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Abstract

The development of nanoparticle probes has opened up new possibilities for molecular imaging in 

the era of precision medicine. There are a wide range of nanoprobes that are being used for various 

modalities that have demonstrated promising potential in early detection, disease monitoring 

and theranostics. However, the rate of clinical translation of the nanoprobes is very low and is 

affected by the lack of our understanding about nanoparticle interaction with biological fluids after 

systemic administration thus representing an unmet clinical need. One of the poorly understood 

issues relates to the formation of biomolecular corona, a layer of biomolecules formed on the 

surface of nanoscale materials during their interactions with biological fluids. The biomolecular 

corona has several significant effects on the biodistribution of nanoprobes and their imaging 

ability by i) reducing their targeting efficacy and ii) affecting the intrinsic imaging properties (e.g., 

contrast capacity of magnetic nanoprobes). This review provides insights on the importance of 

considering biomolecular corona in the development of nanoprobes, which may enable their more 

efficient utilization for molecular imaging applications.
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Introduction

Development of non-invasive strategies, capable of ultra-sensitive imaging of desired 

biosystems is a major unmet clinical need [1–2]. Successful development of such strategies 

enables clinicians to precisely identify diseases at their early stages which, in turn, can save 

many lives and significantly reduce the economic and social burden of catastrophic diseases 

such as cancer, cardiovascular and neurodegenerative disorders. In addition, various events 

can be monitored during the course of the treatment such as the efficacy of drug/molecular 

therapies, apoptosis, activation of immune system, appearance/disappearance of certain drug 

metabolites and others. Moreover, monitoring of disease relapse that may have different 

biomarkers compared to the initial diagnosis is also required. Finally, a combination of 

imaging and therapeutic probes (“theranostics”) is gaining more momentum as it allows to 

deliver drugs and monitor this delivery simultaneously in in vivo setting.

In the past few decades, a wide span of nanoprobes including theragnostics have been 

developed for a variety of molecular imaging applications. These nanoprobes have been 

used as contrast agents across multiple imaging modalities including fluorescence [3–

6], computed tomography (CT) [3, 7–9], single-photon emission computed tomography 

(SPECT) [10–11], positron emission tomography (PET) [12–14], magnetic resonance 

imaging (MRI) and magnetic particle imaging (MPI) [3, 15–19]. Nanoparticles offer 

significant advantages over contrast agents that represent small molecules in that they 

have longer blood half-life, allow for accumulation in tumors or areas of inflammation 

via enhanced permeability and retention effect (EPR), allow for delivery and controlled 

release of drugs (encapsulated or conjugated). In certain situations, long half-life of 

the nanoparticles leading to the EPR effect could create the necessity to wait for their 

clearance from the circulation. Most importantly, however, is the ability to perform surface 

modification of nanoparticles with various moieties (targeting, pH-sensitive, therapeutic), 

which provides for exceptional versatility in various applications [20–24]. Although the 

developed nanoprobes in some cases significantly improved the sensitivity of the molecular 

imaging modalities, our knowledge of their interaction with biological systems is not 

adequate for direct clinical translation.

One issue that has been largely overlooked deals with the formation of biomolecular 

protein corona on the surface of nanoprobes. In vivo targeting and delivery of nanoparticles 

to the tissue of interest could be dramatically altered by biomolecular corona and 

prevent researchers from attaining the required optimal nanoprobes for molecular imaging 

applications. Here, we discuss the adverse effects of biomolecular corona on molecular 

imaging, together with insights on minimizing these effects and the ways to use it to our 

advantage.

Biomolecular corona and its interaction with biological systems

Nanoscale materials tend to absorb biomolecules at their surfaces upon their interactions 

with biological fluids [25]. These biomolecules interact with nanoparticles, creating a 

shell on their surfaces called “biomolecular corona” or, sometimes, “protein corona”. The 

biomolecular corona provides a new biological identity to the nanoparticles which could 
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be completely different from their intended synthetic identity [25]. In other words, what 

the cells actually interact with and respond to, is the nanoparticle coated with biomolecular 

corona and not the synthesized nanoparticle coating (Figure 1a). In principal, the initial 

formation of biomolecular corona is called soft corona which consists of reversible and 

loosely attached biomolecules. Over time soft corona evolves to hard corona consisting of 

irreversible tightly attached biomolecules (Figure 1b).

Biomolecular corona consists of proteins, lipids, metabolomes, nucleic acids, and other 

biologically active materials [26]. However, the lion share of the biomolecules in the corona 

layer is occupied by proteins [26]. The composition and decoration of the corona layer at 

the surface of nanoparticles strongly depend on several variables including physicochemical 

properties of the nanoparticles [27], incubation time [28] and temperature [29], and the 

protein source (e.g., fetal bovine serum, animal serum/plasma, and human serum/plasma) 

[30–31]. The biomolecular corona evolves from a dynamic state (i.e., soft corona) to semi-

static state (i.e., hard corona) over the interaction time between nanoparticles and biological 

fluids [25]. However, various conditions including changing the type and concentration of 

biological fluids, have a capacity to change the composition of hard corona as well [32].

There are several techniques for probing interactions between nanoparticles and 

biomolecules, each of which has its own advantages and disadvantages. Table 1 provides 

a comprehensive information regarding the available analytical techniques for analysis of 

the nano-bio interfaces with their pros and cons. Very recently, we introduced another 

analytical technique, based on magnetic levitation (MagLev) approach, for the analysis of 

the homogeneity of biomolecular corona [33]. The MagLev approach is a fast, portable, 

and robust way to provide reliable and highly reproducible information on homogeneity of 

biomolecular corona; the major limitation of the MagLev system for corona analysis is its 

inability to analyze non-diamagnetic nanoparticles [34].

It is now well-documented that the type, conformation and density of the biomolecular 

corona have the capacity to dictate its interactions with biosystems and, therefore, alter the 

pharmacokinetics of nanoparticles [28, 36–37]. It could also lead to untoward systemic 

effects and induction of immune response. For example, it has been shown that the 

conformational changes of fibrinogen on the surface of gold nanoparticles can activate 

secretion of inflammatory cytokines [37]. As another example, liposomes with various 

surface properties create different patterns of biomolecular corona which affect their 

interactions with leukocytes and, therefore, significantly alter their blood circulation time 

[38].

The formation of biomolecular corona presents several issues related to the central goals of 

nanomedicine including development of efficient targeting image-guided nanoptherapeutics. 

Failure to comprehensively consider biomolecular corona in the interaction of nanoparticles 

with biosystems may lead to misinterpretation and misprediction of the safety and 

therapeutic efficacy of nanoparticles/nanoprobes [39]. For example, biomolecular corona 

can add another layer to the drug carriers and, thus, change drug release profile in both 

in vitro [40] and in vivo [41]. In another example, the formation of corona can change 
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the nutrition balance of the cell culture media and induce false errors in the toxicological 

outcomes [42].

The formation of biomolecular corona at the surface of nanoparticles can significantly 

reduce their cellular uptake, compared to the uncoated nanoparticles [43]. This is mainly 

due to the stronger adhesion capacity of bare nanoparticles to cell membranes which leads 

to higher internalization efficiency [43–44]. Even smaller coverage of nanoparticles with 

proteins reduced this uptake.

Biomolecules that occupy the outer layer of biomolecular corona interacts with cell surfaces. 

Functionality of the exposed proteins to cell receptors together with protein conformational 

changes defines how cells interact and respond to the existence of nanoparticles. The 

cellular responses to the corona coated nanoparticles include macrophage uptake/activation 

[45–46], blood coagulation [47–48], and complement activation [49]. For example, gold 

nanoparticles with poly(acrylic acid) coating could induce unfolding of fibrinogen and 

expose its c-terminus of the γ chain to integrin receptor (Mac-1) of THP-1 (a human 

monocytic cell) and, therefore, increase the NF-κB signaling pathway leading to the release 

in inflammatory cytokines [37]. Besides the physicochemical properties of nanoparticles, the 

type of disease that plasma donor may have could affect the composition of corona and, 

therefore, activate inflammatory cytokine releases. For example, it was shown that silica 

and polystyrene nanoparticles, after interaction with plasma of hypofibrinogenemia patients, 

could not induce inflammatory cytokine release while identical nanoparticles promoted the 

release of inflammatory cytokines after interaction with plasma of healthy individuals [50–

51].

Studies revealed that there are considerable differences between in vitro and in vivo 
biological identity of nanoparticles, and the degree of such differences is strongly dependent 

on the physicochemical properties of nanoparticles and the type of the animal model 

employed [52–53]. It is noteworthy that the majority of the current literature in the 

biomolecular corona field describes the studies performed in vitro. The main reason for 

the paucity of the in vivo studies is the difficulties in separation of the nanoparticle from the 

in vivo environment [52]. The major differences between in vitro and in vivo characteristics 

of biomolecular corona are presented in Figure 2 and described in more details in our recent 

review [54].

Biomolecular corona and targeting efficacy of nanoprobes

One of the main approaches to create targeted nanoparticles is to attach/conjugate targeting 

moieties to the surface of nanoparticles so they can interact with specific receptors on 

the cells of interest [55]. Although the in vitro studies with targeted nanoparticles usually 

demonstrate excellent recognition and binding/uptake by these cells, significant number 

of in vivo investigations show much lower targeting efficacy and unfavorable distribution, 

which is one of the main reasons for failure of such nanoparticles in clinic. We and others 

proposed that the discrepancy between the in vitro and in vivo results is related, at least 

in large part, to the shielding effect of the protein corona [56–58]. It is noteworthy that 

although in vitro cell culture media contains proteins, the concentration of the protein source 
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(e.g., fetal bovine serum) is as low as 10% with no contribution of plasma specific proteins 

(e.g., coagulation factors). In addition, in vivo condition is a dynamic environment while 

most of in vitro conditions are static which significantly affects the type of nanoparticles 

interactions with biomolecules and cells.

The shielding effect of biomolecular corona could be a great obstacle for the nanoprobes, 

as their delivery to the site of interest is the prerequisite for successful imaging outcome. 

Recent meta-analysis of the literature on the use of targeted nanoparticles revealed that 

only 0.7% of the administered nanoparticle dose was delivered to solid tumors [59]. There 

are many reasons for the observed low targeting efficacy of nanoparticles which include, 

but are not limited to, the shielding role of protein corona, physicochemical properties of 

nanoparticles, tumor models, cancer types, and sex of the recipients [59–61]. Therefore, 

the issue of the shielding effect produced by biomolecular corona needs to be carefully 

considered in development of targeted nanoprobes for a wide range of precise imaging 

applications. For example, in the case when formation of protein corona could significantly 

cover targeting moieties at the surface of nanoparticles (which can be examined through 

in vitro tests [57]), researchers may need to use specific types of coatings, including 

zwitterionic compounds [62], and/or alter the process under which targeting species are 

attached to the surface of nanoparticles (chemical vs. physical) to minimize the shielding 

role of biomolecular corona [63].

Biomolecular corona affects contrast agent properties

The formation of biomolecular corona may have the capacity to affect the imaging ability 

of the nanoprobes. For example, it was demonstrated that existence of biomolecular corona 

can affect the contrast agent capacity of magnetic nanoparticles [64]. In this study, 1H 

relaxometry was used to obtain the longitudinal, r1, and transverse, r2, the relaxivities 

of superparamagnetic iron oxide nanoparticles (SPIONs) in the presence or absence of 

biomolecular corona, as a function of the Larmor frequency. It was found that the transverse 

relaxivity that determines the efficiency of negative contrast agents was strongly dependent 

on the surface properties of SPIONs such as the presence of functional groups and surface 

charge of the coating. Specifically, the relaxivity of plain SPIONs was not changed by 

the formation of biomolecular corona; however, subtle increase and dramatic decrease 

were observed for the relaxivity of the negatively and positively charged nanoparticles 

(respectively) [64]. One of the reasons, among others, for significant reduction of relaxivity 

in positive nanoparticles could be due to particle agglomeration in which biomolecular 

corona plays significant role.

The underlying mechanisms of changing the contrast agent capacity of SPIONs is due to 

the fact that the formation of protein corona may affect the signal between water molecules 

interacting with magnetic nanoparticles. As the interactions between water and SPIONs 

occur primarily at their interfaces, the formation of biomolecular corona, together with the 

role of proteins in changing water molecule patterns [65–66] may play an important role in 

altering the magnetic properties of SPIONs and hence their imaging efficacy.
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Similar to the magnetic nanoparticles, the formation of biomolecular corona may affect 

the efficacy of nanoprobes from other materials. This is mainly because the formation of 

biomolecular corona on many types of nanoparticles (e.g., silica [43], gold [67], zeolite 

[68], graphene oxide [69], and polystyrene [70]) is inevitable and well-documented. Such 

adverse effects of biomolecular corona on the imaging capacity of the nanoprobes need to be 

carefully considered in data analysis/interpretation of molecular imaging data.

Strategies to minimize the effect of biomolecular corona

There are several strategies to minimize the adverse effects created by biomolecular corona 

depicted in Figure 3 (details are provided in our recent review [71]). The conventional 

approach is to use PEG [poly(ethylene glycol)] polymer to minimize protein adsorption 

at the surface of nanoparticles [72–73]. However, PEGylation of nanoparticles cannot 

completely avoid the formation of protein corona. One strategy to preserve targeting 

capacity of nanoparticles is to use longer PEG chains at the surface of nanoparticles to 

keep the targeting ligands out of the corona shell. For example, it was shown that the use 

of longer PEG chains at the surface of gold nanoparticles could better preserve targeting 

molecules of Herceptin compared to the shorter PEG chains [74].

Another approach to mitigate the effect of protein corona is to pre-coat nanoparticles with 

specific proteins to improve recruitment of specific plasma proteins with intrinsic targeting 

capabilities [75]. For example, gamma globulin used as a pre-coating protein can recruit 

more immunoglobulins and activated complement factors in the corona composition which, 

in turn, can accelerate their cellular uptake through Fc receptor (e.g., on the surface of 

macrophages) [75]. In this case, one should also analyze the formed corona in terms of 

the targeting efficacy of the recruited proteins of interest, as the orientation of the targeting 

proteins is critical to achieve correct targeting. The orientations of targeting proteins are of 

crucial importance because their functional site need to be accessible to cell receptors.

Another alternative method is to use specific coating that have the capacity to minimize 

the formation of biomolecular corona. Zwitterionic coatings have shown such activity [62] 

mainly due to their dual charge and hydrophobicity. To this end, we have designed biotin-

cysteine conjugated silica nanoparticles, where biotin was employed as a targeting molecule 

and cysteine was used as a zwitterionic ligand [76]. Using gel electrophoresis, we revealed 

that, as expected, the cysteine coating inhibited the formation of biomolecular corona. 

The in vitro cellular targeting analysis confirmed significant improvement in the targeting 

capacity of the nanoparticles with zwitterionic coatings compared to the zwitterionic-free 

nanoparticles.

Another way to reduce protein adsorption on the nanoparticle surface is to use pre-

adsorption of targeting species, rather than their chemical conjugation. Studies revealed 

that pre-absorption of targeting species on the surface of nanoparticles compared with 

chemical conjugation, can significantly improve their targeting efficacies due to the i) 

reduced shielding effect of biomolecular corona and ii) increased availability of the antibody 

targeting sites [63]. In this study targeted polystyrene nanoparticles with carboxyl surface 

groups (PS-COOH) were made by attaching anti-CD63 antibodies by pre-adsorption and 
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chemical conjugation [via EDC-NHS chemistry; EDC: (1-Ethyl-3-(3-dimethylaminopropyl)-

carbodiimide); NHS: N-hydroxysuccinimide)]. Monocyte-derived dendritic cells (which 

have CD63 receptors on their surfaces), key players in orchestrating immunological 

responses, were selected as target cells. The targeted nanoparticles showed similar surface 

properties (e.g., surface charge) regardless of the mode of antibody attachment. Using 

secondary monoclonal anti-IgG1 antibody (against F(c) region), it was shown that similar 

amounts of anti-CD63 antibodies were attached to the surface of nanoparticles in both 

pre-adsorption and chemical conjugation strategies. In addition, in the absence of human 

serum or plasma, both attached antibodies were functional, as they could bind to the CD63 

antigen on the surface of monocyte-derived dendritic cells and substantially increase uptake 

compared to control PS-COOH nanoparticles. However, in the presence of 10% serum or 

plasma and by increasing their concentrations to 100%, the cellular targeting efficacy of 

nanoparticles was substantially decreased, but the degree of reduction was strongly related 

to the mode of antibody attachment. More specifically, by increasing both serum or plasma 

to 100%, chemically attached targeted nanoparticles completely lost their targeting efficacy, 

while the pre-absorbed antibody-coated nanoparticles could still target the cells even after 

exposure to 100% serum or plasma [63].

In an effort to identify the mechanisms underlying the differences in targeting efficacy 

between pre-adsorption and chemical conjugation strategies, the authors found that antibody 

attachment can affect orientation and consequently accessibility to the active sites of the 

antibody, altering the targeting efficacy of nanoparticles [63]. Thus, instead of using a 

secondary antibody against the F(c) region, the authors investigated the accessibility of the 

F(ab) region, which contains an antigen binding site for the CD63 antibody. This study 

revealed significant differences in accessibility of this region between covalently bonded 

and pre-absorbed antibody, i.e., half of the region was inaccessible in the covalently bonded 

targeted nanoparticles while the entire region was active using the pre-adsorption strategy. 

One possible reason for the inaccessibility of the F(ab) region is the interaction between the 

activated carboxylated group of PS nanoparticles (due to the EDC-NHS chemistry) and the 

amine groups of the antibody. The N-terminal amino groups are located in the F(ab) region, 

much closer to the antigen-binding sites than the F(c) region, and thus the active sites of the 

antibodies may be affected/immobilized by chemical coupling to the nanoparticle surface. 

At this point, additional studies have to be conducted to evaluate this approach in vivo and 

to analyze the stability of protein pre-coating. We expect that based on the stability of hard 

corona itself, the pre-coating should be stable on the surface of the nanoparticles for at least 

24 hours. This, however, needs to be demonstrated empirically.

Biomolecular corona has disease detection capacity

It is becoming increasingly clear that imaging and therapeutic applications of nanoparticle 

formulations could be altered by the presence of biomolecular corona on their surface. 

However, we can and we must in certain cases use this presence to our advantage. As 

such, in 2014, our group revealed the formation “personalized protein corona” meaning 

that corona profiles of identical nanoparticles are different after interaction with plasma 

of various donors [77]. Later, we discovered that this corona is disease-specific and can 

induce significant effect in cellular responses to identical nanoparticles dependent on the 
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patient [78]. These findings opened up a new paradigm in the field of biomolecular corona 

indicating its diagnostic capacity. The significance of the concept of disease-specific protein 

corona was used and reproduced by several groups [79–84]. Very recently, we combined 

the concept of disease-specific protein corona with sensor array, and developed a sensor 

array protein corona for cancer and neurodegenerative diseases (Figure 4) that allows one 

to obtain comprehensive proteomics information on the “fingerprint” patterns specific to the 

disease type [85–87].

Conclusions and future perspectives

Consideration of the possible adverse effects of biomolecular corona is critical for the future 

design and development of efficient and safe nanoprobes which, in turn, can significantly 

enhance the sensitivity and specificity of molecular imaging techniques for early detection 

of diseases. Recent findings revealed that sex [88–89], age [90], and health status [77, 85] 

of people can significantly alter the composition of biomolecular corona and the interaction 

of the nanoparticles with biosystems, which adds more complications to the development 

of optimal nanoprobes for molecular imaging applications. Therefore, more information 

regarding sex, age, and type of diseases, together with comorbidities of patients or animal 

models should be fully documented in future reports. The existence of such a comprehensive 

dataset would enable the scientific community to develop safe and efficient nanoprobes 

suitable for personalized care.
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Figure 1: 
Schematics showing a) the biomolecular corona as the interaction site between nanoparticles 

and cells and (b) the formation of “soft” and “hard” biomolecular corona. Copyright 

American Chemical Society 2011 [28].
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Figure 2: 
Major differences between in vitro and in vivo characteristics of biomolecular corona at the 

surface of nanoparticles. Copyright Cell Press 2017 [54].
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Figure 3: 
Schematics showing the newly introduced methods to minimize the formation of 

biomolecular corona: (a) recruitment of proteins with natural targeting capacity through pre-

coating of nanoparticles with specific protein(s); (b) minimizing the affinity of biomolecules 

to the surface of nanoparticles through specific coatings including zwitterionic compounds; 

and (c) using pre-adsorption, rather than chemical conjugation, of targeting species to the 

surface of nanoparticles. Copyright Nature Publishing Group 2018 [39].
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Figure 4. 
Development of protein corona sensor array for diagnostic purposes, (a) Scheme showing 

the formation of protein corona on the surface of multi-nanoparticles after interactions 

with patient plasmas to define “fingerprint” patterns specific to the diseases type, using 

advanced classifiers, (b-d) Use of two distinct supervised classifiers consisting of (b) 

partial least-squares discriminant analysis (PLS-DA) and (c,d) counter-propagation artificial 

neural network algorithm (CPANN) to analyze protein corona profiles for identification and 

separation of 5 distinct cancer types from each other and from healthy controls. Copyright 

2019, Royal Society of Chemistry [85].
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