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ABSTRACT  

Composition of the protein corona formed on poly(ethylene glycol)-functionalised (PEGylated) 

poly(glycidyl methacrylate) (PGMA) nanoparticles (NPs) was qualitatively and quantitatively 

compared to the protein corona on non-PEGylated PGMA NPs. Despite the reputation of 

PEGylated NPs for ‘stealth’ functionality, we demonstrate preferential enrichment of specific 

serum proteins of varied biological functions in the protein corona on PEGylated NPs when 

compared to non-PEGylated NPs. Additionally, we suggest that the base material of polymeric 

NPs plays a role in the preferential enrichment of select serum proteins to the hard corona.  

TEXT 

Intravenously delivered, therapeutic NPs recruit circulating biomolecules found in blood 

plasma onto their surfaces, due to the availability of abundant surface free energy.1 While 

significant advances have been made in targeted delivery of therapeutic agents using polymeric 

NPs, it is widely accepted that understanding the fundamental interactions of the functional NPs 

with serum proteins is pivotal for clinical translation. As the bulk of the physiological milieu 

consists of proteins, this complex biological layer formed on NPs is referred to as the protein 

corona.2 The synthetic and pristine surface of NPs is transformed by components of the protein 

corona, endowing NPs with a biological identity3, which can result in alterations in properties 

such as surface charge4 and colloidal stability.5 Such changes inevitably impact physiological 
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and pathological responses such as the incitation of pro-inflammatory effects and immunological 

recognition6, moderation of biocompatibility7 and alteration of drug release profiles.8 Protein 

adsorption on NPs may also play a pivotal role in selective cellular uptake, which is fundamental 

to targeted therapy. The constituents of the protein corona are known to vary according to 

intrinsic properties such as the NP’s surface chemistry9, hydrodynamic size10 and surface 

charge4. External conditions such as exposure temperature11 and biological source12 are also 

capable of controlling the composition of the protein corona. While some studies have reported 

that the protein corona does not impair targeting efficiency of therapeutic NPs13-14, others have 

suggested that the adsorbed protein layer causes NPs to lose the ability to target specific cell 

receptors.15-16 It has also been indicated that distinct proteins present in the corona were able to 

regulate cellular uptake of NPs.17 Taken together, it is now accepted that NP biodistribution is 

indeed influenced by the presence of the protein corona. 

NPs are often cleared rapidly from the circulation as part of immunological responses by 

phagocytic cells in the reticuloendothelial system (RES), due to the recruitment of plasma 

proteins called opsonins in the protein corona. In order to prevent RES recognition, a widely 

used practice in nanotherapy development is poly(ethylene glycol) (PEG) functionalisation on 

the NP surface.18 PEG, with its hydrophilic polyether backbone is able to prevent non-specific 

protein adsorption by means of steric repulsion, thus conferring 'stealth' properties to the NPs.19 

PEGylated NPs may therefore be able to evade sequestration by the RES and increase circulation 

time to allow for specific cell recognition and subsequent uptake.20 It is now understood that 

PEGylation does not completely eradicate protein adsorption on the NP surface; it merely serves 

to reduce protein interactions with increasing density of PEG grafting.9 It is therefore pivotal to 

decipher the differential nature of the protein corona composition following PEGylation of 
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polymeric NPs. It is also important to note that this composition is variable depending on the 

type of polymeric NPs.21 In this study, we have examined the influence of PEGylation using 

systematic analysis of the protein corona composition on PEGylated and non-PEGylated PGMA 

NPs. PEG chain of Mp 3000 was selected to functionalise the PGMA NPs as literature has 

suggested that this molecular weight falls within the range (3000-10000) that ensures that the 

NP’s hydrodynamic radius does not dramatically increase with PEGylation while enabling the 

circulation half-time to be shortened.22 Our group has previously published data to support the 

use of PGMA NPs in the targeted treatment of secondary degeneration that follows neurotrauma, 

and no evidence of toxicity was observed. However, our studies demonstrated that 

functionalisation of PGMA NPs was confounded, likely due to the protein corona23-24. As an in 

depth analysis of the protein corona formed on these NPs has not been conducted before, this 

study was designed to provide more insight to the PGMA-based NPs’ therapeutic potential. In 

particular, we demonstrate that while it has been previously reported that the protein corona 

composition following PEGylation of NPs is associated with abundance of clusterin (also known 

as apolipoprotein J),25 PEGylated PGMA NPs are also enriched with a range of proteins 

including serum albumin as well as coagulation and complement proteins from serum. We 

selected human serum for our experiments on the basis of potential future clinical relevance. 

PGMA is a versatile polymer that can be constructed into micelles, capsules, nanoparticles and 

inorganic-organic hybrid materials that have immense potential in biological applications.26 In 

this study, PGMA NPs conjugated with a fluorescent dye, rhodamineB (RhB) were synthesised 

and subsequently PEGylated (Figure 1A) according to established methods.27 RhB was 

conjugated to PGMA NPs to enable their detection via fluorescence when introduced into 

biological environments in vitro and in vivo.24, 28 Imaged using Transmission Electron 
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Microscopy (TEM), both NP preparations exhibited a mono-dispersed, spherical polymeric 

structure (Figure 1B), with the exception of some NPs that were overlaid on one another during 

the sample preparation on the TEM grids. NPs were incubated in 55% human serum at 37oC in 

order to mimic in vivo conditions and gently washed thereafter to retain the tightly bound serum 

proteins on their surfaces (commonly referred to as the 'hard' corona). Quantification of the 

eluted hard corona proteins by bicinchoninic acid (BCA) protein assay (Figure 1C), revealed that 

the total protein concentration detected on PGMA-RhB NPs was ~15X greater than on PEG-

PGMA-RhB.  Dynamic Light Scattering (DLS) (Figure 1D) and zeta potential measurements 

(Figure 1E) of the NPs before and after serum incubation established that the hard corona formed 

and was stably retained on both NP variants. The hydrodynamic radii and polydispersity index 

(PDI) showed that the increase in NP size and aggregation due to protein adsorption was less in 

PEG-PGMA-RhB NPs than PGMA-RhB NPs. The negative change in surface charge after 

serum incubation for both NP variants was indicative of the mostly anionic serum proteins 

adsorbing onto them, likely leading to electrostatic stabilisation.29 Collectively, it can be 

extrapolated that the PGMA-RhB NPs had a greater abundance of serum proteins adsorbed on 

their surface, causing more NP aggregation due to increased protein-protein interactions. As 

augmented hydrophobicity of NPs is established as an important driving force for greater protein 

adsorption30, these results affirmed that PEGylation of the PGMA-based NPs to increase 

hydrophilicity did play a role in reducing protein adsorption on the NP surface. More 

importantly, it was ascertained that despite PEGylation, the PGMA-based NPs formed a stable, 

tightly bound protein corona on their surface upon exposure to human serum under physiological 

conditions, changing their physico-chemical properties.  
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Figure 1. (A) Schematic diagram of PEGylation of PGMA-based NPs by nucleophilic epoxide 

ring-opening reaction. (B) TEM image of PGMA-RhB (left panel) and PEG-PGMA-RhB NPs 

(right panel). Scale bar = 100nm. (C) Mean ± standard error of measurement (SEM) of protein 

concentration of hard corona from NP variants assessed by BCA protein assay (Student’s t-test, 

n=3, **p<0.005). (D) DLS measurements of hydrodynamic radii of NPs before and after serum 

incubation. Refer to Figure S3 for hydrodynamic size represented on a non-logarithmic scale. (E) 

Zeta potential measurements of surface charge of NP variants before and after serum incubation. 
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The proteins found in human serum and the hard corona samples were separated by sodium 

dodecyl sulphate acrylamide gel electrophoresis (SDS-PAGE) (Figure 2A) and protein band 

intensities were subsequently quantified using the open-source image analysis tool, ImageJ. Each 

lane was loaded with equal amounts of total protein so as to enable comparative quantification of 

individual protein abundance for each hard corona sample. A heat map (Figure 2B) generated 

across observed molecular weights (Bands 1-20) allowed comparison of the mean abundance of 

the protein bands from all samples. The general pattern indicated that the hard corona of PGMA-

RhB NPs was enriched with more serum proteins than PEG-PGMA-RhB. This was observed 

predominantly in protein bands <54kDa. All three samples possessed a highly intense protein 

band at ~66kDa (Band 9) and these bands were most abundant for human serum and the PEG-

PGMA-RhB sample. Along with Band 9’s enriched presence, the PGMA-RhB sample also had a 

similarly abundant protein band at ~30kDa (Band 15). These variations in protein abundance 

were in accordance to the Vroman effect which describes protein adsorption on surfaces as 

competitive, where highly mobile and more abundant proteins in the environment, which may 

adsorb at earlier time points, can eventually be replaced by other proteins that possess stronger 

binding affinities to the material surface.31 In this study, by allowing serum incubation to extend 

to 1 hour, the dynamic protein exchange processes on the NPs were allowed to reach steady-state 

so that proteins with the highest affinity to each NP variant were retained for analysis. We 

ascertained that the selected incubation period was suitable by observing the protein corona 

formed on these PGMA-based NPs by SDS-PAGE in a time course study (Figure S2). As 

indicated in literature29, we observe that the protein corona eluted from the serum-incubated NPs 

did not significantly vary after the 1-hour time point and remained consistent up to 4 hours of 

serum incubation.  
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Figure 2. (A) SDS-PAGE of human serum and hard corona samples eluted from PGMA-RhB 

and PEG-PGMA-RhB nanoparticles. Gel spots 1-36 (in blue) were excised and subjected to in-

gel digestion for liquid chromatography-mass spectrometry (LCMS) analysis. (B) Heat map of 

mean band abundance from analysed samples, across observed kDa in the SDS-PAGE gel. 

Abundance data was generated by ImageJ analysis of band intensities (Table S1) and the most 

intense band in human serum was normalised to the value of 100. (n=3) 
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Table 1. List of identified hard corona proteins on PEGylated and non-PEGylated PGMA-based 

NPs as detected by LCMS. MASCOT scores greater than 36 were significant (p<0.05). Protein 

IDs highlighted in blue text indicate those that were found only on respective NPs (i.e. exclusive 

to NP type within the sensitivity limits of the analytical tool) 

 

In order to provide more insight to the findings in Figure 2, gel bands, labeled 1-36, were 

excised for in-gel digestion to identify the hard corona proteins via LCMS. Identifications of the 
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hard corona proteins from both NP variants are presented in Table 1 and duly correlated to the 

respective Band IDs. The majority of the hard corona proteins were similar in both PGMA-RhB 

and PEG-PGMA-RhB NPs. This included serum albumin, which is the most abundant protein in 

blood plasma. However, it was noteworthy that certain proteins (highlighted in blue in Table 1) 

appeared to be exclusive to the hard corona of each NP variant, within the limit of sensitivity of 

the detection methods employed. The selective presence of specific serum proteins on each NP 

type suggested that physico-chemical differences between NPs could have enabled the exclusive 

recruitment of serum proteins onto their surfaces. 
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Table 2. One-way ANOVA analysis indicating the significance of the differences of individual 

protein band abundance of human serum and hard corona samples. (n = 3, *p<0.05, **p<0.005, 

***p<0.0005, ****p<0.00005, HS = human serum, ns = no significance, NA = no preferential 

adsorption of protein was determined from this analysis, # = apparent preferential adsorption to 

specific NP and @ = apparent exclusive presence of protein to specific NP, within the limits of 

sensitivity of the assay.) Graphical representation of the statistical analysis can be found in 

Figure S4. 

 

 

Statistical analysis of the band intensities compared the abundance of proteins in human serum 

and the hard corona samples. 1-way ANOVA was performed on normalised protein band 
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intensity data (Tables S1, S2 and Figure S4) to determine if individual proteins found in human 

serum adsorbed preferentially, rather than exclusively, on either PEGylated or non-PEGylated 

PGMA-based NPs i.e. whether there were significant differences in the abundance of hard 

corona proteins common to both NP variants. The dynamic exchanges between various serum 

proteins and NP surfaces involved in the formation of a stable hard corona are currently poorly 

understood. This analysis, which combined proteomics data and statistical processing, was 

conducted to elucidate if select proteins could be preferentially retained within the hard corona of 

nanoparticles with different surface functionalisation upon the stabilisation of protein 

interactions. The results from this analysis are summarised in Table 2. From Table 1, it was 

observed that bands 6, 9-11, 13 and 18-20 were a combination of serum proteins of similar 

molecular weights, which precluded single protein identification and the generation of individual 

protein abundance values. Nevertheless, combining the data from Table 1 and Figure S4 

provided the necessary evidence to establish that NPs used in this study, PEGylated or otherwise, 

harnessed certain serum proteins preferentially to the hard corona. Amongst the proteins that 

were detected in both hard corona samples, the more hydrophobic PGMA-RhB NPs indicated 

apparent preferential adsorption of twelve proteins including apolipoprotein B-100, complement 

factor H, ceruloplasmin, alpha-1-antitrypsin, alpha-1-antichymotrypsin, apolipoprotein A-IV, 

serum paraoxonase/arylesterase I, apolipoprotein E, apolipoprotein A-I, transthyretin, Ig kappa 

chain C region and apolipoprotein C-III. It was interesting to observe the apparent preferential 

adsorption of seven proteins such as complements C3 and C4b, alpha-1-macroglobulin, 

serotransferrin, serum albumin, antithrombin-III as well as clusterin on the PEGylated NPs. This 

finding showed that despite PEGylation being a typical and widely used practice to reduce 

protein interactions on NP surfaces, select serum proteins could still accumulate on them with 
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proclivity. It has been suggested that the dynamic process of protein corona formation could 

leave ‘fingerprints’ of initially adsorbed proteins on the NP surface which could go on to 

influence subsequent protein adsorption.21, 32-33 The current demonstration of apparent 

preferential adsorption of serum proteins resonates with this idea, suggesting that a variation in 

surface functionalisation of the NP, such as PEGylation, could invoke a cascade of protein 

interactions specific to the NP surface properties that would influence hard corona composition. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Classification of hard corona proteins from PEGylated and non-PEGylated PGMA-

based NPs according to their biological functions, as ascertained by the PANTHER classification 

system. 

Since the presence of the protein corona may enable protein-specific NP behaviour, the hard 

corona proteins that were either preferentially or exclusively adsorbed on each NP variant were 

classified according to their biological functions (Figure 3), using the open-source PANTHER 

classification system.34 Notably, it was revealed that PGMA-RhB NP surfaces were enriched 
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appreciably by lipoproteins. Lipoproteins are extensively involved in lipid and cholesterol 

binding, transport and metabolism. Some of them have been reported to promote targeting in 

vivo. For example, apolipoprotein E has promoted NP transport across the blood-brain barrier35, 

while both apolipoprotein A-I and apolipoprotein B-100 have improved the transport of NPs into 

the central nervous system.36 This may suggest that the lipoprotein-rich hard corona surrounding 

PGMA-RhB NPs could potentially direct improved corona-mediated targeting and/or central 

nervous system biodistribution in vivo. Opsonins such as immunoglobulins, acute phase and 

complement proteins were present on both hard corona samples. While immunoglobulins 

impartially amassed on both NP variants, the PEGylated NPs were distinguished by amplified 

enrichment of complement and coagulation proteins in comparison to the non-PEGylated NPs. 

These findings may assist in explaining the instances of PEG-specific immune responses and 

blood clotting associated with PEG presence in the physiological system.37 In summary, 

preferential accumulation of proteins of significant biological functions on NP variants used in 

this study suggested that the resulting hard corona could still permit them to engage in specific 

cellular activity despite ‘stealth-like’ functionalisations, thereby potentially governing NP 

behaviour in vivo.  

Studies have previously described the use of ‘stealth’-motivated PEGylated nanocarriers in 

targeted therapy and it had not gone unnoticed that the protein corona could control their fate in 

vivo.38 A recent report using polystyrene NPs revealed that the stealth effect was in fact 

promoted by the augmented abundance of clusterin in the hard corona.25 Here, it was observed 

that while clusterin did preferentially adsorb on PEGylated PGMA-based NPs, it was present 

along with other serum proteins as previously noted. It is therefore suggested that variations in 
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the base material used in the NP formulation could regulate the protein corona profile and 

thereby impact the NPs’ subsequent interactions with the physiological environment. 
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