency depended primarily on the 

presence and source of the free proteins. Similar effects related to the protein source 

should be taken into account when comparing nanomedicine efficacy in vitro, in vivo, 

as well in clinical trials in humans. 

 

1. Introduction 

    The application of nanotechnology for medical purposes has attracted great 

interest in the past few decades, since nano-sized materials have been proposed as a 

delivery platform for drugs, genes and therapies to treat and diagnose various 

diseases [1–4]. Benefiting from their nanoscale size and surface properties, 

nanomaterials can be designed to increase the payload of drugs and accumulate 

efficiently in diseased cells and tissue via the so called enhanced permeability and 

retention effect (EPR) for “passive targeting” [5,6] or via grafted ligands on the 

material surface for “active targeting” [7–10].     

    However, the clinical translation of nanomedicine remains highly challenging. 

Even if thousands of papers on nanomedicine are published pe r year, relatively few 

new nano-formulations have been approved for clinical use [11]. One of the main 
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obstacles remains the (often) still limited understanding of the interactions of 

nanomaterials with cells, tissues and the biological environments in which they are 

applied [12,13]. Generally, in vitro experiments to evaluate nanomedicine efficiency 

and toxicity are performed with human cell lines cultured in medium supplemented 

with fetal bovine serum (FBS) (FBS is a universal animal serum supplement for cells 

and tissue culture media [14]). However, once introduced into a biological 

environment, nanomaterials are rapidly covered with plenty of proteins and other 

biomolecules, forming a layer known as “protein corona”  [15,16]. The protein corona 

confers nanomaterials new biological properties by altering their size distribution, 

surface charge, aggregation behavior, interfacial character, as well as by decorating 

the nanomaterial surface with specific proteins and epitopes, capable to interact with 

and be recognized by specific cell receptors  [17–24]. This, in turn, can affect the 

following nanoparticle interactions with cells or tissues, as well as their final fate in 

vivo [21,25,26]. As a consequence of this, different outcomes are expected when 

nanomaterials are exposed to different biological fluids (for instance serum versus 

lung fluids depending on the administration or exposure route) [27,28]. Furthermore, 

it has been shown that even when considering the same biological fluid , differences 

in the protein source affect corona formation, as well as the subsequent nanomaterial 

interactions with cells. For instance, Solorio-Rodríguez et al. reported differences in 

protein-corona composition on functionalized SiO2 nanocarriers after incubation 

with human plasma or mouse plasma [29]. Similar studies by Müller et al. revealed 

discrepancies in aggregation behavior and corona composition of nanoparticles when 

recovered from human, mouse, rabbit, or sheep plasma [30]. Schöttler et al. also 

showed different uptake by cells for polystyrene nanoparticles incubated in FBS, 

human serum, and human plasma [31]. These studies show that nanomedicines added 

to cells in FBS medium in in vitro studies, or exposed to serum of a different species 

once tested in vivo, including human plasma when they finally reach clinical trials, 

are likely to be covered by different protein coronas [32]. This suggests that the 

biological responses and therapeutic outcomes observed in vitro may not be directly 

translated to clinical use [32]. 

    While similar effects of the protein source on corona composition have been 

reported and – at least in part - characterized, much less is known on potential effects 
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related to the presence of excess free proteins in solution. When nanoparticles are 

exposed to the cells in a medium supplemented with serum from different species, 

not only the protein corona, but also the excess free serum proteins do play an 

important role in nanoparticle-cell interactions. For instance, it is known that the 

addition of human serum in the medium (as opposed to FBS) usually decreases 

nanoparticle uptake, and lower uptake is observed when serum concentration is 

increased [19,23,33]. Similarly, Schöttler et al. reported that the uptake of 

polystyrene nanoparticles in medium with FBS was high, while when added to cells 

in human serum uptake was almost not detectable [31]. It is likely that free serum 

proteins in solution of the same species as the cells tested can compete better for cell 

receptors in comparison to proteins of a different species [33–35]. However, an 

explicit distinction of the effects of the protein source on corona composition and 

due to the presence of free proteins in solution has not been performed as yet.  

    To this aim, in this work, liposomes composed of 1,2-dioleoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) (DOPG) and DC-cholesterol (DOPG-DC liposomes) were 

used as a nanomedicine model. The cellular uptake of DOPG-DC liposome exposed 

to cells in FBS and human serum (HS) was compared, as also their protein corona 

composition. Thus, corona-coated liposomes were isolated from both media and 

added to cells in serum-free conditions or after addition to media supplemented to 

either FBS or HS. This has allowed us to differentiate effects of the protein source 

on corona composition from those due to the excess free proteins in solution.   

 

2. Materials and methods 

2.1 Preparation and characterization of liposomes 

    DOPG-DC liposomes were prepared by thin lipid film hydration followed by 

freeze-thaw cycles and extrusion. Briefly, 1,2-dioleoyl-sn-glycero-3-phospho-(1'-

rac-glycerol) (DOPG) and 3ß-[N-(N',N'-dimethylaminoethane)-

carbamoyl]cholesterol (DC-CHOL) (Avanti Polar Lipids) in molar ratio of 2.5 : 1 

were dissolved in chloroform, and the organic solvent was evaporated with a nitrogen 

stream for 30 min and under vacuum overnight. The dried lipid films were hydrated 

with a 25 mM sulforhodamine B (SRB, Thermo Fisher Scientific) in PBS to a final 
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lipid concentration of 10 mg/ml. To produce unilamellar liposomes, the lipid 

suspension was frozen into liquid nitrogen and melted in a water bath at 37 °C for 8 

freeze-thaw cycles, followed by extrusion for 21 times through a 100 nm 

polycarbonate membrane using a Avanti Mini-Extruder (Avanti Polar Lipids). To 

remove the free sulforhodamine B, the liposome dispersion was then passed through 

a Zeba  Spin Desalting Column, 7K MWCO (Thermo Fisher Scientific) pre -

equilibrated in PBS. Liposomes were stored in darkness at 4 °C and used for 

maximum one month after preparation. 

    The final lipid concentration of the liposomes was quantified based on the Stewart 

assay [36]. For this, a ferrothiocyanate reagent was prepared with 27.03 mg ferric 

chloride hexahydrate (Sigma Aldrich) and 30.4 mg ammonium thiocyanate (Sigma 

Aldrich) dissolved in 1 ml Milli-Q water. 10 µl sample was then mixed with 1 ml 

chloroform and 1 ml ferrothiocyanate reagent followed by vortexing for 60 s and 

centrifugation at 300 g for 10 min. 0.9 ml of the chloroform phase was transferred to 

a quartz cuvette and the absorbance at 470 nm measured with a Unicam UV500 

Spectrophotometer (Unicam Instruments). Samples of DOPG at known concentration 

were used to obtain a calibration curve which was used to determine the final lipid 

concentration of the liposomes.     

    Size distribution and zeta potential of the DOPG-DC liposomes were measured 

using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd.). Liposomes were 

dispersed in different media including PBS, the complete MEM cell culture medium 

supplemented with 10% v/v fetal bovine serum (FBS) (GibcoTM Thermo Fisher 

Scientific), roughly corresponding to 4 mg/ml serum (cMEM) and MEM medium 

supplemented with 4 mg/ml human serum (human serum from pooled donors, from 

TCS Biosciences Ltd) (hsMEM). Samples at a final concentration of 50 µg/ml lipids 

were prepared by mixing the required volume of the liposome stock solution with the 

different media and were measured immediately after dispersion. Microcuvettes for 

40 µl samples were used for size measurement and disposable folded capillary cells 

for zeta potential measurement. For each sample three measurements were performed 

with automatic setting for measurement duration.  
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2.2 Cell culture 

    Human epithelioid cervix carcinoma HeLa cells (ATCC CCL2) were used for in 

vitro uptake studies. Cells were cultured in cMEM in a humidified atmosphere 

containing 5% CO2 at 37 °C. Cells were passaged two to three times per week and 

grown for maximum 20 passages after defrosting. Cells were tested for mycoplasma 

monthly to exclude contamination. 

2.3 Internalization studies 

    Flow cytometry and confocal imaging were used to study the cellular uptake 

behavior of liposomes in different media. For flow cytometry, cells were seeded with 

5 × 104 cells per well in a 24-well plate and incubated in cMEM for 24 h. Before 

liposomes exposure, cells were washed 3 times with serum free medium (sfMEM) 

and incubated in sfMEM for 30 min. Liposomes were dispersed in cMEM or hsMEM 

at a final concentration of 50 µg/ml lipids and added to cells immediately after 

dispersion. Alternatively, after isolation of corona-coated liposomes performed as 

described below, cells were exposed to 50 µg/ml corona-coated liposomes in either 

sfMEM, cMEM or hsMEM. Cells were then collected after different incubation times 

for flow cytometry measurement. Briefly, cells were washed with cMEM once and 

PBS twice to remove excess free liposomes and potential liposomes adhering outside 

the cells and harvested by incubation for 5 min with trypsin-EDTA (0.05% v/v). The 

collected cells were then centrifuged at 300 g for 5 min, resuspended in PBS and 

measured immediately using a BD FACSArray (BD Biosciences) with a 532 nm laser. 

For each experiment, a total of at least 2 × 104 cells were acquired per sample and 

for each condition 2 replicate samples were included. Experiments were repeated at 

least two times. Data were analyzed using Flowjo software (FlowJo, LLC). Double 

scatter forward and side scattering plots were used to exclude cell debris and cell 

doublets. The results are reported as the averaged median cell fluorescence intensity 

and standard deviation over duplicate samples. 

    In order to determine if internalization was energy-dependent, cells were treated 

with sodium azide (Merck) to deplete the cell energy. Briefly, 5 × 104 cells per well 

were seeded in a 24-well plate and incubated in cMEM for 24 h. Then,  cells were 

washed with sfMEM for 3 times and incubated with 5 mg/ml sodium azide in cMEM 

or hsMEM for 30 min to deplete cell energy. Cells were exposed to 50 µg/ml 
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liposome dispersions prepared by mixing the liposome stock with cMEM or hsMEM 

in standard conditions or in the presence of 5 mg/ml sodium azide. Cells were 

collected at 1, 2 and 3 h after exposure for flow cytometry analysis as described 

above.  

    Confocal microscopy was used to visualize the cellular uptake of the liposomes in 

different media. Cells were seeded at a density of 1.5 × 106 cells per well in a 35 mm 

dish with glass bottom (170 µm thickness). 24 h after seeding, cells were washed 3 

times with sfMEM and incubated in sfMEM for 30 min. A 50 µg/ml liposome 

dispersion was prepared by mixing the liposome stock with cMEM or hsMEM and 

incubated with cells for 2 h at 37 ºC followed by  3 washes with sfMEM to remove 

excess liposome outside cells. To visualize the lysosomes, cells were stained with 

100 nM LysoTracker Deep Red (Thermo Fisher Scientific) in cMEM for 30 min 

followed by 3 washes with sfMEM. Finally, cell nuclei were stained by incubation 

for 5 min with 1 µg/ml Hoechst 33342 Solution (Thermo Fisher Scientific) in cMEM 

and washed with PBS once. A Leica TCS SP8 confocal fluorescence microscope 

(Leica Microsystems) was used for cell imaging with a 405 nm laser for Hoechst 

excitation, a 552 nm laser for liposomes and a 640 nm laser for LysoTracker Deep 

Red. For liposome uptake in cMEM, images of a representative optical slice were 

taken every 20 s for up to 3 min and for liposome uptake in hsMEM every 13 s for a 

total of 2 min. ImageJ software (http://www.fiji.sc) was used for image processing.  

2.4 Preparation of corona-coated liposomes 

    To isolate corona-coated liposomes from FBS medium, 0.5 mg/ml DOPG-DC 

liposomes was mixed with 40 mg/ml FBS (this corresponds to a final lipid to protein 

ratio of 1:80 (w/w) as for the experiments with cells). The sample was incubated in 

a Thermo-Shaker (Grant Instruments Ltd.) at 37 °C, 250 rpm for 1 h. Size exclusion 

chromatography (SEC) was then applied to separate liposomes from the excess serum 

proteins. Briefly, a Sepharose CL-4B (Sigma-Aldrich) column (15 × 1.5 cm) was 

prepared and equilibrated with PBS. 1 ml of the liposomes in FBS was loaded on  the 

column and the eluent collected immediately. Every 0.5 ml eluent was collected as 

fraction up to a total volume of 15 ml and the absorption of each fraction was 

measured at 280 nm and 565 nm using a NanoDrop One Microvolume UV-Vis 

Spectrophotometer (Thermo Fisher Scientific) in order to determine – respectively - 
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the protein elution profile and the fractions containing the SRB labelled corona -

coated liposomes. The fractions containing liposomes were pooled together and a 

Vivaspin 6 centrifugal concentrator (10 K MWCO, Sartorius) was used to concentrate 

the sample until less than 200 µl volume was obtained.  

    To obtain corona-coated liposomes in human serum, first the human serum was 

depleted of larger objects and protein aggregates of sizes around 100  nm as 

previously described (The presence of these objects eluting in the same fractions as 

the corona-coated liposomes could confuse corona identification) [37]. Briefly, 1 ml 

full human serum was loaded on a Sepharose CL-4B column pre-balanced with PBS, 

and fractions of 0.5 ml were collected until the volume of eluent reached 15 ml and 

the absorption of each fraction at 280 nm was measured in order to determine the 

protein elution profile. The fractions from 11 to 30 were pooled together and used as 

cleaned human serum (cleaned HS, cHS). Then, 75 µg/ml DOPG-DC liposomes was 

dispersed in 6 mg/ml cleaned HS (thus maintaining the lipid to protein ratio of 1 : 80 

(w/w) as for all other measurements) and incubated on a Thermo-Shaker at 37 °C, 

250 rpm for 1 h, followed by corona isolation and concentration as described above.   

2.5 Characterization of corona-coated liposomes 

    After corona isolation, the size distribution of the corona-coated liposomes was 

measured immediately using a Malvern Zetasizer Nano ZS as described above. To 

compare serum protein binding capacity to liposomes in  the different sera, the 

protein/lipid ratio (µg of protein / µmol of lipid) of corona -coated liposomes 

recovered from FBS and HS was calculated. The amount of proteins in the corona 

was determined by Bio-Rad DC protein assay (Bio-Rad Laboratories, Inc.). Briefly, 

dilutions of bovine serum albumin (BSA) from 0.1 mg/ml to 3.2 mg/ml were prepared, 

and 5 µl corona samples and BSA standards were then mixed with Bio -Rad working 

reagent separately. The absorbance of each sample at 650 nm was measured after 15 

min incubation using a ThermoMAX microplate reader (Molecular Devices, LLC). 

The protein concentration was calculated according to the standard curve obtained 

for the BSA standards. The lipid amount in the corona-coated liposomes was 

quantified with the Stewart assay as described above. 

    One-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) was performed to separate the corona proteins absorbed on the 
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liposome surface. Briefly, corona-coated liposomes corresponding to 40 µg lipid 

were mixed with 4× loading buffer to a final volume of 40 µl and boiled for 5 min at 

95 °C. 20 µg FBS and human serum proteins were also loaded as controls using the 

same procedure. Samples were then loaded on a 10% polyacrylamide gel. The gel 

was run under 120 V for 1 h at room temperature, stained with 0.1% Coomassie blue 

R-250 in water-methanol-glacial acetic acid (5:4:1) solution with gentle agitation for 

30 min, and destained with hot distilled water until the background disappeared. 

Images were captured by using a ChemiDoc™ XRS (Bio-Rad) or a scanning machine.  

2.6 Mass spectrometry 

    Corona protein digestion was performed as described by Capriotti et al. [38]. 

Briefly, corona-coated liposomes containing 10 µg proteins were suspended in 40 µl 

of 8 M urea in 50 mM NH4HCO3 (Sigmal-Aldrich). The protein solution was reduced 

with 2 µl 200 mM 1,4-dithiothreitol (DTT) (Sigmal-Aldrich) for 30 min, alkylated 

with 8 µl 200 mM iodoacetamide (IAA) (Sigmal-Aldrich) for 30min, and incubated 

with 8 µl 200 mM DTT again at 56 °C for 30 min. The sample solu tion was then 

diluted with 50 mM NH4HCO3 to reach a final urea concentration of 1 M and digested 

with 2 µg trypsin (Promega Corporation) at 37 °C overnight. Additionally, 10 µg 

bovine and human serum proteins were digested in the same way as controls.  

Digested samples were dried in an Eppendorf centrifugal vacuum concentrator 

(Sigmal-Aldrich) and 0.1% trifluoroacetic acid (TFA) (v/v) was added to stop the 

enzymatic reaction. A C18 ZipTip (Merck Millipore Ltd.) was then used to desalt 

and remove free lipids from the digested samples. Briefly, tips ware washed with 

acetonitrile (ACN) 3 times, balanced with 0.1% TFA, loaded with samples and 

washed with 0.1% TFA. Finally, the digested peptides binding on the tips were eluted 

out with 100 µl of 0.1% TFA/50% ACN (50:50, v/v), and the solvent was evaporated 

using a vacuum centrifuge. The dried peptides were dissolved in 10 µl of 1% HCOOH 

(v/v) for LC/MS analysis. 

    LC-MS/MS was performed using an UltiMate 3000 RSLC UHPLC system (Dionex, 

CA), which was coupled to an Orbitrap Q Exactive Plus mass spectrometer (Thermo 

Fisher Scientific) with a data-dependent acquisition mode. Peptides (corresponding 

to 3 µg proteins) were enriched onto an 300 µm i.d. × 5 mm Acclaim PepMap100 

C18 trap column (Dionex, #160454) with  5 µm resin size and 100 Å pore size with 
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0.1% formic acid (FA) at a flow rate of 20 µl/min, and then separated on an Acclaim 

PepMap RSLC C18 analytical column (Dionex, #164540; 75 µm i.d. × 500 mm, 2 

µm, 100 Å) using a linear 90 min gradient from 3% to 50% eluent B (ACN containing 

0.1% FA) in eluent A (H2O containing 0.1% FA) at 40 ºC with a flow rate of 300 

nl/min. Between the sample injection interval, the column ran a gradient from 50% 

to 80% of eluent B in 1 min, then it was kept at 80% eluent B for 9 min,  and back to 

3% eluent B in 1 min and then equilibrated for 29 min.  

    Proteomics data were processed using PEAKS Studio 8.5 (Bioinformatics 

Solutions Inc.) against SwissProt human database (downloaded on July 27th 2016) 

or SwissProt bovine database (downloaded on September 24th 2019). Trypsin was 

selected as proteinase (≤ 2 missed cleavages). Fixed modification was set for 

carbamidomethylation and variable modification for methionine oxidation and 

acetylation of protein N-terminal with up to 3 variable modifications per peptide. In 

addition, 0.02 Da fragment mass tolerance, 10.0 ppm precursor mass tolerance and 

≤ 0.1% false discovery rates (FDR) for peptide-spectrum matches (PSMs) were used. 

Semi-quantitative evaluation of the protein amount was performed by determining 

the ion peak intensity (Area), which was the sum of all peptides areas that belong to 

the same protein group uniquely identified with data-dependent acquisition mode. 

For each identified protein, the Area was normalized by the protein molecu lar weight 

and expressed as the relative protein quantity by applying the following equation.  

Areax = [(Area/Mw)x / ∑ (Area/Mw)𝑛
𝑖=1 i] × 100                                  (1)  

    Identified proteins in each sample were then classified according to their 

molecular weight, isoelectric point from Proteome Isoelectric Point Database 

(http://isoelectricpointdb.org/index.html), and functional annotations from Uniprot 

Database (https://www.uniprot.org/). The relative protein quantity of all proteins 

belonging to the same classified group was calculated and presented in a stacked 

column chart. The top 20 most abundant proteins in each sample were ranked 

according to the calculation in equation (1).  

http://isoelectricpointdb.org/index.html
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Figure 1. Characterization of DOPG-DC liposomes. (A) Chemical structures of DOPG lipid and 

DC-cholesterol. (B-E) 50 µg/ml liposomes was dispersed in PBS, cell culture medium (MEM) 

supplemented with 4 mg/ml FBS (cMEM) or human serum (hsMEM) and characterized by DLS and 

zeta potential measurements. (B) Size distributions by intensity (diameter, nm) of DOPG -DC 

liposomes in different media as obtained by CONTIN fitting of dynamic light scattering (DLS) data. 

The results showed that liposomes were monodispersed and remained stable when dispersed in 

different media. (C) Zeta potential of DOPG-DC liposomes in different media. The results are the 

average and standard deviation of 3 measurements on the same dispersion. (D -E) Stability of DOPG-

DC liposomes in cMEM (D) or hsMEM (E) in cell culture condition (37 ºC, 5% CO 2). The size 

distribution of the liposome dispersions in different  media were characterized by DLS at 0h, 1h and 

24 h after dispersion. The results showed that the liposomes remained stable in these conditions for 

up to 24 h. For the liposomes in hsMEM, in some measurements a small peak around 10 nm was 

also visible, likely due to the presence of excess free proteins in solution.  

 

3. Results and discussion 

3.1 Liposome preparation and characterization 

    DOPG-DC liposomes composed of the negatively charged DOPG lipid and the 

positively charged DC-Cholesterol (see chemical structures in Fig. 1A) were 
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prepared by thin lipid film hydration followed by freeze-thawing cycles and extrusion 

[39]. A hydrophilic dye, sulforhodamine B (SRB), was used to label the liposomes 

in order to quantify cellular uptake and visualize their intracellular location. The size 

distribution and zeta potential of the liposomes were measured using dynamic light 

scattering (DLS) after extrusion and dispersion in different media (Fig. 1B-C), 

including PBS and the cell culture medium (MEM) supplemented with either 10% 

fetal bovine serum (FBS) (cMEM), corresponding to roughly 4 mg/ml proteins, or 

the same concentration of human serum (HS) (hsMEM). Liposomes dispersed in PBS 

had a negative zeta potential around -32 mV and an average diameter of around 130 

nm, consistent with the size expected after extrusion through a 100 nm filter. The 

low polydispersity index (0.05) confirmed that highly monodispersed liposomes 

could be obtained by this method. When introduced into cMEM or hsMEM, the 

liposome size slightly increased to around 165 nm and the zeta potential shifted 

towards neutrality, as expected following serum proteins adsorption on the liposome 

surface and corona formation. The DOPG-DC liposomes remained stable in cell 

culture condition (5% CO2 at 37 ºC) for up to 24 h (Fig. 1D-E). 

 

3.2 Internalization studies 

    In order to compare liposome-cell interactions in media supplemented with serum 

proteins from a different source, flow cytometry was used to measure cell uptake of  

the DOPG-DC liposome dispersed in cMEM or hsMEM. Human epithelial cervical 

cancer HeLa cells were used for this purpose, as a common model for similar studies. 

The uptake kinetics showed that the liposomes exposed to cells in cMEM had much 

higher uptake compared to those in hsMEM (Fig. 2A). In the presence of the 

metabolic inhibitor sodium azide to deplete the cell energy, liposome uptake dropped 

substantially both in cMEM and hsMEM (Fig. 2B-C). This indicated that in both 

media liposomes were taken up as intact nanoparticles following energy dependent 

mechanisms (instead of passive mechanisms of direct fusion with the cell membrane).   

    Next, confocal fluorescence imaging was used to confirm liposome internalization 

and determine their final intracellular location. As shown in Fig. 2D-E, after 2 h 

incubation with cells, for the liposomes dispersed in cMEM a clear intracellular 

signal was detected, and most liposomes were colocalized with intracellular vesicles 
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stained by LysoTracker, likely the lysosomes (Fig. 2D). However, in agreement with 

the lower uptake observed by flow cytometry (Fig. 2A), liposomes suspended in 

hsMEM were barely detected inside cells when using the same imaging setting (Fig. 

2E). Only when the gain of the detector was increased, liposome uptake was 

confirmed also in hsMEM, as well as the colocalization with LysoTracker (Fig. 2F).    

 

Figure 2. Internalization studies of the DOPG-DC liposomes in cMEM and hsMEM. (A) Uptake 

kinetics by flow cytometry of DOPG-DC liposomes (50 µg/ml) added to HeLa cells in cMEM and 

hsMEM. The results showed that the uptake of liposomes was much higher in cMEM than in hsMEM. 

(B-C) Uptake kinetics of liposomes in (B) cMEM or (C) hsMEM in the presence of sodium azide 

(NaN3). 50 µg/ml liposomes in cMEM or hsMEM were added to cells in standard conditions or in 

the presence of 5 mg/ml sodium azide to deplete cell energy (see Methods for details). The strong 

decrease of uptake in the presence of sodium azide indicated that in both media liposomes were 

internalized by cells following energy-dependent pathways. The results in panels A-C are the 
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average and standard deviation over duplicate samples of the median cell fluorescence intensity 

obtained by flow cytometry. (D-F) Confocal fluorescence images of HeLa cells exposed for 2 h to 

50 µg/ml liposomes in (D) cMEM or (E-F) hsMEM. Blue: Hoechst stained nuclei. Red: liposomes. 

Green: LysoTracker Deep Red. Scale bar: 10 µm. The results confirmed liposomes were internalized 

by cells and trafficked in LysoTracker stained compartments, likely the lysosomes. In agreement 

with flow cytometry, lower uptake was observed in hsMEM (E), however also in this case uptake 

was confirmed when images were taken with increased gain settings (F).  

 

    The strong difference observed in cellular uptake for liposome dispersed in FBS 

and HS is in agreement with previous results for other nanoparticles in similar 

conditions [31,33]. We then asked whether the effect was triggered by potential  

differences in corona composition or by additional effects due to the presence of free 

serum proteins of different source in the media.  

 

3.3 Isolation and characterization of corona-coated liposomes  

    In order to explain the different uptake efficiency in cMEM and hsMEM (Fig. 2), 

as a first step the corona formed on the liposomes in the presence of serum of 

different source was characterized. Despite several papers have reported already 

differences in corona composition when magnetic nanoparticles [32], silica [29], or 

polystyrene nanoparticles [31] isolated after dispersion in serum or plasma of 

different source, relatively few similar studies have been performed with liposomes 

before [40]. Liposomes have a lower density compared to the nanoparticles 

mentioned above, thus centrifugation may not be appropriate for corona isolation, 

since sedimentation is more difficult and using higher centrifugal forces could result 

in strong agglomeration which may affect corona composition [41,42]. Therefore, we 

isolated corona-coated liposomes from cMEM and hsMEM by size exclusion 

chromatography (SEC). 

    Corona-coated liposomes were recovered from FBS (FBS corona) by SEC after 

incubation of FBS and DOPG-DC liposome at a protein to lipid ratio of 80:1 (w/w) 

for 1 h (Supplementary Fig. S1A-B). For samples in human serum (HS corona), we 

first used SEC to deplete the human serum of larger particles (Supplementary Fig. 

S1C). We previously showed that HS contains particles of sizes comparable to the 

liposomes, which could confuse corona characterization [37]. Similar observations 

were also reported in literature [43,44]. Even though this procedure will slightly 
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affect the final corona composition in HS, this method was preferred to ensure that 

no residual free proteins misinterpreted as corona proteins could be included. Then, 

liposomes were dispersed in the cleaned HS (cHS) using the same conditions (protein 

to lipid ratio 80:1 w/w for 1 h) and the corona-coated liposomes isolated by SEC 

(Supplementary Fig. S1D-E).   

 

Figure 3. Characterization of DOPG-DC liposome corona in FBS or cleaned HS (cHS). (A) Size 

distribution by intensity obtained by DLS of 50 µg/ml liposomes dispersed in PBS and corona -

coated liposomes recovered from FBS (FBS corona) or cHS (HS corona). (B) Comparison of the 

protein binding capacity (PBC) of liposomes dispersed in FBS or cHS. The PBC value was 

calculated as the amount of corona proteins (µg) from FBS or cHS per micromole lipid. The data 

are the mean and standard deviation of the results obtained with two independe nt liposome batches 

and corona isolation. (C) SDS-PAGE image of the corona proteins recovered on DOPG-DC 

liposomes in FBS (lane 2) or cHS (lane 3). The same amount of liposomes were loaded 

(corresponding to 0.05 µmol lipid). Additionally, 20 µg of FBS (lan e 1) or cHS (lane 4) were loaded 

as controls. Lane 1: 20 µg FBS; lanes 2 and 3: corona-coated liposomes isolated from FBS (FBS 

corona) or from cHS (HS corona), respectively; lane 4, 20 µg cHS. The results showed that SEC 

allowed to isolate homogenous dispersions of corona-coated liposomes (A). The PBC (B) and the 

corona composition (C) were different in the two media.  

 

    DLS measurements before and after corona isolation showed that stable and 

homogeneous corona-coated liposomes were isolated (Fig. 3A). A slight size increase 

from 136 nm in PBS to 162 nm and 155 nm, respectively, for the FBS and HS corona 

confirmed successful corona isolation (Fig. 3A). Next, in order to determine potential 

differences in the two media, the protein binding capacity (PBC) expressed as the 

amount of corona proteins (µg of protein) per micromole of lipid was determined and 

gel electrophoresis (SDS-PAGE) was used to separate the isolated corona proteins. 

As shown in Fig. 3B, the DOPG-DC liposome isolated from cHS absorbed 

significantly higher amount of proteins compared with the one recovered from FBS. 

This was in agreement with the SDS-PAGE results, which showed bands of higher 

intensity for the HS corona than the FBS corona (Fig. 3C, lines 3 and 2, respectively). 
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Interestingly, the bands detected in the FBS and HS coronas differed strongly, even 

though the FBS and cHS alone (Fig. 3C, lines 1 and 4, respectively) had similar 

patterns. These results indicated that not only the liposomes absorbed different 

amounts of proteins in the two media, but, in agreement with previous works with 

other nanoparticle types, they also formed different protein coronas when introduced 

in serum of different source [29,31,45]. 

 

Figure 4. Comparison of FBS and cHS composition and the corona isolated from liposomes 

dispersed in the two sera. LC-MS/MS was used to identify the proteins in (A-C) FBS and cleaned 

human serum (cHS) and (D-F) the FBS and HS corona. The proteins identified have been classified 

according to their (A and D) molecular weight, (B and E) isoelectric point and (C and F) functions, 
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based on their annotations in the Uniprot database (see Methods for details). (G) Venn diagram 

showing the common and unique corona proteins identified in the FBS and HS corona. The results 

showed that the two sera had different compos ition and this led to the formation of very different 

coronas on the liposomes.  

 

Table 1. List of the top 20 most abundant proteins identified in the FBS and HS corona and their 

relative abundance calculated according to equation (1), as described in the M ethods.

 

    As a next step, label-free LC-MS/MS was used to further characterize the 

differences in corona composition in the two media, as also the FBS and cHS. The 

top 20 most abundant proteins identified in the two serum samples are listed in 

Supplementary Table S1, while Fig. 4 shows a comparison of protein distribution by 

molecular weight (Fig. 4A), isoelectric point (Fig. 4B) and function (Fig. 4C). As 

already observed by SDS-PAGE (Fig. 3C), albumin, with a molecular weight around 

66.5 kDa, was the most abundant protein in the serum samples, where it accounted 

for more than 50% of total protein composition. Interestingly, the human serum 

contained more immunoglobulins, apolipoproteins and acute phase proteins (Fig. 4C) 

and also more proteins with positive charge in PBS (isoelectric point > 7.4) (Fig. 4B). 

This may contribute in part to the stronger protein binding capacity of the DOPG -DC 
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liposomes in cHS.  

    The proteomics analysis of the recovered corona-coated liposomes showed that 

205 unique proteins were identified in the FBS corona, and 217 in the HS corona, 

while 76 proteins were common in both samples (Fig. 4G). From the top 20 most 

abundant protein listed in Table 1, we could also see that in both corona samples 

serum albumin only accounted for around 7% of all identified proteins, while 

apolipoproteins were enriched, but with strong differences in the two sera. While the 

FBS corona included 69% apolipoproteins and 11% coagulation proteins, the HS 

corona was composed of 38 % apolipoproteins, 28% immunoglobulins and 10% acute 

phase proteins (Fig. 4F). The strong difference in the amount of immunoglobulins 

detected in the FBS corona may result from the much lower amount of 

immunoglobulins contained in FBS, a difference which was previously reported [35]. 

In addition, the FBS and HS coronas also showed differences in relation to the 

physico-chemical properties of the adsorbed proteins. The FBS corona contained 

higher amounts of proteins with molecular weight between 20-40 kDa (48.6%) while 

42% of the HS corona proteins had a molecular weight below 20 kDa (Fig. 4D). 

Additionally, although proteins with isoelectric point between 5-6 were present in 

both corona samples, the most negative proteins (isoelectric point < 5) were strongly 

enriched in the FBS corona, where they constituted 25% of the total proteins 

recovered, as opposed to only 5% in the HS corona. Accordingly, p ositively charged 

proteins (isoelectric point > 7.4) preferred to accumulate more in the HS corona (6% 

and 26% in FBS and HS corona, respectively) (Fig. 4F).  

    In conclusion, the liposomes formed a very different corona in relation to the 

amount, type, charge and molecular weight of the proteins absorbed. These 

differences may result from the different composition of bovine and human serum 

(as illustrated, for example, by the very low content of immunoglobulins detected in 

FBS). 

 

3.4 Effect of protein source on uptake behavior  

    In order to understand if the observed differences in corona composition played a 

role in the different cellular uptake behavior, we excluded the excess free proteins in 

the medium and exposed HeLa cells to the FBS and HS corona in a serum free 
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condition. Interestingly, this allowed us to determine that even when coated with a 

very different corona, the corona-coated DOPG-DC liposomes showed very similar 

uptake efficiency (Fig. 5A). We then re-introduced the FBS and HS corona-coated 

liposomes in either cMEM or hsMEM. Again, we found that once re -introduced to 

the same medium, the corona-coated liposomes isolated from FBS and cHS still 

showed comparable uptake. Thus, different uptake was only observed when 

liposomes were exposed to cells in the presence of different medium, regardless of 

the type of corona which was adsorbed on their surface (Fig. 5A).  

 

Figure 5. (A) Uptake kinetics of FBS and HS corona-coated liposomes by HeLa cells in different 

media. FBS corona and HS corona were prepared after incubation of DOPG-DC liposomes with FBS 

or HS for 1 h and isolation from excess serum proteins by SEC, as described in the Methods. Then, 

HeLa cells were exposed to corona-coated liposomes to a final lipid concentration of 50  µg/ml in 

serum free medium (sfMEM), and medium supplemented with 4 mg/ml FBS or HS (cMEM and 

hsMEM) and cell fluorescence measured by flow cytometry. The data are the average and standard 

deviation over duplicate samples of the median cell fluorescence intensity. The  results showed that 

FBS and HS corona-coated liposomes have comparable uptake efficiency when exposed to cells in 

the same medium (serum free or with excess free proteins in solution). (B) SDS -PAGE image of 

FBS corona (lane 1), FBS corona reintroduced and  recovered from cMEM (lane 2) or hsMEM (lane 

3), HS corona (lane 4) and HS corona reintroduced and recovered from cMEM (lane 5) or hsMEM 

(lane 6). The same amounts of liposomes were loaded in all lanes (0.025 µmol lipid). Different 

corona proteins were recovered after the corona-coated liposomes were re-introduced in medium 

with serum of different species, indicating exchange of coronas once liposomes were exposed to 

different media. However, differences between the HS and FBS coronas remained still visible , even 
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after introduction into the same serum (lanes 2 and 5 for FBS, and 3 and 6 for HS).   

 

    In order to determine if the re-introduction of the corona-coated liposomes in 

cMEM or hsMEM led to formation of a corona similar to the one in the serum of t he 

same species, the corona-coated liposomes were isolated again by SEC, and corona 

proteins identified by SDS-PAGE (Fig. 5B). When the FBS corona was introduced 

in human serum and recovered by SEC (line 3), some of the bands of the FBS corona 

(line 1) reduced their intensity and new bands which were present in the HS corona 

(line 4) appeared. Similar results were observed for the HS corona when reintroduced 

in a FBS solution (line 6). This indicated that corona formation is a dynamic process 

and, as expected, the corona composition evolved when the corona-coated liposomes 

were re-introduced in serum of different source and composition. Nevertheless, clear 

differences in the FBS and HS coronas remained still visible, even once introduced 

in the same serum (lanes 2 and 5 for FBS, and 3 and 6 for HS).  

    Several studies have showed that the differences of nanoparticle uptake in FBS 

and human serum were due to differences in corona composition in the two sera 

[31,35,45]. Indeed, protein corona plays an important role in nanoparticle -cell 

interactions [18,20,23]. We recently reported similar results for nanoparticles 

exposed to different concentrations of human serum, which also led to formation of 

a different corona (even if of the same species) [34]. Instead, in this particular case 

and conditions, our results showed that despite the strong differences observed 

between the FBS and HS coronas (Figs. 4D-G), the corona proteins did not seem to 

have an effect on the interaction between corona-coated liposomes and cells. On the 

contrary, the strong differences in uptake efficiency here were mainly due to the 

different source of the excess free serum proteins in the medium. The free proteins 

in human serum are likely to have higher affinity for cell receptors on the human 

HeLa cells than the proteins in bovine serum. Thus, they may compete with 

nanoparticles for cell receptors, leading to the lower uptake in HS. For example, IgGs 

present in HS may compete for the Fc gamma RIII receptor expressed on Hela cells, 

previously shown to be involved in nanoparticle uptake [46], while immunoglobulins 

were barely identified in FBS, thus the competition for similar receptors would be 

much lower in FBS. Similarly, apolipoprotein B in serum can be recognized by the 
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Low-Density Lipoprotein Receptor (LDL receptor) and apolipoproteins A-I, A-II, 

and A-IV can bind to the High-Density Lipoprotein Receptor (HDL receptor) [47], 

thus differences in apolipoprotein content in FBS and HS can lead  to differences in 

corona composition, but also to different competition by the free apolipoproteins 

present in the two sera.  

 

4. Conclusions 

    Biological fluids such as serum play an important role in nanoparticle -cell 

interactions and uptake by cells. On the one hand, proteins and biomolecules can 

immediately adsorb on the nanoparticle surface forming a corona layer which 

becomes the real entity that interacts with cells. On the other hand, the excess free 

proteins in solution also affect uptake by cells since they may interact with cell 

receptors and compete for endocytosis with the nanoparticles, especially when the 

serum proteins and cells/tissues used in experiments come from the same species. In 

particular, here we show liposomes with very different  uptake when added to cells in 

bovine or human serum. Interestingly, in this case, regardless of the very different 

coronas formed in bovine or human serum, liposomes had similar uptake when 

corona-coated liposomes were isolated and were added to cells without excess free 

proteins in solution. Many other examples in literature have shown instead that 

differences in corona composition can lead to different uptake by cells [31,34,35,45]. 

On the contrary, in this case, the strong differences in uptake observed for liposomes 

added to (human) cells in medium supplemented with either bovine or human serum 

were mainly due to the presence of the excess free proteins in solutions and their 

species. 

    Overall, these results suggest that the evaluation of nanomaterial and their 

therapeutic efficiency should take into account carefully the effects related to the 

source of proteins used in the medium for testing. In order to take into account effects 

such as those which we have shown here, in vitro studies should be designed using 

matching serum source (or other relevant biological fluid) and cell species. Similarly, 

using cells and serum source corresponding to the chosen animal model may help to 

narrow the gap between in vitro and in vivo studies, and using human cells with 
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human serum or plasma may reduce some of the differences usually observed 

between preclinical studies and clinical trials. Finally, it is interesting to consider 

that nowadays several preclinical studies to assess the therapeutic efficiency of nano -

drugs are performed in animal models where diseased human cells or tissues are 

implanted (for instance xenograft models) [48–50]. This means that the targeted 

cells/tissues and the serum proteins of the animal model are from different sp ecies. 

Based on the results presented, one may speculate that in such models nanomedicine 

targeting and uptake efficiency on the implanted human cells may be higher given 

that the competition of the excess free proteins in solution is likely to be lower 

(because of a different animal species). It would be interesting to test whether similar 

effects may take place and may contribute in part to commonly observed differences 

in nanomedicine efficacy in the translation from animal models to humans.    
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Supplementary Materials 

 

 

Supplementary Figure S1.  Isolation of DOPG-DC corona-coated liposomes by size exclusion 

chromatography (SEC). Briefly, samples were loaded on a SEC column and fractions of 0.5 ml 

eluent were collected up to a total volume of 15 ml and their absorbance at 280 nm and 565 nm was 

measured in order to determine the protein and labelled liposome elution profiles, respectively. (A) 

Elution profile of full FBS. (B) Elution profile of corona -coated liposomes in FBS (FBS corona 

isolation). Briefly, 0.5 mg/ml DOPG-DC liposome were incubated with 40 mg/ml FBS (lipid to 

protein ratio of 1:80 (w/w)) for 1 h at 37 ºC 250 rpm. The mixture was then loaded on a SEC column 

to isolate corona-coated liposomes. Fractions 8, 9 and 10 containing the corona-coated liposomes 

were collected and concentrated for further characterization. (C) Elution profile of full human serum. 

1 ml full human serum was loaded into the column. Fractions 6, 7, 8 and 9, containing large particles 

and protein aggregates of sizes comparable to the liposome were discarded and the fractions from 

10 to 30 were collected as clean HS (cHS) for the subsequent preparation of HS corona. (D) Elution 

profile of clean HS to confirm that no large objects were presente d in the cleaned HS. (E) Elution 

profile of corona-coated liposome in cHS (HS corona isolation), performed as described in panel B 

on samples at the same ratio between liposomes and proteins. The data of panel D are reproduced 

from Yang et al. [1]. 
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Supplementary Table S1.  List of the most abundant proteins (top 20) identified in FBS and cleaned 

HS (cHS). The relative protein abundance was calculated according to equation (1) as described in 

the Methods. 
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