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Abstract

When nanoparticles enter biological environments, proteins adsorb to form the “protein corona” 

which causes significant changes in biodistribution and toxicity. Herein, we measure protein 

corona formation on DNA-functionalized single-walled carbon nanotubes (ssDNA-SWCNTs), a 

nanoparticle ideal for sensing and delivery, in blood plasma and cerebrospinal fluid. We 

characterize corona composition by mass spectrometry, revealing high-abundance corona proteins 

involved in lipid binding, complement activation, and coagulation. We investigate roles of 

electrostatic and entropic interactions driving selective corona formation. Lastly, we study real-

time protein binding on ssDNA-SWCNTs, obtaining agreement between enriched proteins binding 

strongly and depleted proteins binding marginally, while highlighting cooperative adsorption 

mechanisms. Knowledge of protein corona composition, formation mechanisms, and dynamics 

informs nanoparticle translation from in vitro design to in vivo application.
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Introducing engineered nanoparticles into biosystems leads to formation of the interfacial protein 

corona, modifying nanoparticle identity and function. Herein, protein corona composition, 

interactions, and dynamics are analyzed on carbon nanotube-based sensors. This generic 

framework will enhance our fundamental understanding of protein corona formation and enable 

effective translation of nanotechnologies from in vitro design to in vivo use.
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Introduction

Engineered nanoparticles are prominent in biological sensing, imaging, and delivery 

applications due to their distinctive optical and physical properties.[1,2] The critical − yet 

often overlooked − challenge with these nanoscale tools is understanding the mechanisms of 

interaction between the nanoprobe and the biological system they are designed to query.[3,4] 

Nanotechnologies are generally developed and validated in vitro, absent from the complexity 

of biological fluids.[5] However, when nanoparticles are introduced into biological systems, 

proteins spontaneously adsorb to the nanoparticle surfaces, leading to the formation of the 

“protein corona”.[6] Binding of proteins to pristine nanoparticles can adversely affect the 

structure and function of the bound proteins,[7,8] and carries the additional consequence of 

masking and re-defining the nanoparticle identity.[3,9] Accordingly, in vivo trafficking, 

biodistribution, clearance, and biocompatibility of the nanoparticle-corona complex become 

unpredictable.[3,9–11] These corona-mediated alterations manifest as decreased nanoparticle 

efficacy or loss of in vitro-validated results, whereby the nanoparticle no longer carries out 

its designated function.[12,13] Moreover, the protein corona is dynamic in nature.[3,14] Rapid 
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protein binding events on the nanoparticle surface, in conjunction with differential protein 

affinities in the corona, give rise to further complications in understanding the timescales 

over which nanoparticles retain their corona-free attributes within biological environments.

Corona formation as a function of nanoparticle type, biological environment, and time 

remains poorly understood.[15] Prior work investigates the roles of nanoparticle surface 

charge and chemistry, among other factors, in governing protein corona formation, [16–19] 

revealing the variation and complexity of protein corona formation across nanoparticle types 

and bioenvironments.[4,20] Consequent work has sought to mitigate corona formation by 

nanoparticle surface passivation with polymers such as polyethylene glycol (PEG) to 

abrogate protein adsorption and sterically stabilize the nanoparticle. Of note, PEGylation of 

liposomes, a model nanoparticle for delivery, has been demonstrated to decrease protein 

adsorption and maintain some functionality of surface-exposed targeting moieties.[21–23] 

Yet, such strategies can display variable efficacy depending on the underlying nanoparticle 

and bioenvironmental factors.[24,25]

Although many studies classify protein corona composition around specific nanoparticle 

systems, significant debate persists as to which protein and nanoparticle characteristics are 

most important in determining corona composition, and how different biological 

environments contribute to compositional and temporal corona heterogeneity.[4,26] While 

prior studies clarify different aspects of bio-corona formation, system constraints such as 

surface-immobilization or treating the protein corona as existing at thermodynamic 

equilibrium make it difficult to reliably translate results to real biofluid systems.[3,27,28] 

Additionally, many nanosensor technologies are tested for biofouling and biocompatibility 

in blood serum, a blood-based fluid rich in albumin, the most abundant blood plasma 

protein, and devoid of blood clotting proteins. The assumptions that serum is a 

representative biofluid for confirming in vivo function and that protein abundance in a native 

biofluid determines its relative abundance in a nanoparticle corona both stand to be refined.

Understanding protein corona formation is essential to design nanoparticles that are robust 

and stable in biological environments. Our work focuses on single-walled carbon nanotubes 

(SWCNTs), a nanoparticle class that possesses unique optical and physical properties ideal 

for biological imaging, molecular sensing, and delivery applications.[1,29–31] To apply 

hydrophobic SWCNTs in aqueous biological systems, noncovalent functionalization with 

amphiphilic polymers imparts water solubility to the SWCNT, while retaining the near-

infrared-emissive electronic structure.[29] Select polymers confer molecular recognition 

functionality when adsorbed to the SWCNT surface, such as single-stranded DNA (ssDNA). 

Specifically, ssDNA sequences (GT)6 or (GT)15 adsorbed to SWCNTs are implemented to 

image the neurotransmitter dopamine in the brain at spatiotemporal scales of relevance to 

endogenous neuromodulation.[30,32,33] ssDNA-functionalized SWCNTs have further been 

applied in intravenous in vivo scenarios, to monitor endolysosomal lipid accumulation[34] 

and nitric oxide production.[35] To design and apply these and other SWCNT-based 

nanotechnologies in biological systems, it is crucial to understand the composition, 

dynamics, and dominant mechanisms of protein corona formation.
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Herein, we explore protein corona formation probed with a selective adsorption assay 

generalizable to different types of nanoparticles and biofluids. We focus on two 

nanoparticles: a model system of commonly studied polystyrene nanoparticles (PNPs)
[5,14,16,28,36] and a newer system of noncovalently functionalized SWCNTs. Protein 

adsorption on these nanoparticles is assessed in two biofluids: blood plasma, a standard 

biofluid relevant for blood circulation applications, and cerebrospinal fluid (CSF), an 

understudied biofluid relevant for central nervous system studies. An understanding of the 

corona formed on SWCNTs in CSF has not been investigated and is imperative for 

developing SWCNT-based applications in the brain, including mapping of the brain 

extracellular space[37] and vasculature,[38] neurotransmitter imaging,[30,39] and delivery to 

the brain.[31] Corona composition characterized by quantitative, label-free mass 

spectrometry analysis reveals key protein corona contributors and isolation of protein factors 

governing corona formation. We identify interactions driving protein adsorption, where 

hydrophobic interactions dominate formation of the inner corona, while electrostatic 

interactions govern formation of the outer corona. To quantify the time-dependent protein 

corona formation process, we assess binding thermodynamics and kinetics by measuring 

adsorption of key proteins to (GT)15-SWCNTs via isothermal titration calorimetry (ITC) and 

a corona exchange assay.[40] Finally, the protein-SWCNT complex structure is ascertained 

by small-angle x-ray scattering (SAXS), demonstrating changing mass fractal morphology 

of ssDNA-SWCNTs in the presence of a high-binding protein (fibrinogen) otherwise absent 

with the low-binding protein (albumin). Overall, we present a holistic experimental approach 

and analysis methodology to understand the complexities of protein corona formation, and 

apply this framework to examine an understudied system of interest: SWCNT-based probes 

in brain.

Results and Discussion

1. Protein Corona Composition

Protein corona composition was studied on (GT)15-functionalized SWCNTs (see synthesis 

in SI; average 1 nm diameter, 500 nm length) and PNPs (100 nm diameter) in blood plasma 

(normal human, pooled donors; Innovative Research Inc.) and cerebrospinal fluid (CSF; 

normal human, pooled donors; Lee Biosolutions). Selective adsorption of proteins onto 

nanoparticles was evaluated by (i) incubating nanoparticles with biofluid for 1 h, (ii) 

isolating protein-nanoparticle complexes by centrifugation, (iii) removing unbound proteins 

by washing, (iv) eluting bound proteins from nanoparticles with surfactant and reducing 

agent, and (v) characterizing proteins by two-dimensional polyacrylamide gel 

electrophoretic separation (2D PAGE) or liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) (Figure S2; see methods in SI).[16] Following workflow validation (Figure S2 

and Figure S3), protein coronas were studied on these two distinct nanoparticle surfaces 

(PNPs and (GT)15-SWCNTs) in two biofluids (plasma and CSF). PAGE analysis confirmed 

that proteins showed selective enrichment or depletion fingerprints on nanoparticles (Figure 

S4). More in-depth protein corona composition studies were subsequently undertaken by 

performing in-solution trypsin digestion of proteins eluted from nanoparticles, followed by 

protein characterization with label-free, quantitative LC-MS/MS. Analysis by LC-MS/MS 

provides (i) molar corona protein abundances via comparison to an internal standard and (ii) 
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enrichment or depletion in each nanoparticle corona, relative to protein concentrations in the 

native biofluid (see SI). Protein abundances, fold changes, and functional classes for protein 

coronas formed on PNPs and (GT)15-SWCNTs are represented graphically in Figure 1 

(plasma) and Figure 2 (CSF) (full protein lists in Figure S5, Figure S6, and attached 

datasheet). The twenty most abundant proteins in the nanoparticle coronas are summarized 

in Table 1 (plasma) and Table 2 (CSF).

1.1. Blood plasma protein corona composition—Our LC-MS/MS analysis 

highlights the significant enrichment vs. depletion of specific plasma proteins in the 

nanoparticle coronas (Figure 1). First, plasma proteins identified in the PNP corona are 

corroborated by previous literature.[14,16] Of note for (GT)15-SWCNTs, serum albumin is 

the most abundant protein in plasma (55% w/v in plasma), yet does not appreciably adsorb: 

albumin is in low abundance and significantly depleted in the corona, with a 1300-fold lower 

bound concentration relative to native plasma. Broadly, corona proteins on PNPs are more 

diverse in functional classes than corona proteins on (GT)15-SWCNTs, representing a range 

of endogenous functions including adaptive immune response and transport, for which 

proteins are largely absent on (GT)15-SWCNTs. We quantify these protein functional roles 

implicated in corona formation by regressing ln-fold change against protein class using 

effect-coding while controlling for sample-to-sample variability (Figure S7 and Figure S8). 

The dissimilarities from this analysis highlight the less selective association of proteins to 

PNPs in comparison to (GT)15-SWCNTs, where this ability of (GT)15-SWCNTs to resist 

nonspecific protein biofouling is promising towards SWCNT-based biotechnology 

applications.

In particular, plasma proteins enhanced on (GT)15-SWCNTs are involved in (i) lipid 

binding/transport (150%-fold change over the average of all protein classes) and (ii) 

complement activation (140%-fold change). These LC-MS/MS results suggest that, due to 

corona formation, (GT)15-SWCNTs will have reduced nonspecific cellular uptake (high 

clusterin adsorption[36]), prolonged circulation in blood (overall high apolipoprotein 

adsorption[5]), and minimal activation of the adaptive immune response (low 

immunoglobulin representation) compared to other nanoparticles (i.e. PNPs). Detrimental 

responses, however, may include activating the innate immune response (high complement 

C3 and other complement protein adsorption[42,43]) and eliciting inflammatory responses 

(high fibrinogen adsorption[5,8,27]) (see SI).

We further compared the plasma corona formed on (GT)15-SWCNTs to that on (GT)6-

SWCNTs, where the adsorbed ssDNA differs in length (30 vs. 12 nucleotides) and 

morphology (helical vs. ring wrapping).[32] Plasma proteins identified in the (GT)6-SWCNT 

corona approximately match those in the (GT)15-SWCNT corona (Figure S5 and Table S2), 

and the analogous regression of protein functional classes suggests that the SWCNT surface, 

rather than the initial ssDNA corona, determines protein adsorption selectivity (Figure S7 

and Figure S9). Surface passivation with ssDNA does, however, lead to distinct results 

compared to prior protein corona characterization on pristine or carboxylated SWCNTs,
[44,45] where adsorption of albumin and immunoglobulins is seemingly prohibited by an 

initial ssDNA corona.
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1.2. Cerebrospinal fluid protein corona composition—We repeated our assay and 

analysis to study protein corona formation from CSF on PNPs and (GT)15-SWCNTs (Figure 

2). Highly abundant proteins in the CSF corona formed on (GT)15-SWCNTs include 

complement C3 as the most abundant (26-fold enriched relative to native CSF), clusterin as 

the 2nd most abundant (15-fold enriched), and histidine-rich glycoprotein as the 3rd most 

abundant (41-fold enriched). Again, serum albumin is remarkably absent, with over 2.5 

million-fold lower bound concentration relative to native CSF. Notably, the reproducible 

outlier of galectin-3-binding protein (G3BP) emerges, which is the 4th most abundant and 

most strongly enriched (80-fold) protein on the (GT)15-SWCNT surface. Identification of 

highly adsorbing and potentially interfering proteins could enable a priori design of future 

nanosensors to either promote selective or mitigate unfavorable protein adsorption.

LC-MS/MS analysis of the CSF-based protein corona revealed proteins across a range of 

functional classes for both nanoparticles (Figure S7). Protein classes that have higher than 

average fold change on (GT)15-SWCNTs are coagulation proteins (441% higher fold change 

than average), complement proteins (213% higher), and cell adhesion/signal transduction 

proteins (486% higher).

Many proteins have the same corona representation on (GT)15-SWCNTs across plasma and 

CSF, including clusterin, histidine-rich glycoprotein, and complement C3. Conversely, 

certain proteins show distinctive behaviors in the (GT)15-SWCNT corona formed from 

different biofluids, such as serotransferrin missing from the plasma corona and present in the 

CSF corona, despite serotransferrin’s higher native concentration in plasma. These 

discrepancies point to mechanisms such as adsorption cooperativity and the Vroman effect,
[27] whereby surface adsorption is dictated by relative affinities and abundances of all protein 

constituents in the bulk to determine the end-state corona. We also find that while plasma 

protein content in the corona vs. native biofluid is positively correlated for plasma proteins 

on PNPs (R2 = 0.461), this scaling does not hold for either (GT)15-SWCNTs (R2 = 0.101) or 

(GT)6-SWCNTs (R2 = 0.072) (Figure S11). This again suggests complex mechanisms 

driving selective corona adsorption on SWCNTs and, depending on the biofluid, also PNPs.

2. Protein Corona Formation Mechanisms

2.1. Molecular phenomena involved in protein corona formation

To evaluate the nanoscale mechanisms involved in corona formation, we linearly regressed 

the ln-fold change against protein physicochemical properties including mass, post-

translational modification frequency, binding site frequency, and amino acid percent 

compositions (Figure 3 and Figure S10; see SI).[46,47] Statistically, the calculated regression 

coefficients quantify the fractional difference of the fold change for a protein with a unit 

increase of the independent variable, holding all other independent variables constant. 

Thermodynamically, the regression coefficients quantify the free energy change of a protein 

adsorbing into the corona per unit of the independent variable in units of kbT (see derivation 

in SI). Proteins often denature upon surface adsorption, exposing otherwise solvent-

inaccessible residues.[27,45,48–50] Accordingly, we include all amino acid groups in the 

regression analysis rather than only solvent exposed groups. Future work should isolate the 

roles residue accessibility and/or protein structure play on corona formation.
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This regression analysis reveals that PNPs are generally agnostic to physicochemical 

properties of proteins entering the corona, except for a slight favorable interaction associated 

with the aromatic phenylalanine residue and unfavorable interaction with tyrosine. In 

contrast, the plasma corona formed on (GT)15-SWCNTs is selective, showing unfavorable 

interactions with non-aromatic, hydrophobic amino acids (−0.53 kbT/%hydrophobic), 

despite the extremely hydrophobic SWCNT surface. However, we find aromatic residues are 

enhanced in the (GT)15-SWCNT plasma corona, namely phenylalanine (0.57 kbT/%F), 

tyrosine (0.22 kbT/%Y), and tryptophan (0.39 kbT/%W). Regarding basic residues, lysine 

(and to a lesser extent, arginine) content is also associated with unfavorable interactions with 

(GT)15-SWCNTs (−0.63 kbT/%K), which is surprising in that positively charged proteins 

are expected to have favorable electrostatic interactions with the negatively charged, solvent-

exposed phosphate backbone of ssDNA on the SWCNT. Moreover, more negatively 

charged, acidic residue content led to enhancement in the protein corona (0.31 kbT/%acidic). 

This result indicates that protein charges are effectively screened by salt in solution or that 

proteins interact directly with the solvent-accessible SWCNT surface. The latter hypothesis 

is supported by the low initial ssDNA coverage on the SWCNT (~1–25%)[40,51,52] and the 

small fraction of ssDNA removed from the SWCNT during protein adsorption (~1–5%).[40] 

Direct protein interaction with the SWCNT surface could also explain the enhancement of 

aromatic residues, as they would favorably interact via π-π stacking directly with the 

graphitic SWCNT surface.

Apart from the favorable aromatic residue contribution, (GT)15-SWCNTs have strikingly 

different interactions with proteins in CSF. In CSF, unlike in plasma, acidic residues are 

associated with unfavorable interactions with SWCNTs (−0.52 kbT/%acidic), whereas 

positively charged arginine (and to a lesser extent, lysine) have favorable interactions (1.53 

kbT/%R). The tendency of ssDNA-SWCNTs in CSF to interact favorably with positively 

charged residues and unfavorably with negatively charged residues suggests that the 

negatively charged ssDNA wrapping is less screened electrostatically by other adsorbed 

proteins (seeing as net ionic strength in both biofluids is comparable), or that more ssDNA 

remains immobilized on the SWCNT surface following protein exposure in CSF than in 

plasma (Figure S12). In sum, these regression results emphasize the non-intuitive nature of 

corona formation, in that seemingly important properties for corona formation such as in-

solution protein stability are not predictive of presence in a nanoparticle corona.

2.2. Driving forces of protein corona formation

To gain further insight on interactions driving protein adsorption to nanoparticles, incubation 

conditions of (GT)15-SWCNTs exposed to plasma were varied and corona proteins were 

characterized by 2D PAGE. Specifically, conditions varied include dynamics (to probe 

corona stability), ionic strength (to probe electrostatic interactions), and temperature (to 

probe entropic contributions) (Figure 4). Under dynamic protein-nanoparticle incubation, 

proteins in the outer adsorbed plane undergo shear and are removed. Remaining proteins are 

postulated to represent the inner, more tightly bound “hard” corona proteins that interact 

more strongly with the nanoparticle surface, while removed proteins represent the outer, 

more loosely bound “soft” corona proteins that interact with other adsorbed proteins. We 

note that in both cases, the proteins are co-precipitated with the nanoparticles for 
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characterization. For (GT)15-SWCNTs, apolipoproteins A-I, clusterin, complement C3, 

fibrinogen, and alpha-1-antitrypsin compose the hard corona, while some soft corona 

proteins of interest include albumin and haptoglobin. Elimination of salt during incubation 

increases the role of repulsive electrostatic forces by removing ionic charge screening. This 

absence of charge screening means that proteins and nanoparticles do not approach as 

closely in solution and that lateral electrostatic interactions of surface-adsorbed proteins 

increase, both of which result in less protein adsorption.[53] For (GT)15-SWCNTs, the three 

hard-corona proteins (apolipoprotein A-I, complement C3, and fibrinogen) still enter the 

corona despite the lack of charge shielding. This result points to the role of non-electrostatic 

forces facilitating formation of the hard corona, likely hydrophobic interactions, that drive 

protein-SWCNT adsorption even under electrostatically adverse conditions of electric 

double-layer repulsion (as supported by zeta potential measurements of nanoparticles and 

plasma proteins, separately, Figure S3). In addition, most soft corona proteins are missing in 

the no salt incubation, underscoring the need for charge-screening for soft corona formation. 

Finally, higher temperature incubation increases weighting of the entropic contribution to the 

overall free energy change of protein binding. Entropic contributions originate from the 

solvent (positive, as hydration shells of the protein and surface are released to bulk) and 

protein (negative, from the adsorbate losing degrees of freedom and potentially positive if 

proteins unfold upon adsorption). At physiological temperature, hard-corona proteins are 

still able to adsorb to (GT)15-SWCNTs, indicating that adsorption of these proteins is 

entropically favorable and/or enthalpically driven. Enthalpic contributions arise from 

noncovalent interactions between proteins and the SWCNT surface, and hydrogen bond 

formation within the bulk solvent as proteins leave solution to enter the adsorbed state. Thus, 

hard-corona proteins undergo high affinity binding to (GT)15-SWCNTs despite dynamic 

perturbation, low ionic strength, and increased temperature incubation conditions.

3. Protein Corona Dynamics

Beyond probing corona composition at the end point of adsorption, we investigated corona 

formation dynamics to understand the time-dependent process and overall system energetics 

driving corona formation. Towards this end, isothermal titration calorimetry (ITC) was 

applied to probe the thermodynamics of protein adsorption to SWCNT surfaces.[6,25,54] We 

studied binding of (GT)15-SWCNTs with two proteins identified by LC-MS/MS with 

opposite binding affinities: albumin, selected as a model low-binding protein, and 

fibrinogen, a model high-binding protein. ITC results confirm that fibrinogen preferentially 

adsorbs to (GT)15-SWCNTs and albumin does not, as evidenced by the binding curve in the 

former and absence of changing heats upon injection in the latter (Figure S13). From the 

ITC binding curve of fibrinogen with (GT)15-SWCNTs, the change in enthalpy is −565.2 

kJ/mol and the change in entropy is −1.756 kJ/K-mol. This favorable enthalpic term 

outweighs the net unfavorable entropic terms to ultimately drive formation as a spontaneous, 

energetically favorable process: the net change in free energy is −41.91 kJ/mol. However, 

these ITC results must be interpreted with the consideration that the equilibrium requirement 

for this thermodynamic analysis is not rigorously held (see SI).[3,27,28] This binding profile 

shape for protein-surface adsorption processes often emerges as a result of adsorption-

induced protein spreading/denaturation, reorientation, and aggregation as functions of bulk 
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protein concentration, in contrast to originating from the dynamic equilibrium between the 

fluid and surface-adsorbed phases required for Langmuirian adsorption.[48–50,55] Thus, 

although these binding curves confirm compositional findings of the relative binding 

affinities, it should be noted that ITC is not a suitable methodology to study all nanoparticle-

protein systems and these limitations must be reflected in interpreting these energetics as 

overall changes in system energies, rather than a true deconvolution of protein-nanoparticle 

binding interactions.

We next implemented a real-time kinetic binding assay to study dynamic protein interactions 

with SWCNTs.[40] Briefly, multiplexed fluorescence enables tracking each entity involved in 

the corona formation process, with cyanine 5 (Cy5)-tagged ssDNA originally on the 

SWCNT surface exchanging with protein added to solution. We implemented this platform 

to track the binding of key plasma corona proteins to (GT)15-SWCNTs and (GT)6-SWCNTs 

(Figure 5a–b), with desorption of Cy5-tagged ssDNA originally on the SWCNT measured as 

an increase in Cy5 fluorescence and used as a proxy for protein adsorption to SWCNT. 

Specifically, we assayed the protein panel: clusterin, apolipoprotein A-I, fibrinogen, and 

complement C3, which are predicted to adsorb in high abundance to (GT)15-SWCNTs, and 

alpha-2-HS glycoprotein, immunoglobulin G, and albumin, which are predicted to adsorb 

less to (GT)15-SWCNTs based on LC-MS/MS compositional analysis (see expected 

ordering in Table 1). Interestingly, the order of protein adsorption was: fibrinogen > 

apolipoprotein A-I > alpha-2-HS glycoprotein > immunoglobulin G ≈ clusterin > 

complement C3 > albumin (Figure 5a). While this result affirms the high affinity of 

fibrinogen and apolipoprotein A-I vs. low affinity of albumin to (GT)15-SWCNTs, some of 

the single-protein end states do not match the relative ordering of protein abundances from 

the full-biofluid LC-MS/MS experiments. Accordingly, higher order interactions such as the 

Vroman effect are further supported in affecting protein adsorption in the full-biofluid 

experiments, absent in the single-protein experiments. Moreover, these time-dependent 

dynamics reveal that the rates of protein binding are distinct among proteins, even though 

some converge to the same final value (such as alpha-2-HS glycoprotein and clusterin). A 

comparison of this same protein panel binding to (GT)6-SWCNTs is provided because the 

shorter ssDNA strand is displaced more readily, providing a greater spread between protein 

species (Figure 5b; see expected ordering in Table S2). The dynamics of protein adsorption 

recapitulate similar high- vs. low-binding propensities, yet, complement C3 and clusterin 

again display significantly less adsorption than expected based on LC-MS/MS results, 

signifying that these proteins enter the corona with cooperative binding mechanisms (e.g. C3 

binding to other surface-adsorbed proteins[56]) rather than by high binding affinity to the 

SWCNT surface on their own. To more quantitatively build a physical picture of protein-

SWCNT association, we next expand to structural studies of these protein-nanoparticle 

complexes.

4. Protein Corona Morphology

To evaluate in-solution structural changes of the (GT)15-SWCNTs due to protein corona 

formation, small-angle X-ray scattering (SAXS) was performed with two proteins, albumin 

and fibrinogen, as low-binding and high-binding proteins, respectively. SAXS results 

confirm formation of unique form factors and thus complexation for (GT)15-SWCNTs with 
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fibrinogen, absent for the case of albumin (Figure 5c), therefore recapitulating corona 

compositional findings.

The intrinsically disordered experimental SAXS profiles were fit using mass fractal 

geometries, complemented by power-law dependencies from the Porod region, as detailed in 

SI (Figure 5c, Figure S14, and Table S5).[57–59] The mass fractal radii (all R~1 nm), 

traditionally defined as the radius of the uniform sphere used to cover the fractal, suggest 

that the overall topology of the (GT)15-SWCNTs remains constant with and without protein. 

The fractal dimension Dm and analogous power-law exponent p, found to be in close 

agreement, estimate the bulk geometries of the mass fractals, where the integer value 

represents the three dimensions in Euclidean space such that values of 1, 2, and 3 represent 

rod, disk, and sphere geometries, respectively. The decrease in fractal dimension from 

Dm~1.90 for (GT)15-SWCNTs with or without albumin to Dm=1.77 for (GT)15-SWCNTs 

with fibrinogen reveals an initial disk-like mass fractal geometry, then elongation to gain 

rod-like character in the presence of fibrinogen (Figure 5c). This is consistent with previous 

literature in which fibrinogen binds to SWCNTs in a lengthwise manner.[45,60] Furthermore, 

the decrease of (GT)15-SWCNT Dm in the presence of fibrinogen signifies increasing 

attractive forces between the molecular entities and consequent colloidal instability.[61] 

Finally, the cutoff length ζ, or the maximum distance between any two points of the mass 

fractal, undergoes a ten-fold increase for (GT)15-SWCNTs with fibrinogen, denoting a 

drastic increase in the aggregate size. Thus, SAXS confirms fibrinogen complexation with 

(GT)15-SWCNTs, suggests a side-on orientation (as reiterated by TEM, Figure S15), and 

enables quantification of the changing fractal structure, pointing to the role of multilayer 

adsorption mechanisms and aggregate formation.

Conclusion

As engineered nanoparticles are increasingly implemented as tools to study and alter 

biosystems, it is crucial to develop an understanding of how these nanoparticles interact with 

their biological surroundings. Accordingly, we have conducted a multimodal study to 

characterize protein corona formation in a biologically representative in-solution state. We 

focus on applying (GT)15-SWCNTs in the brain microenvironment, although the framework 

itself is generic to study protein corona composition on other nanoparticles and in other 

biofluids.

We find that while PNPs are largely agnostic to protein adsorption, (GT)15-SWCNTs show 

strong preferential binding of proteins involved in lipid transport, complement activation, 

and blood coagulation. Importantly, enrichment of complement proteins (especially C3) on 

ssDNA-SWCNTs is concerning due to the potential of nanoparticle opsonization and 

complement pathway activation. The selectivity of proteins binding to (GT)15-SWCNTs 

motivates either the rational design of sensors harnessing innate affinity for the SWCNT 

surface, or the development of SWCNT-based nanosensors passivated against detrimental 

biofouling. Additionally, (GT)15-SWCNTs show high binding of fibrinogen and low binding 

of albumin, despite the prevalence of albumin binding on other nanoparticles across a body 

of previous literature.[62] This raises cogent concern for the need to test nanotechnologies in 

blood plasma (with all protein constituents present) rather than blood serum (absent of 
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fibrinogen), where fibrinogen may be a more important contributor to diminished in vivo 
efficacy than albumin.

We connect protein attributes that dictate protein-nanoparticle interactions to the 

thermodynamics and transient kinetics of protein-nanoparticle binding. Outer corona 

formation can be mitigated by tuning electrostatic interactions through nanoparticle design 

and by applying dynamic flow conditions (such as in circulating environments), whereas 

entropic considerations must be considered for the inner corona. Moreover, protein 

properties mediate adsorption differently in each biofluid, underscoring the complexity of 

corona formation. This phenomenon emphasizes that protein corona formation is a function 

of collective interactions at the nano-bio interface, rather than a property of isolated protein-

nanomaterial interactions.

This work clarifies fundamental interactions for nanoscale systems in which development 

and optimization is done in vitro, with a desired application in vivo. Difficulties persist in 

the effective application of ssDNA-SWCNTs in brain imaging and delivery, including 

biofouling and the tendency of ssDNA-SWCNTs to aggregate in the presence of proteins. A 

more in-depth understanding of the protein corona could allow a priori prediction of 

biodistribution profiles and/or enable us to better understand these results in organisms. 

Elucidating protein corona composition, dynamics, structure, and driving forces that mediate 

nanoparticle-protein interactions will establish design considerations for nanosensor 

development and provide a framework for understanding how and why our engineered 

nanoparticles are affecting, and being affected by, complex bioenvironments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Blood plasma protein corona compositional map determined by proteomic mass 
spectrometry.
Protein corona formed from blood plasma on (a) PNPs and (b) (GT)15-SWCNTs. Full 

protein lists are available in SI (Figure S5 and attached datasheet). Circle size corresponds to 

protein abundance (femtomolar). Proteins are grouped by functional class according to color 

(PANTHER).[41] Log2 fold change is in comparison to the biofluid alone, e.g. log2 fold 

change of zero indicates the same relative amount of protein exists in the corona as in bulk 

solution of the native biofluid, while < 0 is depletion and > 0 is enrichment. Names are 

included for proteins of interest or used for subsequent experiments. Colored boxes at x-axis 

limits indicate no protein detected in either corona (x < 2−6 or 2−8) or biofluid (x > 28). Data 

represent experimental triplicate for plasma with nanoparticles, technical triplicate for 

plasma alone.
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Figure 2. Cerebrospinal fluid (CSF) protein corona compositional map determined by proteomic 
mass spectrometry.
Protein corona formed from CSF on (a) PNPs and (b) (GT)15-SWCNTs. Full protein lists 

are available in SI (Figure S6 and attached datasheet). Circle size corresponds to protein 

abundance (femtomolar). Proteins are grouped by functional class according to color 

(PANTHER).[41] Log2 fold change is in comparison to the biofluid alone, e.g. fold change of 

zero indicates the same relative amount of protein exists in the corona as in bulk solution of 

the native biofluid, while < 0 is depletion and > 0 is enrichment. Names are included for 

proteins of interest or used for subsequent experiments. Colored boxes at x-axis limits 

indicate no protein detected in either corona (x < 2−6 or 2−8) or biofluid (x > 28). Data 

represent technical triplicate for CSF with and without nanoparticles.
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Figure 3. Molecular attributes of proteins that govern protein corona formation for each 
nanoparticle-biofluid pairing.
Ln-fold change regression coefficients for molecular attributes of proteins (rows) for each 

nanoparticle-biofluid pairing (columns). Cells are colored from dark purple (negative effect 

on fold change) to white (no effect) to dark blue (positive effect). Standard errors of the 

coefficients are given in parenthesis. Results that have false-discovery-rate-corrected p-

values below 0.1 are bolded and noted with asterisks. Amino acid groupings include: non-

aromatic hydrophobic (sum of alanine, valine, isoleucine, leucine, and methionine content), 
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hydrophilic (sum of serine, threonine, asparagine, and glutamine content), and acidic (sum 

of aspartic acid and glutamic acid content).
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Figure 4. Effect of varying incubation parameters to probe corona stability, electrostatic 
interactions, and entropic contributions to corona formation of plasma proteins on (GT)15-
SWCNTs.
(a) Schematics depicting incubation conditions affecting corona adsorption, with reference 

conditions (top) vs. varied conditions (bottom). (b) Proteins present in native plasma (left-

most column) as compared to the plasma corona formed on (GT)15-SWCNTs under 

reference conditions (static, 0.1 M phosphate-buffered saline, and 25°C incubation) and 

varying incubation conditions, including: dynamic (on orbital shaker; to probe corona 

stability), no salt (water; to probe ionic effects), and temperature (37°C; to probe entropic 
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contributions). Color indicates normalized appearance frequency of protein in corona 

characterized by 2D PAGE (N ≥ 3 experimental replicates; see details in SI).
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Figure 5. Protein corona dynamics and structure assessed for binding of key proteins to ssDNA-
SWCNTs.
A corona exchange assay is employed to determine binding kinetics of a protein panel (each 

at 80 mg L−1 final concentration) to (a) (GT)15-SWCNTs and (b) (GT)6-SWCNTs (each at 5 

mg L−1 final concentration). Shaded error bars indicate standard error between experimental 

replicates (N = 3). Small-angle x-ray scattering (SAXS) is applied to gain in-solution 

structural information of albumin vs. fibrinogen adsorption on (GT)15-SWCNTs. (c) 
Experimental SAXS profiles for 0.5 g L−1 (GT)15-SWCNTs with and without albumin or 

fibrinogen, each at 0.5 g L−1 final concentrations. Mass fractal model fits are included in 

purple together with fit residuals on the right. The accompanying illustration depicts the 

mass fractal dimension Dm increasing from approximately 1 (rod-like) to 2 (disk-like), with 

the fit Dm values for (GT)15-SWCNTs in the presence and absence of proteins.
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Table 1.

Top 20 most abundant proteins identified by proteomic mass spectrometry in plasma nanoparticle coronas.

Plasma PNPs in plasma (GT)15-SWCNTs in plasma

1 Serum albumin Alpha-2-HS-glycoprotein Clusterin

2 Haptoglobin Ig kappa constant Histidine-rich glycoprotein

3 Ig kappa constant Haptoglobin Apolipoprotein A-I

4 Ig heavy constant gamma Complement C3 Complement C3

5 Serotransferrin Kininogen-1 Haptoglobin

6 Apolipoprotein A-I Ig heavy constant gamma 1 A disintegrin and metalloproteinase with 
thrombospondin motifs 12

7 Complement C4 Apolipoprotein A-II Complement C1r subcomponent

8 Telomeric repeat-binding factor 2-
interacting protein

tRNA-dihydrouridine(47) synthase [NAD(P)
(+)]-like

Vitronectin

9 Alpha-1-antitrypsin Beta-2-glycoprotein 1 Kininogen-1

10 Alpha-2-HS-glycoprotein Vitronectin Prothrombin

11 Apolipoprotein A-II Serum albumin C4b-binding protein alpha chain

12 Ig heavy constant alpha 1 Vitamin D-binding protein Complement factor H

13 Integrin alpha-7 A disintegrin and metalloproteinase with 
thrombospondin motifs 12

Fibrinogen alpha chain

14 Alpha-2-macroglobulin Hemopexin Protein AMBP

15 Complement C3 Apolipoprotein A-I Beta-2-glycoprotein 1

16 Complement C5 Ig lambda-like polypeptide 5 Apolipoprotein E

17 Hemopexin Histidine-rich glycoprotein Complement C1q subcomponent subunit B

18 Alpha-1-acid glycoprotein 1 Clusterin Ig heavy constant gamma 1

19 Ig heavy constant mu Alpha-1-antitrypsin Ig J chain

20 Beta-2-glycoprotein 1 Serum paraoxonase/arylesterase 1 Galectin-3-binding protein
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Table 2.

Top 20 most abundant proteins identified by proteomic mass spectrometry in CSF nanoparticle coronas.

CSF PNPs in CSF (GT)15-SWCNTs in CSF

1 Serum albumin Cystatin-C Complement C3

2 Transthyretin Complement C3 Clusterin

3 Alpha-1-antitrypsin Clusterin Histidine-rich glycoprotein

4 Prostaglandin-H2 D-isomerase Prostaglandin-H2 D-isomerase Galectin-3-binding protein

5 Serotransferrin Alpha-2-HS-glycoprotein Apolipoprotein E

6 Cystatin-C Collagen alpha-2(XI) chain Prostaglandin-H2 D-isomerase

7 Alpha-1-acid glycoprotein 1 Beta-2-glycoprotein 1 Kininogen-1

8 Hemoglobin subunit alpha Gelsolin Apolipoprotein A-I

9 Ig heavy constant gamma 1 Serotransferrin Vitronectin

10 Vitamin D-binding protein Vitronectin Transthyretin

11 Ceruloplasmin Ig heavy constant gamma 1 Gelsolin

12 Hemopexin Apolipoprotein E Ig heavy constant gamma 1

13 Apolipoprotein E Fibulin-1 Serotransferrin

14 Ig kappa constant Major prion protein Complement C1s subcomponent

15 Apolipoprotein A-I Kininogen-1 Complement C1q subcomponent subunit B

16 Hemoglobin subunit beta EGF-containing fibulin-like extracellular 
matrix protein 1

Fibulin-1

17 Haptoglobin Complement factor H Complement factor H

18 Clusterin Histidine-rich glycoprotein Major prion protein

19 Suppression of tumorigenicity 18 protein Fibrinogen beta chain Fibrinogen alpha chain

20 Gelsolin ProSAAS Cystatin-C
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