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ABSTRACT 

Protein adsorption on nanoparticles is an important field of study, particularly with regard to 

nanomedicine and nanotoxicology. Many factors can influence the composition and structure of 

the layer(s) of adsorbed proteins, the so-called “protein corona”. However, the role of protein size 

has not been specifically investigated, although some evidence has indicated its potential large role 

for corona composition and structure. To assess the role of protein size, we studied the interactions 

of hemoproteins (spanning a large size range) with monodisperse silica nanoparticles. We 

combined various techniques — adsorption isotherms, isothermal titration calorimetry, circular 

dichroism, and transmission electron cryomicroscopy — to address this issue. Overall, results 

show that small proteins behaved as typical model proteins, forming homogenous monolayers on 

the nanoparticle surface (protein corona). Their adsorption is purely enthalpy-driven, with subtle 

structural changes. In contrast, large proteins interact with nanoparticles via entropy-driven 

mechanisms. Their structure is completely preserved during adsorption and any given protein can 

directly bind to several nanoparticles forming bridges in these newly formed protein-nanoparticle 

assemblies. Protein size is clearly an overlooked factor that should be integrated in proteomics and 

toxicological studies. 

TOC:  
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TEXT 

Adsorption phenomena and, in particular, protein adsorption have been studied for more than a 

century.1,2 Recently, protein adsorption has regained importance due to the development of 

nanoscience and nanotechnology,3–5 and the subsequent manufacture of large amounts of 

engineered nanomaterials. Their applications are numerous in the environmental, agri-food, health, 

and pharmaceutical sectors. For example, nanoparticles (NPs) are used in medicines to prevent 

and treat diseases, including those used in vaccines, diagnostic probes, targeted drug delivery, 

material biocompatibility (implants), molecular imaging, and theranostic applications.6–9 The field 

of nanotoxicology is concomitantly being developed to assess the risks and potential pernicious 

effects of exposure to NPs on health and the environment.10–13 The main issue for the development 

of engineered NPs is the fact that, in vivo, NP physicochemical properties are usually totally 

distinct from their pristine state. In biological media, NPs are promptly covered by molecules 

(proteins, lipids, metabolites) that can bind to their surface and form a “biomolecular corona”, 

giving NPs their biological identity.14–17 The new entity can induce specific cellular recognition 

mechanisms causing cellular uptake, which strongly depends on the composition of the corona.18–

20 Moreover, it is now well established that the most studied type of interacting biomolecules — 

proteins — can induce deleterious biological effects by modifying their structure (often by partial 

loss of secondary structure),21–23 and/or their function (protein activity can increase or decrease)24–

26 when adsorbed on NPs. 

In a complex biological environment, many physicochemical factors can influence protein-NP 

interactions. A recent report established a comprehensive list of factors that have been shown to 

govern protein adsorption on NPs.27 These factors are linked to the intrinsic properties of the NPs, 
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the adsorbed proteins, and the characteristics of their suspending medium, drawing the three sides 

of the nano-bio interface triangle.28–30 Among all these physicochemical factors, some have been 

extensively studied, such as the size/curvature effect of NPs,31–34 the physicochemical properties 

of protein sequences,35–38 or the pH effect of the surrounding environment.39–41 Others have not 

been as thoroughly examined, but may prove crucial in specific conditions (e.g., NP roughness, 

dynamic flow, temperature).42–44 

Non-covalent interactions of proteins with other molecules or with surfaces are often described 

in terms of electrostatic and hydrophobic interactions and, to a lesser extent, hydrogen bounds and 

Van der Waals forces.45 A common way proteins can interact is through distortion of their internal 

structure. One model proposed by W. Norde predicts the adsorption or non-adsorption of proteins 

on a surface by using a relationship between the protein structural stability and its adsorption 

behavior.21,46 In this context, proteins with low structural stability (“soft proteins”) are 

preferentially adsorbed and their adsorption results in structural reorganization. On the contrary, 

proteins with a strong internal stability (“hard proteins”) tend to not contribute to adsorption and, 

when they do, to not undergo any significant structural rearrangements. In more recent years, 

statistical comparative analyses34,35,38 revealed that the main physicochemical factors relevant for 

protein adsorption on silica NPs include i) an enrichment in positively charged amino acids, 

particularly in arginine residues (forming electrostatic interactions with the negatively charged 

silica surface), and ii) an enrichment in disordered regions — and conversely a depletion in 

structured regions — confirming the hard/soft protein paradigm in the case of silica NPs. 

Besides electrostatic interactions and disordered regions, protein size may also be an important 

parameter in determining corona composition. For instance, in coronas, there is an enrichment of 

high molecular weight proteins compared with their natural abundance in the medium.34 This 
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result, as well as those from other studies done on flat surfaces,47,48 point out the importance of 

protein size for protein adsorption. First, protein size has a large influence on adsorption kinetics, 

because small proteins get adsorbed faster (due to higher diffusion rates), but get replaced by larger 

proteins that can bind more strongly to the surface due to a larger contact area. This is one of the 

causes of the sequential adsorption mechanism called “Vroman effect”,49 and can have obvious 

consequences in terms of protein corona composition. Another effect caused by protein size is its 

correlation with adsorbent capacity.47 Large proteins form thicker 3D interphases that separate the 

physical surface of the material from the bulk solution. Thus, these increased interfacial volumes 

can hold higher amounts of proteins compared to those formed by small proteins. Finally, a 

classification of proteins that combines Norde’s paradigm with protein size has been proposed:48 

small and rigid proteins (e.g., lysozyme, β-lactoglobulin) that behave as “hard proteins”, 

intermediate-size proteins (e.g., albumin, transferrin) being able to undergo conformational 

reorientations upon surface contact like “soft proteins”, and high-molecular-weight proteins 

including lipoproteins and glycoproteins whose behavior is essentially dominated by the content 

of lipids or glycans. However, in this classification, protein size is not the only factor at play and 

no size effect can be extrapolated. Many studies comparing proteins of different sizes were not 

specifically designed to address this factor and used proteins with highly different physicochemical 

properties, such as isoelectric point, secondary structure, shape (globular or fibrillar), or dynamics. 

Therefore, a direct protein size effect cannot be established. 

The aim of this study was to evaluate the effect of protein size on protein-NP interactions. The 

NPs used were spherical silica NPs whose size is commensurate with the proteins of interest (13.0 

nm of radius). In order to unambiguously assess the protein size effect, this study was designed to 

satisfy three conditions: i) protein size is the only variable, ii) a size range as wide and relevant as 
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possible, and iii) well-characterized proteins. For these reasons, we chose proteins from the same 

family: hemoproteins. Their biochemical, functional, and structural properties are very similar to 

one another. They consist of varying numbers of subunits that possess a highly structured 

polypeptidic chain with a globin fold. To analyze the effect of protein size, we selected horse 

myoglobin (denoted Mb), pig hemoglobin (Hb), Riftia pachyptila coelomic hemoglobin (HbC1), 

and Arenicola marina hemoglobin (HbAm) which have molecular weights of 17, 65, 400, and 

3600 kDa,50–54 corresponding to radii of gyration of 1.4, 2.3, 6.0, and 11.0 nm, respectively. 

Interestingly, these hemoproteins respectively contain 1, 4, 24, or 144 similar subunits that can be 

considered as multimers of Mb (Figure S1). Overall, this size range covers almost every protein 

found in cells,55 either in their free state or bound to protein complexes (e.g., ribosomes, 

nucleosomes, etc.). 

Adsorption isotherms, determined by solution depletion and by isothermal titration calorimetry, 

circular dichroism, and transmission electron cryomicroscopy experiments were combined to 

investigate the adsorption behaviors of proteins of different sizes, as well as the thermodynamics 

and structural consequences of their adsorption. With changes in both affinity constant, structural 

stability, and thermodynamic behavior, a protein-size effect could be established. 
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Results and Discussion 

Protein and Nanoparticle Characterization 

 

Table 1. Physicochemical characteristics of the hemoproteins used 

 
Rg [nm] RH [nm] ζ potential pH 6 [mV] ζ potential pH 7 [mV] pH(I) 

Mb 
1.4 ± 0.1 2.4 ± 0.1 -1.8 ± 0.3 -4.0 ± 1.4 7.0 56 

Hb 
2.3 ± 0.2 4.1 ± 0.2 -1.3 ± 0.2 -3.5 ± 0.9 7.2 50 

HbC1 
6.0 ± 0.4 7.0 ± 0.1 -3.1 ± 2.1 -4.2 ± 0.3 N/A 

HbAm 
11.0 ± 0.4 17.8 ± 2.2 -6.1 ± 0.3 -11.3 ± 2.1 4.6 57 

Silica NP 
13.0 ± 0.2 33.6 ± 2.0 -11.3 ± 1.1 -17.1 ± 0.4 ≈ 258 

Radius of gyration (Rg), hydrodynamic radius (RH), and zeta (ζ) potential of hemoproteins were 

measured in phosphate buffers (0.1 mol L-1), at pH 6 and pH 7. Isoelectric points (pH(I)) taken 

from the literature are also indicated. Mb, horse myoglobin; Hb, pig hemoglobin; HbC1, Riftia 

pachyptila coelomic hemoglobin; HbAm, Arenicola marina hemoglobin. Standard deviations 

come from data fitting (Rg) or from the variability between replicates (RH, ζ potential). 

 

Prior to the experiments, the four hemoproteins were extensively characterized (Table 1). 

Hemoprotein samples were pure and presented the expected spectrophotometric and 

chromatographic characteristics (Figures S2 and S3). Using small-angle neutron scattering and 

based on the Guinier formalism, we measured their radii of gyration (Figure S4), which ranged 

from 1.4 to 11.0 nm. Their hydrodynamic radii, measured by dynamic light scattering, ranged from 

2.4 to 17.8 nm. Zeta (ζ) potentials, measured by electrophoretic light scattering, at pH 6 and pH 7, 

were negative in every condition studied. The largest protein, HbAm, differed from the others by 

having larger negative values at both pH values. However, the mathematical model used for ζ 

potential calculation — namely the Smoluchowski approximation — assumes the presence of 

spherical objects.59 This assumption is wrong in the case of HbAm which possess a particular 

hexagonal bilayer shape.53,60 Thus, for HbAm, ζ potential determination is unreliable. 
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Mb, Hb, and HbC1 consist exclusively of Mb-like subunits (1, 4, and 24, respectively) and 

HbAm possesses 144 Mb-like subunits and 36 linker chains located inside the multimer that 

stabilize the global structure by forming non-covalent bonds with subunits.60 Every Mb-like 

subunit has the same phylogenetic origin and, despite having a large variability of primary 

sequence, possesses a remarkably preserved globin fold that give them highly similar secondary 

and tertiary structures.61,62 Thus, only the quaternary structure of the proteins (related to their 

multimeric state) differs.63 

The silica NPs used were monodisperse LUDOX TM-50 nanospheres that were thoroughly 

characterized in our previous study (same batch).64 Their size (radius of 13.0 nm) measured by 

small-angle neutron scattering (Table 1 and Figure S5) is commensurate with the size of the 

largest protein, HbAm. These NPs were chosen because they combine a small size and a low 

sensitivity to dissolution under our experimental conditions. Their negative ζ potentials confirm 

the acidity of silica65 and indicate that the NP surface was negatively charged in the pH range of 

interest. 

Adsorption Isotherms 

The quantification of molecular interactions is essential to understand the physicochemical 

mechanisms at play. For instance, many techniques have been developed to assess binding affinity 

and stoichiometry in protein-protein interactions (e.g., surface plasmon resonance, microscale 

thermophoresis, analytical ultracentrifugation).66 However, each technique has limitations and 

only a combination of techniques can depict a complete picture of the situation. Here, to 

quantitatively assess the hemoprotein-NP interactions, we applied two adsorption isotherm 

techniques: solution depletion (Figure 1) and isothermal titration calorimetry (ITC, Figures 2 and 

S6 at pH 7 and 6, respectively). The first technique uses centrifugation to separate adsorbed 
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proteins from free proteins. This can lead to limitations related to weakly bound proteins or NPs 

and proteins having similar sedimentation coefficients.16,67,68 The second technique measures the 

change in heat in a solution during titration. It does not require any labelling agent or separation 

step, but its drawbacks concern reactions not related to the interaction of interest or from its 

inability to probe athermic reactions.69 

 

Figure 1. Adsorption isotherms of hemoproteins adsorbed on silica NPs: horse myoglobin (Mb) 

(Upper left), pig hemoglobin (Hb) (Upper right), Riftia pachyptila coelomic hemoglobin (HbC1) 

(Lower left), Arenicola marina hemoglobin (HbAm) (Lower right). Isotherms were performed in 

phosphate buffer (0.1 mol L-1) pH 6 (blue squares) or pH 7 (red circles). For each condition, at 

least three replicas were done. The average values and standard deviations of the experimental 
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points are shown. Data were fitted using the Langmuir adsorption model (solid lines) calculated 

on averaged data. 
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Figure 2. Isothermal titration calorimetry experiments of hemoproteins adsorbed on NPs in 

phosphate buffer (0.1 mol L-1, pH 7): horse myoglobin (Mb) (Upper left), pig hemoglobin (Hb) 

(Upper right), Riftia pachyptila coelomic hemoglobin (HbC1) (Lower left), Arenicola marina 

hemoglobin (HbAm) (Lower right). Upper panels: raw data of the heat exchange. Each spike 

corresponds to one injection of protein solution in a NP solution. Lower panels: Integrated heat of 

each injection after subtraction of the dilution signal and titration curve fitted according to the 

SSIS model. 

 

Table 2. Adsorption constants measured by isothermal titration calorimetry (ITC) (KI) and 

solution depletion isotherms (Kads) 

 pH 6 pH 7 

Protein KI [L mol-1] Kads [L mol-1] KI/Kads KI [L mol-1] Kads [L mol-1] KI/Kads 

Mb 2.9 ± 1.9 x 105 5.4 ± 1.4 x 105 0.5 1.6 ± 0.5 x 105 1.7 ± 0.5 x 105 0.9 

Hb 5.9 ± 1.4 x 105 4.0 ± 0.8 x 106 0.1 6.8 ± 1.1 x 105 1.9 ± 0.2 x 106 0.4 

HbC1 4.6 ± 2.5 x 106 2.4 ± 0.3 x 106 1.9 8.1 ± 3.2 x 105 1.1 ± 0.7 x 106 0.7 

HbAm 3.7 ± 1.6 x 107 8.3 ± 1.1 x 107 0.4 5.2 ± 3.9 x 106 5.7 ± 1.8 x 106 0.9 

Measurements were taken in phosphate buffer (0.1 mol L-1) at pH 6 and pH 7. Mb, horse 

myoglobin; Hb, pig hemoglobin; HbC1, Riftia pachyptila coelomic hemoglobin; HbAm, 

Arenicola marina hemoglobin. Standard deviations come from the variability between replicates. 

 

Each hemoprotein-NP system was studied under two pH conditions (pH 6 and 7) to identify pH 

dependency. Adsorption constants, which are proportional to protein affinity, were deduced from 

these experiments (Table 2). In a number of cases, the values measured by ITC (KI) and by solution 

depletion (Kads) were quite different, KI values being smaller than Kads values. This can be 

explained by how proteins and NPs come into contact. With the solution-depletion technique, 

protein solution is added all at once, whereas with the ITC technique, the protein solution is added 
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sequentially. In the latter case, the nature of the NP surface evolves during the experiment with 

more and more proteins covering it. This leads to less favorable conditions for the adsorption of 

additional proteins due to repulsion effects between adsorbed and free proteins.64 However, when 

comparing constants determined by the same technique, identical trends can be observed. The 

smallest protein (Mb) always had the weakest affinity, whereas the largest protein (HbAm) had 

the largest one, with up to two orders of magnitude between both values. Intermediate-sized 

proteins, Hb and HbC1, had intermediate affinities, not significantly different from one another. 

This pattern suggests that, if there is a trend between protein size and its affinity for NPs, other 

factors may also be at play. 

The affinity values were always smaller at pH 7 than at pH 6, regardless of the protein. This 

difference can be explained by the change in surface charge under those pH values. With increasing 

pH, silica and hemoproteins had more negatively charged surfaces (Table 1). For silica, this is 

caused by the deprotonation of the main population of silanol groups that have a pKa of 5.6.70 For 

hemoproteins, this change is due to their isoelectric point, which is either neutral or slightly acidic 

(Table 1). Between pH 6 and pH 7, histidine moieties are the only moieties whose charge can 

vary. Depending on their environment, their pKa ranges between 5 and 871 (e.g., 6 out of 11 

histidine moieties of Mb had a pKa comprised between 5.5 and 7).72 Thus, at pH 7, histidine 

moieties are far less likely to be protonated (i.e., positively charged) and thus to interact 

electrostatically with the negatively charged silica surfaces. This pH dependency indicates that 

electrostatic interactions promote hemoprotein adsorption on NPs. This was confirmed for Mb and 

Hb40,73 and now can be extended to multimeric hemoglobins. 

 

Table 3. Amounts of adsorbed protein per NP measured by isothermal titration calorimetry 

(ITC) (NI) and solution depletion isotherms (Nads) 
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 pH 6 pH 7 

Protein 
NI [protein 

per NP] 

Nads [protein 

per NP] 
NI/Nads 

NI [protein 

per NP] 

Nads [protein 

per NP] 
NI/Nads 

Mb 32.2 ± 9.6 265 ± 40 0.1 87.7 ± 24.1 226 ± 18 0.4 

Hb 95.9 ± 1.6 210 ± 21 0.5 73.4 ± 8.4 212 ± 3 0.4 

HbC1 23.7 ± 1.9 22.3 ± 2.4 1.1 23.0 ± 1.7 4.7 ± 1.1 4.9 

HbAm 1.7 ± 0.6 2.0 ± 0.3 0.9 3.2 ± 0.1 2.1 ± 0.6 1.5 

Measurements were taken in phosphate buffer (0.1 mol L-1) at pH 6 and pH 7. Mb, horse 

myoglobin; Hb, pig hemoglobin; HbC1, Riftia pachyptila coelomic hemoglobin; HbAm, 

Arenicola marina hemoglobin. Standard deviations come from the variability between replicates. 

 

The other constant measured by adsorption isotherm techniques was the stoichiometry (i.e., the 

maximum number of adsorbed proteins per NP). Stoichiometries measured by ITC (NI) and by 

solution depletion (Nads) were generally quite different for any given condition (Table 3). For Mb 

and Hb, NI values were always a small fraction of Nads values (between 12% and 46%). This 

difference shows that a significant part (more than half) of hemoproteins are adsorbed by athermic 

phenomena or phenomena whose heat variations cancel each other out. This difference in 

stoichiometry has already been observed with proteins adsorbed on hydroxyapatite69 and was 

attributed to the existence of two types of binding sites: sites with measurable enthalpy that are 

covered first and sites without measurable enthalpy. This interpretation empirically solves the 

problem, but the physical reasons of the site differences are still missing. In the present case, 

another athermic phenomenon can also be considered: hemoproteins mixed with silica NPs form 

aggregates.64 Free proteins may then be trapped inside aggregates and be counted as adsorbed 

proteins, overestimating the actual amount of adsorbed protein indicated by the solution-depletion 

method. Nonetheless, these limitations compel us to be cautious when quantifying surface 

coverages. Remarkably, NI and Nads values of the large proteins, HbC1 and HbAm, were fairly 

consistent both at pH 6 and 7. The only exception was for HbC1 at pH 7 where NI was 5 times 
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higher than Nads, and identical to the values found at pH 6. In this case, the solution-depletion 

technique probably underestimated the stoichiometry. Due to pH effects, HbC1 interactions with 

NPs were weaker at pH 7 than at pH 6. Thus, this may be caused by a partial desorption of the 

adsorbed proteins during centrifugation.74 If so, the centrifugation-based method becomes 

unsuitable for stoichiometry measurement and milder separation techniques (e.g., 

chromatographic methods)16,68 may be more appropriate. This doesn’t necessarily apply to Kads 

measurement. Indeed, Kads is determined mainly by the slope of the isotherm and highly depends 

on the first points of the curve where all the NP surface is available. Despite being quite simple, 

silica surface has a mix of potential binding sites with different affinities.65 The highest affinity 

sites are populated first and Kads reflects their affinity. Proteins bound to high affinity sites will be 

less sensitive to centrifugation effect. In less favorable conditions (pH 7) the number of high 

affinity binding sites is likely reduced. However, this doesn’t necessarily interfere in Kads 

measurement as long as a significant amount of proteins still strongly interacts. This is evidenced 

by the lower but non-zero Nads values at pH 7 compared to pH 6 for HbC1. 

 

Comparing the Nads values from the solution-depletion method, Mb and Hb adsorbed similar 

numbers of proteins on a NP surface (265 and 210 proteins per NP at pH 6, respectively). However, 

due to the larger size of Hb, there is actually a three-fold increase in terms of protein mass for Hb 

compared with Mb (Figure 1). This difference has already been observed under other 

physicochemical conditions (using the same method).40,64 However, in both cases, a monolayer of 

adsorbed proteins formed, as confirmed by the hyperbolic shape of the isotherms (Figure 1), 

typical of a Langmuir adsorption model.75 In contrast, HbC1 and HbAm, had smaller 

stoichiometries (≈ 23 and ≈ 2 proteins per NP, respectively). Using a simulation method developed 
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previously,64,76 we calculated a theoretical maximal number of proteins per NP based on the 

coverage of a sphere by hard spheres of sizes similar to the hemoproteins. Up to 29 and 14 proteins 

(HbC1 and HbAm, respectively) can get adsorbed on the surface of each NP. Considering the 

necessary approximations of this comparison, HbC1 may be able to completely cover the NP 

surface, but HbAm is far from covering it. 

Thermodynamics of Adsorption 

ITC experiments (Figures 2 and S6) also showed that small and large proteins interact on NPs 

with totally different calorimetric patterns, because the former had negative (exothermic) peaks 

and the latter had positive (endothermic) peaks (except for HbAm at pH 6). This difference 

translates into fundamentally distinct thermodynamic parameters (Figure 3 for values at pH 7 and 

Table S1 for values at both pH whose trends are comparable): small proteins have enthalpy-driven 

interactions (negative ΔH) and large proteins have entropy-driven interactions (negative -TΔS). 

During an adsorption process, variations in enthalpy can be associated with the number and 

strength of anchor residue contacts.77 On the other hand, variations in entropy are more complex 

to interpret, but can be globally regarded as a measure of the configuration space of the particles.78 

Here, this configurational entropy had many components: conformational entropy (i.e., the entropy 

associated with the number of distinct conformational states that are accessible to the surface-

bound protein), translational and rotational entropies of the proteins, and buffer entropy (i.e., the 

degree of freedom of water molecules and ions).77–79  

Adsorption phenomena are both enthalpy- and entropy-driven, but one component usually 

predominates. In the case of Mb and Hb, the negative contribution of ΔS can be interpreted as a 

loss of conformational entropy confirmed experimentally for Mb adsorbed on silica NPs.73 This 

loss of entropy is compensated by a gain in energy of the protein-NP complex in the form of 
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electrostatic interactions. There are a sufficient number of anchor contacts (electrostatic 

interactions) to keep the protein adsorbed. However, for HbC1 and HbAm, protein-surface 

electrostatic interactions, which are supported by the observed pH effects, were not the driving 

force and seem to not even compensate for the probable disruption of intra-protein interactions (as 

suggested by the positive ΔH values). The large increase in the entropy in these systems was clearly 

the driving force. 

 

 

 

Figure 3. Thermodynamic values of hemoproteins adsorbed on silica NPs based on the ITC 

experiments done in phosphate buffer (0.1 mol L-1, pH 7). Variations of free energy (ΔG), enthalpy 

(ΔH), and entropy (-TΔS) for horse myoglobin (Mb) (red), pig hemoglobin (Hb) (blue), Riftia 

pachyptila coelomic hemoglobin (HbC1) (green), Arenicola marina hemoglobin (HbAm) 

(yellow). Each value is the average of three replicates. 
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We can distinguish local molecular entropic effects from global ones. Among local effects, the 

first entropy-driven mechanism is the destructuration of proteins, either by multimeric disassembly 

or by unfolding. This explanation has a long history in protein adsorption.46 In addition, one can 

also mention an increase in solvent entropy due to the expulsion of ions and water molecules 

ordered at the surface. This is the origin of hydrophobic interactions and is also at play during 

adsorption.46 It has been shown with peptides and proteins adsorbed on charged surfaces that, in 

some cases, solvent entropy gains can be larger than the decrease in conformational entropy of the 

bound molecule.79,80 Also, there is a direct link between protein size and the number of water 

molecules that can be displaced during adsorption.47 Thus, for large proteins such as HbC1 and 

HbAm, the increase in solvent entropy may dominate even more. We can also classify the so-

called chelate effect as a local effect. Although it has not been described as a chelate effect, 

prestructuration of large multimeric proteins may induce similar positive cooperativity 

phenomena: preexisting bonds cancel the entropic penalty of new bonds.81 Both HbC1 and HbAm 

are highly multimeric and have many intra- and inter-helix interactions, especially disulfide and 

ionic bonds formed by divalent cations,54,60 that are not present in Mb and Hb.50 Applied here, a 

chelate effect may explain both the high affinity of HbC1 and HbAm for NPs and the entropic 

nature of their adsorption on NPs. 

Finally, global effects give rise to the so-called entropic forces in colloidal sciences.82 Colloid 

studies have revealed many entropy-driven transitions from disorder to order.78 In particular, the 

depletion interaction, which is fundamentally entropic, may play a role: when two large particles 

come nearer to each other, they create more space for the other particles to move, increasing the 

total entropy of the system.78 

Structural Studies 
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Among all these possible explanations, some can be tested using structural analyses. To examine 

potential structural changes upon adsorption, UV circular dichroism (CD) experiments were 

performed on free and adsorbed hemoproteins (Figure 4). Each free hemoprotein had a similar 

CD spectrum characterized by a maximum at about 192 nm and two minima at 208 and 222 nm 

(Figure S7). This pattern is typical of α-helix-rich proteins with the 192 and 208 nm bands 

corresponding to the π → π* excitation transition (perpendicularly and parallel-polarized, 

respectively) and the 222 nm band corresponding to the n → π* transition.83,84 The comparison 

between free and adsorbed proteins shows different behaviors between the systems. The large 

proteins, HbC1 and HbAm, did not exhibit any significant differences between adsorbed and free 

proteins. However, the two small proteins, Mb and Hb, had weaker CD signals in the 208 and 222 

nm regions for the adsorbed proteins, the decrease being much stronger in the 208 nm region. 

Based on instrumental limitations, no conclusion can be drawn for the 192 nm region. 
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Figure 4. Circular dichroism spectra of hemoproteins, free in solution (red lines) or adsorbed on 

silica NPs (blue lines) in phosphate buffer (0.1 mol L-1, pH 7).  Csubunit = 3 µmol L-1. CNP varied 

between 1 and 20 g L-1. 

 

Table 4. rα (θ222:θ208) ratios of hemoproteins, free in solution or adsorbed on silica NPs. 

Protein 
rα - free 

proteins 

rα - proteins and 

NPs 

Mb 1.08 ± 0.01 1.27 ± 0.17 

Hb 1.04 ± 0.01 1.51 ± 0.10 

HbC1 1.06 ± 0.02 1.05 ± 0.06 

HbAm 1.09 ± 0.02 1.10 ± 0.03 
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Values are the average of at least three independent replicates. Mb, horse myoglobin; Hb, pig 

hemoglobin; HbC1, Riftia pachyptila coelomic hemoglobin; HbAm, Arenicola marina 

hemoglobin. Uncertainty values (standard deviations) come from the adjustment of experimental 

data and from the use of replicates. 

 

To quantify the dichroism discrepancy, we calculated the rα (θ222:θ208) ratios (Table 4). Free 

hemoproteins had similar rα values (between 1.04 and 1.09), but adsorbed proteins had very 

different rα values. HbC1 and HbAm kept the same rα values when adsorbed. However, Mb and 

Hb had significantly higher rα values (1.27 and 1.51, respectively) compared with free proteins. 

The rα ratio has been used to distinguish between two structural states of α-helix peptides,85–88 non-

associated helices (for rα ≤ 1) and coiled-coil systems (for rα > 1). Applied to hemoproteins, a 

coiled-coil formation seems unlikely. After adsorption, Mb-like subunits keep their tertiary 

structure64,73 and the linker chains of HbAm, which already have a coiled-coil conformation, are 

located inside the multimer.60 However, the change in rα may be caused by conformational changes 

happening in the α-helix structure as suggested for tropomyosin.89 In our case, we hypothesize that 

a loss and/or rearrangement of the protein hydrogen bond network occurs when hemoproteins get 

adsorbed. This rearrangement leads to helix-NP surface interactions and possibly to new helix-

helix interactions. Therefore, for small proteins, conformational changes seem to occur and may 

be connected to functional changes (oxygenation properties) previously seen on Hb adsorbed on 

NPs.26,40,64 However, this should not be regarded as destructuration, because the changes are subtle 

and do not lead to a loss of shape or function.64 For large proteins, the lack of differences can be 

explained by the fact that only a small number of subunits are in direct interaction with the NP 

surface and thus get rearranged. 
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Figure 5. Cryo-TEM micrographs of HbAm proteins adsorbed on silica nanoparticles (NPs) in 

phosphate buffer (0.1 mol L-1) at pH 6 (top) and 7 (bottom). The corresponding schematics 

highlighting the orientation of the proteins (in purple) relative to the NPs (in black) are also given. 

CHbAm = 0.4 g L-1, CNP = 3 and 6 g L-1 (pH 6 and 7, respectively) to obtain more than 80% of 

adsorbed proteins. Scale bars: 30 nm. 
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Nevertheless, multimeric proteins may undergo disassembly processes that cannot be probed 

using CD. The structure of adsorbed HbAm was thus assessed by taking cryo-TEM images of 

HbAm adsorbed on NPs at pH 6 and pH 7 (Figure 5). In both cases, the typical hexagonal bilayer 

shape of the protein was maintained (Figure S1)53 even when the protein was adsorbed. This 

eliminates the hypothesis of subunit dissociation or large destructuration upon adsorption. In 

addition, we can be more specific about the type of self-assembly observed here. HbAm and NPs 

form open network structures.90 NPs did not seem to interact with more than two proteins (based 

on a sample of seven images for each pH value). This is in agreement with the stoichiometries 

found by isotherms and confirms the incomplete coverage of the surface by HbAm. Conversely, 

each HbAm protein could interact with up to four NPs. In this case, we can even consider that NPs 

are adsorbed on proteins, because HbAm and NPs have very similar sizes. In this network, much 

of the NP surface is not available for any additional protein adsorption due to steric effects, thus 

possibly explaining the very low stoichiometry values. Moreover, at pH 6, HbAm seemed to 

interact with more NPs (up to 4 NPs per protein) than at pH 7, resulting in a higher aggregation 

state and confirming pH dependency. Finally, at both pH value, proteins did not have specific 

orientations towards NPs. The binding site can be located either on one of the faces (near the 

“hole”), on the side, or on one of the edges of the protein (Figure S8). This nonspecific orientation 

suggests that HbAm do not maximize their interaction with the NPs. The chelate effect and the 

water expulsion hypotheses are thus unlikely. 

Therefore, having ruled out all local entropic considerations, we are left with the global entropic 

explanation based only on the colloidal nature of the protein observed here. The nearest  connection 

is the physics of patchy colloids that can form open networks.91 The current understanding of the 
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entropic forces underlying such lattices is the conservation of a maximum degree of rotational 

entropy. 

These results, as well as previous results,26,40 show that adsorption on negatively charged NPs is 

not detrimental to the native structure of hemoproteins, inducing only subtle structural 

rearrangements, and preserving their biological oxygen-carrying function, which depends strongly 

on tertiary and quaternary structures. Moreover, cryo-TEM images, as well as small-angle neutron 

scattering experiments done with Mb and Hb interacting with NPs64 clearly showed that 

hemoprotein-NP interactions lead to reaction-limited aggregation mechanisms. Many studies have 

experienced NP aggregation in presence of proteins caused by unfolding of proteins during 

adsorption.92–94 This NP aggregation phenomenon implies that protein unfolding can induce 

protein-protein interactions, linking the NPs via their respective coronas. Here, protein-induced 

NP assembly is clearly not caused by protein unfolding, but by proteins bridging the NPs, i.e., the 

same protein can belong to two (or more) coronas forming an open network of proteins and NPs. 

Although every hemoprotein seems to form networks, their exact structure is not known and may 

differ depending on their size (formation of more or less close-knit networks). Additional studies 

using cryo-TEM or small-angle scattering would be very useful to determine if other lattices can 

be formed under specific conditions. 

Finally, based on these results, the classification of proteins between three classes (small and 

hard proteins, intermediate and soft proteins, and high molecular weight proteins) proposed by 

Rabe et al.48 should be reconsidered. Hemoproteins of any size are highly structured and don’t 

suffer any large structural modifications during adsorption. Then, none of them belong to the soft 

protein class despite covering the intermediate size range. Moreover, the high molecular weight 

protein class is said to be determined by the content of lipids and glycans. None of them are present 
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in the hemoproteins studied (including the very high molecular weight HbAm). Eventually, based 

on their structural stability, the four hemoproteins studied should fit in the hard protein class. Then, 

the small size attributed to the hard protein class becomes wrong. Therefore, none of the classes 

should be defined in terms of size and larger-scale studies should be designed in order to refine 

this classification. 

 

Conclusion 

The present study demonstrated the existence of a protein-size effect in the case of hemoproteins 

adsorbed on silica NPs. Large proteins tend to interact with more affinity for NPs than small 

proteins. This may be of great importance when considering protein corona formation in complex 

biological media where large proteins complexes are present. Until recently,34 proteomics studies 

had not identified protein size as a determining factor for protein adsorption. This is partly due to 

the fact that proteins are usually considered in terms of amino-acid sequences and that the actual 

protein size (or protein complex size) cannot be computationally investigated by classical 

proteomics analyses. 

We highlighted the fact that both techniques used to perform the isotherms have their limitations 

that need to be acknowledged before any interpretation. Adsorption isotherms by solution 

depletion are not well suited for weakly bound proteins. If this is the only isotherm technique used, 

it would be of interest to quantify the binding strength of a given system using analytical 

centrifugation.67 On the other hand, calorimetric isotherms are intrinsically limited by the fact that 

all thermodynamic variations of a system are measured at the same time and that some of them 

cancel each other out, concealing part of the information. A combination of techniques is definitely 

the best approach to overcome these limitations. 
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Calorimetry experiments clearly showed that closely related proteins can have fundamentally 

different thermodynamic behavior in adsorption, with small proteins adsorbing via enthalpy-

driven phenomena (i.e., electrostatic interactions) and large proteins adsorbing via entropy-driven 

phenomena (several possible causes). Entropy-driven adsorption may be common for very large 

proteins or protein complexes, which may behave as colloids. 

Contrary to homogenous protein coronas formed by typical model proteins, large proteins tend 

to form incomplete coronas. This can be easily explained by the fact that large proteins are more 

likely to bind to several NPs causing the self-assembly of aggregated structures that prevent more 

proteins from interacting with the empty surface due to steric effects. 

Finally, each hemoprotein keeps its overall (quaternary) structure during adsorption. However, 

subtle changes in the tertiary structure (i.e., organization of helices) occur for small proteins, but 

not for large ones. These changes may explain the modifications in oxygenation properties found 

for Hb adsorbed on silica NPs.26,40,64 The absence of any structural impact for large proteins may 

also be of great interest for the design of hemoglobin-based oxygen carriers.26 

 

Experimental Procedures 

Chemicals 

Phosphate buffers were prepared by dissolving disodium phosphate (28029 VWR Chemicals, 

purity ≥ 99.5%) and monosodium phosphate (28015 VWR Chemicals, purity ≥ 99%) salts in pure, 

Milli-Q water (MilliPore, 18 MΩ cm). 

Silica nanoparticles (LUDOX® TM-50, Merck) are nanospheres with a physical radius of 13.0 

± 0.2 nm64. Shortly before the experiments, NPs were dialyzed twice against 100 volumes of pure 

water for a minimum of 3h per dialysis to eliminate excess salts (using Spectra/Por™ 3.5 kDa 
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dialysis membranes). The suspension was then filtered using a 0.45 µm syringe filter (Sartorius) 

and the NP mass concentration was measured by desiccation (90°C, overnight) of 1 mL aliquots 

and dry mass weighing. 

Protein Preparation 

Metmyoglobin from equine heart (Mb) was purchased as a lyophilized powder (M1882, Merck), 

solubilized, dialyzed twice against 100 volumes of pure water at 4 °C, and centrifuged (20,000 g) 

for 10 min before use. The Mb concentration was measured by spectrophotometry with ε623 = 3500 

L mol-1 cm-1.50 

Pig hemoglobin (Hb) was purified in its oxygenated form from fresh blood following standard 

preparation95 using erythrocyte membrane precipitation. Then, the Hb solution was dialyzed three 

times against 100 volumes of pure water at 4 °C, stripped of the bound 2,3-diphosphoglycerate by 

passing the desalted hemoglobin solution through a mixed-bed ion-exchange resin (AG® 501-X8, 

Bio-Rad), and centrifuged at 20,000 g for 10 min96. The Hb concentration was measured using 

spectrophotometry with ε576 = 15,150 L mol-1 cm-1.50 

Extracellular hemoglobins were purified from biological fluids given by the Roscoff Marine 

Station (France). Riftia pachyptila coelom was collected during an oceanographic expedition on 

the East Pacific Rise (MESCAL 2011) and stored at -80 °C until use. Arenicola marina blood was 

collected from specimens harvested on the shore in Roscoff (France). The purification process was 

adapted from protocols developed previously.51,53 Briefly, fluids were centrifuged twice (20,000 

g, 10 min, 4 °C) to eliminate suspended particles, then eluted in a Superose® 6 Increase 10/300 

column (GE Healthcare) using an ÄKTA FPLC system for size-exclusion chromatography. The 

elution was followed by spectrophotometry at 280 nm (all proteins) and 414 nm (hemoproteins 

only). The fractions of native hemoproteins were the largest and the first to be eluted (due to their 
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large size) and were isolated and pooled (Figure S3). The pooled fractions were then concentrated 

using 100 kDa Amicon Ultra-4 units (Merck), and stored at 4 °C. To our knowledge, no molar 

extinction coefficient (ε) had been established for R. pachyptila coelomic hemoglobin (HbC1) or 

A. marina blood hemoglobin (HbAm). Measurements of the amount of iron atoms using inducted 

coupled plasma mass spectrometry on an iCAP Q (Thermo Scientific) allowed us to deduce ε 

values at the Soret band: ε414 = 170,000 and 160,000 L mol-1 cm-1 for HbC1 and HbAm, 

respectively (data not shown). Absorption spectra of every hemoprotein are given in Figure S2.  

After purification, protein solutions were thoroughly characterized in order to check for purity 

and for physicochemical assessment. Hydrodynamic radii (RH) and zeta (ζ) potentials were 

measured using a Zetasizer Nano ZS (Malvern Instruments). Samples were placed in phosphate 

buffers (0.1 mol L-1), at pH 6 or pH 7 and measurement were done in triplicate. Radii of gyration 

(Rg) were measured using small-angle neutron scattering following the method developed 

previously.64 Samples were placed in 100% D2O phosphate buffer (0.1 mol L-1, pD 7). 

Adsorption Isotherms  

Adsorption isotherms of hemoproteins on silica NPs were measured using a centrifugation-based 

solution-depletion method (amount of adsorbed proteins obtained by subtracting the total protein 

fraction with the non-adsorbed protein fraction).69,73 For each isotherm, a set of samples containing 

a constant concentration of NPs (1 g L-1) and varying concentrations of proteins (ranging from 

0.01 to 2 g L-1) was prepared. The samples were gently mixed at room temperature for 3 h and 

then centrifuged (20,000 g, 10 min). Protein concentration in the supernatant was finally measured 

by spectrophotometry. The affinity constants were calculated by fitting the adsorption isotherms 

to the Langmuir model97 according to Equation (1): 

𝑚𝑎𝑑𝑠 =
𝑚∞.𝐾𝑎𝑑𝑠.𝐶

1+𝐾𝑎𝑑𝑠.𝐶
          (1) 
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where mads (mg m-2) is the mass of adsorbed protein per square meter of NPs and C (g L-1) is the 

non-adsorbed protein concentration at equilibrium. The deduced constants are m∞ (mg m-2), the 

maximum amount of adsorbed protein per square meter of NPs, and Kads (L mol-1), the adsorption 

constant (proportional to the affinity) given in moles of subunits to account for the large size 

differences of the proteins studied. mads was converted into Nads (number of proteins per NP) for 

comparison purposes. 

Isothermal Titration Calorimetry (ITC) 

ITC of hemoproteins adsorbed on silica NPs was performed using a VP-ITC calorimeter 

(MicroCal). Before each measurement, every solution was degassed under vacuum. The reaction 

cell (1.8 mL) was loaded with a NP solution and the syringe (500 μL) was filled with a hemoprotein 

solution. NP and protein concentrations varied from 1 to 10 g L-1 and 0.01 to 0.3 mmol L-1, 

respectively. The proteins and NPs were prepared in the same buffer (phosphate, 0.1 mol L-1, pH 

6 or 7) to prevent any pH effect. The experiments were done in triplicate at 20 °C by adding 10 μL 

of the protein solution to the NP solution with an equilibration interval of 350 s. The control 

experiments were performed either without protein or without NPs. The measured heat exchange 

was subtracted from the titration data prior to curve-fitting. The enthalpy (ΔH), the stoichiometry 

of the reaction (NI), and the association constant (Kads) were obtained by nonlinear least-squares 

fitting of the experimental data using the single set of independent binding sites (SSIS) model98 of 

the Origin software provided with the instrument. 

UV Circular Dichroism (CD)  

The CD study was done using a Chirascan spectrometer (Applied Photophysics). Because the 

CD signal is proportional to the amount of protein secondary structures, subunit concentration was 

kept constant for every hemoprotein, at 3 µmol L-1. NP concentrations were calculated from the 
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adsorption isotherm data in order to obtain a large excess of adsorbed protein in solution (80% for 

Mb, 90% for Hb, and 70% for HbC1 and HbAm). The final NP concentration ranged from 1 to 20 

g L-1. Samples were placed in phosphate buffer (0.1 mol L-1, pH 7) and gently mixed for 3 h before 

measurements. We used 1 mm Quartz cells (Hellma), requiring a volume of 400 µL. Spectra were 

measured from 190 to 250 nm with 0.5 nm steps and 0.5 s of acquisition time per point. Dichroic 

signals were corrected by the NP-buffered solution spectrum, which showed no significant signal 

in the range of wavelengths studied (Figure S7). Measured ellipticity was converted into delta 

epsilon (Δε) by normalizing with the subunit molar concentration (3 µmol L-1), the number of 

residues per subunit (153, 144, 146, and 176 residues, respectively), and the pathlength (0.1 cm). 

Normalization was done using the BeStSel web server.99 

Cryogenic Transmission Electron Microscopy (cryo-TEM) 

Solutions containing HbAm proteins and silica NPs in phosphate buffer (0.1 mol L-1, pH 6 or 7) 

were prepared as follows: concentrations were chosen so as to obtain more than 80% of adsorbed 

proteins (excess of NPs); CHbAm = 0.4 g L-1; CNP = 3 or 6 g L-1 (pH 6 and 7, respectively). Then, 4 

µL of sample solution was deposited onto a glow-discharged holey carbon grid (Quantifoil R2/2). 

The grid was blotted with filter paper for 2 s and directly plunged into liquid ethane cooled by 

liquid nitrogen using a Vitrobot Mark IV (Thermo Fisher Scientific) operated at 22 °C and 100% 

relative humidity. The grids were stored in liquid nitrogen until use. Frozen samples were 

transferred to a Gatan 626 cryo-holder and observed in a JEOL 2010F cryo transmission electron 

microscope operating at 200 kV. The samples were imaged with a magnification of ×50,000 using 

a minimal dose system and the images were collected with a Gatan Ultrascan 4K CCD camera at 

a 2.7 μm of nominal defocus. 
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