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Abstract

Understanding and subsequently controlling non-specific interactions between engineered 

nanomaterials and biological environment have become increasingly important for further 

developing and advancing nanotechnology for biomedical applications. Such non-specific 

interactions, also known as the biofouling effect, mainly associate with the adsorption of 

biomolecules (such as proteins, DNAs, RNAs, and peptides) onto the surface of nanomaterials and 

the adhesion or uptake of nanomaterials by various cells. By altering the surface properties of 

nanomaterials the biofouling effect can lead to in situ changes of physicochemical properties, 

pharmacokinetics, functions, and toxicity of nanomaterials. This review provides discussions on 

the current understanding of the biofouling effect, the factors that affect the non-specific 

interactions associated with biofouling, and the impact of the biofouling effect on the 

performances and functions of nanomaterials. An overview of the development and applications of 

various anti-biofouling coating materials to preserve and improve the properties and functions of 

engineered nanomaterials for intended biomedical applications is also provided.

Graphical abstract

Various anti-biofouling surface coating materials for nanoparticles have been reviewed for the 

reduction of their non-specific interactions with biological systems.
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1. Introduction

With a growing number of engineered nanomaterials developed for biomedical applications 

(e.g., imaging probes, drug delivery carriers, and liquid-biopsies), their non-specific 

interactions with the biological milieu have drawn increasing attention due to the effects of 

such interactions on in situ physicochemical properties, pharmacokinetics, functions, and 

toxicities of the nanomaterials.[1]As illustrated in Figure 1, these non-specific interactions, 

also known as the biofouling effect, often result in: (1) surface adsorption of biomolecules 

(e.g., proteins, DNA, RNA, and peptides) present in the biological media used for in vitro 
investigations or the circulating blood and organs in vivo, onto the surface of exogenous 

materials; and (2) adhesion or uptake of the materials by various cells, for example, 

macrophages from the mononuclear phagocyte system (MPS). These two types of 

interactions are closely and dynamically associated with one another, with variable 

contributions during the process by which a biological system encounters and interacts with 

engineered materials. It has been suggested that engineered materials with a “synthetic 

identity”, determined by its physicochemical properties after synthesis, are modified and 

given a distinct “biological identity” after interacting non-specifically with biomolecules.[2] 

The biologically modified materials then function and interact with cells based on their new 

“biological identity” rather than the original design. The properties and intended functions of 

exogenous engineered materials may be altered in ways including, but not limited to, change 

of biodistribution and blood circulation half-life, loss of affinity of the targeting ligand, 

untimely release of payload drugs, or gain of immunogenicity leading to cytotoxicity.[1b, 3] 

As biofouling effects exist for most interfaces between the biological environment and 

engineered materials, a better understanding of the biofouling effect is important to further 

improve the design, function, and performance of engineered biomaterials, particularly 

various nanoparticles (NP) developed for biomedical applications, such as in vivo ligand-

mediated targeted imaging and drug delivery,[1c] biosensors,[4] and in vitro diagnostic 

devices (e.g., biomarker targeted detection of cells and analytes).[5]

To reduce or even inhibit the biofouling effect, current efforts have been focused on the 

development of surface coating materials with anti-biofouling properties. A variety of 

coating materials, including synthetic polymers such as polyethylene glycol (PEG), poly (N-

vinylpyrrolidone) (PVP), PEG-based copolymers, z witterionic materials, and biomimetic 

materials such as polysaccharides and cell membranes, have been reported. Mechanistic 

investigations have also been carried out to understand the factors controlling interactions 
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between artificial materials and biological systems such as the shape and size of the NPs, 

elasticity and rigidity of the NPs as well as the thickness and density of the coating, and the 

effects on delivery, biodistribution, and toxicity.[6]

In this review, we will provide an overview of the current understanding of interactions 

between engineered nanomaterials and the biological environment, including the factors that 

influence the interactions and the impact of biofouling on the performance and function of 

nanomaterials for biomedical applications. We will also discuss recent advances in the 

development of anti-biofouling surface coating materials. Given the scope and focus of this 

review, formulations/compositions of specific nanomaterials, which also possess significant 

impact on their biomedical applications, will not be discussed here. These topics have been 

covered by several excellent reviews and the references thereof.[4, 7]

2. Interactions between Biological Media and Engineered Nanoparticles

The high surface energy of engineered NPs results in rapid interactions with biomolecules 

and cells in highly dynamic and often irreversible manners, compromising the desired 

functionalities as the results of altered surface properties. Practically, engineered NPs 

designed for biomedical applications are tested, modified, and validated in vitro, either in 

solution or with cultured cells. However, when used for in vivo applications, the “optimized” 

NPs encounter a diverse and dynamic environment of cells, proteins, low molecular weight 

ions, and other biomolecules that can change the properties and functions of the NPs. The 

interactions of biomolecules (e.g., small molecules, proteins) and cells with engineered NPs 

are highlydependent on the physicochemical properties of the material including size, 

charge, and surface chemistry as well as the electronic and chemical properties of the 

biomolecules.

2.1. NP Interactions with Small Molecules

Due to the negligible Van der Waals forces of relatively small molecules (compared to 

proteins), electrostatic forces largely dominate the interactions between engineered NPs and 

small molecules in the biological environment. Anionic or cationic molecules, such as DNA, 

RNA, peptides, and amino acids, are highly attracted to NPs with charged surfaces. While 

small molecules with low molecular weight in the biological environment are abundant and 

diverse, this review will focus on nucleic acids and amino acids as representative examples.

2.1.1. Nucleic acids—Nucleic acids, such as DNA and RNA, contain highly negatively 

charged phosphate backbones and nitrogenous bases that can rapidly bind to NPs with a 

positive surface charge.[8] Yiu et al. showed a direct relationship between the zeta potential 

of iron oxide NPs (IONPs) and their DNA binding capacity when the IONPs were coated 

with linear monoamines with different levels of positive charges, whereas branched 

polyethylenimine (PEI) coating with increased chain length exhibited greater DNA binding 

capacity and efficiency, due to the large number of flexible PEI chains with binding sites that 

can interact with DNA at the appropriate orientation. This suggests that the flexibility and 

availability of charged ligands on NP surfaces influence DNA binding to NPs.[9] 

Additionally, the composition of DNA molecules can also affect the capacity and capability 

of DNA binding. Storhoff et al. reported that thymine possesses the lowest binding affinity 
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compared with the other nucleobases, although all four types of nucleotides exhibited high 

affinity to gold NPs.[10]

In addition to electrostatic forces, the conformation of DNA plays an important role in 

DNA-NP interactions. The double helical structure protects nitrogenous bases in double-

stranded DNA (ds-DNA) from exposing to NPs, limiting the interactions of dsDNA with 

NPs.[11] In comparison, single-stranded DNA (ss-DNA) is typically more flexible and can 

bind tightly to NPs by wrapping around the NP surface compared to relatively rigid ds-

DNA.[8] Sandstrom et al. demonstrated the role of ion-induced dipole dispersiveinter actions 

in the non-specific ds-DNA binding to gold NPs with a size of 13 nm. The size of the NP 

was crucial in this binding mechanism, as the polarizability was reduced significantly when 

the particle diameter decreased from 13 nm to 5 nm.[12]

2.1.2. Amino Acids and Peptides—The interactions between NPs and amino acids or 

peptides are also highly dependent on electrostatic forces. As amino acids have more 

structural variations than nucleotides, the mechanisms of non-specific binding of amino 

acids to NPs are more variable and complex. Schwaminger et al. compared the interactions 

of seven amino acids (ranging from positively charged L-histidine and L-lysine to negatively 

charged L-glutamic acid) with colloidal IONPs at pH 6 and observed that amino acids with 

polar side chains had greater adsorption to the IONPs than those bearing non-polar side 

chains. Among the seven amino acids, cysteine exhibited the highest adsorption capacity, 

likely due to the formation of cystine on the NP surface. Different binding mechanisms were 

proposed for thiol-bearing cysteine, negatively charged glutamic acid, positively charged 

histidine, and neutral serine, all of which were highly dependent on the charge and structure 

of the side chain (Figure 2A).[13]

A more recent investigation on the interactions between TiO2 NPs and 20 standard amino 

acids by Liu et al. used all-atom molecular dynamics simulation to provide theoretical and 

analytical insights on previous experimental findings. It is found that the positively or 

negatively charged amino acids have substantially higher binding on TiO2 NP than their 

non-charged counterparts.[13] The simulations also revealed the role of water molecules in 

the interactions between NPs and amino acids. For example, the guanidinium group on 

arginine directly forms one or two hydrogen bonds with the TiO2 surface, resulting in stably 

adsorbed conformations. Arginine also forms hydrogen bonds with the first water layer in 

addition to the arginine-TiO2 interaction, further stabilizing its conformation. Moreover, 

extra stability can be provided by the hydrogen bonds between arginine and the second 

water layer (Figure 2B and C). These results from simulation of molecular interactions 

provide unique molecular-level insights that might help interpret the experimental findings 

observed in complex biological systems, and improve our understanding of the molecular-

level interactions between biomolecules and NPs. Although peptides and amino acids share 

similar electrostatic interactions with NPs, the conformation of peptides after binding NPs 

must also be considered. Berensmeier et al. constructed a short homo-peptide containing 

eight glutamic acid residues to study its interaction with IONPs.[15] They observed that the 

conformation and coordination of peptides bound to IONPs was highly dependent on the 

pH. The peptide was bound with a monodentate coordination of carboxylate groups to the 

surface of IONPs as well as a randomly coiled peptide backbone at pH 5. However, a 
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bidentate coordination or electrostatic interaction of the carboxylate group with IONP was 

preferred at pH 7 and 9, respectively. Additionally, α-helix and β-sheet conformations are 

more favourable for the bound peptides at higher pH.

A notable exception to the aforementioned non-specific interactions is the binding between 

the thiol group (cysteine and cysteine-containing peptides) and gold NPs, which does not 

involve electrostatic interactions yet forms a stable chemical bond. Although extensive 

efforts have focused on deciphering the structure and the chemical composition of the sulfur-

gold interface, an atomic level understanding remains elusive.[16] Nevertheless, this stable 

interaction has been widely used in the surface functionalization and applications of gold 

NPs.

2.2. NP Interactions with Proteins

Proteins, as with amino acids and peptides, interact with NP surfaces via electrostatic 

interactions, but their higher molecular weight and 3D structure leads to complex 

conformational and structural binding effects. It is well-established in the literature that upon 

exposure of NPs to plasma proteins in circulating blood (in vivo) or serum added to cell 

culture media (in vitro), these proteins rapidly adsorb to the NP surface forming a “protein 

corona”.[1a, 2, 6a, 17] The presence of a protein corona has been confirmed on NPs with 

varied diameters, chemical compositions, and surface functional groups.[18] Despite the net 

negative charge of serum proteins, a protein corona has been observed on both cationic and 

anionic NP surfaces.[18c, 19] When NPs enter into bloodstream, the protein corona is initially 

composed primarily of albumin, the most abundant serum protein. However, the composition 

of the protein corona is highly dynamic and dependent upon the physical and chemical 

properties of the NP as well as the local biological environment.[1a, 18a, 18c] Charge, size, and 

surface modifications of the NPs can all influence the corona composition.[18b] Initially, a 

“soft corona” is formed with weakly bound, low-affinity, abundant proteins and is eventually 

displaced by a long-lasting “hard corona” composed of high-affinity proteins.[20] While an 

“adsorbome” of nearly 125 unique plasma proteins has been identified on the surface of 

NPs, two to six proteins are often detected on a single NP surface.[6a] Previous work by 

Fleischer and Payne demonstrated that on polystyrene NPs with similar diameter but 

opposite charge, the dominant corona protein was serum albumin for both cationic and 

anionic NPs.[18c] Schäffler et al. examined the protein corona on gold NPs with diameters of 

5, 15, and 80 nm, and observed the adsorption of albumin, hemoglobin, fibrinogen, and 

apolipoprotein E on all of the gold NPs.[21] However, myosin and apolipoproteins A2 and 

A4 were only detected on the 5 nm NPs, which also containedgreater number of proteins per 

unit of surface area compared to the larger NPs. This NP size-dependent effect is likely due 

to the increased radius of curvature with decreasing NP diameter. Sakulkhu et al. 
characterized the protein corona on IONPs coated with polyvinyl alcohol (PVA) polymer or 

dextran with varied surface charges.[18b] They observed that PVA-coated IONPs had a 

greater number of bound corona proteins, along with a longer blood circulation time, than 

those with dextran coating for negatively and neutrally charged IONPs. Both soft and hard 

coronas on PVA- and dextran-coated IONPs were composed of albumin, serotransferrin, 

prothrombin, alpha-fetoprotein, and kininogen proteins. Interestingly, adsorbed bovine 

serum albumin (BSA) remains bound to the surface of polystyrene NPs during binding, 
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internalization, and active transport of the NP-protein complex.[22] Characterization of the 

protein corona after NP transfer from plasma to cytosolic fluid confirmed that proteins from 

both solutions are present, suggesting that NPs retain a “memory” of the proteins 

encountered during biological transport.[20a]

Protein-NP interactions are largely dominated by hydrophobic interactions, electrostatics, 

and Van der Waals forces.[20b, 23] In the presence of cells, there is a continuous flux of ions 

in order to maintain cellular homeostasis and osmotic pressure.[20b] These ions can alter the 

local environment around the NP and protein, influencing the protein adsorption and corona 

profiles determined by long-range electrostatic interactions. Entropy-driven hydrophobic 

interactions are affected by the polarity of the surrounding solvent, the exposure of 

hydrophobic residues on the protein surface, and free water bound to both the protein and 

NPs.[24] Local dipole moments on both NP and protein surfaces can alter weaker Van der 

Waals interactions, particularly in the cases where the local environment is highly dynamic. 

While it is difficult to conclusively determine the corona composition in vivo at a particular 

time point due to the heterogeneity of the local biological environment, these studies 

establish the importance of considering the presence, influence, and dynamic nature of the 

protein corona when designing NPs for applications in biological environments both in vitro 
and in vivo.

2.3. NP Interactions with Cells

NPs can interact with cells via a number of pathways including non-specific interactions 

with phagocytic cells upon exposure to whole blood and receptor-mediated binding and 

internalization to endothelial cells. NP interactions with cells are driven by the NP properties 

including size, shape, chemical composition, and surface functionalization.[25] Cytotoxicity, 

active cellular transport, and intracellular compartmentalization and distribution can all vary 

as a function of the NP. Internalization and cellular responses to NPs are cell-type 

dependent,[25] with observed differences in NP uptake between phagocytic and non-

phagocytic cells.[26] Cellular binding and internalization of NPs can be mediated by NP 

surface ligands and targeting groups (e.g., proteins and antibodies), as well as by a number 

of cellular endocytic pathways (e.g., clathrin and caveolin). Additionally, scavenger 

receptors that are used to bind cellular waste and by-products can also bind to NPs and 

mediate internalization. Finally, non-specific interactions as a result of charged 

proteoglycans on the surface of most cells can mediate electrostatic interactions directly 

with charged NPs. A thorough review on cell-NP interactions as a function of NP properties 

can be found in the following references.[27]

Additionally, as most NPs will form a protein corona almost immediately after the exposure 

to serum or plasma proteins, the interactions of NPs with cells should often be considered by 

treating the NP as a protein-NP complex.[17] It has been observed that during in vitro 
experiments, adsorbed bovine serum albumin (BSA) remains bound to the surface of 

polystyrene NPs during cellular binding, internalization, and active transport of the protein-

NP complex, suggesting that the adsorbed protein can influence the entire cellular fate of a 

NP.[22] While it is evident that the presence of a protein corona can affect NP interactions 

with cells, the dynamic and complex nature of the corona has also led to mixed conclusions 
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as to the effect on cellular outcomes. Walkey et al. suggested that identification 

or ”fingerprinting” of the protein corona could be used to predict the ways in which cells 

interact with gold and silver NPs,[28] yet Dobrovolskaia et al. showed that the information on 

the corona composition was not sufficient to predict hemo-compatibility of colloidal gold 

NPs.[29]

While the presence of a protein corona can greatly influence NP interactions with cells, it is 

also important to recognize the dynamics of the cellular environment. Media conditioning, 

or cell secretion of biomolecules, can also affect NP aggregation, cellular binding, and NP 

retention.[30] Dai, et al. identified that the cell-conditioned media can affect the biophysical 

properties of engineered particles as well as cytokine secretion and apoptosis.[31] It is worth 

noting that the induction of an immune response and cytotoxicity is an important 

consequence of direct NP interactions with cells, further described in sections 3.3 and 3.4.

3. Impact of Biofouling on Engineered Nanomaterials

As engineered NPs are transformed from their “synthetic identity” to a “biological identity” 

in the biological environment, biofouling can influence the physicochemical properties and 

functions of the NPs. Subsequently, there are notable changes in pharmacokinetics, 

cytotoxicity, immune response, and biomarker targeting, all of which are important factors to 

be taken into account when utilizing engineered nanomaterials for biomedical applications.

3.1. Changes in Physicochemical Properties

The physicochemical properties of engineered materials are often altered from their original 

in vitro design following non-specific interactions with biomolecules in vivo. Changes in 

physico-chemical properties of artificial materials due to the biofouling effect primarily 

include: hydrodynamic diameter, zeta potential (i.e., effective surface charge), colloidal 

stability, imaging capability, and drug release.[32] For instance, the formation of the protein 

corona on the surface enhanced the colloidal stability of layered double hydroxide NPs 

(LDH-NPs) by steric hindrance and neutralization of the positive zeta potential to protect 

them from disassembly at low pH.[33] In comparison, Larson et al. reported the reduced 

stability and aggregation of methoxy-PEG-thiol coated gold NPs in the presence of cysteine 

and cystine at physiological concentrations due to the displacement of thiol groups on the 

NP by cysteine/cystine in biological media.[34] In addition to the effect on the colloidal 

stability, the biofouling effect also impacts the performance of the NPs. In the case of IONPs 

used for magnetic resonance imaging (MRI) contrast enhancement, Amiri et al. 
demonstrated that the formation of a protein corona on IONPs with dextran surface coating 

resulted in slightly increased transverse relaxivity (r2) of the negatively charged IONPs and 

dramatically decreased r2 of the IONPs with positive surface charge, while neutral IONPs 

did not exhibit a changein the transverse relaxivity.[35] MRI contrast stems from the signal 

difference between water molecules with different relaxation rates, which can be enhanced 

further by the presence of a contrast agent such as IONPs. Surface coating of IONPs may 

affect the MRI contrast enhancement by influencing the relaxation of water molecules via 
diffusion, hydration, and hydrogen bonding.[36] Consequently, the relaxivity changes 

reported by Amiri et al. might not be observed for other coating materials.[35] Consideration 
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must be given to the fact that the adsorption of biomolecules of different thickness and 

hydration properties may alter the physical properties and performance of the NPs that were 

tested in vitro under relatively simple and controlled experimental conditions. Therefore, 

attempting to obtain quantitative measurements of NPs and NP performance should properly 

include characterization and consideration of the biofouling effect.

3.2. Changes in Pharmacokinetics

The pharmacokinetics of NPs is directly related to the efficiency and efficacy of NPs in 

sustaining their desired functions. The biofouling effect may trigger the non-specific uptake 

by the MPS in the liver, spleen, and bone marrow, greatly influencing the pharmacokinetics 

and biodistribution of the NPs. Since non-specific cellular uptake is size-, charge-, and 

surface chemistry-dependent, manipulation of these NP properties allows for the reduction 

of MPS uptake to prolong the blood circulation time and increase the chance of NPs 

reaching the target sites, thus may improve the blood half-life and delivery efficiency of NPs 

designed for non-invasive imaging and drug delivery.

Upon intravenous injection, the most common in vivo delivery route, NPs will immediately 

interact with plasma proteins, phagocytic white blood cells (WBCs), and non-phagocytic 

platelets and red blood cells (RBCs) in the circulating blood. Albumins, the most abundant 

proteins in serum, make transient contacts non-specifically with NPs through ionic and 

hydrophobic interactions, and are then displaced easily by other proteins with less 

abundance yet higher affinities (Section 2.2).[37] For example, serum lipoproteins have been 

demonstrated to decompose liposomal NPs through exchange of phospholipids.[38] 

Adsorption of complement proteins (e.g., immunoglobulins) may increase the recognition of 

NPs by the MPS to trigger complement activation for the phagocytosis and clearance of 

NPs.[39] Other constitutive proteins (e.g., fibronectin and fibrinogen) may also contribute to 

the clearance of NPs from blood through enhanced complement activation or receptor-

mediated internalization.[37] A recent study by Chen et al. indicated that surface 

opsonization can occur even after non-specific protein adsorption, and subsequent 

conformational changes of non-specifically adsorbed proteins may trigger antibody binding 

and/or complement activation.[40]

After being cleared from the blood, injected NPs are mostly trapped in reticuloendothelial 

system (RES) organs such as the liver, where Kupffer cells (the resident liver macrophages) 

play a predominant role in taking up opsonized NPs and aggregates.[41] NPs that escape 

from the sequestration by the liver are sieved in the spleen due to the differences in blood 

flow and cell phenotype between the liver and spleen. The highly tortuous splenic 

parenchyma slows down the blood flow significantly (1.4% of total arterial blood from 

heart),[37] thus maximizing the interaction of NPs with splenocytes and retention in the 

spleen. In addition, a stimulated biofouling trigged by the interactions of trapped NPs and B 

cells in the spleen can accelerate blood clearance of NPs, leading to a much shortened blood 

circulation time of NPs after the first injection.[42]

Finally, it is necessary to point out that the attenuation and inhibition of biofouling effect 

generally lengthens the blood circulation time of NPs, resulting in enhanced tumour 

accumulation[1c, 43] and sustained pharmacological effects.[44] However, the prolonged 
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residence of NPs in the bloodstream can also provoke undesired side effects.[45] As the 

biofouling process is an inherent defensive mechanism of the immune system, complete 

inhibition or bypassing of biofouling may lead to unintended physiological responses and 

even damage to the host. The ideal scenario will be to achieve a balance between the optimal 

NP delivery efficiency and the minimal, tolerable immune response that can remove NPs 

from body in a reasonable time frame.

3.3. Changes in Cytotoxicity

Cytotoxicity is one of the most important parameters for the evaluation of engineered 

materials for biomedical applications. Adsorption of corona proteins has been shown to 

reduce cytotoxicity of NPs in the cellular environment.[46] NP interactions with A549 lung 

epithelial cells in the absence of proteins caused cellular damage via NP-induced disruption 

of the cell membrane, while the presence of a corona mitigated subsequent cytotoxicity.[47] 

The presence of a protein corona prevented hemolysis and aggregation of erythrocytes in 
vivo induced by silica NPs, suggesting that refined control of the protein corona may lead to 

better engineered NPs that are more biocompatible.[48] On the other hand, although the 

protein corona can attenuate the cytotoxicity induced by NPs, the process of protein corona 

formation can disrupt normal physiological processes. Dose-dependent blood circulation 

times have been reported in which longer circulation can be achieved simply by increasing 

the injection dosage of NPs.[49] Prolonged blood circulation following incremental dose 

increases is attributed to the depletion of plasma opsonins[49] or saturation of macrophage 

phagocytic capacity,[50] both of which can weaken the immunity of the host.

3.4. Changes in Immune Response

Characterizing NPs in a realistic biological environment is important but often limited due to 

the practical challenges when considering that both engineered NP surfaces and adsorbed 

proteins can induce a separate immune response.[46] Changes in serum albumin 

conformationon the surface of polymeric NPs may alter NP uptake by human monocytes 

and macrophages.[51] More specifically, Deng et al. reported that gold NPs induced 

unfolding of bound fibrinogen (a plasma glycoprotein essential for blood clotting), which 

activated the Mac-1 receptor and the NF-κB pathway, a known mediator of inflammation 

that induced the downstream release of inflammatory cytokines.[52] On the other hand, the 

protein corona was found to prevent cell death and inhibit the pro-inflammatory response 

induced by IONPs, suggesting that both pro- and anti-inflammatory responses may be 

induced depending on the NP properties and composition of the corona.[53] Several existing 

mechanisms by which protein-NP interactions can induce an immune response, alter NP 

binding and uptake, and affect cytotoxicity have provided the guidance for carefully 

designing, preparing, and applying NPs for in vivo applications. However, fundamental 

studies with different models and systems that accurately mimic in vivo biological 

environments are still needed as the field of nanomedicine continues to develop and 

incorporate new engineered NPs for biomedical and clinical applications.

3.5. Changes in Biomarker Targeting

A common strategy for developing NPs for targeted imaging and drug delivery is to 

functionalize the NP surface with targeting ligands, (e.g., small molecules, peptides, and 
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antibodies). The consequence of the protein corona to this important capability is its 

subsequent effect on the interaction and interference of surface functionalized or ligand-

decorated NPs with biomarker targets.[6a, 17] Adsorbed proteins can mask the conjugated 

ligands on the NP surface leading to the loss of targeting affinity,[3, 17] or induce changes in 

secondary structure of the adsorbed protein and redirect the targeting of protein corona-NP 

complexes to other unwanted sites.[54] Importantly, the effect of the protein corona on NP 

targeting highly depends on both the protein corona composition and the physicochemical 

properties of NPs.[17, 28, 55]

Work by the Dawson group demonstrated that transferrin (Tf)-functionalized silica NPs bind 

selectively to transferrin receptors (TFRC) in serum-free media, but the selective binding 

was lost in the presence of fetal bovine serum (FBS), a common supplement to cell culture 

media (Figure 3A).[3] However, Dai et al. observed that despite enhancements in cell 

membrane binding of layer-by-layer core-shell polymeric NPs after functionalization with a 

humanized A33 monoclonal antibody, the functionalized NP did not exhibit significant 

alteration in cell targeting in the presence of protein corona (Figure 3B).[55] Due to the 

limited understanding on the protein corona and diverse factors from NPs that affect the 

composition of the protein corona (e.g., diameter and surface charge), understanding the 

roles of the protein corona formation and effect in targeting of NPs requires further 

investigation. For instance, a direct comparison between anti-biofouling and commercial 

(without anti-biofouling coating) IONPs was performed to examine the effect of the protein 

corona on cell targeting. The anti-biofouling IONPs conjugated with Tf (FITC-Tf-IONP) 

showed unaltered cell targeting to both targeted (D556) and non-targeted (A549) cells 

regardless of the protein corona, whereas the commercial IONPs (FITC-Tf-SHP) exhibited 

weakened targeting capability (i.e., decreased signal intensity difference between D556 and 

A549 cells) after the formation of the protein corona on the IONP surface (Figure 3C and 

D).[56] Interestingly, in a different study of IONPs conjugated with folic acid, Krais et al. 
found that the presence of serum proteins was required for folic acid-dependent uptake by 

ovarian cancer cells.[57] These studies suggest that the protein corona can both inhibit and 

promote receptor-mediated binding, and targeting may still be possible even after the 

formation of protein corona.

In addition to the potential for adsorbed proteins to mask targeting ligands or influence cell-

NP interactions, the high energy NP surface can alter adsorbed protein structure and 

determine the cellular receptors for binding. Fleischer and Payne showed that while cationic 

and anionic polystyrene NPs both formed a protein corona composed primarily of serum 

albumin, only cationic NPs induce changes in the secondary structure of adsorbed albumin, 

directing these protein-NP complexes to bind to scavenger receptors on cell surfaces.[54] 

Treuel et al. observed that chemical modification of adsorbed proteins alters the physical 

properties of the adsorbed protein layer as well as the cellular uptake of protein-NP 

complexes, suggesting that small changes to adsorbed protein structure can influence 

targeted delivery and cellular outcomes of NPs.[58] For more detailed information on the 

effect of the corona on targeting, cytotoxicity, and immunotoxicity of bioconjugated NPs, we 

direct the reader to reviews by Caracciolo et al.,[1a] Kairdolf et al.,[59] Corbo et al.,[60] and 

the references therein.
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4. Preventing Biofouling with Surface Coating Materials

One convenient and effective method to prevent biofouling on engineered materials is to coat 

the surface with a material that can reduce non-specific interactions with biological systems. 

Various synthetic and natural anti-biofouling materials have been developed for NPs 

including PEG, PVP, PEG and PVP-related block copolymers, zwitterionic materials, 

polysaccharides, and cellmembrane-derived coatings. Due to the simplicity of the chemical 

structures, PEG and PVP were developed as the first generation of anti-biofouling coatings 

for NPs. They both are generally easy to implement but less effective on providing anti-

biofouling properties, in terms of the strength and duration, than the more recently 

developed PEG-derived copolymer and zwitterionic materials. Meanwhile, the newly 

reported cellmembrane-derived coatings that render a natural camouflage for NPs to escape 

from the biofouling process have drawn broad attentions; although systematic investigations 

are of vast interest to fully understand this coating strategy.

4.1. Poly(Ethylene Glycol) (PEG) for Anti-Biofouling

Coating surface with PEG, or PEGy lation, has been widely applied for coating engineered 

materials in the field of biological research and medical device development, not only 

because of the non-toxic nature of PEG, but also its robust capability of reducing non-

specific protein adsorption.[61] A tightly hydrated layer formed via hydrogen-bonding 

between water molecules and ether groups of PEG chains is believed to provide the 

resistance against protein adhesion. Moreover, the flexible PEG chains provide steric 

hindrance which is associated with the dense hydrated layer, further reducing the adsorption 

of the protein molecules.[62]

NP surfaces can be coated with PEG via covalent or non-covalent interactions. Non-covalent 

coating of PEG on NPs is generally obtained by hydrophobic/hydrophilic interactions. For 

instance, IONPs can be coated with PEG by drying the mixture of IONPs and PEG in 

chloroform and subsequently dispersing the residues in water.[63] Compared with non-

covalent coating, covalent PEG ylation offers more stable coating on the NPs, consequently 

enhancing their colloidal stability. A variety of functional groups have been used to modify 

PEG molecules including thiols,[64] dihydrolipoic acid (bidentate thiols),[65] and silane[66] to 

provide covalent and/or semi-covalent bonds with engineered materials. In addition, a 

biomimetic strategy has also been explored to covalently attach PEG molecules to NP 

surfaces. The most widely adapted linkers are dopamine[67] and its derivatives,[68] which 

employ a catechol segment for binding. The immobilization of loop- and brush-forms of 

PEG onto the substrate surface has been reported via the catechol linkage. Moreover, the 

loop-form of PEG exhibited better anti-biofouling performance than its brush-form 

analogue,[68] indicating the importance of PEG orientation for anti-biofouling capability.

The mechanisms of the reduction of non-specific protein adsorption of NPs by PEGy lation 

have also been investigated extensively with an excellent review by the Chan group.[6a] For 

example, Walkey et al. prepared a series of gold NPs with different PEG grafting densities. 

With increased PEG grafting density, the anchored PEG molecules gradually dehydrated, 

reducing space between neighbouring PEG chains, further limiting the possibility of protein 

diffusion and adsorption onto NPs. However, the high grafting density of PEG cannot 
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completely block the serum-independent uptake pathway by macrophages against PEG-

coated NPs.[6b] It is worth noting that PEG and poly(ethylene glycol phosphate) (PEEP) 

modification have shown to affect the composition of the protein corona on the surface of 

polystyrene NPs in addition to the reduction of protein adsorption. The presence of adsorbed 

proteins, mainly clusterin proteins (also known as apolipoprotein J), is crucial for reducing 

non-specific cellular uptake.[69]

Although PEG is widely accepted as a NP surface coating for anti-biofouling, it has several 

disadvantages. PEG is found to be susceptible to oxidative damage and generation of 

reactive oxygen species.[70] After coating with PEG, the hydrodynamic size of NPs can be 

significantly increased[45] with attenuation of desired interactions between NPs and their 

biological targets.[71] Moreover, a recent report showed that PEG may induce 

immunogenicity and subsequent production of anti-PEG antibodiesin mice injected with 

NPs coated with PEG.[42] However, due to the lack of specificity of most assays for anti-

PEG antibodies, contradictory immune responses induced by anti-PEG antibodies have been 

reported. Standardized assays for anti-PEG antibodies and the development of reference sera 

are required to study and confirm the immunogenicity of PEG-coated NPs.[72]

4.2. Poly(N-Vinylpyrrolidone) (PVP) for Anti-Biofouling

Due to the existence of both polar lactam groups and non-polar methylene groups, PVP can 

be dispersed into either aqueous solution or common organic solvents. Amphiphilic PVP 

exhibits excellent physiological inertness, complexing ability, chemical stability, and 

biocompatibility, making it a promising alternative to PEG as an anti-biofouling coating 

polymer.[73] For example, the adsorption of BSA was decreased by 75% using PVP-coated 

silica compared to the unmodified material.[74] Coating through hydrophobic/hydrophilic 

interaction is considered to be the easiest methodto modify NP surfaces with PVP. However, 

several technologies have been developed for surface grafting of PVP to render better 

coating stability including photochemical grafting,[75] γ-radiation-induced grafting,[76] and 

plasma polymerization.[77] While photochemical grafting[78] and plasma polymerization[79] 

cause little harm to the bulk properties of materials, their application is limited by the shape 

and composition of NPs.[80]

In comparison to PEG, studies and applications of PVP for coating nanomaterials for 

biomedical applications are limited. The incorporation of PVP coatings onto various 

substrates (e.g., metals, ceramics, and polymers) has not been well established. Furthermore, 

in-depth understanding of the interactions between PVP coating and the biological system is 

still needed, especially for in vivo studies.

4.3. PEG-Derivative Copolymers for Anti-Biofouling

One approach to take advantage of the anti-biofouling properties of PEG while introducing 

more surface functions of NPs is to graft the PEG moiety to other polymers to produce 

copolymers for (1) enhancing anti-biofouling capability,[81] and (2) constructing 

multifunctional materials.[82] This approach may also mitigate the issue of competitive 

surface binding between biomolecules and PEG which causes displacement of the PEG 
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coating on the NP surface and leads to changes in physicochemical properties and loss of 

stability.[34]

Hydrophobic polymers have been grafted to PEG to assemble hydrophobic layers protecting 

the anchoring groups from contacting and being replaced by biomolecules, as well as 

inhibiting non-specific biomolecule interactions with the NP surface, which also contributes 

to the overall anti-biofouling effect. Various PEG based copolymers have been reported, 

such as PEG-b-PEI,[83] PEG-block-polystyrene (PEG-b-PS),[84] PEG-block-poly(ε-

caprolactone) (PEG-b-PCL),[85] PEG-block-poly(lactic acid) (PEG-b-PLA),[86] poly(L-

lysine)-g-PEG (PLL-g-PEG),[87] and poly(oligo(ethylene glycol) methacrylate) (POEGMA).
[88] PEG-block-poly(γ-methacryloxypropyltrimethoxysilane) (PEG-b-PγMPS) prepared by 

Chen et al. represents a typical example of PEG-based copolymer coatings. The PEG-b-

PγMPS coated NPs exhibited anti-biofouling propertiesin an in vitro macrophage uptake 

experiment and an in vivo biodistribution study in mice. After conjugating with tumour 

integrin αvβ3 targeting peptide (i.e.,cyclo-RGD), specific cancer cell targeting by PEG-b-

PγMPS coated IONPs to U87MG glioma cells with αvβ3 integrin over-expression was 

observed.[81b]

In addition to neutral PEG chains, an amine-functionalized PEG was utilized for the 

preparation of PEG-block-allyl glycidyl ether (PEG-b-AGE) to coat IONPs, which exhibited 

slightly positive surface charge (zeta potential = 1.85 ± 0.42 mV).[81a] Although charged 

PEG chains are believed to be less effective than non-charged chainsfor providing anti-

biofouling properties,[6a] the slightly positively charged PEG-b-AGE coating demonstrated 

anti-biofouling capabilitiesby reducingserum protein adsorption, maintaining colloidal 

stability, and inhibiting non-specific cellular uptake. Unlike other coating polymers where 

introducing functional groups alters charge-free PEG and attenuates anti-biofouling 

properties,[6a, 81b] the enhanced anti-biofouling property of PEG-b-AGE with positively 

charged PEG is possibly due to the weakened electrostatic interactions by PEG hydration. 

After conjugating a small molecule peptide (cyclo-RGD) or large protein (Tf) ligand to 

PEG-b-AGE coated IONPs using either thiol/maleimide click reaction or EDC/NHS 

coupling, specific cell targeting was observed for both RGD- and Tf-conjugated IONPs, 

while the anti-biofouling property was retained to prevent cellular uptake by off-target cells. 

Measurements of MRI relaxivity from IONPs bound to cells, semi-quantitatively indicating 

the degree of IONP binding and internalization, confirmed the anti-biofouling properties 

when comparing PEG-b-AGE coated IONPs to the same IONP cores but coated with the 

conventional amphiphilic copolymers without the anti-biofouling coating (Figure 4A). Upon 

conjugation with Tf, both PEG-b-AGE coated IONPs and control IONPs exhibited MRI 

contrast changes (i.e. T2 weighted signal drop or darkening) between cells with surface 

targets and cells without targets. However, the signal-to-noise ratio for PEG-b-AGE coated 

IONPs was greatly improved compared to that from the control due to the reduction of 

background signal from non-specific uptake of targeted IONPs by cells without expression 

of the cell surface target. The observation of an enhanced signal-to-noise ratio implies the 

potential quantitative applications of the PEG-b-AGE coated NPs for biomarker targeted 

imaging. The application of PEG-b-AGE coated IONPs forimproving biomarker targeted 

liquid biopsy, specifically forcapturing circulating tumour cells via target-ligand interaction, 

has also been investigated in comparison with commercial IONPs or magnetic beads without 
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anti-biofouling coating. After conjugating Tf as a targeting ligand, PEG-b-AGE coated 

IONPs demonstrated similarly high efficiency with commercial IONPs in capturing D556 

medulloblastoma cellsspiked in the blood samples, while exhibiting significantly higher 

specificity to targeted D556 cells with fewer non-targeted cells interfering with the detection 

(Figure 4B and C). Isolation of 41 out of 100 spiked D556 cells from 1 mL of whole blood 

was achieved with minimal off-target blood cells.[56]

4.4. Polysaccharides for Anti-Biofouling

The resistance of glycocalyx, a cell-membrane associated glycoprotein, to cellular adhesion 

and non-specific protein recognition, combined with the availability and simplicity of 

chemical modifications led to the exploration of using polysaccharides, a glycocalyx 

component, as anti-biofouling coatings.[89] A number of techniques have been applied for 

the surface functionalization of NPs with polysaccharides,[90] the most common utilizing (1) 

electrostatic interactions; (2) self-assembly of a hydrophilic polysaccharide with 

hydrophobic grafts; and (3) formation of a loop- or brush-structured layer through 

conjugation. Among the polysaccharides studied in recent work, hyaluronic acid (HA)[91] 

and dextran[92] are the most commonly employed polysaccharides. Park et al. conjugated 

PEI with HA for the delivery of small interfering RNA (siRNA). Compared to the siRNA–

PEI complex that tends to aggregate due to non-specific serum protein adsorption, the HA 

functionalization shielded the siRNA/HA–PEI complex from aggregation in blood.[91] 

Additionally, HA was shown to contribute to the extracellular stability of HA-coated 

structures, contributing to improved gene transfection. Xu et al. reported that the existence 

of a HA layer around a binary complex of DNA and disulfide cross-linked PEI strengthened 

the stability and transfection efficiency of the complex in a serum-containing environment. 

Their results also demonstrated the anti-biofouling property of HA in the protection of the 

DNA-PEI-HA complex from non-specific interactions with serum proteins.[93]

In addition to the well-established properties of biocompatibility and biodegradability, 

dextran also exhibits anti-biofouling properties that have been used for protection of iron 

oxide[90] and polymeric NPs.[94] The surface density and conformation of dextran are 

considered to be important to the effectiveness of its anti-biofouling properties.[92, 95] For 

example, a brush-style, densely-packed dextran coating on polymeric NPS lengthened the 

distribution half-life and reduced clearance by the liver compared to NPs coated with a 

loosely-packed dextran layer.[92] It has also been demonstrated that a covalently linked 

dextran layer is better than physically adsorbed dextran in protecting surfaces from non-

specific interactions.[96]

Notwithstanding, several concerns remain when using polysaccharides as NP coatings for in 
vivo applications: (1) the properties of polysaccharides vary greatly as a function of 

molecular weight and structure, critically affecting their biological applications. (2) Reliable 

synthetic methods are needed to achieve consistent properties and sustainable results. 

Standardized procedures to maintain the purity of polysaccharide products should be 

developed due to the contaminants (such as pathogens and endotoxins) often associated with 

polysaccharides. (3) More detailed and rational experimental designs are required to 
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investigate the effects, mechanisms, and fate of polysaccharides in biological systems, given 

that inconsistent results are obtained even when utilizing the “same” type of polysaccharide.

4.5. Zwitterionic Materials for Anti-Biofouling

Electroneutral materials have greater anti-biofouling potential compared with their charged 

counterparts.[1c] Zwitterionic materials, bearing an equal amount of positive and negative 

charges on the same molecule, have an overall neutral charge and are considered a rational 

candidate for anti-biofouling applications. Upon attachment of zwitterionic materials to a 

surface, the charged moieties either fold intra-molecularly or interact with neighbouring 

molecules to neutralize the charges. The internal neutralization leads toa lack of exposed 

charged groups to bind non-specifically to charged adsorbents, resulting in a protective layer 

against biofouling.[97] Zwitterionic coatings can be formed by low-molecular-weight 

molecules or polymers.

Amino acids are natural candidates for zwitterionic materials since the amine groups 

(providing positive charge) and carboxyl groups (providing negative charge) are present in 

the same molecule. Among all natural amino acids containing thiols, cysteine and cystine 

have demonstrated the higher affinity towards NPs than thiol groups on coating polymers, 

leading to the displacement of coating polymers.[34] Consequently, the application of amino 

acids, especially cysteine and its derivatives, may provide not only the zwitterionic feature 

but also better colloidal stability of coated NPs. When cysteine was used to assemble 

zwitterionic coating for quantum dots (QDs), desired anti-biofouling capability was 

achieved. However QD aggregation was also observed within a few hours of preparation due 

to the spontaneous oxidation of the cysteine groups.[98] To enhance the stability, D-

penicillamine was subsequently used for coating QDs, demonstrating comparable anti-

biofouling capability yet better stability compared with cysteine coated QDs.[99] The 

combination of cysteine and lysine as zwitterionic coating materials has also been reported 

for citrate-capped gold NPs. The outer zwitterionic layer was found to provide effective 

protection to the charged citrate layer to achieve zero protein adsorption.[100] Moreover, 

glutathione, a cysteine derivative, was investigated as a zwitterionic coating material for gold 

NPs.[101] After incorporating such zwitterionic gold NPs onto the surface of IONPs, the 

protein adsorption on the gold NP-covered-IONPs was 10-fold lower than the IONPs only 

coated with glutathione.[102] In addition to natural amino acids, artificial structures with the 

zwitterionic feature have also drawn great attention. Among the developed structures, 

tertiary amineshave been widely used to introducethe positive charge, while the negative 

charge can be provided by sulfonate (-SO3-),[103] carboxylate (-CO2-),[104] or phosphate (-

PO3-).[105]

Compared with PEG coatings, which substantially increase the hydrodynamic diameters of 

NPs, zwitterionic coatings provided by low molecular weight molecules generally result in 

compact particles with little increment on hydrodynamic diameter.[45, 97a] Consequently, 

zwitterionic NPs coated by low molecular weight molecules are more suitable for deep 

tissue delivery as well as renal clearance.[98] Moreover, the zwitterionic coating formed by 

low molecular weight molecules has little effect on the physical properties of NP cores. In 

the case of IONPs as MRI contrast agents, in vitro and in vivo MRI measurements of 
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zwitterionic IONPs have shown retained super paramagnetism or saturation magnetization 

compared to as-synthesized hydrophobic IONPs.[106]

Evolved from zwitterionic phosphorylcholine self-assembled monolayers,[107] the first 

zwitterionic polymer was developed by Chen et al. for a gold surface consisting of oligo 

phosphorylcholine.[108] The linear polymer employed a tertiary amine as the cationic group 

and phosphate as the anionic group in each repeating unit. Whereas tertiary aminesare still 

the most widely used cationic group, carboxylate and sulfonate emerge as anionic groups for 

the development of zwitterionic coating polymers such as phosphorylcholine,[109] 

sulfobetaine,[109a] poly(carboxybetaine) (PCB),[110] poly(sulfobetaine) (PSB),[111] 

poly(carboxybetaine acrylamide) (PCBAA),[112] poly(carboxybetaine methacrylate) 

(PCBMA),[113] poly(sulfobetaine acrylamide) (PSBAA),[114] and poly(sulfobetaine 

methacrylate) (PSBMA).[115]

Comparisons between zwitterionic polymers and PEG as well as between different 

zwitterionic polymers indicate that PCB and PSB have much lower hydration free energies 

than PEG, i.e., stronger hydration for PCB and PSB, as demonstrated by theoretical 

simulation and experimental analysis by Shao et al. Their analysis also suggested decreased 

water molecule mobility near the PCB and PSB coatings compared with PEG leading to 

greater repulsive forces against protein adsorption. PCB and PSB also interact with proteins 

differently from PEG. Amphiphilic PEG preferably covers the hydrophobic segment of 

proteins, while PCB and PSB have little interaction with the hydrophobic segment due to the 

local charges of zwitterionic materials. Their simulations to compare the differences 

between PCB and PSB in terms of hydration, ionic interaction, and self-association, led to 

the conclusion that PCB possessed stronger hydration than PSB and few self-associations. 

They found that PCB resisted non-specific protein adsorption even in complex media and 

was nearly inert to changes in environmental parameters. Meanwhile, PSB demonstrated 

strong hydration and moderate self-associations and were capable of resisting non-specific 

protein adsorption and responding to external stimuli.[116]

Another study by Han et al. performed a detailed comparison between QDs coated with 

sulfobetaine- and carboxybetaine-functionalized poly(imidazole) to investigate the influence 

of coating polymers on the cell binding. The carboxybetaine-bearing particles (CBPIL) 

exhibited non-specific binding to HeLa cells and vessels, whereas the sulfobetaine-bearing 

particles (SBPIL) showed minimal adsorption (Figure 5).The differences in cell binding by 

CBPIL and SBPIL were associated with different spatial charge distributions. When 

comparing the better performing SBPIL with PEGylated control (PEGPIL), the zwitterionic 

SBPIL had a faster blood clearance time (an order of magnitude) compared to PEGPIL, but 

diffused into a tumour an order of magnitude more slowly than PEGPIL.[117] Given that 

zwitterionic polymers are relatively new to the biomedical field, the behaviour of 

zwitterionic polymers in the biological environment and interactions with various 

biomolecules need to be better understood. This study suggests that even a small deviation in 

the polymer structure may affect the overall neutrality, subsequently leading to significant 

change in function. The structure-related charge distribution of zwitterionic polymers needs 

to be carefully considered in the design and optimization of zwitterionic polymers to gain or 

enhance the anti-fouling function.
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4.6. Cell Membranes for Anti-Biofouling

Using a biomimetic approach to minimize the difference between endogenous materials and 

the biological environment to reduce the responses of biological systems at the interface is a 

potential solution to the biofouling problem, and has been increasingly applied for 

improving the biocompatibility, delivery, and pharmacokinetic profiles of NPs. A new 

strategy of adapting the plasma membrane of human platelets as a coating for polymeric 

NPs was reported by Hu et al.[118] By using a natural cell membrane cloak that can be 

adoptively prepared to cover the surface, NPs are camouflaged with platelet-mimicking 

properties to reduce cellular uptake by macrophage-like cells (Figure 6A to D). NP-induced 

complement activation was also attenuated. In addition, the NPs coated with the platelet 

membrane cloak demonstrated selective adhesion to damaged vasculatures and enhanced 

binding to platelet-adhering pathogens, indicating the disease-targeted delivery (Figure 6E to 

H). In addition to using platelets, similar strategies using membranes from RBCs,[119] 

WBCs,[120] stem cells,[121] cancer cells,[122] and less commonly used bacteria[123] have 

been explored.

As a nascent technology, using cell membrane as NP coatings has many advantages by 

inheriting the selected cell membrane functions and properties of membrane proteins, 

glycans, and lipids from the source cells. Given the natural cell membrane coating, the 

engineered materials are generally identified as endogenous cells by the immune system, 

preventing NPs from non-specific protein adsorption and the uptake by the MPS.[124] 

Moreover, by adapting different cell membranes, the coated materials impart 

biologicalproperties and functions without complicated chemical modifications. For 

instance, NPs coated with RBC membranes can be recognized as RBCs, thus prolonging the 

blood circulation time.[119] It has been shown that RBC membrane-coating increased the 

tumour accumulation of NPs by taking advantage of the enhanced retention and permeation 

(EPR) effect boosted by the prolonged blood circulation of NPs.[119] Xuan et al. developed 

macrophage cell membrane-camouflaged gold nanoshells that not only exhibited good 

colloidal stability but also retained the original near-infrared adsorption of gold nanoshells. 

By recognizing tumour endothelia, the macrophage cell membrane provided better tumour 

accumulation of gold nanoshells than the RBC membrane coating approach.[120] The 

membrane of mesenchymal stem cells has also been employed for the gene delivery due to 

theunique surface-associated tumourtargeting capability of mesenchymal stem cells. The 

NPs made of the mesenchymal stem cell membrane encapsulating plasmid DNA 

demonstrated the ability to inhibit the growth of metastatic orthotopic lung cancer and 

subcutaneous prostate cancer in mice.[121] When membranes derived from 4T1 breast cancer 

cells were used for NP coating, highly cell-specific targeting of coated NPs to the primary 

tumour via homotypic binding was observed, which occurs when cancer cells adhere to one 

another to facilitate the growth of tumour mass.[122]

The current development of the cell membrane coating strategy is mostly focused on the 

exploration of different types of cell membranes. Many chemical modifications used in the 

traditional surface functionalization of NPs have yet to be incorporated. For example, the 

introduction of targeting ligands to the membrane coating for active targeting in addition to 

passive targeting enhanced by the inherent property of the cell membrane has not yet been 
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reported. As further investigations carried out, the cell membrane coating strategy may make 

significant contributions to the biomedical field.

5. Remarks and Perspectives

With rapid advancements in the field of nanotechnology including nanomaterial 

development for biomedical applications, the non-specific interactions of engineered 

materials with the biological environment and the approaches to develop and use the anti-

biofouling coating materials for controlling and improving function and properties of NPs 

will continue to draw attention and effort. As the “gold standard” for anti-biofouling coating 

materials, PEG has been intensively investigated as a model to understand the factors 

affecting anti-biofouling capabilities of coating materials. However, a number of coating 

materials designed and prepared according to the findings from PEG investigations, e.g., 

PVP polymers, PEG-based copolymers, zwitterionic materials, and polysaccharides, have 

demonstrated improved performance on different aspects of anti-biofouling as well as 

impacted the function and application of the NPs. Thorough and systematic studies to 

understand the anti-biofouling behaviours are needed for further development of these 

coating materials. Meanwhile, a novel artificial coating, i.e. a nascent platelet-membrane-

derived coating, has been reported recently, closely followed by the development of different 

types of cell-membrane-derived coatings, such as RBCs, WBCs, stem cells, and cancer cells. 

The recognition of NPs by the host immune system can be greatly reduced by cloaking NPs 

with endogenous cell membranes. In addition, the cell-membrane-derived coating 

technology has only been employed to therapeutic delivery systems, while other artificial 

coating materials have been extensively utilized in a variety of applications including 

targeted drug delivery, in vivo imaging/biosensing, in vitro diagnostics, etc.

Although tremendous effort has been put on the development of anti-biofouling coatings, 

there are only 14 examples approved for clinical trials.[124] The long process of new drug 

approval by FDA, which typically takes 10 to 15 years, is the major obstacle for the 

translation of novel anti-biofouling coatings. Currently, most of the FDA approved anti-

biofouling-related nanomedicines on clinical trials are PEG based, as they are the earliest 

and most widely used coating materials to provide anti-biofouling property. As the use of 

engineering nanomaterials for biomedical applications continues to expand, it is reasonable 

to expect that more and more nanomaterials with novel anti-biofouling coatings will be 

approved by FDA for clinical use in the future. Meanwhile, it is worth noting that the 

complete avoidance of biofouling may be harmful to the host as mentioned earlier. It is also 

unnecessary to compare the anti-biofouling capabilities of different materials directly, as 

materials with varied anti-biofouling capabilities may all find their applications in given 

diseases with different demand on anti-biofouling. All in all, there is a promising future for 

anti-biofouling materials, and the development of new materials remains an active area of 

research for nanomaterial translation and application.
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Figure 1. 
Illustration of non-specific interactions of NPs with biomolecules, such as oligonucleotides, 

amino acids or peptides, and proteins, which can alter the physicochemical properties, 

pharmacokinetics, cytotoxicity, immune response, and biomarker targeting of the NP.
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Figure 2. 
(A) Structure of different binding states of amino acids on aniron oxide NP surface and 

possible interactions of side chains with the surface in water. (B) Representative 

configurations of Arginine forming hydrogen bonds with TiO2 NP (green dash lines), and 

(C) Arginine with first (purple) and second (cyan) water layers on the NP surface. Adapted 

with permission.[13-14] Copyright 2015 American Chemical Society and 2016 Nature 

Publishing Group.
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Figure 3. 
(A) A549 cells are silenced for 72 h with a negative silencer control (neg siRNA) and for the 

transferrin receptor (siTFRC) before exposure to NPs. Median cell fluorescence intensity 

obtained by flow cytometry from A549 cells exposed to PEGy lated human Tf particles in 

serum-free medium (0%), complete medium (10%) and medium supplemented with 55% 

serum (55%). The uptake is strongly reduced in cells silenced for TFRC. However, at 

increasing serum content the uptake decreases in cells with the TFRC and the effect of 

TFRC is also lost. (B) Cell membrane binding of polymeric NPs to LIM2405+/- cell 

mixtures (positive-to-negative cell ratio of 1:1) in the presence of a protein corona. Cell 

mixtures were incubated with NPs at 4 °C for 1 h at a NP-to-positive cell ratio of 100:1. The 

percentage of cells bound to the NPs was determined by flow cytometry. (C) Fluorescent 

images of D556 medulloblastoma and A549 lung cancer cells incubated with FITC-Tf-IONP 

and FITC-Tf-SHP with or without FBS (100%) pre-treatment. Scale bar 20 μm. (D) Medium 

fluorescence intensities of FITC from FBS (100%) pre-treated or non-treated IONPs taken 

up by D556 medulloblastoma or A549 lung cancer cells. Adapted with permission.[3, 55-56] 

Copyright 2013 Nature Publishing Group, 2015 American Chemical Society, and 2017 

Elsevier.
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Figure 4. 
(A) R2 relaxometry map and R2 values of cell phantoms containing 8 × 106 D556 

medulloblastoma cells, A549 lung cancer cells, and RAW264.7 macrophages after 

incubation with commercial SHP-20 and PEG-b-AGE coated IONPs with same core 

diameter (left panel); and R2 relaxometry map and R2 values of cell phantoms containing 8 

× 106 D556 medulloblastoma cells and A549 lung cancer cells treated with SHP-20, Tf-

conjugated SHP-20 (Tf-SHP), PEG-b-AGE coated IONP, and Tf-conjugated IONPs with 

PEG-b-AGE coating (Tf-IONP) (right panel). (B) D556 medulloblastoma cells (targeted) 

and A549 lung cancer cells (non-targeted) capture rate using Tf-conjugated anti-biofouling 

IONP (Tf-IONP) and commercial SHP (Tf-SHP) (**P ≤.01). (C) Fluorescent images of 

D556 (pre-stained with CMFDA) and A549 cells captured by Tf-SHP and Tf-IONP. Scale 

bar 20 μm. Adapted with permission.[56, 81a] Copyright 2015 Royal Society of Chemistry 

and 2017 Elsevier.
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Figure 5. 
Influence of charge distribution on non-specific binding of QDs in vitro and in vivo. Charge 

distributions in the surface coatings were inferred from the different affinities of carboxylate 

groups and sulfonate groups towards QD surfaces. (A, B) Influence of surface charge 

distribution on non-specific binding to HeLa cells. Yellow lines indicate where the intensity 

profile was measured. (A) Significant decrease of the non-specific binding is observed when 

the betainization efficiencies increase from 80% to 100% for SBPIL QDs. The data show 

that exposed free amines (positively charged groups) trigger non-specific binding to cells. 

(B) CBPIL100% QDs exhibit a high level of non-specific binding owing to exposed amine 

groups. CBPIL100% QDs display significantly higher non-specific binding to cells than 

SBPIL QDs. (C, D) Influence of charge distribution on in vivo clearance. (C) Clearance of 

SBPIL QD612 from the vessels. The vessels of E0771 murine mammary adenocarcinoma 

grown in SCID mice (SCID = severe combined immunodeficiency) were imaged by 

multiphoton microscopy through a mammary fat pad window at 15 min, 60 min, and 4 h 

after intravenous injection. Note that SBPIL QD612 clears from the vessels without leaving 

any evidence of non-specific accumulation. Scale bar = 100 μm. (D) Clearance of 

CBPIL100% QDs from the vessels. An image taken at 60 min after the injection of 

CBPIL100% QDs illustrates that CBPIL100% QDs accumulate on the vessel walls non-

specifically. Adapted with permission.[117] Copyright 2013 Wiley.
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Figure 6. 
(A) Localization of platelet membrane coated NPs (stained in red) on collagen-coated tissue 

culture slides seeded with HUVECs (nuclei stained in blue). Cellular periphery is outlined 

based on cytosolic staining. Scale bar, 10 μm. (B) Flow cytometry analysis of NP uptake up 

human THP-1 macrophage-like cells (n = 3). Classical complement activation measured by 

C4d split product (C) and alternative complement activation measured by Bb split products 

(D) for bare NPs, platelet vesicles, and platelet membrane coated NPs in autologous human 

plasma (n = 4). Zymosan and untreated plasma are used as positive and negative controls, 

respectively. All bars represent means ± s.d. *P ≤ .05, **P ≤ .01, ***P ≤ .001. Fluorescence 

images of (E) the cross-section (scale bar, 200 μm) and (F) the luminal side (scale bar, 500 

μm) of undamaged (top) and damaged (bottom) arteries after platelet membrane coated NP 

incubation (tissue in green and NPs in red). (G) 3D reconstructed images of intact (top) and 

balloon-denuded (bottom) arterial walls from multi-sectional images after intravenous 

administration of platelet membrane coated NPs in rats (cell nuclei in blue and NPs in red). 

(H) Retention of platelet membrane coated NPs at the denuded and the intact arteries over 

120 h after NP administration (n = 6). Adapted with permission.[118] Copyright 2015 Nature 

Publishing Group.
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