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Abstract 

Nanoparticles (NPs) engineered as drug delivery systems continue to make breakthroughs 

as they offer numerous advantages over free therapeutics. However, the poor 

understanding of the interplay between the NPs and biomolecules, especially blood 

proteins, obstructs NP translation to clinics. Nano-bio interactions determine the NPs’ in 

vivo fate, efficacy and immunotoxicity, potentially altering protein function. To fulfill the 

growing need to investigate nano-bio interactions, this study provides a systematic 

understanding of two key aspects: i) protein corona (PC) formation and ii) NP-induced 

modifications on protein’s structure and stability. A methodology was developed by 

combining orthogonal techniques to analyze both quantitative and qualitative aspects of 

nano-bio interactions, using human serum albumin (HSA) as a model protein. Protein 

quantification via liquid chromatography-mass spectrometry, and capillary zone 

electrophoresis (CZE) clarified adsorbed protein quantity and stability. CZE further 

unveiled qualitative insights into HSA forms (native, glycated HSA and cysteinylated), while 

synchrotron radiation circular dichroism enabled analyzing HSA’s secondary structure and 

thermal stability. Comparative investigations of NP cores (organic vs hybrid), and shells 
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(with or without polyethylene glycol (PEG)) revealed pivotal factors influencing nano-bio 

interactions. Polymeric NPs based on poly(lactic-co-glycolic acid) (PLGA) and hybrid NPs 

based on metal-organic frameworks (nanoMOFs) presented distinct HSA adsorption 

profiles. PLGA NPs had protein-repelling properties while inducing structural 

modifications on HSA. In contrast, HSA exhibited a high affinity for nanoMOFs forming a 

PC altering thereby the protein structure. A shielding effect was gained through PEGylation 

for both types of NPs, avoiding the PC formation as well as the alteration of unbound HSA 

structure. 
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1-Introduction 

Engineered nanoparticles (NPs) developed with the advent of nanotechnology hold great 

promise for revolutionizing medicine owing to their unique physicochemical properties 

that are different from those of bulk materials. NPs are employed as drug delivery vehicles 

with targeting and theragnostic abilities [1]. However, the insufficient understanding of 

NPs’ interaction with biological molecules, so-called nano-bio interactions, is an obstacle 

to their translation into clinics [2]. 

Immediately after NPs’ intravenous administration, a dynamic interplay takes place 

between their surface and plasma proteins, leading to the formation of a protein corona 

(PC) [3] [4] [5]. The PC composition depends mainly on the physicochemical properties of 

the NPs (surface hydrophilicity and charge) and their size and shape [6]. PC governs the 

biological identity of the NPs and determines their in vivo fate, stability, and toxicity [7] [8] 

[9] [10] [11]. Once adsorbed onto the NPs’ surfaces, certain proteins act as opsonins, 

triggering the recognition and removal of the NPs by the immune system [12]. 

In most reported studies, the PC formation resulted in a consequent conformational and 

functional change in the adsorbed proteins [13] [14]. Thus, the nano-bio interactions 

induced protein structural rearrangements [15] [16] aggregation, inappropriate signaling, 

and other functional alterations[6] [17] [18]Protein misfolding diseases were attributed to 

protein unfolding upon nano-bio interactions [19] [20]. 

Proteins can also interact with NPs, without adsorbing onto their surface. This 

phenomenon could be related to soft corona formation, where proteins establish weak 

interactions with NPs and can easily be detached. However, protein contacts with NPs due 

to Brownian motions can lead to alterations in their structures, but few studies dealt yet 

with these important aspects. For example, silver NPs of around 15 nm modified the 

secondary structure of transthyretin, precipitated lysozymes, and affected the stability of 

human serum albumin (HSA) [21]. Gold NPs denatured bovine serum albumin (BSA) [22] 

in contrast to Gadolinum-based NPs, which were shown to increase the stability of HSA 

[23]. Silica NPs of around 26 nm increased the affinity of haemoglobin for oxygen [24]. It 

was emphasized that the thermodynamic stability and the secondary structure of blood 

proteins may vary in the presence of NPs [21].   

In this context, intensive research was dedicated to engineering the NPs’ surfaces to 

modulate their interactions with proteins, and more particularly, with opsonins [12]. NPs 
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with protein-repelling surfaces such as those made of poly(ethylene glycol) (PEG) had long 

blood circulation abilities (“stealth” properties) [25] [1]. PEG is one of the most employed 

coating materials to reduce protein adsorption onto the NPs. The NPs’ surface was 

successfully engineered with PEG shells by various strategies[26] [27].  

There is a clear need of a methodology for the deep understanding of NP interactions 

with blood proteins, which is crucial to predict their in vivo fate and possible toxic side 

effects. The large majority of analytical methods proposed so far rely on the analysis of 

the PC: i) sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and 

mass spectroscopy (MS) allowed protein identification [28]; ii) adsorbed proteins were 

visualized using optical, electron and atomic force microscopies [29]; iii) the kinetics of 

protein adsorption were studied by isothermal titration calorimetry (ITC) [20] surface 

plasmon resonance (SPR) [30] and differential centrifugal sedimentation (DSC) [31]. These 

techniques give valuable information about the thickness and density of the protein layer 

on the NPs, the affinity of various proteins for the NPs and the adsorption kinetics. 

However, they lack structural information on the PC.  

In this context, fluorescence spectroscopy has been employed to study protein structure 

and conformation [32] as well as protein binding affinity for the NPs [33].  However, protein 

labeling with fluorescent dyes might change their conformation, structure and affinity for 

the NPs [34]. The strategic combination of different analytical techniques is key in gaining 

both qualitative and quantitative aspects of the PC and a better understanding of NP-

protein interactions [35].   

We provide here a comprehensive methodology for the analysis of NP-protein 

interactions, illustrated in the case of two types of largely investigated NPs (PLGA and 

nanoMOF) and their PEGylated counterparts, by using HSA as a model protein. 

Considering NP-serum protein interactions, HSA is typically the first protein to undergo 

adsorption due to its extraordinary ligand-binding capacity and predominant abundance 

in the blood. HSA could be a major protein of the inner layer bonding with a high affinity 

to the particle's surface forming the hard corona [36].  

The orthogonal methodology proposed here combines both quantitative and qualitative 

assessments of the amounts of adsorbed HSA, as well as an evaluation of the integrity of 

the non-adsorbed protein. Experiments were performed without sample pretreatment to 

avoid misleading results [37, 38]. First, the amounts of adsorbed HSA were determined by 
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a BCA test. Subsequently, capillary electrophoresis (CE) was employed to confirm protein 

adsorption and provide qualitative data on the forms of HSA (native, cysteinated (Cys), 

and glycated (Gly)) upon contact with NPs. In addition, LC-MS provided quantitative data 

on the amount of adsorbed protein. Lastly, state-of-the-art Synchrotron radiation circular 

dichroism (SR-CD) shed light on protein conformation when in contact with the NPs. These 

orthogonal experiments showed that the two types of NPs (PLGA and nanoMOFs) 

behaved differently regarding protein adsorption. Surprisingly, in some cases, the protein 

structure was dramatically altered upon prolonged contact with the NPs even though it 

was not adsorbed onto them.  

 

 

2-Materials & Methods  

Chemicals 

PLGA 50:50 acid terminated (MW: 10–20 KDa, Expansorb® 10P019) and PLGA 50:50 PEG 

terminated (MW=32-70 KDa, Expansorb® 10P037) were kindly donated by Sequens 

(Expansorb®, Aramon, France). Poly (vinyl alcohol) (PVA) (30000-70000 g/mol, 88% 

hydrolyzed), anhydrous dichloromethane (DCM), sodium chloride (NaCl), sodium 

phosphate dibasic (Na2HPO4), potassium phosphate monobasic (KH2PO4), formic acid, 

1,3,5-benzenetricarboxylic acid (BTC) and acetonitrile were all purchased from Sigma-

Aldrich (Saint-Quentin-Fallavier, France). Iron (III) chloride hexahydrate (98%) was from 

Alfa Aesar (Schiltigheim, France). Deionized water was obtained from a Direct-QR 3 Water 

Purification System from Merck Millipore (Billerica, MA, USA). All buffers were prepared 

using deionized water and filtered through a 0.22 μm nylon (VWR) before use. In particular, 

phosphate buffer at pH 7.4 (10mM) was prepared by mixing stock solutions of KH2PO4 

and Na2HPO4 in deionized water.  

Plasma derived HSA (lyophilized powder, essentially globulin free, ≥99%) was provided by 

Sigma Aldrich (St. Louis, MO, USA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), sodium phosphate monobasic and sodium dodecyl sulfate (SDS) were obtained 

from Thermo Fisher Scientific (Les Ulis, France). The background electrolyte (BGE) used in 

CZE was 75 mM HEPES, containing 0.5 mM SDS at pH 8.0 adjusted with 1 M NaOH before 

adding water to a final volume of 50 mL. Pierce™ Bicinchoninic acid (BCA) protein assay 

kit was purchased from Thermo Fisher Scientific. 
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Preparation of PLGA and PLGA-PEG NPs 

PLGA NPs were prepared as previously reported using PVA as an emulsifier and using 1 

mL DCM solutions of PLGA or PLGA-PEG (75 mg/mL) [38] as the organic phase. Briefly, 

aqueous and organic phases were mixed using a sonic probe (Sonopuls HD 2070, 

BANDELIN electronic GmbH & Co, Berlin, Germany) at 40% of power for 15s. The 

dispersion medium was 5 mL of 0.5% w/v PVA solution containing 1% w/v NaCl and was 

sonicated for 30s at 40% power in an ice bath to avoid overheating. The resulting emulsion 

was left at room temperature under gentle magnetic stirring overnight to allow the 

organic solvent to evaporate. 

Synthesis of CD-PEG derivative 

CD-PEG was synthesized as previously described using phosphorylated β-cyclodextrin (β-

CD) building-blocks to bind to the metallic sites on the nanoMOF surface[26]. β-CD was 

chosen because its dimensions are, as needed, large enough to avoid penetration within 

the MIL-100(Fe) nanoMOFs pores, and their numerous free OH groups are suitable for 

introducing functional groups in the primary or/and secondary rims. Briefly, 1-azido-1-

deoxy-ω-O-methoxypentatetraconta(ethylene glycol) was firstly synthesized followed by 

coupling to phosphorylated CD to yield Heptakis {2,3-di-O-{10-[methoxypentatetraconta 

(ethylene glycol)yl-1H-1,2,3-triazol-40-yl]- methyl}} cyclomaltoheptaose phosphate 

sodium salt, abbreviated here CD-PEG. It was characterized by 1H-RMN (600 MHz, D2O) 

and high-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS) to 

determine the composition and amounts of key elements (P 8.0%). 

Synthesis of MIL-100(Fe) nanoMOF and PEG coating 

Iron trimesate nanoMOFs were synthesized using a microwave-assisted hydrothermal 

method described elsewhere [27] [39]. Briefly, 30 mL of an aqueous mixture containing 6.0 

mM iron chloride hexahydrate and 4.0 mM of BTC was heated at 130°C under stirring for 

6 min and under microwave irradiation at 1600 W (Mars-5, CEM Corporation, Matthews, 

NC, USA). The synthesized nanoMOFs were recovered by centrifugation at 10000 g for 15 

min and purified by six times washing with absolute ethanol. They were stored as ethanolic 

suspensions at room temperature until further use. Before the experiments, ethanol was 

removed by centrifugation and nanoMOFs were redispersed in aqueous media by 

vortex.  
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PEG-coated nanoMOFs (nanoMOFs-PEG) were prepared as previously reported[40] [26] by 

incubating overnight at room temperature the nanoMOFs suspensions in water (2mg/mL) 

with CD-PEG solutions (0.2 mg/mL).  

NP characterization  

The morphology of NPs was visualized by transmission electron microscopy (TEM) with a 

JEOL electron microscope (JEM 100 CX II, operating at 120 kV) equipped with a US1000 

2kx2k Gatan camera. 5 µL of samples were deposited onto a carbon-coated copper grid 

treated beforehand with a glow discharge (easiGlow, Ted Pella Inc), and excess liquid was 

removed with a filter paper after 30s. 

Mean hydrodynamic diameters and size distributions were determined by dynamic light 

scattering (DLS) at 25◦C with an equilibration time of 60s using a Zetasizer® (Nano ZS90, 

Malvern Instruments, Worcestershire, UK). All formulations were measured at least in 

triplicate. Mean diameters were reported as Z Average (nm) ± SE (Standard Error) with the 

polydispersity index (PdI). Zeta potential (ZP) was measured in KCl 1 mM at 25◦C with a 

Zetasizer®. Additionally, the porosity of nanoMOFs was characterized by nitrogen 

sorption measurements performed on Micromeritics Instruments ASAP 2020 at 77 K. 

Samples were degassed at 100 °C for 15 h. BET surface area of 1690 ± 80 m2 g−1 was 

obtained by calculating in the partial pressure range of 0.05 – 0.20 P/P0. NanoMOF-PEG 

samples were prepared as previously described by incubation with an aqueous solution of 

CD-PEG overnight [26]. After surface functionalization, the nanoMOF-PEG was recovered 

by centrifugation (10 min, 10000 g). The crystallinity of the nanoMOFs was preserved 

before after surface modification with CD-PEG, as assessed by X-ray powder diffraction 

(XRPD) in agreement with previous investigations [26]. 

HSA adsorption studies 

PLGA and PLGA-PEG NPs (3 and 10 mg/mL) were incubated with HSA (1 mg/mL) in 

phosphate buffer (0.01M, pH 7.4). NanoMOF and nanoMOF-CD-PEG (1.5 or 3 mg/mL) 

were incubated with HSA solutions (0.5 or 1 mg/mL). In all cases, the HSA:NP weight ratio 

was 1:3. All NPs were dispersed in 300 µL phosphate buffer (0.01 M, pH 7.4) and were 

incubated at room temperature up to 72 h using a vertical rotating shaker. In all cases, the 

unbound HSA was assessed in the supernatants obtained after NP centrifugation at 10,000 

g for 15 min.  
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Quantification of protein adsorption at the surface of NPs : Bicinchoninic acid (BCA) 

assay  

The HSA adsorption kinetics were studied by monitoring the unbound HSA concentration 

as a function of time. The unbound protein concentration was determined colorimetrically 

with a Pierce™ BCA protein assay kit. To do so, 25 μL of supernatants containing the 

unbound proteins were recovered after NP centrifugation and were mixed with 200 µL of 

the BCA reagent in a 96-well microplate. The samples were well shaken and incubated at 

37 °C for 30 minutes. After cooling for 15 minutes, the absorbance was read at 562 nm 

using a microplate reader (Infinite 200, Tecan Inc., Switzerland).  The amount of unbound 

protein was calculated by interpolation of a calibration curve using HSA standards with 

known concentrations. Controls were aqueous solutions and NP suspensions without HSA.  

The results were reported as the mean value of at least three separate experiments.  

Capillary zone electrophoresis coupled to UV (CZE-UV) 

CE experiments were performed on a P/ACE MDQ Instrument (Sciex, Framingham, MA, 

USA), coupled to a diode array detection UV-vis detector that was set at 214 nm. The 32 

KaratTM software version 7.0 (Sciex) was used to collect data. The analysis was carried out 

by using PVA-coated capillaries, purchased from Sciex, with an internal diameter of 50 μm 

and a total length of 60.2 cm (effective length of 50 cm). Before the first use, the PVA 

capillaries were rinsed at 30 psi for 10 min with water and freshly prepared BGE (75 mM 

HEPES containing 0.5 mM SDS at pH 8). The sample was hydrodynamically injected from 

the inlet by applying a pressure of 0.5 psi for 15 s. The separation was then conducted at 

−25 kV at 25 °C. Between each analysis, the capillary was flushed at 20 psi for 15 min with 

water and 15 min with BGE. At the end of the day, the capillary was rinsed with water (15 

min, 20 psi) and BGE (15 min, 20 psi) and stored at 4 °C with the ends in water as previously 

described [41]. 

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)  

Unbound HSA was analyzed with a Waters Xevo G2-XS QTof/Tof - ACQUITY UPLC M-Class 

system run by Masslynx v4.1 (Waters) after dilution in water with 0.1% (v/v) formic acid to 

reach a final concentration of 0.01 mg/mL. Samples of 1 μL were loaded onto a C18 trap 

column (NanoE MZ Sym C18 5μm 180um x 20 mm, Waters), at 20 μL min-1 and desalted 

with 0.1% (v/v) formic acid and 5% (v/v) acetonitrile. After 4 min, the precolumn was 

connected to C18 Nanocolumn (NanoE MZ PST CSH130, 1.7μ 75μm x 150 mm, Waters). 
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Electrospray ionization was performed at 2.5 kV, with a source temperature of 120°C, 

desolvation temperature of 250°C and 80 L/h cone gas flow. Buffers were 0.1% formic acid 

in water (A) and 0.1% formic acid in acetonitrile (B). Peptides were separated using a linear 

gradient from 5 to 95% buffer B for 80 min at 300 nL min−1. One run was performed in 

90 min, including the regeneration step at 95% buffer B and the equilibration step at 95% 

buffer A. 

Mass spectrometric data were investigated with the Masslynx v4.1 software (Waters). 

Background subtraction was applied to mass spectrum with polynomial order at 25, below 

curve at 5%, tolerance at 0.01. Deconvolution was run on the 6 most intense peaks by Max 

Ent1 function by iteration to convergence with the following parameters: output mass 

ranges 60000-70000 Da with resolution 1.00 Da/channel, damage model as uniform 

Gaussian with at half height of 1.00 Da. 

SRCD 

The SRCD measurements were performed at the DISCO-beamline, SOLEIL Synchrotron 

(Saint-Aubin, France). Thanks to the photon flux and beam size at the Synchrotron facility, 

the measurements were performed with a good signal-to-noise ratio (200) down to 175 

nm, which is difficult to reach with a conventional CD set-up. Thus, the UV CD region (175–

250 nm) corresponding to peptide bond absorption was analyzed using the DISCO SRCD 

set up. Spectra were acquired every nanometer using a 1 nm bandwidth and 1.2 s 

integration time. Raw data (θ) was measured in millidegrees (mdeg), which were converted 

to molar circular dichroism values (∆ε), after averaging, baseline subtraction and 

calibration with (+)-camphor-10-sulfonic acid (CSA). Data treatment including average, 

baseline subtraction, smoothing, scaling and standardization was performed with the 

CDtool software [42]. 

For the molar circular dichroism values or ∆ε, the following equation was applied: 

∆ε=θ×(0.1×MRW) / [(P×C)×3298]                                                                           (I) 

The  mean residue weight (MRW) of HSA is 113.8 Da (g.mol−1), pathlength (P) is 0.00234 

cm (measured by interferometry) [42] and protein concentration (C) is 1 mg/mL.  

The secondary structure content was determined by using ContinLL and SELCON3 

programs [42] and additionally BeStSel server [43]. Normalized root-mean-square 

deviation (NRMSD) indicated the most accurate fit for each spectrum.  
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The NP suspensions after their incubation with HSA were analyzed directly without 

separation of the unbounded protein. To do so, 4 µL samples were loaded in circular 

demountable calcium fluoride cells with a path length of 50 µm [44]. Baselines were 

collected in triplicate for all samples, corresponding to buffer solutions, suspension media 

or NP suspensions without protein.  

Thermal denaturation experiments were carried out by collecting SRCD spectra at 

temperatures ranging from 23 to 98 °C using a 3 °C step and a 5 min settling time. Three 

spectra were collected for each temperature with a total measurement time of 3 h. Spectral 

cut-off at 180nm was used, based on the high tension of the PMT (Photomultiplier Tube) 

corresponding to an absorbance below 1. As controls, spectra were also recorded for 3 h 

without changing the temperature to ensure that over this time, no additional phenomena 

(radiation damage or drying) affected the spectral amplitude. These controls showed that 

HSA was not susceptible to radiation damage and that the photon flux and beam size 

were appropriate for the investigations [45], [46].  

4-Results and discussion 

4.1-Preparation of the NPs 

Firstly, PLGA and PLGA-PEG NPs were prepared using commercially available 

biodegradable polymers [38]. While the hydrophobic PLGA polymer possesses carboxyl 

end groups, the PLGA-PEG diblock copolymer is uncharged. The hydrophilic PEG units 

covalently attached to the PLGA block dispose in a “brush” conformation at the NPs’ 

surface leading to protein-repellent surface properties [47]. Both PLGA and PLGA-PEG NPs 

were prepared by using an emulsifier, PVA, that forms a neutral, hydrophilic shell on the 

surface of the NPs, as it has been previously described [48]. For over 25 years, the versatile 

NPs of PLGA and PLGA-PEG have been utilized to encapsulate and deliver in a controlled 

manner a wide range of hydrophilic and hydrophobic drugs [49].  

Secondly, biodegradable MIL-100(Fe) nanoMOFs were synthesized by a “green” (organic 

solvent-free) microwave-assisted hydrothermal method generating an open 3D porous 

crystalline architecture. The nanoMOFs possess mesoporous windows (5.6 and 8.6 Å) and 

internal cages of around 24 and 29 Å in diameter [50].  Discovered more recently than the 

polymeric PLGA and PLGA-PEG NPs, they have the advantage of being able to incorporate 

a variety of drugs without the use of organic solvents reaching payloads up to 20–70 wt% 

[50] and were well tolerated in vivo [51]. 
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Aiming to develop biomedical applications of nanoMOFs, some of us have set up 

strategies to modify the nanoMOFs’ surfaces with PEG chains by mild, one-step 

procedures devoid of reactants and organic solvents[26] [27]. The coating was based on 

cyclodextrin (CD) derivatives that are large enough to avoid their penetration within the 

nanoMOF’s pores, and not to interfere with and displace the loaded drugs [27]. The CD 

scaffolds displaying grafted PEG moieties (average MW ~2000 g/mole) spontaneously 

adsorbed onto the nanoMOFs, where they are firmly anchored by coordination with the 

available metal sites at the surface [26]. Advantageously, the procedure was carried out in 

a one-step procedure in water and without using any toxic additives and led to stable 

coatings without altering the nanoMOFs’ crystalline structure.  

 

4.2-Morphology and characteristics of NPs 

PLGA and nanoMOF NPs, PEGylated or not, were successfully prepared with similar sizes 

to allow a comparative study of their nano-bio interactions as a function of both their core 

and surface properties Fig. 1A-D). Whereas the PLGA NPs appeared round-shaped, the 

nanoMOFs were crystalline with facetted structures in agreement with previous studies 

[40] [26]. In all cases, the average diameters ranged from 80 to 370 nm. These sizes were 

in agreement with DLS measurements, which showed that the PLGA and nanoMOFs NPs 

had mean hydrodynamic diameters of 310 ± 15 and 234 ± 16 nm, respectively (Table 1, 

SI). The polydispersity indexes (PDIs) were respectively 0.1 and 0.2, indicating that the NPs 

were monodisperse. PLGA-PEG and nanoMOF-PEG NPs had larger diameters of 418 ± 30, 

and 286 ± 20 nm, respectively. 

The Zeta potential for PLGA and PLGA-PEG NPs was around 0 mV, attributed to their 

neutral PVA shell, as previously reported [48]. This protective steric layer shields the 

negative charges of the carboxyl end group of PLGA. The nanoMOFs, coated or not, had 

Zeta potentials of -17±3 mV, in good agreement with previously published data[40] [26]. 
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Fig. 1. Representative TEM images of: A) PLGA NPs; B) PLGA-PEG NPs; C) nanoMOF and 

D) nanoMOF-PEG. TEM images obtained after incubation with HSA: E) and F) PLGA and 

PLGA-PEG NPs, after three days (1:10, HSA:NP); G) and H) nanoMOF and nanoMOF- PEG 

after 2h (1:3, HSA:NP). Scale bars: 100 nm. 

4.3-Nano-bio interactions 

Kinetics of protein adsorption 

The kinetics of HSA adsorption onto the two types of NPs, hybrid and polymeric, with 

different core and shells, were compared. The NPs were incubated with HSA solutions and 

incubated up to 24 h. The unbounded HSA was quantified using a BCA colorimetric assay 

at different time intervals (Fig. 2). 
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Fig. 2:  Amounts of HSA (µg/mg of NPs) adsorbed on nanoMOFs (A), nanoMOFs-PEG (B), 

and PLGA NPs coated or not with PEG (C). The HSA:NP weight ratio was 1:3 for the 

nanoMOFs and nanoMOFs-PEG, and 1:3, 1:10 and 1:100 for the PLGA and PLGA-PEG NPs. 

Different time points were studied: 5 min (light blue); 1 h (orange); 2 h (grey); 4 h (yellow); 

6 h (pink); 8 h (green) and 24 h dark blue). 

For nanoMOFs, HSA adsorption occurred as soon as they were in contact with HSA 

(amount of adsorbed proteins 24±2 µg/mg, 5min). Then, HSA adsorption gradually 

increased in a time-dependent manner up to around 55 µg/mg until a plateau is reached 

at the 8th hour of incubation (Fig. 2). In contrast, the amount of adsorbed HSA was very 

low in the case of nanoMOF-PEG (less than 7±2 µg/mg) regardless the incubation time. 

This suggests that the affinity of HSA for the nanoMOF surface decreased while they 

gained “stealth” properties through PEGylation. 

Surprisingly, neither the PLGA nor the PLGA-PEG NPs did adsorb any significant protein 

amounts. Even within three days of incubation, the adsorbed amounts were undetectable 

by the BCA assay. This was the case also when increasing the HSA-NP contact area (i.e. 

decreasing the HSA:NP ratio to 1:10 and 1:100). Taking into account the surface area 

developed by the NPs, it was calculated that less than 0.15 mg/m2 HSA was adsorbed. 

Therefore, it was concluded that the affinity of HSA for both PLGA and PLGA-PEG NPs was 

very low as compared to bare and PEGylated nanoMOFs.  

The striking differences in protein adsorption between the two types of analyzed NPs 

could be explained based on their composition and physicochemical properties such as 

surface charge and hydrophilicity. PLGA NPs possess a neutral and hydrophilic surface in 

reason of their PVA coatings [35]. In contrast, the bare surface of the nanoMOFs is 

negatively charged and displays numerous accessible iron sites prone to bind large 

molecules such as proteins [52]. In addition, despite its global negative charge at pH 7.4 

(pI 4.7), HSA-positive residues could interact with the negative charges of the nanoMOFs.  

Whatever the NPs (PLGA or nanoMOF), the PEG shells protected them against protein 

adsorption.  

Finally, the kinetic studies performed here provided the incubation conditions to be 

carried on for the following PC investigations in phosphate buffer. In the case of 

nanoMOFs, two hours were sufficient to form a large PC without NP degradation [53]. 

Indeed, nanoMOFs progressively degrade in phosphate buffer, losing their organic linkers 
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and forming amorphous structures [53] [54]. In contrast, PLGA formulations were stable in 

phosphate buffer, so they were studied over three days in this medium.  

NP morphology upon contact with protein 

NP morphologies were investigated after incubation with HSA by TEM (Fig. 1E-H). The 

micrographs revealed that both PLGA and PLGA-PEG NPs maintained their uniform and 

spherical shapes and the images were similar to the prepared NPs (Fig. 1A-B). Both PLGA 

and PLGA-PEG NPs preserved their morphology after contact with HSA for 3 days with no 

evidence of PC formation (Fig. 1 E-F), in line with the HSA kinetic findings (Fig. 2), which 

demonstrated no HSA adsorption onto the polymeric NPs.  

On the other hand, TEM images showed that the facetted morphology of nanoMOFs and 

nanoMOF-PEG were preserved after interaction with HSA (Fig. 1G-H). Noticeably, only 

uncoated nanoMOFs after incubation with HSA presented a blurry aspect (Fig. 1G), not 

observed with PEG-coated ones (Fig. 1H). Given the high HSA adsorption onto these NPs 

(Fig. 2), it’s plausible to hypothesize that this blurry aspect is due to the formation of a 

PC. 

To investigate in depth the corona formation impact of the interaction with NPs for 

proteins. Capillary zone electrophoresis has been chosen as this method allows; (i) the 

analysis of unbound HSA, (ii) the evaluation of the impact on different forms of HSA 

(native, cysteinylated, or glycated). This versatile technique also brings insights into the 

possible alterations of the unbound HSA after contact with the different NPs studied here. 

CZE 

CZE is a versatile method allowing the investigation of HSA behavior on NPs by both 

quantitative and qualitative approaches [55] [56] [57] [58] [59]. For this study, PVA-coated 

capillary has been employed considering its excellent ability to separate different forms of 

HSA: native, glycated, and cysteinylated [44].  

Bar-Or and his coworkers highlighted the heterogeneity of albumin by liquid 

chromatography coupled with mass spectrometry[60]. Several HSA isoforms have been 

found, among them native HSA, cysteinylated HSA, and glycated forms [60]. Glycated HSA 

is an additional clinical marker to monitor blood glycemia, and cysteinylated HSA is a key 

plasma marker of oxidative stress [61]. In the above-mentioned studies [44], the analysis 

of the protein peak area will provide quantitative information on protein adsorption. 
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Therefore, potential modifications on the relative amounts of the different unbound HSA 

forms can be evaluated qualitatively to gain more detail on HSA interactions with NP 

surfaces [57]. Therefore, CZE was a method of choice here to investigate nano-bio 

interactions combining both quantitative and qualitative aspects.  

Therefore, the NP series (nanoMOF and PLGA) were then incubated with HSA and their 

supernatants were collected to investigate the aforementioned two aspects: i) quantitative 

by analyzing the peak areas of unbound HSA and ii) qualitative by analyzing potential 

peaks modification for the three HSA forms (native, cysteinylated, and Glycated). Fig. 3 

presents the CE-UV profiles of HSA recovered from NP supernatants after the incubation 

studies. First, CE experiments were performed on HSA solutions (without NPs) to 

investigate the stability of the protein in the experimental conditions employed here for 

adsorption studies. Thus, the HSA solutions were incubated for up to three days at RT or 

37°C and were subjected to the centrifugation conditions employed to sediment the NPs 

(without any NPs in the medium). The CZE electropherograms were then compared to 

those of fresh HSA solutions (Fig. SI1). The electrophoretic profiles of the HSA solutions 

remained unaltered whatever the experimental conditions, pointing out the stability of 

HSA under the experimental conditions used here to study its interaction with the NPs. 

Indeed, when reference HSA is incubated without any NPs, three reproducible peaks at 

12.4, 12.5 and 12.7 min were obtained. These data are in agreement with previous studies 

using the same type of capillaries which showed the three HSA peaks assigned to Glycated, 

native and Cysteinylated forms, respectively [41].  

Then, the interactions between PLGA and PLGA-PEG NPs and HSA were investigated. CE 

profiles of unbound HSA obtained after incubation with PLGA and PLGA-PEG NPs at an 

HSA: NP ratio of 1:3 (Fig. 3A, blue and orange lines) were almost identical to the control 

HSA (not incubated with NPs). However, an increase in the NP concentration from 3 to 10 

mg/mL (ratio 1 :10) resulted in a significant decrease of the peak at 12.7 min corresponding 

to the Cysteinylated HSA. Moreover, a new peak appeared at 11.8 min for this ratio. 

Interestingly, the total area of all the HSA peaks remained similar to the reference, with 

differences of less than 5%. It is worth mentioning that identical CZE profiles were obtained 

when PLGA and PLGA-PEG NPs were incubated with HSA for either one (Fig. SI2) or three 

days (Fig. 3A) whatever the ratio of HSA: NPs. In contrast, when the incubation time was 

limited to 2h, there were no significant modifications in the HSA profile even at the HSA: 
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NP ratio of 1:10 (Fig. SI3). This shows the dependence of the qualitative aspect of nano-

bio interactions on both concentration and incubation time.  

 

 

Fig. 3: CE-UV electropherograms of unbounded HSA recovered from supernatants after 

incubation with A) PLGA-PEG (green, orange) and PLGA (brown, blue) NPs during 3 days 

with HSA: NP ratio of 1:3 and 1:10. B) nanoMOF-PEG (red) and nanoMOF (purple) during 

2h with HSA: NP ratio of 1:3. Black and grey lines are the reference HSA solutions at 1 and 

0.5 mg/mL, respectively. 

Thus, we speculate that the shift of Cysteinylated HSA might correspond to a structural 

alteration of the protein, although it did not adsorb onto the NPs’ surfaces (Fig. 2). These 

findings suggest that HSA in contact with PLGA-based NPs might undergo structural 

modifications despite their low affinity towards them. As shown here, these modifications 

could be observed whatever the incubation time and NP concentration (i.e. developed 

surface areas). Therefore, the next step was dedicated to the interactions between HSA 

and nanoMOFs. Indeed, it was then interesting to investigate if structural changes occur 

with HSA upon incubation with nanoMOFs, where important amounts (30 ±2 µg/mg) were 

adsorbed within 2h (Fig. 2). For nanoMOFs with higher affinity for HSA, no modification 

of the HSA profile (ie no change of the retention times) was observed on the unbound 

HSA species after incubation (Fig. 3B). However, the 11±3% decrease in the peak area 

after incubation with the nanoMOF is an indication that around 37±9 µg of the HSA was 
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adsorbed per mg of nanoMOF, which is in a good agreement with the BCA protein assay 

(30 ±2 µg/mg adsorption, Fig. 2). Moreover, the shielding effect gained through 

PEGylation was evident as the area of unbound HSA remained unchanged after incubation 

with nanoMOF-PEG (less than 5 % changes) compared to reference HSA. To conclude, we 

can observe from these experiments that HSA was able to adsorb only on non-PEGylated 

nanoMOFs NP surfaces but did not bind nanoMFs-PEG, nor PLGA NPs (coated or not with 

PEG). However, we observed for PLGA NPs (coated or non-coated with PEG) a decrease of 

the peak area corresponding to cysteinylated forms, whereas the total of all HSA peak 

areas remains similar to the reference, thereby suggesting a possible conformational 

modification. To the best of our knowledge, no study has yet reported potential 

conformational modification for HSA forms upon incubation with NPs. However, more 

detailed investigations would be needed to explain the observations concerning the 

Cysteinylated forms after incubation with PLGA NPs. 

In complement to the CZE studies, LC-MS investigations were carried on in an attempt to 

resolve the HSA forms in the NP supernatants.   

LC-MS investigations 

Total ion count (TIC) chromatograms provided in Fig. 4 represent the ion intensities 

displayed as a sum of the individual HSA fragments as a function of incubation time with 

the PLGA NPs and nanoMOFs, PEGylated or not. The incubation time was 72h for PLGA 

and 2h for nanoMOFs. TIC chromatograms of unbound HSA after incubation with or 

without NPs revealed similar shapes and same retention time (75.2 min) in all the studied 

cases (Fig. 4). When HSA was incubated with PLGA and PLGA-PEG NPs, an additional small 

peak appeared at 74.7 min. It corresponds to free PVA emulsifier in the NP suspensions, 

and it induced no effect on the main peak (Fig. 4B-C).   

Values derived from the areas under the intensity curves give insights about the 

abundance of the protein thus relative protein quantity between samples. As indicated 

next to the chromatograms in Fig. 4A-B, areas under the curve values did not vary 

between incubated HSA reference and HSA in contact with PLGA (<14% deviations in the 

areas). Therefore, it is in agreement with the quantitative BCA assay findings, which 

showed that HSA was not adsorbed on the PLGA NPs. In contrast, a dramatic change was 

recorded when HSA was in contact with nanoMOFs (non-PEGylated): 50% of reduction 

occurred in comparison to incubated HSA reference (Fig. 4D-E). This observation aligns 
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with the previously mentioned findings, which suggest a decrease in unbound HSA in the 

supernatant, thereby indicating the formation of a PC. Interestingly, PEGylated NPs, 

namely PLGA-PEG and nanoMOF-PEG, demonstrated a clear resistance to protein 

adsorption. This was evidenced by the minimal differences of 12% and 4% respectively, 

when compared to the HSA reference. (Fig. 4E-F). 

 

 

Fig. 4. TIC chromatograms of unbound HSA recovered after the incubation A) without 

NPs, for 3 days B) with PLGA NPs, for 3 days, C) with PLGA-PEG NPs, for 3 days, D) without 

NPs, for 2h E) with nanoMOF for 2h, F) with nanoMOF-PEG for 2h. 

SR-CD investigations 
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To complete these studies, SR-CD was a method of choice to investigate the changes in 

the secondary structure of the HSA protein due to its interaction with the NPs. The CD 

provides access to the relative content of the secondary structure components of HSA 

(alpha-helix, beta-sheet, beta-turns, and random coil). While the extended spectral range 

was reached from 175 to 250 nm using synchrotron radiation in the DISCO beamline, the 

entire protein peak at 192 nm was recorded which is of interest regarding the singlet 

electron transitions in the HSA peptide backbone Fig. 5. We can observe from Fig. 5, that 

HSA exhibited a typical spectrum of a predominantly α-helical protein with two minimums 

at 224 and 208 nm and a maximum at 192 nm. These data were in agreement with the 

literature [50]. The peak at 224 nm was attributed to the nπ* transition from the lone pair 

of oxygen to a π* anti-bonding orbital. The peak observed at 208 nm was due to the ππ* 

electronic transitions of the peptide bond, whereas a positive band at 192 nm was due to 

the transition of non-bonding π orbital to the π* orbital [62]. The region around 180 nm 

is known as a charge transfer region. Unlike other transitions, the transitions in this region 

occur intramolecularly from one peptide bond to another [63].  

The amount of α-helical secondary structure of HSA was obtained by deconvolution of the 

CD spectra. Fresh HSA reference used here presented a 70% helix content which was in 

agreement with the literature [64]. This helicity content was preserved 2h after incubation 

(70%), whereas it dropped to 61% after three days of incubation (Fig. 5A). The decrease 

in the HSA helicity upon incubation has been shown in various studies based on CD 

spectroscopy, confirming the results found here [65] [66]. 
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Fig. 5 Far UV SR-CD spectra of : control HSA incubated during 2h (grey) and 3 days (black); 

A) PLGA: PLGA (brown) and PLGA-PEG (green) NPs incubated with HSA during 3 days at 

a HSA: NP ratio of 1:10; B) nanoMOF (purple) and nanoMOF-PEG (red) incubated with HSA 

during 2h at a HSA: NP ratio of 1:3. The spectra were taken directly on the NP suspensions 

and in all studies, the concentration of HSA was 1 mg/mL. 

The interactions of bare and PEGylated NPs with HSA were analyzed by SR-CD directly on 

the NP suspensions as the NPs did not interfere with the experiments (Fig. 5). A special 

attention was given to HSA secondary structure differences between the reference (HSA 

incubated without NPs) and HSA in the presence of the four types on NPs. Firstly, the 

contact of HSA with the PLGA NPs for 3 days (1:10, HSA: PLGA NP) resulted in a dramatic 

loss in α-helix content (from 61 to 27%) with visible signs of modifications that affected 

the bands at 224 nm (nπ* parallel transitions), 208 nm (ππ* parallel transitions) as well as 

at 192 nm (ππ* perpendicular transitions) (Fig. 5A). A significant change observed around 

180 nm indicated that HSA was subjected to intramolecular charge-charge transitions. On 

the other hand, the increase recorded on HSA’s parallel β-strand (from 0 to 4%) and 

antiparallel β-strand (from 0 to 12%) signified the increase in β-sheet populations. 

Possibly, a minor denaturation or reorganization with the formation of β-strands took 

place during collisions at the NPs’ surfaces, without leading to adsorption as it was 

previously established (Fig. 2). Noticeably, when lower quantities of PLGA and PLGA-PEG 

NPs were in contact with the same amount of HSA, the α-helix structure of the protein 

remained unaltered confirming the concentration dependence of the nano-bio 

interactions (Fig. SI4).   

HSA incubated (2h) with nanoMOFs was then analyzed and compared with incubated (2h) 

HSA reference (Fig. 5B). After contact with NPs, a loss in α-helix content of HSA was 

observed, from 70% to 52 %. This decrease was remarkable taking into account the short 

incubation time of only 2h.  Further analysis of the SR-CD data showed only a slight 

increase in antiparallel β-strands (from 0 to 2%) and in beta-turns (from 9 to 14%). Besides, 

the percentage of other secondary structure components (unordered) increased from 21 

to 32%.    

Conversely, the CD spectra in the case of HSA incubated with PLGA-PEG NPs and 

nanoMOF-PEG were similar to their reference HSA spectra (Fig. 5).  The α-helix content 

was preserved with less than 5% differences (within the detection limit of the method) as 

compared to control HSA.  
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In a nutshell, these results suggest that the PEGylated surfaces preserve the α-helix 

structure of the protein, whereas uncoated surfaces disturb it regardless of whether 

adsorption has taken place or not.  

 

 

 

Fig. 6. Thermal unfolding of HSA followed by SR-CD spectroscopy as a function of 

temperature over a range from 26 to 80°C at intervals of 3 °C. A) incubated HSA reference 

(1mg/mL), B) HSA: PLGA NPs (HSA: NP ratio of 1:10), C) HSA: PLGA-PEG NPs (HSA: NP 

ratio of 1:10). The samples were analyzed after 3 days incubation. 

To go a step further, protein unfolding was analyzed through thermal denaturation studies 

that give insights into the effect of NPs on protein’s thermal stability. Far-UV SRCD spectra 

were collected over a wide temperature range, from 26 to 80 °C. Fig. 6A shows a typical 

spectrum of HSA unfolding upon an increase in temperature. All the thermal unfolding 

spectra intersected at 203 nm which corresponds to the isosbestic point. The HSA thermal 

unfolding was then assessed after incubation with the NPs. The changes in the unfolding 

behavior of HSA due to interactions with the PLGA NPs are presented in Fig. 6B. The 

isosbestic point was shifted from 203 nm to 201 nm, which is a clear indication of a 

reduction in HSA’s stability. 

In addition, changes in other spectral features were also noted. The spectra from the first 

scan appeared to be in a less compact state compared to the reference HSA. This was in 

line with the results shown in Fig. 5A where the same NP was shown to cause a decrease 

in the helicity of HSA. The unfolding behavior characterized by the peak at 208 nm (Fig. 

6B) was strikingly different as compared to control HSA solutions. This could be attributed 

to NP-induced modifications on the HSA secondary structure, particularly on the ππ* 
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parallel transitions. The disappearance of the band at 208 nm at high temperatures (>70 

°C) can be taken as evidence for the modifications of the melting behavior of HSA resulting 

from structural changes due to their contact with the NPs.    

On the opposite, the thermal behavior of HSA has not been affected by the incubation 

with PLGA-PEG NPs, as the characteristic bands were fully maintained (Fig. 6C). A more 

compact HSA structure was observed, suggesting that the protein has gained thermal 

stability. It is worth mentioning that HSA denaturation depends on its concentration and 

experimental conditions [21],[67]. Thus, in this study, given that all the experimental 

conditions were the same, qualitative comparisons could be made between HSA samples 

incubated or not with NPs. The key discovery was the alterations in HSA stability when it 

came into contact with PLGA NPs, despite the fact that they did not adsorb onto their 

surfaces. (Fig. 2).  

 

 

Fig. 7. Thermal unfolding of HSA followed by SRCD spectroscopy studied as a function of 

temperature over a range from 26 to 80 °C with intervals of 3 °C. A) control HSA (1mg/mL), 

B) HSA: nanoMOF (HSA: NP ratio of 1:3), C) HSA: nanoMOF-PEG (HSA: NP ratio of 1:3). All 

samples were analyzed after 2h of incubation. 

Thermal denaturation profiles of HSA incubated with nanoMOF and nanoMOF-PEG were 

depicted in Fig. 7. Results were similar to the ones of PLGA and PLGA-PEG NPs. HSA was 

in a more unfolded state after incubation with the nanoMOF, and in particular, its 

characteristic band at 208 nm was diminished when increasing the temperature (Fig. 7B). 

Moreover, HSA unfolding occurred, as the isosbestic point was sifted from 204 nm (HSA 

reference) to 202 nm (HSA in contact with the nanoMOFs). However, in the case of 

nanoMOF-PEG, there were no significant modifications neither on the characteristic band 
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at 208 nm nor on the isosbestic point (Fig. 7C). The protein was maintained in a more 

folded state upon heating and remarkably preserved its compact form throughout the 

temperature increase. It can be therefore concluded that the PEG-based coating conferred 

thermal stabilization to the HSA molecules. This is also clearly shown in Fig. 8, presenting 

the melting curves of reference HSA, and HSA after contact with each NP. The protective 

effect of the PEG coatings on both PLGA and nanoMOFs is in line with the previous CZE 

findings [68][69].  

 

 

Fig. 8. Melting curves of HSA: A) Reference HSA (black) (incubated without NPs for 3 

days), HSA incubated with during 3 days with PLGA (brown) and PLGA-PEG (green), HSA: 

NP ratio of 1:10 B) Reference HSA (grey) ((incubated without NPs for 2 hours), nanoMOF 

(purple) and nanoMOF-PEG (red) incubated with HSA during 2h, HSA: NP ratio of 1:3.  

 

Conclusion 

A set of orthogonal techniques was used here to investigate the interactions between HSA, 

the most abundant protein in the blood, and a series of NPs of similar mean diameters, 

surface-modified with PEG shells or left unmodified. Quantitative insights were gained 

using LC-MS and a protein assay kit. We discovered that although HSA didn’t adsorb onto 

PLGA NPs, it underwent dramatic structural changes upon contact with these NPs. Indeed, 

the Cys form of HSA was particularly affected, and our studies revealed the appearance of 

new forms yet to be identified. In contrast to PLGA NPs, nanoMOFs adsorbed rapidly high 
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amounts of HSA, but the protein forms were unaffected by these interactions. Secondary 

structures of HSA and melting curves were also investigated by SR-CD. In all cases, the 

PEG protective layers avoided protein unfolding. However, the finding concerning HSA 

structural changes after interaction with PLGA NPs is of paramount importance as a 

conformational modification could alter HSA physiological properties (eg. Carriers for 

hormones, peptides, drugs…) and could lead to the formation of small aggregates. This 

feature could also have an impact on some other blood proteins.   

As biocompatible NPs are gaining increasing interest for biomedical applications, a 

thorough understanding of their effects on the structure and functions of proteins is 

essential. The methodology proposed here could be applied to other types of NPs, loaded 

or not with drugs, as well as to other proteins known to interact with NPs in the 

bloodstream, such as immunoglobulins, complement, fibronectin etc. Moreover, in line 

with ethical issues, in vitro orthogonal methodologies to study NP-protein interactions are 

essential prior to in vivo experiments. In a broader view, the methodology developed in 

this work may be applied to evaluate the impact and safety of a variety of NPs engineered 

for intravenous administration. 
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