
HAL Id: cea-02434394
https://hal-cea.archives-ouvertes.fr/cea-02434394

Submitted on 10 Jan 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Albumin-driven disassembly of lipidic nanoparticles: the
specific case of the squalene-adenosine nanodrug

Frédéric Gobeaux, Joëlle Bizeau, Firmin Samson, Laurent Marichal, Isabelle
Grillo, Frank Wien, Semen Yesylevskyy, Christophe Ramseyer, Marie

Rouquette, Sinda Lepetre-Mouelhi, et al.

To cite this version:
Frédéric Gobeaux, Joëlle Bizeau, Firmin Samson, Laurent Marichal, Isabelle Grillo, et al.. Albumin-
driven disassembly of lipidic nanoparticles: the specific case of the squalene-adenosine nanodrug.
Nanoscale, 2020, 12, pp.2793-2809. �10.1039/C9NR06485K�. �cea-02434394�

https://hal-cea.archives-ouvertes.fr/cea-02434394
https://hal.archives-ouvertes.fr


1

Albumin-driven disassembly of lipidic nanoparticles:

the specific case of the squalene-adenosine nanodrug

Frédéric Gobeaux1,*, Joëlle Bizeau1, Firmin Samson1, Laurent Marichal1,2, 
Isabelle Grillo3,†, Frank Wien4, Semen O. Yesylevsky5, Christophe Ramseyer6, 

Marie Rouquette7, Sinda Lepêtre-Mouelhi7, Didier Desmaële7, Patrick Couvreur7,
Patrick Guenoun1, Jean-Philippe Renault1, Fabienne Testard1,*

1 LIONS - NIMBE CEA, CNRS, Université Paris-Saclay, CEA Saclay, 91191 Gif-sur-Yvette Cedex, 
France
2 I2BC, JOLIOT, DRF, CEA, CNRS, Université Paris-Saclay, Gif-sur-Yvette, France
3 Institut Laue Langevin, 71 avenue des martyrs, B.P. 156, 38042 Grenoble Cedex 9, France

4 SOLEIL Synchrotron, Saint Aubin, France

5 Department of Physics of Biological Systems, Institute of Physics of the National Academy of 
Sciences of Ukraine, Prospect Nauky 46, 03028 Kyiv, Ukraine

6 Laboratoire Chrono Environnement UMR CNRS 6249, Université de Bourgogne Franche-Comté, 16 
route de Gray, 25030 Besançon Cedex, France.

7 Institut Galien Paris-Sud, UMR 8612, CNRS, Université Paris-Sud, Université Paris-Saclay, Faculté 
de Pharmacie, 5 rue Jean-Baptiste Clément, F-92296 Châtenay-Malabry Cedex, France.

† Dr. Isabelle Grillo passed away in August 2019. All the authors wish to dedicate this article to her 
fond memory.

Correspondance: * frederic.gobeaux@cea.fr, * fabienne.testard@cea.fr 

Abstract

In the field of nanomedicine, nanostructured nanoparticles (NPs) made of self-assembling prodrugs 

emerged in the recent years with promising properties. In particular, squalene-based drug 

nanoparticles have already shown their efficiency through in vivo experiments. However, a complete 

pattern of their stability and interactions in the blood stream is still lacking. In this work we assess the 

behavior of squalene-adenosine (SQAd) nanoparticles – whose neuroprotective effect has already been 

demonstrated in murine models – in the presence of fetal bovine serum (FBS) and of bovine serum 

albumin (BSA), the main protein of blood plasma. Extensive physicochemical characterizations were 

performed using Small Angle Neutron Scattering (SANS), cryogenic transmission electron 

microscopy (Cryo-TEM), circular dichroism (CD), steady-state fluorescence spectroscopy (SSFS) and 

isothermal titration calorimetry (ITC) and in silico by means of ensemble docking simulations with 

human serum albumin (HSA). Significant changes in the colloidal stability of the nanoparticles in the 

presence of serum albumin were observed. SANS, CD and SSFS analyses demonstrated an interaction 

mailto:frederic.gobeaux@cea.fr
mailto:fabienne.testard@cea.fr


2

between SQAd and BSA, with a partial disassembly of the nanoparticles in the presence of BSA and 

the formation of a complex between SQAd and BSA. The interaction free energy of SQAd 

nanoparticles with BSA derived from ITC experiments, is about -8 kcal/mol which is further 

supported in silico by ensemble docking simulations. Overall, our results show that serum albumin 

partially disassembles SQAd nanoparticles by extracting individual SQAd monomers from them. As a 

consequence, the SQAd nanoparticles would act as a circulating reservoir in the blood stream. The 

approach developed in this study could be extended to other soft organic nanoparticles.

Keywords: nanodrug, serum albumin, disassembly, complexation, 

Introduction

Since the end of the 1990s, there has been an intense research activity towards the 

development of nano-assemblies for drug delivery. Such devices could help transporting non soluble 

drugs in the blood stream, increasing their bioavailability and efficacy, but also allowing to target 

specific tissues and overcoming biological barriers.1 Numerous types of nanoassemblies were 

developed for these purposes: micelles, liposomes, nanocapsules and multicomponent nanoparticles. 

However, many of them never reached the clinical phase III of drug development.2 Of note, phase II 

studies are very costly and often result in failure because results obtained in animal studies (phase I) 

do not always simply translate to humans. To prevent such attrition, Arvinte et al. proposed that the 

development of any drug should include “studies of their compatibility in different formulations with 

human plasma under conditions as near as possible to those planned to be used in human studies”.3 

Such in vitro studies may, indeed, reduce resorting to living animals and deepen the understanding of 

the interactions between drug nanocarriers and complex biological media.5–8

Upon introduction into a biological fluid, nanoparticles are expected to be quickly covered 

within milliseconds by a protein corona,9–12 which is known to give a new biological identity to the 

nanoparticles. This may result in drug resistance effect, alteration of the immune response or 

neutralization of the targeting ligands grafted on the surface of nanoparticles.13,14 The composition of 

the protein corona can be very complex.15–17 However, a first focus has to be made on the serum 

albumin which is the most abundant protein in mammalian plasma18,19 – accounting for 55% of the 

protein content. Additionally, serum albumin binds to a wide variety of ligands20,21 and, particularly, 

acts as a carrier for steroids, fatty acids and thyroid hormones in the blood. It is thus a sound approach 

to use serum albumin as an in vitro model for biological medium since lipophilic and amphiphilic 

drugs (whether in nanoparticulate form or not) injected in the body are very likely to encounter and 

interact with it.22–24 Albumin is also known to accumulate in solid tumors and inflamed tissues and 

thus can be harnessed to target cancerous cells.22 Several approaches were thus proposed to use 

albumin as a drug delivery vector including coupling of the drugs to albumin or encapsulating them 

into albumin nanoparticles.25–27

https://doi.org/10.1039/C9NR06485K
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In the present study, we have investigated the fate of squalene-adenosine (SQAd) 

nanoparticles28 in albumin solutions at concentrations close to that of the human plasma. These 

nanoparticles are formed by nanoprecipitation of SQAd bioconjugates in water through hydrophobic 

interactions (Figure 1).28–34 Adenosine is an endogenous nucleoside with potential neuroprotective 

pharmacological activity through the targeting of its four receptors expressed throughout the body.35,36 

The “squalenoylation” of adenosine was previously found to increase its half-life, and to avoid adverse 

effects of free adenosine33,34, while the squalene moiety drives the assembly of the nanoparticles in 

water. Although the efficacy of squalene-based drugs has already been demonstrated in vivo on 

rodents33,37, the pharmacokinetics of such assembled systems is extremely hard to evaluate since the 

circulating prodrug is potentially present under three forms upon administration: assembled into 

nanoparticles, as free bioconjugates and bound to plasma proteins.38 This partitioning can have 

important consequences on the transport and subsequent tissue/cell uptake of the drug. In 2010, 

Bildstein et al. have shown that uptake of the drugs by the cells was influenced by the concentration 

and the nature of extracellular proteins.29 It was later shown by radio-analysis of plasma fractions and 

molecular dynamic simulations that low density lipoproteins (LDL)37 and to a lesser extent human 

serum albumins37,39,40 participated in the uptake of squalene-gemcitabine bioconjugates. However, the 

specificity of the SQAd interactions with these biomolecules remains unknown.

The interaction of nanoparticles with proteins is widely studied in the (bio)nanoscience 

community.41–43 However, studies dealing with protein-nanoparticle interactions are mostly focused on 

the protein structural modifications in the presence of “rigid” mineral nanoparticles (e.g. silica or 

metallic nanoparticles) while possible modification of the nanoparticles themselves by the proteins are 

rarely considered yet, except in the case of cubosomes that have been shown to be destabilized by 

blood components.44,45 The SQAd nanoparticles are soft nano-assemblies that can potentially act as 

reservoirs from which monomers can be extracted during their interaction with cells or blood plasma 

components, such as proteins or lipoproteins. In this work, we have used multiple complementary 

techniques to probe the nanoparticles with cryogenic transmission electron microscopy (cryo-TEM) 

and small angle neutron scattering (SANS) on the one hand, the proteins with spectroscopic methods 

on the other hand, and the overall interaction with isothermal titration calorimetry (ITC). Finally, this 

experimental study is completed by molecular dynamics simulations. The chosen approach enables to 

scrutinize both the effect of the plasma proteins on the SQAd nanoassemblies and the effect of the 

SQAd on them. Since SQAd nanoparticles are nano-assemblies in dynamic equilibrium with the 

monomeric SQAd bioconjugate, we are able to follow how this equilibrium can be affected by the 

components of the biological medium and go towards a better understanding of these complex 

interplays. 

https://doi.org/10.1039/C9NR06485K
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Figure 1: Molecular structure of the squalene-adenosine monomer and nanoparticles obtained after dropwise 
addition of the organic solution in deionized water followed by elimination of the organic solvent (nanoprecipitation 
process).

Results and discussion

A. Characterization of SQAd nanoparticles in model biologic media

Small Angle Neutron Scattering (SANS)

Effect of Fetal Bovine Serum on SQAd nanoparticles – Characterizing nanoparticles in media 

as complex as blood plasma is difficult because of the high concentration of blood components of 

nanometric size. Dynamic Light Scattering (DLS), which is usually used to estimate the size of 

squalene-based nanoparticles31,34,46,47 remains a low-resolution method not adapted to study 

polydisperse assemblies of nanoparticles48 within a concentrated complex media. By contrast, Small 

Angle Neutron Scattering is a powerful method for characterizing the squalenoyl conjugated 

nanoparticles dispersed in D2O47 and is suitable to study multicomponent systems.49,50 To monitor the 

impact of plasma components on the SQAd nanoparticles dispersion, we have performed SANS 

experiments with SQAd nanoparticles in fetal bovine serum (FBS), which, in addition to BSA, 

contains tens of other proteins18 and lipoproteins particles whom previous studies have shown their 

importance for SQAd transport and targeting.37–39 For comparison, Figure 2A first shows the SANS 

patterns of 0.4 mg/ml SQAd nanoparticles in D2O (blue circles). This signal is typical of hydrogenated 

spherical nanoparticles dispersed in a deuterated solvent.47 We retrieve the characteristic q-4 

dependence in the middle q-range (also called Porod regime), a signature of the abrupt interface layer 

between hydrogenated nanoparticles and deuterated solvent. The intensity reaches a constant value in 

the low q range (q < 0.004 Å-1) indicating a finite size for these nanoparticles (Cf. Table 1 for gyration 

radii extracted from Guinier fits at the low q range). We can also fit this pattern with a lognormal 

distribution of spheres as shown in the supplementary information section (Figure S5, Tables S2 and 

S3).

https://doi.org/10.1039/C9NR06485K
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When these nanoparticles were mixed (final concentration = 0.4 mg/ml) with FBS dialyzed against 

PBS/D2O (violet circles), the scattered intensity in the same low q-range decreased indicating a 

decrease of the nanoparticle contribution. Moreover, the existence of a plateau indicates that the 

nanoparticles remain stable colloids. At higher q-range (q > 0.01 Å-1), a new signal appears. This 

signal perfectly superimposes with the SANS scattering signal of FBS in PBS/D2O (carmine squares). 

The SANS pattern of the mixture SQAd/dialyzed FBS corresponds to the addition (continuous black 

line) of a fraction of the individual contributions from SQAd nanoparticles and FBS at same 

concentration. Table 2 summarizes the coefficients used for each contribution and shows that 50% of 

the SQAd nanoparticles signal disappeared (in comparison to the SQAd/D2O at the same SQAd 

concentration). This decrease in intensity originates in a decrease in volume fraction but could also be 

associated to a small decrease of the nanoparticles radius (although not observable for the FBS case on 

the fitting parameters (Table S3)). A strong effect of FBS on the SQAd nanoparticles is then 

demonstrated, suggesting their partial disassembly. The linear combination of SQAd nanoparticles and 

FBS contributions also demonstrates that no noticeable interactions are induced by proteins on SQAd 

nanoparticles. This tendency is surprising as an increase of the scattering is expected in case of corona 

formation around nanoparticles or aggregation thereof.51,52 To get a deeper understanding of this 

phenomenon, we decided to use a simplified model system. The rest of the study is thus restricted to 

BSA solutions only. As mentioned earlier and as confirmed by its scattering pattern (Figure 2B, 

carmine squares), FBS is a multicomponent system, but Figure 2B shows that the main contribution to 

FBS SANS pattern (open carmine squares) comes from the scattering of BSA (closed red diamonds), 

whose concentration was estimated to be 40 mg/ml.

Figure 2 : A) SANS patterns of SQAd/D2O ([SQAd] = 0.4 mg/ml) (blue circles), SQAd/FBS/PBS/D2O ([SQAd] = 0.4 
mg/ml) (violet circles) and FBS/PBS/D2O (carmine squares) at the same concentration as in the SQAd solution. The black 
line is the addition of fractions of individual contribution SANS patterns of SQAd/D2O ([SQAd]=0.4 mg/ml) and 

https://doi.org/10.1039/C9NR06485K
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FBS/PBS/D2O (same FBS concentration) (see table 1 for the corresponding used coefficients). B) SANS pattern of a FBS 
solution dialyzed against PBS/D2O during one night (carmine squares) and BSA SANS pattern for an equivalent BSA 
concentration of 40 mg/ml (closed red diamonds).

Table 1: Nanoparticle radii of gyration obtained from Guinier fit (RG) and corresponding spherical radii (R). The 
scattering curves used to calculate the Guinier radius are indicated in the last column. The fits can be seen in Figure 
S4. 

Sample name RG 
 (nm) R (nm) SANS Curve

SQAd (D2O) 41.7±3.0 53.8 Figure 2A, 3A & 3B, blue circles
SQAd (PBS, 10 minutes) 56.2±1.4* 72.0 Figure 3B, cyan circles

SQAd (PBS, 2 hours) 83.3±0.8* 107.0 Figure 3B, green circles
SQAd (BSA/PBS/D2O) 37.3±5.9 48.0 Figure 3A, violet circles
SQAd (FBS/PBS/D2O) 44.1±3.6 59.4 Figure 2A, violet circles
*here, the Guinier condition qRG is not perfectly satisfied

Table 2: Coefficients used to evaluate the fractions of the signal from individual components SQAd/D2O and 
BSA/PBS/D2O (respectively FBS/PBS/D2O) at nominal concentration “a*ISQAd/D2O + b*IBSA/PBS” (respectively) 
“a*ISQAd/D2O + b*IFBS/PBS” to reproduce the intensity of SQAd/BSA/PBS/D2O (respectively SQAD/FBS/PBS/D2O) 
obtained after mixing. The corresponding scattering curves are indicated in the last column.

Coefficient a b SANS curve
[SQAd ] = 0.4 mg/ml (with FBS) 0.5 0.95 Figure 2A, violet circles
[SQAd] = 0.4 mg/ml (with BSA) 0.65 0.91 Figure 3A, violet circles
[SQAd ] = 1 mg/ml (with BSA) 0.8 0.90 Data not shown

Nanoparticle colloidal stability in presence of BSA/PBS vs PBS –The Figure 3A displays the 

SANS patterns obtained 2 hours after mixing SQAd nanoparticles (final SQAd concentration = 0.4 

mg/ml) with BSA (final BSA concentration = 6.5 mg/ml in PBS/D2O) (violet circles) compared with 

the equivalent solution diluted in D2O (blue circles). Just as with FBS, the intensity in the low q-range 

(q < 0.004 Å-1) decreased in the presence of BSA, indicating a decrease of the nanoparticles volume 

fraction, while in the middle q-range (q > 0.01 Å-1) a new signal appeared, overlapping the SANS 

pattern of 6.5 mg/ml BSA in D2O (closed red diamonds). This overall signal was stable over 9 hours. 

Here again, the scattered intensity of the mixture is compatible with a linear combination of the 

individual SANS contribution from BSA/PBS ([BSA] = 6.5 mg/ml) and SQAd/D2O ([SQAd]=0.4 

mg/ml). The obtained coefficients (Table 2) show that about 35% of the SQAd nanoparticle scattering 

signal disappears in the presence of BSA. This effect is even larger when the BSA/SQAd ratio is 

increased. Indeed, as shown in Figure S6 in the supplementary information, the nanoparticle scattering 

signal then drops and the signal-to-noise ratio becomes very poor. This decrease in intensity 

contribution could result from a decrease of SQAd volume fraction or from a decrease of radius, or 

from a combination of both. However, the slight decrease of nanoparticle radius (indicated by a small 

decrease in RG in Table 1 and in radius fitting values shown in Table S2). Likewise, about 10% of free 

BSA seems to have disappeared, which could be attributed to some adsorption on the nanoparticles 

surface.

To verify that this effect was indeed due to BSA only, we analyzed the buffer effect on the 

nanoparticles. When the nanoparticle suspension was diluted in a PBS solution without BSA, the 

behavior was completely different as can be seen in Figure 3B. The comparison of SQAd/D2O SANS 

patterns diluted in D2O or in PBS/D2O clearly shows a strong difference. The intensity values in the 

https://doi.org/10.1039/C9NR06485K
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Porod regime shifted towards lower q and the intensity in the lower q range increased in presence of 

added salts. This indicates that an increase of ionic strength of the solution led to an increase of the 

size of the nanoparticles (see 

Table 1). A similar behavior was obtained with a 1 mg/ml SQAd nanoparticle dispersion in PBS (see 

Figure S7 in SI). Therefore, BSA not only leads to a decrease of nanoparticles volume fraction 

(possibly associated with a decrease of the radius) in solution, but also to a stabilization of the 

remaining nanoparticles.

Figure 3: SANS characterization of SQAd nanoparticles in presence of BSA and PBS. A) SANS patterns of 0.4 mg/ml 
SQAd nanoparticles in D2O (blue circles) or with BSA/PBS ([BSA] = 6.5 mg/ml)(violet circles) compared to the SANS 
pattern of BSA (6.5 mg/ml) in PBS/D2O (closed red diamonds). The black line corresponds to linear combination of 
independent SQAd and BSA SANS patterns (see table 2 for the corresponding coefficients.) B) Lognormal size distribution 
of SQAd in water (blue line) and SQAd nanoparticles in the presence of PBS (purple line) derived from the fits of the SANS 
patterns in panel A. C) SANS patterns of SQAd nanoparticles (0.4 mg/ml) in D2O (blue diamonds), in 0.2 M PBS just after 
sample preparation (i.e. ~10 minutes) (grey squares) and 2 hours after sample preparation (green triangles) and corresponding 
lognormal size distributions derived from fit (D). The colored lines are the corresponding fits with lognormal distributions of 
spheres.

Cryogenic Transmission Electron Microscopy

Cryo-TEM allowed imaging individual SQAd nanoparticles and assessing their morphology. 

In water or in D2O, they appeared roughly spherical and polydisperse (Figure 4A). With the SQAd 

batch used in this study, the internal structure observed on micrographs corresponds to sponge phases. 

Even in very fresh solutions, about 20% of the observed nanoparticles were aggregated in groups of 

three to four, suggesting that SQAd can easily get destabilized (Figure 4C-D), even in the absence of 

https://doi.org/10.1039/C9NR06485K


8

PBS. On contrary, when the nanoparticles were mixed with BSA in 70 mM PBS/D2O, their size 

clearly appeared to be smaller and more spherical (Figure 4B). Also, all the nanoparticles remained 

isolated as if the presence of BSA prevented aggregation. The BSA molecules appeared to be 

dispersed evenly in the background of Figure 4B, not showing any sign of adsorption or depletion in 

the vicinity of nanoparticles. There was no apparent sign of the formation of a protein corona around 

the nanoparticles.53 In order to quantify the size distribution of the nanoparticles, systematic 

measurement of the diameter of at least 60 particles was reported in the histogram displayed in Figure 

4, which evidences a decrease of average particle size as well as a narrowing of the size distribution in 

the presence of BSA. Nevertheless, the two size distributions remain rather wide and overlap to a great 

extent.

Figure 4: Cryogenic transmission electron microscopy characterization of SQAd nanoparticles. A, B, C) SQAd 
nanoparticles in D2O. D & E) SQAd nanoparticles in presence of BSA in 70 mM PBS/D2O. F) Diameter histograms for 
SQAd without and with BSA built with 94 and 67 measurements respectively. The inset shows the two Gaussian 
distributions built with the averages and standard deviations of the measurements (the area below the curves is normalized).

Altogether, these physico-chemical characterizations of the SQAd nanoparticles suspensions 

showed that their colloidal stability is very sensitive to salt conditions and to the presence of BSA 

https://doi.org/10.1039/C9NR06485K
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although more systematic studies are still needed to map out a complete stability diagram and 

delineate all the underlying interactions.54 Moreover, the volume fraction of the scattering 

nanoparticles decreases in presence of BSA, which suggests that a significant amount of SQAd 

monomers are extracted from the nanoparticles.

B. Spectroscopic Characterization of the Squalene-Adenosine—BSA interaction

Circular dichroism

Circular dichroism gives information on the molecular conformation of optically active chiral 

molecules. It is particularly adapted to study the global conformation of proteins in solution and to 

monitor their modification as they interact with a ligand.55,56 Despite the fact that the adenosine moiety 

in solution yields a dichroic signal57, we have not observed a dichroic signature of the SQAd 

nanoparticles at the concentrations used. In contrast, BSA yielded a strong and characteristic spectrum 

featuring a positive band centered at 192 nm and a negative band with two peaks at 210 and 224 nm 

(see red spectrum in Figure S8). Consequently, only the modification of the BSA conformation could 

be monitored at a fixed concentration (13.65 µM) in the presence of increasing concentration of SQAd 

nanoparticles. Figure S8 exhibits the evolution of BSA circular dichroism spectrum with increasing 

amount of SQAd nanoparticles. The more nanoparticles were added, the more the absolute intensity of 

the signal decreased. The overall shape of the spectrum was also modified, indicating a partial 

conformational change of a fraction of BSA molecules: the alpha helix content estimated with 

BestSel58 fits dropped from about 40% to only 20-30%. Such a change may be either the signature of a 

corona formation on the nanoparticles (proteins tend to unfold upon adsorption on surfaces)59 or of a 

binding of squalene to the protein (some hydrophobic ligands induce in BSA unfolding structure 

change).60,61 

The thermal stability of BSA, alone or, in presence of either free adenosine, or SQAd 

nanoparticles, was also tested (Figure 5). The normalized intensity at 222 nm was plotted as a function 

of temperature between 25° and 70°C. The plots clearly show that the denaturation curves of BSA (red 

trace) and BSA in the presence of adenosine (black dashed trace) barely differed. In both cases, the 

onset of BSA denaturation was about 42°C, which is in agreement with previous studies.62–64 This 

again suggests that BSA remained in its native state in the presence of adenosine molecules. However, 

in the presence of SQAd nanoparticles, the corresponding denaturation curve diverged from that of 

native BSA, with an onset near 50°C, showing that the denaturation rate of BSA in the presence of 

SQAd nanoparticles was lower comparatively to native BSA. These observations suggest that BSA 

was involved in a complex with SQAd that increases the protein’s stability. Therefore, the change in 

conformation revealed by CD is not a denaturation/unfolding of the protein but rather the formation of 

an alternate, more stable structure. However, this conformational change is not negligible and it could 

partially affect some functionality of BSA.65,66 Finally, given that BSA did not interact with the 
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adenosine moiety, it is confirmed that it rather interacts with the squalene moiety of the SQAd bio-

conjugate. This cannot be directly tested since the squalene molecule is insoluble in water, but is not 

surprising since BSA is known to possess several sites to bind with fatty acids and steroids.67

Figure 5: Thermal denaturation of BSA (red trace), BSA + adenosine (black dashed trace) and BSA + SQAd nanoparticles 
with 11:1 molar ratio (continuous black trace) monitored with CD signal at 222 nm. 

Fluorescence quenching

The nature of the BSA-SQAd complex was further characterized using fluorescence 

quenching. The quenching of the BSA intrinsic fluorescence is a classic method to characterize its 

interaction with different types of ligands. This method allows in principle to determine the complex 

stoichiometry and quenching affinities.68 In BSA’s the fluorophores are related to the two tryptophan 

residues Trp-212 and Trp-134 and any change in their environment will translate into a modification 

of the protein fluorescence emission spectrum. Here, the presumed quencher is the SQAd bio-

conjugate. 

Figure 6A exhibits typical fluorescence emission spectra of BSA in absence (red trace) and in 

presence of an increasing amount of SQAd nanoparticles (orange to blue traces, BSA:SQAd molar 

ratios ranging from 1:1 to 1:19). While the fluorescence intensity was clearly decreasing as SQAd 

nanoparticles were added, no shift in the maximum position was observed. Figure 6B shows the plot 

of the maximum emission fluorescence value as a function of the concentration of the added SQAd 

from five independent quenching experiments. The plot of a control experiment performed by the 

addition of free adenosine to BSA is also shown (grey triangles). The fluorescence emission intensity 

remained constant when adenosine was added, while it decreased as the SQAd concentration 

increased. As the SQAd concentration reached 200-300 µmol.L-1 (i.e. BSA:SQAd molar ratio 1:14-

19), the fluorescence emission reached an asymptote. SQAd clearly acted as a quencher of BSA while 

adenosine did not. These observations clearly confirm the conclusions drawn from circular dichroism 

experiments: the SQAd molecules interact with BSA and form a complex. The fact that the maximum 

of emission was not shifted indicates that the environment of BSA tryptophan does not change.

https://doi.org/10.1039/C9NR06485K
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Further quenching experiments carried out at temperatures ranging from 25°C to 45°C 

exhibited the same trend. These results as a function of the temperature were plotted according to the 

Stern-Volmer formalism68 in Figure 6C: 

Eq.1
𝐹0

𝐹 = 1 + 𝐾𝑆𝑉 × [𝑆𝑞𝐴𝑑] = 1 + 𝐾𝑞 × 𝜏0 × [𝑆𝑞𝐴𝑑]

Where F0 and F are the fluorescence intensity of BSA in absence and in presence of SQAd 

nanoparticles, respectively, [SQAd] the concentration in SQAd, KSV the Stern-Volmer constant, Kq the 

quenching rate constant and τ0=10-8 s the average half-life of tryptophane fluorescence in absence of 

quencher.69 The Stern-Volmer plots for temperatures ranging from 25° to 45° (Figure 6C) all exhibited 

a reasonable linear trend whose slope, KSV, decreases with increasing temperatures as plotted in Figure 

6D (the numerical values were reported in Table 3).

Figure 6: Characterization of BSA-SQAd interaction through fluorescence quenching experiments. A) Fluorescence 
emission spectra of BSA solutions quenched by an increasing concentration of SQAd nanoparticles. From red to blue: 
[SQAd]/[BSA] = 0, 1, 4, 9, 11, 14 and 19. The purple trace is the fluorescence emission of a SQAd solution without BSA. B) 
Plot of the maximum fluorescence emission value as a function of SQAd (circles) or free adenosine (triangles) concentration 
for six series of independent samples. The lines are only guide to the eye. C) Stern-Volmer plots as a function of temperature. 
D) Plot of the Stern-Volmer constant Ksv as a function of temperature. The BSA concentration was fixed to 13.6 µmol.L-1 in 
all the samples.

Table 3: Numerical values of the Stern-Volmer constants KSV obtained from the linear fit of Stern-Volmer plots 
presented in Figure 6C for SQAd and corresponding correlation coefficients.

Temperature (°C) KSV (L.mol-1) r2

https://doi.org/10.1039/C9NR06485K
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25 7363±164 0.95906
30 7146±138 0.98196
35 6623±120 0.97618
40 5993±98 0.98439
45 5195±105 0.9618

The values obtained for the quenching rate constant Kq=KSV/τ0 were higher than 1010 mol.L-

1.s-1, which suggests that the quenching was the result of a static mechanism caused by the formation 

of a non-fluorescent complex (by opposition to dynamic quenching resulting from interaction through 

collision between the fluorophore and the quencher).68 The fact that the Stern-Volmer constant 

decreased when temperature increased (Figure 6D) confirms this mechanism. BSA and SQAd were 

thus interacting to form a complex along the following equilibrium BSA + n×SQAd ⇌ BSA(SQAd)n, 

whose binding constant Kb can be expressed as: 

Eq. 2𝐾𝑏 =
[𝐵𝑆𝐴(𝑆𝑞𝐴𝑑)𝑛]

[𝐵𝑆𝐴] × [𝑆𝑞𝐴𝑑]𝑛

This binding constant Kb and the number of binding sites n could be estimated by plotting another 

modified Stern-Volmer equation:

Eq. 3log(𝐹0 ― 𝐹
𝐹 ) = log (𝐾𝑏) +𝑛 × 𝑙𝑜𝑔([𝑆𝑄𝐴𝑑])

where [BSA(SQAd)n], [BSA] and [SQAd] are the concentrations in complex, in free BSA and free 

SQAd, respectively. Over all the different experiments we have carried out, values of n ranging 

between 1 and 2 were obtained (Table 4), suggesting that the binding is not highly site-specific.
Table 4: Binding constant Kb and number of binding sites n derived from the linear fit of the modified Stern-Volmer 

equation (Eq 3).
Temperature (°C) LogKb n r2

25 6.0±0.3 1.6 0.89464
30 5.1±0.2 1.4 0.91155
35 5.2±0.3 1.4 0.81878
40 3.9±0.1 1.0 0.95938
45 3.7±0.3 1.0 0.90601

Overall, the features of the spectroscopic characterization of the interaction between BSA and 

SQAd nanoparticles were similar to that of BSA with molecular ligands.61,70 Along with the 

conclusions of the first section, this suggests that SQAd individual molecules were extracted from the 

SQAd nanoparticles to form complexes with BSA. 

C. Thermodynamics of SQAd nanoparticles-BSA interaction probed by Isothermal 
titration calorimetry.

The thermodynamics of the interaction between BSA and the SQAd nanoparticles was 

analyzed by measuring the global heat flow during the isothermal addition of BSA to a solution 

containing SQAd nanoparticles. The resulting thermograms  revealed the existence of an 𝐸 =
∂𝑄
∂𝑡 (𝑡)

exothermic interaction between the SQAd nanoparticles and the BSA as indicated by the negative 
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variations – each peak corresponding to a single injection – in the compensatory power trace (Figure 

7A). Integration of each peak allowed plotting the concentration-normalized heat released by the 

binding of the protein and the ligand (i.e. the SQAd molecules) as a function of the [BSA]/[SQAd] 

molar ratio (Figure 7B). Subsequently, the stoichiometry of the complex and the thermodynamic 

constants could be calculated using a one-binding site fitting model (Table 5). The number of identical 

and independent binding sites for SQAd monomer on the BSA was about 2, with a free energy change 

(ΔG<0) of the order of -7.7 kcal.mol-1. Such a value places SQAd monomers amongst BSA mild 

binders.61,71 Such intermediate binding constants allow a significant amount of drug to be transported 

but also to be subsequently released at drug consumption sites.72 The overall reaction, i.e., removal of 

SQAd from the nanoparticle and subsequent binding to BSA, was enthalpy driven (ΔH<0). The SQAd 

binding to serum albumin compensated for the entropy loss resulting from the disassembly of the 

nanoparticles.

Figure 7: Isothermal Titration Calorimetry of BSA injected in SQAd nanoparticles dispersion in water. (A) Raw 
thermogram and (B) corresponding integrated binding heat (black squares). The line is the fit using a one-binding site model.

Table 5: Average binding stoichiometry (N), complex stability constant (K), Enthalpy change (ΔH), Entropy change (-
T.ΔS) and Gibbs free energy change (ΔG) for the complexation of SQAd by BSA calculated from the fitting of two 
ITC measurements.

N (BSA/ SQAd monomer) 0.46±0.06
K (M-1) 5.08×105 ± 1.29×105

ΔH (kcal mol-1) -23.4±3.9
-T. ΔS (kcal mol-1) 15.7±4.31

ΔG (kcal.mol-1) -7.7±0.2

D. Molecular docking simulations

https://doi.org/10.1039/C9NR06485K


14

In order to elucidate molecular details of SQAd binding to serum albumin, a series of 

ensemble docking simulations were performed in order to account for large-scale protein dynamics. 

We utilized the computational model of human serum albumin (HSA) developed earlier40, which 

allowed us to reuse the representative ensemble of protein conformation extracted from extensive 

molecular dynamics trajectories. The statistics of obtained best docking poses suggests that SQAd 

binds to the vast majority of solvent-exposed amino acids of HSA in unspecific manner. Figure S13 

shows the best binding poses for 3 protein frames (the poses for remaining 33 frames are not shown 

for clarity). It is clearly seen that the ligand could bind to the whole solvent-exposed protein surface, 

however the strength of binding differs significantly in different sites.

Due to the large number of independent docking simulations it was possible to compute a probability 

of finding any atom of the ligand in particular point around the protein. Such volumetric ligand density 

map is shown in Figure S14. An inspection of this density map shows that the grooves on the protein 

surface and the interdomain cleft of HSA were the preferable places of ligand binding. This again 

suggests an unspecific character of binding which is governed by maximizing the number of relatively 

weak contacts with protein residues.

Figure 8: A) Distribution of binding scores for ~20000 simulations. B) Binding probability of SQAd ligand to different 
residues of HSA. Blue corresponds to zero probability, green to intermediate probability and red to the highest probability. 
The residues with highest probability are shown in space-fill representation while the rest of the protein is shown in cartoon 
representation.

The distribution of the binding scores for all ~20000 docking simulations is shown in Figure 

8A. The strongest binding energy is -10.1 kcal/mol, while the most probable binding energy is about -

5.5 kcal/mol. These typical absolute values of binding energies are in the same range as the data of 

titration calorimetry. The broad distribution of the binding energies suggests unspecific character of 

the binding, driven by the hydrophobicity of the protein surface and the number of non-specific Van 

der Waals and Coulomb contacts with ligand.

It is noticeable that the binding scores for squalene-adenosine are very similar to the scores for 

squalene-gemcitabine obtained in previous work40 (best score -10.8 kcal/mol and the most probable 
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score -5.5 kcal/mol). In line with CD and SSFS observations – which have furthermore been 

reproduced with squalene-deoxycytidine (see SI, Figure S11 and S12) –, this suggests that interaction 

of different squalene bioconjugates with serum albumin mainly occurs through the squalene moiety 

while the drug does not play a significant role in this process and does not induce specificity to 

particular sites of the protein surface. This unspecificity of the binding was also a conclusion of the 

quenching fluorescence experiments.

Finally, the probability of binding of SQAd to each of protein residues is shown in Figure 8B. 

The highest probability of binding is observed for the residues located in the interdomain cleft: ARG 

182, LYS 186, ARG 193, ARG 218, GLU 421 and TYR 448. Although all these residues except TYR 

448 are positively charged there is no clear indication that binding of SQAd is governed by charge. 

There are other ARG and LYS residues located outside the interdomain cleft but they have very small 

probabilities of binding. It is thus possible to speculate that high binding probability to charged 

residues in the interdomain cleft is caused not by their charge but by their high solvent exposure and 

the effect of confined volume in narrow cleft. As a result the ligand which is located in the cleft will 

often be in contact with these residues while the character of binding remains unspecific and mostly 

charge-independent.

E. Discussion and biological relevance of the results

Does a protein corona form around SQAd nanoparticles?

As already mentioned earlier, the interaction of proteins with nanoparticles is commonly 

reported to trigger the formation of a protein corona around the nanoparticles. However, most of these 

studies deal with “rigid” mineral nanoparticles such as silica or metallic nanoparticles.73 In the case of 

the “soft” nanoparticles resulting from the nano-assembly of organic molecules such as SQAd, we 

found little evidence suggesting formation of corona. Indeed, contrary to what has been previously 

observed (e.g. with lipid nanoparticles74 or polystyrene spheres53) our cryo-TEM images do not show 

any layer of adsorbed proteins onto the SQAd nanoparticles surface in spite of the large number of free 

BSA surrounding them. However, the small decrease in free BSA in solution inferred from SANS 

fittings (See Table 2) and the observed colloidal stabilization might indirectly suggest that some 

proteins are partially adsorbed on the surface of the SQAd nanoparticles, thus slightly modifying their 

surface charge. We conclude that the corona is absent from the SQAd nanoparticles without ruling out 

the presence of few adsorbed protein adsorbed molecules that might change the colloidal stability of 

the nanoparticles by limiting their aggregation in phosphate buffer solution.

It is interesting to note that Kihara et al.75 used a similar approach including SANS and CD to 

study the interaction of HSA with hard nanoparticles (polystyrene). However, their observations are 

opposite to ours: they observe and increase of the average diameter of the nanoparticles attributed to 

the formation of a soft corona. This corona reduces the interparticle repulsion and leads to their 
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aggregation. These differing results emphasize the specific behavior of soft nanoassemblies in 

biological media.

Comparison between experimental results and molecular docking simulations

The experimental data of this study may also be discussed in the light of molecular docking 

simulations performed with SQAd and Human Serum Albumin (HSA). These simulations show that 

serum albumin plays the role of drug carrier with in silico measured binding energies from zero to 

10.1 kcal/mol with an average at -5.5 kcal/mol. This value is of the same order of magnitude as the 

free energy measured by ITC (-7.7 kcal/mol). Taking into account the approximate nature of the 

docking scoring function and the complexity of the protein surface such correspondence should be 

considered as good. Another matching observation is that the interactions do not strongly depend on 

the nucleoside moiety, hence suggesting that the squalene moiety is the major part interacting with 

albumin. Experimental results do not allow determining exact binding sites of SQAd monomers but 

some conclusions could be drawn from fluorescence quenching of tryptophan residues compared to 

docking results. One of the tryptophans (residue 212) is located deep in the interdomain cleft where 

the strongest binding of SQAd occurs according to the docking data. However, the BSA fluorescence 

is never completely quenched, which means that SQAd molecules do not block other solvent-exposed 

tryptophan residue 134. This is in good agreement with docking results, which predict much weaker 

binding of SQAd outside of the interdomain cleft and deep surface grooves.

It is important to note that docking simulations provide no data about the number of SQAd molecules 

which bind to one albumin globule under experimental conditions. Although unspecific binding is 

possible over the majority of the solvent-accessible protein surface (with different probabilities) this 

does not mean that the whole surface would be covered by ligands in reality. The real equilibrium 

depends on SQAd concentration and kinetic constants of binding and unbinding, which are not 

determined in docking simulations. In reality, since SQAd is hydrophobic and poorly soluble in water, 

there are probably not so many free SQAd individual molecules in solution ready to interact with 

serum albumins. The majority of SQAd molecules are then either stored in the nanoparticles or bound 

to the BSA. There is, therefore, a competition between the SQAd molecules in the nanoparticles and 

those bound to BSA, hence only the most stable sites of BSA are occupied, that is, in the interdomain 

cleft.

We are aware that, despite a similar general structure, HSA and BSA differ substantially by sequence 

and may exhibit somewhat different binding to different small molecules76–79 which makes our 

computational model different from one used in experiments. However, the completely unspecific 

character of SQAd binding suggests that local sequence-related differences of the surface-exposed 

residues in HSA and BSA could be different in details but the conclusion about unspecific preferential 
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binding in the interdomain cleft will stand for both proteins and thus allows comparison with 

experimental data obtained on BSA.

In order to make simulation more realistic, several aspects should be taken into account such as the use 

of explicit water molecules, the dynamics of the proteins during binding and, most importantly, the 

extraction of the SQAd molecules from the nanoparticles (unraveling of the nanoparticles). However, 

accounting for these details currently makes simulations too intensive computationally and too 

complex methodologically for the routine use. Thus the usage of scanning docking on the ensemble of 

protein conformations utilized in this work is a reasonable compromise, which produces useful semi-

quantitative results in good agreement with experimental observations.

Possible scenario of SQAd uptake by BSA in vivo

Through spectroscopic characterizations, we have established that BSA interacts with the 

SQAd monomers and form stable complexes with them. This fact, in addition to the observation that 

the nanoparticle volume fraction decreases in the presence of BSA, leads us to propose that in vivo the 

serum albumin “extract” the SQAd monomers from the nanoparticles and carry them in the 

bloodstream toward the pharmacological target (Figure 9). This assumption is in line with previously 

proposed transport of squalene-gemcitabine by albumin.37,39 The nanoparticles are thus playing the 

role of circulating SQAd reservoirs in the plasma. It is not yet clear if this mechanism requires a 

physical contact between the albumin molecules and the nanoparticles or if the proteins capture the 

rare free SQAd monomers which are always present in plasma being in dynamic equilibrium with the 

nanoparticles. Although the solubility of SQAd monomers in aqueous medium is very low, it is not 

zero and their complexation by BSA can shift the monomer ⇌ nanoparticle equilibrium and lead to the 

partial disassembly of the nanoparticles. Further studies are needed to investigate the dynamic side of 

BSA-SQAd nanoparticles interaction in details, but we have already observed such interaction reaches 

equilibrium within seconds (Figure S9).

Figure 9: Proposed scheme of the SQAd uptake by serum albumin in vivo. 1) SQAd nanoparticles are in equilibrium 
with SQAd monomers. 2) SQAd monomers are complexed by BSA, thus shifting equilibrium (1) to the right hand 
side.  The BSA can then play its role as a carrier to transport the SQAd to its target while the remaining SQAd 
nanoparticles act as SQAd monomer reservoir in the bloodstream until they are completely used up. In vitro, the 
equilibrium is reached within seconds.
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Although we have not fully assessed the proportions of SQAd molecules which are either 

assembled in nanoparticles, complexed with BSA or solubilized as free monomers in the serum, it is 

noteworthy that the nanoparticles are rather dynamic and are able to release the SQAd monomers for 

complexation with serum albumin. Another question is the reversibility of the protein-drug 

complexation. Indeed, the BSA should release the SQAd monomers when transported to the target 

tissue. Given the order of magnitude of the binding constant estimated through quenching fluorescence 

experiment, isothermal titration calorimetry and molecular docking simulations, this should be easily 

achievable. Finally, the strong reorganization of BSA conformation observed by circular dichroism 

raises the question of whether all the properties of BSA are retained.65,66 

Conclusion

In this study, we have progressed towards the understanding of the complex interactions 

occurring between ~100-nm diameter self-assembling squalene-adenosine nanoparticles and serum 

albumin, the major protein component of the blood plasma. On the one hand, if serum albumin 

molecules do not seem to form a protein corona per se, they contribute to improve their colloidal 

stability. But more importantly, serum albumins were found to be capable of extracting SQAd 

individual molecules from the nanoparticles which could be considered as circulating reservoirs. 

Through this mechanism, SQAd nanoparticles thus escape the “nanoparticle size paradox”: they are 

large enough not to be cleared quickly through the kidneys, but the formed SQAd-BSA complexes are 

small enough (< 10 nm) to perform the so-called Enhanced Permeability and Retention effect in 

inflammatory tissues.80 Finally, since the protein-monomer interaction is likely to occur through the 

squalene moiety, this mechanism may be generic to all squalene conjugates.

Materials and Methods

Materials and synthesis of squalene-adenosine bioconjugate. 

Adenosine squalene bioconjugate was synthesized following the protocol described by Desmaële et 

al..28,30 Absolute ethanol (>99.8%) was purchased from Sigma-Aldrich and D2O (99.85% D) was 

purchased from Euriso-top.

Bovine Serum Albumin (BSA), Phosphate Buffer Saline (PBS) and Fetal Bovine Serum (FBS) were 

purchased from Sigma-Aldrich. BSA lyophilized powder was solubilized to a 13 g/L concentration in 

0.2 M Phosphate Buffer Saline (PBS) solutions (in H2O for standard experiments and D2O for SANS 

experiments). BSA solutions were dialyzed overnight against PBS/D2O solution of at least a 10-fold 

volume. BSA solutions were stored at 4°C for no longer than a week. FBS was also dialyzed overnight 

against PBS/D2O just after bottle opening.

Nanoparticles preparation and mixing with BSA.
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The nanoparticles suspensions were prepared by nanoprecipitation, a method consisting of the addition 

of the squalene bioconjugate dissolved in an organic solvent to an aqueous phase. In a first step, SQAd 

bioconjugate (6.6 mg/ml) was properly dissolved in ethanol. 333 µL of this solution was then added 

dropwise with a 3 mL.min-1 injection rate by means of a syringe pump (PHD 2000, Harvard 

Instruments) into 1 mL of aqueous phase (H2O or D2O for SANS experiments) under moderate 

magnetic stirring (500 rpm). Finally, the ethanol content was reduced to minimum by concentration 

using a Rotavapor around 40.0°C under controlled vacuum (43 mbar). This step was repeated several 

times until the weight loss of the sample was equivalent to the initial amount of added ethanol used to 

prepare the sample. The exact content of ethanol was checked by the level of incoherent scattering.47 

The average size and stability of the obtained nanoparticles was assessed by Dynamic Light Scattering 

(DLS). Repeatability of the nanopreparation in D2O was validated by the superimposition of the SANS 

patterns of different suspensions prepared from the same batch (see Figure S1 in SI). 

D2O was used as solvent specifically for SANS so as to increase the neutron contrast between the 

nanoparticles and the solvent. Nonetheless, other characterization methods (cryoTEM, circular 

dichroism, fluorescence) were also performed on deuterated samples to check the consistency between 

studies carried out in D2O and in H2O. It was verified that the obtained solutions prepared in D2O were 

stable over more than 2 weeks.

SQAd/BSA mixtures.

The BSA solution was prepared in D2O at the required concentration (13 mg/ml) and dialyzed against 

D2O overnight before being used. A 0.2 mol/L PBS solution was obtained by dissolving a pellet into 

250 ml of D2O. To prepare a 13 mg/ml BSA solution into PBS, the desired mass of BSA was first 

dissolved into a chosen volume of the PBS/D2O solution and then dialyzed against the PBS/D2O 

solution during one night. The final BSA concentration was verified by UV-Visible. The SQAd/BSA 

solutions were prepared by mixing chosen volume of the different following solutions (S1: SQAd/D2O 

(2 mg/ml), S2: BSA/D2O (13.0 mg/ml), BSA/PBS (13.0 mg/ml), PBS/D2O).

Cryogenic Transmission Electron Microscopy (cryo-TEM). 

The morphology of the SQAd nanoparticles was observed by cryogenic transmission electron 

microscopy. Drops of the solutions were deposited on EM grids covered with a holey carbon film 

(Quantifoil R2/2) previously treated with a plasma glow discharge. The excess liquid on the grids was 

blotted out with filter paper, and the grids were quickly immersed in liquid ethane to form a thin 

vitreous ice film. The whole process was performed using a Vitrobot apparatus (FEI Company). 

Observations were conducted at low temperature (−180°C) on a JEOL 2010 FEG microscope operated 

at 200 kV. Images were recorded with a Gatan camera. The size histogram was built by measuring the 

diameter of 90 nanoparticles without BSA and 67 with BSA, with a bin number of 20 nm. When the 
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particles were aggregated (like in Figure 4C-D), the diameter was measured on each individual 

particles.

Small Angle Neutron Scattering (SANS).

SANS experiments were carried out on the D33 spectrometer at ILL (doi:10.5291/ILL-DATA.9-13-

696). Samples prepared in D2O were inserted in 1 mm Hellma quartz cells and aligned using the 

thermostatic sample holder with a temperature control of 20°C. The raw data were radially averaged, 

corrected for electronic background and empty cell, and normalized by water scattering using the 

LAMP software.81,82 Three configurations were used to cover a q range going from 0.0013 to 0.27 Å-1 

(wavelength: λ = 13 Å, sample detector distance D = 12 m, collimation: Φ = 12.8), (λ = 4.6 Å, D = 12 

m, collimation: Φ = 7.8) and (λ = 4.6 Å, D = 2 m, collimation Φ = 7.8) for respectively small, medium 

and large angles.

Circular Dichroism.

Circular dichroism experiments were carried out on a Chirascan-plus (Applied Photophysics) 

laboratory spectrometer. The samples were inserted in the same Hellma quartz cuvettes used for SANS 

measurements. For the temperature ramps, the temperature was controlled with a Peltier apparatus. 

Steady-state Fluorescence.

Solutions were filled in Hellma quartz Ultra-Micro cells and inserted in Cary Eclipse fluorimeter 

(Varian, Oxford, UK) for measurements. The samples were excited at 289 nm and emission scans 

were collected between 300 and 550 nm range. Excitation and emission slits were both set to 5 nm. 

The scan rates were set to 120 nm/min with 1 nm data interval and an averaging time of 0.5 s. Spectra 

were averaged over 5 measurements. The temperature of the cell was controlled with a thermostated 

bath. Measurements have usually been carried out about 15 minutes after mixing the nanoparticles 

with BSA. Fluorescence spectra exhibited no significant difference from 30 seconds to 16 hours after 

mixing. Quenching experiments can be affected by the inner filter effect, where the sample can 

attenuate both the excitation beam and the emission spectrum. However, in our case we worked with 

rather low concentrations of both BSA and SQAd and the optical density of the solutions was below 

0.1, thus this effect must can be ruled out.

Isothermal Titration Calorimetry (ITC).

Isothermal titration calorimetry (ITC) experiments (n=2) were performed at 20 °C in pure water with a 

MicroCal VP-ITC calorimeter (General Electric Healthcare). The SQAd concentration in the 

microcalorimeter cell and the BSA concentration in the injection syringe were respectively set at 10 

μM and 100 μM. A first injection of 2 μL was followed by 30 injections of 10 μL at intervals of 180 s. 

Two control experiments were conducted by injecting either SQAd nanoparticles in a deionized water-

filled cell or by injecting water in the BSA solution. The corresponding dilution enthalpies were 

subtracted from the enthalpies measured in the titration experiments. The data were analyzed 
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according to the one binding-site model using the MicroCal Origin software provided by the 

manufacturer.

Docking simulations.
Binding of SQAd molecules to serum albumin was assessed by means of ensemble docking 

simulations, which account for large-scale protein dynamics. The protocol “of scanning docking” 

established in our previous studies40,83,84 was used. High sequence and structural homology between 

HSA and BSA allowed us to use all-atom MD trajectory of pre-equilibrated HSA in water which was 

obtained in our previous study.85 35 frames were extracted from this 100 ns trajectory at even intervals 

and used as a representative ensemble of protein conformations, which include both small and large-

scale protein dynamics. All protein conformations were aligned by their peptide backbones. SQAd 

molecule was docked to each of these conformations within the cubic docking volume of 25 nm3 

centered sequentially at each residue of HSA. The protein was kept fixed for each docking run since 

its flexibility was already accounted by using ensemble of conformations from MD trajectory. This 

resulted in ~20000 independent docking simulations. 

Such procedure allows for the scanning of the whole protein surface in each selected protein 

conformation for binding with SQAd. The binding sites, which are not accessible by the ligand in the 

static protein structure, could open dynamically in the course of protein fluctuations and become 

sampled effectively. Large number of docking simulations allows collecting sufficient statistics for 

reliable estimates of preferable binding sites of SQAd. The probability Pi of binding to the i-th residue 

is computed as the following: 

,𝑃𝑖 =
∑

𝑗 ∈ 𝐶(𝑖)𝑒
―

𝐸𝑗
𝑘𝐵𝑇

∑𝑁
𝑗 = 1𝑒

―
𝐸𝑗

𝑘𝐵𝑇

where C(i) is a subset of docking runs which result in the ligand located within 0.5 nm of any heavy 

atom of the residue i for the best docking pose, N is the total number of docking runs, Ei is the best 

docking binding score for the run j, T is the absolute temperature and kB is the Boltzmann constant.

The SQAd ligand and the corresponding protein structures were prepared for docking using 

MGLTools-1.5.6 software. The docking was performed with the QuickVina-W86 software with the 

default scoring function. Analysis of the docking results was performed with custom software based 

on the Pteros 2.0 molecular modeling library.87,88 For each docking simulation single top-ranked pose 

was recorded.

Supplementary Information

1H NMR of the SQAd bioconjugate. Additional SANS characterization and analysis of SQAd 

nanoparticles, BSA, and mixtures of both. Synchrotron radiation circular dichroism characterization of 

SQAd nanoparticles and BSA mixtures. Fluorescence spectroscopy as a function of time. 
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Isothermaltitration calorimetry. Characterization of Squalene-deoxycytidine nanoparticles and BSA 

with circular dichroism and fluorescence spectroscopy. Docking simulations.

The SANS data have been assigned a DOI: http://dx.doi.org/10.5291/ILL-DATA.9-13-696
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