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Abstract 
 

On Protein Corona Formation: Understanding Nano-Bio Interactions Toward Engineering 
Optical Nanomaterials 

 
by 
 

Rebecca L. Pinals 
 

Doctor of Philosophy in Chemical Engineering 
 

University of California, Berkeley 
 

Professor Markita P. Landry, Chair 
 
Engineered nanoparticles have emerged as a promising platform upon which to develop biological 
sensing, imaging, and delivery tools. Yet, a paramount challenge toward implementing such 
technologies is understanding how these engineered nanoparticles are affecting and being affected 
by the complex bioenvironments in which they are applied. Introducing a nanoparticle into a 
biological system rapidly establishes a nano-bio interface, as biomolecules, most notably proteins, 
adsorb to the nanoparticle surface to form the “corona”. The abruptness of protein adsorption on 
foreign nanoparticle surfaces causes proteins to interact in atypical modes, contrary to normal 
biomolecular interactions governed by precise genetic control, and often produces undesirable 
outcomes such as protein denaturation. Further, protein corona formation unpredictably changes 
the nanoparticle identity and fate, as the adsorbed proteins mask original surface characteristics 
and endow new biochemical properties to the nanoparticle. As a result, how the nanoparticle-
corona complex interacts with biological machinery is impacted and in vivo circulation, 
bioaccumulation, and biocompatibility outcomes are drastically modified. Consequently, protein 
corona formation can disrupt the nanoparticle’s designated function by attenuating or eliminating 
nanoparticle efficacy relative to its in vitro performance. Conversely, the protein corona can be 
taken advantage of, with an engineered protein corona that facilitates new sensing modalities or 
stealth transport in targeted delivery applications, with improved nanoparticle functionality or 
therapeutic effect to follow. In both cases, the protein corona displayed on the nanoparticle surface 
is a principal design parameter for ensuring successful applications of nanotechnologies in 
biological systems. 
 
In this dissertation, I develop a framework of analysis to quantitatively characterize protein corona 
formation that occurs on nanoparticle substrates in different biological environments. I adopt a 
primarily experimental approach, with complementary physics-based and statistical modeling, 
toward investigating these nano-bio interfacial interactions. I begin with a multimodal 
characterization of protein corona composition, driving forces of formation, and kinetics in 
relevant biological media. These studies primarily focus on protein adsorption to single-stranded 
DNA-functionalized single-walled carbon nanotube (ssDNA-SWCNT) probes. ssDNA-SWCNTs 
are an appealing tool for biological sensing and imaging because they operate at spatiotemporal 
scales necessary to capture information on complex biological systems, such as neurotransmitter 
signaling in the brain. However, it is of note that the methods of corona characterization and 
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framework of understanding are generalizable to different nanoparticles in different 
bioenvironments. To probe the protein corona composition, I have optimized a platform to isolate 
nanoparticle-bound corona proteins and to determine abundance and differential enrichment vs. 
depletion of corona proteins by mass spectrometry-based proteomics. This analysis provides 
protein corona compositional maps for nanoparticles that underscore the selectivity of corona 
formation, reveal key proteins and protein functional roles implicated in corona formation, and 
enable analysis of protein physicochemical properties governing adsorption to nanoparticle 
surfaces. By varying incubation conditions of ssDNA-SWCNTs in biofluids, I investigate the role 
different interactions have on driving selective protein corona formation dependent on corona 
layer, including electrostatic and hydrophobic forces. These experimental studies are 
complemented by mathematical modeling, with a colloid thermodynamic framework to describe 
how the nanoparticle and protein interact in solution, and classification modeling, with a 
supervised learning approach to move toward predicting nano-bio interactions. To study the 
dynamic exchange of biomolecules on the SWCNT surface, I have developed a multiplexed 
fluorescence assay that enables real-time tracking of biomolecule adsorption and desorption 
events, with corresponding kinetic modeling of this exchange process. From these dynamic corona 
studies, I provide insight on the general translatability of whole-biofluid nano-bio interactions to 
single-protein experiments, while highlighting the role of cooperativity effects driving certain 
protein-nanoparticle interactions. Moreover, this corona exchange assay can be readily extended 
to examine various biomolecules binding on nanoparticles and enables study in solution rather 
than in a surface-immobilized, less biologically relevant, setting. Understanding the protein corona 
composition, driving forces of formation, and dynamics under relevant solution conditions informs 
design and synthesis of nanotechnology-based tools applied in protein-rich environments. 
 
Although corona formation can impair nanobiotechnology efficacy, it also presents an opportunity 
to create improved protein-nanoparticle architectures by exploiting selective protein adsorption to 
the nanoparticle surface. Toward this end, I leverage the fundamental understanding of nano-bio 
interactions developed in the first portion of this dissertation to design and develop a novel 
nanosensor for viral protein detection. This nanosensor harnesses SWCNTs to provide the optical 
signal readout, together with proteins that possess intrinsic recognition ability for the analyte of 
interest: the ACE2 cell membrane protein is used to bind to the SARS-CoV-2 spike protein analyte. 
The resulting ACE2-SWCNT nanosensors are thus developed and validated in a proof-of-principle 
study to create hybrid nano-bio constructs for rapid, label-free protein detection. Notably, this 
sensing platform is intended to enable rapid detection of live virus (denoting current viral 
infection) with a near-infrared signal readout that is transmissible through biological media 
(detecting virus in unprocessed patient samples such as saliva and nasal fluid). As such, further 
development of this nanosensor construct is envisioned to yield an accessible, point-of-care testing 
platform. 
 
In sum, this work develops techniques and analyses to characterize the protein corona and 
subsequently employs this knowledge toward rational design of nanobiotechnologies. The holistic 
approach developed herein represents a step toward generalized corona formation rules and 
understanding that will aid the translation of sensing, imaging, and delivery nanotechnologies into 
biological application. 
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1 Introduction 
 
1.1 Nanotechnologies to Probe and Modify Biological Systems 
As material dimensions are confined to the nanoscale, new properties emerge: surfaces structures 
dominate over bulk characteristics, continuum concepts may break down, and quantum 
confinement effects give rise to unique properties.1–3 Such characteristics render nanoparticles 
capable of gaining unprecedented access to biomolecular phenomena, with the requisite spatial, 
temporal, and chemical resolution to provide fundamental insight into biological systems and 
processes.4,5 Accordingly, engineered nanoparticles are a promising technology for furthering our 
knowledge of how biological systems both function and malfunction, and for addressing global 
health problems.6–9 Nanoparticles have been employed in biological systems to serve as sensors 
and imaging agents toward fundamental research purposes and disease diagnostics in the clinic, 
exploiting the distinct nanoscale properties of these confined systems for readout modalities 
including optical, electric, magnetic, and plasmonic detection.1,5,10–13,4 By virtue of their small size 
and tunable physicochemical properties, nanoparticles have also been applied as delivery agents 
to protect fragile cargoes (such as genomic material) during transport, while being composed of 
biodegradable components to ensure biological compatibility post-delivery.9,14–16 Historically, 
such delivery vehicles were first realized during the 1960s, with the discovery of the liposome 
nanoparticle structure.17,18 More recently, we have witnessed the rapid development of SARS-
CoV-2 mRNA-based vaccines, with the mRNA packaged inside of lipid nanoparticles for effective 
delivery of the otherwise unstable cargo.19–23 For delivery, nanoparticles also offer the potential 
benefits of treatment specificity and biological barrier passage, with the intention to limit off-target 
effects and toxicity, such as in the case of cancer therapeutic doxorubicin encapsulated in liposome 
carriers.24,17,14,25,15 
 
Nanobiotechnologies generally consist of two components: (i) a nanoparticle, to serve as a signal-
transducing element (sensing/imaging) or carrier (delivery), and (ii) a tethered moiety, to act as a 
molecular recognition element (sensing/imaging) or cargo (delivery). Nanoparticles can be 
synthesized to have tunable and environment-sensitive signals, such as fluorescence dependent on 
size and surface chemistry.26–28 Single-walled carbon nanotubes (SWCNTs) are one such example 
of a signal transduction element, upon which this dissertation will mainly focus. SWCNTs are an 
allotrope of carbon with physical and optical properties that are readily harnessed to effectively 
monitor and modulate biological systems.29,27,10 Like other nanoparticles, SWCNT dimensions are 
on the nanoscale, with approximate diameters and lengths of ~1 nm and ~100-1000 nm, 
respectively. This high aspect ratio provides a large surface area upon which tethered moieties can 
be loaded for various purposes. However, SWCNTs are composed solely of carbon and are 
therefore extremely hydrophobic. To apply SWCNTs in aqueous bioenvironments, we take 
advantage of noncovalent surface modification with amphiphilic polymers and molecules, 
whereby the hydrophobic portion stabilizes the SWCNT surface, and the hydrophilic portion 
interacts with the surrounding aqueous solution.30–32 This simultaneously enables aqueous 
suspension and can confer added functionality toward sensing, imaging, and delivery outcomes. 
Noncovalent functionalization is primarily chosen over covalent linkage to fully retain the innate 
optical SWCNT properties: due to the sp2-hybridized graphitic lattice and cylindrical geometry 
resulting in radial quantum confinement, SWCNTs possess an intrinsic bandgap in the near-
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infrared region.27,33,34 SWCNT fluorescence emission falls within the “tissue transparency 
window” (1000-1300 nm), enabling imaging through optically occluded biological media such as 
biofluids and tissues.27,33 Moreover, the fluorescence is highly sensitive to localized perturbations, 
allowing use of SWCNTs as signal transducers to sense changes in their surroundings that manifest 
as either a fluorescence intensity increase or decrease, or a solvatochromic shift in the emission 
wavelength.27,33 The semiconductor nature of SWCNTs bestows indefinite photostability that is 
unachievable by conventional fluorophores.27,35,36 
 
Complementary to the nanoparticle substrate, the tethered moiety varies by application, such as a 
ligand with intrinsic molecular recognition capabilities or where such capabilities are conferred 
only upon nanoparticle-surface immobilization. The former case has been explored in using 
targeting ligands on nanoparticle surfaces for delivery, yet less so in the case of nanoparticle-based 
sensors.17,37,38 For SWCNT-based sensors, this idea of surface-constrained polymers adopting an 
analyte-specific binding pocket has been termed “corona phase molecular recognition”.32,39,40 In 
particular, this dissertation will use a SWCNT-based nanosensor developed by this route as a case 
study: a dopamine nanosensor was recently developed using a screening-based approach to 
determine that a single-stranded DNA (ssDNA) functionalized SWCNT, specifically with a 
repeated sequence of guanine and thymine (GT)x, exhibited a sizeable turn-on fluorescence 
response in the presence of the neuromodulator dopamine.40 This (GT)x-SWCNT dopamine 
nanosensor has since been optimized and applied in various cellular and tissue environments.41–44 
More broadly, such nanotechnologies enrich the toolbox of strategies with which biological 
systems can be investigated and adapted, providing fundamental insights on how highly complex 
biological systems function and routes toward more targeted disease diagnostics and treatments. 
 
1.2 Protein Corona Formation as Relevant to Applied Nanobiotechnologies* 
Although engineered nanoparticles are increasingly used for biological sensing, imaging, and 
delivery, the critical − yet often overlooked − challenge with these nanoscale tools is understanding 
the mechanisms of interaction between the nanoparticle and the biological system they are 
designed to query or alter.45,46 Nanotechnologies are generally developed and validated in vitro, 
absent from the complexity of biological environments.47 However, when nanoparticles are 
introduced into biological systems, proteins spontaneously adsorb to the nanoparticle surfaces, 
leading to the formation of the “protein corona”.48 Binding of proteins to pristine nanoparticles can 
adversely affect the structure and function of the bound proteins,49,50 and carries the additional 
consequence of masking and re-defining the nanoparticle identity.45,51 Accordingly, in vivo 
trafficking, biodistribution, clearance, and biocompatibility of the nanoparticle-corona complex 
become unpredictable.45,51–53 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 (Figure 1-1).54,55 Furthermore, the protein corona is dynamic in 
nature.45,56 Rapid protein binding events on the nanoparticle surface, in conjunction with 

 
* Portions of section 1.2 published as Pinals, R. L.; Yang, D.; Rosenberg, D. J.; Chaudhary, T.; 
Crothers, A. R.; Iavarone, A. T.; Hammel, M.; Landry, M. P. Quantitative Protein Corona 
Composition and Dynamics on Carbon Nanotubes in Biological Environments. Angewandte 
Chemie International Edition 2020, 59 (52), 23668–23677. 
https://doi.org/10.1002/anie.202008175. 

https://doi.org/10.1002/anie.202008175
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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. 
 

 
Figure 1-1. Protein corona formation unpredictably affects performance of nanoparticle-based 
sensors applied in biological environments. 

 
Corona formation as a function of nanoparticle type, biological environment, and time remains 
poorly understood.57 Prior work investigates the roles of nanoparticle surface charge and 
chemistry, among other factors, in governing protein corona formation,58–61 revealing the variation 
and complexity of protein corona formation across nanoparticle types and bioenvironments (as 
will be explored in section 1.3).46,62 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.63–65 Yet, such strategies can 
display variable efficacy depending on the underlying nanoparticle and bioenvironmental 
factors.66,67 
 
Interfacing functional nanomaterials with biological systems is central to the field of 
nanobiotechnology. However, unpredictable nano-bio interfacial interactions present a critical 
challenge in effectively translating nanotechnologies from in vitro development to in vivo 
application, thus limiting the widespread biological deployment of nanoparticle-based probes and 
carriers.11,68,69 To provide some context of this translational gap, we can consider cancer 
nanomedicine: there are anywhere from 0.5-1 million published research papers on cancer and 
nanoparticles as of April 2021. A meta-analysis gave rise to an estimate of <1% nanoparticle-based 
cancer therapeutic delivery to tumors.68 Then, on the clinical side, there are only around 15 
nanoparticle-based cancer nanomedicines approved globally, noting that many of these are re-
formulations of pre-existing cancer drugs.14,69–71 Numerous reasons are reported as to why such 
cancer nanomedicines underperform or fail, including biofouling, instability, unfavorable immune 
response, untimely clearance, lack of biological barrier traversal, and off-target effects including 
toxicity. Most, if not all, of these failures can be traced back to our poor understanding of the nano-
bio interface. 69,71 While cancer nanomedicine illustrates one example, the ubiquitous and 
fascinating problem of protein corona formation is demonstrated across intended biological 
applications of nanoparticles and accordingly will be the focus of this dissertation. 
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1.3 Factors Influencing Protein Corona Formation† 
Nanoparticle physicochemical properties and the surrounding bioenvironment are inherent 
variables affecting protein corona formation. Many studies classify the protein corona around 
specific nanoparticles in particular biological systems of interest, although findings often lack 
generality or are contradictory as to which nanoparticle or protein properties drive protein corona 
composition, dynamics, and subsequent biological outcomes. Additionally, the protein corona is 
dependent upon a convolution of parameters carrying varying weights, and often these parameters 
are difficult to decouple without meticulous experimental design. Therefore, although general 
parameters are summarized in Figure 1-2, we note that these generalities may not always hold 
depending on the intricacies of the nanoparticle-biosystem under consideration. In the following 
sections, recent literature is summarized highlighting key parameters governing protein corona 
formation on nanoparticles. To extend experimental data into broader design rules, recent work 
has involved ensemble machine learning approaches to develop predictive models of protein 
corona fingerprints formed on nanoparticles based on protein, nanoparticle, and solution 
characteristics.72 Such models could better inform corona-based design. 
 
1.3.1 Nanoparticle Characteristics Influencing Protein Corona Formation 
Nanoparticle surface properties are most significant in governing protein corona formation, as 
compared to the nanoparticle core.61,73,74 These nanoparticle surface features include: (i) 
electrostatic charge, (ii) hydrophobicity, and (iii) surface structure. These attributes are functions 
of nanoparticle surface chemistry and ligand functionalization. 
 
1.3.1.1 Electrostatic Charge 
Nanoparticle charge affects protein corona composition and packing density.75–79 Many studies 
conclude that proteins possessing opposite charges from the nanoparticles are enriched in the 
corona. As most proteins are negatively charged at physiological pH, it is often found that cationic 
nanoparticles adsorb the highest number of proteins.75–77,80,81 However, there are examples in 
which proteins are able to overcome electrostatically adverse conditions and adsorb by 
nonelectrostatic driving forces.82–84 It is important to consider that even if nanoparticles are 
synthesized with appropriate surface chemistries, these nanosurfaces may only retain these 
engineered features transiently within biosystems.61 Nanoparticle charge thus impacts surface 
packing, where higher magnitude charge leads to more proteins in the corona.73 Other studies 
conclude that more cationic surfaces increase conformational changes of adsorbed proteins.84 
These results are contradictory, in that post-adsorptive protein structural changes generally take 
place under lower surface packing densities, where proteins have more accessible area to spread 
out and denature on the surface.85,86 It is unlikely that such conformational changes would be able 
to occur in a highly crowded corona environment. Beyond the individual nanoparticle, surface 
charge also directly impacts colloidal stability because neutral surfaces (or surfaces neutralized by 

 
† Sections 1.3-1.4 published as Pinals, R. L.; Chio, L.; Ledesma, F.; Landry, M. P. Engineering at 
the Nano-Bio Interface: Harnessing the Protein Corona towards Nanoparticle Design and 
Function. Analyst 2020, 145 (15), 5090–5112. https://doi.org/10.1039/D0AN00633E. 

https://doi.org/10.1039/D0AN00633E
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protein and ion adsorption) tend to aggregate in the absence of intervening electrostatic 
repulsions.87 As will be discussed below, the surrounding solution ionic strength determines the 
importance of electrostatic interactions, as these interactions are screened and play less of a role 
in high-salt systems. Accordingly, nanoparticles must be designed in such a manner that they are 
not only colloidally stable as a homogeneous solution, but retain colloidal stability in the presence 
of proteins in the surrounding bulk and surface-adsorbed state.75 
 
Manipulating nanoparticle charge offers a useful means to tune nanoparticle interactions with 
biological cells, with regards to cell internalization and toxicity:88 positively charged nanoparticles 
have enhanced cell internalization due to interactions with the negatively charged cell 
membrane,89–93 especially enhanced for the case of cancer cells.76 Yet, if positively charged 
nanoparticles bind too many proteins, this leads to colloidal instability, aggregation, and 
downstream toxicity.75,94 
 
1.3.1.2 Hydrophobicity 
Nanoparticle surface chemistry also dictates hydrophobicity, where hydrophobic nanoparticles 
exhibit increased protein adsorption capacity,73,95 more irreversible protein adsorption,78,87,95 and 
cause more protein conformational changes.87,95 Nanoparticles with hydrophobic surfaces are 
more likely to produce deleterious effects on protein structures, as protein unfolding is driven by 
the favorable interactions of the protein hydrophobic core with the nanoparticle surface.95 
Frequently, such unfolding is irreversible, leading to larger scale aggregates, nonfunctional 
nanoparticles, and immune activation/clearance.81,87 Again, these conclusions of high packing 
density and high conformational changes are at odds with each other, for the same reasons as 
specified for electrostatic charge. 
 
1.3.1.3 Surface Structure 
Features of nanoparticle surface topography that impact protein corona formation include surface 
roughness, porosity, and sterics. A rough or porous surface creates more available surface area for 
proteins to coat and so allows proteins to minimize lateral repulsive forces in the adsorbed state. 
Functionalization with polymers, targeting ligands, or other moieties that extend outward into 
solution also affects nanoparticle surface topography. The grafting density and conformation of 
such attached ligands impacts accessibility of proteins to the nanoparticle surface.96,97 Based on 
the principles of both hydrophobicity and surface structure, corona mitigation techniques often 
involve surface-grafting of hydrophilic polymers such as polyethylene glycol (PEG) to abrogate 
protein adsorption and sterically stabilize the nanoparticle.61,98,99 Higher antiadhesive polymer 
coverage is associated with alleviated protein corona formation, while lower coverage or linear 
conformations are less effective in deterring protein binding.97,100,101 Combining these concepts 
of surface roughness and sterically stabilizing polymers, Piloni et al. demonstrated that a patchy 
polymer-grafted nanoparticle reduced protein adsorption in comparison to a smooth polymer-
grafted surface by six-fold (protein content per nanoparticle).102 
 
Beyond surface characteristics, other nanoparticle factors that impact corona formation include: 
(iv) size, (v) curvature or shape, (vi) stiffness, and, to a much lesser extent, (vii) core material 
composition. 
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1.3.1.4 Size 
Size is found to quantitatively, though not qualitatively, impact corona formation: larger 
nanoparticles present more high surface free energy, net exposed area and permit higher protein 
loading per nanoparticle,77,103 although the corona constituents are often no different than those 
on smaller nanoparticles of identical material properties.87 Moreover, smaller nanoparticles 
possess a higher surface area to volume ratio, hence smaller nanoparticles adsorb more proteins 
on an area normalized basis. Optimizing the metric of protein loading on a nanoparticle number or 
area basis depends on the desired application, as will be discussed in subsequent sections. Further, 
increasing nanoparticle size decreases surface curvature (though dependent on the geometry), 
therefore there exists a threshold above which larger particles do not necessarily adsorb more 
proteins.104  
 
Another important consideration is the effect of nanoparticle size on targeting and localization 
efficiencies: biological barrier crossing efficiency and mechanism are both size-dependent, where 
successful crossing scales inversely with size.92,105 Here, it is critical to consider the 
hydrodynamic, in situ nanoparticle-corona complex size; an adsorbed protein corona may add up 
to hundreds of nanometers to in vitro particle size.106 Biological barriers range from vasculature 
walls to cell membranes, with typical cutoff dimensions including <6 nm for renal clearance79 vs. 
>300 nm for liver or spleen filtration,107 ~20-200 nm for tumor penetration and retention,107–109 
<50-100 nm for blood-brain barrier (BBB) crossing and extracellular matrix (ECM) 
navigation,110,111 and 10-100 nm for cell internalization.92 On the cellular level, Shadmani et al. 
applied a mathematical model based on diffusion of membrane-mobile receptors to examine how 
protein corona formation impacts internalization of gold nanoparticles by receptor-mediated 
endocytosis.105 From this model, optimal values for nanoparticle-corona radius (40 nm bare 
diameter increasing to 60 nm upon corona formation) and targeting ligand density (~1500 µm-2 on 
a 100 nm gold nanoparticle) are described to minimize endocytosis time through a balance of 
membrane tension energy and ligand-receptor interaction density, demonstrating how in silico 
models are useful for nanoparticle design. 
 
1.3.1.5 Curvature/Shape 
Reiterating the earlier discussion of lateral interactions, now considering nanoparticle shape, a 
higher curvature surface minimizes adverse lateral protein-protein interactions. Thus, a more 
curved nanoparticle surface would be expected to adsorb more proteins if unfavorable protein-
protein interactions are preeminent (e.g. lateral, repulsive electrostatic interactions). However, if 
favorable nanoparticle-protein interactions dominate (e.g. attractive dispersion forces), a flatter 
surface would be advantageous to facilitate more adsorption. This latter case is manifested as 
higher protein adsorption (per unit surface area) on higher aspect ratio nanoparticles, such as 
nanorods relative to nanospheres.112 Other studies find that curvature impacts adsorbed protein 
orientation to result in lower packing.113 Therefore, no generalizable rules can be deduced with 
regards to the effect of nanoparticle shape on protein adsorption. Once applied in vivo, shape also 
dictates how nanoparticles behave within convective flow, such as how they interact with 
bounding walls, and internalization efficiencies and mechanisms, since membrane bending energy 
is dependent on nanoparticle form factor.92 
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1.3.1.6 Stiffness 
As with shape, nanoparticle stiffness has been shown to affect modes of cell internalization and 
bioaccumulation: less stiff nanoparticles generally exhibit lower cell internalization across many 
cell types, and correspondingly longer circulation times due to the more difficult uptake and 
clearance by macrophages.91,114,115 Stiffness here refers to the nanomaterial’s ability to resist 
deformation under applied force, related to the material’s Young’s Modulus and geometry. Yet, 
the impact of nanoparticle stiffness on protein corona formation remains relatively under-studied. 
While proteins are considered soft matter and may be expected to increase the inherent 
nanoparticle softness, this may not be the dominant factor, as higher protein adsorption often leads 
to the opposite downstream outcomes as those reported for less stiff nanoparticles. The effect of 
nanoparticle stiffness on protein adsorption remains an open question. 
 
1.3.1.7 Core Composition 
Finally, while the core material composition does influence corona formation to some extent,77 the 
core is mostly shielded from direct exposure with the biofluid and thus plays a minor role in 
determining protein corona formation. However, use of exogenous nanoparticle core materials can 
lead to immune activation and toxicity during attempted clearance.79  
 
1.3.2 Biological Environment Factors Influencing Protein Corona Formation 
In addition to the influence of innate nanoparticle variables on protein corona formation, the 
bioenvironment of the intended application must be taken into account. Environmental parameters 
include: (i) biomolecular components, (ii) solution conditions, and (iii) surrounding dynamics. 
 
1.3.2.1 Biomolecular Components 
Native biomolecule concentration and composition within a biological environment influences the 
consequent protein corona formed on nanoparticles. Higher protein concentration in the 
surrounding fluid frequently leads to more protein adsorption on nanoparticles, as suggested by 
ideal-solution thermodynamics, and witnessed experimentally.116,117 Nonetheless, relative corona 
protein concentration does not necessarily correlate with native circulating protein concentration 
due to preferential protein partitioning into surface vs. bulk solution phases.82,118 More complex 
mechanisms often govern protein corona formation, giving rise to surprising magnitudes of protein 
enrichment or depletion on nanoparticles relative to the native biofluid. A frequent example of this 
phenomenon is the Vroman effect, where highly abundant proteins initially adsorbed to 
nanoparticles competitively exchange with and are eventually replaced by lower abundance, 
higher surface-affinity proteins.84,116,119 Cooperative adsorption is another mechanism leading to 
corona composition unanticipated from circulating concentrations, where initially bound corona 
proteins provide a scaffold promoting successive protein adsorption.119,120 Regarding native 
biomolecule composition, the observed corona in the presence of proteases may be a convolution 
of protease degradation of and exchange with the existing corona.121 These higher order 
mechanisms offer an explanation as to why corona constituents and kinetics resulting from single 
protein adsorption experiments are often not representative of whole biofluid experiments.82 These 
findings also stress the importance of testing nanoparticles within physiologically relevant 
biological fluids. A prominent example is the proliferous use of blood serum (absent of blood 
coagulation proteins) instead of blood plasma (which contains blood coagulation proteins) to test 
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nanoparticles designed for intravenous administration, where coronas formed from plasma 
proteins have been shown to be different from those of serum and more strongly 
adhered.77,109,119,122 An additional consideration in terms of biomolecule composition arises in that 
nanoparticles may be subject to harsh conditions such as enzymatic degradation in the 
gastrointestinal tract123 and cancer cells,121 or immobilized, tenacious biomolecules in the mucus 
layer123 and brain extracellular matrix.124 Presence of these biomolecules introduce physical 
obstacles to penetration and routes to irreversible corona formation with subsequent toxicity. It is 
of further consequence that disease states alter endogenous protein concentrations and 
compositions, which leads to deleterious effects if the same such protein is pre-conjugated on 
nanoparticles for targeting purposes.125  
 
1.3.2.2 Solution Conditions 
Corona formation is a function of surrounding conditions, such as temperature, ionic strength, and 
pH. Increasing temperature increases the weighting of the entropic term within the net Gibbs free 
energy change of adsorption (𝛥𝛥𝛥𝛥 =  𝛥𝛥𝛥𝛥 − 𝑇𝑇𝛥𝛥𝑇𝑇). This results in proteins that are entropically 
favorable to adsorb (+𝛥𝛥𝑇𝑇) becoming more favorable at higher temperature (-𝛥𝛥𝛥𝛥), and vice 
versa.82,103 Within this analysis, it is key to note that each term is the net system, therefore a 
function of the protein, nanoparticle, and solution initial and final states during binding. For 
solution ionic strength, electrostatic forces scale inversely with the square-root of salt ionic 
strength in solution. These electrostatic forces originate from interactions between electric double 
layers surrounding the charged colloidal nanoparticles and proteins. This underscores how 
nanoparticle surface charge is inherently coupled with solution ionic strength, and the two 
parameters must be co-designed appropriately. In high ionic strength conditions (high salt 
concentration), nanoparticles and proteins do not “see” each other in solution until they are in 
closer proximity. Closer approach between entities bearing the same electrostatic charge results in 
more protein adsorption. In addition, once adsorbed, charge shielding ensures less unfavorable 
lateral repulsions between adsorbed proteins (again, most bearing the same negative charge at 
physiological pH). Both phenomena imply more protein adsorption with more salt present. 
However, when ionic strength becomes too elevated, charge screening leads to undesirable 
protein-nanoparticle complex aggregation.87,109 Accordingly, ionic strength and even ionic 
composition are important considerations in protein adsorption and potential downstream toxicity 
due to aggregation, such as high free calcium ion concentrations in the brain microenvironment 
leading to nanoparticle aggregation.111 pH is another relevant solution condition in that it governs 
the protonation state of surface chemistries on the nanoparticle, again influencing aggregation 
tendency,111 and impacts adsorbed protein extent and stability. As the solution pH approaches the 
protein isoelectric point, proteins become less stable in solution and tend to self-aggregate or 
adsorb to available nanoparticle surfaces.126 In terms of corona stability, the pH range that the 
nanoparticle will encounter is crucial to consider as a design parameter, as biological 
compartments cover a significant pH range at the organ and cell levels, and can differ as a function 
of disease state, such as the acidic pH of tumors.116,127 Many protein or peptide drugs externally 
loaded on nanoparticles may not survive severe conditions,123 or their expected release profile can 
be negatively impacted.110  
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1.3.2.3 Dynamics 
Finally, temporal dynamics and hydrodynamics should be considered for protein corona formation. 
Protein adsorption occurs within seconds of contact with biofluids,119 and may either display a 
dynamic nature, with fast and reversible protein association/dissociation events on the nanoparticle 
surface, or enter an irreversibly aggregated state.85,87,128 Proteins adsorbed directly to the 
nanoparticle surface are termed the “hard”, inner corona, characterized by a longer (if not 
indefinite) residence time in the corona phase and often more prominent conformational 
changes.84,86,116,119 Proteins interacting predominantly with other adsorbed proteins, instead of 
directly with the nanoparticle surface, constitute the “soft”, outer corona, and frequently maintain 
their native conformation as they undergo continuous exchange with proteins in the surrounding 
media.106,116 Protein corona composition is impacted by the contact time and history of 
nanoparticles in biofluids: the former, reiterating the likes of the Vroman effect, and the latter, in 
that nanoparticles evolve to carry a “fingerprint” of adsorbed proteins as they progress from one 
biological compartment to the next.80,129 
 
Nanoparticles must endure flow conditions during transit, navigating channels or regions of 
characteristic tortuosity, permeability, and hydrodynamics. A classic example of nanoparticles 
maneuvering through a highly tortuous path is within the porous extracellular matrix (ECM) of the 
brain, relevant for neurosensors or brain-targeted therapeutics.110,124 The ECM is a mesh-like 
structural and biochemical scaffold for brain cells, with channels of widths ~40-200 nm, that acts 
as an adhesive and steric barrier for nanoparticles attempting to pass.110,111 Work within the Nance 
lab has pioneered brain-penetrating nanoparticles, with design principles to ensure that the 
nanoparticles exhibit minimized electrostatic, hydrophobic, or hydrogen bonding interactions with 
the ECM.124 Toward nanoparticle permeability, crossing of biological barriers is of paramount 
importance. Again, considering the brain, the blood-brain barrier (BBB) functions as a selective 
barrier to protectively isolate the brain from an influx of potentially harmful entities within blood 
circulation, as will be discussed in section 7.5.3. It must also be taken into consideration that the 
brain’s tortuous ECM and selective BBB vary with pathology and developmental age.124,130 
Finally, regarding hydrodynamics, dynamic flow can result in a more rapidly formed and 
compositionally diverse corona.119,131 From a design perspective, shear stresses imposed on 
nanoparticle-loaded cargoes must be considered a priori: the required stability of the corona-
nanoparticle complex will depend on whether the dominant transport mechanism will be passive 
diffusion or active convection.119 
 
In sum, a host of intrinsic nanoparticle-based and extrinsic bioenvironmental factors affect protein 
corona formation (Figure 1-2). These relevant factors should be considered beforehand to aid 
appropriate experimental design and implementation toward rational nanobiotechnology design. 
There are frequent discrepancies between in vitro and in vivo corona characterizations that arise 
from negligence of these factors, such as flow dynamics present in circulation that are absent for 
in vitro tests.80,132,133  
 



10 
 

 
Figure 1-2. Factors governing protein corona formation include intrinsic nanoparticle 
characteristics and extrinsic biological characteristics. Intrinsic nanoparticle properties (top) can 
be employed as design handles during rational nanoparticle-corona design and extrinsic 
biofactors (bottom) must be carefully considered to ensure the complex will function properly 
within the intended biological environment. 

 
1.4 Nanoparticle-Corona Characterization Methods 
Understanding the protein corona necessitates characterization of the physical, biological, and 
dynamic properties of the protein-nanoparticle complex, alongside testing in suitable ex vivo or in 
vivo systems (Figure 1-3). Many requisite bioanalytical methods are well-established for this 
purpose and can be directly applied or adapted to study corona formation and outcomes.134 We 
also highlight novel methodologies being developed toward this. 
 
1.4.1 Physical Property Characterization 
Techniques commonly applied to assess in-solution physical properties of protein corona 
formation include: zeta potential to assess surface charge;77,104,110 dynamic light scattering 
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(DLS)77,104,110 or fluorescence correlation spectroscopy (FCS)87,135 for hydrodynamic size; 
absorbance spectroscopy for colloidal morphology and concentration;61,77,136 fluorescence 
quenching to track adsorption,118 with Stern-Volmer analysis of the mechanism;113,125 and 
fluorescence microscopy to confirm adsorption via colocalization.123,126,137 Although zeta 
potential is not rigorously equivalent to the electric surface potential nor the Stern potential and 
there are implicit geometry assumptions in the calculation, zeta potential still provides a proxy for 
colloidal charge and stability, where often the zeta potential tends to zero in the presence of 
destabilizing protein adsorbates. Small-angle x-ray scattering (SAXS) has recently been applied 
to acquire in-solution colloidal morphology of nanoparticle-corona systems, including protein-
nanoparticle complexation to verify binding and higher order aggregate formation to examine 
potential routes of in vivo toxicity.80,82,138 Diffusion nuclear magnetic resonance (NMR) has also 
been employed to infer protein adsorption on nanoparticles via increasing hydrodynamic radius, 
offering the advantage of in situ characterization in turbid bioenvironments by virtue of not being 
an optics-based measurement.139 Regarding the aforementioned techniques used to measure 
protein-nanoparticle size (DLS, FCS, etc.), the readout must be carefully interpreted. Large 
increases in hydrodynamic size may indicate aggregation of the nanoparticles in the presence of 
proteins via polymer bridging or other noncovalent interactions, rather than formation of protein 
multilayers on individual nanoparticles.87,131,135 Surface techniques are also applied to assess 
dried-state physical properties of protein corona formation, including: electron microscopy 
(EM),110,140,141 atomic force microscopy (AFM),95,142 and energy dispersive X-ray spectroscopy 
(EDS mapping)143 for size and morphology. However, these methods all require drying samples 
on a substrate for observation, which results in conclusions not representative of the solubilized 
system. Recent work has also implemented cryogenic transmission electron microscopy (cryo-
TEM) to enable visualization of protein-nanoparticle morphology in a closer-to-native state.132,144 
 
To study the composition of corona constituents, the protein-nanoparticle complexes are first 
isolated from non-binding entities, typically accomplished by some variation of a pull-down 
assay.14 After corona proteins are unbound from the nanoparticle, characterization methods to 
identify the protein constituents include gel electrophoresis (GE)123,125,145 and proteomic mass 
spectrometry (MS).61,86,106 Separation techniques to isolate the soft, more loosely bound corona 
from the hard corona are currently in development, such as asymmetric field-flow fractionation by 
Weber et al.146 The Sutherland lab has also developed an in situ click-chemistry reaction to 
separately characterize the soft and hard coronas formed on model nanoparticles.86 To gauge 
whether corona loading or mitigation strategies are successful, net protein adsorption can be 
measured by protein assays such as the bicinchoninic assay (BCA) for protein loading,61,110,147 gel 
electrophoresis again, immunoblotting (e.g. Western blots),121 and enzyme-linked immunosorbent 
assays (ELISAs).121 The accuracy of colorimetric protein assays such as BCA in the presence of 
nanoparticles must be critically assessed prior to experiments, as nanoparticles often interfere by 
adsorbing the reporter molecule or absorbing the output light used to quantify protein 
concentration. Moreover, the specific chemistry of the assay will determine whether proteins in 
solution, in the adsorbed state, or both are being measured. 
 
1.4.2 Biological Property Characterization 
Techniques applied to assess biological function in the corona include: circular dichroism 
(CD)113,133 and solution NMR148,149 spectroscopy for bound protein structure and conformation; 
Förster resonance energy transfer (FRET) for measurement of protein-protein interactions123 and 
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conformational changes;116 nano differential scanning fluorimetry (nanoDSF) for protein stability 
and conformational changes;126 and immunoblotting to evaluate accessibility and function in the 
corona.125,143,150 To study corona structural organization and functionality at the nanoparticle 
surface, Herda et al. developed a method to characterize adsorbed protein orientation by exploiting 
antibody-conjugated gold nanoparticles to map available epitopes.140 When they applied this 
method for transferrin proteins covalently conjugated to PEGylated silicon dioxide nanoparticles, 
they found that only ~4% of corona proteins adopt the correct orientation to facilitate receptor 
binding, highlighting the need for more homogenous and controlled protein grafting 
methodologies. Recently, the Chan lab developed a modified-ELISA workflow to similarly probe 
protein corona organization and binding functionality when adsorbed from blood serum onto gold 
nanoparticles, establishing that merely a third of the adsorbed proteins remain functional for 
binding to their target proteins.151 Imaging advances have led to the development of various 
techniques to assess protein interactions on surfaces, including single molecule high resolution 
imaging with photobleaching (SHRImP) by Warning et al. to measure protein conformational 
changes on a surface.85  
 
1.4.3 Dynamic Property Characterization 
Methods to study dynamics of protein corona formation include: isothermal titration calorimetry 
(ITC) to extract thermodynamic binding energies and equilibrium parameters,97,103,152 as reviewed 
extensively elsewhere,153 and surface plasmon resonance (SPR),86,106,154 biolayer interferometry 
(BLI),155 and quartz crystal microbalance with dissipation monitoring (QCM-d)113  to determine 
binding kinetics. Recently, Kari et al. designed a custom biosensor system for in situ determination 
of protein corona structure and composition by coupling SPR and proteomic MS, enabling 
differentiation of the hard and soft corona formed on liposomes under physiologically relevant 
conditions.106 Super-resolution microscopy presents a single-molecule technique with requisite 
sensitivities to monitor individual protein-nanoparticle binding events, avoiding ensemble-
averaged methods of studying corona formation.156 However, it is important to note that 
application of surface techniques such as SPR and microscopy to study nanoparticles again 
requires surface immobilization of the nanoparticles. Surface immobilization introduces 
topographical constraints that affect kinetics and transport, giving rise to sampling artifacts and 
changing the in-solution nanoparticle properties. Ideally, protein-nanoparticle complexes are 
studied in solution with physiologically relevant parameters that are known to affect corona 
formation (including ionic strength, temperature, pH, etc.). Accordingly, in-solution kinetic corona 
methods have been developed, including fluorescence assays to monitor protein fall-off145 and 
exchange118 on solubilized nanoparticle surfaces. To expand upon the use of surface charge 
changes as a proxy for protein corona formation, Zhao and colleagues measured in-solution protein 
binding dynamics onto nanoparticles using pulsed streaming potential, resulting in knowledge of 
adsorption rates and equilibria under varying buffer conditions.157 Further, Weiss et al. have 
developed a microfluidic system to simulate a flow environment, with control over fluid flow and 
shear applied to nanoparticles and proteins.119 This microfluidic system has elucidated the more 
complex corona formed in dynamic rather than static conditions. 
 
While prior studies provide insight into bio-corona formation, numerous techniques and model fits 
are ill-applied and present conclusions not representative of the system. The protein corona is often 
treated as existing at thermodynamic equilibrium, despite a body of literature providing evidence 
otherwise.158–160 One frequent manifestation of this equilibrium assumption is the erroneous 
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application of the Langmuir adsorption isotherm to mechanistically describe proteins adsorbing to 
nanoparticles, despite the fact that many of the model conditions are not satisfied.161 A key point 
here is that Langmuir-like binding profile does not necessitate that the binding mechanism is 
indeed a Langmuir isotherm: this profile shape for protein-surface adsorption processes often 
emerges as the result of adsorption-induced protein spreading/denaturation, reorientation, and 
aggregation as a function of bulk protein concentration,116 in contrast to originating from the 
dynamic equilibrium adsorption process required for Langmuirian adsorption.161 Therefore, while 
the Langmuir isotherm does provide a simple functional form that may fit data, it should only be 
applied in extraction of relative binding affinity measures rather than true thermodynamic 
parameters or underlying adsorption mechanisms. For instance, ITC is often a method applied with 
intent to assess protein-nanoparticle binding events. Instead, ITC often measures a convolution of 
protein binding to individual nanoparticles, to aggregated nanoparticles, and nanoparticle 
aggregation.82 Aggregation is a kinetically controlled, non-equilibrium process that violates the 
central assumption of ITC that each titration step is equilibrated, observed as visible aggregation 
and baseline drifting during the run. Accordingly, the reported free energies and equilibria values 
must be taken with the perspective that these are whole-system energy changes, often with higher-
order processes occurring simultaneously. The suitability of such models and experimental 
methodologies to describe certain nanoparticle-protein corona formation processes should be 
carefully considered prior to application. 
 
Finally, molecular dynamics (MD) simulations provide insight into fundamental interactions 
driving adsorption to surfaces and protein structural changes upon adsorption, as reviewed 
extensively elsewhere.162–164 Atomistic MD models convey a detailed picture of protein-
nanoparticle interactions, including the individual amino acids responsible for association.165 
Alternatively, coarse-grained MD models trade such detail for access to longer time and length 
scales, increasing approximately an order of magnitude from the millisecond and nanometer scales 
in atomistic models.162 Although coarse-grained models are inherently lower resolution, such as 
lacking physicochemical details of the nanoparticle surface,166 these models can facilitate the study 
of protein-protein interactions and adsorption onto smaller nanoparticles, with explicit curvature 
effects. Both scenarios are unfeasible in atomistic models, which instead highlight interfacial 
phenomena in dilute protein settings. Some particular MD studies of interest involving protein-
nanoparticle systems include: atomistic MD simulations of amyloidogenic peptides on gold 
nanoparticles (modeled as a gold surface)165 and plasma proteins on model nanomaterials;84,95 
hybrid MD simulations, with an atomistic nanoparticle description and a coarse-grained, solvent-
explicit protein description;78 and multiscale MD simulations, adopting coarse-grained or meso-
scale models for single vs. simultaneous protein adsorption on small gold nanoparticles, 
respectively.167 MD simulations extend our understanding of dynamic protein-nanoparticle 
interactions, yet require further refinement and validation against experimental results prior to use 
as purely predictive tools, due to the underlying complexity of nanoparticles interacting with 
proteins.162 
 
1.4.4 Biological Outcome Characterization 
Toward applied nanoparticle-corona technologies, in vivo studies provide compelling evidence for 
sustained engineered nanoparticle function or therapeutic efficacy within complex 
bioenvironments. Animal models such as mice and rats provide the means to study not only 
function, but also systems-level clearance profiles, bioaccumulation, and toxicity.101,123,143 Ex vivo 
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organ slices enable measurement of nanoparticle diffusion by particle tracking studies, providing 
insight into unfavorable adhesive interactions with the surrounding biological matrix.99 At the 
cellular level, fluorescence (often confocal) microscopy,99,123,125 immunofluorescence,110,143 and 
flow cytometry99,100,125 provide information on cellular uptake, spatial localization, cell 
morphology, and cytotoxicity. As an intermediate between achieving in vitro experimental control 
and assessing in vivo translatability, transwells offer a useful cellular model for biological barriers 
such as the blood-brain barrier129 and three-dimensional organoids or tumor spheroids offer a 
scaled-down organ model for assessing efficacy and toxicity.75,168 
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Figure 1-3. Modes of characterizing protein-nanoparticle complex formation and performance. 
(a) Physical properties include complex size and colloidal morphology (preferably characterized 
in solution over on surface), surface charge, corona adsorption, and corona composition and 
amount. (b) Biological properties include surface-adsorbed protein conformation and function. 
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(c) Dynamics include kinetics (preferably characterized in solution over on surface), 
thermodynamics, and interactions. (d) in vivo function can be assessed in model organisms, 
organs or organoids, cells, and cellular barriers. 

 
1.5 Scope of Dissertation 
This dissertation contains seven chapters, in addition to this introduction and concluding remarks 
at the end. Each chapter maintains the central theme of understanding and harnessing nano-bio 
interactions, from various perspectives and for various means. The following discussion serves to 
provide transitions between the dissertation sections. 
 
Chapter 2 presents a fundamental understanding of the protein corona composition, driving forces, 
dynamics, and morphology on carbon nanotube-based nanosensors. The aim was to answer three 
crucial questions: (i) what proteins coat a nanoparticle upon exposure to a biological system, (ii) 
how does this binding process occur, and (iii) why are these particular proteins adsorbing to the 
nanoparticle? Existing studies correlating nanoparticle properties to corona formation mainly 
describe systems of spherical model nanoparticles in blood plasma and solely answer the question 
of what is coating the nanoparticles without rigorously delving into the underlying mechanistic 
how and why. This study primarily focuses on protein interactions with the SWCNT-based probes 
that our lab develops, however, the experimental platform and framework of analysis are 
generalizable to various nanoparticles in different biological environments. The model system of 
polystyrene nanoparticles in blood plasma is used as a means of platform validation, however, the 
study is an impactful addition to the body of protein corona literature due to the quantitative nature 
of the study, resultant analysis, and application to a new nanoparticle system (DNA-functionalized 
SWCNTs) in an understudied biofluid (cerebrospinal fluid of the brain). 
 
Chapter 3 elaborates on the study of protein corona formation dynamics. We develop an assay to 
measure the dynamic exchange of the biomolecular corona on SWCNTs in solution, in real-time. 
This corona exchange assay overcomes limitations of pre-existing techniques, namely, (i) the need 
for nanoparticle immobilization to apply conventional surface-analysis techniques and (ii) the lack 
of tracking both biomolecular entities involved in the surface exchange. Initial assay development 
and validation is focused on monitoring the exchange of ssDNA initially on the SWCNT surface 
upon addition of proteins in the surrounding bulk biofluid. This chapter provides insight into assay 
development, application in a case study of two length ssDNA sequences, development of a simple 
kinetic model description of the ssDNA/protein exchange process on the SWCNT surface, and the 
extension to exchange between various biomolecules such as phospholipids and peptoids. 
 
Chapter 4 expounds on the interactions driving protein corona formation on nanoparticles by 
adopting a physics-based modeling approach. We use colloid theory to mathematically model the 
thermodynamic potential of mean force between different proteins in solution and nanoparticles 
of varying geometry. Solvation, dispersion, and electrostatic forces describe these interactions 
from which the total potential of mean force is calculated. Although assumptions are required to 
simplify the binding partners, this theoretical description gives insight into important interactions 
governing how the protein and nanoparticle first “see” each other in solution as they come in closer 
proximity. 
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Chapter 5 continues this analysis toward protein corona formation driving forces on ssDNA-
SWCNTs, providing an extension of the linear regression analysis pursued in Chapter 2 to further 
evaluate the various physicochemical protein properties driving adsorption. Protein corona 
compositional data is derived from Chapter 2 and analyzed by various supervised learning models, 
from which a random forest classification scheme is ultimately adopted. This study provides 
insight into protein characteristics that are heavily implicated in corona formation. Additionally, 
the classifier is used to predict new proteins expected to display intrinsic adsorptive interactions 
with the SWCNT surface, as this will be useful in rational nanosensor design (detailed further in 
Chapter 8). “Hit” proteins determined by this developed classifier are experimentally validated by 
applying the corona exchange assay detailed in Chapter 3. 
 
Chapter 6 serves as a departure from the focus of prior chapters on protein/ssDNA-SWCNT 
interactions. The dissertation theme of how biomolecules modulate the inherent characteristics of 
nanoparticles is continued, as the graphene substrate geometry is expanded from the quasi-one-
dimensional carbon nanotube to the two-dimensional graphene quantum dot (GQD). Initial project 
goals involved the intended development and application of a GQD-based nanosensor platform. 
However, this in the end became a more fundamental study due to limitations of this graphene 
substrate as a nanosensor, namely, fluorescence in the UV-low-visible range, instability in salt 
conditions, and lack of response to screened libraries of biologically relevant small molecule 
analytes. The study describes the complexation of various types of GQDs with biomolecules 
(mainly ssDNA of varying sequence and length), with experimental validation and complementary 
molecular dynamics simulations to provide insight on these nano-bio interactions. 
 
Chapter 7 provides a transition to consider a corona-based design approach. Although formation 
of the nanoparticle-corona complex can pose an obstacle toward effectively deploying 
nanotechnologies (as explored in many of the preceding chapters), corona formation presents a 
unique opportunity as a functional handle to tune and enhance auxiliary nanoparticle properties. 
The review of recent literature presented in this chapter is mainly within the context of 
nanoparticle-based delivery applications, as this constitutes the majority of prior work. However, 
the following chapter applies this similar idea toward a nanoparticle-based sensing application. 
 
Finally, Chapter 8 applies this idea of rational, corona-mediated nanoparticle design in the 
development of a rapid SARS-CoV-2 nanosensor. Leveraging the insight gained from the 
fundamental study of protein-nanotube interactions, a hybrid nano-bio construct is designed and 
created, exploiting the natural recognition ability of a cell membrane receptor protein (ACE2) for 
the SARS-CoV-2 spike protein protruding from the virion surface. ACE2 as the molecular 
recognition domain is tethered to SWCNTs that serve as the signal transducing elements, providing 
an optical readout upon SARS-CoV-2 spike protein binding. This study presents a proof-of-
concept nanosensor construct, with promising initial results regarding nanosensor selectivity and 
function in complex patient samples, such as saliva, upon nanosensor passivation to mitigate 
unfavorable biofouling. Moreover, the experimental framework of probing the mechanisms of 
protein-nanotube interactions developed in the preceding chapters is applied to guide nanosensor 
synthesis and validation. This study opens doors to label-free protein detection, and specifically 
for viral sensing, with the ultimate intention of being incorporated into an accessible, point-of-care 
format and to function in minimally processed patient biofluids. 
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2 Quantitative Protein Corona Composition, Driving Forces, and 
Dynamics on Carbon Nanotubes in Biological Environments 

 
2.1 Chapter Abstract 
When nanoparticles enter biological environments, proteins adsorb to form the “protein corona” 
which alters nanoparticle biodistribution and toxicity. Herein, we measure protein corona 
formation on DNA‐functionalized single‐walled carbon nanotubes (ssDNA‐SWCNTs), a 
nanoparticle used widely 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.‡ 
 
2.2 Introduction 
Engineered nanoparticles are prominently used for sensing and imaging applications in biological 
systems due to their distinctive optical and physical properties.10,16 A key challenge with these 
nanoscale tools is understanding the mechanisms of interaction between the nanoprobe and the 
biological system they are designed to query.45,46 As detailed in the Introduction (section 1), an 
incomplete understanding of protein corona formation remains as a paramount barrier to 
successfully implementing nanotechnologies within biological environments. 
 
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.46,169 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.45,158,159 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 

 
‡ Published as Pinals, R. L.; Yang, D.; Rosenberg, D. J.; Chaudhary, T.; Crothers, A. R.; Iavarone, 
A. T.; Hammel, M.; Landry, M. P. Quantitative Protein Corona Composition and Dynamics on 
Carbon Nanotubes in Biological Environments. Angewandte Chemie International Edition 2020, 
59 (52), 23668–23677. https://doi.org/10.1002/anie.202008175. 
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(SWCNTs), a nanoparticle class that possesses unique optical and physical properties ideal for 
biological imaging, molecular sensing, and delivery applications.10,32,41,170 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.32 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.40–42 ssDNA-functionalized 
SWCNTs have further been applied in intravenous in vivo scenarios, to monitor endolysosomal 
lipid accumulation171 and nitric oxide production.172 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. 
 
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)47,56,58,159,173 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 space174 and vasculature,175 neurotransmitter imaging,41,176 and 
delivery to the brain.170 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.118 
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 the brain. 
 
2.3 Results and Discussion 
2.3.1 Protein Corona Composition 
Protein corona composition was studied on (GT)15-functionalized SWCNTs (see synthesis in 
section 2.5.1; 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 
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two-dimensional polyacrylamide gel electrophoretic separation (2D PAGE) or liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) (Figure 2-7; see methods in section 
2.5.5).58 Following workflow validation (Figure 2-7 and Figure 2-8), 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 2-9). 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) enrichment or depletion in each nanoparticle corona, relative to protein 
concentrations in the native biofluid (see details in section 2.5.6). Protein abundances, fold 
changes, and functional classes for protein coronas formed on PNPs and (GT)15-SWCNTs are 
represented graphically in Figure 2-1 (plasma) and Figure 2-2 (CSF) (full protein lists in Figure 
2-10 and Figure 2-11). The twenty most abundant proteins in the nanoparticle coronas are 
summarized in Table 2-1(plasma) and Table 2-2 (CSF). 
 
2.3.1.1 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 2-1). First, plasma proteins identified in the PNP 
corona are corroborated by previous literature.56,58 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 2-12 and Figure 2-13). 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 toward 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 non-specific cellular uptake (high clusterin adsorption173), 
prolonged circulation in blood (overall high apolipoprotein adsorption47), 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 adsorption177,178) and 
eliciting inflammatory responses (high fibrinogen adsorption47,50,158) (see extended discussion in 
section 2.6.2). 
 
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).42 Plasma proteins identified in the (GT)6-SWCNT corona approximately match 
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those in the (GT)15-SWCNT corona (Figure 2-10 and Table 2-5), and the analogous regression of 
protein functional classes suggests that the SWCNT surface, rather than the initial ssDNA corona, 
determines protein adsorption selectivity (Figure 2-12 and Figure 2-14). Surface passivation with 
ssDNA does, however, lead to distinct results compared to prior protein corona characterization 
on pristine or carboxylated SWCNTs,179,180 where adsorption of albumin and immunoglobulins is 
seemingly prohibited by an initial ssDNA corona. 
 

 
Figure 2-1. 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 2-10). 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, for example, 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 
proteins 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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Table 2-1. 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 

 
2.3.1.2 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 2-2). 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 2-12). Protein classes that have higher than 
average fold change on (GT)15-SWCNTs are coagulation proteins (441% higher fold change than 
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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,158 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) in either biofluid (Figure 2-16). 
This again suggests complex mechanisms driving selective corona adsorption on SWCNTs and, 
depending on the biofluid, also PNPs. 
 

 
Figure 2-2. 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 2-11). 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, for example, 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 proteins 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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Table 2-2. 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 

 
2.3.2 Protein Corona Formation Mechanisms 
2.3.2.1 Molecular Phenomena Involved in Protein Corona Formation 
To evaluate the nanoscale mechanisms involved in corona formation, we linearly regressed the ln-
fold change against physicochemical protein properties including mass, post-translational 
modification frequency, binding site frequency, and amino acid percent compositions (Figure 2-3 
and Figure 2-15; see section 2.5.7).72,181 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 section 2.6.3). Proteins often 
denature upon surface adsorption, exposing otherwise solvent-inaccessible residues.158,161,180,182,183 
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 
and/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%)118,184,185 and 
the small fraction of ssDNA removed from the SWCNT during protein adsorption (~1-5%).118 
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 (as shown experimentally, Figure 2-17). 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. 
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Figure 2-3. 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), hydrophilic (sum of serine, threonine, asparagine, and glutamine content), and acidic 
(sum of aspartic acid and glutamic acid content). 

 
2.3.2.2 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 2-4). Under dynamic protein-nanoparticle incubation, proteins in the outer 
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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 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.186 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 2-8). 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).187 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. 
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Figure 2-4. 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, phosphate-buffered saline, and 25°C incubation) and varying 
incubation conditions, including dynamic (on orbital shaker; to probe corona stability), no salt 
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(water; to probe ionic effects), and temperature (37°C; to probe entropic contributions). Color 
indicates normalized appearance frequency of protein in corona characterized by 2D PAGE (N 
≥ 3 experimental replicates; see details in section 2.5.8). 

 
2.3.3 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. Toward this end, isothermal titration calorimetry (ITC) was applied to 
probe the thermodynamics of protein adsorption to SWCNT surfaces.48,67,188 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 2-18). 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 extended discussion in 
section 2.6.4).45,158,159 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 protein concentration, in contrast to originating from the dynamic 
equilibrium between the fluid and surface-adsorbed phases required for Langmuirian 
adsorption.161,182,183,189 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.118 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 2-5a-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 2-1). Interestingly, the order of protein 
adsorption from this corona exchange assay was: fibrinogen > apolipoprotein A-I > alpha-2-HS 
glycoprotein > immunoglobulin G ≈ clusterin > complement C3 > albumin (Figure 2-5a). 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 
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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, offering a greater spread between protein species (Figure 
2-5b; see expected ordering in Table 2-5).  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 
proteins190) rather than by high binding affinity to the SWCNT surface on their own. To build a 
physical picture of protein-SWCNT association, we next expand to structural studies of these 
protein-nanoparticle complexes. 
 

 
Figure 2-5. 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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2.3.4 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 fibrinogen, absent for the case of 
albumin (Figure 2-5c), 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 2-5c, 
Figure 2-19, and Table 2-8).191–193 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 2-5c). This is consistent 
with previous literature in which fibrinogen binds to SWCNTs in a lengthwise manner.39,180 
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.194 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 2-20), and enables quantification of the changing fractal 
structure, pointing to the role of multilayer adsorption mechanisms and aggregate formation. 
 
2.4 Conclusions 
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.195 This raises cogent 
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concern for the need to test nanotechnologies in blood plasma (with all protein constituents 
present) rather than blood serum (absent of 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. 
 
2.5 Materials and Methods 
2.5.1 Synthesis of SWCNT-Based Nanosensors 
Single-stranded DNA with single-walled carbon nanotube (ssDNA-SWCNT) suspensions were 
prepared with 1 mg of mixed-chirality SWCNTs (small diameter HiPco™ SWCNTs, 
NanoIntegris) and 1 mg of ssDNA (custom ssDNA oligos with standard desalting, Integrated DNA 
Technologies, Inc.) in 1 mL of 1X phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 
10 mM Na2HPO4, 1.8 mM KH2PO4). Solutions were bath sonicated for 10 min (Branson 
Ultrasonic 1800) and probe-tip sonicated for 10 min in an ice bath (3 mm probe tip at 50% 
amplitude, 5-6 W, Cole-Parmer Ultrasonic Processor). Samples were incubated at room 
temperature for 30 min then centrifuged to pellet insoluble bundles and contaminants (16.1 krcf, 
30 min). Supernatant containing the product was collected. ssDNA-SWCNTs were spin-filtered to 
remove free ssDNA (Amicon Ultra-0.5 mL centrifugal filters with 100 kDa MWCO, Millipore 
Sigma) by washing with Milli-Q water two times (8 krcf, 5 min) then reversing the spin filter and 
centrifuging to recover sample (1 krcf, 5 min). ssDNA-SWCNT concentration was determined via 
sample absorbance at 632 nm (NanoVue Plus, GE Healthcare Life Sciences) and the extinction 
coefficient ε632nm=0.036 L mg-1 cm-1.32 ssDNA-SWCNTs were stored at 4°C until use and then 
diluted to a working concentration of 100 mg L-1 in PBS. 
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2.5.2 Nanoparticle Characterization 
100 nm polystyrene nanoparticles were purchased from Polysciences, Inc. (PNPs; Fluoresbrite® 
yellow-green fluorophore-labeled). Size was confirmed with DLS to be in accordance with 
manufacturer specifications (Figure 2-7b) and measured zeta potential is -59.7 ± -3.24 mV (Figure 
2-8; Zetasizer Nano, Malvern Panalytical; 1.67 g L-1 in PBS, 700 μL volume). 
 
ssDNA-SWCNTs were synthesized as described above. Mixed-chirality HiPco™ SWCNTs are 
reported by the manufacturer (NanoIntegris) to have diameters 0.8-1.2 nm (average 1 nm; 
measured by Unidym from TEM) and lengths 100-1,000 nm (measured by Unidym from AFM). 
Upon suspension with ssDNA, previous AFM work informs a diameter of ~1 nm and length 
distribution centered around ~500 nm,196 yet AFM sample deposition is known to influence such 
measurements in a DNA sequence-dependent manner.197 Our previous work depicts ssDNA-
SWCNT morphology by TEM.198 Measured zeta potential of (GT)15-SWCNTs is -19.4 ± 0.945 
mV (Figure 2-8; Zetasizer Nano, Malvern Panalytical; 28.67 mg L-1 in PBS, 700 μL volume). 
Absorbance and fluorescence spectra of (GT)15-SWCNTs are presented in Figure 2-6, confirming 
formation of a stable SWCNT dispersion34 and in agreement with previous literature.42 Absorbance 
of 30 mg L-1 (GT)15-SWCNTs in PBS was measured in a 700 μL volume, black-sided quartz 
cuvettes (Thorlabs, Inc.) with a UV-VIS-nIR spectrophotometer (Shimadzu UV-3600 Plus). 
Fluorescence was obtained with an inverted Zeiss microscope (Axio Observer.D1, 10x objective) 
coupled to a Princeton Instruments spectrometer (SCT 320) and liquid nitrogen cooled Princeton 
Instruments InGaAs detector (PyLoN-IR). Fluorescence was measured in a glass-bottom 384 well-
plate format (30 μL volume sample, 10 mg L-1 concentration in PBS), with a 721 nm laser 
(OptoEngine LLC) excitation light source and 800 – 1400 nm emission wavelength range.  
 
We have previously determined approximately 140 (GT)15 molecules or 364 (GT)6 molecules 
adsorbed per SWCNT.118 Using (GT)15 and (GT)6 contact areas from MD simulations,42 this 
translates to ssDNA surface coverages of 2.1% and 6.5%, respectively. Previous work reports ~20-
25% surface coverage of ssDNA on SWCNTs in the saturation regime (i.e. when further ssDNA 
adsorption is sterically unfavorable).184,185,199 To capture the differing experimental and modeling 
conditions, we report the full range of ~1-25% initial ssDNA surface coverage on the SWCNT. 
 
2.5.3 Isolation and Characterization of Protein-Nanoparticle Complexes 

Protein corona composition was studied on PNPs, (GT)15-SWCNTs, and (GT)6-SWCNTs. PNPs 
were vortexed prior to use (1 min in 5 s pulses). Biofluids studied were human blood plasma and 
human CSF (Table 2-3) obtained with informed consent from all donors and in accordance with 
the relevant guidelines and regulations. CSF was concentrated 10X prior to incubation to match 
protein to nanoparticle ratios under volume constraints (14 krcf, 30 min; Amicon Ultra-0.5 mL 
centrifugal filters with 3 kDa MWCO, Millipore Sigma). The ratio of protein concentration to 
nanoparticle surface area was maintained constant for each respective nanoparticle in different 
biofluids, with 26 g L-1 protein per m2 nanoparticle surface area for PNPs (from previous 
literature58) and 200 g L-1 protein per m2 nanoparticle surface area for (GT)6- and (GT)15-SWCNTs. 
Based on experimental optimization, an 8-fold higher ssDNA-SWCNT surface area relative to 
PNP was selected to collect enough protein material from the SWCNT corona for downstream 
characterization, due to significantly lower protein adsorption on SWCNTs compared to PNPs. 
These incubation ratios translate to 1.67 g L-1 PNPs with 2.67% (v/v) plasma; 0.4 g L-1 PNPs with 
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8.67% (v/v) 10X CSF; 28.67 mg L-1 (GT)15-SWCNTs with 2.67% (v/v) plasma; and 12.67 mg L-1 
(GT)15-SWCNTs with 16% (v/v) 10X CSF. Biofluid percentages are nominal, and were adjusted 
on a mass basis to match the target protein per surface area ratios. Nanoparticles were incubated 
with biofluids in PBS, 750 μL total volume, for 1 h at ambient temperature (Figure 2-7a). Protein-
nanoparticle complexes were pelleted by centrifugation (16.1 krcf, 20 min). Supernatant 
containing unbound proteins was removed, the pellet resuspended in PBS, and the pellet broken 
up by pipetting. Washing was repeated three times to ensure removal of unbound proteins. 
 
Each step was validated for polystyrene nanoparticles (PNPs) exposed to blood plasma proteins as 
follows: (i) incubation of proteins with nanoparticles induced an increase in nanoparticle 
hydrodynamic radius as determined by dynamic light scattering (DLS), where the number 
distribution shifted to a larger peak center and broadened out due to nonuniform aggregate 
formation as protein to nanoparticle loading was increased (Figure 2-7b); (ii) proteins initiated 
nanoparticle aggregation, as shown by solution absorbance before and after initial pelleting (Figure 
2-7c), thus facilitating nanoparticle recovery for analysis; (iii) three washing steps were sufficient 
to remove unbound proteins by quantifying proteins remaining in the supernatant (Figure 2-7d; 
also valid for all nanoparticle/biofluid combinations); and (iv) proteins were fully eluted from 
nanoparticles by boiling in solutions of sodium dodecyl sulfate/β-mercaptoethanol (SDS/βME, for 
2D PAGE analysis; Figure 2-7e) and urea/dithiothreitol (urea/DTT, for LC-MS/MS analysis). The 
equivalent verification was performed with (GT)15-SWCNTs, yet the high aspect ratio of SWCNTs 
precluded accurate DLS measurement. Zeta potentials of the nanoparticle/plasma mixtures were 
determined as a proxy of the nanoparticle-protein complex surface charge, although this 
measurement captures a convolution of any free proteins, free nanoparticles, and nanoparticle-
protein complexes (Figure 2-8). Zeta potential measurements of plasma proteins alone and 
nanoparticles alone reveal that the separate entities were initially negatively charged, whereby 
mixing results in a broadened zeta distribution of lower average magnitude than the nanoparticles 
alone. The measured reduction in effective surface charge implies some degree of protein 
adsorption to the nanoparticles and lowering of electrostatic repulsion, contributing to the 
experimentally observed colloidal instability upon combining nanoparticles with plasma, in 
agreement with previous literature.47 
 
Toward (i), the incubation solution was characterized by dynamic light scattering and zeta 
potential measurements in folded capillary zeta cell disposable cuvettes (Zetasizer Nano, Malvern 
Panalytical; 700 µL volume). PNPs are negatively charged as a result of initiator fragments from 
the polymerization process, yet these PNPs are conventionally considered to be a model plain 
nanoparticle due to no explicit functionalization.58 (GT)15-SWCNTs are slightly negatively 
charged due to the presence of the ssDNA on the surface, with the phosphate backbone extending 
into solution. Toward (ii), absorbance spectra were measured in a 700 μL volume, black-sided 
quartz cuvettes (Thorlabs, Inc.) with a UV-VIS-nIR spectrophotometer (Shimadzu UV-3600 Plus). 
For (iii), free protein remaining in the supernatant after centrifugation was quantified during 
subsequent wash steps using the Qubit Protein Assay (Thermo Fisher Scientific). Note that PNPs 
contribute minimally to the Qubit signal (~2%), therefore the protein mass calculated for wash 0 
is slightly inflated. For (iv), eluted protein from the nanoparticle was quantified using the Pierce 
660nm Assay (with Ionic Detergent Compatibility Reagent; Thermo Fisher Scientific). Elution 
buffer was modified from SDS/βME for 2D PAGE to urea/DTT for LC-MS/MS analysis due to 
SDS interference with trypsin digestion, reverse-phase HPLC, and electrospray ionization 
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efficiency.200 The profile of eluted proteins was confirmed to be invariable to the elution system 
by 2D PAGE and S-trap (Protifi) LC-MS/MS analysis, although total eluted protein amount 
decreased. 
 
Nanoparticle mass loss during pelleting and washing was estimated by measuring solution 
absorbance of each collected supernatant after centrifugation. This measured mass loss serves as 
a maximum estimate due to scattering of solubilized proteins and any remaining protein-
nanoparticle aggregates that increase the absorbance baseline and impede fully accurate 
quantification of the nanoparticles alone. After each centrifugation step as shown in Figure 2-7a 
(four total), the supernatant was removed and absorbance was measured (NanoDrop™ One/OneC 
Microvolume UV-Vis Spectrophotometer). For PNPs, absorbance was measured at the excitation 
maximum of the fluorophore (441 nm) and a standard curve over the relevant absorbance range 
(linear fit, R2 = 0.9986) was used to convert this to concentration using Beer-Lambert’s Law. For 
(GT)15-SWCNTs, absorbance was measured at 632 nm and the known extinction coefficient was 
applied similarly. Results are presented in Table 2-4, with standard deviations of technical 
triplicate measurements and “0” denoting absorbance reading at the noise level of the instrument 
(e.g. absorbance ≤ 0.0133, read for buffer). The mass loss percentage is calculated as the ratio of 
this measured total mass removed to the calculated initial mass added to solution. We conclude 
that the maximum mass loss estimates of ~12% for PNPs and ~32% for (GT)15-SWCNTs in each 
biofluid are not a significant portion of the population. 
 
As a control, in the absence of nanoparticles in the incubation step, no measurable protein was 
present after pelleting and denaturation, confirming that we are measuring selective protein 
adsorption to nanoparticles, not merely to the container, nor simply seeing the high background of 
proteins in biofluids. This latter point is further confirmed by the result that protein corona 
abundance does not scale as a function of native abundance on ssDNA-SWCNTs (Figure 2-16). 
Contamination of the isolated protein corona with bio-nanoparticles, such as extracellular vesicles 
and lipoproteins,201 was inferred by the aforementioned control (no “protein corona” measurable 
in the absence of nanoparticles) and the absence of large peaks in the plasma-alone DLS (Figure 
2-7b). 
 
2.5.4 Composition Studies by Two-Dimensional Polyacrylamide Gel Electrophoretic Separation 

(2D PAGE) 
2D PAGE was performed to identify proteins via separation by isoelectric point in the first 
dimension and molecular weight in the second dimension. For analysis by 2D PAGE, bound 
proteins were eluted from nanoparticles by heating at 95°C for 10 min in SDS/BME reducing 
buffer (2% SDS, 5% β-mercaptoethanol, 0.066 M Tris-HCl). 1D separation was run according to 
the O’Farrell protocol202 (adapted for Bio-Rad Mini-PROTEAN Tube Cell). Briefly, 1D sample 
buffer (8 M urea, 2% Triton X-100, 5% β-mercaptoethanol, 2% total carrier ampholytes - 1.6% 
Bio-Lyte 5/7, 0.4% Bio-Lyte 3/10) was added to samples in a 1:1 or 0.07:1 volume ratio (relative 
to initial plasma and CSF volumes, respectively) and incubated for 10 min. 1D separation was 
carried out in capillary tube PAGE with gel composition of 4% acrylamide (total monomer), 8 M 
urea, 2% Triton X-100, 2% total carrier ampholytes, 0.02% ammonium persulfate (APS), and 
0.15% Tetramethylethylenediamine (TEMED). 25 μL sample and 25 μL 1D sample overlay buffer 
(4 M urea, 1% total carrier ampholytes) was loaded per capillary tube gel. Upper and lower 
chamber buffers were 100 mM sodium hydroxide and 10 mM phosphoric acid, respectively. 1D 
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separation was run at 500 V for 10 min, 750 V for 3.5 h. Nanoparticles were filtered from the 
eluted proteins by the gel itself. Capillary gels were extruded and loaded onto 2D gels. 2D 
separation was run according to the Laemmli protocol203 (adapted for Bio-Rad Mini-PROTEAN 
Tetra Cell). Briefly, SDS/BME reducing buffer was added to the 2D well to cover the capillary gel 
and incubated for 10 min. 2D separation was carried out in 1 mm vertical mini gel format with a 
discontinuous buffer system under denaturing conditions. Gel composition was 12% acrylamide 
(total monomer), 0.375 M Tris-HCl, 0.1% SDS, 0.05% APS, 0.05% TEMED for the resolving gel 
and 12% acrylamide (total monomer), 0.125 M Tris-HCl, 0.1% SDS, 0.05% APS, 0.1% TEMED 
for the stacking gel. Electrode buffer was 25 mM Tris, 192 mM glycine, and 3.5 mM SDS (pH 
8.3). 2D separation was run at 200 V for 1 h. Gels were extracted and silver stained according to 
Bio-Rad’s Silver Stain Plus protocol and identified with ExPASy’s SWISS-2DPAGE database 
(Figure 2-9).204 
 
2.5.5 Composition Studies by Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) 
Bound proteins were eluted from nanoparticles by heating at 37°C for 60 min in urea/DTT 
reducing buffer (8 M urea, 5 mM DTT, 50 mM Tris-HCl, pH 8). Eluted protein concentration was 
determined with the EZQ Protein Quantitation Kit (Thermo Fisher Scientific). Protein solution 
was centrifuged to pellet the majority of nanoparticles (16 krcf, 20 min) and this supernatant was 
spin-filtered to concentrate and remove impurities (14 krcf, 30 min; Amicon Ultra-0.5 mL 
centrifugal filters with 3 kDa MWCO, Millipore Sigma; pre-rinsed). Proteins were alkylated with 
15 mM iodoacetamide for 30 min in the dark. 500 mM DTT was added to quench excess 
iodoacetamide in a volume ratio of 3:1 and incubated for 20 min. The reaction was diluted 1:1 
with 50 mM Tris-HCl pH 8 to allow enzymatic protein digestion. In-solution protein digestion was 
done with a ratio of 1:25 w/w Trypsin/Lys-C (Mass Spectrometry Grade, Promega) to protein, 
overnight at 37°C. Any remaining nanoparticles were removed by spin filtering (14 krcf, 30 min; 
Amicon Ultra-0.5 mL centrifugal filters with 30 kDa MWCO, Millipore Sigma; pre-rinsed). 
Nanoparticle removal was done after protein digestion into peptides due to the otherwise very 
similar sizes of nanoparticles and proteins. Peptide concentration was determined with the Pierce 
Peptide Quantitation Kit (Thermo Fisher Scientific) and samples were normalized to 0.1 g L-1 in 
100 μL total volume. Peptide solutions were spiked with 50 fmol of E. coli housekeeping peptide 
(Hi3 Ecoli Standard, Waters) per 5 μL sample volume to allow for protein quantification. Digestion 
was terminated by freezing samples to -20°C. Note that biofluid-alone samples underwent these 
same processing steps, from denaturation to tryspin digestion. The preceding isolation steps of 
pelleting and washing were only necessary for nanoparticle-protein complexes, and were 
accordingly omitted for biofluids alone. An alternative mass spectrometry preparation technique 
was pursued, using S-traps (Protifi), confirming our results were not biased by the sample 
preparation protocol. 
 
Proteolytically digested proteins were analyzed using a Synapt G2-Si mass spectrometer equipped 
with a nanoelectrospray ionization source and connected directly in line with an Acquity M-class 
ultra-performance liquid chromatography system (UPLC; Waters, Milford, MA). This 
instrumentation is in the California Institute for Quantitative Biosciences (QB3)/College of 
Chemistry Mass Spectrometry Facility at UC Berkeley. Data-independent, ion mobility-enabled 
mass spectra and tandem mass spectra205–207 were acquired in the positive ion mode. Data 
acquisition was controlled with MassLynx software (version 4.1) and tryptic peptide identification 
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and quantification using a label-free approach208–210 were performed with Progenesis QI for 
Proteomics software (version 4.0, Waters). 
 
2.5.6 Proteomic Mass Spectrometry Data Interpretation 
Prior to LC-MS/MS analysis, all samples were normalized on a total protein mass basis (where 
normalizing on a total molar basis is experimentally not feasible due to the complexity of biofluid 
samples). Consequently, the reported abundance of each protein species i, bi, is the ratio of mole 
number of protein i, 𝑛𝑛𝑖𝑖, to the total protein mass: 
 
 𝑏𝑏𝑖𝑖 =  
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where 𝑀𝑀𝑀𝑀𝑗𝑗 is the molecular weight of each protein species j. LC-MS/MS data is then expressed 
as the fold change εi between the abundance of protein species i in the corona on the nanoparticle 
surface (phase s) to that in the bulk biofluid (phase f): 
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Here, the second term in parentheses is equal to 1 because all samples have the same total protein 
mass. Therefore, the reported fold change is the molar abundance ratio of a particular protein in 
the corona phase to that in the bulk biofluid phase. 
 
2.5.7 Linear Regression Models for Corona Composition 

We linearly regressed211 the natural log of the fold change of proteins for each nanoparticle-
biofluid pairing using two sets of protein descriptors. The first set of descriptors are categorical 
variables denoting what class a protein is in (i.e. 1 for a protein in a given class and 0 otherwise), 
namely, involved in acute-phase response, blood coagulation, cell adhesion/signal transduction, 
complement activation, immune response, lipid binding/transport, regulation of biological 
processes, transport, or miscellaneous/unknown (Figure 2-12 and Figure 2-13; grouped according 
to PANTHER212). The variables were sum-effect coded such that the coefficients quantify how a 
protein class deviates from the grand mean of all protein classes and the intercept of the regression 
is the grand mean. Because each protein is grouped into one and only one class, the categorical 
variables are not linearly independent and one class is excluded from the regression;211 we chose 
the miscellaneous class. 
 
The second set of descriptors are molecular and biophysical properties of the proteins: protein 
mass, fraction of amino acids that are non-aromatic hydrophobic (sum of alanine, valine, 
isoleucine, leucine, and methionine content), hydrophilic (sum of serine, threonine, asparagine, 
glutamine content), arginine (R), histidine (H), lysine (K), acidic (sum of aspartic acid and 
glutamic acid content), phenylalanine (F), tyrosine (Y), tryptophan (W), number of glycosylated 
sites, number of ligand binding sites, number of metal binding sites, and number of disulfide binds 
Figure 2-3, Figure 2-14, and Figure 2-15). Each of these descriptors is a continuous variable. The 
regression coefficients quantify the fractional difference in the fold change for a unit increase in 
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the independent variable.211 Protein-specific information was acquired from UNIPROT.181 Note 
that these particular descriptors were chosen after primary analyses that eliminated highly co-
dependent descriptors. An example was choosing to include percentage of acidic/basic amino acids 
rather than protein isoelectric point (from ExPASy Compute pI/MW), where the isoelectric point 
was deemed less exact because it relies on a theoretical calculation, omits protein fragments, and 
necessitates an average value for multicomponent proteins. Other examples were including 
number of disulfide bonds as an estimate of protein stability rather than protein instability index 
and segmenting to percentage of hydrophobic/aromatic amino acids rather than grand average 
hydropathy (GRAVY) score, in both cases due to the involvement of arbitrarily set scales (from 
ExPASy ProtParam). 
 
For each regression, we included the measured protein fold changes for each replicate of a 
nanoparticle-biofluid system and controlled for sample-to-sample variability by including a 
categorical variable for the specific replicate. Protein abundances that fell below the lower limit of 
detection in the samples from the protein corona were set to 1x10-5 fmol, corresponding to the 
lowest detected protein abundance of all systems. Left-censoring the data in this way provides a 
conservative estimate of the regression coefficients by underestimating of the magnitude and 
significance.211 Calculated variance inflation factors for all variables in each independent 
regression was <4, indicating negligible multicollinearity between the independent variables. To 
avoid overestimating the statistical significance of independent variables, p-values were adjusted 
using the Benjamini-Hochberg false discovery rate procedure.213 All statistical analysis was 
implemented in Python using the StatsModels V0.10.1 package 214(0.27-0.39). Table 2-6 and Table 
2-7 provide coefficients, standard errors, false discovery rate corrected (FDRC) p-values, and R-
squared values for each regression. The median R-squared of the first and second regression 
models for the nanoparticle-biofluid systems are 0.29 and 0.34, respectively, indicating the 
statistical models are descriptive rather than predictive. Nonlinear or decision tree algorithms 
provide more precise prediction of corona composition,72 however, these approaches were not 
considered because they are not readily interpretable, which is a principle goal of our analysis. 
 
Protein properties that were controlled for but that did not show a statistically significant effect on 
fold change for any nanoparticle in any biofluid include: the number of disulfide bonds (used as a 
proxy for protein stability), number of biomolecular binding sites, number of metal binding sites, 
and percentage of histidine or tryptophan. The lack of dependence on disulfide bond content and 
also instability index is surprising in the context of previous corona literature, which suggests that 
less structurally stable proteins are more surface active.158 
 
2.5.8 Varying Incubation Parameters 
Protein corona composition was studied under varied incubation conditions in comparison to the 
reference state incubation (static, PBS, and 25°C incubation). Varying incubation conditions 
include dynamic (on orbital shaker at medium speed; to test corona stability), no salt (water; to 
test ionic effects), and high temperature (37°C; to test entropic contributions). Figure 2-4 
summarizes data from 2D PAGE gels, with experimental replicates of 6 for plasma alone, 10 for 
reference, 4 for dynamic, 6 for no salt, and 3 for high temperature. Note that the numerous 
replicates for the reference state were due to the frequent repetition of this condition in comparison 
to the varied conditions. 
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2.5.9 Isothermal Titration Calorimetry (ITC) Methods 
ITC measurements were performed with a NanoITC (TA Instruments). Prior to each experiment, 
samples and buffer were degassed for 10 min and the reference cell was filled with fresh Milli-Q 
water. Equilibration time was set to 1 h before the experiment start and the initial and final 
baselines were collected for 300 s. For each experiment, 1.2 g L-1 protein in PBS was titrated from 
the syringe (250 µL total volume) into 0.1 g L-1 (GT)15-SWCNTs in PBS in the cell (1 mL total 
volume) under constant stirring (250 rpm) at 25 °C. 10 μL of protein titrant was injected into the 
nanoparticle solution in the cell every 7 min, with a total of 24 injections. By standard practice, 
every run was initiated with a 5 μL injection to ensure no artifacts due to bubbles and was removed 
from analysis. All protein-nanoparticle binding experiments were accompanied by three heat-of-
dilution control experiments: (1) protein injected into buffer, (2) buffer injected into nanoparticles, 
and (3) buffer injected into buffer (where buffer is PBS). Heat of binding of protein to 
nanoparticles was then calculated as: (heat from titration of protein into nanoparticles) – (1) – (2) 
+ (3). Data processing was completed with NanoAnalyze software (TA Instruments). Baseline 
correction was done using the auto-fit routine. An independent binding model was applied to fit 
the fibrinogen data set, suitable to model weak nonspecific interactions such as those present in 
the system under study,67 and a blank (constant) model was applied to fit the albumin data set. 
 
Protein and nanoparticle concentrations and ITC setup parameters were varied in attempt of 
obtaining binding curves for both proteins to (GT)15-SWCNTs. However, for albumin this was not 
possible within the ITC instrument’s operational range, therefore albumin was concluded to not 
bind to (GT)15-SWCNTs. 
 
2.5.10 Corona Exchange Assay 
Corona dynamic studies were completed as described previously.118 Briefly, the same suspension 
protocol was employed for preparation of fluorophore-labeled ssDNA-SWCNT complexes, using 
ssDNA-Cy5 (3’ Cy5-labeled custom ssDNA oligos with HPLC purification, Integrated DNA 
Technologies, Inc.) in place of unlabeled ssDNA. Lyophilized proteins were purchased (see details 
in Table 2-3) and reconstituted by adding 5 mg to 1 mL of PBS, tilting to dissolve for 15 min, 
filtering with 0.45 μm syringe filter (cellulose acetate membrane, VWR International), and 
quantifying with the Qubit Protein Assay (Thermo Fisher Scientific). Because of variation in 
amine-labeling of proteins, fluorescently labeled ssDNA was solely tracked, and the displacement 
of ssDNA from the SWCNT surface was taken as a proxy for protein adsorption. Equal volumes 
of 10 mg L-1 (GT)15- or (GT)6-Cy5-SWCNTs and 160 mg L-1 protein were added to a 96-well PCR 
plate (Bio-Rad) to a total volume of 50 μL. The plate was sealed with an optically transparent 
adhesive seal (Bio-Rad) and spun down on a benchtop centrifuge. Fluorescence time series 
readings were taken in a Bio-Rad CFX96 Real Time qPCR System, scanning the Cy5 channel 
every 2 min at 22.5℃. Fluorescence time series were analyzed without default background 
correction. Fluorescence values were converted to mass concentration using linear standard curves 
for ssDNA-Cy5. Note that in the case of the control, ssDNA adsorption to the SWCNT is observed, 
in line with previous studies.118 
 
2.5.11 Structure Studies by Small-Angle X-ray Scattering (SAXS) 
SAXS data was collected at SIBYLS beamline (bl12.3.1) at the Advanced Light Source of 
Lawrence Berkeley National Laboratory, Berkeley, California.215 X-ray wavelength was set at λ = 
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0.1127 nm and the sample-to-detector distance was 2.1 m, resulting in scattering vector (q) ranging 
from 0.1–4 nm–1. The scattering vector is defined as q = 4πsinθ/λ, with scattering angle 2θ. Data 
was collected using a Dectris PILATUS3X 2M detector at 20°C and processed as described 
previously.216 
 
Immediately prior to data collection, 30 µL of each sample was added to 96-well plates kept at 
10°C and transferred to the sampling position via a Tecan Evo liquid handling robot with modified 
pipetting needles acting as sample cells as described previously.217 Samples were exposed to X-
ray synchrotron radiation for 30 s at a 0.5 s frame rate for a total of 60 images. Each collected 
image was circularly integrated and normalized for beam intensity to generate a one-dimensional 
scattering profile by beamline-specific software. Buffer subtraction was performed for the one-
dimensional scattering profile of each sample using each of two PBS buffer wells to ensure the 
subtraction process was not subject to instrument variations. Scattering profiles over the 30 s 
exposure were sequentially averaged together to eliminate any potential radiation damage effects. 
Averaging was performed with web-based software FrameSlice (sibyls.als.lbl.gov/ran). 
 
2.5.12 Transmission Electron Microscopy (TEM) Methods 
Holey carbon-coated grids (EMS Electron Microscopy Science) were surface-treated by glow 
discharge to make the support hydrophilic. Samples of (GT)15-SWCNTs with fibrinogen or plasma 
were negatively stained with 1% uranyl acetate solution. For the (GT)15-SWCNTs alone sample, 
no negative staining was done. 5 μl of 10 mg L-1 solution was drop-cast onto the grid. FEI ThemIS 
60-300 STEM/TEM (National Center of Electron Microscopy, Molecular Foundry) with 
acceleration voltage of 60kV was used to acquire TEM images by video recording (Figure 2-20). 
A low acceleration voltage was chosen to minimize sample damage and increase sample contrast. 
 

Table 2-3. Purchased biofluid and protein specifications. 
Protein Manufacturer Lot # Source Form 
Blood plasma Innovative 

Research Inc. 
#23791 Pooled normal human plasma Biofluid 

Cerebrospinal fluid Lee Biosolutions #07C5126 Pooled normal human CSF, 
from remnant lumbar puncture 

Biofluid 

Albumin Sigma-Aldrich #SLBZ2785 Human plasma Lyophilized 
Alpha-2-HS glycoprotein Biovision Inc. #4C08L75480 Human plasma Lyophilized  
Apolipoprotein A-I Alfa Aesar #927J17A Human plasma 1 g L-1 in 10mM ammonium 

bicarbonate buffer, pH 7.4 
Clusterin R&D Systems NEV1519031 Mouse myeloma cell line, NS0-

derived human; Asp23-Arg227 
(beta) & Ser228-Glu449 (alpha) 
with a C-terminal 6-His tag 

Lyophilized 

Complement C3 Mybiosource Inc. #N30/20170 Human plasma 5 g L-1 

Fibrinogen Millipore Sigma #3169957 Human plasma Lyophilized 
Immunoglobulin G Lee Biosolutions #06B2334 Human plasma Lyophilized 
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2.6 Chapter Supporting Information 
2.6.1 Supplementary Figures and Tables 
 

 
Figure 2-6. Optical characterization of (GT)15-SWCNTs. (a) Absorbance spectrum of 30 mg 
L-1 (GT)15-SWCNTs in PBS. (b) Fluorescence spectrum of 10 mg L-1 (GT)15-SWCNTs in 
PBS. Stable SWCNT suspension in aqueous medium is confirmed by absorbance peaks 
across the visible and near-infrared range and fluorescence emission that would otherwise be 
quenched in a SWCNT- aggregated state. 
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Figure 2-7. Isolation and characterization of protein-nanoparticle complexes to determine 
protein corona composition on nanoparticles. (a) Schematic detailing experimental 
procedure: nanoparticles are incubated with the desired biofluid in buffered solution, 
nanoparticle-protein complexes are pelleted by centrifugation and washed three times to 
remove non-selectively pelleted proteins, and corona proteins are eluted and characterized by 
two-dimensional polyacrylamide gel electrophoresis (2D PAGE) or liquid chromatography-
tandem mass spectrometry (LC-MS/MS). (b) Dynamic light scattering (DLS) reveals that 
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plasma protein corona formation induces an increase in the hydrodynamic radius of the PNPs 
(1.67 g L-1 in PBS) via peak shifting and broadening. (c) Absorbance at PNP excitation max 
(441 nm) immediately after adding plasma to incubation solution, incubating for 1 hour, and 
after the first pelleting step demonstrates the presence of proteins facilitates isolation of 
nanoparticles from solution in the initial pelleting step. (d) Quantification of free protein in 
solution via Qubit Protein Assay for varying wash number shows nearly complete depletion 
of free protein by three washes. (e) Quantification of eluted protein from nanoparticles via 
Pierce 660 nm Protein Assay with increasing SDS reducing buffer confirms complete elution 
of bound proteins from nanoparticle surface prior to characterization. Error bars on (b)-(d) 
are ± standard error for experimental replicates of N = 6, 6, and 3, respectively. 

 

 
Figure 2-8. Surface charge changes induced by plasma protein corona formation. Zeta 
potential of native plasma, nanoparticles alone (PNPs yellow, (GT)15-SWCNTs purple), and 
plasma protein-nanoparticle complexes. Lower magnitude zeta potential of protein-
nanoparticle complexes indicates reduction in colloidal stability in the presence of surface-
adsorbed proteins, as expected by visible aggregates formed. PNPs are 1.67 g L-1 and (GT)15-
SWCNTs are 28.67 mg L-1, in PBS, 700 μL volume. Error bars are ± standard deviation for 
technical replicates (N = 3). 

 
Table 2-4. Nanoparticle mass loss during corona isolation. 

Wash 
Mass [μg] PNPs 

(Plasma) 
Mass [μg] PNPs 

(CSF) 

Mass [μg]  
(GT)15-SWCNTs 

(Plasma) 

Mass [μg]  
(GT)15-SWCNTs 

(CSF) 
0 103.45 ± 29.40 37.51 ± 0.00 6.25 ± 0.21 3.33 ± 0.21 
1 19.33 ± 1.97 0.00 0.00 0.00 
2 11.37 ± 1.97 0.00 0.00 0.00 
3 10.23 ± 0.00 0.00 0.00 0.00 
     

Total Mass Removed 144.37 37.51 6.25 3.33 
Initial Calculated Mass 1250 300 215 9.5 

Estimated Mass Loss % 11.55% 12.50% 29.07% 35.09% 
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Figure 2-9. Representative 2D PAGE gels. (a) Plasma alone, (b) Plasma protein corona 
composition formed on (GT)15-SWCNTs, (c) CSF alone, and (d) CSF protein corona 
composition formed on PNPs. 
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Figure 2-10. Blood plasma protein corona compositional map determined by proteomic mass 
spectrometry, full results. Protein corona formed from blood plasma on (a) PNPs, (b) (GT)15-
SWCNTs, and (c) (GT)6-SWCNTs. Circle size corresponds to protein abundance 
(femtomolar). Proteins are grouped by functional class according to color (PANTHER).212 
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). Error bars indicate standard error 
of fold change between experimental replicates (N = 3). 
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Table 2-5. Top 20 most abundant proteins identified by proteomic mass spectrometry in plasma 
(GT)15-SWCNT and (GT)6-SWCNT coronas. 

 Plasma (GT)15-SWCNTs in plasma (GT)6-SWCNTs in plasma 

1 Serum albumin Clusterin A disintegrin and metalloproteinase 
    2 Haptoglobin Histidine-rich glycoprotein Apolipoprotein A-I 

3 Ig kappa constant Apolipoprotein A-I Complement C3 

4 Ig heavy constant gamma Complement C3 Clusterin 

5 Serotransferrin Haptoglobin Histidine-rich glycoprotein 

6 Apolipoprotein A-I A disintegrin and metalloproteinase 
with thrombospondin motifs 12 

Prothrombin 

7 Complement C4 Complement C1r subcomponent Kininogen-1 

8 Telomeric repeat-binding factor 2-
interacting protein 

Vitronectin C4b-binding protein alpha chain 

9 Alpha-1-antitrypsin Kininogen-1 Vitronectin 

10 Alpha-2-HS-glycoprotein Prothrombin Haptoglobin 

11 Apolipoprotein A-II C4b-binding protein alpha chain Fibrinogen alpha chain 

12 Ig heavy constant alpha 1 Complement factor H Ig J chain 

13 Integrin alpha-7 Fibrinogen alpha chain Complement C1r subcomponent 

14 Alpha-2-macroglobulin Protein AMBP Apolipoprotein E 

15 Complement C3 Beta-2-glycoprotein 1 Beta-2-glycoprotein 1 

16 Complement C5 Apolipoprotein E Ig heavy constant gamma 1 

17 Hemopexin Complement C1q subcomponent 
subunit B 

Alpha-2-HS-glycoprotein 

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

19 Ig heavy constant mu Ig J chain Protein AMBP 

20 Beta-2-glycoprotein 1 Galectin-3-binding protein Alpha-1-acid glycoprotein 2 
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Figure 2-11. Cerebrospinal fluid (CSF) protein corona compositional map determined by 
proteomic mass spectrometry, full results. Protein corona formed from CSF on (a) PNPs and 
(b) (GT)15-SWCNTs. Circle size corresponds to protein abundance (femtomolar). Proteins 
are grouped by functional class according to color (PANTHER).212 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). Error bars indicate standard deviation of fold change between 
technical replicates (N = 3). 
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Figure 2-12. Role of protein functional class in protein corona formation for each 
nanoparticle-biofluid pairing. Ln-fold change, effect-coded regression coefficients of protein 
classes (rows) for each nanoparticle-biofluid pairing (columns). Cells are colored from dark 
purple (lower than the average fold change) to white (average fold change) to dark blue 
(higher than average fold change). Standard errors of the coefficients are given in 
parentheses. Results that have false-discovery-rate-corrected p-values of below 0.1 are 
bolded and noted with asterisks. 
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Figure 2-13. Distribution for protein class mean regression coefficients in each nanoparticle-
biofluid pairing. Stars indicate false-discovery-rate adjusted p-values<0.1. 
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Figure 2-14. Molecular attributes of proteins that govern protein corona formation for (GT)x-
SWCNTs in plasma. 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), hydrophilic 
(sum of serine, threonine, asparagine, glutamine content), and acidic (sum of aspartic acid and 
glutamic acid content). 
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Figure 2-15. Distribution for microscale mean regression coefficients in each nanoparticle-
biofluid pairing. Stars indicate false-discovery-rate adjusted p-values<0.1. 
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Table 2-6. Protein class regression results for each nanoparticle-biofluid pairing. 
 PNPs in plasma (GT)15-SWCNTs in plasma 

 R-squared Adjusted  
R-squared 

 R-squared Adjusted  
R-squared 

 
 

0.26 0.24 
 

0.1 0.13  
 

Parameter Standard 
Error 

FDRC  
p-values 

Parameter Standard 
Error 

FDRC 
p-values 

Intercept 0.9277 0.2270 0.0003 -6.1942 0.5380 0.0000 

Sample 1 2.8743 0.3253 0.0000 4.0556 0.7711 0.0000 

Sample 2 -0.0358 0.3146 0.9095 0.3037 0.7457 0.8412 

Acute-phase response -0.1393 0.4271 0.9095 0.0916 1.0124 0.9279 

Blood coagulation 0.6394 0.3749 0.3267 0.7639 0.8887 0.7163 

Cell adhesion / Signal transduction -0.0981 0.4133 0.9095 -0.3003 0.9797 0.8412 

Complement activation 0.0854 0.3086 0.9095 1.3564 0.7316 0.2372 

Immune response -0.0727 0.3620 0.9095 -0.8149 0.8580 0.7163 

Lipid binding / transport 0.1467 0.4271 0.9095 1.5017 1.0124 0.3823 

Regulation of biological processes 0.2203 0.2985 0.9095 -0.3749 0.7075 0.8412 

Transport -0.5563 0.5047 0.7460 -0.3584 1.1965 0.8412 

 PNPs in CSF (GT)15-SWCNTs in CSF 
 R-squared Adjusted  

R-squared 
 R-squared Adjusted  

R-squared 
 

 
0.32 0.28  0.35 0.31  

 
Parameter Standard 

Error 
FDRC 

p-values 
Parameter Standard 

Error 
FDRC 

p-values 
Intercept -2.0347 0.7108 0.0131 -3.1619 0.7551 0.0001 

Sample 1 0.9624 0.8879 0.3850 -0.0962 0.9431 0.9939 

Sample 2 0.8264 0.8915 0.3909 -0.0073 0.9470 0.9939 

Acute-phase response -2.4143 1.1830 0.0943 -6.5197 1.2566 0.0000 

Blood coagulation 4.7294 1.2588 0.0009 4.4095 1.3371 0.0026 

Cell adhesion / Signal transduction 1.9484 1.6552 0.3785 4.8610 1.7583 0.0117 

Complement activation 1.3603 0.9806 0.3067 2.1252 1.0417 0.0675 

Immune response -5.1599 1.0141 0.0000 -4.5191 1.0772 0.0001 

Lipid binding / transport -0.3967 1.1830 0.7378 1.6716 1.2566 0.2548 

Regulation of biological processes 0.7459 0.7590 0.3909 -0.5229 0.8062 0.6325 

Transport -5.1597 0.9806 0.0000 -5.3045 1.0417 0.0000 
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Table 2-7. Microscale regression results for each nanoparticle-biofluid pairing. 
 PNPs in plasma (GT)15-SWCNTs in plasma 

 R-squared Adjusted  
R-squared 

 R-squared Adjusted  
R-squared 

 
 

0.32 0.29  0.27 0.23  
 

Parameter Standard 
Error 

FDRC 
p-values 

Parameter Standard 
Error 

FDRC 
p-values 

Intercept 2.7690 3.6300 0.7585 19.6116 8.2339 0.0607 

Sample 1 2.8759 0.3147 0.0000 4.0662 0.7137 0.0000 

Sample 2 -0.0427 0.3036 0.9436 0.3186 0.6886 0.6842 

Mass -0.0475 0.2109 0.9314 -0.5446 0.4785 0.4153 

% hydrophobic residues (nonaromatic) -0.0126 0.0442 0.9314 -0.5286 0.1003 0.0000 

% hydrophilic residues -0.0008 0.0520 0.9877 -0.3122 0.1179 0.0363 

% arginine 0.0409 0.1051 0.9121 -0.2643 0.2385 0.4153 

% histidine 0.1762 0.1197 0.4030 0.1028 0.2716 0.7053 

% lysine -0.1128 0.1015 0.5678 -0.6276 0.2302 0.0363 

% acidic residues -0.0806 0.0662 0.5447 0.3131 0.1502 0.0921 

% phenylalanine 0.3077 0.1209 0.0648 0.5747 0.2743 0.0921 

% tyrosine -0.4013 0.1297 0.0184 0.2165 0.2942 0.5615 

% tryptophan 0.0893 0.1940 0.9121 0.3912 0.4400 0.4942 

Number of disulfide bonds 0.0477 0.0229 0.1288 -0.0938 0.0519 0.1527 

Number of glycosylated sites -0.0588 0.0280 0.1288 0.0885 0.0636 0.3124 

Number of ligand binding sites -0.0584 0.0736 0.7585 0.1473 0.1668 0.4942 

Number of metal binding sites 0.0190 0.0313 0.8425 -0.0442 0.0710 0.6052 

 PNPs in CSF (GT)15-SWCNTs in CSF 
 R-squared Adjusted  

R-squared 
 R-squared Adjusted  

R-squared 
 

 
0.35 0.29   0.4 0.34  

 
Parameter Standard 

Error 
FDRC 

p-values 
Parameter Standard 

Error 
FDRC 

p-values 
Intercept -18.8198 9.7672 0.1897 -32.4292 10.2373 0.0063 

Sample 1 0.7932 0.8845 0.5921 -0.4235 0.9271 0.8692 

Sample 2 0.7215 0.8883 0.5921 -0.2622 0.9311 0.9097 

Mass 2.1956 0.6640 0.0199 2.4973 0.6960 0.0025 

% hydrophobic residues (nonaromatic) -0.0670 0.0987 0.6048 -0.1726 0.1034 0.2361 

% hydrophilic residues -0.1034 0.1133 0.5921 0.0913 0.1187 0.7529 

% arginine 0.7511 0.3295 0.1358 1.5253 0.3453 0.0003 

% histidine -0.2217 0.2464 0.5921 0.0293 0.2583 0.9097 

% lysine -0.1607 0.2616 0.6118 0.2798 0.2742 0.5836 

% acidic residues -0.4209 0.1441 0.0341 -0.5162 0.1511 0.0034 

% phenylalanine -0.2088 0.3052 0.6048 0.6294 0.3199 0.1441 

% tyrosine 0.3624 0.4282 0.5921 0.2910 0.4488 0.8001 

% tryptophan 0.1523 0.5128 0.8149 -0.0914 0.5375 0.9097 

Number of disulfide bonds 0.0653 0.0708 0.5921 0.0801 0.0742 0.5836 

Number of glycosylated sites -0.1529 0.0733 0.1644 -0.3039 0.0769 0.0010 

Number of ligand binding sites -0.2462 0.2313 0.5921 0.0309 0.2424 0.9097 

Number of metal binding sites -0.0028 0.0709 0.9685 0.0323 0.0744 0.8692 
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Figure 2-16. Scaling of protein abundance in corona vs. in native biofluid. Protein mole 
fraction of plasma proteins in corona of (a) PNPs, (b) (GT)15-SWCNTs, and (c) (GT)6-
SWCNTs, vs. protein mole fraction of plasma proteins in native biofluid. Corona abundance 
scaling is approximately linear for plasma proteins on PNPs (R2 = 0.461) vs. highly scattered 
for (GT)15-SWCNTs (R2 = 0.101) and (GT)6-SWCNTs (R2 = 0.072). Protein mole fraction 
of CSF proteins in corona of (d) PNPs and (e) (GT)15-SWCNTs vs. protein mole fraction of 
CSF proteins in native biofluid. Corona abundance displays a weak negative correlation with 
native abundance for CSF proteins on both PNPs (R2 = 0.012) and (GT)15-SWCNTs (R2 = 
0.076). All mole fractions are on a solvent-free basis. Note that proteins with zero corona 
abundance are excluded from the analysis for clarity, but the same conclusions hold when 
included. 

 
  



59 
 

 

Figure 2-17. Protein corona dynamics assessed for binding of proteins in varying biofluids 
to (GT)6-SWCNTs. A corona exchange assay is employed to track binding of proteins from 
the biofluids: blood plasma, blood serum, and cerebrospinal fluid (CSF) to (GT)6-Cy5-
SWCNTs (5 mg L-1 final concentration). ssDNA desorption from SWCNTs is observed as 
increasing fluorescence of Cy5-labeled (GT)6, and taken as a proxy for protein binding.118 (a) 
Biofluids normalized to 40 mg L-1 final protein concentration. (b) Biofluids injected as full, 
as-received solutions. (c) Biofluids dialyzed, with > 3 kDa portion re-suspended in PBS and 
normalized to 40 mg L-1 final protein concentration. (d) Biofluids dialyzed, with < 3 kDa 
portion considered the biofluid buffer. Data points are the average of experimental replicates 
(N = 3). 
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Figure 2-18. Protein corona thermodynamics assessed with ITC for binding of key proteins 
to (GT)15-SWCNTs. Isothermal titration calorimetry (ITC) is employed to determine binding 
thermodynamics of (a) albumin and (b) fibrinogen to (GT)15-SWCNTs. Albumin does not 
bind to (GT)15-SWCNTs within experimentally accessible limits of this instrument, whereas 
fibrinogen does, in agreement with the corona compositional analyses from proteomic mass 
spectrometry and gel electrophoresis. 
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Figure 2-19. Protein corona structure assessed with SAXS for binding of key proteins to 
(GT)15-SWCNTs. The linear combination of respective standard curves from panel c in 
purple and fit-residuals below, fit against the curves produced by the potential complexes of 
(GT)15-SWCNTs with (a) albumin or (b) fibrinogen, at two different ratios of (GT)15-
SWCNTs to fibrinogen (1:1 is 0.5 g L-1 final concentrations of (GT)15-SWCNTs and 
fibrinogen; 1:2 is 0.25 g L-1 (GT)15-SWCNTs and 0.5 g L-1 fibrinogen). (c) Experimental 
SAXS profiles for standards of albumin, fibrinogen, and (GT)15-SWCNTs alone, at identical 
concentrations to the mixing experiments (all 0.5 g L-1). (d) SAXS profiles for concentration 
series of (GT)15-SWCNTs alone, 0.01 – 1 g L-1. (e) SAXS profiles fit to show power law 
dependencies in the Porod regions, including the COOH-SWCNT control without surface-
adsorbed ssDNA. 

 
Table 2-8. SAXS mass fractal modeling parameters. 

Sample Radius (nm) Fractal Dimension (Dm) Cutoff Length (nm) 

(GT)15-SWCNTs + Fibrinogen 1.05 ± 0.003 1.77 103.34 ± 9.70 

(GT)15-SWCNTs + Albumin 1.05 ± 0.003 1.90 10.60 ± 0.05 

(GT)15-SWCNTs 1.01 ± 0.002 1.89 10.91 ± 0.04 

 

 
Figure 2-20. Protein corona morphology visualized by TEM for adsorption of plasma 
proteins to (GT)15-SWCNTs. Transmission electron microscopy (TEM) of (a) plasma protein 
corona and (b) fibrinogen corona on (GT)15-SWCNTs. 

 
It is worth noting that the (GT)15-SWCNTs alone seemingly exist in loose bundles, as they are still 
highly fluorescent at these elevated concentrations (Figure 2-21).218 In the presence of blood 
plasma, these bundles seem to associate to higher order aggregates, yet remain loosely bound 
because the fluorescence persists (Figure 2-22) with minimal peak broadening in the absorbance 
spectra (Figure 2-23), indicating no inter-SWCNT energy transfer mechanisms. This finding is 
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reasonable in reference to previous work in which ssDNA-suspended SWCNTs persist as 
fluorescent, loosely packed aggregates after cell incubation.219 
 

 

Figure 2-21. (GT)15-SWCNTs continue to exhibit near-infrared fluorescence at high 
concentration. Fluorescence spectra were collected with varying concentrations of (GT)15-
SWCNTs in 0.1 M PBS. 

 

 

Figure 2-22. Protein corona formation impacts (GT)15-SWCNT near-infrared fluorescence. 
Fluorescence spectra were collected over 15 minutes upon addition of 10% v/v plasma into 30 
mg/L (GT)15-SWCNTs in 0.1 M PBS. (a) Near-infrared spectra pre- and post-injection of 
plasma.  (b) Integrated fluorescence fold-change for injection of plasma (10% v/v), plasma 
proteins (10% v/v in PBS), plasma buffer (< 3 kDa solution), and 0.1 M PBS into 30 mg/L 
(GT)15-SWCNTs in 0.1 M PBS. Presence of the plasma proteins, rather than differing buffer 
conditions, attenuates the fluorescence signal. 
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Figure 2-23. Turbidity assay reveals changing (GT)15-SWCNT absorbance due to plasma 
corona formation. Absorbance spectra of (GT)15-SWCNTs collected pre- and post-injection of 
plasma into solution, over a total of 10 hours with no agitation. (GT)15-SWCNT and protein 
concentrations were identical to modified pull-down assay conditions (30 mg/L (GT)15-
SWCNTs with 3% v/v plasma). Immediately after injection, visible absorbance increased due 
to scattering of suspended particles and proteins (Tyndall effect). Near-infrared absorbance first 
remains static then drops at 15 minutes, indicating protein corona-induced aggregation is 
quenching the near-infrared optical transitions of the SWCNTs. Negligible peak-broadening 
implies the formation of loose aggregates. Inset is zoomed-in to transition at 955 nm between 
absorbance increase and decrease relative to pre-injection value. 

 
2.6.2 Extended Discussion on Protein Corona Constituents Identified by Proteomic Mass 

Spectrometry 
Albumin composes 55% (w/v) of proteins in blood plasma, corresponding to 35-50 g L-1,220  and 
is often assumed to comprise a representative constituent in nanoparticle protein coronas. In 
consequence, many nanotechnologies are tested for functionality in serum instead of plasma.1,47,48 
Although albumin alone has been known to disperse SWCNTs in aqueous solution under 
sonication conditions,53,223 here we note that albumin is likely unable to outcompete higher affinity 
proteins when in the presence of a complex biofluid. Accordingly, we hypothesize that albumin 
plays a minimal role in the full plasma protein corona and subsequent in vivo trafficking and fate. 
 
The most highly enriched plasma protein, histidine-rich glycoprotein (107-fold enrichment), has 
been found as a representative plasma corona protein in prior studies on silica nanoparticles and is 
hypothesized to interact with other plasma proteins to enter the corona.47 Another greatly enriched 
plasma protein, unreported in prior carbon nanoparticle corona literature, is ‘a disintegrin and 
metalloproteinase with thrombospondin motifs 12’ (ADAMTS12), which appeared in high 
abundance on both (GT)15-SWCNTs (6th highest abundance) and (GT)6-SWNCTs (1st highest 
abundance). ADAMTS12 is a metalloprotease with a zinc cofactor thought to possess anti-
tumorigenic properties and to play a role in cell adhesion, pointing to potential applications in 
protein-SWCNT construct design. 
 



65 
 

Plasma proteins displaying high abundance and enrichment on (GT)15-SWCNTs have functional 
roles in (i) lipid binding/transport (150% fold change over the average of all protein classes) and 
(ii) complement activation (140% fold change) (Figure 2-1 and Figure 2-12). A key example of a 
lipid binding/transport corona protein is clusterin (a.k.a. apolipoprotein J) as the most abundant 
plasma protein in the (GT)15-SWCNT corona (38-fold enrichment), adsorption of which has shown 
promise in reducing non-specific cellular uptake of other types of nanocarriers.173 Apolipoproteins 
broadly act as dysopsonins that promote prolonged circulation in the blood.47 Hydrophobic 
interactions are posited to drive apolipoprotein adsorption in mimicry of native functions, such as 
apolipoprotein A-I (3rd most abundant) that binds and transports hydrophobic fats through aqueous 
environments.56,177 We expect apolipoprotein binding, including clusterin and apolipoprotein A-I, 
to have a considerable impact on intracellular trafficking and fate of nanoparticles in vivo.58,224 
Regarding group (ii), complement C3 is the 4th most abundant plasma protein on (GT)15-SWCNTs, 
with a 14-fold enrichment. This result is in agreement with previous literature that SWCNTs 
activate the complement system.177,178,225 Binding of complement proteins leads to nanoparticle 
opsonization if the bound proteins are intact, which could be useful in developing targeted 
therapies, yet detrimental if longer bloodstream circulation time is desired.46,47 The ssDNA-
SWCNT surface may present an array of adsorbed corona proteins that the complement system 
deems as “foreign”, thus activating complement systems and leading the coated SWCNT to act as 
an adjuvant that increases immune response. Complement proteins may bind either directly to the 
SWCNT surface (as was found for complement component 1q, or C1q, on double-walled carbon 
nanotubes177), or interact with other plasma proteins adsorbed on the SWCNT (where, for example, 
C1q binds to immunoglobulins, IgG and IgM, or fibronectin). Unfortunately, even a low degree 
of C1q binding can activate the complement system due to the amplification steps involved in the 
pathway. Yet, if the SWCNT serves to either locally sequester proteins that initiate complement 
activation (such as complement C3, 4th most abundant) or the corona contains down-regulators in 
their native state (such as complement factor H, 12th most abundant), this could in turn bypass 
recognition and complement activation. In contrast to the high representation of complement 
proteins in the corona that serve a role in the innate immune response, it is interesting to note the 
low corona representation of immunoglobulins (81% lower fold change than average, proteins 
involved in the adaptive immune response. 
 
In addition to groups (i) and (ii), blood coagulation proteins are enhanced 76% on (GT)15-SWNCTs 
in plasma, but the wide distribution of regression coefficients for these proteins precludes making 
statistically significant conclusions about this class (Figure 2-13). A notable enriched blood 
coagulation protein is fibrinogen, with 19-fold enrichment in the (GT)15-SWCNT corona relative 
to concentrations in plasma. Fibrinogen’s presence in the corona is unfavorable, as fibrinogen is 
responsible for eliciting inflammatory responses and nanoparticle aggregation.47,50,158 Fibrinogen 
is a large rod-like multimeric protein with alpha, beta, and gamma subunits. Although identified 
on 2D PAGE, fibrinogen beta and gamma chains were absent from not only the nanoparticle-
biofluid LC-MS/MS results, but also the native plasma samples. Additionally, there was no 
improvement using elution with 5% SDS, 50mM TEAB and purification with the S-trap mini 
column (Protifi). However, the fibrinogen alpha chain was present and enriched from plasma. 
Based on the reproducible involvement of fibrinogen in the corona from 2D PAGE results and 
representation of the alpha chain in LC-MS/MS results, fibrinogen was concluded to bind to 
(GT)15-SWCNTs. 
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2.6.3 Connecting Linear Regression Model to Thermodynamics 

The ideal solution chemical equilibrium constant 𝐾𝐾𝑃𝑃 of a protein in bulk solution 𝑃𝑃 adsorbing onto 
a nanoparticle into the protein corona 𝑃𝑃∗ is equal to the ratio of the surface concentration of the 
protein on the nanoparticle Γ𝑃𝑃 to the concentration of the protein in solution 𝑐𝑐𝑃𝑃: 226 
 
 𝐾𝐾𝑃𝑃 =

Γ𝑃𝑃
𝑐𝑐𝑃𝑃

 2-3 

 
The logarithm of the chemical equilibrium constant is related to Δ𝛥𝛥𝑃𝑃𝑜𝑜, the change in standard state 
Gibbs free energy for a protein adsorbing from solution to the nanoparticle surface,226 
 
 

ln𝐾𝐾P = −
Δ𝛥𝛥𝑃𝑃𝑜𝑜

𝑅𝑅𝑇𝑇
 

2-4 

 
where 𝑅𝑅 is the ideal gas constant and 𝑇𝑇 is temperature. The molar abundances of 𝑃𝑃 measured by 
LC-MS/MS from the native biofluid, 𝑛𝑛𝑃𝑃

𝑓𝑓, and eluted from the nanoparticle surface, 𝑛𝑛𝑃𝑃𝑠𝑠 , are related 
to 𝑐𝑐𝑃𝑃 and Γ𝑃𝑃 according to: 
 
 

𝑐𝑐𝑃𝑃 =
𝑛𝑛𝑃𝑃
𝑓𝑓𝑓𝑓𝑃𝑃

𝑓𝑓

𝑉𝑉
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Γ𝑃𝑃 =

𝑛𝑛𝑃𝑃𝑠𝑠𝑓𝑓𝑃𝑃𝑠𝑠

𝑇𝑇
 

 

2-6 

where 𝑉𝑉 is the volume and 𝑇𝑇 is the total surface area of the nanoparticle in the nanoparticle-biofluid 
solution. 𝑓𝑓𝑃𝑃

𝑓𝑓 and 𝑓𝑓𝑃𝑃𝑠𝑠 are the fraction of moles of 𝑃𝑃 that enter the LC-MS/MS relative to amount in 
the fluid and on the nanoparticle surface, respectively. Dilution and steps in isolating the protein-
nanoparticle complexes cause 𝑓𝑓𝑃𝑃

𝑓𝑓 and 𝑓𝑓𝑃𝑃𝑠𝑠 to vary from unity. This analysis neglects changes to the 
solution protein concentration due to corona formation. Rearrangement puts the LC-MS/MS 
measured log-fold change, ln(𝑛𝑛𝑃𝑃𝑠𝑠/𝑛𝑛𝑃𝑃

𝑓𝑓), in terms of dilution factors and free energy changes: 
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In comparison, linear regression of the log-fold change gives: 
 
 

ln�
𝑛𝑛𝑃𝑃𝑠𝑠

𝑛𝑛𝑃𝑃
𝑓𝑓� = 𝛽𝛽0 + �𝛽𝛽𝑖𝑖𝑋𝑋𝑖𝑖,𝑃𝑃

𝑖𝑖=1

+ 𝜖𝜖𝑃𝑃 
2-8 

 
where 𝛽𝛽𝑖𝑖 is a regression coefficient corresponding to 𝑋𝑋𝑖𝑖,𝑃𝑃, the 𝑖𝑖th independent variable of protein 
𝑃𝑃, and 𝜖𝜖𝑃𝑃 is the disturbance term that accounts for any factors other than 𝑋𝑋𝑖𝑖,𝑃𝑃 controlling the fold 
changes.211 Because LC-MS/MS sample preparation should not impact proteins differently, 𝑓𝑓𝑃𝑃𝑠𝑠 and 
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𝑓𝑓𝑃𝑃
𝑓𝑓 are the same for all proteins for a set nanoparticle-biofluid system. Consequently, we can relate 

the chemical and statistical parameters: 
 
 

𝛽𝛽0 = −ln�
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The regression coefficients 𝛽𝛽𝑖𝑖, therefore, relate the protein properties 𝑋𝑋𝑖𝑖 to the Gibbs free energy 
change of proteins binding to the nanoparticle Δ𝛥𝛥𝑃𝑃𝑜𝑜. 
 
2.6.4 Extended Discussion on ITC 
ITC was employed to extract relative binding parameters of protein-nanoparticle association. ITC 
was performed at constant pressure such that the heat absorbed or released is equivalent to the 
change in enthalpy (∆𝛥𝛥𝑜𝑜) upon binding. The binding curve can be fit to determine the equilibrium 
dissociation constant (𝐾𝐾𝑑𝑑) and molar binding stoichiometry (n). This enables subsequent 
calculation of changes in standard state Gibbs free energy (Δ𝛥𝛥𝑜𝑜) and entropy (Δ𝑇𝑇𝑜𝑜) as follows: 
 
 Δ𝛥𝛥𝑜𝑜 =  𝑅𝑅𝑇𝑇ln𝐾𝐾𝑑𝑑 = ∆𝛥𝛥𝑜𝑜 − 𝑇𝑇∆𝑇𝑇𝑜𝑜 2-11 

 
where 𝑅𝑅 is the ideal gas constant and 𝑇𝑇 is temperature. The optimized run parameters to measure 
heats of binding for this system require relatively high protein and nanoparticle concentrations: for 
each run, 10 μL of 1.2 g L-1 protein was added for each of 24 injections from the syringe into 1 
mL of 0.1 g L-1 (GT)15-SWCNTs in the cell. At these concentrations, addition of fibrinogen causes 
visible sample aggregation, presumably due to polymer bridging interactions of proteins adsorbed 
on one nanoparticle interacting with another nanoparticle. One of the key assumptions of ITC is 
that the system is equilibrated during each titration step. Yet, aggregation is a kinetically 
controlled, non-equilibrium process. As the key assumption is not held, these binding values are 
actually the convolution of protein binding to individual SWCNTs, fibrinogen binding to 
aggregated SWCNTs, and SWCNTs aggregating. We can compensate for this limitation in data 
processing by applying the Lumry-Eyring model,227 in which an equilibrium reaction is coupled 
to a self-association reaction (i.e. aggregation), and the heats measured are separated out 
accordingly. This encompasses subtracting out baseline aggregation heats and arriving at an 
apparent binding heat. Therefore, the thermodynamic parameters are reported with consideration 
of these higher order processes taking place simultaneously. A further note is that baseline 
drift/shift were observed during these ITC experiments involving (GT)15-SWCNTs. These changes 
in baseline often indicate slow non-equilibrium processes in action, further confirming the 
presence of aggregation. In conclusion, ITC is not a suitable methodology to study nanoparticle-
protein corona formation for all systems, and these limitations must be considered during 
experimental design and reporting of results. 
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2.6.5 Extended Experimental and Modeling Details and Discussion on SAXS 
Experimental SAXS profiles were collected for 0.5 g L-1 (GT)15-SWCNTs with and without 
albumin or fibrinogen, each at 0.5 g L-1 final concentrations (Figure 2-5c). The linear combination 
of (GT)15-SWCNTs and albumin standard curves produced a SAXS profile identical to the mixed 
sample of (GT)15-SWCNTs with albumin, suggesting no interaction between the species. 
Dissimilarly, no calculated linear combination of the (GT)15-SWCNTs and fibrinogen standard 
curves could be produced to fit the SAXS profiles of the mixed sample, indicating formation of 
unique form factors and thus complexation. Additionally, a clear concentration dependence is 
observed with an increase in the ratio of fibrinogen to (GT)15-SWCNTs by two-fold, while albumin 
shows no additional binding at elevated concentrations (Figure 2-19a-b). Control SAXS profiles 
of albumin, fibrinogen, and (GT)15-SWCNTs alone were collected at identical concentrations to 
those of the mixing experiments (Figure 2-19c). Data was collected at elevated concentrations (0.5 
g L-1 both protein and (GT)15-SWCNTs) to enhance SAXS signal, however, a concentration series 
was also performed for (GT)15-SWCNTs to ensure that the scattering profiles do not deviate under 
more relevant nanoparticle conditions down to 0.01 g L-1 (Figure 2-19d).41 
 
All (GT)15-SWCNT samples with and without proteins were determined to be intrinsically 
disordered and experimental SAXS profiles were accordingly fit using mass fractal geometries. 
These fits were complemented by calculating power-law dependencies from the Porod region, and 
were both calculated using the SasView software package (www.sasview.org). Scattering intensity 
as a function of scattering vector I(q) calculations for the mass fractal modeling (Figure 2-5) was 
done as follows:228 
 
 𝐼𝐼(𝑞𝑞) = scale ∗ 𝑃𝑃(𝑞𝑞)𝑇𝑇(𝑞𝑞) + background 2-12 

 
 𝑃𝑃(𝑞𝑞) = 𝐹𝐹(𝑞𝑞𝑅𝑅)2 2-13 
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where R is the radius of the building block, Dm is the mass fractal dimension, ζ is the cut-off 
length, N is number of scatters, ρsolvent is the scattering length density of the solvent, and ρparticle is 
the scattering length density of particles. Dm relates the mass (m) to the radius as m ∼ RDm and is 
analogous to I(q) ~ q -p from the power-law calculations (with power-law exponent p), where Dm 
= p when qζ >> 1.  
 
The power-law dependencies were determined by fitting the experimental SAXS profiles (Figure 
2-19e), where 0.3 ≤ q ≤ 1 nm-1 with the following:192 

http://www.sasview.org/
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 𝐼𝐼(𝑞𝑞) = scale ∗ 𝑞𝑞−𝑝𝑝 + background 2-17 

 
These power-law dependencies (fits listed in Figure 2-19e) recapitulate the calculated Dm values 
from the mass fractal model fits. 
 
Three main values are derived from these mass fractal and power-law calculations: (i) radius R 
(nm), (ii) fractal dimension Dm, and (iii) cutoff length ζ (nm) (Table 2-8).191–193 The radius R in 
the mass fractal analysis is traditionally defined as the radius of the uniform sphere used to cover 
the fractal. The fractal dimension Dm and analogous power-law exponent p estimate the overall 
bulk geometries of the mass fractals, where the integer values of these variables represent the three 
dimensions in Euclidean space. Thus, Dm or p = 1, 2, or 3 represent rod, disk, or sphere geometries, 
respectively. The cutoff length ζ defines the maximum distance between any two points of the 
mass fractal. 
 
As another control, carboxylic acid functionalized SWCNTs (COOH-SWCNTs) were also 
examined via power-law scattering obtaining p ~ 3.3 (Figure 2-19e). This fit suggests that without 
ssDNA functionalization, COOH-SWCNTs form roughly spherical aggregates better modeled as 
a uniform density as opposed to a polymeric mass fractal. Thus, it may be inferred that ssDNA 
provides some semblance of order to the fine molecular structure of the system and should be the 
subject of further investigation. 
 
The effect of aggregation on the scattering vector at very small angles (q < 1 nm-1) precluded the 
use of the Guinier approximation and subsequent calculated metrics such as the radius of gyration  
(Rg), and the scattering intensity at q=0, I(0), which is proportional to the molecular weight.229 
Additionally, while mathematically possible to calculate a pair-distribution function, P(r), from 
the indirect Fourier transformation, the level of aggregation leads to non-zero values for 
r=Dmax.230 Accordingly, we fit the whole SAXS profile to a specific mass fractal model, providing 
an estimate for the average cutoff length ζ, superseding the need to calculate the analogous Dmax 
value which we determined to be less accurate. 
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3 Corona Exchange Dynamics on Carbon Nanotubes by 
Multiplexed Fluorescence Monitoring 

 
3.1 Chapter Abstract 
Noncovalent adsorption of DNA on nanoparticles has led to their widespread implementation as 
gene delivery tools and optical probes. Yet, the behavior and stability of DNA-nanoparticle 
complexes once applied in biomolecule-rich, in vivo environments remains unpredictable, 
whereby biocompatibility testing usually occurs in serum. Here, we demonstrate time-resolved 
measurements of exchange dynamics between solution-phase and adsorbed corona-phase DNA 
and protein biomolecules on single-walled carbon nanotubes (SWCNTs). We capture real-time 
binding of fluorophore-labeled biomolecules, utilizing the SWCNT surface as a fluorescence 
quencher, and apply this corona exchange assay to study protein corona dynamics on ssDNA-
SWCNT-based dopamine sensors. We study exchange of two blood proteins, albumin and 
fibrinogen, adsorbing to and competitively displacing (GT)6 vs. (GT)15 ssDNA from ssDNA-
SWCNTs. We find that (GT)15 binds to SWCNTs with a higher affinity than (GT)6 and that 
fibrinogen interacts with ssDNA-SWCNTs more strongly than albumin. Albumin and fibrinogen 
cause a 52.2% and 78.2% attenuation of the dopamine nanosensor response, coinciding with 0.5% 
and 3.7% desorption of (GT)6, respectively. Concurrently, the total surface-adsorbed fibrinogen 
mass is 168% greater than that of albumin. Binding profiles are fit to a competitive surface 
exchange model which recapitulates the experimental observation that fibrinogen has a higher 
affinity for SWCNTs than albumin, with a fibrinogen on-rate constant 1.61-fold greater and an 
off-rate constant 0.563-fold smaller than that of albumin. Our methodology presents a generic 
route to assess real-time corona exchange on nanoparticles in solution phase, and more broadly 
motivates testing of nanoparticle-based technologies in blood plasma rather than the more 
ubiquitously tested serum conditions.§ 
 
3.2 Introduction 
Adsorption of polymers on single-walled carbon nanotubes (SWCNTs) has enabled developments 
in molecular sensing,32 in vivo imaging,10 genetic cargo delivery,231 and chirality sorting.232 
Noncovalent SWCNT functionalization offers a route that preserves the pristine atomic structure, 
thus retaining the intrinsic near-infrared (nIR) fluorescence of the SWCNTs for the 
aforementioned applications. However, noncovalent adsorption is an inherently dynamic process, 
where exchange occurs between molecules in the bulk solution and molecules on the surface, into 
what is known as the ‘corona phase’. For polymers on SWCNTs, the nature, strength, and kinetics 
of both the polymer binding and unbinding processes are key contributors to the success of 
polymer-SWCNT based technologies.233 Understanding this exchange process is especially critical 
for intended uses of functionalized SWCNTs to probe biological environments. When a 

 
§ Published as Pinals, R. L.;* Yang, D.;* Lui, A.; Cao, W.; Landry, M. P. Corona Exchange 
Dynamics on Carbon Nanotubes by Multiplexed Fluorescence Monitoring. J. Am. Chem. Soc. 
2020, 142 (3), 1254–1264. https://doi.org/10.1021/jacs.9b09617. 
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nanoparticle is injected into a biological system, the nanoparticle surface is spontaneously and 
rapidly coated with proteins to form the ‘protein corona’.48 In the case of noncovalent polymer-
SWCNT complexes, we hypothesize that native biomolecules compete with the original polymer 
to occupy the nanoparticle surface. Binding of proteins and other biomolecules to the SWCNT can 
disrupt the intended functionality of the nanoparticle and cause potentially adverse 
biocompatibility outcomes.46,234 This phenomenon of protein corona formation leads to challenges 
in translating in vitro sensing or biomolecule delivery platforms to in vivo application. Moreover, 
the generally accepted method of simulating in vivo biological conditions involves testing 
nanotechnology performance in blood serum.10,221 Yet, the absence of blood coagulation proteins 
from serum could yield a false outcome in assessing robustness of the nanotechnology and 
accordingly result in unpredicted failure when applied in vivo. 
 
To clarify how nanoparticle-polymer conjugates behave in biologically relevant environments, it 
is pivotal to understand the kinetics describing molecular exchange on nanoparticle surfaces. 
Hence, we aim to gain a mechanistic understanding of how SWCNT-based neuromodulator 
sensors behave in protein-rich milieus. These sensors are based on noncovalent functionalization 
of (GT)6 single-stranded DNA (ssDNA) on SWCNTs, resulting in a complex that exhibits 
ultrasensitive ΔF/Fo = 2400% and 3500% fluorescence “turn-on” responses in the presence of 
neuromodulators dopamine and norepinephrine, respectively.43,42,41,40 However, the drastic 
enhancement of SWCNT fluorescence experienced upon in vitro exposure to dopamine is 
attenuated to ΔF/Fo ≈ 20% once the sensors are applied in brain tissue,41 presumably due to protein 
adsorption and/or disruption of the ssDNA corona phase originally on the SWCNT surface. 
 
Current methods to measure dynamic, noncovalent exchange on nanoparticles exist but are limited 
in scope. Most research on protein-surface interactions involves characterizing macroscopic 
surfaces using a series of well-developed techniques that broadly entail an input signal modulated 
by changing adsorbate mass on the surface as a function of time, including total internal reflection 
fluorescence microscopy, surface plasmon resonance, biolayer interferometry, and quartz-crystal 
microbalance with dissipation monitoring. To apply these surface techniques to nanoparticles, the 
nanoparticles must be surface immobilized, thus introducing unrealistic topographical constraints 
that affect ligand exchange kinetics, lead to mass transport limitations,235 do not reproduce 
solution-phase nanosensor responses,236 and cause nonselective protein adsorption to any surface 
left exposed during the sparse SWCNT immobilization process.236 
 
An alternative method that permits the study of SWCNTs in solution takes advantage of SWCNT 
sensitivity to their local dielectric environment237–239 by monitoring SWCNT fluorescence 
intensity changes and solvatochromic shifts upon corona exchange.240,241 This technique is applied 
to study polymer-surfactant exchange kinetics,242–245 whereby SWCNTs suspended with surfactant 
exhibit higher quantum yield and optical transition energy (i.e. blue-shifted spectra) compared to 
SWCNTs suspended with most biomolecules such as protein or ssDNA. Previous work has 
successfully applied measurable differences in SWCNT fluorescence spectra to study relative 
changes in corona surface composition.33,184 However, this approach cannot distinguish the 
exchange of two biomolecules (here, ssDNA to protein), nor can it distinguish between molecular 
rearrangement vs. molecular desorption from the SWCNT surface. Despite the advantage of 
undertaking corona exchange studies in the solution phase with this approach, its low sensitivity, 
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non-quantitative nature, and inability to distinguish between adsorbed biomolecules nullifies its 
potential for monitoring ssDNA-protein exchange. 
 
In this work, we present an assay that overcomes the limitations of previous characterization 
methods to study corona exchange dynamics between solution-phase and corona-phase 
biopolymers on SWCNTs, specifically applied to ssDNA and protein. This assay exploits the 
quenching of fluorophores when in close proximity to the SWCNT surface to monitor ligand 
binding and unbinding events.246 While prior literature has similarly harnessed fluorophore 
quenching by SWCNTs to study the ssDNA-to-SWCNT binding process,234,240,247 far less is known 
regarding how pre-adsorbed ssDNA and biologically native proteins exchange on the SWCNTs. 
To our knowledge, this method is unique in enabling real-time monitoring of SWCNT surface 
exchange between ssDNA and proteins, tracing the fate of all biomolecules involved in the binding 
exchange. We conduct multiplexed fluorescence tracking of polymer adsorption and desorption 
events to/from the SWCNT surface. As a case study for this assay, we focus on comparing the 
sorption behavior of two specific blood proteins, human serum albumin and fibrinogen, chosen 
because: (i) both are highly abundant in plasma, with albumin as ~55% (w/v) of blood plasma, or 
35-50 mg/mL220 and fibrinogen  as ~4% (w/v) of blood plasma, or 1.5-4.5 mg/mL248, (ii) albumin 
is present in both blood plasma and serum, whereas fibrinogen is a key coagulation protein present 
in plasma but depleted from serum, and (iii) albumin and fibrinogen are known to be interfacially 
active proteins prone to surface-adsorption and are implicated in the formation of many other 
nanoparticle coronas.249,47,58 Binding profiles from the experimental assay in conjunction with a 
competitive-exchange model are used to extract kinetic parameters for each adsorbent species. 
Although this study specifically examines competitive adsorption of individual plasma proteins, 
albumin and fibrinogen, onto (GT)6- and (GT)15-SWCNTs, the assay is general to any molecules 
that can be fluorescently labeled and to any nanomaterial surface to which these species may 
adsorb and display quenched fluorescence. Binding is also compared to the orthogonal and more 
ubiquitously used platform monitoring solvatochromic shifting of the nIR SWCNT spectrum as a 
proxy for SWCNT corona coverage.33,184 The work presented herein develops an understanding of 
the fundamental corona exchange mechanism, contextualizes the nature of the ligand exchange 
process vs. SWCNT solvatochromic shifting, and provides guidance for testing the performance 
of SWCNT-based systems in biologically relevant, protein-rich conditions. 
 
3.3 Results and Discussion 
3.3.1 Proteins Attenuate Dopamine Sensor Response 
Noncovalent modification of single-walled carbon nanotubes (SWCNTs) with single-stranded 
(GT)6 DNA imparts nIR fluorescence responsivity to the small molecule neurotransmitter, 
dopamine.41–43 Addition of 200 µM dopamine to 5 μg/mL solution-phase (GT)6-SWCNTs in 
phosphate buffered saline (PBS) yields an 11.5-fold increase in nanosensor fluorescence at the 
1200 nm SWCNT emission peak (Figure 3-1a; see section 3.5.4). Nanosensor response was 
diminished in the presence of 40 μg/mL human serum albumin (HSA, Figure 3-1b) and 40 μg/mL 
fibrinogen (FBG, Figure 3-1c), proteins abundant in intravenous environments. Incubation of 40 
μg/mL HSA or FBG with 5 μg/mL (GT)6-SWCNTs reduced fluorescence response to dopamine 
by 52.2% or 78.2% after 40 min (Figure 3-1d), respectively. Attenuation of nanosensors was due 
to two effects: addition of protein led to (i) increase in baseline fluorescence intensity, likely due 
to protein adsorption which is predicted to be highly favorable by a thermodynamic analysis (see 
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section 3.6.3) and (ii) decrease in final fluorescence after addition of dopamine to (GT)6-SWCNTs. 
HSA did not cause any wavelength shifting of the (GT)6-SWCNT emission, while FBG exposure 
led to a redshift of 2.6 ± 0.6 nm (mean ± standard deviation of N=3 sample replicates). Although 
changes in both the nIR fluorescence intensity and emission wavelength could indicate protein 
binding, monitoring the SWCNT fluorescence alone does not provide sufficient information to 
correlate these phenomena. 
 

 
Figure 3-1. Protein adsorption attenuates (GT)6-SWCNT sensor response to dopamine. (a) 
Near-infrared (nIR) spectra of 5 μg/mL (GT)6-SWCNTs before (black) and after (red) addition 
of 200 μM dopamine. (b-c) nIR spectra of 5 μg/mL (GT)6-SWCNTs incubated with 40 μg/mL 
(b) albumin or (c) fibrinogen for 40 minutes before (black) and after (red) addition of 200 μM 
dopamine. Insets depict influence of protein corona formation on ability of nanosensor to 
respond to analyte. (d) Change in (GT)6-SWCNT fluorescence intensity at 1200 nm peak 
following 40 minutes incubation in PBS or protein solution at 40 μg/mL, then addition of 200 
μM dopamine (N = 3). Nanosensor excitation was with 721 nm light. 
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We first implemented the solvatochromic shift assay to study surfactant-induced fluorescence 
changes of 5 μg/mL (GT)6-SWCNTs incubated with either 40 μg/mL HSA or FBG for 40 minutes. 
Displacement of the biopolymer corona phase with surfactant, here 0.5% (w/v) sodium 
dodecylbenzene sulfonate (SDBS), causes a change in local dielectric environment that in turn 
leads to a blue shift in SWCNT emission wavelength and an increase in SWCNT fluorescence 
emission intensity. The magnitude of these observed effects is thought to provide insight on the 
original SWCNT-corona stability. Interestingly, FBG incubated with (GT)6-SWCNTs resulted in 
both the largest magnitude wavelength shift and largest fold change in fluorescence intensity upon 
addition of SDBS (Figure 3-4). In contrast, HSA incubated with (GT)6-SWCNTs did not show a 
significantly different wavelength shift or intensity fold change compared to the control, (GT)6-
SWCNTs incubated with only PBS. These results suggest albumin and fibrinogen proteins may 
have different binding propensities and kinetics to the SWCNT surface. However, this test fails to 
decouple the interactions between SWCNTs with ssDNA, protein, and then surfactant. To further 
study the differential attenuation of sensor response by HSA and FBG, and more thoroughly 
understand the exchange dynamics occurring on the SWCNT surface, we developed a method for 
studying SWCNT corona composition by multiplexed fluorescence monitoring. 
 
3.3.2 Multiplexed Fluorescence Tracking Enables Real-Time Monitoring of Ligand Exchange 

Dynamics 
Our assay leverages fluorophore quenching induced by proximity to the SWCNT surface246 to 
measure surface exchange dynamics. Proteins under study were labeled with fluorescein (FAM) 
fluorophore (ex/em = 494/520 nm) using NHS ester conjugation to primary amine groups (see 
section 3.5.2). Single-stranded DNA (ssDNA) were procured with a 3’ terminally labeled cyanine5 
(Cy5) fluorophore (ex/em = 648/668 nm), enabling spectrally resolved multiplexed tracking of 
protein and ssDNA. The ssDNA-Cy5 is initially quenched on the SWCNT surface, increasing in 
fluorescence upon desorption from the SWCNT. This methodology has been previously 
implemented to study thermodynamics of fluorophore-labeled ssDNA interactions on SWCNT 
surfaces.199 Conversely, the FAM-labeled protein exhibits high fluorescence when added in bulk 
solution, quenching upon adsorption to the SWCNT surface. In this manner, FAM-labeled protein 
can be injected into ssDNA-Cy5-SWCNTs in a well-plate format and fluorescence changes 
resulting from biomolecule exchange can be read by a fluorescence plate reader (Figure 3-2a). We 
first employed this method to compare the desorption rates of (GT)6-Cy5 and (GT)15-Cy5 from 
SWCNTs upon addition of FAM-labeled HSA and FBG. Both proteins promoted dequenching of 
Cy5, as compared to the addition of PBS control (Figure 3-2b-c). Dequenching was due to 
complete desorption of ssDNA rather than partial desorption of the 3’ end, as verified by 
confirming that the binding profiles of 3’- vs. internally Cy5-labeled ssDNA are similar (Figure 
3-5). Additionally, presence of the Cy5 tag on ssDNA did not significantly affect protein 
adsorption (Figure 3-6). Fibrinogen generated a 3.09 ± 0.07 Cy5 fluorescence fold increase for 
(GT)6-Cy5-SWCNTs vs. a 1.52 ± 0.04 Cy5 fluorescence fold increase for (GT)15-Cy5-SWCNTs. 
This result suggests (GT)15 is less readily displaced from the SWCNT surface compared to the 
shorter (GT)6 construct, a result consistent with the literature.179,177,180 
 
In the same experiment, protein adsorption onto ssDNA-Cy5-SWCNTs was concurrently tracked 
via fluorescence quenching of the protein-conjugated FAM. Presence of residual FAM fluorophore 
in the FAM-protein solution was accounted for by quantifying free FAM and subtracting the 
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minimal change in fluorescence due to free FAM-to-SWCNT interaction (Figure 3-7, Figure 3-8, 
Table 3-2). Furthermore, the effect of FAM fluorophore labeling on the protein-exchange 
dynamics was minimal (Figure 3-9), in agreement with previous investigations demonstrating that 
fluorescein-labeling of proteins does not perturb protein adsorption or function, and additionally 
that fluorescein signals are proportional to the interfacial mass of the tagged species.250,251,182,252 
By tracking the fluorescence modulation resulting from FAM-protein interactions with ssDNA-
Cy5-SWCNTs, we found that FAM-FBG exhibited a comparatively larger degree of quenching 
than FAM-HSA for both ssDNA-SWCNT suspensions (Figure 3-2d-e): upon addition of 40 μg/mL 
FAM-FBG to 5 μg/mL (GT)6-SWCNTs (final concentrations), FBG induced a 42.5 ± 0.9% 
decrease in FAM fluorescence vs. a 25.5 ± 0.9% HSA-induced decrease in FAM fluorescence. 
These results consistently suggest two interaction mechanisms of ssDNA and protein with 
SWCNTs: (i) (GT)15 ssDNA binds to SWCNTs with a higher affinity than (GT)6 ssDNA, thus 
reducing protein adsorption, and (ii) FBG interacts with ssDNA-SWCNTs more strongly than 
HSA. The former result agrees with prior work confirming that the rate of ssDNA desorption from 
SWCNTs decreases with increasing oligo length,199 also valid in the presence of competing 
biomolecules.234 As such, our data suggest that FBG protein adsorption leads to more significant 
ssDNA desorption from SWCNTs, whereas HSA adsorbs less strongly and accordingly causes 
less ssDNA desorption from SWCNTs. These ssDNA-protein corona exchange trends were 
corroborated with polyacrylamide gel electrophoresis (PAGE) of the unbound species, where 
FAM-FBG adsorbed to (GT)6-Cy5-SWCNTs 56.5% more than FAM-HSA and caused 5.20% 
greater desorption of ssDNA (Figure 3-10 and see section 3.6.2). From our corona exchange assay, 
it is interesting to note that protein adsorption occurs faster than ssDNA desorption. These 
experimental results motivate kinetic modeling of ssDNA and protein exchange on SWCNT 
surfaces. 
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Figure 3-2. Tracking exchange of fluorophore-labeled ssDNA and protein on SWCNT surfaces 
demonstrates protein adsorption selectivity and ssDNA length effect. (a) Corona exchange assay 
workflow. ssDNA-Cy5-SWCNT solution is added to a well plate, FAM-protein solution is 
injected, and the ad-/de-sorption processes are monitored in separate color channels of a 
fluorescence plate reader (see section 3.5.3). Increase in ssDNA-Cy5 fluorescence induced by 
addition of 40 μg/mL (b) FAM-labeled albumin (FAM-HSA) or (c) FAM-labeled fibrinogen 
(FAM-FBG) to 5 μg/mL ssDNA-Cy5-SWCNT suspended with ssDNA, (GT)6 or (GT)15. 
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Decrease in fluorescence of (d) FAM-HSA and (e) FAM-FBG after addition of protein to (GT)6- 
or (GT)15-SWCNT. Error bars represent standard error between experimental replicates (N = 3). 
 

3.3.3 Kinetic Modeling of ssDNA/Protein Competitive Binding on SWCNT Surface 
To quantitatively probe differences in protein affinities for ssDNA-SWCNTs, we fit Cy5 and FAM 
fluorescence data to a competitive adsorption model and extracted kinetic parameters for ssDNA 
and proteins. Multiplexed fluorescence tracking was repeated with 5 μg/mL (GT)6-Cy5-SWCNTs 
and concentrations of FAM-HSA and FAM-FBG ranging from 5 to 160 μg/mL. Fluorescence 
values were converted to mass concentration using standard curves for ssDNA-Cy5 and both 
FAM-conjugated proteins (Figure 3-11). A model was developed for the competitive exchange 
between ssDNA and protein on the SWCNT surface (Equations 3-1 and 3-2). In the model, 
unbound ssDNA (D) and protein (P) adsorb and desorb reversibly to SWCNT surface sites (*): 
 
 

𝐷𝐷 +∗
𝑘𝑘1
⇄
𝑘𝑘2
𝐷𝐷 ∗ 3-1 

 
 

𝑃𝑃 +∗
𝑘𝑘3
⇄
𝑘𝑘4
𝑃𝑃 ∗ 3-2 

 
Total concentration of SWCNT surface sites ([*]T) was fixed, given by a site balance (Equation 
3-3), where *, D*, and P* refer to vacant sites, sites occupied by bound ssDNA, and sites occupied 
by bound protein, respectively: 
 
 [∗]𝑇𝑇 = [∗] + [𝐷𝐷 ∗] + [𝑃𝑃 ∗] 3-3 

 
Bound ssDNA and bound protein concentrations were calculated by species conservation, where 
total ssDNA was the amount added during ssDNA-SWCNT synthesis, total protein was the 
injected protein quantity, and total sites ([*]T) was a fit parameter.  Rate constants k1, k2 for ssDNA 
binding/unbinding, k3, k4 for protein binding/unbinding, and the total concentration of binding 
sites [*]T were computed using a least squares curve fit of Equations 3-4 and 3-5 to experimental 
data (see section 3.5.5). 
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Figure 3-3. Kinetic model of competitive exchange between ssDNA and protein on SWCNTs 
fit to fluorescence data to extract rate constants. Fraction of (a) (GT)6-Cy5 ssDNA and (b) FAM-
labeled albumin (FAM-HSA) protein free in solution for varying concentrations of FAM-HSA 
injected into 5 μg/mL (GT)6-Cy5-SWCNT solution. Fraction of (c) (GT)6-Cy5 ssDNA and (d) 
FAM-labeled fibrinogen (FAM-FBG) protein free in solution for varying concentrations of 
FAM-FBG injected into (GT)6-Cy5-SWCNT solution. Star data points represent initial 
conditions used for solving model differential equations. Error bars represent standard error 
between experimental replicates (N = 3). 
 

Table 3-1. Range of kinetic model fit parameters. 

Protein k1 x 106 

(mL μg-1 s-1) 
k2 x 106 

(s-1) 
k3 x 106

 
(mL μg-1 s-1) 

k4 x 106 
(s-1) 

[*]T 
(μg mL-1) 

Albumin 1.10 - 1.54 8.40 - 20.7 7.86 - 9.44 5,850 - 12,000 365 - 526 

Fibrinogen 1.15 - 2.30 42.7 - 90.9 11.8 - 16.9 2,610 - 9,150 486 - 620 
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Experimental data of FAM-HSA or FAM-FBG added to (GT)6-Cy5-SWCNTs was fit to this model 
for each concentration tested (Figure 3-3). All mean relative errors comparing fits to experimental 
data were < 5% (Table 3-3). The model recapitulates the experimental observation that FBG has a 
higher affinity for SWCNTs (Figure 3-3d) than HSA (Figure 3-3b), where average k3, FBG = 1.43 
x 10-5 > k3, HSA = 8.88 x 10-6 mL μg -1 s-1 (Table 3-1, with full fit parameter results in Table 3-3). 
These k values are in relative agreement with previous literature assessing the kinetic parameters 
for ssDNA desorption from SWCNTs42 and protein binding to nanoparticles.43 At the same initial 
FAM-protein concentration of 40 μg/mL added to 5 μg/mL (GT)6-Cy5-SWCNTs, FBG adsorbed 
to a higher fraction of bound protein (0.756) than HSA (0.284) after 1 hour. Final solution-phase 
concentrations of FAM-FBG and FAM-HSA were 9.04 and 28.5 µg/mL, respectively, compared 
to concentrations of 13.8 and 36.4 µg/mL determined by PAGE (Figure 3-10d). Solution-phase 
concentrations of (GT)6-Cy5 upon addition of FAM-FBG and FAM-HSA increased from 0.106 to 
0.301 µg/mL and from 0.101 to 0.128 µg/mL, respectively, compared to concentration changes of 
0.331 to 0.388 µg/mL and 0.688 to 0.767 µg/mL determined by PAGE (Figure 3-10c). The 
discrepancy in concentrations across the two approaches may be due to technical differences 
between methods, where gel electrophoresis is limited in both sensitivity and temporal resolution. 
 
Addition of FAM-FBG into solution with (GT)6-Cy5-SWCNTs led to ssDNA desorption for all 
tested concentrations of injected FAM-FBG Figure 3-3c), as compared to only ≥ 40 μg/mL of 
injected FAM-HSA led to measurable ssDNA desorption (Figure 3-3a). Adsorption of ssDNA was 
observed upon addition of PBS or low concentrations of FAM-HSA (≤ 20 μg/mL) to (GT)6-Cy5-
SWCNTs, indicating an initial excess of unbound ssDNA in bulk solution. Interestingly, the 
intermediate concentration of FAM-HSA (40 µg/mL) added to (GT)6-Cy5-SWCNTs resulted in 
sigmoidal ssDNA desorption behavior that is not fully described by the model. This behavior 
fundamentally implies that the assumption of independent reactions made in Equations 3-1 and 
3-2 may not hold for intermediate concentrations of FAM-HSA. Specifically, the dependence of 
ssDNA dissociation constant k2 on total protein concentration indicates that the rate of ssDNA 
desorption is a function of adsorbed or free protein concentration (Table 3-3, Figure 3-12). This 
higher-order desorption process may account for the discrepancy between experimental data and 
model fit for (GT)6-Cy5 desorption induced by addition of 40 µg/mL FAM-HSA. 
 
For all concentrations tested, protein adsorption proceeded significantly faster than ssDNA 
desorption dynamics, indicating that protein adsorption precedes ssDNA desorption and 
suggesting that the two phenomena may be decoupled in time. This difference in exchange 
timescales may be due to the large concentration of total SWCNT surface binding sites (with 
average fit values of [*]T,FBG = 572 μg mL-1 and [*]T,HSA = 472 μg mL-1) relative to the total ssDNA 
and protein concentrations. We hypothesize a low initial ssDNA surface coverage, or large 
accessible SWCNT surface area, is a likely reason for the difference in exchange timescales. 
Furthermore, in the case of FAM-FBG with (GT)6-Cy5-SWCNTs, while amount of adsorbed FBG 
reaches an apparent steady-state value within ~5 minutes (Figure 3-3d), ssDNA continues to 
gradually desorb over time at a rate seemingly independent of injected protein concentration 
(Figure 3-3c). Continued ssDNA desorption may be caused by a surface rearrangement process in 
the adsorbed FBG layer,254 where protein spreading could be responsible for this observed ssDNA 
displacement over longer timescales.235,251 Hydrophobic interactions are posited to be the driving 
force for protein spreading on the SWCNT surface182 and consequently interfacial denaturation is 
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presumed to be the dominant relaxation process, in addition to a smaller contribution from 
molecular reorientations.250  
 
From the kinetic model fitting, the mass of protein adsorbed on the SWCNTs was consistently 
higher for FBG as compared to HSA for the same initial concentration of 40 μg/mL FAM-protein 
with 5 μg/mL (GT)6-Cy5-SWCNTs. Previous studies of differential protein adsorption to 
hydrophobic surfaces has demonstrated that fibrinogen forms well-packed layers, whereas more 
weakly adsorbed albumin forms less tightly packed, more mobile adsorption layers.182 
Accordingly, we hypothesize that the seemingly higher protein surface coverage on the SWCNT 
points to the more tightly packed, if not multilayer formation, of FBG on the SWCNT surface. 
 
Some potential shortcomings of our methodology include that the proposed elementary steps only 
approximate the true exchange mechanism, or that there are nonidealities present in the protein 
and/or ssDNA sorption behavior. Two alternative models to account for protein binding to surface-
adsorbed ssDNA or protein were also attempted, but not pursued due to the poor quality of the fits 
(see section 3.5.5). Constraining the total surface sites [*]T during model fitting was also pursued, 
whereby [*]T would presumably be constant across different concentrations of protein added. 
Although the model fits to the experimental data are reasonable (Table 3-5, Figure 3-13), we 
decided to fit the data with varying [*]T to capture the effect of concentration-dependent 
nonidealities in the system, such as nanotube-nanotube interactions, on all fit parameters. Finally, 
we note that the system is not truly equilibrated, therefore, a thermodynamic analysis was not 
pursued.161 
 
3.4 Conclusions 
Protein adsorption to nanoparticle surfaces is a major hindrance to the successful application of 
nanotechnologies in vivo. We have shown that incubation of two high-abundance blood plasma 
proteins, human serum albumin and fibrinogen, with ssDNA-SWCNT dopamine sensors causes 
significantly different degrees of sensor response attenuation. Developing an understanding of 
protein-sensor interactions is vital in circumventing this issue and establishing better practices for 
testing nanotechnologies for in vivo use. Previously established techniques to evaluate these effects 
implement surface-immobilized nanoparticles or exploit the intrinsic nIR fluorescence changes of 
SWCNTs. Yet, these methods do not track the fate of adsorbates and cannot quantify the fraction 
of free biomolecules in real-time, thus precluding quantitative and temporally resolved studies of 
the SWCNT protein corona composition. Though the SDBS-induced solvatochromic shift assay 
successfully identifies FBG as a protein of interest, this assay provides no mechanistic information 
on FBG binding, nor can it distinguish between HSA and PBS control responses.  
 
We have addressed these limitations in developing a method to quantitatively probe the kinetics 
of SWCNT corona exchange between ssDNA and protein adsorbates by monitoring fluorescence 
quenching of conjugated fluorophores in close proximity to SWCNT surfaces. Concentration 
curves were fit to a competitive adsorption model to extract kinetic parameters. Our method reveals 
that reduction of dopamine sensor performance correlates with quantity of adsorbed protein, where 
fibrinogen adsorbs to ssDNA-SWCNTs 168% more than albumin at the same concentration, and 
consequently leads to 26% more sensor attenuation. We demonstrate significantly greater SWCNT 
binding affinities for longer repeating ssDNA sequences, and for fibrinogen over albumin. These 
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results bear significance in that albumin is the highest abundance blood protein and is therefore 
commonly regarded as an important component of the SWCNT corona. However, our results show 
that lower abundance proteins with higher SWCNT affinities may disproportionately contribute to 
the SWCNT corona, as has been previously suggested in orthogonal protein corona-nanoparticle 
studies.56,255 Preliminary findings from blood plasma and serum samples normalized to 40 μg/mL 
total protein concentration show that plasma and serum both caused significant attenuation of 
dopamine response in (GT)6-Cy5-SWCNTs, with 81.0 ± 0.9% and 80.7 ± 1.4% reduction in 
response, respectively (Figure 3-14a). However, plasma—which contains fibrinogen—caused a 
higher degree of ssDNA desorption, with plasma inducing a 1.64 ± 0.01 fold increase in (GT)6-
Cy5 fluorescence vs. a 1.39 ± 0.03 fold increase by serum (Figure 3-14b). Our results motivate the 
necessity to test SWCNT-based and other nanobiotechnologies in more representative bio-
environments, i.e. blood plasma rather than serum. 
 
The method presented herein enables the study of corona formation dynamics of multiple 
biomolecular entities, with standard laboratory equipment, under varying solution conditions (e.g. 
ionic strength and pH). The generalizability of this assay allows for study of diverse corona 
exchange phenomena occurring on the surface of carbon nanotubes between a variety of 
biomolecular species. We demonstrate that RNA, phospholipids, and peptoids— molecules 
commonly used in SWCNT-mediated delivery, imaging, and sensing39,174,231,256 —all exhibit 
varying degrees of corona exchange with ssDNA-SWCNTs (Figure 3-15 and see section 3.6.2.1). 
Furthermore, we can examine the competitive adsorption of multiple fluorophore-conjugated 
proteins, such as FAM-HSA and Cy5-FBG onto ssDNA-SWCNTs, where increasing mass ratios 
of FBG to HSA results in reduced adsorption of the latter (Figure 3-16). Careful selection of 
fluorophores may enable further multiplexing, allowing tracking of more than two distinct 
molecular species simultaneously. Rationally designed labeling methodologies such as FRET may 
also enable the study of more complex interactions such as protein denaturation on the SWCNT 
surface. Implementation of this assay will facilitate more thorough deconvolution of factors 
driving protein corona formation and accordingly inform design principles for nanotechnologies 
resistant to protein corona-based biofouling and performance attenuation. In summary, the corona 
exchange assay we have developed will serve to enhance our still deficient understanding of how 
noncovalently bound polymers exchange on nanoparticle surfaces and, accordingly, enable the 
design and testing of nanobiotechnologies toward effective implementation in vivo. 
 
3.5 Materials and Methods 
3.5.1 Preparation of ssDNA-SWCNT Complexes 
Single-stranded DNA with single-walled carbon nanotube (ssDNA-SWCNT) suspensions were 
prepared by combining 0.2 mg of mixed-chirality SWCNTs (small diameter HiPco™ SWCNTs, 
NanoIntegris) and 20 μM of ssDNA (custom ssDNA oligos with standard desalting, Integrated 
DNA Technologies, Inc.) in 1 mL of 0.01 M phosphate-buffered saline (PBS). Solutions were 
probe-tip sonicated for 10 minutes in an ice bath (3 mm probe tip set at 50% amplitude, 5-6 W, 
Cole-Parmer Ultrasonic Processor). Samples were centrifuged to pellet insoluble SWCNT bundles 
and contaminants (16,100 cfg for 30 minutes). Supernatant containing the product was collected. 
ssDNA-SWCNT solutions were stored at 4°C until use. ssDNA-SWCNT concentration was 
determined via sample absorbance at 910 nm and the corresponding extinction coefficient ε910nm = 
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0.02554 mL  µg-1 cm-1.257 ssDNA-SWCNTs were diluted to a working concentration of 10 µg/mL 
in 0.1 M PBS. 
 
Cyanine 5 (Cy5) was chosen as the ssDNA fluorophore label, with excitation maximum at 648 nm 
and emission maximum at 668 nm. The same suspension protocol was employed for preparation 
of fluorophore-labeled ssDNA-SWCNT complexes, using ssDNA-Cy5 (3’ or internally labeled 
Cy5-labeled custom ssDNA oligos with HPLC purification, Integrated DNA Technologies, Inc.) 
in place of unlabeled ssDNA. Internally labeled ssDNA-Cy5 includes Cy5 conjugated to the 
thymine at nucleotide position 6 (GTGTGT/iCy5/GTGTGT). 
 
Total ssDNA adsorbed to SWCNTs was determined by a heat/surfactant elution process. This 
molar ratio of ssDNA:SWCNT was required to calculate the fraction of free vs. bound ssDNA 
throughout the exchange process. Optimized elution conditions were achieved with salt and 
surfactant in the combination of 0.1 M PBS/0.1% (m/v) sodium dodecylbenzene sulfonate (SDBS), 
in agreement with prior literature demonstrating that SDBS disperses SWCNTs most 
effectively240,258 and without chirality bias.259 Freshly prepared ssDNA-Cy5-SWCNTs were 
diluted to a final concentration of 5 µg/mL in elution buffer, with a final volume of 150 µL in a 
PCR tube. Samples were heated at 95℃ for 1 hour in a PCR thermocycler, transferred to a clean 
test-tube, and centrifuged (16,100 cfg for 30 minutes) to pellet insoluble SWCNT bundles. 120 µL 
of supernatant containing the eluted ssDNA-Cy5 was collected. Fluorescence in the Cy5 channel 
was measured (see section 3.5.3) and compared to a standard curve of known ssDNA-Cy5 
concentrations (ranging 0.01 - 1 µM) to correlate the Cy5 fluorescence measurement to ssDNA 
eluted concentration. This resulted in a mole ratio of 364 ± 2 (GT)6:SWCNT and 140 ± 7 
(GT)15:SWCNT (both N = 8), in relative agreement with previous literature for (6,5) single 
chirality SWCNTs.196 
 
3.5.2 Fluorophore-Labeling of Proteins 
N-Hydroxysuccinimide (NHS) ester chemistry was used to label proteins via conjugation to 
primary amine groups. Fluorescein (FAM) was chosen as the protein fluorophore label, with 
excitation maximum at 494 nm and emission maximum at 520 nm (FAM NHS ester 6-isomer, 
Lumiprobe). Lyophilized proteins were purchased: human serum albumin (HSA; from human 
plasma, ≤0.02% Fatty acids, Lot #SLBZ2785, Millipore Sigma) and fibrinogen (FBG; from human 
plasma, 20 mM sodium citrate-HCl pH 7.4, Lot #3169957, Millipore Sigma). FAM-proteins were 
prepared with 10 mg of protein reconstituted in 900 μL of 0.1 M sodium bicarbonate (pH 8.5) and 
8-fold molar excess of FAM NHS ester solubilized in 100 μL DMSO. Solutions were combined, 
covered in foil, and incubated on a test-tube rotator for 4 hours. FAM-protein conjugates were 
twice purified to remove free FAM (Zeba™ 2 mL spin desalting columns with 40 kDa MWCO, 
Thermo Fisher Scientific) by washing with 0.1 M PBS three times (1,000 cfg for 2 minutes), 
centrifuging with sample (1,000 cfg for 3 minutes), and retaining sample in flow-through solution 
(repeating all steps twice with a new spin column). Protein concentration and degree of labeling 
(DOL) were determined by measuring the absorbance of the FAM-protein conjugate at the protein 
absorbance maximum, 280 nm (A280), and the fluorophore emission maximum, 494 nm (A494). 
Protein absorbance was corrected for the contribution of the fluorophore to A280 by subtracting 
A494 weighted by the correction factor (CF), an empirical constant of 0.17 for free FAM (from 
manufacturer). Protein and FAM concentrations were determined by the Beer-Lambert Law using 
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either A280 for protein or A494 for FAM, with the corresponding extinction coefficients of ε280nm,HSA 

= 43,824 (M cm)-1,260 ε280nm,FBG = 513,400 (M cm)-1,261 and ε494nm,FAM = 75,000 (M cm)-1 (from 
manufacturer). DOL was then calculated as the ratio of FAM to protein molar concentrations, 
yielding DOLFAM-HSA = 2.773 and DOL FAM-FBG = 0.608. 
 
Free FAM NHS ester remaining after purification was quantified by polyacrylamide gel 
electrophoresis (PAGE) run according to the Laemmli protocol203 (adapted in Bio-Rad Mini-
PROTEAN Tetra Cell manual). Briefly, purified FAM-protein conjugates were added to sodium 
dodecyl sulfate (SDS) reducing buffer (2% SDS, 5% β-mercaptoethanol, 0.066 M Tris-HCl) in a 
1:2 ratio of sample to buffer. Samples were diluted such that 100 ng of FAM-HSA, 100 ng of FAM 
NHS ester, or 30 ng of FAM-FBG (due to lower labeling reaction yield) per 20 μL volume was 
applied per well. PAGE separation was carried out in 1 mm vertical mini gel format (Bio-Rad 
Mini-PROTEAN Tetra Cell) with a discontinuous buffer system under denaturing conditions. Gel 
composition was 12% acrylamide (total monomer), 0.375 M Tris-HCl, 0.1% SDS, 0.05% APS, 
0.05% TEMED for the resolving gel and 12% acrylamide (total monomer), 0.125 M Tris-HCl, 
0.1% SDS, 0.05% APS, 0.1% TEMED for the stacking gel. Electrode buffer was 25 mM Tris, 192 
mM glycine, and 3.5 mM SDS (pH 8.3). Separation was run with 200 V for 35 minutes, gels were 
extracted, and the FAM label was visualized with a gel imager (Typhoon FLA 9500, 473 nm laser, 
General Electric) (Figure 3-7). The FAM-protein conjugate is the higher band (approximately 66 
kDa for FAM-HSA, 52-95 kDa for FAM-FBG) and the free, lighter molecular weight FAM NHS 
ester is the lower band (approximately 0.475 kDa). FAM fluorescence intensity was quantified 
with ImageJ (Table 3-2). 
 
3.5.3 Visible Fluorescence Measurements 
Equal volumes of (GT)6-Cy5-SWCNT and FAM-tagged protein at 2X working concentration were 
added to a 96-well PCR plate (Bio-Rad) to a total volume of 50 μL. The plate was sealed using an 
optically transparent adhesive seal (Bio-Rad) and briefly spun down on a benchtop centrifuge. 
Fluorescence time series readings were taken using a Bio-Rad CFX96 Real Time qPCR System, 
scanning all manufacturer set color channels (FAM, HEX, Texas Red, Cy5, Quasar 705) every 30 
s at 22.5 °C (lid heating off). Fluorescence time series were analyzed without default background 
correction. Note that concentration ranges of FAM-HSA (5-60 μg/mL) and FAM-FBG (40-160 
μg/mL) were chosen to be in the linear fluorescence regime of the qPCR. 
 
3.5.4 Near-Infrared Fluorescence Measurements 
Fluorescence spectra were collected with an inverted Zeiss microscope (20x objective, Axio 
Observer.D1) containing a custom filter cube set (800 nm SP FESH0800, 900 nm LP dichroic 
DMLP900R, 900 nm LP FELH900, ThorLabs) coupled to a Princeton Instruments spectrometer 
(SCT 320) and liquid nitrogen cooled Princeton Instruments InGaAs detector (PyLoN-IR 
1024/1.7). Fluorescence measurements were done with a beam-expanded 721 nm laser (10-500 
mW, OptoEngine LLC) excitation light source and 800 - 1400 nm emission wavelength range. 
Solution-phase measurements were acquired in a 384 well-plate format (1 s exposure time, 1 mW 
laser power). Protein solutions (final concentration 40 µg/mL) or PBS control were incubated with 
(GT)6-SWCNTs (final concentration 5 µg/mL in 0.1 M PBS). For each time point, an aliquot of 
these incubation solutions was added to a well (40 µL total volume) and an initial fluorescence 
spectrum was acquired. 10 µL of dopamine was added to a final concentration of 200 µM prior to 
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the second fluorescence acquisition. Fluorescence fold change was measured by taking the ratio 
of fluorescence intensities at 1200 nm between post- and pre-addition of dopamine spectra. 
 
Similarly, surfactant-induced solvatochromism was performed by collecting nIR fluorescence 
spectra pre- and 1-minute post-addition of 0.5% (w/v) SDBS. Fluorescence fold change was 
defined as the ratio of integrated fluorescence intensity (800 to 1400 nm) between post- and pre-
addition of SDBS. Wavelength shift was measured relative to the wavelength of the (7,6) SWCNT 
chirality peak emission (initially 1130 nm) post-SDBS. 
 
3.5.5 Kinetic Model 
Corona exchange kinetics were modeled by a system of simultaneous adsorption/desorption 
reactions. The model assumes that both ssDNA and protein adsorb/desorb reversibly to a fixed 
number of vacant SWCNT surface sites (Equations 3-1 and 3-2). Note that all modeling was done 
on a mass basis. This is in agreement with the general use of volume fractions in polymer 
thermodynamics.262 Here, we add the additional assumption that the biomolecules are of similar 
density. Modeling on a mass basis accounts for the widely varying molecular sizes between the 
two types of protein (HSA, 66.5 kDa, globular vs. FBG, 340 kDa, long) and ssDNA ((GT)6, 3.7 
kDa). The time-dependent differential equations governing ssDNA desorption and protein 
adsorption are as follows: 
 
 𝑑𝑑

𝑑𝑑𝑑𝑑
[𝐷𝐷] = −𝑘𝑘1[∗]𝑇𝑇[𝐷𝐷] + (𝑘𝑘1[𝐷𝐷] + 𝑘𝑘2)([𝐷𝐷]𝑇𝑇 − [𝐷𝐷]) + 𝑘𝑘1[𝐷𝐷]([𝑃𝑃]𝑇𝑇 − [𝑃𝑃]) 3-4 

 
 𝑑𝑑

𝑑𝑑𝑑𝑑
[𝑃𝑃] = −𝑘𝑘3[∗]𝑇𝑇[𝑃𝑃] + (𝑘𝑘3[𝑃𝑃] + 𝑘𝑘4)([𝑃𝑃]𝑇𝑇 − [𝑃𝑃]) + 𝑘𝑘3[𝑃𝑃]([𝐷𝐷]𝑇𝑇 − [𝐷𝐷]) 3-5 

 
A least-squares regression was used to fit the model to fluorescence data and iterate model 
parameters. MATLAB 2019A’s ode15s solver was implemented to solve Equations 3-4 and 3-5 
for free protein and DNA concentration curves given fit rate constants k1, k2, k3, k4, and the total 
concentration of open sites, [*]T. Relative error between the model fit and experimental data was 
calculated and averaged over all data points to yield mean relative error (MRE). Sensitivity 
analysis on initial conditions was performed to minimize this fit error. 48 unique combinations of 
rate parameter initial conditions were analyzed as inputs to the nonlinear least-squares solver 
(lsqcurvefit) in our MATLAB model. The optimal set of initial conditions for each protein was 
chosen as that which yielded a low MRE between fit and experimental data and a low standard 
error among fit parameters for each of the four protein concentrations. Each rate parameter was 
individually fit to each experiment, yielding 20 total fit parameters from each initial condition 
(Table 3-3). Final ssDNA and protein fit MRE were all < 5% (Table 3-3). Optimized initial 
conditions and resultant rate parameters for HSA and FBG are reported in Table 3-4. 
 
Two alternative models were also attempted: in Model 2, protein was able to bind to surface-
adsorbed ssDNA and in Model 3, protein was able to bind to surface-adsorbed protein. However, 
these models both produced significantly higher error in fits. Model 2 addressed the possibility of 
protein binding on top of ssDNA bound directly to the SWCNT. For FBG experiments fit with 
Model 2, most fits overestimated FBG adsorption and many fits displayed incorrect concavity for 
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the ssDNA desorption. For HSA experiments fit with Model 2, the protein data was generally fit 
well but the ssDNA fits exhibited either a maximum or produced linear fits. Model 3 addressed 
the possibility of protein binding on top of protein bound directly to the SWCNT. For FBG 
experiments, Model 3 overestimated both protein adsorption and ssDNA desorption. For HSA 
experiments, Model 3 generally fit the protein data well, yet did not capture ssDNA dynamics as 
a function of concentration. Although the higher errors associated with Model 2 and 3 do not rule 
out these nanoscale mechanistic possibilities, the simple model of independent binding does 
overall fit the data much more closely between both protein and ssDNA curves within the same 
experiment, as well as binding dynamics as a function of varying concentration. 
 
3.6 Chapter Supporting Information 
3.6.1 Supplementary Figures and Tables 

 
Figure 3-4. Surfactant-induced fluorescence change of ssDNA-SWCNTs incubated with 
protein. Near-infrared (nIR) spectra of 5 μg/mL (GT)6-SWCNTs before (black) and after (red) 
addition of 0.5% (w/v) SDBS. (b-c) nIR spectra of 5 μg/mL (GT)6-SWCNTs incubated with 40 
μg/mL (b) albumin or (c) fibrinogen for 40 min before (black) and after (red) addition of 0.5% 
(w/v) SDBS. Change in (d) (7,6) SWCNT wavelength of peak emission and (e) integrated 
fluorescence intensity (800-1400 nm) observed 1 min after addition of SDBS (N = 3). 
Nanosensor excitation was with 721 nm light. 

 



86 
 

 
Figure 3-5. Effect of Cy5 tag location on ssDNA adsorption and protein-induced desorption. (a) 
Cy5 fluorescence tracking of 0.4 μM 3’- or internal-Cy5 tagged (GT)6 ssDNA added to 5 μg/mL 
unlabeled (GT)6-SWCNT. (b) Cy5 fluorescence tracking upon addition of 160 μg/mL 
fibrinogen, 3 h post-incubation with (GT)6-Cy5. Error bars represent standard error between 
experimental replicates (N = 3). 

 

 
Figure 3-6. Effect of Cy5 ssDNA tag on protein adsorption. Quenching of FAM-protein upon 
addition of 40 μg/mL (a) FAM-HSA or (b) FAM-FBG to 5 μg/mL (GT)6-Cy5-SWCNTs or 
(GT)6-SWCNTs. Error bars represent standard error between experimental replicates (N = 3). 
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Figure 3-7. Polyacrylamide gel electrophoresis (PAGE) to quantify purification of labeled 
FAM-protein solutions. 12% acrylamide (total monomer) gel images of FAM-labeled (a) 
albumin (FAM-HSA) and (b) fibrinogen (FAM-FBG) post-purification to assess amount of free 
FAM remaining. 

 
Table 3-2. Quantification of free FAM remaining in labeled FAM-protein solutions. Molar 
percentages of FAM-protein and free FAM are calculated based on gel band intensity and protein 
degree of labeling for (a) FAM-HSA and (b) FAM-FBG. 

a 
   

b 
  

Sample Band ID Mole %  Sample Band ID Mole % 

FAM-HSA, 1x pure FAM-Protein 69.7%  FAM-FBG, 1x pure FAM-Protein 70.5% 
 FAM 30.3%   FAM 29.5% 

FAM-HSA, 2x pure FAM-Protein 67.8%  FAM-FBG, 2x pure FAM-Protein 86.2% 
 FAM 32.2%   FAM 13.8% 

FAM FAM 100.0%  FAM FAM 100.0% 
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Figure 3-8. Fluorescence offset due to free FAM binding to SWCNT surface. FAM NHS ester 
was injected into solution with or without SWCNTs to quantify free fluorophore binding to the 
SWCNT. Free FAM concentrations tested were calculated based on molar percentage of free 
fluorophore at FAM-HSA or FAM-FBG concentrations between 0 and 100 µg/mL. 
Fluorescence offset was calculated as the difference between FAM fluorescence in the presence 
and absence SWCNTs. Offset is incorporated for all data conversion from fluorescence to 
concentration. Error bars represent standard deviation between technical replicates (N = 3). 

 

 
Figure 3-9. Desorption of ssDNA-Cy5 from SWCNT induced by FAM-labeled vs unlabeled 
protein. Dequenching of (GT)6-Cy5 due to desorption from SWCNT upon addition of 40 μg/mL 
FAM-protein or unlabeled protein. Error bars represent standard error between experimental 
replicates (N = 3). 
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Figure 3-10. Native polyacrylamide gel electrophoresis (PAGE) to quantify ssDNA and protein 
exchange. Incubation of (a) FAM-HSA or (b) FAM-FBG proteins with (GT)6-Cy5-SWCNTs 
for 1 h (final concentrations 5 μg/mL of (GT)6-Cy5-SWCNTs with 40 μg/mL of either FAM-
HSA or FAM-FBG). Quantification of concentration via fluorescence for (c) Cy5 bands (red) 
and (d) FAM bands (green). 
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Figure 3-11. Conversion of fluorescence to concentration. Standard curves correlating 
fluorescence to fluorophore-labeled entity concentration for (a) Cy5-labeled (GT)6 and (b) 
FAM-labeled proteins, FAM-HSA and FAM-FBG. Error bars represent standard deviation 
between technical replicates (N = 3). 

 
Table 3-3. Full kinetic model fit parameters and mean relative errors (MREs). 

Protein Concentration 
(μg/mL) 

k1 
(mL μg-1 s-1) 

k2 
(s-1) 

k3 
(mL μg-1 s-1) 

k4 
(s-1) 

[*]T 
(μg mL-1) 

MRE  
protein 

MRE 
ssDNA 

Albumin 

5 1.54E-06 8.40E-06 9.44E-06 5.9E-03 364.60 1.21% 0.25% 

10 1.41E-06 1.18E-05 7.86E-06 8.1E-03 525.60 0.83% 0.90% 

40 1.10E-06 1.34E-05 8.87E-06 1.1E-02 514.26 0.35% 3.01% 

60 1.22E-06 2.07E-05 9.34E-06 1.2E-02 483.76 0.41% 2.53% 

Fibrinogen 

40 1.15E-06 4.27E-05 1.38E-05 2.6E-03 619.82 4.71% 2.96% 

60 2.18E-06 6.64E-05 1.69E-05 3.7E-03 485.72 2.98% 3.47% 

80 2.09E-06 7.65E-05 1.48E-05 5.4E-03 562.90 1.37% 4.14% 

160 2.30E-06 9.09E-05 1.18E-05 9.2E-03 617.74 0.74% 4.74% 

 
Table 3-4. Sensitivity analysis in kinetic fitting and resultant optimized initial conditions. 

 k1 
(mL μg-1 s-1) 

k2 
(s-1) 

k3 
(mL μg-1 s-1) 

k4 
(s-1) 

[*]T 
(μg mL-1) 

Range of Initial Conditions Tested 

1.0E-03 1.0E-02 1.0E-03 1.0 1000 

1.0E-04 1.0E-03 1.0E-04 0.1 100 

1.0E-05     

Albumin 
Optimized Initial Conditions 1.0E-04 1.0E-02 1.0E-03 1.0 100 

Fibrinogen 
Optimized Initial Conditions 1.0E-04 1.0E-02 1.0E-04 0.1 100 
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Figure 3-12. Full kinetic model fit parameters as functions of added protein concentrations. Fit 
parameters of (a) k1 (ssDNA adsorption rate constant), (b) k2 (ssDNA desorption rate constant), 
(c) k3 (protein adsorption rate constant), (d) k4 (protein desorption rate constant), and (e) [*]T 
(total SWCNT surface site concentration) for HSA in the top row and (f-j) the respective values 
for FBG in the bottom row. 
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Figure 3-13. Kinetic model of competitive exchange between ssDNA and protein on SWCNTs 
fit to fluorescence data to extract rate constants, with constrained SWCNT surface site 
concentration. Fraction of (a) (GT)6-Cy5 ssDNA and (b) FAM-labeled albumin (FAM-HSA) 
protein free in solution for varying concentrations of FAM-HSA injected into 5 μg/mL (GT)6-
Cy5-SWCNT solution. Fraction of (c) (GT)6-Cy5 ssDNA and (d) FAM-labeled fibrinogen 
(FAM-FBG) protein free in solution for varying concentrations of FAM-FBG injected into 
(GT)6-Cy5-SWCNT solution. Star data points represent initial conditions used for solving model 
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differential equations. Curves were fit with constrained [*]T per protein. Error bars represent 
standard error between experimental replicates (N = 3). 

 
Table 3-5. Full kinetic model fit parameters and mean relative errors (MREs) for fitting with 
constrained SWCNT surface site concentration. 

Protein Concentration 
(μg/mL) 

k1 
(mL μg-1 s-1) 

k2 
(s-1) 

k3 
(mL μg-1 s-1) 

k4 
(s-1) 

[*]T 
(μg mL-1) 

MRE  
protein 

MRE 
ssDNA 

Albumin 

5 1.47E-06 9.58E-06 8.74E-06 6.41E-03 

429.69 

1.24% 0.37% 

10 1.38E-06 9.25E-06 9.92E-06 8.29E-03 0.84% 0.63% 

40 6.93E-08 2.18E-06 1.06E-05 1.11E-02 0.35% 1.83% 

60 1.35E-06 2.04E-05 1.06E-05 1.19E-02 0.41% 2.66% 

Fibrinogen 

40 8.51E-07 4.41E-05 9.73E-06 2.64E-03 

871.49 

4.76% 2.52% 

60 1.01E-06 5.91E-05 9.14E-06 3.74E-03 3.00% 4.06% 

80 1.19E-06 7.04E-05 9.34E-06 5.43E-03 1.38% 4.46% 

160 1.20E-06 7.22E-05 7.96E-06 9.03E-03 0.74% 5.64% 

 

 
Figure 3-14. Comparison of plasma- vs serum-induced effects on ssDNA-SWCNTs. (a) Change 
in 1200 nm fluorescence intensity of 5 μg/mL (GT)6-SWCNTs, pre-incubated for 40 min with 
PBS, plasma, or serum normalized to 40 μg/mL total protein concentration, before and after 
addition of 200 μM dopamine (N = 3). Nanosensor excitation was with 721 nm light. (b) (GT)6-
Cy5 fluorescence fold change upon desorption from 5 μg/mL SWCNTs induced by addition of 
plasma or serum, 40 μg/mL total protein concentration. Error bars represent standard error 
between experimental replicates (N = 3). 
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Figure 3-15. Adsorption of various fluorophore-tagged biomolecular species to ssDNA-
SWCNTs. Adsorption of varying concentrations of biomolecules (as listed in figure) to 5 μg/mL 
(GT)6-SWCNTs. (Column 1) Quenching of fluorophore-tagged biomolecules adsorbing to 
(GT)6-SWCNTs: (a) Cy3-RNA, (c) Cy5-phospholipid (DSPE-PEG(2000)-N-Cy5), and (e) 
eosin-peptoid ((Nae–Npe)9-(Nce–Npe)9). (Column 2) Corresponding dequenching of 
fluorophore-tagged (GT)6 ssDNA desorbing from SWCNT surface: (b) (GT)6-Cy5, (d) (GT)6-
FAM, and (f) (GT)6-Cy5. Error bars represent standard error between experimental replicates 
(N = 3). 
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Figure 3-16. Tracking competitive adsorption of two protein species onto SWCNT surface. (a) 
Adsorption of 20 μg/mL FAM-HSA to 5 μg/mL (GT)6 SWCNTs tracked by FAM quenching in 
the presence of Cy5-conjugated FBG at 0, 80, and 160 μg/mL. (b-c) Comparison of Cy5-FBG 
adsorption in the presence and absence of 20 μg/mL FAM-HSA, with Cy5-FBG concentrations 
of (b) 80 μg/mL and (c) 160 μg/mL. Error bars represent standard error between experimental 
replicates (N = 3). 
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Figure 3-17. Surface coverage of protein on SWCNTs in end-state corona. Isotherm-type plots 
of surface coverage vs. bulk protein concentration for the end-state (2 h post-injection) of each 
tested protein concentration reveals higher surface coverage of FBG than HSA on the SWCNT 
surface for all tested concentrations. Surface coverage was calculated as the ratio of bound 
protein to total SWCNT surface site concentration, normalized to either (a) average surface site 
concentration or (b) individually fit surface site concentration. Bulk protein concentration is the 
remaining free protein in solution at the end-state. 

 
Figure 3-17 gives rise to protein:SWCNT molar ratios of 32.7 and 20.5 for albumin and fibrinogen, 
respectively. These molar ratios are in comparison to the theoretical close-packed monolayer 
calculations of 98.2 (side-on) and 28 (end-on) for albumin and 6.7 (side-on) and 62.8 (end-on) for 
fibrinogen, indicating mixed orientations and/or multiple layers of each respective protein present 
on the SWCNT surface. In previous literature, protein packing on SWCNTs was found to result in 
high suspension yield (characterizing solubilized SWCNTs via absorbance) yet low dispersion 
quality (characterizing individually stabilized SWCNTs via fluorescence) for 1:1 molar ratios, and 
vice versa above a threshold of approximately 5:1.263 As such, the calculated protein loadings in 
the current study reveal high protein loading on SWCNTs that may increase dispersion quality, 
leading to the observation of retained SWCNT fluorescence (due to the individually protein-
solubilized SWCNTs) even upon entering colloidally unstable regimes that result in visible 
aggregation. 
 
3.6.2 Extended Methods for PAGE to Quantify ssDNA and Protein Exchange 
To validate the corona exchange assay, we performed polyacrylamide gel electrophoresis (PAGE) 
to quantify the unbound DNA and protein after 1-h incubation period of (GT)6-Cy5-SWCNTs with 
either FAM-labeled human serum albumin (HSA) or fibrinogen (FBG) proteins. FAM-proteins 
were incubated with (GT)6-Cy5-SWCNTs (final concentrations of 5 μg/mL of (GT)6-Cy5-
SWCNT with 40 μg/mL of either FAM-HSA or FAM-FBG) for 1 h, then free protein and ssDNA 
were quantified by PAGE run according to the Ornstein-Davis protocol264 (adapted in Bio-Rad 
Mini-PROTEAN Tetra Cell manual). Samples were added to PAGE sample buffer (0.0625 M Tris-
HCl, 30% glycerol) in a 1:2 ratio of sample to buffer. 20 μL total sample volume was applied per 
well. PAGE separation was carried out in 1 mm vertical mini gel format (Bio-Rad Mini-
PROTEAN Tetra Cell) with a discontinuous buffer system under native conditions. Gel 
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composition was 8% acrylamide (total monomer), 0.375 M Tris-HCl, 0.05% APS, 0.05% TEMED 
for the resolving gel and 4% acrylamide (total monomer), 0.125 M Tris-HCl, 0.05% APS, 0.1% 
TEMED for the stacking gel. Electrode buffer was 25 mM Tris and 192 mM glycine (pH 8.3). 
Separation was run with 200 V for 30 min, gels were extracted, and the FAM and Cy5 labels were 
visualized with a gel imager (Typhoon FLA 9500, 473 nm and 635 nm lasers for FAM and Cy5, 
respectively, General Electric). FAM and Cy5 fluorescence intensities were quantified with 
ImageJ. Control PAGE experiments were done to validate that (i) all bands are resolvable on 
separate color channels and (ii) there are negligible interactions between proteins and ssDNA. The 
band structure for HSA run on native PAGE was confirmed by previous literature,265–267 therefore 
HSA bands were quantified by summing the 3 bands. FBG was quantified by the sole band that 
entered the gel. The uniform lower green band is accounted for by diffusion of the small free FAM 
molecule across the wells upon sample loading and prior to electric field turn-on (as confirmed by 
control gels). 
 
3.6.2.1 Extended Materials  for Biomolecule Corona Exchange Assay 
Cy3-RNA: UUC CGU AUG UUG CAU CAC CTT (5’ Cy3-labeled custom RNA oligo with 
HPLC purification, Integrated DNA Technologies, Inc.). This particular RNA sequence was 
chosen because it serves as the antisense strand in a SWCNT-mediated plant delivery study.268 
Exchange was monitored with (GT)6-Cy5-SWCNTs. 
 
Cy5-phospholipid: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 
glycol)-2000]-N-(Cyanine 5), abbreviated DSPE-PEG(2000)-N-Cy5 (Avanti Polar Lipids, Inc.). 
This phospholipid was chosen because it has been previously used to functionalize SWCNT for 
brain imaging applications.174 Exchange was monitored with (GT)6-FAM-SWCNTs. 
 
Eosin-peptoid: (Nae–Npe)9-(Nce–Npe)9): N-(2-aminoethyl) glycine (Nae) and N-(2-phenethyl) 
glycine (Npe) units, abbreviated (Nae–Npe)9, and N-(2-carboxyethyl) glycine (Nce) and Npe, 
abbreviated (Nce–Npe)9.269 This peptoid sequence was chosen because it has been used to 
construct a SWCNT-based nanosensor.270 Exchange was monitored with (GT)6-Cy5-SWCNTs. 
 
3.6.3 Calculation of ssDNA-Protein Exchange Energies on SWCNTs 
3.6.3.1 Calculation of ssDNA-SWCNT Binding Energy 
For this analysis, we use adsorption energies of nucleotides to SWCNTs from Johnson et al.’s 
solvent-explicit, all-atom MD simulations of nucleotide hetero- and homo-polymers to 
SWCNTs.271 Individual nucleotide energies (Table 3-6) are used to calculate the total binding 
energy of (GT)6 ssDNA to SWCNTs as -166.0 kcal/mol. This total energy of (GT)6-SWCNT 
binding is in close agreement with values calculated from other sources by various methods: (i) 
Das et al.,272 calculated from density functional theory (DFT) and experimentally from isothermal 
titration calorimetry (ITC) (-149.4 kcal/mol) and (ii) Gowtham et al.,273 calculated from a first 
principles model (-114.8 kcal/mol) (Table 3-6). 
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Table 3-6. Adsorption energies of individual nucleotide to SWCNTs. 

Nucleotide Energy (kcal/mol)271  Energy (kcal/mol)272 Energy (kcal/mol)273 

A -13.84 -11.30 -8.994 

G -14.99 -13.14 -11.30 

C -11.07 -6.918 -6.688 

T -12.68 -11.76 -7.841 

    

(GT)6 -166.0 -149.4 -114.8 

 
3.6.3.2 Calculation of Protein-SWCNT Binding Energy 
For the analogous protein-SWCNT binding energies, we use an approximate value of -10 kcal/mol 
per amino acid residue based on the following studies: (i) Shen et al.274 performed solvent-explicit 
MD simulations of human serum albumin (HSA) helices on SWCNTs, with an average of -13.51 
kcal/mol per residue and (ii) DFT calculations of aromatic acids on SWCNTs reveal an average 
energy of ~-10 kcal/mol per residue.275,276 
 
3.6.3.3 Exchange of ssDNA and Protein on SWCNT 
We analyze the exchange of (GT)6 ssDNA, originally adsorbed on the SWCNT surface, to protein 
that will adsorb to an equivalent surface area on the SWCNT. The contact area of (GT)6 on 
SWCNTs has been previously determined by our lab via MD simulations as 2800 Å2.

42 As an 
estimate for how many amino acid residues would occupy this same surface area, we use 
dimensions for protein beta sheets as a proxy for peptides adsorbing to SWCNTs. Lengthwise, 
beta sheet spacing is 3.25 Å per residue, therefore X residues occupy a length of 3.25*X Å. The 
lateral dimension is approximated as twice the residue’s variable R-group dimension, based on 
beta sheet geometry. Assuming aromatic residues primarily interact with SWCNTs (as determined 
previously in literature275–277 as well as our lab’s protein corona compositional studies), the average 
R-group lateral dimension is 5.69 Å, so 2*5.69 = 11.38 Å. Thus, contact area per residue is SAresidue 
= (3.25*X Å)*(11.38 Å) = 36.99*X Å2. For the (GT)6 surface area of 2800 Å2, this translates to 
75.71 amino acids occupying the same surface area on the SWCNT surface. Thus, the total binding 
energy of protein to SWCNTs is 75.71*-10 kcal/mol = -757.1 kcal/mol. This is in order-of-
magnitude agreement with Lu et al.’s278 MD simulation of HSA adsorption to carboxylated-
SWCNTs, with total energy ~-500 kcal/mol. 
 
We assume independent binding of ssDNA and protein to the SWCNT surface, as done with the 
corona exchange kinetic model. This assumption is also in agreement with the literature values, 
where the “initial” state is the SWCNT in solvent and the “final” state is bound ssDNA or protein 
to SWCNTs. We note that it is energetically unfavorable to expose the hydrophobic SWCNT 
surface to solvent, accounting for a positive unbinding energy (unfavorable; ssDNA removed from 
SWCNT surface) and a corresponding negative binding energy (favorable; protein added to 
SWCNT surface). Finally, the Gibbs free energy of exchange from ssDNA to protein on the 
SWCNT surface can be written as: 
 
 ∆𝛥𝛥𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒 =  ∆𝛥𝛥𝑝𝑝𝑝𝑝𝑜𝑜𝑝𝑝𝑒𝑒𝑖𝑖𝑎𝑎−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑇𝑇 + ∆𝛥𝛥𝑠𝑠𝑠𝑠𝐷𝐷𝑆𝑆𝑠𝑠−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑇𝑇 3-6 
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∆𝛥𝛥𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒 = �−757.1 
𝑘𝑘𝑐𝑐𝑘𝑘𝑘𝑘
𝐷𝐷𝑚𝑚𝑘𝑘�

+ �+166.0
𝑘𝑘𝑐𝑐𝑘𝑘𝑘𝑘
𝐷𝐷𝑚𝑚𝑘𝑘�

= −𝟓𝟓𝟓𝟓𝟓𝟓.𝟎𝟎
𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌
𝒎𝒎𝒎𝒎𝒌𝒌

   
 
This analysis emphasizes the energetically favorable displacement of ssDNA on the SWCNT 
surface by replacement with protein adsorption. This negative net change in free energy in favor 
of protein-SWCNT binding over ssDNA-SWCNT binding holds across a range of previously 
reported literature values. 
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4 Colloid Theory of Interactions Between DNA-Functionalized 
Carbon Nanotubes and Proteins in Solution 

 
4.1 Chapter Abstract 
Applications of nanotechnologies to probe and alter biological systems requires the stability of the 
nanoparticles within such biomolecule-rich environments. Single-stranded DNA-functionalized 
single-walled carbon nanotubes (ssDNA-SWCNTs) act as both a molecular-sensing platform and 
an effective route for genetic cargo delivery. Although experimental studies show that interactions 
between ssDNA-SWCNTs and surrounding proteins in bioenvironments decrease nanoparticle 
effectiveness, the theoretical basis of these interactions requires further study. Herein, we adopt a 
modified DLVO approach to understand interfacial interactions between functionalized 
nanoparticles with proteins in aqueous solution. The ssDNA-SWCNT is treated as a hollow 
cylinder, interacting with a protein modeled as either a cylindrical or spherical body, each 
possessing constant, asymmetric potentials. The influence of nanoparticle and protein parameters 
on the total potential of mean force is investigated, including colloid geometry (size, shape, fill) 
and surface morphology (solvation and electrostatics). We explore the interactions of ssDNA-
SWCNTs with representative high- and low-binding affinity proteins (fibrinogen and albumin, 
respectively), as determined by experiment. Finally, the model is extended to study the interactions 
of ssDNA-SWCNTs with a panel of proteins of varying binding kinetics to ssDNA-SWCNTs. 
With this better understanding of parameters that govern the interactions between proteins and 
ssDNA-SWCNTs, nanoparticles may be better designed to resist protein adsorption and 
subsequent biofouling when applied in protein-rich, in vivo environments. ** 
 
4.2 Introduction 
Engineered nanoparticles are an advantageous platform for biological sensing, imaging, and 
delivery applications due to their distinctive optical and physical properties.10 For example, a 
nanoparticle’s fluorescence enables optical tracking of the nanoparticle’s location or signaling of 
the presence of target molecules. Moreover, nanoparticles exist at the length scale of fundamental 
biological processes occurring at the molecular and cellular level. In particular, single-walled 
carbon nanotubes (SWCNTs) are a promising nanoparticle platform due to their intrinsic near-
infrared fluorescence that occurs in the tissue transparency window (NIR-II, 950 – 1700 nm) and 
is photostable, unlike conventional fluorophores that undergo photobleaching (i.e. degradation due 
to repeated optical stimulation).27 These optical characteristics render SWCNTs as an ideal 
nanoparticle for long time-course in vivo imaging through tissue that is otherwise impermeable to 
visible light. Further, SWCNTs possess a high aspect ratio (~1 nm diameter by ~100-1000 nm 
length), giving rise to a high surface area available for cargo loading in genetic delivery 
applications, as well as the ability to penetrate through plant cell walls.231 
 

 
** In preparation as Pinals, R. L.; Radke, C.; Landry, M. P. Interactions between DNA-
Functionalized Carbon Nanotubes and Proteins in Solution. 
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SWCNTs, however, are extremely hydrophobic, as they are composed of a graphene sheet 
(monomolecular, aromatic carbon) in a cylindrical geometry. Functionalization is necessary to 
disperse SWCNTs for application in aqueous, biological environments. Noncovalent 
functionalization with amphiphilic polymers is often implemented to disperse SWCNTs, where 
the hydrophobic portion of the polymer coats the hydrophobic SWCNT surface and the hydrophilic 
portion of the polymer interacts with the surrounding aqueous solvent.32 This adsorption process 
requires the energy input of ultrasonication to initially de-bundle the SWCNTs, then the polymers 
adsorb and provide both electrostatic and steric stabilization to prevent SWCNT re-aggregation. 
Polymers that solubilize SWCNTs include nucleic acids (DNA, RNA),41,268 surfactants (both 
biological, such as phospholipids, and nonbiological, such as sodium dodecyl sulfate, sodium 
cholate, etc.),39,240,279 and peptides (both natural and synthetic, called peptoids).256,280 In particular, 
a single-stranded DNA sequence of (GT)6  (i.e. a sequence of the nucleotides guanine, G, and 
thymine, T, repeated six times) adsorbed onto single-walled carbon nanotubes stabilizes the 
SWCNT in solution and selectively recognizes the neurotransmitter, dopamine.40,41,43 Dopamine 
specifically binds to the surface-constrained (GT)6 that in turn perturbs the local SWCNT 
electronic environment and modulates the SWCNT fluorescence emission spectrum. Similarly, 
biomolecules with natural recognition abilities for target analytes can be grafted to the nanotube 
surface, such that the SWCNT serves as the transducer upon molecular recognition.38,281,282 
 
 Despite the promise of such ssDNA-SWCNT platforms, SWCNTs become destabilized when 
introduced into biological environments. Competitive adsorption of surrounding biomolecules to 
the SWCNT surface, most notably proteins, cause this destabilization. Adsorption of proteins to 
SWCNTs results in adverse outcomes including unpredictable nanoparticle functionality, 
aggregation, and often toxicity. Accordingly, understanding interactions of nanoparticles and 
biomolecules in solution remains an important problem in successfully implementing 
nanotechnologies within biological systems. 
 
Our previous work has investigated the composition and dynamics of the adsorbed protein layer 
formed on the ssDNA-SWCNTs, termed the “protein corona”.82 Two representative proteins 
emerged from this study: fibrinogen, which adsorbs to ssDNA-SWCNTs with a high affinity, and 
albumin, which adsorbs to ssDNA-SWCNTs with a low affinity. The adsorption of fibrinogen to 
nanoparticles is not surprising, as it binds with numerous other surfaces on the nano- and macro-
scales.158,180,183 However, the low abundance of albumin adsorbed in the protein corona is 
interesting, in that it is the most abundant blood protein in blood plasma, ~55% of total blood 
proteins by mass,220 compared to ~4% of fibrinogen in blood plasma.248 Our previous proteomic 
mass spectrometry, solution depletion experiments, isothermal titration calorimetry, and in-
solution small-angle x-ray scattering confirmed the enrichment of fibrinogen on the ssDNA-
SWCNT surface in comparison to albumin. 
 
In addition to protein adsorption, DNA originally adsorbed on the SWCNT surface exchanges with 
various proteins from a bulk solution.118 To study this exchange, we developed an assay that 
monitors different visible fluorophores tagged onto the ssDNA and protein molecules as a function 
of time (fluorophores of cyanine 5, Cy5, on DNA and fluorescein, FAM, on protein). The SWCNT 
surface quenches the fluorophore emission when the tagged molecule is in close proximity. Hence, 
a quenched fluorescence readout indicates the molecule is bound to the SWCNT, while a bright 
fluorescence readout indicates the molecule is free in solution. We selected a panel of proteins 
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based on the proteomic mass spectrometry study, and the higher binding affinity of fibrinogen on 
ssDNA-SWCNTs over albumin was again recapitulated. 
 
This work applies the colloidal framework established by Derjaguin, Landau, Verwey, and 
Overbeek (DLVO)283 to model interactions between proteins and DNA-functionalized carbon 
nanotubes in aqueous electrolyte. DLVO theory characterizes the total potential of mean force 
(PMF) as the sum of contributions from repulsive Born, repulsive electrostatic double-layer, and 
attractive dispersion (i.e. van der Waals) interactions. Previous computational and theoretical 
studies modeled the dispersion stability of surfactants on SWCNTs, invoking molecular dynamics 
simulations and DLVO theory.284–286 Such work quantified the interaction energies between the 
coated nanomaterials in solution, from which energetic barriers preventing coagulation arise.  
Other work has examined interaction potentials between two-dimensional graphene sheets in 
solution, pinpointing strongly attractive dispersion (or van der Waals) interactions as the driving 
force for aggregation and thus instability.287,288 However, the asymmetric interaction between a 
surface-adsorbed molecule on the SWCNT with a distinct second body in solution has not been 
pursued. Curvature differentiates DNA adsorption on carbon nanotubes to that on other similar 
materials, such as planar nanoscale graphene, where DNA adsorbs with lower affinity.285,289,290 
Therefore, we expect curvature of both the SWCNT and protein to modulate interactions in the 
current model. Moreover, the SWCNT is a hollow (low density) substrate, whereby the surface is 
a single graphene layer that contributes attractive dispersion interactions with the protein far less 
than a filled nanoparticle case. This work also builds on previous studies of protein-protein PMF 
modeled by DLVO theory, toward understanding phenomena such as the “salting-out” effect of 
protein precipitation. These approaches adopted close-range protein-protein interactions that 
account for the energetic penalty of desolvating the portions of the protein that become solvent 
inaccessible.291 
 
Herein, we compute PMF profiles for a ssDNA-SWCNT interacting with a protein in the dilute 
solution limit of a two-body interaction. PMF contributions include DLVO energies (i.e. long-
range electrostatic repulsion, long-range attractive dispersion forces, and short-range steric 
repulsion) and non-DLVO energies (short-range desolvation repulsion). Proteins are modeled as 
either a spherical or cylindrical particle, where albumin is a globular protein approximated as a 
sphere and fibrinogen has an elongated form treated as a cylinder. To differentiate carbon 
nanotube-protein interactions from analogous carbon nanoparticle-protein interactions, this study 
assesses the effect of nanoparticle geometry and fill. This work investigates the impact of varying 
carbon nanotube solvation energy (to account for varying DNA coverage or other adsorbates) and 
protein properties (including surface potential, size, and shape). We compare each PMF 
contribution for the case of albumin interacting with ssDNA-SWCNT (sphere-cylinder) and 
fibrinogen interacting with ssDNA-SWCNT (cylinder-cylinder). Finally, we compute total PMFs 
between ssDNA-SWCNTs and various proteins identified by proteomic mass spectrometry as 
binding vs. nonbinding. This model presents an initial attempt to provide some mechanistic insight 
as to why different proteins preferentially adsorb to DNA-functionalized carbon nanotubes in 
solution. 
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4.3 Methods 
4.3.1 DLVO Interactions for Sphere-Cylinder 
DLVO electrostatic and dispersion interactions between a sphere and a cylinder are modeled by 
the surface element integration (SEI) technique expressions derived by Li et al.292 Briefly, SEI 
incorporates curvature effects integrating interaction potentials over the projection planes of each 
body (Equation 4-1): 
 

𝑉𝑉(𝑟𝑟) =  � 𝐧𝐧2𝐤𝐤𝟐𝟐
𝐧𝐧1 ∙ 𝐤𝐤1

|𝐧𝐧1 ∙ 𝐤𝐤1|𝑉𝑉plates
(𝐷𝐷)𝑑𝑑𝑑𝑑

𝑠𝑠
 4-1 

 
where 𝑟𝑟 is the distance between the sphere and cylinder,  n1 and n2 are outward unit vectors normal 
to the surfaces, k1 and k2 are unit vectors directed toward the positive z axes of each body-fixed 
coordinate system set such that the xy planes are parallel with z axes facing each other, Vplates(D) 
is the interaction energy per unit area between the two flat projection plates separated by distance 
D (note that 𝐷𝐷 denotes spacing between plates and 𝑟𝑟 denotes spacing between objects), and A is 
the projected area of the body on the xy plane. The SEI technique is chosen over Derjaguin’s 
approximation because the latter assumes that interacting bodies are locally flat, or that the 
interaction distance is shorter than the radius of curvature of the particle, enabling the 
approximation of differential rings interacting. However, this is not valid for this system, where 
the particles are nanoscale with high local curvature. Previous work compared the electrostatic 
PMF SEI solution for an interacting sphere and cylinder to Derjaguin’s approximation, revealing 
equivalent behavior for low curvature bodies, but a diverging PMF at low cylinder to sphere radius 
ratios (Rc/Rs = 0.1). The dispersion PMF SEI solution for an interacting sphere and cylinder is 
comparable to Hamaker’s solution derived by summing pairwise molecular interactions, revealing 
the same limiting behavior. 
 
The electrostatic PMF invokes the constant potential assumption with asymmetric charges. This is 
consistent with previous work for similar systems.283 The Hogg-Healy-Fuerstenau equation for 
two planar surfaces of low constant potentials in 1:1 electrolyte (Equation 4-2) is implemented as 
the electrostatic potential for the SEI method in Equation 4-1:293 
 

𝑉𝑉EDL,plates(𝐷𝐷) =  𝜀𝜀r𝜀𝜀0𝜅𝜅 �
2𝜓𝜓01𝜓𝜓02 − �𝜓𝜓012 + 𝜓𝜓022�𝑒𝑒−𝜅𝜅𝐷𝐷

𝑒𝑒+𝜅𝜅𝐷𝐷 − 𝑒𝑒−𝜅𝜅𝐷𝐷 � 4-2 

 
where εr is the relative permittivity of the solution, ε0 is the permittivity of vacuum, κ is the inverse 
Debye length, ψ01 and ψ02 are the surface potentials of interacting bodies 1 and 2, respectively, and 
D is the separation distance between the two plates. The surface potential of colloids is set to the 
measured zeta potential, in this case in phosphate-buffered saline (PBS). 
 
For the dispersion PMF, the non-retarded dispersion energy per unit area between two flat plates 
separated by a distance D (Equation 4-3) is used within the SEI method in Equation 4-1: 
 
    𝑉𝑉AD,plates(𝐷𝐷) =  − 𝑠𝑠H

12𝜋𝜋𝐷𝐷2
 4-3 
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where AH is the Hamaker constant of the two interacting bodies. The SWCNT is then “hollowed 
out” by subtracting out the PMF contribution from the inner cylinder of radius Rc,in. Experiment 
estimate ssDNA-SWCNT dimensions (AFM for the additional DNA height added upon SWCNT 
adsorption)197 and per the manufacturer’s specifications (small diameter HiPco™ SWCNTs, 
NanoIntegris). Equations 4-10 and 4-11 in the Appendix give electrostatic and dispersion PMF 
expressions, respectively, derived from the SEI technique. These equations are for the case of Rc 
< Rs that is valid for all proteins currently under study. Parameters of all interacting bodies, with 
their corresponding sources, are tabulated in the Appendix, Table 4-1. 
 
4.3.2 DLVO Interactions for Sphere-Sphere 
A sphere-sphere geometry is adopted for albumin interacting with a spherical nanoparticle. 
Derjaguin’s approximation for two spheres models DLVO electrostatic interactions, given by 
Israelachvili (Equation 4-4):283 
 

𝑉𝑉EDL,sph(𝑟𝑟) = 2𝜋𝜋 �
𝑅𝑅s1𝑅𝑅s2

𝑅𝑅s1 + 𝑅𝑅s2
�� 𝑉𝑉EDL,plates(𝐷𝐷)𝑑𝑑𝐷𝐷

∞

𝑝𝑝
 4-4 

  
where Rs1 and Rs2 are the radii of spheres 1 and 2, respectively, VEDL,plates(D) is the electrostatic 
potential per unit area between two flat plates separated by distance D, and r is the separation 
distance between the two spheres. The Hogg-Healy-Fuerstenau expression (Equation 4-2) for 
asymmetric, constant potential interaction provides the electrostatic contribution, VEDL,plates(D). 
Israelachvili gives the dispersion interaction for two spheres, following Hamaker’s approach of 
summing molecular pairwise interactions over the exact geometry :283 
 

𝑉𝑉𝑠𝑠𝐷𝐷,𝑠𝑠𝑝𝑝ℎ(𝑟𝑟) =  −
𝑑𝑑𝐻𝐻
6𝑟𝑟 �

𝑅𝑅𝑠𝑠1𝑅𝑅𝑠𝑠2
𝑅𝑅𝑠𝑠1 + 𝑅𝑅𝑠𝑠2

� 4-5 

 
4.3.3 DLVO Interactions for Cylinder-Cylinder 
In the case of fibrinogen interacting with ssDNA-SWCNT, a cylinder-cylinder geometry is 
adopted. Derjaguin’s approximation for two parallel cylinders models DLVO electrostatic 
interactions, following Ohshima et al. (Equation 4-6):294 
 

𝑉𝑉EDL,cyl(𝑟𝑟) = �
2𝑅𝑅c1𝑅𝑅c2
𝑅𝑅c1 +  𝑅𝑅c2

𝐿𝐿c2 � 𝑉𝑉EDL,plates(𝐷𝐷)
𝑑𝑑𝐷𝐷

√𝐷𝐷 − 𝑟𝑟

∞

𝑝𝑝
 4-6 

 
where Rc1 and Rc2 are the radii of cylinder 1 and 2, respectively, Lc2 is the length of the shorter 
cylinder (in this case, the protein), and the asymmetric VEDL,plate is from Equation 4-2. The 
dispersion interaction for two parallel cylinders from Hamaker’s approach (Equation 4-7) is:283 
 

𝑉𝑉AD,cyl(𝑟𝑟) =  −
𝑑𝑑H𝐿𝐿c2

12√2𝑟𝑟3 2�
�
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4.3.4 Non-DLVO Interactions 
We adapt the solvation PMF from Curtis et al., originally derived for the case of spherical protein-
protein interactions within a DLVO framework.291 Briefly, the protein-protein PMF includes the 
free energy of desolvating the protein surface made inaccessible to the solvent as proteins 
approach:  
 

𝑉𝑉SOLV(𝑟𝑟) =  −�𝑑𝑑1(𝑟𝑟) �
𝑇𝑇𝑆𝑆
𝑇𝑇𝑑𝑑𝑇𝑇𝑑𝑑�1

+ 𝑑𝑑2(𝑟𝑟) �
𝑇𝑇𝑆𝑆
𝑇𝑇𝑑𝑑𝑇𝑇𝑑𝑑�2

�  4-8 

 
where A(r) is the surface area inaccessible to solvent, SE is the solvation energy, and SASA is the 
total protein solvent accessible surface area. For the current study, this PMF contribution accounts 
for protein-SWCNT and/or protein-DNA interactions at very short separation distances. Solvation 
energy here is defined as the hypothetical work to transfer a protein from an ideal gas into an 
aqueous solution. Previously, Melander-Horvath salting out theory expressed protein solubility in 
terms of the solvation free energy of the protein, yet this theory applies to desolvating the entire 
protein.295 Instead, Curtis’s PMF includes only the free energy required to desolvate the surface 
area of the protein that is inaccessible to solvent due to protein-protein two-body interaction, 
governed by the separation distance of solvent diameter.291 We adapt this geometric derivation, 
done for two spheres of equivalent radius, to derive expressions for A(r) in the sphere-sphere, 
sphere-cylinder, and cylinder-cylinder geometries with nonequivalent radii (included in the 
Appendix, Equation 4-12). Specifically, for the case of fibrinogen interacting with a ssDNA-
SWCNT, the interaction of the two cylinders occurs lengthwise based on previous experimental 
and computational results confirming this orientation.82,180 The solvation forces invoke the 
additivity assumption, the sum of hydration forces (to desolvate polar residues) and hydrophobic 
forces (to desolvate nonpolar residues), with the respective surface-exposed fractions. This work 
calculates these solvation energies and solvent accessible surface areas using the GETAREA 
program, based on atomic solvation parameters derived from empirical vapor-to-water free 
energies of transfer of amino acid side-chain analogs and analytical calculation based on the 
protein structure, respectively.296 For the ssDNA-SWCNT, a combination of two previous DFT 
studies estimates the solvation energy: the first, provides the solvation energy of C540 per unit 
area,297 the second study to corrects for the polar (GT)6 molecules on the SWCNT surface.298 The 
number of (GT)6 per SWCNT was previously determined by experiment, as described 
elsewhere.118 
 
4.3.5 Total PMF 
With the last component of the total PMF as the Born repulsive interaction, a step-function at a 
separation distance of zero, the total PMF is then given by Equatin 4-9. The temperature is set at 
T = 22.5°C in PBS, pH 7.4 (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4; 
net ionic strength 162.7 mM, Debye length 0.754 nm). 
 

𝑉𝑉total(𝑟𝑟) = 𝑉𝑉SOLV(𝑟𝑟) + 𝑉𝑉AD(𝑟𝑟) + 𝑉𝑉EDL(𝑟𝑟), for 𝑟𝑟 > 0 4-9 
 
Here, VSOLV is zero for r < 2rsolv for solvent radius rsolv. The model is used to investigate interactions 
of other approximately globular proteins with ssDNA-SWCNTs by changing the spherical body 
parameters of surface potential, radius of gyration, solvation energy, and solvent accessible surface 
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area, with parameters in the Appendix, Table 4-1. These proteins are chosen to model interactions 
with ssDNA-SWCNT based on previous experiments and the availability of the protein structure 
from the Protein Data Bank, which is required to extract information on the radius of gyration, 
solvent accessible surface area, and solvation energy. Further, zeta potentials for the individual 
proteins other than albumin and fibrinogen are estimated to be – 10 mV in PBS and will be 
confirmed experimentally in the future. 
 
4.4 Results and Discussion 
Contributions to the total potential of mean force (PMF) between protein and ssDNA-SWCNT 
include long-range electrostatic repulsion, long-range attractive dispersion forces, short-range 
desolvation repulsion (beginning at separation distance equivalent to one solvent diameter), and 
short-range steric repulsion (at zero separation distance) (Equation 4-9). Computed PMF profiles 
for varying cases of protein approaching ssDNA-SWCNT in solution exhibit several interesting, 
general features. First, the long-range electrostatic repulsion contributes only weakly to the total 
PMF. This may be expected due to prevalent charge screening at the relatively high ionic strength 
of biological environments (I = 162.7 mM). Accordingly, the barrier to adsorption is the high 
energetic cost of desolvation encountered at very close approach between the two bodies (r < 2.75 
Å). This primary maximum in the PMF signifies a stable colloidal dispersion, as this barrier 
prevents the aggregation of proteins onto ssDNA-SWCNTs that would otherwise occur due to the 
large attractive dispersion interactions between the two bodies. Experimentally, however, high 
protein concentrations in bulk solution often leads to ssDNA-SWCNT aggregation. There are two 
minima in the PMF, where the primary minimum at closest approach is due to the steep drop-off 
of attractive dispersion forces and the secondary minimum is just beyond where repulsion due to 
solvation energy occurs at small separation distance. 
 
This study first investigates the impact of varying nanoparticle geometry and fill for the case of a 
carbon nanoparticle with albumin (held with constant parameters). Figure 4-1 shows the calculated 
PMF between the different nanoparticles and albumin. The PMF is computed for four cases: a 
cylindrical nanoparticle, either filled or hollowed, interacting with albumin (Equations 4-1, 4-2, 
4-3, and 4-8) and a spherical nanoparticle, either filled or hollowed, interacting with albumin 
(Equations 4-4, 4-5, and 4-8). Inner and outer radii are held constant between the differing carbon 
nanoparticle geometries (see all parameters listed in Table 4-1) and the average cylinder length is 
approximately 350 nm, as experimentally determined by atomic force microscopy and analytical 
ultracentrifugation for surfactant-coated SWCNTs.299 Although the principle nanoparticle of 
interest here, ssDNA-SWCNT, possesses a hollow cylindrical geometry, the other case studies are 
relevant to closely related and relevant nanoparticle-protein interaction systems. Here, a “carbon-
filled” cylinder better approximates a multi-walled carbon nanotube or carbon fiber, a carbon-
filled sphere represents a carbon dot, and a hollow sphere represents a fullerene (such as a 
buckeyball, C60). In Figure 4-1, the PMF maximum increases (~2-2.5 kBT) as the carbon 
nanoparticle is hollowed out due to the lessening role of attractive dispersion forces. The 
interaction between albumin and the carbon nanoparticle is more attractive with the cylindrical 
geometry, for both filled and hollowed out centers, due to the larger surface area of interaction for 
attractive dispersion forces. Although the larger surface area slightly raises the repulsive solvation 
force, deconvoluting each contribution to the total PMF reveals that this repulsive component is 
outweighed by increasing attractive dispersion forces that ultimately drive the PMF maximum 
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down. The colloidal suspension is highly unstable in the case of a filled carbon sphere interacting 
with albumin, as the attractive dispersion interactions drive the energetic barrier close to zero (0.3 
kBT). This PMF indicates that adsorption of albumin on the ssDNA-SWCNT will occur, although 
with a larger energetic barrier than adsorption to filled nanoparticles. The suspension would be 
expected to rapidly aggregate in the case of a filled carbon cylinder interacting with albumin 
because the primary maximum disappears (-0.8 kBT). This highlights the role of additive van der 
Waals interactions between the nanoparticle material layers and the solubilized protein, absent for 
shell-like, single-layer materials such as SWCNTs and fullerenes. 
 

 
Figure 4-1. Effect of varying carbon nanoparticle fill and geometry on total PMF of interaction 
with albumin. Total PMF is plotted as the sum of contributions from repulsive Born, repulsive 
desolvation, repulsive electrostatic double-layer, and attractive dispersion interactions. Carbon 
nanoparticle properties are varied while parameters for albumin (approximated as a sphere) are 
kept constant. The spherical carbon nanoparticle interacting with albumin (purple) is either filled 
(dark purple) or hollowed (light purple). The cylindrical carbon nanoparticle interacting with 
albumin (green) is either filled (dark green) or hollowed (light green). 

 
Figure 4-2 plots the calculated PMF between the carbon nanotube and albumin for varying 
nanoparticle solvation energy (Equations 4-1, 4-2, 4-3, and 4-8). Varying solvation energies arises 
from different surface coverages of DNA on SWCNTs, where lower DNA coverage exposes more 
hydrophobic SWCNT surface thus lowers the energy required to desolvate, and vice versa. Note 
that the solvation energy is set as a constant for each PMF calculation, despite DNA being in 
dynamic equilibrium between the surface-adsorbed and bulk phases.118,199 For this dilute solution 
case (one protein with one ssDNA-SWCNT) and this short timescale, however, a constant 
solvation energy is assumed. The coating identity on the SWCNT also modulates the construct 
solvation energy, such as other nucleic acids, surfactants, and peptides. For reference, the ssDNA-
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SWCNT solvation energy per unit solvent accessible surface area is -4.72 mJ/m2 for all other 
calculations. The solvation energy is taken as the value for C540 corrected by the contribution of 
(GT)6 (determined by DFT297,298; coverage of (GT)6 per SWCNT determined experimentally118). 
Other values encountered in the literature include: -46.7 mJ/m2 and -83 mJ/m2 for graphene 
(measured by contact angle300 and surface force balance,301 respectively), and -62.1 mJ/m2 for 
graphene oxide (measured by contact angle300). To capture this range of possible values, the 
solvation energy of the SWCNT is varied over the range of -1 to -100 mJ/m2. In Figure 4-2, the 
PMF maximum decreases as the energy required to desolvate the SWCNT surface lowers in 
magnitude, becoming less unfavorable. Thus, the SWCNT construct possessing the highest 
solvation energy remains the most stable in solution, with a maximum of nearly 26 kBT, and 
albumin is not able to adsorb. 
 

 
Figure 4-2. Effect of varying carbon nanoparticle solvation energy on total PMF of interaction 
with albumin. Carbon nanoparticle solvation energy is varied (decreasing negative magnitude 
moving from purple to yellow) while parameters for albumin (approximated as a sphere) are 
kept constant. 

 
To understand the role of electrostatics on protein- ssDNA-SWCNT interactions, Figure 4-3 plots 
the PMF between ssDNA-SWCNT and a protein with various surface potentials (Equations 4-1, 
4-2, 4-3, and 4-8). However, the result reveals some unexpected (or non-physical) effects of 
surface potential on the total PMF. Specifically, the electrostatic contribution to the PMF becomes 
attractive when surface potentials are the same sign but widely dissimilar magnitudes, at close 
distances of approach. This same phenomenon arises when one of the surface potentials is zero 
while the other is finite. These trends are shown in Figure 4-3, where increasing the negative 
magnitude of the protein surface potential from -1 through -20 mV increases the primary maximum 
to ~2 kBT, highlighting increased colloidal stability between the two negatively charged bodies 
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(DNA-SWCNT is kept at a surface potential of -19.4 mV, determined experimentally). However, 
as the protein surface potential magnitude increases further to -60 mV, the trend reverses, and the 
maximum disappears for a surface potential of -100 mV. This result is suspect because the Hogg-
Healy-Fuerstenau equation is rigorously valid only for low surface potentials (Equation 4-2).302 
Most proteins are not expected to have zeta potentials at such an extreme, yet this nonmonotonic 
trend must be recognized as a potential limitation of the current model. 
 

 
Figure 4-3. Effect of varying protein surface potential on total PMF of interaction with ssDNA-
SWCNT. Albumin surface potential is varied (decreasing negative magnitude moving from 
purple to yellow) while parameters for the ssDNA-SWCNT (modeled as a hollow cylinder) are 
kept constant. Note the nonmonotonic trend in the PMF maximum, as explained in the text. 

 
Figure 4-4 examines the influence of protein size and geometry by plotting the PMF between 
cylindrical ssDNA-SWCNT with either a cylindrical protein of radius 10 nm, 5 nm, or 1 nm 
(Equations 4-6, 4-7, and 4-8), or a spherical protein of radius 10 nm, 5 nm, or 1 nm (Equations 
4-1, 4-2, 4-3, and 4-8). All other protein properties besides shape and size are those of albumin. 
Cylindrical proteins inherently have larger barriers between the primary and secondary minima 
than spherical proteins because there is more surface area to desolvate upon their approach to the 
nanoparticle. For the cylindrical protein, decreasing the radius lowers the primary maximum from 
~25 kBT to ~22 kBT. As the cylinder radius decreases, the curvature increases, resulting in less 
surface area becoming desolvated at the close approach of the protein to the ssDNA-SWCNT. This 
lowers the energetic peak caused by the potential of desolvation. However, for the spherical 
protein, the opposite trend occurs, as decreasing the radius increases the primary maximum to the 
point of entering a colloidally stable regime of ~2.5 kBT. This trend occurs because as the radius 
decreases, attractive dispersion forces decrease. Here, the solvation energy is less of an energetic 
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penalty because the sphere is inherently more solvated than a cylindrical geometry at the same 
spacing from the ssDNA-SWCNT. 
 

 
Figure 4-4. Effect of varying protein size and geometry on total PMF of interaction with 
ssDNA-SWCNT. Albumin size and shape are varied, while parameters for the ssDNA-SWCNT 
(modeled as a hollow cylinder) are kept constant. PMFs are plotted for cylindrical protein 
(purple-blue) radius decreasing from 10 nm (purple) to 1 nm (blue), interacting with ssDNA-
SWCNT. PMFs are plotted for spherical protein (green-yellow) radius decreasing from 10 nm 
(green) to 1 nm (yellow), interacting with ssDNA-SWCNT. 

 
Figure 4-5 shows the computed PMFs between the DNA-SWNCT and two model proteins, each 
with the total PMF decomposed into the respective contribution (Equation 4-9). Based on previous 
experiments, this study chooses albumin as the model low-binding protein (Figure 4-5a) and 
fibrinogen as the model high-binding protein to ssDNA-SWCNTs (Figure 4-5b). Electrostatic 
double-layer interactions play a minor role in this weakly charged system as shown by its low 
contribution. This is due to the low magnitude surface potentials and high charge screening from 
salt. Moreover, the double-layer interaction remains largely invariant to changing geometry, 
always decaying exponentially with distance of a characteristic decay length equal to the Debye 
length.283 The importance of the desolvation potential is highlighted in comparing the two proteins, 
where desolvating fibrinogen requires over an order of magnitude more energy than albumin. Yet, 
the significantly more favorable attractive dispersion forces for fibrinogen with ssDNA-SWCNT 
than albumin provide some offset for this high energetic cost of desolvating. Nonetheless, the 
primary maximum is ~80 kBT vs. 2 kBT for fibrinogen and albumin, respectively, indicating that 
albumin would preferentially adsorb to the ssDNA-SWCNT. However, the secondary minimum 
is ten-fold lower for fibrinogen than albumin. Proteins may adsorb to ssDNA-SWCNT in a 
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solvated state, in which case fibrinogen would be predicted to interact more readily with ssDNA-
SWCNT over albumin because of the more attractive potential well prior to desolvation, consistent 
with experiments. 
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Figure 4-5. Total PMF for proteins interacting with ssDNA-SWCNT, decomposed into each 
contributing term. Total PMF (solid black) is plotted as the sum of PMF contributions from 
repulsive Born (dashed black), repulsive desolvation (green), repulsive electrostatic double-
layer (purple), and attractive dispersion (blue) interactions. PMFs are included for a ssDNA-
SWCNT interacting with either (a) albumin, approximated as a sphere, and (b) fibrinogen, 
approximated as a cylinder. 

a 

b 
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To pursue this hypothesis regarding the role of the secondary minimum, Figure 4-6b plots the 
calculated total PMFs (Equation 4-9) for ssDNA-SWCNT with various proteins identified as 
interacting with DNA-SWNCT by proteomic mass spectrometry. The corona exchange assay 
measures DNA florescence as a function of time, as Figure 4-6a shows. This experiment indicates 
that the expected order of protein binding is apolipoprotein A-I > fibrinogen > complement C3 > 
immunoglobulin G > albumin. In Figure 4-6a only the Cy5-labeled DNA is monitored. This is due 
to the nonuniform FAM fluorophore labeling of this protein panel. Cy5-labeled DNA is tracked as 
a proxy for protein adsorption, whereby a higher increase in free (GT)6-Cy5 indicates more DNA 
desorption and more protein adsorption to the SWCNT surface. Total PMFs are calculated between 
each protein and ssDNA-SWCNT, where all proteins besides fibrinogen (approximated as a 
cylinder) are roughly globular in solution and are treated as spheres. The different order of 
magnitude in primary maximum for fibrinogen (~80 kBT) as compared to all other proteins (~2.5 
kBT) highlights the importance of geometry, where fibrinogen again requires significantly more 
desolvation prior to reaching the primary minimum state. The same general trend with the 
secondary minimum holds, where proteins that are more likely to bind exhibit a more negative 
(more attractive) secondary minimum. From the total PMFs, this predicted trend is fibrinogen > 
apolipoprotein A-I ≈ complement C3 ≈ immunoglobulin G > albumin. This trend captures the 
higher binding affinity of fibrinogen over albumin. Further experiments would be necessary to 
fully investigate the role of this secondary minimum in predicting protein adsorption on ssDNA-
SWCNTs. 
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Figure 4-6. Interactions of varying proteins with ssDNA-SWCNT. Total PMF for varying 
proteins interacting with ssDNA-SWCNT. Protein size, shape, surface potential, and solvation 
energy are varied, while parameters for the ssDNA-SWCNT (modeled as a hollow cylinder) are 
kept constant. PMFs are plotted for apolipoprotein A-I (light blue), fibrinogen (light pink), 
complement C3 (dark blue), immunoglobulin (dark red), and albumin (yellow). Note that the y-
range was chosen to highlight the secondary minima of the majority of proteins, while the 
primary maximum for fibrinogen extends up to ~80 kBT. 

 
In closing, we discuss some shortcomings of the proposed modified DLVO approach. First, all 
bodies are modeled as smooth, rigid spheres and cylinders. It has been demonstrated that surface 
roughness can increase the excluded volume of the protein by 1.7-fold, which is significant in the 
solvation PMF term.303 Surface charge is spread out over the entire surface,283 which disregards 
the distinctly patterned solvent-exposed residues on proteins (mostly polar) and varying 
attractive/repulsive potential energy “pockets” that DNA creates on SWCNT surfaces.42 The 
conformations of both initial (DNA) and final (protein) entities on the SWCNT surface are 
assumed to be static, which disregards rearrangement on the SWCNT surface and, particularly for 
the protein, the likely denaturation that occurs in the bound state. These bodies are immersed in a 
continuous dielectric medium containing point charges to represent ions, which disregards 
interactions that arise in considering the salt ion identities (e.g. chaotropic vs. kosmotropic salts).304 
However, such salt-dependent effects on protein solubility are not expected to be observed until 
approximately 1 M salt concentration (an order of magnitude higher).291 Finally, we note that the 
assumptions of DLVO may not fully hold at the nanometer scale, such as the additivity assumption 
not accounting for contributions from nanoparticle polarizability leading to coupling effects 
between various interactions.3 
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4.5 Conclusions 
In sum, this paper presents a model of the interaction between a protein and ssDNA-SWCNT in 
solution within a modified DLVO framework. Proteins were modeled as either cylindrical or 
spherical bodies interacting with a hollow, cylindrical ssDNA-SWCNT. The effects of varying 
protein and ssDNA-SWCNT parameters on the total PMF and the individual PMF contributions 
were studied. Proteins of known high- and low-binding affinity revealed the potential importance 
of the secondary, rather than primary, PMF minimum in guiding selective adsorption. This simple 
model provides some understanding on what forces drive the process of protein corona formation 
on ssDNA-SWCNTs when they are introduced into biological environments. Future work could 
involve extending the model to a non-dilute system, wherein other PMF contributions would 
include attractive bridging between proteins and DNA adsorbed on different SWCNT substrates, 
repulsive steric forces between the soft surfaces, among others. The model may be improved by 
better representing the DNA and protein as soft, flexible polymers rather than a fixed surface 
potential on SWCNT and a rigid spherical body, respectively. The solvation energy could then be 
set as a function of adsorbed DNA and bulk protein in proximity to the SWCNT surface. For the 
SWCNT, a solvent-filled cylinder may be incorporated rather than a fully hollow cylinder, as water 
has been shown by both experiment and computation to fill the SWCNT upon ultrasonication 
dispersion.305 Finally, quartz crystal microbalance with dissipation monitoring (QCM-d) 
experiments could be pursued toward experimental validation of protein-graphene binding rates. 
Previous work relates the sum of the PMFs of self-interacting bodies directly to the experimentally 
accessible second virial coefficient, measured by static light scattering.291 However, for the current 
system under study, this relation would have to be adapted by considering the heterogeneity of 
different interacting bodies. With this framework, the complementary problem may be pursued, 
namely, the protein adsorbed on the SWCNT exchanging with DNA in solution. Then, a 
heterogeneous aggregation rate constant can capture the differing kinetics of proteins interacting 
with the ssDNA-SWCNT.302 The fraction of bound DNA or protein on the SWCNT surface 
provides another experimentally accessible parameter to verify the model with. 
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4.6 Chapter Supporting Information 
4.6.1 Full Mathematical Forms 
For Rc < Rs, the SEI technique for the electrostatic interaction between a sphere and cylinder yields: 
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where  𝛼𝛼c =  �𝑅𝑅c2 − 𝑦𝑦2 sin2 𝜃𝜃  

𝛼𝛼s =  �𝑅𝑅s2 − 𝑦𝑦2 
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For Rc < Rs, the SEI technique for the dispersion interaction between a sphere and cylinder yields: 
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where  𝛼𝛼c =  �𝑅𝑅c2 − 𝑦𝑦2 sin2 𝜃𝜃  and 𝛼𝛼s =  �𝑅𝑅s2 − 𝑦𝑦2 
 

 

 
Surface area inaccessible to solvent A(r) (in Equation 4-8) can be derived for the geometries: 
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where Rs is the sphere radius, Rc is the cylinder radius, and R is either for cylinder 1 or 2; Lmin is 
the minimum cylinder length, here the lengthwise protein dimension; and h(r) is the height of 
the trapezoid formed between the two shape radii R1 and R2, the center-to-center distance rc = r 
+ R1 + R2, and the solvent diameter rsolv: 
 
ℎ(𝑟𝑟)

=  
�(2𝑟𝑟solv − 𝑟𝑟c + 𝑅𝑅1 − 𝑅𝑅2)(2𝑟𝑟solv − 𝑟𝑟c − 𝑅𝑅1 + 𝑅𝑅2)(2𝑟𝑟solv − 𝑟𝑟c + 𝑅𝑅1 + 𝑅𝑅2)(−2𝑟𝑟solv + 𝑟𝑟c + 𝑅𝑅1

2(𝑟𝑟c − 2𝑟𝑟solv)  
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Table 4-1. Model parameters. 

Parameter Entity Value Source 

Surface potential DNA-SWCNT 
Albumin 
Fibrinogen 
All other proteins 

-19.4 mV 
-14.27 mV 
-8.50 mV 
-10.0 mV 

Experiment 
Experiment 
Ref.306 
Estimated; will be confirmed by 
experiment 

Radius DNA-SWCNT (inner, outer) 
 
Albumin 
Fibrinogen 
Apolipoprotein A-I 
 
Complement C3 
 
Immunoglobulin G 

(0.427, 0.750) nm 
 
2.740 nm 
3.067 nm 
4.839 nm 
 
4.592 nm 
 
4.869 nm 

(Estimated from experiment and 
manufacturer, Ref.197) 
Ref.307 
Ref.306 
Calculated with Ref.308 and PDB 
ID: 1AV1309 
Calculated with Ref.308 and PDB 
ID: 2A73310 
Calculated with Ref.308 
and PDB ID: 1HZH311 

Hamaker constant DNA-SWCNT + protein 4 kBT Ref.291 (estimated as typical 
protein-protein AH value); 
approximately in line with Ref.312 
(nanoparticles in plants) and 
Ref.287 (graphene oxide and 
reduced graphene oxide 
nanosheets) 

Solvation energy per 
unit solvent accessible 
surface area 

DNA-SWCNT 
Albumin 
Fibrinogen 
Apolipoprotein A-I 
Complement C3 
Immunoglobulin G 

-4.724 mJ/m2 

-19.973 mJ/m2 

-7.750 mJ/m2 

-26.448 mJ/m2 

-29.157 mJ/m2 

-29.642 mJ/m2 

Adapted from Refs.297,298 
Calculated with Ref.296 
Calculated with Ref.296 
Calculated with Ref.296 
Calculated with Ref.296 
Calculated with Ref.296 
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5 Supervised Learning Model to Predict Protein Adsorption to 
Engineered Carbon Nanotubes 

 
5.1 Chapter Abstract 
Engineered nanoparticles are an advantageous platform for developing sensors and delivery 
vehicles toward numerous biotechnology applications. To date, testing the compatibility of 
nanotechnologies in biological systems requires a heuristic approach, where unpredictable 
biofouling and off-target effects often prevent effective implementation. Such biofouling effects 
are the result of spontaneous adsorption of proteins to the nanoparticle surface, forming the 
“protein corona” and altering the physicochemical properties, and thus intended function, of the 
nanotechnology. To better apply engineered nanoparticles in biological applications and aid in 
rational protein-nanoparticle construct design, we aim to gain predictive power over which 
proteins preferentially adsorb to the nanoparticle surface to form the protein corona. In this work, 
we develop a random forest classifier (RFC) trained using proteomic mass spectrometry data to 
model which proteins populate the corona of a candidate optical nanosensor composed of single-
walled carbon nanotubes (SWCNTs) functionalized with single-stranded DNA (ssDNA). Using 
amino acid sequence information from a publicly available protein database, the RFC is designed 
to predict the propensity for specific proteins to adsorb to the SWCNT surface. We characterize 
the classifier performance against other models and then apply the classifier to rapidly identify 
new proteins with high binding affinity to SWCNTs, experimentally testing adsorption of these 
proteins with a fluorescence-based corona exchange assay to evaluate the predictive power of the 
model. We further determine protein features associated with SWCNT binding, where proteins 
high in glycine and disordered domain content are more likely to adsorb to ssDNA-SWCNTs, 
while proteins high in leucine and beta sheet domain content are less likely to adsorb to ssDNA-
SWCNTs. The classifier presented herein provides an important tool to undertake the otherwise 
intractable problem of predicting protein-nanoparticle interactions, which is needed for more rapid 
and effective translation of nanobiotechnologies from in vitro synthesis to in vivo use.†† 
 
5.2 Introduction 
Engineered nanoparticles are poised to transform how we undertake biological sensing,12,313,314 
imaging,4,5,315 and delivery:15,316,317 nanoparticle size on the nanoscale enables localization within 
otherwise inaccessible biological environments, together with highly tunable physicochemical 
properties to optimize function. Different nanoparticle platforms offer application-dependent 
advantages, such as near-infrared fluorescent nanoparticles for through-tissue imaging175,318 or 
biodegradable nanoparticles for in vivo delivery.319–321 In particular, single-walled carbon 
nanotubes (SWCNTs) are suited for biological sensing and imaging due to the tissue-transparent 
and photostable near-infrared fluorescence that they exhibit, in addition to the tunable and sizable 
surface that they possess.322,27,10 As such, SWCNTs have been functionalized with biomolecules 

 
†† In preparation as Pinals, R. L.;* Ouassil, N.;* Bonis-O’Donnell, J. T. D.; Wang, J.; Landry, M. 
P. Supervised Learning Model to Predict Protein Adsorption to Engineered Carbon Nanotubes. 
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including single-stranded DNA to create neurotransmitter nanosensors,40,41,323 synthetic peptides 
(known as peptoids) to form protein nanosensors,324 and proteins to construct viral nanosensors.325 
Similarly, biomolecule-functionalized SWCNTs have been demonstrated as an advantageous 
delivery platform, whereby the high SWCNT aspect ratio promotes access to cellular environments 
and the large SWCNT surface area enables high-yield cargo loading.30,231,326,327 Optimizing these 
biomolecule-nanoparticle interactions is key in enhancing nanotechnology function, and a deeper 
understanding of such nano-bio interactions would enable more rational conjugate designs. 
 
Yet, functionalized SWCNTs and these nanotechnologies more broadly suffer from unpredictable 
and often unfavorable interactions with the biological environments in which they are applied. 
When engineered nanoparticles are introduced into biological systems, endogenous proteins 
rapidly bind to the nanoparticle surfaces.160,328,329 This phenomenon is known as protein corona 
formation. Protein adsorption often leads to surface biofouling and colloidal instability that 
decreases the ability of the nanoparticle to interact with its surrounding environment, such as 
sensing nearby analytes or navigating biological barriers.330,331 For sensing applications, protein 
corona formation sterically hinders access of target analytes to the nanosensor surface or 
unpredictably changes the sensor baseline readout.54,118,332 For imaging and delivery applications, 
the corona can reduce the efficiency with which nanoparticle-based contrast agents or cargo-filled 
vehicles reach their intended locations.130,333,334 Consequently, the in vivo trafficking, 
biodistribution, biocompatibility, and overall functionality of nanotechnologies are often 
drastically modified by the protein corona.335,336 Knowledge of the proteins adsorbed in this corona 
phase would enable better prediction of the biological identity, and thus fate, of the applied 
nanotechnologies.337,338 Passivation with anti-biofouling ligands such as polyethylene glycol 
(PEG) is a promising technique to reduce such protein-binding effects on foreign surfaces and to 
retain the pristine, as-designed nanoparticle properties.38,65,334,339–341 Still, the protein corona 
remains as a complex and poorly understood phenomenon limiting the efficacious application of 
nanotechnologies in biological systems. Limitations in our understanding are rooted in the highly 
variable binding profiles of proteins on nanoparticles, arising as a convolution of properties of both 
the nanoparticles (dominated by surface characteristics) and the biological environments of 
interest.38,328 Experimental testing to fully characterize the protein corona on all synthesized 
nanoparticle constructs within all intended biological environments is laborious and costly, now 
commonly relying on mass spectrometry-based proteomics.38,342 Recent work has made headway 
toward higher-throughput experimental methods.343,344 However, such techniques remain limited 
to a subset of nanoparticle systems, excluding classes of nanoparticles such as soft lipid 
nanoparticles. The ability to predict the protein corona that will ultimately form on nanoparticles 
in vivo remains a challenge that, if overcome, would move the field to a priori nanoparticle design. 
 
Pattern recognition techniques, including those of machine learning, offer a route to characterize 
protein-nanoparticle interactions in a high-throughput manner across this extensive design space 
of nanoparticles applied in different biological systems. Previous work pioneering this idea applied 
random forest classification to predict what proteins adsorb to silver nanoparticles in biologically 
relevant environments.342 However, the thresholding of whether a protein is classified as in or out 
of the corona stands to be refined, as well as extension to other nanoparticle types and 
establishment of a method for classifying proteins based solely on the readily accessible amino 
acid sequence for each protein. Additional work has examined a new physical descriptor to assess 
protein surface availability in the nanoparticle-bound state toward in silico prediction of protein 
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corona formation on a panel of nanoparticles, though issues in this methodology arise in 
characterizing fluorophore interactions on graphene-based substrates that are not easily controlled 
for.345 More broadly, most predictive modeling efforts involving nanoparticles applied in biology 
consider cellular- or organism-level responses, such as cellular association,59,346 toxicity,347 in vivo 
fate,338 and therapeutic efficacy.346,348 Toward protein-SWCNT conjugate design, some predictive 
modeling has informed protein candidates that exhibit natural affinity for the graphitic SWCNT 
surface, across various intended applications.30 Di Giosia et al. have implemented a molecular 
docking model to determine a panel of proteins that interact with the carbon nanotube surface, yet 
experimental validation is done in a dried state rather than in the more relevant solubilized state, 
due to difficulties in studying such interactions.349 
 
Herein, we develop a classifier to predict protein-nanotube association based solely on 
physicochemical properties of proteins. Our purpose is two-fold: as one objective, we aim to 
predict protein-SWCNT interactions to expect in full biological environments. This knowledge 
will inform implementation of anti-biofouling strategies toward effective biological application of 
nanoparticles. Secondly, we intend to predict high-affinity protein binders to SWCNTs and protein 
features associated with such binding affinity, to improve the process of protein-nanoparticle 
construct design.30 This capability would aid in design of nano-bio constructs by eliminating the 
need to experimentally test innate interactions of each protein with the nanoparticle of interest. 
Toward these ends, we build our classifier based on mass spectrometry-based proteomic data that 
quantitatively characterizes the protein corona on our SWCNT-based nanosensors in two relevant 
bioenvironments: the intravenous environment (blood plasma) and the brain environment 
(cerebrospinal fluid).82 We focus on protein adsorption to (GT)15-SWCNTs due to their 
demonstrated applicability for dopamine sensing, however, the work is generalizable to varying 
nanoparticles.40,41 Using widely available protein data, we construct a database consisting of 
physicochemical properties for each corona protein. We train and validate a random forest 
classifier to predict whether proteins adsorb to nanoparticles, then test our classifier with a set of 
new experimental proteins. We find that our classifier can precisely target a small number of 
proteins that adsorb to our nanoparticle. Furthermore, we identify distribution changes among 
some of the most important protein properties to gain insight on how our classifier identifies 
positive targets. Namely, high content of glycine residues and intrinsically disordered domains 
lead to favorable SWCNT binding, whereas high content of leucine and planar beta sheet domains 
lead to unfavorable SWCNT binding. We conduct experimental validation by means of a corona 
exchange assay to track real-time, in-solution protein binding to our SWCNT-based nanosensors. 
In sum, we see this classifier as a valuable method to both overcome the high failure rate in 
translating nanotechnologies from in vitro validation to in vivo deployment, and to aid in rational 
design of future nano-bio tools. 
 
5.3 Results and Discussion 
5.3.1 Experimental Protein Corona Composition on (GT)15-SWCNTs 
The training data was experimentally generated from a selective adsorption assay that quantifies 
proteins present on (GT)15-SWCNT nanoparticles incubated in either blood plasma or 
cerebrospinal fluid (CSF) of the brain, characterized using liquid chromatography tandem mass 
spectrometry (LC-MS/MS).82 This experimental dataset reveals the corona components with 
quantitative protein amounts. The absolute protein abundance and relative enrichment or depletion 
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(compared to the control sample of the biofluid alone) was used to indicate whether a particular 
protein was considered to be in the corona, as will be described in a later section. We included four 
training datasets: (GT)15-SWCNTs in either blood plasma, cerebrospinal fluid, total biofluid 
datasets, and total naïve. Total and total naïve only differ by one variable, namely, the former 
contains the biofluid phase from which the protein came from. Although we focus on protein 
corona characterization with one nanoparticle type, it is worthwhile to note that these protein 
datasets do not require any information regarding the nanoparticle itself, thus lending this 
methodology well to extension across various nanoparticles. The only location where nanoparticle 
data is included is the named class (i.e., in or out of the corona). 
 
5.3.2 Database Development based on Physicochemical Protein Properties 
We next curated a protein property database to use with our classifier. We used the amino acid 
sequence of each protein from the annotated protein database, UniProt,350 to construct an array of 
physicochemical protein properties with the BioPython package (Table 5-3).351 Our protein 
property database requires knowledge of and access to only the amino acid sequence, enabling 
expansion to new proteins as needed for future experimental datasets or nanoparticle-binding 
proteins of interest. Although UniProt also provides biological protein properties, such as gene 
ontology, sequence annotations, and specific functional regions, our final classifier was based 
solely on amino acid sequence data to avoid potential issues of less well-studied proteins that have 
no annotated features. Importantly, developing a database in this manner expands the number of 
possible proteins that can be tested because the classifier does not require prior information on the 
annotated protein sequence nor interactions between the protein and nanoparticle. 
 
The amino acid sequence of a protein provides valuable information including the percentage of a 
specific amino acid within the full protein; however, spatial organization is disregarded. To 
complement the sequence-derived dataset, we added the parameter of solvent accessibility that 
estimates the exposed protein surface area. We implemented NetSurfP 1.1352 to quantify the 
number of exposed residues of a particular protein using the amino acid sequence, normalized by 
either the total number of amino acids or the total number of exposed amino acids. These two 
choices of normalization provide information on amino acid content on the surface relative to the 
full protein or relative to only other surface-exposed residues, respectively. To collate this data, 
we programmatically created submissions from UniProt and rapidly collected data, aligning with 
our goal of creating an easily expandable database. 
 
5.3.3 Thresholding to Determine Placement In or Out of the Corona 
The decision of whether a protein was categorized as in or out of the corona was informed from 
the protein abundance data as determined by LC-MS/MS experiments. Proteins were placed into 
the corona based on two criteria: relative change and an abundance threshold (5-1). First, if a 
protein was more abundant in the nanoparticle-bound case than it was in the control solution of 
the native biofluid without any nanoparticles present, then it was classified as belonging in the 
corona. The remaining proteins were ordered by abundance and fit to an exponential distribution. 
Increasing the power of the exponential leads to a lower in-corona threshold, placing more proteins 
in the corona. Importantly, this thresholding approach reflects that depletion of a protein in the 
corona (relative to the protein amount in the biofluid alone) does not necessarily qualify a protein 
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as being out of the corona, as a protein that is significantly depleted may still be present in the 
corona with a high absolute quantity.  
 
 𝑑𝑑𝑅𝑅𝑒𝑒𝑅𝑅𝑎𝑎𝑝𝑝𝑖𝑖𝑅𝑅𝑒𝑒,   𝑎𝑎𝑜𝑜𝑝𝑝𝐷𝐷𝑎𝑎𝑅𝑅𝑖𝑖𝑛𝑛𝑒𝑒𝑑𝑑 > 1 

and 
𝑑𝑑𝑎𝑎𝑜𝑜𝑝𝑝𝐷𝐷𝑎𝑎𝑅𝑅𝑖𝑖𝑛𝑛𝑒𝑒𝑑𝑑 > 𝑑𝑑𝑝𝑝ℎ𝑝𝑝𝑒𝑒𝑠𝑠ℎ𝑜𝑜𝑅𝑅𝑑𝑑 

 𝛾𝛾𝑝𝑝𝑝𝑝𝑜𝑜𝑝𝑝𝑒𝑒𝑖𝑖𝑎𝑎 = |{𝑛𝑛 |𝑑𝑑𝑎𝑎 > 𝑑𝑑𝑝𝑝ℎ𝑝𝑝𝑒𝑒𝑠𝑠ℎ𝑜𝑜𝑅𝑅𝑑𝑑}| 
𝑛𝑛𝑅𝑅𝑜𝑜𝑙𝑙 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒 ≈ 𝑒𝑒𝑥𝑥𝑒𝑒 (−𝑒𝑒𝑚𝑚𝑝𝑝𝑒𝑒𝑟𝑟) 

5-1 

 
5.3.4 Random Forest Classifier Development using Established Protein Property Database 
In line with previously published work, we implemented a random forest classifier (RFC) to 
classify the proteins as in or out of the corona phase on (GT)15-SWCNTs. We chose to pursue 
ensemble methods due to the concern of overfitting the classifier. To confirm the choice of RFC 
over other potential classifiers, we tested an assortment of classifier types (Figure 5-7). The highest 
performing classifiers were the RFC and an AdaBoost classifier using decision trees. We selected 
the RFC for this study because the corresponding precision (0.654) and accuracy (0.744) values 
were superior to that of the AdaBoost tree, while retaining similar area under the receiver operating 
curve (AUC; 0.700). However, the AdaBoost tree did perform better than the RFC in recall (0.608). 
After the results of all classifiers were tabulated, it was confirmed that the RFC was our best 
choice, as the RFC had one of the highest accuracies and AUCs. Moreover, the RFC provided the 
highest precision, or positive predictive value, giving the experimenter confidence in the results of 
this classifier. 
 
During model validation, there was a central problem in selecting proteins that were substantially 
different from those that were clearly expressed in the dataset. Due to the imbalance of proteins in 
our LC-MS/MS experimental dataset that were considered present in the corona, we up-sampled 
our minority class (in corona) to ensure that each time the classifier was trained, we were able to 
recover an appropriate amount of the minority class. For this reason, the classifier was validated 
using a stratified shuffle split repeated 100 times. Moreover, we noticed that generalization of this 
classifier could also be quite poor, especially when considering recall which was below 0.5. To 
address this issue, a synthetic minority over-sampling technique (SMOTE)353 was implemented to 
generate new “proteins” in the minority class (in corona). This analysis revealed that the most 
precise and accurate results for our classifier were obtained when the minority/majority ratio in 
SMOTE was 0.6/1.0 (Figure 5-8). The recall of our classifier was improved over 11%. The 
introduction of the described methods widely expanded the number of proteins that were placed 
in the corona, thus enhancing the classifiers generalization ability. 
 
5.3.5 RFC Verification 
Using an RFC, classification tests were run on the data marked in or out of the corona and classifier 
performance was scored (Figure 5-1). With the above-described method, datasets were iterated 
through that were identical except for which proteins were marked in the corona. The classifier 
was then refreshed and the standard protocol for training the classifier was repeated to gather 
metrics related to classification: accuracy, area under the receiver operating curve (AUC), 
precision, and recall. The metrics were recorded up until a thresholding power of 3.5, at which 
point higher powers no longer changed the number of proteins counted as in the corona, in intervals 
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of 0.25. We ultimately decided on selecting a power of 2.0 because this provided the highest values 
for precision (0.628), AUC (0.697), and accuracy (0.734), while only suffering slightly in recall 
(0.573). All reported results for the remainder of this work use a power of 2.0 for placing proteins 
in the corona. 
 

 
Figure 5-1. Random forest classifier (RFC) metrics of accuracy, area under the receiver 
operating curve (AUC), precision, and recall as a function of threshold power for classifying 
proteins as in vs. out of the corona phase on (GT)15-SWCNTs. A threshold power value of 2.0 
was selected for subsequent analyses due to the optimal combination of the recorded metrics. 
Error bars are a 95% confidence interval. 

 
During the development of our classifier, k-fold validation was used to check the success of our 
classifier regarding accuracy, area under the receiver operating curve, recall, and precision. The 
dataset was divided into a training and test set at the beginning of each k-fold, then the training 
data was fit to an untrained classifier. Next, the test set was used to make predictions and compared 
with our true answers. The result of this classifier was saved then the process was repeated, with 
the classifier naïve at the beginning of each iteration. This process is graphically depicted in Figure 
5-2. This method was used to ensure that the subset of proteins generated more accurate metrics 
for the classifier, considering each protein revolves into the testing set during one of the folds. 
Statistics represented in this work are generated from the k trials used in this verification step. 
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Figure 5-2. Random forest classifier (RFC) workflow used in splitting-based predictions. 

 
Throughout this process, results were collated from each round of the classifier. The first trial was 
the difference of two datasets, total vs. total naïve (Figure 5-3). The only difference between these 
two sets is the inclusion of one Boolean column that dictates which biofluid dataset this protein 
came from. We observe that the inclusion of this information does not provide any significant 
improvement to our classification ability on our complete dataset. Thus, we deemed this column 
unnecessary to include for future runs. Moreover, keeping this column would have led to a natural 
problem when selecting new proteins that may not be present in blood plasma or CSF. 
 
We next trained the classifier on corona proteins present in one biofluid and attempted to predict 
corona proteins present in another biofluid. For this case, instead of splitting the training data, the 
classifier was trained on one complete dataset, then the second dataset was subset into a testing 
set. We repeated this 100 times to generate statistics for the classifier. We notice similar results in 
AUC (CSF: 0.642, plasma: 0.678), accuracy (CSF: 0.666, plasma: 0.687) and recall (CSF: 0.598, 
plasma: 0.587) regardless of what biofluid the classifier was trained on (Figure 5-3). However, 
there is a visible difference between precision (CSF: 0.523, plasma: 0.649) of each of these 
classifiers. The difference in these metrics arises from the inclusion of a few of proteins that are 
present in the corona of one biofluid and are not present in the corona of the other (e.g., 
apolipoprotein A-I and haptoglobin). This highlights that our dataset does not contain any 
information about the biofluid. Due to this limitation, our classifier has no way of adjusting to this 
discrepancy. However, this problem only appears to affect a few proteins.  
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Figure 5-3. Classifier results on varied biofluid (plasma or cerebrospinal fluid, CSF) training 
datasets. Negligible differences arise between the RFC’s ability to classify the total set with or 
without the biofluid label. Training the RFC on one biofluid and testing against the second 
biofluid produced similar metrics except for precision, attributable to a few proteins labeled in 
the corona of one biofluid but not the other. Error bars are a 95% confidence interval. 

 
5.3.6 Feature Analysis for Importance and Correlation with Class Predictions 
During the development of our model, 86 protein features were mined as potentially important to 
classify these proteins as in vs. out of the nanoparticle corona (Table 5-3). Each feature was 
examined for the extent of contribution to the overall classification ability of the system using an 
ANOVA test. Features were added in one-by-one until the classifier had scored all 86 features 
(Figure 5-4). This analysis indicates that there is a minimum number of features of approximately 
10 to result in a sufficient classification ability. We also note that use of approximately 30 features 
provides a maximum for recall and AUC metrics, however, we are not near the maximum for 
precision at this point. If we extend out to 86 features, we see an increase in the precision ability 
of our classifier with only a marginal decrease in AUC and recall. We ultimately decided to retain 
all features because precision is slightly more important for our classifier: providing more precise 
results will allow this tool to be more accurate for experimenters who are using this tool to look 
for new targets. 
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Figure 5-4. Classifier results on the total naïve set with reduced protein features, ranked by 
ANOVA. 

 
Using the feature ranking by ANOVA, the ten most important protein features were identified ( 
Table 5-1). For the top four most important features, we calculated basic kernel density estimates 
on distributions of these features, sorted by whether the protein was in or out of the corona. Since 
RFCs do not provide correlational information (i.e., whether a high value leads to a positive 
outcome), we examined how distributions of these features changed to hypothesize correlations 
(Figure 5-5). We find that percent amino acid glycine and percent disordered secondary structure 
are features that correlate more positively with being in the corona. Conversely, the percent amino 
acid leucine and percent beta sheet secondary structure correlate more negatively with being in the 
corona. Previously, we linearly regressed the log-fold change (of protein amount in the corona vs. 
in the native biofluid) against physicochemical protein properties to understand protein features 
that govern corona formation, using these same nanoparticle and biofluid data sets.82 High leucine 
content was similarly determined to be less favorable for protein adsorption. High glycine content 
was found to be associated with more favorable protein adsorption when included in the regression 
analysis. However, glycine contribution was not evaluated in the original regression due to 
correlation of this independent variable with other protein features, as the calculated variance 
inflation factor was greater than the set threshold value.82 As such, glycine content impact could 
not be deconvoluted from other protein properties. This analysis highlights a benefit of the current 
RFC over the previously applied linear regression approach, where co-dependent variables must 
be proactively excluded in the latter case. It should further be noted that secondary structure 
features were not included in the protein property database for the linear regression analysis due 
to the data sparsity, a problem that is overcome with the current study by implementing BioPython 
to calculate such features from the amino acid sequence without relying on protein sequence 
annotations. 
 
Our analysis of top protein features promoting corona binding indicates that more flexible proteins 
to bind to (GT)15-SWCNTs, as inferred by high glycine content and less strict secondary structural 
domains. This result is in agreement with previous experimental work demonstrating that peptides 
and small molecule ligands possessing more conformational flexibility bind more readily to carbon 
nanotubes.277,354 Increased adsorption propensity suggests that more flexible proteins are able to 
maximize favorable surface contacts with the highly curved SWCNT, in comparison to rigid 
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proteins with energetic penalties for adopting new surface-adsorbed conformations. Examining 
these top-binding features individually in comparison to previous literature, interestingly, glycine 
displays a relatively low yet favorable free energy change upon binding to pristine SWCNTs, as 
determined by enhanced sampling molecular dynamics.355 Intrinsically disordered proteins have 
been demonstrated to disperse SWCNTs stably in the aqueous phase even under mild sonication 
conditions, and of note, a fraction of the disordered chain was found to adopt a helical structure 
upon SWCNT binding.356 
 
In contrast, our analysis of top protein features that deter corona binding reveals that proteins high 
in the aliphatic, hydrophobic amino acid leucine and proteins with more planar beta sheet content 
are not expected to bind to (GT)15-SWCNTs. The finding that hydrophobic leucine does not 
increase SWCNT binding is not necessarily intuitive, considering that the SWCNT surface is 
highly hydrophobic. However, this result recapitulates prior literature that nonspecific 
hydrophobic interactions alone do not drive corona binding;277,355,357,358 rather, aromatic, 
hydrophobic amino acids, especially tryptophan, are repeatedly found to be the highest binders to 
SWCNTs.277,357–360 This raises the point that the RFC did not highlight any aromatic amino acid 
contents (tryptophan, tyrosine, or phenylalanine) as key features for corona binding. Therefore, 
although aromatic amino acids seemingly drive adsorption via π−π interactions with the SWCNT 
surface when studying the isolated amino acid or short peptide sequences, in the full protein 
context, these π−π interactions may not be sufficient to drive initial protein contact with the 
SWCNT surface, as these hydrophobic amino acids are expected to be shielded from solvent in 
the folded protein core. Finally, the finding that high beta sheet content leads to low protein 
adsorption to SWCNTs reveals the difficulty for planar protein secondary structures to adapt to 
highly curved surface. This result is in line with previous work demonstrating that the extremely 
high curvature of carbon nanotubes must be aligned at the amino acid level of proteins, much less 
the secondary structure level:277,357 typical amino acid side chain lengths are on the order of 0.1-
0.5 nm, in comparison to the SWCNT diameter of approximately 1 nm. Overall, the identification 
of these features is important in helping to predict high biofouling protein types or rationally 
selecting proteins to bind to nanoparticles prior to testing them experimentally. 
 

Table 5-1. Ordered importance of protein features by ANOVA. 

Ranking Feature 

1 Amino acid % - glycine  
2 Amino acid % - leucine 
3 Secondary structure % - sheet 
4 Secondary structure % - disordered 
5 Fraction exposed / total exposed amino acids - glycine 
6 Fraction exposed / total amino acids – glycine 
7 Secondary structure % - turn 
8 Amino acid % - alanine 
9 Fraction exposed / total amino acids - isoleucine 

10 Secondary structure % - helix 
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Figure 5-5. Distribution of top four normalized feature values for proteins characterized as out 
of the corona phase (red) vs. in the corona phase (blue) on (GT)15-SWCNTs. Protein features 
that (a) positively influence or (b) negatively influence probability of protein being classified as 
in the corona are denoted by distribution shifts toward 1 or 0, respectively. 

 
5.3.7 Experimental Validation with the Corona Exchange Assay 
To test the predictive value of our classifier, we next applied our classifier to rank new nanotube-
binding proteins and experimentally tested the expected binding order. The classifier was used to 
predict interaction affinity of (GT)15-SWCNTs with a list of over 2,000 total cytoplasmic proteins 
and nuclear proteins (available for batch download through the UniProt database350), readily 
accessible proteins, and proteins of interest for developing brain-based nanosensors or targeted 
delivery nanocarriers. Importantly, these proteins are distinct from those present in the plasma and 
CSF training datasets. Protein binding propensity was determined with associated binding 
probabilities, as summarized in Table 5-4. We then implemented a corona exchange assay to 
measure real-time, in-solution binding dynamics on the nanotube surface, as described 
previously.118 Briefly, the ssDNA originally adsorbed on the SWCNT surface is fluorescently 
labeled with a Cy5 fluorophore. When near the SWCNT surface, the fluorophore is in a quenched 
state. Upon addition of proteins, proteins will differentially bind to the SWCNT and cause various 
degrees of ssDNA desorption, as denoted by de-quenching of the attached Cy5 fluorophore. Thus, 
fluorescence tracking of the Cy5-ssDNA provides a proxy for protein binding on the SWCNT. 
This assay was used to test a panel of proteins predicted to be in the corona (probability > ~0.5) 
vs. out of the corona (probability < 0.5). Specifically, we tested the protein panel: transgelin, TAR 
DNA-binding protein 43 (TDP-43), CD44 antigen, and lysozyme C (predicted to adsorb to (GT)15-
SWCNTs) and L-lactate dehydrogenase A chain (LDH-A), ribonuclease pancreatic (RNase A), 
glutathione S-transferase (GST), and syntenin-1 (predicted to not adsorb to (GT)15-SWCNTs) 
(classifier results listed in in Table 5-4. We). The relative ordering of protein adsorption based on 
the end-state value was predominantly in line with predicted outcomes of in vs. out of corona: 
injection of TDP-43 and CD44 antigen both resulted in sizeable ssDNA desorption from the 
SWCNT surface, whereas LDH-A, RNase A, GST, and syntenin produced less ssDNA desorption 
(Figure 5-6a). However, deviations from predicted outcomes arose for both transgelin and 
lysozyme C. Transgelin and lysozyme C were predicted to be in the corona phase (with 
probabilities of 62.58% and 47.76%, respectively), yet caused low amounts of ssDNA desorption 
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and therefore are concluded to undergo low levels of SWCNT binding. To provide a metric of 
predicted vs. measured monotonicity, the Spearman’s rank-order correlation coefficient was 
calculated to be 0.4048, in comparison with 0.7500 for a previous protein panel comparing DNA 
desorption end-state vs. proteomic mass spectrometry-derived end-state (Figure 5-6c).82 Predicted 
protein binding probabilities were also compared to rate constants fit to the ssDNA desorption 
dynamics for each protein (kinetic model and fits in SI, Figure 5-9). However, there is poor 
correlation between the RFC-predicted end-state and experimental dynamics of protein-SWCNT 
interactions, which may be reconciled with the fact that the RFC was trained on the end-state 
protein corona rather than the corona composition at earlier time points. 
 
Experimental validation was repeated for the protein panel with Cy5-(GT)6-SWCNTs, as the 
shorter ssDNA oligomer is displaced more readily and thus displays a greater spread in desorption 
rates and values between protein species (Figure 5-6b). The resultant protein panel binding order 
was largely the same as that of Cy5-(GT)15-SWCNTs, although LDH-A underwent substantially 
less binding, in closer agreement with the RFC model. The calculated Spearman’s correlation 
coefficient of 0.3810 is similar to that of (GT)15-SWCNTs (Figure 5-6d). Comparison of predicted 
in-corona probabilities vs. fit rate constants is again less informative, yet in this case, it is easier to 
note different early-time dynamics that give rise to this lack of correlation (Figure 5-6b). 
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Figure 5-6. Protein corona dynamics assessed for binding of predicted proteins to (GT)x-
SWCNTs. (a-b) A corona exchange assay is employed to determine binding of a protein panel 
(each at 80 mg L-1 final concentration) to (a) (GT)15-SWCNTs or (b) (GT)6-SWCNTs (each at 
5 mg L-1 final concentration). ssDNA desorption from the SWCNT serves as a proxy for protein 
adsorption. Proteins are predicted by the RFC to be in the corona (probability > ~0.5; blue-green 
colors) or out of the corona (probability < 0.5; purple-pink colors). The protein panel includes: 
TAR DNA-binding protein 43 (TDP-43), CD44 antigen, and lysozyme C (predicted to be in the 
corona) and L-lactate dehydrogenase A chain (LDH-A), ribonuclease pancreatic (RNase A), 
glutathione S-transferase (GST), and syntenin-1 (predicted to be out of the corona). Phosphate-
buffered saline (PBS) is injected as a control and desorbed ssDNA is normalized to this initial 
value. Shaded error bars indicate standard error between experimental replicates (N = 3). (c-d) 
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End-state desorbed ssDNA is compared to the RFC predicted in-corona probability for (c) 
(GT)15-SWCNTs and (d) (GT)6-SWCNTs. 

 
Examining the protein identities, it is interesting to note that lysozyme has previously been 
demonstrated to strongly interact with and disperse pristine carbon nanotubes, whereby 
hydrophobic aromatic amino acids (tryptophan and tyrosine) and cationic amino acids (arginine 
and lysine) are hypothesized to drive adsorption.361–365 Yet, here we find that lysozyme interacts 
less with pre-dispersed ssDNA-SWCNTs based on the corona exchange results. Therefore, strong 
lysozyme-SWCNT interaction may hinge upon energetic input employed during the initial 
SWCNT dispersion process. Another protein of note is CD44, which is overexpressed in cancerous 
states including upregulation in cancer stem cells.366 The innate affinity for CD44 to the SWCNT 
surface could be applied to construct a CD44-cell targeted nanotube delivery system. 
 
5.4 Conclusions 
In sum, we have developed a classifier to predict protein adsorption on ssDNA-functionalized 
SWCNTs. We expand upon prior predictive protein corona work by (i) leveraging quantitative 
protein corona data82 and experimental confirmation of adsorption by a high-throughput, low-
material usage corona exchange assay,118 (ii) redefining conventions thresholding whether a 
protein is classified as in or out of the corona, with corresponding prediction probabilities, and (iii) 
establishing a method for classifying proteins based solely off of the amino acid sequence of the 
protein of interest. The use of machine learning algorithms allows us to quicky parse protein 
properties from a publicly available database to determine protein features of interest for corona 
formation, in turn informing heuristics to rationally select proteins for nanoparticle complexation 
in the future. Ensemble methods performed better in the corona classification task and a random 
forest classifier scheme was ultimately chosen and optimized. We find that no single nor small 
group of protein physicochemical features best determine placement in the corona. Rather, over 
80 features are optimal for classification. The classifier enables rapid determination of proteins 
predicted to enter the corona phase, as validated with the corona exchange assay. Using kernel 
density estimates, we elucidate protein feature correlation with proteins binding or not binding to 
SWCNTs. Interestingly, proteins with high glycine content  and more disordered secondary 
structure content (serving as proxies for protein flexibility) are found to bind in the corona, while 
proteins with high leucine content and beta sheet secondary structure content are not.  
 
Future work will expand in silico protein corona prediction and ensure generalizability to capture 
a wider range of nanoparticles in bioenvironments, such that nanoparticle implementation can be 
expanded to new systems without the need for mass spectrometry-based proteomic experimental 
characterization and analysis. In the extension of this work, nanoparticle features may be included 
to further enhance classification ability on different nanoparticles. However, such nanoparticle 
features must be readily accessible to retain the triviality of classifying new systems. Recent 
advances in prediction of protein properties from protein sequences alone are promising toward 
refinement of the protein database we have curated for this classifier, additionally enabling 
inclusion of biological protein properties that are not reliant on experimental study.367 The ability 
to predict adsorption of specific proteins will enable connection to downstream cellular responses, 
toxicity outcomes, and overall technology functionality. The developed classifier provides a tool 
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for rapid prescreening protein candidates for rationally designed nanobiotechnologies as well as 
predicting key proteins expected to take part in in vivo biofouling.  
 
5.5 Materials and Methods 
5.5.1 Database Development 
Protein information was downloaded from UniProt,350 including amino acid sequences and 
sequence annotations. Amino acid sequences were used to generate a series of physicochemical 
protein properties using BioPython’s Protein Analysis module.351 Amino acid sequences were 
additionally analyzed by NetSurfP 1.1352 to determine solvent accessibility, including relative 
solvent accessibility (RSA), absolute solvent accessibility (ASA), and fractions of each amino acid 
exposed surface area relative to either all amino acids or only other exposed amino acid surface 
area. The resulting data was processed and merged with the BioPython analysis. The complete 
database was run normalized with a Min Max Scalar from Scikit-Learn368 before being subset and 
fit to the classification model. This database development method was chosen to enable facile 
expansion with new protein datasets. Code for this and all subsequent sections can be found in the 
GitHub link provided. 
 
5.5.2 Criteria for In-Corona Placement 

Using the method described previously for protein corona studies by LC-MS/MS,82 data was 
obtained for proteins adsorbing to (GT)15-SWCNTs in two different human biofluids: blood 
plasma and cerebrospinal fluid. First, proteins with relative normalized abundances that were 
increased over the control (proteins in biofluids alone) were placed in the corona. Second, proteins 
were ranked in order of normalized abundance by decaying an exponential distribution with a 
particular power to set a threshold to determine which proteins were marked in vs. out of the 
corona. To select the appropriate power for in vs. out of corona demarcation, powers were tested 
ranging from 0 to 3.5 in increments of 0.25 and validated using the method outlined in the 
Classifier Selection section. We found the power of 2 to have the best results regarding accuracy 
and precision for our system (Figure 5-1), therefore this value was held for the remainder of the 
analysis. 
 
5.5.3 Classifier Selection 
The use of a random forest classifier (RFC), logistic regression, bagging classifier, gradient 
boosting classifier, AdaBoost classifier, XGBoost classifier, and neural networks were evaluated. 
The RFC, logistic regression, bagging classifier, gradient boosting classifier, and AdaBoost 
classifier were imported from Scikit-Learn.368 The XGBoost classifier was imported from 
XGBoost369 for use with Scikit-Learn. Neural networks were imported and developed in 
TensorFlow 2.0370 with the Keras API. AdaBoost and bagging classifiers were tested with an 
underlying support vector machine, decision tree, and logistic regression. The gradient boosting 
classifier was tested with an underlying decision tree. XGBoost was tested with an underlying 
decision tree as well as 100 parallel trees. Neural networks were set up in three sizes: small, 
medium, and large, with 1,665, 13,889, and 832,513 trainable parameters, respectively.  
 
As expected from previous literature, better performance was demonstrated with the RFC and this 
classifier was accordingly chosen for the remainder of the work. The classifier was next validated 
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using a stratified shuffle split (100 repeats) validation to ensure high levels of the minority class. 
The minority class here is the in-corona class which has less proteins than the out-of-corona class. 
The shuffle split retained 10% of the dataset for corona validation. Results were collected for each 
fold.  
 
5.5.4 Hyperparameter Tuning 
Using Scikit-Learn’s GridSearchCV,368 a wide range of hyperparameters, such as number or depth 
of trees, were tested with the classifier. With each set of hyperparameters the model was validated 
using the method dictated in the Classifier Selection section and scored. The classifier was chosen 
with the hyperparameters optimized for precision using GridSeachCV. 
 
5.5.5 Dimensionality Reduction 
To understand the effects of each feature (i.e. variable describing the protein of interest) on the 
total system, features were ranked using Scikit-Learn’s SelectKBest function.368 Using the ranking 
established from SelectKBest, the database features were unmasked one-by-one running the 
classifier as described in the Classifier Selection section until all features had been added in. Metric 
results were saved, and statistics were calculated.  
 
5.5.6 New Prediction Targets 

The classifier was tested against a list of 996 cytoplasmic proteins and 999 nuclear proteins 
(available for batch download through the UniProt database350), together with 42 readily accessible 
proteins or proteins of interest for SWCNT-based sensing and delivery applications. Amino acid 
sequences for these proteins were downloaded from UniProt and processed through the database 
development workflow described above. This new complete protein database was then processed 
through the classifier k+1 times. The first k times were completed through the described k-fold 
validation using the combined datasets for (GT)15-SWCNTs in plasma and cerebrospinal fluid as 
the training and verification data. Predictions were recorded at the end of each fold. The last time 
new proteins were run, all available data was used to train the classifier; this last classifier then 
provided predictions on the new proteins, as listed in Table 5-4. 
 
5.5.7 Synthesis of ssDNA-SWCNTs 
Suspensions of single-walled carbon nanotube (SWCNTs) with fluorophore-labeled single-
stranded DNA (Cy5-(GT)15 or Cy5-(GT)6) were prepared with 0.2 mg of mixed-chirality SWCNTs 
(small diameter HiPco™ SWCNTs, NanoIntegris) and 20 µM of ssDNA (3’ Cy5-labeled custom 
ssDNA oligos with HPLC purification, Integrated DNA Technologies, Inc.; excitation 648 nm, 
emission 668 nm) added in 1 mL total volume of 0.1X phosphate-buffered saline (PBS; note 1X 
is 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4).118 This mixture was probe-
tip sonicated for 10 min in an ice bath (3 mm probe tip at 50% amplitude, 5-6 W, Cole-Parmer 
Ultrasonic Processor). Cy5-ssDNA-SWCNT suspensions were centrifuged to pellet insoluble 
SWCNT bundles and contaminants (16.1 krcf, 30 min). The supernatant containing product was 
collected and Cy5-ssDNA-SWCNT concentration was calculated with measured sample 
absorbance at 910 nm (NanoDrop One, Thermo Scientific) and the empirical extinction 
coefficient, ε910nm=0.02554 L mg-1 cm-1.257 Cy5-ssDNA-SWCNTs were stored at 4°C until use, at 
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which point the solution was diluted to a working concentration of 10 mg L-1 in 1X PBS ≥ 2 h 
prior to use. 
 
5.5.8 Preparation of Proteins 
Proteins were sourced as listed in Table 5-2. Lyophilized proteins were reconstituted to the listed 
concentration in PBS, tilting intermittently to dissolve for 15 min, and filtering with 0.2 μm syringe 
filters (cellulose acetate membrane, VWR International). All proteins were purified with desalting 
columns (Zeba Spin Desalting Columns, 0.5 mL with 7 kDa MWCO, Thermo Fisher Scientific) 
by washing with PBS three times (centrifuging 1500 rcf, 1 min), centrifuging with sample (1500 
rcf, 2 min), and retaining sample in flow-through solution. Resulting protein concentration was 
measured with the Qubit Protein Assay (Thermo Fisher Scientific). 
 
5.5.9 Corona Exchange Assay 
Corona dynamics were measured as described previously.118 Briefly, equal volumes (25 μL) of 
ssDNA-Cy5-SWCNT and FAM-protein at 2X working concentration were added via multichannel 
pipette into a 96-well PCR plate (Bio-Rad) and mixed by pipetting. The PCR plate was sealed with 
an optically transparent adhesive seal (Bio-Rad) and briefly spun down on a benchtop centrifuge. 
Fluorescence was measured as a function of time using a Bio-Rad CFX96 Real Time qPCR 
System, scanning all manufacturer set color channels (FAM, HEX, Texas Red, Cy5, Quasar 705) 
every 30 s at 22.5 °C, with lid heating off. Fluorescence time series were analyzed without default 
background correction. 
 

Table 5-2. Purchased protein specifications. 

Protein Manufacturer Catalog # Lot # Source 

TAR DNA-binding protein 43 (TDP-43) R&D Systems AP-190 22675420A Recombinant human, 
expressed in E. coli 

CD44 antigen Acro Biosystems CD4-H5226 616-784F1-G8 Human, expressed in 
HEK293 

Lysozyme C Sigma L2879  SLCF2361 From chicken egg white 

L-lactate dehydrogenase A chain (LDH-A) Sigma-Aldrich 10127230001 42032824   

Ribonuclease pancreatic (RNase A) New England 
BioLabs T3018L   Purified from cow 

pancreas 

Glutathione S-transferase (GST) Abcam ab86775 GR3377596-1 Recombinant mouse, 
expressed in E. coli 

Syntenin-1 Novus Biologicals NBP1-50893 1082301 Recombinant human, 
expressed in E. coli 
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5.6 Chapter Supporting Information 
5.6.1 Supplementary Figures and Tables 

Table 5-3. Protein property list. 

Protein Property Implementation in Code 

Fraction of Amino Acid - alanine (A) frac_aa_A 

Fraction of Amino Acid - cysteine (C) frac_aa_C 

Fraction of Amino Acid - aspartic acid (D) frac_aa_D 

Fraction of Amino Acid - glutamic acid (E) frac_aa_E 

Fraction of Amino Acid - phenylalanine (F) frac_aa_F 

Fraction of Amino Acid - glycine (G) frac_aa_G 

Fraction of Amino Acid - histidine (H) frac_aa_H 

Fraction of Amino Acid - isoleucine (I) frac_aa_I 

Fraction of Amino Acid - lysine (K) frac_aa_K 

Fraction of Amino Acid - leucine (L) frac_aa_L 

Fraction of Amino Acid - methionine (M) frac_aa_M 

Fraction of Amino Acid - asparagine (N) frac_aa_N 

Fraction of Amino Acid - proline (P) frac_aa_P 

Fraction of Amino Acid - glutamine (Q) frac_aa_Q 

Fraction of Amino Acid - arginine (R) frac_aa_R 

Fraction of Amino Acid - serine (S) frac_aa_S 

Fraction of Amino Acid - threonine (T) frac_aa_T 

Fraction of Amino Acid - valine (V) frac_aa_V 

Fraction of Amino Acid - tryptophan (W) frac_aa_W 

Fraction of Amino Acid - tyrosine (Y) frac_aa_Y 

Molecular Weight molecular_weight 

Aromaticity aromaticity 

Instability Index instability_index 

Flexibility - Mean flexability_mean 

Flexibility - Standard Deviation flexability_std 

Flexibility - Variance flexability_var 

Flexibility - Max flexability_max 

Flexibility - Min flexability_min 

Flexibility - Median flexability_median 

Isoelectric Point isoelectric_point 

Secondary Structure Fraction - Helix secondary_structure_fraction_helix 

Secondary Structure Fraction - Turn secondary_structure_fraction_turn 

Secondary Structure Fraction - Sheet secondary_structure_fraction_sheet 

Secondary Structure Fraction - Disordered secondary_structure_fraction_disordered 

Length length 

Mass mass 

Fraction of Amino Acids Exposed fraction_exposed 

Fraction of Amino Acids Buried fraction_buried 
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Fraction of Exposed Nonpolar Amino Acids / Total Amino 
Acids fraction_exposed_nonpolar_total 

Fraction of Exposed Nonpolar Amino Acids / Exposed fraction_exposed_nonpolar_exposed 

Relative Surface Area (RSA) - Mean rsa_mean 

Relative Surface Area - Median rsa_median 

Relative Surface Area - Standard Deviation rsa_std 

Absolute Surface Area (ASA) - Sum asa_sum 

Fraction of Exposed Amino Acid A / Total Amino Acids fraction_total_exposed_A 

Fraction of Exposed Amino Acid C / Total Amino Acids fraction_total_exposed_C 

Fraction of Exposed Amino Acid D / Total Amino Acids fraction_total_exposed_D 

Fraction of Exposed Amino Acid E / Total Amino Acids fraction_total_exposed_E 

Fraction of Exposed Amino Acid F / Total Amino Acids fraction_total_exposed_F 

Fraction of Exposed Amino Acid G / Total Amino Acids fraction_total_exposed_G 

Fraction of Exposed Amino Acid H / Total Amino Acids fraction_total_exposed_H 

Fraction of Exposed Amino Acid I / Total Amino Acids fraction_total_exposed_I 

Fraction of Exposed Amino Acid K / Total Amino Acids fraction_total_exposed_K 

Fraction of Exposed Amino Acid L / Total Amino Acids fraction_total_exposed_L 

Fraction of Exposed Amino Acid M / Total Amino Acids fraction_total_exposed_M 

Fraction of Exposed Amino Acid N / Total Amino Acids fraction_total_exposed_N 

Fraction of Exposed Amino Acid P / Total Amino Acids fraction_total_exposed_P 

Fraction of Exposed Amino Acid Q / Total Amino Acids fraction_total_exposed_Q 

Fraction of Exposed Amino Acid R / Total Amino Acids fraction_total_exposed_R 

Fraction of Exposed Amino Acid S / Total Amino Acids fraction_total_exposed_S 

Fraction of Exposed Amino Acid T / Total Amino Acids fraction_total_exposed_T 

Fraction of Exposed Amino Acid V / Total Amino Acids fraction_total_exposed_V 

Fraction of Exposed Amino Acid W / Total Amino Acids fraction_total_exposed_W 

Fraction of Exposed Amino Acid Y / Total Amino Acids fraction_total_exposed_Y 

Fraction of Exposed Amino Acid A / Total Exposed fraction_exposed_exposed_A 

Fraction of Exposed Amino Acid C / Total Exposed fraction_exposed_exposed_C 

Fraction of Exposed Amino Acid D / Total Exposed fraction_exposed_exposed_D 

Fraction of Exposed Amino Acid E / Total Exposed fraction_exposed_exposed_E 

Fraction of Exposed Amino Acid F / Total Exposed fraction_exposed_exposed_F 

Fraction of Exposed Amino Acid G / Total Exposed fraction_exposed_exposed_G 

Fraction of Exposed Amino Acid H / Total Exposed fraction_exposed_exposed_H 

Fraction of Exposed Amino Acid I / Total Exposed fraction_exposed_exposed_I 

Fraction of Exposed Amino Acid K / Total Exposed fraction_exposed_exposed_K 

Fraction of Exposed Amino Acid L / Total Exposed fraction_exposed_exposed_L 

Fraction of Exposed Amino Acid M / Total Exposed fraction_exposed_exposed_M 

Fraction of Exposed Amino Acid N / Total Exposed fraction_exposed_exposed_N 

Fraction of Exposed Amino Acid P / Total Exposed fraction_exposed_exposed_P 

Fraction of Exposed Amino Acid Q / Total Exposed fraction_exposed_exposed_Q 

Fraction of Exposed Amino Acid R / Total Exposed fraction_exposed_exposed_R 

Fraction of Exposed Amino Acid S / Total Exposed fraction_exposed_exposed_S 

Fraction of Exposed Amino Acid T / Total Exposed fraction_exposed_exposed_T 

Fraction of Exposed Amino Acid V / Total Exposed fraction_exposed_exposed_V 
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Fraction of Exposed Amino Acid W / Total Exposed fraction_exposed_exposed_W 

Fraction of Exposed Amino Acid Y / Total Exposed fraction_exposed_exposed_Y 

Sum of Absolute Surface Area Normalized to MW asa_sum_normalized 

 
 

 

Figure 5-7. Comparison of output metrics for a panel of classifiers. Classifiers tested: logistic 
regression, random forest (100 or 1000 trees), bagging (decision tree, SVM, logistic regression), 
gradient boosting classifier (decision tree), AdaBoost (decision tree and with 1000 estimators, 
SVM, logistic regression), XGBoost (decision tree and with 100 parallel trees), neural net (large, 
medium, and small sizes). Corresponding classifier metrics are reported for each: accuracy, area 
under the receiver operating curve (AUC), precision, and recall. 
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Figure 5-8. Comparison of classifier performance prior to and upon introducing a synthetic 
minority over-sampling technique (SMOTE). 

 
Table 5-4. Classifier predictions of high- vs. low-binding proteins on (GT)15-SWCNTs. 

Ranking Protein Probability 

In 1 Transgelin 62.58% 

In 2 TAR DNA-binding protein 43 (TDP-43) 59.55% 
In 3 CD44 antigen 49.39% 
In 4 Lysozyme C 47.76% 
Out 1 L-lactate dehydrogenase A chain (LDH-A) 21.82% 
Out 2 Ribonuclease pancreatic (RNase A) 20.09% 
Out 3 Glutathione S-transferase (GST) 15.12% 
Out 4 Syntenin-1 11.64% 

 

A simple kinetic model was fit to the ssDNA desorption data from the corona exchange assay: 
     

𝐷𝐷 + ∗  
𝑘𝑘1
⇄
𝑘𝑘2

 𝐷𝐷 ∗ 5-2 

 
Rate constants k1, k2, and total concentration of SWCNT surface sites [∗]𝑝𝑝𝑜𝑜𝑝𝑝 were fit using an 
ordinary least-squares regression (Figure 5-9). 
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Figure 5-9. Protein corona dynamics assessed for binding of predicted proteins to (GT)x-
SWCNTs. (a-b) A corona exchange assay is employed to determine binding of a protein panel 
(each at 80 mg L-1 final concentration) to (a) (GT)15-SWCNTs or (b) (GT)6-SWCNTs (each at 
5 mg L-1 final concentration). ssDNA desorption from the SWCNT serves as a proxy for protein 
adsorption. Proteins are predicted by the RFC to be in the corona (probability > ~0.5; blue-green 
colors) or out of the corona (probability < 0.5; purple-pink colors). The protein panel includes: 
TAR DNA-binding protein 43 (TDP-43), CD44 antigen, and lysozyme C (predicted to be in the 
corona) and L-lactate dehydrogenase A chain (LDH-A), ribonuclease pancreatic (RNase A), 
glutathione S-transferase (GST), and syntenin-1 (predicted to be out of the corona). Phosphate-
buffered saline (PBS) is injected as a control and desorbed ssDNA is normalized to this initial 
value. Shaded error bars indicate standard error between experimental replicates (N = 3). (c-d) 
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Rate constants of ssDNA desorption are compared to the RFC predicted in-corona probability 
for (c) (GT)15-SWCNTs and (d) (GT)6-SWCNTs. 
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6 Graphene Quantum Dot Oxidation Governs Noncovalent 
Biopolymer Adsorption 

 
6.1 Chapter Abstract 
Graphene quantum dots (GQDs) are an allotrope of carbon with a planar surface amenable for 
functionalization and nanoscale dimensions that confer photoluminescence.‡‡ Collectively, these 
properties render GQDs an advantageous platform for nanobiotechnology applications, including 
optical biosensing and delivery. Toward this end, noncovalent functionalization offers a route to 
reversibly modify and preserve the pristine GQD substrate, however, a clear paradigm has yet to 
be realized. Herein, we demonstrate the feasibility of noncovalent polymer adsorption to GQD 
surfaces, with a specific focus on single-stranded DNA (ssDNA). We study how GQD oxidation 
level affects the propensity for polymer adsorption by synthesizing and characterizing four types 
of GQD substrates ranging ~60-fold in oxidation level, then investigating noncovalent polymer 
association to these substrates. Adsorption of ssDNA quenches intrinsic GQD fluorescence by 
31.5% for low-oxidation GQDs and enables aqueous dispersion of otherwise-insoluble no-
oxidation GQDs. ssDNA-GQD complexation is confirmed by atomic force microscopy, by 
inducing ssDNA desorption, and with molecular dynamics simulations. ssDNA is determined to 
adsorb strongly to no-oxidation GQDs, weakly to low-oxidation GQDs, and not at all for heavily 
oxidized GQDs. Finally, we reveal the generality of the adsorption platform and assess how the 
GQD system is tunable by modifying polymer sequence and type. 
 
6.2 Introduction 
Graphene is a two-dimensional hexagonal carbon lattice that possesses a host of unique properties, 
including exceptional electronic conductivity, mechanical strength, and adsorptive capacity.371–373 
However, graphene is a zero-bandgap material, and this lack of bandgap limits its use in 
semiconducting applications.374 To engineer a bandgap, the lateral dimensions of graphene must 
be restricted to the nanoscale, resulting in spatially confined structures such as graphene quantum 
dots (GQDs).375 The bandgap of GQDs is attributed to quantum confinement,376,377 edge effects,378 
and localized electron-hole pairs.379 Accordingly, this gives rise to tunable fluorescence properties 
based upon GQD size, shape, and exogenous atomic composition. In comparison to conventional 
semiconductor quantum dots, GQDs are an inexpensive and less environmentally harmful 
alternative.380,381 Moreover, for biological applications, GQDs are a low toxicity, biocompatible, 
and photostable material that offer a large surface-to-volume ratio for bioconjugation.381,382 
 
Exploiting the distinct material properties of graphene often requires or benefits from exogenous 
functionalization. The predominant mechanism for graphene or graphene oxide (GO) 

 
‡‡ Published as Pinals, R. L.;* Jeong, S.;* Dharmadhikari, B.; Song, H.; Kalluri, A.; Debnath, D.; 
Wu, Q.; Ham, M.-H.; Patra, P.; Landry, M. P. Graphene Quantum Dot Oxidation Governs 
Noncovalent Biopolymer Adsorption. Scientific Reports 2020, 10 (1), 1–14. 
https://doi.org/10.1038/s41598-020-63769-z. 
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functionalization is via covalent linkage to a polymer. However, noncovalent adsorption of 
polymers to carbon substrates is desirable in applications requiring reversibility for solution-based 
manipulation and tunable ligand exchange,232 and preservation of the pristine atomic structure to 
maintain nanoscale graphene’s fluorescence characteristics.32 Functionalization of graphene and 
GO has proven valuable for sensing and delivery applications. Optical sensors based on DNA-
graphene or DNA-GO hybrids have been developed for the detection of nucleic acids,383,384 
proteins,385 small molecules,386,387 and metal ions.388 Modifications to GO for drug delivery 
applications include PEGylation for higher biocompatibility,389,390 covalent modification with 
functional groups for water solubility,391  covalent linking of antibodies,392 and noncovalent 
loading of anticancer drugs.389,391 Noncovalent adsorption of polymers to graphene and GO has 
been predicted by theory and simulations,393,394 and has occasionally been demonstrated 
experimentally.395 In particular, single-stranded DNA (ssDNA) of varying lengths has been 
experimentally shown to noncovalently attach to graphene and GO, with hydrophobic and 
aromatic, π-π stacking electronic interactions posited to drive assembly.396,397 Molecular dynamics 
(MD) simulations and density functional theory (DFT) modeling of these systems has enabled 
validation and mechanistic insight into the corresponding experimental findings.398,399 
 
While noncovalent adsorption of DNA and various other polymers has been proposed by 
simulation and theory, and experimentally established as feasible for graphene and GO substrates, 
noncovalent polymer adsorption has not been fully investigated for their nanoscale counterparts: 
GQDs.400 Noncovalent functionalization of GQDs with biopolymers offers the advantages of 
reversible binding and preserving the fluorescent substrate properties, while reducing graphene 
dimensions to the nanoscale enables two-dimensional carbon applications at the molecular scale, 
of relevance to study biological processes.401 Herein, we present a facile protocol for noncovalent 
complexation of biopolymers to GQDs, with a focus on ssDNA. We explore the effects of GQD 
oxidative surface chemistry on the strength of binding interactions between surface-adsorbed 
polymers and GQDs, while preserving, or in some cases enabling, intrinsic GQD fluorescence. 
Ultimately, these results can serve as the basis for the design and optimization of polymer-GQD 
conjugates in various nanobiotechnology applications. 
 
6.3 Results and Discussion 
6.3.1 GQD Synthesis and Characterization 
We prepared and characterized four distinct GQD substrates of varying oxidation levels: no-
oxidation GQDs (no-ox-GQDs) were fabricated by coronene condensation,402 low-oxidation 
GQDs (low-ox-GQDs) by intercalation-based exfoliation,375 medium-oxidation GQDs (med-ox-
GQDs) by thermal decomposition of citric acid,403 and high-oxidation GQDs (high-ox-GQDs) by 
carbon fiber cutting (Figure 6-1a).382 X-ray photoelectron spectroscopy (XPS) was employed to 
quantify the differing oxidation levels among the GQD samples (Figure 6-1b). The high-resolution 
carbon 1s (C1s) XPS signal was deconvoluted into four individual peaks attributed to sp2 carbon-
carbon bonds (284.5 eV), hydroxyl and epoxide groups (286.1 eV), carbonyl groups (287.5 eV), 
and carboxyl groups (288.7 eV) (Figure 6-7).404 The peak area ratio of oxidized carbon (ACO) to 
sp2 carbon (ACC) decreases in the order of high-ox-GQDs (ACO/ACC=1.5) > med-ox-GQDs (0.45) 
> low-ox-GQDs (0.14) > no-ox-GQDs (0). Of note, no-ox-GQDs possessed only sp2 carbon, no 
oxidized carbon, in the C1s XPS spectrum. Atomic force microscopy (AFM) images of the GQDs 
revealed heights of high-ox-GQDs distributed between 0.5-3 nm, corresponding to 1-5 graphene 
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layers, and heights of med- and low-ox-GQDs between 0.5-1 nm, indicating the presence of a 
single graphene layer (Figure 6-8). The morphology of no-ox-GQDs was separately characterized 
by matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF 
MS) due to aggregation of no-ox-GQDs during AFM sample preparation hindering equivalent 
AFM analysis. The single graphene layer structure of no-ox-GQDs was determined by discrete 
peaks in the size distribution from MALDI-TOF MS, attributed to the presence of planar dimer, 
trimer, tetramer, pentamer, and hexamer fused-coronene structures (Figure 6-9). Next, the 
fluorescence and absorbance spectra of low-, med-, and high-ox-GQDs were observed under 320 
nm excitation in water (Figure 6-1c and Figure 6-10). The fluorescence maximum near 400 nm is 
described in previous literature as the intrinsic emission wavelength of GQDs with low oxidation, 
which is in close agreement with our own GQD samples.380 GQD fluorescence peaks are observed 
at shorter wavelength as the GQD oxidation level decreases. As previously reported, longer 
wavelength emission emerges due to the presence of extrinsic, defect states.375,405 No-ox-GQDs 
were insoluble in water due to the absence of oxygen-containing functional groups, and 
accordingly, aggregation led to self-quenched fluorescence. Instead, fluorescence of no-ox-GQDs 
was measured in hexane (Figure 6-1c) and the fluorescence spectrum exhibits multiple peaks 
originating from the size distribution of no-ox-GQD multimers. The GQD excitation-emission 
profiles demonstrate that the optical characteristics of low-, med-, and high-ox-GQDs depend on 
the excitation wavelength, where the maximum fluorescence wavelength is red-shifted as the 
excitation is moved to longer wavelengths. However, the fluorescence of no-ox-GQDs does not 
show this spectral shift (Figure 6-11). This excitation-wavelength dependence is commonly found 
in oxidized GQDs as a result of surface trap states introduced by functional groups and oxygen-
related defects.406 The no-ox-GQDs do not exhibit this excitation-dependency because they do not 
possess oxygen-containing functional groups. 
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Figure 6-1. Four synthesis techniques are employed to produce graphene quantum dot (GQD) 
substrates of varying oxidation level. (a) Schematic illustration of synthesis techniques to 
produce no-oxidation GQDs (no-ox-GQDs), low-oxidation GQDs (low-ox-GQDs), medium-
oxidation GQDs (med-ox-GQDs), and high-oxidation GQDs (high-ox-GQDs). (b) Normalized 
X-ray photoelectron spectroscopy (XPS) data of no-, low-, med-, and high-ox-GQDs. Arrows 
indicate the center of the C1s carbon-carbon (C-C) bond at 284.5 eV and increasing oxidation 
via contributions of various carbon-oxygen bonds (see Figure 6-7 for deconvolutions and peak 
ratios). (c) Normalized absorbance (dashed) and fluorescence emission (solid) spectra of no-ox-
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GQDs in hexane solution and low-, med-, and high-ox-GQDs in water. All GQDs were excited 
at 320 nm. 

 
6.3.2 Noncovalent Functionalization of GQDs with Single-Stranded DNA (ssDNA) 
We next studied adsorption of the ssDNA sequence (GT)15 onto GQDs of varying oxidation levels 
(Figure 6-2a). This ssDNA oligomer was chosen for initial adsorption studies based on its known 
π-π stacking adsorptive properties to the surface of pristine carbon nanotubes,40,41 an analogous 
one-dimensional nanoscale substrate. For low-, med-, and high-ox-GQDs, ssDNA was added to 
GQDs in deionized (DI) water, the water was removed by vacuum evaporation to facilitate 
adsorption of (GT)15 onto the GQDs, then the GQD-ssDNA complexes were resuspended in water 
(mix-and-dry protocol). For no-ox-GQDs, an alternative complexation technique was employed 
because the as-synthesized no-ox-GQDs were insoluble in aqueous solution. Instead, the mixture 
of (GT)15 and solid no-ox-GQDs was probe-tip sonicated in phosphate-buffered saline (PBS) to 
disperse the hydrophobic GQD aggregates and enable ssDNA adsorption. 
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Figure 6-2. Single-stranded DNA (ssDNA)-GQD noncovalent interaction is governed by GQD 
oxidation level. (a) Schematic illustration of GQD oxidation level and resulting strength of 
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ssDNA-GQD interaction. The noncovalent interaction between ssDNA and no-ox-GQDs is 
stronger than that of ssDNA and low-ox-GQDs. ssDNA does not adsorb to either med- or high-
ox-GQDs. (b-e) Adsorption of (GT)15 ssDNA on the GQD surface results in GQD fluorescence 
modulation from before (gray) to after (blue) attempted adsorption of (GT)15 ssDNA for (b) no-
ox-GQDs, (c) low-ox-GQDs, (d) med-ox-GQDs, and (e) high-ox-GQDs. The presence of 
ssDNA on the no-ox-GQDs is confirmed by an increase in fluorescence emission intensity from 
the initially insoluble no-ox-GQDs. The presence of ssDNA on the low-ox-GQDs results in a 
decrease in fluorescence intensity from the initially soluble low-ox-GQDs. No fluorescence 
intensity changes are observed for the med- and high-ox-GQDs, suggesting absence of ssDNA 
adsorption. Fluorescence spectra are normalized by the absorbance at 320 nm. 

 
(GT)15 adsorption was verified by modulation of the intrinsic GQD fluorescence. For the initially 
soluble GQDs (low-, med-, and high-ox-GQDs), polymer adsorption manifests as fluorescence 
quenching from the original fluorescent state, whereas for the initially insoluble no-ox-GQDs, 
polymer adsorption manifests as fluorescence brightening from the original non-fluorescent, 
aggregated GQD state (Figure 6-2). Fluorescence quenching was observed for low-ox-GQDs with 
(GT)15, but negligible fluorescence change was shown in the case of med- and high-ox-GQDs. 
These results suggest that (GT)15 does not adsorb to GQDs of higher oxidation levels. Additionally, 
increased quenching of low-ox-GQD fluorescence was demonstrated with a higher mass ratio of 
(GT)15 to low-ox-GQD (Figure 6-12). Fluorescence quenching of low-ox-GQDs was not a result 
of Förster resonance energy transfer (FRET) because there is no spectral overlap between GQD 
emission and ssDNA absorption. (GT)15 adsorption also elicits a 15 nm red-shift of the low-ox-
GQD fluorescence emission peak, resulting from either changing polarity proximal to the GQD 
surface or enrichment of larger GQDs (that display longer peak emission wavelengths) upon 
ssDNA adsorption (Figure 6-13). This bathochromic shift is consistent for all biopolymers 
interacting with low-ox-GQDs. Interestingly, the simple mixing of (GT)15 with GQDs in the 
absence of drying results in only marginal fluorescence quenching for low-ox-GQDs (Figure 6-14) 
and was accordingly ineffective in promoting ssDNA adsorption to GQDs. We hypothesize that 
the dehydration step is required to overcome electrostatic repulsion present in solution and enable 
close approach of the negatively charged ssDNA to the negatively charged oxidized GQDs. 
Moreover, water molecules solvating the low-ox-GQD surface may hinder initial contact of 
ssDNA with low-ox-GQDs.407 We also investigated the effect of NaCl salt on ssDNA-GQD 
adsorption. For large GO, high salt concentration enhances ssDNA adsorption due to screening of 
repulsive electrostatic interactions between negatively charged GO and ssDNA, and among 
surface-adsorbed ssDNA.408 However, NaCl does not facilitate adsorption of ssDNA onto high-
ox-GQDs, and seems to disrupt adsorption onto low-ox-GQDs (Figure 6-15). We hypothesize that 
the repulsive interactions between negatively charged GQDs and ssDNA is lessened due to the 
lower prevalence of oxidative functional groups in comparison to conventional GO. Moreover, 
repulsion among adsorbed ssDNA is less relevant for GQDs due to the smaller lateral dimensions 
as compared to GO sheets, resulting in fewer ssDNA molecules per GQD. 
 
The (GT)15-no-ox-GQDs show a fluorescence increase from the initially non-fluorescent no-ox-
GQD aggregates in aqueous solution and display the multiple absorption and emission peaks 
characteristic of the hexane-solubilized no-ox-GQDs (Figure 6-1c). Thus, probe-tip sonication of 
no-ox-GQDs with (GT)15 was successful in dispersing no-ox-GQDs in PBS buffer by disrupting 
GQD aggregates and enabling the amphiphilic ssDNA to adsorb onto the exposed hydrophobic 
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GQD surface, conferring water solubility to the complex. Without ssDNA, probe-tip sonication of 
no-ox-GQDs in solution does not result in a stable colloidal suspension. Presence of the ssDNA 
on no-ox-GQDs enabled AFM analysis of no-ox-GQDs and revealed heights distributed between 
0.3-0.7 nm, corresponding to single graphene layer morphology (Figure 6-8a). 
 
6.3.3 Characterization of Surface-Bound ssDNA on GQDs 
To verify the presence of ssDNA on low-ox-GQDs, we conducted AFM studies utilizing the well-
known biotin-streptavidin interaction to impart a measurable change in the ssDNA-GQD height 
profile. This assay was required because the change in height due to ssDNA adsorption alone on 
the GQD surface is below the limit of detection by AFM. Biotin (or vitamin H) is a small molecule 
with a specific and strong binding affinity for the protein streptavidin (Kd~10-14 mol/L). 
Biotinylated-(GT)15 was adsorbed to low-ox-GQDs with the mix-and-dry procedure to form Bio-
(GT)15-low-ox-GQDs. Streptavidin was then mixed with the Bio-(GT)15-low-ox-GQDs in a 1:1 
ratio of biotin:streptavidin (Bio-(GT)15-low-ox-GQDs + Strep) and the height profile of the 
resulting complexes was examined by AFM. Control samples of streptavidin mixed with non-
biotinylated-(GT)15-low-ox-GQDs ((GT)15-low-ox-GQDs + Strep), biotinylated-(GT)15-low-ox-
GQD only (Bio-(GT)15-low-ox-GQDs), and streptavidin only (Strep) were prepared for AFM 
analysis. Large biotin-streptavidin structures were frequently observed in the AFM images of Bio-
(GT)15-low-ox-GQDs + Strep, and rarely found in the (GT)15-low-ox-GQDs + Strep sample, 
suggesting selective binding of streptavidin to the Bio-(GT)15-low-ox-GQDs (Figure 6-3). Height 
distribution analysis reveals the percentage of structures larger than 1.8 nm is 20.3 ± 7.3% (mean 
± standard deviation) for Bio-(GT)15-low-ox-GQDs + Strep, compared to only 0.5 ± 0.7% for 
(GT)15-low-ox-GQDs + Strep, 0% for Bio-(GT)15-low-ox-GQDs, and 6.9 ± 5.0% for Strep. Here, 
the threshold value of 1.8 nm is the experimental sum of the GQD average height (0.6 nm) and 
streptavidin average height (1.2 nm). Accordingly, this confirms the formation of specific 
streptavidin-biotin-(GT)15-low-ox-GQD complexes, and thus suggests the successful noncovalent 
adsorption of ssDNA on the surface of low-ox-GQDs. Absence of (GT)15 adsorption onto med-
ox-GQDs was also demonstrated with this assay by preparing a mixture of biotinylated-(GT)15 and 
med-ox-GQDs (Bio-(GT)15-med-ox-GQDs) by the same method and adding streptavidin (Bio-
(GT)15-med-ox-GQDs + Strep). Height distribution analysis reveals the percentage of structures 
>1.8 nm is 9.9 ± 0.6% for Bio-(GT)15-med-ox-GQDs + Strep, close to the control value of 7.5 ± 
2.6% obtained for non-specific adsorption of streptavidin onto med-ox-GQDs and (GT)15 lacking 
biotin (Figure 6-16). This result, in corroboration with the lack of fluorescence quenching, verifies 
that ssDNA does not form stable adsorbed structures with med-ox-GQDs. 
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Figure 6-3. ssDNA adsorption to low-ox-GQDs is verified by atomic force microscopy (AFM). 
AFM images and accompanying schematics for (a) biotinylated-(GT)15-low-ox-GQDs and 
streptavidin (Bio-(GT)15-low-ox-GQD + Strep), (b) (GT)15-low-ox-GQDs and streptavidin 
((GT)15-low-ox-GQD + Strep), (c) biotinylated-(GT)15-low-ox-GQDs (Bio-(GT)15-low-ox-
GQD), and (d) streptavidin (Strep). Significantly larger heights in (A) are likely due to biotin-
streptavidin binding via the biotinylated-ssDNA, which is adsorbed to the low-ox-GQD surface, 
absent in (b), (c), and (d). (e) Corresponding height distribution histograms. Bin width is 0.4 nm 
and curve fits are added to guide the eye. 
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6.3.4 Sequence-Dependent Adsorption of ssDNA onto the GQD Surface 
To examine the effect of ssDNA nucleotide sequence on GQD adsorption affinity, we investigated 
the adsorption affinities of three ssDNA oligomers of the same length but different nucleotide 
identities: poly-adenine, A30; poly-cytosine, C30; and poly-thymine, T30. Poly-guanine, G20, a 
shorter ssDNA oligomer than other ssDNA candidates, was used as the poly-G model case because 
of commercial unavailability of longer poly-G ssDNA oligomers. To adsorb ssDNA polymers to 
low-ox-GQDs, each A30, C30, G20 and T30 ssDNA oligomer was mixed and dried with low-ox-
GQDs to form ssDNA-GQD complexes: A30-low-ox-GQDs, C30-low-ox-GQDs, G20-low-ox-
GQDs, and T30-low-ox-GQDs. Following ssDNA adsorption, the integrated fluorescence intensity 
of low-ox-GQDs decreased to 76.1 ± 8.2% (mean ± standard deviation) for A30, 85.1 ± 1.9% for 
G20, 72.0 ± 6.9% for T30 on average, and maintained the original value for C30 (Figure 6-4a and 
Figure 6-17). These results suggest that A30, G20, and T30 adsorb onto the low-ox-GQD surface, 
while C30 does not adsorb. We repeated the AFM studies with low-ox-GQD substrates to which 
we adsorbed biotinylated-C30 and mixed this construct with streptavidin (Bio-C30-low-ox-GQDs 
+ Strep) to further investigate whether C30 adsorbs to low-ox-GQDs. As a positive control for 
adsorption, biotinylated-T30 was prepared and incubated with streptavidin (Bio-T30-low-ox-GQDs 
+ Strep). AFM imaging of the biotinylated-ssDNA, low-ox-GQD, and streptavidin mixture 
demonstrated that Bio-C30-low-ox-GQDs and Strep were observed as separate structures, while 
Bio-T30-low-ox-GQDs + Strep displayed heights consistent with the larger, assembled complex. 
Specifically, the height distribution analysis shows the percentage of structures >1.8 nm is 1.6 ± 
0.4% for Bio-C30-low-ox-GQDs and Strep, which is significantly lower than the value of 12.6 ± 
8.5% for Bio-T30-low-ox-GQDs + Strep (Figure 6-4b-d). These results, consistent with our 
fluorescence quenching assay, suggest that C30 does not adsorb onto the low-ox-GQD surface. 
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Figure 6-4. Propensity of ssDNA adsorption to low- and no-ox-GQDs depends on ssDNA 
sequence. (a) Fluorescence spectra of low-ox-GQDs (gray) and low-ox-GQDs with either A30, 
C30, or T30 adsorbed by the mix-and-dry process. AFM images and accompanying schematics 
for (b) biotinylated-T30-low-ox-GQDs and streptavidin (Bio-T30-GQD + Strep) and (c) 
biotinylated-C30-low-ox-GQDs and streptavidin (Bio-C30-GQD + Strep). (d) Corresponding 
height distribution histograms. Bin width is 0.4 nm and curve fits are added to guide the eye. (e) 
Fluorescence spectra of no-ox-GQDs (gray) and no-ox-GQDs with either A30, C30, or T30 
adsorbed by probe-tip sonication. All GQD fluorescence spectra are normalized by the 
absorbance at 320 nm. 

 
To further understand the sequence dependence of ssDNA adsorption to GQD substrates, we 
studied ssDNA adsorption affinity of A30, C30, and T30 ssDNA oligomers to no-ox-GQDs. A30, 
C30, and T30 ssDNA oligomers were probe-tip sonicated with water-insoluble no-ox-GQDs. All 
three ssDNA sequences resulted in stable colloidal dispersions of ssDNA-coated no-ox-GQDs. 
The relative fluorescence intensities normalized by the absorbance at the excitation wavelength 
(320 nm) establishes the fluorescence quantum yield order as A30 > C30 > T30 (Figure 6-4d). 
However, it is noteworthy that this order does not directly reflect the adsorption affinity of each 
polynucleotide, as the fluorescence intensity is correlated to both nucleotide-specific adsorption 
affinity and quenching ability. Yet, this result still implies higher adsorption proclivity for C30 on 
no-ox-GQDs over low-ox-GQDs. 
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6.3.5 Strength of ssDNA-GQD Interactions 
Next, we investigated ssDNA desorption from ssDNA-coated low-ox-GQDs and no-ox-GQDs by 
using high temperature and complementary ssDNA (cDNA) methods. To study the effect of high 
temperature, ssDNA-GQD samples of A30, C30, and T30 on either no- or low-ox-GQDs were 
prepared. Fluorescence of each GQD sample was measured at room temperature before and after 
heating samples to 50°C for 2 hours to attempt desorption of ssDNA from GQDs (Figure 6-18a-
b). As expected, no fluorescence change was observed after heating pristine low-ox-GQDs and 
C30-low-ox-GQDs because these samples did not initially have surface-adsorbed ssDNA. 
Fluorescence intensity of A30- and T30-low-ox-GQDs increased after heating, indicating that 47.4% 
of A30 and 30.7% of T30 desorbed from the low-ox-GQD surface upon heating to 50°C. In 
comparison, all ssDNA-no-ox-GQDs maintained their initial fluorescence intensity after heating 
to 50°C, suggesting this heat treatment was insufficient to desorb ssDNA from the pristine no-ox-
GQD carbon lattice. When ssDNA-no-ox-GQDs were instead heated to 95°C for 2 hours, 
fluorescence intensities of all groups significantly decreased, indicating that 41.9% of A30, 43.6% 
of C30, and 39.3% of T30 desorbed from the no-ox-GQD surface (Figure 6-20). This difference in 
temperature stability implies that the adsorption affinity of ssDNA on the GQD surface is stronger 
for no-ox-GQDs than for low-ox-GQDs. A recent MD simulation study reported that the estimated 
binding free energy between T20 ssDNA and GO increased significantly when the oxygen content 
of GO was reduced to below 10%.398 Accordingly, we hypothesize that GQD oxidation level is 
directly related to the adsorption affinity between ssDNA and GQDs. Stronger adsorption affinity 
of ssDNA on no-ox-GQDs results from increased sp2 graphitic carbon content available for π-π 
stacking interactions with ssDNA and reduced negative GQD surface charge for electrostatic 
repulsion. 
  
Adsorption stability of ssDNA on GQDs was also studied with a hybridization assay, where 
ssDNA complementary to the adsorbed sequence, cDNA, hybridizes in solution phase with the 
GQD surface-adsorbed ssDNA. It is known that double-stranded DNA has a low adsorption 
affinity for GO surfaces, and this property has been previously used to study the adsorption affinity 
of ssDNA by cDNA-induced desorption.408 The cDNA oligomer (AC)15 was added to either 
(GT)15-low-ox-GQD or (GT)15-no-ox-GQD solutions in five-fold excess relative to (GT)15. 
Resulting fluorescence profiles were measured 2 hours following addition of (AC)15 and compared 
with the initial fluorescence profile (Figure 6-18c-d). Fluorescence of low-ox-GQDs decreased to 
68% upon initial (GT)15 adsorption, then recovered to 88% of the initial low-ox-GQD fluorescence 
due to ssDNA desorption in the presence of cDNA. On the other hand, fluorescence of (GT)15-no-
ox-GQDs maintained the initial fluorescence value after adding cDNA. The addition of non-
complementary T30 ssDNA onto (GT)15-low-ox-GQDs did not induce the desorption of (GT)15 
(Figure 6-19). These results further substantiate our conclusion that ssDNA adsorbs to no-ox-
GQDs more strongly than to low-ox-GQDs. 
 
6.3.6 Molecular Dynamics Simulation of ssDNA-GQD Interactions 
To understand the time-dependent energetics and structures of the ssDNA-GQD binding process, 
we performed MD simulations of ssDNA oligomers adsorbing to GQDs of varying oxidation 
levels. To investigate how GQD surface polarity affects ssDNA adsorption, we analyzed non-
bonding interaction energies between A30 ssDNA and differentially oxidized GQDs during a 100 



155 
 

ns MD simulation. We utilized three types of GQDs, with 0%, 2.28%, and 17.36% oxidation 
(denoted as GQD-0%, GQD-2%, and GQD-17%, respectively), calculated as the ratio of oxidized 
carbon to sp2 carbon. Overall, our results indicate that ssDNA physisorption is driven by a 
combination of van der Waals’s (vdW) interactions and hydrogen bonding (H-bonding) to the 
GQD. Based on the contact area of ssDNA on the GQD surface, center-of-mass distance, and 
number of atoms within 5 Å of the GQD surface, A30 is more closely adsorbed on less oxidized 
GQD surfaces, such as GQD-0% and GQD-2%, as compared to the more highly oxidized surface 
of GQD-17% (Figure 6-5a and Figure 6-21a-b). These results indicate that vdW interactions are 
the sole contributor to the adsorption of A30 on GQD-0%, whereas H-bonding marginally 
contributes to the adsorption of A30 on GQD-2% and GQD-17% in addition to dominant vdW 
interactions (Figure 6-5b, Figure 6-21c). These interactions further support the less significant role 
of hydrogen bonds between the ssDNA and oxygen groups on the GQDs. In the simulation for 
GQD-17%, A30 showed negligible contact with the GQD until 70 ns, in comparison with A30 
contact within 20 ns for the less oxidized GQD cases. After 70 ns, transient contact of A30 with 
GQD-17% was observed, as signified by the fluctuating center-of-mass distances, the latter 
suggesting highly unstable physisorption of A30 on GQD-17%. These MD results suggest more 
stable adsorption of A30 onto less oxidized GQDs (GQD-0% and GQD-2%) as compared to GQD-
17%, and agree with experimentally determined selective adsorption of ssDNA on no- and low-
ox-GQDs, which is not observed in the case of med- and high-ox-GQDs. 
 
We next investigated the dependency of ssDNA-GQD adsorption on nucleotide sequence by 
performing MD simulations of A30, C30, and T30 ssDNA onto GQD-0% and GQD-2% (Figure 6-22 
and Figure 6-23). While A30 and T30 displayed similar adsorption dynamics onto GQD-0% and 
GQD-2%, C30 adsorbed more weakly onto GQD-0% and GQD-2%, in alignment with previous 
studies regarding the interaction of homopolynucleotides with graphite.31,32 For the GQD-0% case, 
the simulation shows that only the 5’ end of C30 interacts with the GQD-0% surface, while the 
other end attempts self-hybridization and consequently unfolds. C30 does not show any attractive 
interaction with GQD-2%, corroborating experimental results that C30 does not quench low-ox-
GQD fluorescence and was not found in appreciable quantities on the low-ox-GQD surface by 
AFM. Overall, the MD simulations recapitulate experimental findings that GQD oxidation level 
determines the ssDNA interaction with and conformation on the GQD surface, and that the 
ssDNA-GQD-2% interaction is strongly dependent on the nucleotide sequence. 
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Figure 6-5. Molecular dynamics simulations confirm A30 ssDNA adsorption dependency on 
GQD oxidation level. Time-dependent (a) contact area and (b) van der Waals interactions for 
A30 ssDNA adsorbing to GQD-0%, GQD-2%, and GQD-17%. (c) Initial (left) and final (right) 
configurations of A30 ssDNA with GQD-0%, GQD-2%, and GQD-17% for a 100 ns simulation. 

 
6.3.7 Platform extension to other biomolecule-GQD constructs 
Finally, we demonstrate that this noncovalent adsorption platform is extendable to other 
biomolecules on GQDs. We hypothesized that planar sheet- or bilayer-forming molecules would 
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be amenable for adsorption onto a two-dimensional GQD substrate.409 Accordingly, we attempted 
and successfully created biopolymer-GQD constructs with two such structure-forming 
biomolecules, phospholipids and peptoids. The phospholipid, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-diethylenetriaminepentaacetic acid (14:0 PE-DTPA), was adsorbed onto 
low-ox-GQDs with the same mix-and-dry protocol as ssDNA, and resulted in the expected 
fluorescence quenching of low-ox-GQDs that confirms adsorption (Figure 6-6a). As is the case 
with ssDNA adsorption, this fluorescence quenching may be due to a charge transfer mechanism 
between the GQD and adsorbed polymer.410 
 
A peptoid is a synthetic peptide in which the variable group is attached to the amine rather than 
the alpha carbon, resulting in a loss of the chiral center.411 In particular, 36-mer peptoids with 
alternating ionic and hydrophobic sidechains have been designed as amphiphilic, sheet-forming 
peptoids.269 Two peptoid sequences were tested: Peptoid-1 is a diblock of alternating N-(2-
aminoethyl) glycine (Nae) and N-(2-phenethyl) glycine (Npe) units, abbreviated (Nae–Npe)9, and 
N-(2-carboxyethyl) glycine (Nce) and Npe, abbreviated (Nce–Npe)9. Electrostatic interactions 
between the amine and carboxyl groups drive solution-phase self-assembly of these 36-mers into 
nanosheet morphology. Peptoid-2 is simply (Nce–Npe)18, with only the carboxyl sidechain 
present. Therefore, no amine-carboxyl ionic interactions are available to initiate assembly and this 
peptoid is incapable of forming stable nanosheets by itself. Probe-tip sonication of no-ox-GQDs 
with Peptoid-1, (Nae–Npe)9-(Nce–Npe)9, resulted in a stable Peptoid-1-no-ox-GQD suspension 
(Figure 6-6b). The phenyl sidechains are posited to π-π stack with the no-ox-GQD basal plane in 
the same manner as ssDNA, thus resulting in stable constructs. Peptoid-2, (Nce–Npe)18, was not 
able to suspend the no-ox-GQDs, most likely due to the absence of electrostatic interactions 
between the peptoids required to form stable sheet nanostructures and presumably also a GQD 
surface coating. 
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Figure 6-6. Noncovalent surface adsorption of biopolymers to low- and no-ox-GQDs is 
demonstrated by fluorescence modulation upon adsorption of phospholipid (14:0 PE-DTPA) 
and Peptoid-1 ((Nae–Npe)9-(Nce–Npe)9), respectively. (a) Normalized fluorescence emission 
spectra of low-ox-GQDs taken before (gray) and after (purple) the mix-and-dry process with 
phospholipid, 14:0 PE-DTPA. (b) Normalized fluorescence emission spectra of no-ox-GQDs 
taken before (gray) and after (purple) probe-tip sonication with Peptoid-1, (Nae-Npe)9-(Nce-
Npe)9. The (GT)15-no-ox-GQDs spectrum (blue) is included for comparison. All GQD 
fluorescence spectra are normalized by the absorbance at 320 nm. 

 
6.4 Conclusions 
We have demonstrated the feasibility of, and developed procedures for, noncovalent adsorption of 
ssDNA, phospholipids, and peptoid polymers to GQDs (summarized in Table 6-1). To the best of 
our knowledge, this is the first experimental realization of the noncovalent physisorption of these 
biomolecules on GQDs, which has not been previously investigated due to challenges arising from 
the small size and variable oxidation of GQD substrates.383 We have confirmed the perturbative 
role of GQD oxidation on ssDNA adsorption, and further investigated the varying adsorption and 
desorption properties of ssDNA based on the GQD oxidation level and ssDNA sequence. To this 
end, four types of photoluminescent GQDs with different oxidation levels were fabricated. 
Characterization of the four GQD types reveals that changing GQD oxidation level allows tuning 
the optical fingerprints. This presents opportunities in creating a library of GQDs displaying 
unique photoluminescent properties or the ability to identify GQDs by means of fluorescence 
profiles. ssDNA adsorption to the GQD substrates is assessed by photoluminescence modulation 
and morphological characterization. Specifically, adsorption of ssDNA on low-ox-GQDs is 
confirmed by fluorescence quenching and AFM studies, and the adsorption affinity is evaluated 
by high temperature desorption and by hybridization.  Adsorption of ssDNA on no-ox-GQDs is 
confirmed by producing stable colloidal suspensions with fluorescence emission, and the higher 
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adsorption affinity resists disruption by high temperature and cDNA. Thus, GQD oxygen content 
determines ssDNA adsorption affinity, where ssDNA can adsorb on no- and low-ox-GQD surfaces 
but not on med- nor high-ox-GQDs. This preferential ssDNA adsorption implies that ssDNA 
adsorbs more favorably onto graphene-like carbon domains rather than oxidized carbon 
domains,408 underscoring the role of interfacial π-π electronic interactions between the GQD and 
aromatic ssDNA nitrogenous bases contributing more than hydrogen bonds between oxygen 
groups on the GQD with the ssDNA. Likewise, the surface roughness and electrostatic repulsion 
created by oxygen groups on the med- and high-ox-GQDs could prevent effective π-π stacking 
interactions of nucleobases with the graphitic surface, consequently inhibiting adsorption. 
 
ssDNA attachment on low-ox-GQDs is sequence-dependent: poly-A, G, T do adsorb to low-ox-
GQDs, while poly-C does not adsorb. Previously, Sowerby et. al. reported adsorption affinities of 
the four DNA bases on graphite (as determined by column chromatography) in decreasing order 
of G > A > T > C,412 in accordance with our results showing a low adsorption affinity of cytosine 
to GQDs. Likewise, for pyrimidine homopolymers studied with chemical force microscopy, T50 
required a much stronger peeling force of 85.3 pN from graphite as compared 60.8 pN for C50.413 
Conversely, a recent study suggests that poly-C interacts with a carboxylated GO surface more 
strongly than poly-T or poly-A.414 This result is attributed to the fact that poly-C ssDNA readily 
forms secondary structures, enabling hydrogen bonding interactions between the folded ssDNA 
and GO that drive the adsorption process.398 However, our low-ox-GQDs contain significantly less 
oxidative functional groups available for hydrogen bonding (ACO/ACC=0.14) in comparison to 
common GO (ACO/ACC~0.36),415 therefore we conclude that C30 was not able to interact with the 
same binding modalities as shown with non-nanoscale GO. From our MD simulations, C30 again 
does not show any attractive interaction with GQD-2% and shows some adsorption to GQD-0%. 
Another recent study has discovered that unfolded poly-C, rather than the i-motif secondary 
structure, has higher affinity for graphene oxide surfaces.416 Accordingly, we posit that π-π 
stacking interactions between the aromatic portions of ssDNA and pristine graphitic areas of GQDs 
can overcome intramolecular forces holding together the C30 secondary structure, resulting in some 
adsorption of unfolded C30 to GQD-0%. Thus, contact with pristine GQDs may prompt poly-C 
unfolding and result in selective adsorption, whereas oxidized GQDs may be unable to disrupt 
potential C30 secondary structures to support stable surface adsorption. 
 
In sum, the effect of graphene-based substrate size on biomolecule adsorption for nanoscale GQDs 
in comparison to micro-/macroscale GO sheets is best established by considering (1) solution ionic 
strength and (2) biopolymer sequence dependency. Toward (1), introduction of salt precludes 
ssDNA adsorption onto low-ox-GQDs, yet not onto no-ox-GQDs, whereas salt is known to assist 
ssDNA adsorption onto GO. Toward (2), we find differing ssDNA sequence dependencies on 
GQDs in comparison to their GO counterparts, particularly for poly-C. 
 
Applications of graphene-based nanomaterials are vast, and a better understanding of parameters 
that affect adsorption of polymers to GQDs are needed to enable future applications in diagnostics, 
biomolecule delivery, and sensing. Our noncovalent attachment protocols to synthesize ssDNA-
GQD complexes can lead to new opportunities in developing GQD-based nucleic acid detection 
platforms and further biological molecular sensing and imaging applications. Moreover, we show 
the adsorption protocols developed for ssDNA are generic to adsorb other biopolymers, such as 
phospholipids and peptoids, to GQDs. Successful synthesis of the Peptoid-1-GQD construct 
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motivates future developments in biopolymer-GQD-based detection platforms with peptoid-
mediated protein recognition.256 The noncovalent adsorption of biopolymers beyond ssDNA to 
GQDs provides a route to tune the GQD system not only by choice of GQD color and oxidation 
level, but additionally by polymer sequence and type. The platform developed here can be 
leveraged to expand the current possibilities of designing and applying GQD-based 
nanotechnologies. 
 
6.5 Materials and Methods 
6.5.1 Preparation of No-Oxidation GQDs (no-ox-GQDs) 
No-ox-GQDs were prepared according to previous literature.402 Briefly, 20 mg of coronene (95%, 
Acros) was vacuum-sealed in a glass ampule and annealed at 500°C for 20 hours. After cooling to 
room temperature, the product was loaded into a quartz tube and annealed at 500°C for 30 min 
under H2 and Ar atmosphere (10 and 200 sccm, respectively) to remove unreacted coronene. 
 
6.5.2 Preparation of Low-Oxidation GQDs (low-ox-GQDs) 

Low-ox-GQDs were prepared by an intercalation-based exfoliation method.375 20 mg of graphite 
powder (natural, briquetting grade, -100 mesh, 99.9995%, UCP-1 grade, Ultra “F” purity, Alfa 
Aesar) and 300 mg of potassium sodium tartrate tetrahydrate (>99%, Sigma-Aldrich) were ground 
in a mortar and pestle. The powder was transferred to a glass tube and heated in a tube furnace at 
250°C for 24 hours under Ar gas. The product powder was dispersed in 30 mL of deionized (DI) 
water and ultrasonicated for 10 min (Branson Ultrasonic 1800). The translucent, brown solution 
was centrifuged at 3220 g for 30 min and the supernatant was collected. For desalting and size 
selection, the solution was spin-filtered using a 100 kDa molecular weight cutoff (MWCO) 
centrifugal filter (Amicon Ultra-15, Ultracel, Millipore) at 3220 g for 30 min and the eluent 
solution was collected. The final product solution was spin-filtered with a 3 kDa centrifugal filter 
at 3220 g for 30 min to remove residual salts, repeated six times, and the remnant solution was 
collected. 
 
6.5.3 Preparation of Medium-Oxidation GQDs (med-ox-GQDs) 
Med-ox-GQDs were prepared according to previous literature.403 2 g of citric acid (>99.5%, ACS 
reagent, Sigma-Aldrich) was added to a 20 mL vial and heated to 200°C in a heating mantle for 
30 min until citric acid liquified into an orange solution. The solution was cooled to room 
temperature and added dropwise into 100 mL of 10 mg/mL NaOH solution while stirring. The pH 
of the med-ox-GQDs solution was neutralized to pH 7 by adding NaOH. The final product solution 
was spin-filtered with a 3 kDa centrifugal filter at 3220 g for 30 min to remove residual salts, 
repeated six times, and the remnant solution was collected. 
 
6.5.4 Preparation of High-Oxidation GQDs (high-ox-GQDs) 
High-ox-GQDs were prepared according to previous literature.382 Briefly, 0.3 g of carbon fibers 
(>95%, carbon fiber veil, Fibre Glast) was added into a mixture of concentrated H2SO4 (60 mL) 
and HNO3 (20 mL). The mixture was ultrasonicated for two hours and stirred for 24 hours at 
120°C. The solution was cooled to room temperature and diluted with DI water (800 mL). The pH 
of the high-ox-GQDs solution was adjusted to pH 8 by adding Na2CO3. The final product solution 
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was spin-filtered with a 3 kDa centrifugal filter at 3220 g for 30 min to remove residual salts, 
repeated six times, and the remnant solution was collected. 
 
6.5.5 Fabrication of ssDNA-GQD Complex by Mix-and-Dry Process 
10 µg of GQDs were mixed with 10 nmol of ssDNA dissolved in 0.2 mL DI water. The mixture 
was dried for 4 hours in a 1.5 mL microcentrifuge tube under moderate vacuum (~5 torr). The 
dried solid was re-dispersed in 1 mL DI water. 
 
6.5.6 Fabrication of ssDNA-no-ox-GQD Complex by Probe-Tip Sonication Process 
1 mg of no-ox-GQDs and 100 nmol of ssDNA was dispersed in 1 mL PBS buffer at pH 7.4. The 
mixture was ultrasonicated for 2 min and probe-tip sonicated for 30 min at 5 W power in an ice 
bath (Cole Parmer Ultrasonic Processor, 3 mm tip diameter). The product was centrifuged at 3300 
g for 10 minutes to remove unsuspended no-ox-GQDs and the supernatant was collected. The 
suspension was centrifuged at 16000 g for 1 hour to remove free ssDNA and the precipitate was 
collected. This purification step was repeated three times until no ssDNA was observed in the 
supernatant solution by absorption spectroscopy. 
 
6.5.7 GQD Characterization 

XPS spectra were collected with a PHI 5600/ESCA system equipped with a monochromatic Al 
Kα radiation source (hν = 1486.6 eV). High-resolution XPS spectra were deconvoluted with 
MultiPak software (Physical Electronics) by centering the C-C peak to 284.5 eV, constraining peak 
centers to ±0.1 eV the peak positions reported in previous literature,404 constraining full width at 
half maxima (FWHM) ≤1.5 eV, and applying Gaussian-Lorentzian curve fits with the Shirley 
background. AFM images were collected with an MFP-3D system (Asylum) in tapping mode with 
an NCL-20 AFM tip (force constant = 48 N/m, Nanoworld). Optical properties of the GQDs were 
studied with absorbance spectroscopy (UV-3600 Plus, SHIMADZU), photoluminescence 
spectroscopy (Quantamaster Master 4 L-format, Photon Technologies International), and 
excitation-emission profiles (Cary Eclipse, Varian). MALDI-TOF mass spectra were acquired on 
an Autoflex Max (Bruker) with a 355-nm laser, in the positive reflectron mode. Samples were 
added to CHCA matrix. 
 
6.5.8 Verification of ssDNA-GQD Complexes by AFM 
Biotinylated-(GT)15-low-ox-GQDs (Bio-(GT)15-low-ox-GQDs) were prepared by the mix-and-dry 
process using 5’-biotinylated-(GT)15 and low-ox-GQDs. To form the biotin-streptavidin complex, 
Bio-(GT)15-low-ox-GQDs, containing 10 pmol of biotinylated-(GT)15 and 10 pmol of streptavidin 
were mixed in 0.02 mL DI water. The 50-fold diluted solution was drop cast onto a mica substrate 
and dried by N2 flow. As a negative control, (GT)15-low-ox-GQDs were also mixed with 
streptavidin in the same way. AFM analysis was performed in tapping mode and the height of the 
GQD complex was determined as the maximum height at the GQD region in the AFM image. 
Average and standard deviation of the relative portion of structures >1.8 nm were calculated from 
the height count data of multiple AFM images. 
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6.5.9 Molecular Dynamics (MD) Simulations 
MD simulations of ssDNA adsorption on GQDs were performed by NAMD417,418 using 
CHARMM27 and CHARMM36419 force field parameters for 100 ns. Obtained trajectories were 
visualized and analyzed using VMD.420 Crystallographic data coordinates of A30, C30, and T30 
ssDNA as pdb files were generated using 3-D DART software.421 5 nm x 5 nm GQDs with sp2 
hybridized carbon atoms were generated using the VMD plug-in, “nanotube-builder”. Hydroxyl, 
carbonyl, and carboxyl groups were placed randomly on the GQD surface and edges with VEGA 
ZZ software.422 Minimum distance between ssDNA and GQDs was set to 1.4 nm to maintain 
several ordered water layers that reduced the effects by initial status. The ssDNA and GQDs were 
then solvated using TIP3P water model423 with 150 mM sodium and chloride ions. The water box 
size was 130 × 80 × 60 Å3. Initial ssDNA position and orientation were the same in all simulations. 
 
All computations were performed at constant temperature (300 K) and constant pressure (1 atm). 
Lennard–Jones potential parameters were set to study the cross-interaction between non-bonded 
atoms of ssDNA-GQD, GQD-water, and ssDNA-water. All atoms, including hydrogen, were 
defined explicitly in all simulations. CHARMM force field parameter files were specified to 
control the interaction between non-bonded atoms of ssDNA-GQD, GQD-water, and ssDNA-
water. Exclude parameter was set to scaled1-4, such that all atom pairs directly connected via a 
linear bond and bonded to a common third atom along with all pairs connected by a set of two 
bonds were excluded. Electrostatic interactions for the above pairs were modified by the constant 
factor defined by 1-4scaling, set to 1. Cutoff distance and switching distance function were set to 
14 and 10, respectively, and switching parameter set to on, such that the van der Waals energy was 
smoothly truncated at the cutoff distance starting at the switching distance specified. Pair list 
distance (pairlistdist) was set to 14 to calculate electrostatic and van der Waals interaction between 
atoms within a 14 Å radial distance. Integration timestep was set to 2 fs. Each hydrogen atom and 
the atom to which it was bonded were similarly constrained and water molecules were made rigid. 
Timesteps between non-bonded evaluation (nonbondedFreq) were set to 1, specifying how often 
short-range, non-bonded interactions were calculated. Number of timesteps between each full 
electrostatic evaluation (fullElectFrequency) was set to 2. Number of steps per cycle was set to 10. 
Langevin dynamics parameter (langevinDamping) was set to 1 to drive each atom in the system to 
the target temperature. Periodic boundary conditions were specified. Periodic cell center was 
defined in cellOrigin, to which all coordinates wrapped when wrapAll was set on. Particle Mesh 
Ewald (PME), applicable only to periodic simulations, was employed as an efficient full 
electrostatics method that is more accurate and less expensive than larger cutoffs. PME grid 
dimensions corresponding to the size of the periodic cell were specified. Group-based pressure 
was used to control the periodic cell fluctuations. Dynamical properties of the barostat and target 
pressure were controlled by parameters of the Nosé-Hoover Langevin piston. To initiate the 
simulation, energy minimization for 5000 steps at constant temperature and pressure was 
performed for all systems that contained ssDNA, GQD, water molecules, and NaCl ions. After 
minimization, all systems underwent equilibration for 100 ns. 
 
In all MD simulation figures, GQDs are displayed by line representations and black coloring 
method. ssDNA secondary structures are displayed by New Cartoon representations. Adsorbed 
residue atoms and oxidation groups on GQDs are displayed by the CPK drawing method with red, 
green, blue, and magenta coloring for A30, C30, T30, and oxidation groups, respectively. 
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6.6 Chapter Supporting Information 
6.6.1 Supplementary Figures and Tables 
 

 
Figure 6-7. Deconvoluted carbon 1s (C1s) X-ray photoelectron spectroscopy (XPS) 
characterization of GQDs. (a) no-ox-GQD, (b) low-ox-GQD, (c) med-ox-GQD, and (d) high-
ox-GQD samples included in Figure 6-1b. (e) Relative peak areas for C1s chemical bonds in 
each sample. 
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Figure 6-8. AFM characterization of GQDs. AFM images and accompanying schematics for (a) 
(GT)15-no-ox-GQDs, (b) low-ox-GQDs, (c) med-ox-GQDs, and (d) high-ox-GQDs. Average 
height of each type of GQD is 0.35 ± 0.10, 0.83 ± 0.28, 0.82 ± 0.75, and 2.0 ± 0.91 nm for 
(GT)15-no-ox-GQDs, low-ox-GQDs, med-ox-GQDs, and high-ox-GQDs, respectively. 
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Figure 6-9. Matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy 
(MALDI-TOF MS) characterization of no-ox-GQDs. Peak bands observed at m/z = 596, 892, 
1188, 1484, and 1780 are attributed to planar coronene dimer, trimer, tetramer, and pentamer, 
and hexamer structures, respectively. 
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Figure 6-10. Optical absorption and emission characterization of GQDs.  Normalized 
absorption (dashed) and fluorescence emission (solid) spectra of (a) (GT)15-no-ox-GQDs 
(excitation 340 nm), (b) low-ox-GQDs (excitation 320 nm), (c) med-ox-GQDs (excitation 320 
nm), and (d) high-ox-GQDs (excitation 340 nm) in water. 
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Figure 6-11. Excitation-emission profiles of GQDs. (a) (GT)15-no-ox-GQDs, (b) low-ox-GQDs, 
(c) med-ox-GQDs, and (d) high-ox-GQDs in water. All spectra were collected in intervals of 5 
nm for excitation wavelength. 

 

 
Figure 6-12. Fluorescence intensity of (GT)15-low-ox-GQDs depends on the mass ratio of 
(GT)15 to low-ox-GQD. Integrated, normalized fluorescence intensities upon (GT)15 ssDNA 
adsorption to low-ox-GQDs, with curve fits added to guide the eye. 
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Figure 6-13. Low-ox-GQD fluorescence as a function of GQD size. Normalized fluorescence 
spectra demonstrate that larger low-ox-GQDs exhibit redshifted peak emission in comparison to 
smaller low-ox-GQDs. GQDs were size sorted by filtering with varying molecular weight cutoff 
(MWCO) centrifugal filters (Amicon Ultra-15, Ultracel, Millipore; 10 kDa, 30 kDa, and 100 
kDa MWCO) at 3220 g for 30 min. 

 

 
Figure 6-14. Effectiveness of vacuum drying for ssDNA adsorption to low-ox-GQDs. 
Normalized fluorescence emission spectra of low-ox-GQDs after vacuum evaporation (gray), 
(GT)15 and low-ox-GQD mixture without vacuum evaporation (light blue), and (GT)15 and low-
ox-GQD mixture with vacuum evaporation (dark blue). Concentrations of all low-ox-GQD 
samples are equivalent. 

 



169 
 

 
Figure 6-15. Impact of ionic strength on ssDNA adsorption to GQDs. Normalized fluorescence 
change of (a) (GT)15-high-ox-GQDs and (b) (GT)15-low-ox-GQDs in water vs. in 100 mM NaCl, 
demonstrating the lack of stability of ssDNA-coated low-ox-GQDs in higher salt conditions. 
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Figure 6-16. AFM verification of no ssDNA adsorption on med-ox-GQDs. AFM images and 
accompanying schematics for (a) biotinylated-(GT)15-med-ox-GQDs and streptavidin (Bio-
(GT)15-med-ox-GQD + Strep), (b) (GT)15-med-ox-GQDs and streptavidin ((GT)15-med-ox-
GQD + Strep), (c) biotinylated-(GT)15-med-ox-GQDs (Bio-(GT)15-med-ox-GQD), and (d) 
streptavidin (Strep). (e) Corresponding height distribution histograms. Bin width is 0.4 nm and 
curve fits are added to guide the eye. 
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Figure 6-17. Normalized fluorescence emission spectra to probe ssDNA sequence dependence 
for adsorption to GQDs. Fluorescence of G20-GQDs (yellow) compared to (GT)15-GQDs (blue) 
for (a) no-ox-GQDs and (b) low-ox-GQDs. All GQD fluorescence spectra are normalized by the 
absorbance at 320 nm. 
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Figure 6-18. ssDNA desorption from low- and no-ox-GQDs indicates strength of noncovalent 
binding interactions is inversely proportional to GQD oxidation level. Fluorescence-intensity 
change of (a) ssDNA-low-ox-GQDs and (b) ssDNA-no-ox-GQDs induced by thermal 
desorption of ssDNA after heating ssDNA-GQD samples (in water) at 50 ℃ for 2 hours. 
Normalized fluorescence emission spectra of (c) (GT)15-low-ox-GQDs and (d) (GT)15-no-ox-
GQDs, after adding five-fold excess of complementary ssDNA, (AC)15 (in water). All GQD 
fluorescence spectra are normalized by the absorbance at 320 nm. 
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Figure 6-19. Effect of non-complementary ssDNA addition to (GT)15-low-ox-GQD. 
Normalized fluorescence spectra of (GT)15-low-ox-GQD in water after the addition of 
complementary (AC)15 and T30 ssDNA. 

 

 
Figure 6-20. Thermally induced ssDNA desorption from ssDNA-no-ox-GQDs. Fluorescence-
intensity change of ssDNA-no-ox-GQDs induced by thermal desorption of ssDNA after heating 
the mixture at 95 ℃ for 2 hours. 

 



174 
 

 
Figure 6-21. Molecular dynamics simulations of A30 ssDNA adsorbing to GQDs of varying 
oxidation levels. Time-dependent (a) center-of-mass distance, (b) number of atoms adsorbed 
within 5 Å of the GQD surface, and (c) number of hydrogen bonds for A30 ssDNA adsorbing to 
GQD-0%, GQD-2%, and GQD-17%. (d) Initial (left) and final (right) configurations of A30 
ssDNA with GQD-0%, GQD-2%, and GQD-17% for a 100 ns simulation. 
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Figure 6-22. Molecular dynamics simulations of A30, C30, and T30 ssDNA adsorbing to GQDs 
without oxidation, GQD-0%. Time-dependent (a) contact area, (b) center-of-mass distance, (c) 
number of atoms adsorbed within 5 Å of the GQD surface, (d) van der Waals interactions, and 
(e) number of hydrogen bonds for A30, C30, and T30 ssDNA adsorbing to GQD-0%. (F) Initial 
(left) and final (right) configurations of ssDNA with GQD-0% for a 100 ns simulation. 
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Figure 6-23. Molecular dynamics simulations of A30, C30, and T30 ssDNA adsorbing to GQDs 
low oxidation, GQD-2%. Time-dependent (a) contact area, (b) center-of-mass distance, (c) 
number of atoms adsorbed within 5 Å of the GQD surface, (d) van der Waals interactions, and 
(e) number of hydrogen bonds for A30, C30, and T30 ssDNA adsorbing to GQD-2%. (F) Initial 
(left) and final (right) configurations of ssDNA with GQD-2% for a 100 ns simulation. Note 
zoomed-out view of C30 due to larger distance of ssDNA to GQD surface; GQD size is the same 
throughout. 
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Table 6-1. Biomolecule adsorption on GQDs is dependent on GQD oxidation level. 
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7 Harnessing the Protein Corona toward Nanoparticle Design and 
Function 

 
7.1 Chapter Abstract 
Unpredictable and uncontrollable protein adsorption on nanoparticles remains a considerable 
challenge to achieving effective application of nanotechnologies within biological environments. 
Nevertheless, engineered nanoparticles offer unprecedented functionality and control in probing 
and altering biological systems. Herein, recent advances are highlighted in harnessing the “protein 
corona” formed on nanoparticles as a handle to tune functional properties of the protein-
nanoparticle complex. Toward this end, we review recent literature detailing corona-mediated 
functionalities, including stealth to avoid immune recognition and sequestration while in 
circulation, targeting of predetermined in vivo locations, and controlled activation once localized 
to the intended biological compartment. We conclude with a discussion of biocompatibility 
outcomes for these protein-nanoparticle complexes applied in vivo. While formation of the 
nanoparticle-corona complex may impede our control over its use for the projected 
nanobiotechnology application, it concurrently presents an opportunity to create improved protein-
nanoparticle architectures by exploiting natural or guiding selective protein adsorption to the 
nanoparticle surface.§§ 
 
7.2 Introduction 
When engineered nanoparticles are introduced into a biological medium, proteins swiftly adsorb 
to and coat the nanoparticle surfaces. This phenomenon is at present well-established, duly termed 
formation of the nanoparticle’s “protein corona” to provoke imagery of the corona surrounding the 
sun during a solar eclipse, with tendrils of light (or rather, adsorbed proteins) reaching outwards. 
As our repertoire of engineered nanoparticles becomes ever-more diverse, these nanoparticles are 
continually applied for broader functions across vastly differing biological environments. A 
comprehensive understanding of the protein corona remains one of the greatest challenges in 
successfully developing and implementing nanobiotechnologies. 
 
We begin by discussing how recent work has employed the protein corona toward a priori design 
of corona-mediated functionalities. Our review is centered on in vivo applications of corona-
mediated nanoparticle stealth, targeting, and activation, with a corresponding discussion of 
nanoparticle construct biocompatibility to follow. 
 
7.3 Corona-based Nanoparticle Development 
7.3.1 Nanoparticle-Corona Complexation Considerations and Techniques 
Development of functional protein-nanoparticle constructs requires special attention to the 
packing, conformation, and orientation of proteins on the nanoparticle surface. As detailed in 

 
§§ Portions of section 7 published as Pinals, R. L.; Chio, L.; Ledesma, F.; Landry, M. P. 
Engineering at the Nano-Bio Interface: Harnessing the Protein Corona towards Nanoparticle 
Design and Function. Analyst 2020, 145 (15), 5090–5112. https://doi.org/10.1039/D0AN00633E. 

https://doi.org/10.1039/D0AN00633E
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section 1.3, less tightly packed proteins may experience damaging post-adsorptive transitions 
including spreading, reorientation, and denaturation.85,86,140 This control over interfacial protein 
conformation is critical, in that denatured proteins are generally not functional and increase the 
risk of triggering nanoparticle aggregation or immune system recognition and clearance.95,116 In 
turn, packing densities and patterns of biomolecules on nanoparticles can significantly affect 
targeting abilities78 and clearance pathways.120 Protein orientation on the surface also directly 
impacts protein function, in that particular protein domains must be outwardly displayed in 
solution, such as enzymatic active sites and targeting moieties for receptor or molecular 
recognition.113,126,140 
 
Protein adsorption on nanoparticle surfaces is accomplished by either noncovalent or covalent 
means. Within the subset of noncovalent corona formation techniques, we describe both post 
factum and ab initio routes of protein corona formation. With post factum corona formation, the in 
vivo corona formed on nanoparticles is characterized, and this knowledge is applied to the 
advantage of the construct toward specific means.88 For example, spontaneous apolipoprotein 
adsorption onto peptide-functionalized liposomes assists in brain targeting of drug-loaded 
liposomes.424 The ab initio protein corona is achieved by initially pre-coating nanoparticles with 
the desired protein, resulting in noncovalent attachment of the protein on the nanoparticle. 
Examples of passive incubation to pre-coat nanoparticles with functional protein coronas include: 
albumin for extended circulation or biobarrier crossing;123,145 antibodies for targeted cell 
uptake;145 apolipoprotein E for extended circulation or brain targeting;95,147 and transferrin for 
cancer cell targeting.425 Proteins may also be actively adsorbed, i.e. requiring energy input, such 
as high-intensity sonication to disperse hydrophobic carbon nanotubes with various plasma protein 
coatings.141,142 Another aim of passive ab initio corona formation is to passivate exposed 
nanoparticle surface for biocompatibility,136 or retain the folded protein conformation or 
orientation of the functional corona components.85  
 
Noncovalent methodologies are simple and rapid, yet inherently less stable than a covalent 
attachment and thus prone to exchange with other proteins in solution.426 When Zhang et al. probed 
pre-coated protein stability on spherical nucleic acids, they discovered that ~45% of the initial 
corona is removed upon exposure to blood serum.145 Additionally, passive incubation techniques 
generally lack control over the resulting spatial distribution and functional orientation of proteins 
on nanoparticle surfaces.108,132 It is difficult to control monolayer vs. multilayer protein corona 
formation on nanoparticles, where monolayers may be desired, but multilayers often result from a 
combination of the hard and soft coronas.116 To overcome unpredictable corona organization, 
Mout et al. present a rational design strategy taking advantage of directed electrostatic assembly 
to form hierarchical protein-nanoparticle superstructures via co-engineering recombinant proteins 
with ligand-tagged nanoparticles.138 Noncovalent assembly is also ideal in some cases for 
preserving the intrinsic nanoparticle properties.142,427 A clever bridge between retaining 
nanoparticle properties and enabling controlled protein attachment has been done by Mann et al., 
where DNA is noncovalently adsorbed on the surface of single-walled carbon nanotubes, then 
nanobodies are covalently attached to the DNA.427 This strategy preserves the intrinsic, near-
infrared fluorescence of the underlying nanotube by avoiding protein-nanotube covalent 
attachment chemistries, and simultaneously confers more controlled protein orientation and 
packing that in turn enables successful nanobody targeting. 
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Covalent conjugation of proteins to nanoparticles offers another attachment route. While covalent 
functionalization is more stable and controlled than noncovalent adsorption, the former requires 
introducing new covalent bonds on both the nanoparticle surface and the protein. Examples of 
covalent corona attachment methods include maleimide-thiol chemistry,91,99,110 photochemical 
cross-linking,79 N-hydroxysuccinimide (NHS) active ester reactions,76,126 and thiol-ene click 
chemistry.108 These chemistries can be applied sequentially, such as gold nanoparticle-thiol 
surface chemistry followed by  NHS ester chemistry with a linker to tether the protein.125 New 
conjugation protocols such as those from Lee et al. offer promising, facile chemistries for more 
direct gold nanoparticle-PEG linker-peptide attachments.91 New covalent chemistries have also 
enabled protein attachment to carbon nanotubes, with re-aromatization of the graphitic sidewalls 
to retain the desired near-infrared fluorescence for nanosensor readout.428 
 
7.4 Development of Stealth Nanoparticles 
After creation and in vitro characterization of nanoparticle-corona complexes, several challenges 
still lie between administration and successful use of nanoparticles in vivo. Many such obstacles 
stem from the recognition of these synthetic nanomaterials by the body. Nanoparticles often trigger 
an immune response, resulting in immune cell recruitment, antibody and chemokine release, and 
activation of the mononuclear phagocytic system (MPS) (Figure 7-1a). Briefly, the MPS entails 
the recognition, engulfment, and subsequent clearance of nanoparticles from blood circulation 
through the action of phagocytic cells, such as Kupffer cells in the liver, dendritic cells in major 
organs, microglia in the nervous system, and alveolar macrophages in the air spaces of the lungs.429 
Consequently, nanoparticles are often found to accumulate in the liver and spleen. Numerous 
studies have shown that the protein corona plays a critical role in modulating the MPS.108,426,430 
Specifically, proteins termed opsonins promote phagocytosis, and include complement proteins 
and  immunoglobulins (IgG, IgA, and IgM). Conversely, dysopsonins are proteins that aid evasion 
of phagocytosis, and include albumin and apolipoproteins. The protein corona can thus be tuned 
to mediate challenges that the nanoparticle faces from injection to localization. 
 
To prevent activation of the immune response and nanoparticle recognition by the body, several 
strategies can be implemented to provide nanoparticles with stealth properties. In literature, 
“stealth” is often used to indicate resistance to biofouling, referring to the low nonspecific 
adsorption of proteins on nanoparticles. Although less adsorption of certain proteins such as 
opsonins correlates with better biological compatibility, more factors are involved in nanoparticle 
stealth for biological applications.426 We therefore refer to stealth herein as the ability to evade 
recognition by the body. In the discussion to follow, we highlight studies that report longer 
nanoparticle retention time in vivo and lower titer of biomolecules that indicate immune response. 
Studies have demonstrated this phenomenon through the design of the nanoparticle corona using 
polymer, protein, or biomimetic coatings (Figure 7-1b). 
 
7.4.1 Polymer Coatings for Stealth 
Attachment of polymers to nanoparticle surfaces provides a facile approach to modify 
hydrophilicity, size, and other nanomaterial properties, as detailed in section 1.3, that may modify 
protein corona formation in comparison to the bare nanoparticle and confer stealth in vivo. 
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7.4.1.1 Polyethylene Glycol Coatings for Stealth 
Polyethylene glycol (PEG) is one of the most studied polymer coatings for use as a stealth agent 
on nanoparticles, and we point readers to previous reviews with more in-depth discussion on the 
efforts of PEG use in biological settings.431,432 PEG is water soluble and capable of extending the 
half-lives of nanoparticle carriers in circulation,99,433 presumably due to the water solvation effect 
whereby it is less energetically favorable for proteins to exchange with water adsorbed to the 
highly hydrophilic PEG chains. One important consideration is the PEG grafting density on the 
nanoparticle surface, which controls surface roughness and PEG orientation, and subsequently 
impacts protein corona formation. PEG in a dense, brush conformation better repels protein 
adsorption than a less dense, mushroom  conformation.97,100,101 Recent work implemented a two-
layer PEG system, where the first layer is a dense polymer brush to prevent protein adsorption, 
followed by a second layer that approaches the mushroom-to-brush transition to reduce liver 
uptake.97 This study also highlights that certain aspects of the PEG-driven stealth mechanism are 
still under investigation. It was originally thought that PEG enables nanoparticle stealth by 
repressing protein adsorption that in turn triggers MPS clearance. However, recent work shows 
that PEGylated nanoparticle surfaces can exhibit substantial adsorption of proteins, and it is the 
repressed adsorption of specific opsonin proteins and enhanced adsorption of dysopsonin proteins 
that enables stealth (referred to as the PEG “harvesting” effect).101,106,434 In the case of polystyrene 
nanocarriers, a PEGylated surface enriched selective binding of a dysopsonin protein clusterin, 
which results in shielding of the nanoparticles from macrophage uptake.434 Thus, PEGylation 
could serve to recruit selective proteins to the nanoparticle surface toward desired applications, 
such as avoiding macrophage internalization as shown here. 106,434 
 
Recent studies are moving away from the use of PEG as a stealth agent, as fundamental challenges 
of using PEG-nanoparticle conjugates come to light. The ubiquitous use of PEG in nanomedicine 
has led to the formation of anti-PEG antibodies in the body and rapid clearance of PEGylated 
nanoparticles from the body, termed the “accelerated blood clearance” phenomenon.435,436 
Furthermore, use of PEG does not necessarily suppress unfavorable protein adsorption onto all 
nanoparticles,83,437 such as nanosomes with PEG linkers shown to irreversibly aggregate after 
protein corona formation in whole serum.128 Due to these findings, researchers are investigating 
other polymer coatings for nanoparticle stealth.432 
 
7.4.1.2 Zwitterionic Polymer Coatings for Stealth 
Zwitterionic polymers, containing both positive and negative charges, are promising for stealth 
nanoparticle applications because they behave similarly to PEG in preventing protein corona 
formation in vitro.73,127,426 It is known that surface charge affects in vivo nanoparticle fate: cationic 
polymer coatings promote cellular adhesion and uptake, yet exhibit higher clearance as compared 
to their anionic and zwitterionic counterparts.93 Zwitterionic polymer coatings, such as 
sulfobetaines,89,94 phosphorylcholine,426,438 and peptides439,440 have been increasingly investigated 
and have shown efficacy in vivo. A zwitterionic peptide coating of alternating negatively charged 
glutamic acid and positively charged lysine on gold nanoparticles showed prolonged circulation 
in vivo in tumor-bearing nude mice.440 Compared to PEG-coated gold nanoparticles, these 
zwitterionic peptide-coated nanoparticles were inert to the immune system and did not elicit 
elevated levels of immune proteins, such as IgM and IgG. Similarly, a gold nanocage system 
functionalized with acylsulfonamide-based pH responsive zwitterionic ligands showed four-fold 
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longer circulation lifetime and tumor accumulation in BALB/c mice bearing 4T1 murine breast 
tumors than a neutrally charged polyvinylpyrrolidone-functionalized gold nanocage.127 
 
7.4.1.3 Carbohydrate Coatings for Stealth 
Researchers are increasingly turning to biologically derived polymers, such as carbohydrate 
coatings, to prolong nanoparticle circulation in vivo. Hydroxyethyl starch (HES)-linked 
nanoparticles have created drug nanocarriers with prolonged in vivo circulation half-life of several 
hydrophobic chemotherapy drugs.107,441 HES-conjugated polydopamine nanoparticles were shown 
to have similar circulation half-life and drug-loading capability as PEGylated polydopamine 
mannosylated PPE-nanocarriers were shown to avoid protein adsorption and better target dendritic 
cells for immunotherapy.442 This noncovalent PPE adsorption and sugar passivation is 
generalizable to other nanocarrier systems, and as different sugar-coated systems are shown to 
have varying responses in the body, there is a need for further investigation on how carbohydrate 
polymers interact with the protein corona to modulate stealth.74  
 
7.4.2 Protein Coatings for Stealth 
Another solution toward constructing stealth nanoparticles is to engineer the protein corona itself 
to avoid triggering the immune system and MPS detection.80 As all nanoparticles are expected to 
develop coronas in vivo and the existence of these coronas often promotes immune cell 
association,426 directed adsorption of dysopsonins and/or reduced adsorption of opsonins on the 
nanoparticle surface can be employed to reduce clearance of nanoparticles.152 
 
Nanoparticle surface properties may be altered to direct adsorption of desired proteins or repel 
unwanted proteins. In a study of peptide-embedded liposomes, it was shown that the adsorption of 
IgM correlates with rapid clearance through MPS and accumulation in the lymph nodes.436 By 
modifying the length of the peptide displayed on the liposome, adsorption of IgM decreased, 
leading to longer nanoparticle half-life in circulation. To encourage dysopsonin adsorption, 
nanogels were created using molecular imprinting, a method that templated nanogels to bear a 
binding site for native dysopsonin protein: albumin.154 Upon injection into a tumor xenograft 
model, it was shown that the molecularly imprinted nanogels (MIP-NGs) had a higher half-life in 
blood (6.8 hours), compared to the non-imprinted nanogels (3 hours). Furthermore, these MIP-
NGs were observed to circulate in the liver without aggregation or capture for over 10 hours, 
demonstrating that nanoparticle surface modifications can be utilized to adsorb necessary stealth 
proteins. 
 
Protein corona shields can be made through the design of the nanoparticle surface a priori. Oh et 
al. created a protein corona shield for mesoporous silica nanoparticles using a recombinant fusion 
protein of glutathione-S-transferase genetically combined with Her2-binding affibody.108 This 
outer corona shield led to the reduction of protein corona formation and subsequent higher 
retention in plasma. In another study, pre-incubation of charged polystyrene nanoparticles in IgG-
depleted plasma formed a corona enriched in vitronectin and fibrinogen on negatively charged 
polystyrene nanoparticles or enriched in clusterin and hemopexin on positively charged 
polystyrene nanoparticles.442  These nanoparticle-corona complexes showed reduced uptake by 
RAW264.7 macrophages and remained stable when reintroduced into whole plasma. 
Preincubation with the dysopsonin apolipoprotein E on graphene, gold nanoparticles, and iron 
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oxide nanoparticles showed markedly improved blood circulation and better biocompatibility than 
opsonin IgE-coated nanoparticles.95 Using the growing database of corona proteins, it is 
increasingly possible to tailor nanoparticle surfaces for avoidance of premature clearance. 
 
7.4.3 Biomimetic Coronas for Stealth 
Similar to plasma-derived protein coatings for stealth applications, other biomimetic solutions to 
maintain nanoparticle biocompatibility include employing cell membrane proteins to shield 
nanoparticles from recognition. To keep nanoparticles in circulation and curtail recognition from 
immune cells, blood cells are a template for nanoparticle stealth. Corbo et al. have utilized white 
blood cell (leukocyte) proteins, such as macrophage receptors, to decorate liposomes and produce 
a new class of nanoparticles called leukosomes.132 They showed that leukosomes have lower 
accumulation in MPS organs and have reduced uptake by macrophages. Similarly, Meng et al. 
extract red blood cell membranes to coat immunomagnetic micro and nanoparticles.137 This 
coating prevents the formation of a protein corona in whole blood for better retention. 
 
The use of biomimetic coronas could also accelerate the development of personalized 
nanomedicine with low immunogenicity. Personalized protein nanoparticles can be made from 
patient-derived proteins extracted from a variety of human sources such as serum, tears, saliva, or 
breast milk.79 The proteins are initially cast on a metal nanoparticle core, then extracted to create 
a biodegradable nanoparticle made up of only proteins. These protein nanoparticles were used in 
vivo without any inflammation or immune cell recruitment. Biomimetic solutions in creating 
stealth nanoparticles leverage specific cell-type proteins or personalized proteins to evade 
detection. 
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Figure 7-1. Nanoparticle stealth, strategies and outcomes. (a) Administration of nanoparticles 
into the body leads to formation of the protein corona that can trigger an immune response or 
clearance of nanoparticles. Rational design of the protein corona can promote the enrichment of 
favorable, dysopsonin proteins or mitigate the adsorption of unfavorable, opsonin proteins to 
promote nanoparticle stealth. (b) Strategies that utilize polymer, protein, or biomimetic coatings 
have been developed to design the protein corona for better nanoparticle stealth. Protein images 
are from the RCSB PDB (rcsb.org) of PDB ID 1E7I, 1LE2, and 1AV1.443–445 

 
7.5 Targeting and Activation of Functional Nanoparticles to Biological 

Systems 
After bypassing recognition and clearance from circulation, nanoparticles must overcome 
additional barriers to achieve successful localization and function. As such, targeted delivery of 
nanoparticles remains a major challenge in the clinical adoption of nanomedicine, and recent 
literature reveals that efficacious nanoparticles can manipulate protein corona engineering toward 
this purpose. In this section, we discuss the targeting strategies of nanoparticles and subsequent 
activation of nanoparticles once they arrive at a biological target of interest. 
 
7.5.1 Challenges and Considerations in Nanoparticle Targeting 
Nanoparticle surfaces can be engineered for targeting through the addition of different synthetic 
and biological ligands, such as small molecules, peptides, and antibodies. However, nanoparticle 
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targeting elements incorporated on bare nanoparticle surfaces and validated in vitro may show 
different functionality in vivo, where the formation of the protein corona upon administration could 
inhibit the accessibility of these targeting ligands.130 Some studies show that cellular uptake of 
nanoparticles is controlled by the outermost protein corona as opposed to the surface ligands meant 
to target receptor-expressing cells.102,446 A notable exception of this phenomenon was seen in 
poly(beta-aminoester) polymer nanoparticles with variable terminal targeting peptides.446 The 
nanoparticles were coated with retinol, a hepatic targeting moiety, and the protein corona formed 
dictated organ biodistribution, yet cellular uptake was determined by the terminal peptides 
independent of the corona. For many other cases, however, the in vivo protein corona attenuates 
the targeting properties of nanoparticles. Serum proteins were shown to decrease association of 
transferrin-labeled liposomes with glioblastoma cancer cells, although transferrin-labeled 
liposomes still exhibited better association, tumor uptake, and tumor growth inhibition than 
unlabeled liposomes.425 There is currently a dearth of literature on the mechanism of these 
targeting moieties post factum, and work is moving toward understanding the strategies for ab 
initio nanoparticle design. Certain properties such as size, conformation, and mobility of targeting 
ligand have come to light as important design parameters for targeting applications. 
 
Size of targeting ligands could play a substantial role in targeting potency. An example is 
transferrin, an 80-kilodalton glycoprotein used in many targeting studies for its well documented 
ability to promote clathrin-mediated endocytosis, and subsequent intracellular trafficking through 
recycling pathways.447 Transferrin, peptide LT7 (CHAIYPRH), and DT7 (the d-amino acid 
analogue of LT7) are all targeting ligands for transferrin receptors that are overexpressed in several 
cancer types.133,447 Investigation of targeting and uptake of polystyrene nanoparticles 
functionalized with these ligands revealed that the transferrin-passivated nanoparticles out-
performed the peptide-passivated ones.133 Analysis of the protein corona formed around each of 
these nanoparticles revealed differences in composition, and underscored a size and conformation 
effect on ligand targeting. 
 
As introduced in section 7.4, the conformation of targeting ligands on nanoparticle surfaces can 
affect the ability of the nanoparticle to carry out its intended function.78,113 Fibronectin, a protein 
that binds cell-adhesion receptors called integrins and extracellular matrix components, can 
undergo pronounced conformational changes when adsorbed onto bare gold nanoparticle surfaces 
compared to when adsorbed to the nanoparticle surface through protein-protein interactions, 
leading to loss of function in the former.116,448 The function of targeting modalities on 
nanoparticles must be preserved in the surface-adsorbed state and during in vivo application. 
Finally, beyond simply optimizing ligand avidity toward the intended target, Figueroa et al. 
highlights how increasing mobility of ligands tethered to nanoparticle surfaces drives more 
elevated cellular uptake.449 
 
7.5.2 Protein Corona Strategies in Nanoparticle Targeting 

Several nanoparticle targeting schemes are validated with applications in vivo. Cancer therapies 
often require targeted approaches because treatments, such as chemotherapy, are cytotoxic to both 
cancerous and non-diseased cells and have a limited dosing range. Hence, most literature examples 
of nanoparticle targeting are devoted to designing nanoparticles for cancer therapy. These design 
principles could be extended to other diseases and tissue types. This section highlights some 
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targeting modalities that can be attached to a variety of nanoparticles through different conjugation 
chemistries.  
 
Targeting strategies that activate transport pathways or bind overexpressed biomarkers are 
promising for in vivo applications because they increase uptake of the nanoparticles by the target 
cell. To activate transport pathways, nanoparticle surfaces can be functionalized with ligands that 
bind to requisite receptors or proteins on the target cell (Figure 7-2a). The use of polypeptides is 
frequently employed to deliver nanomedicine to tumor cells, such as the arginine-glycine-aspartic 
acid (RGD) peptide motif that binds to integrin transmembrane proteins.433,450,451 Other ligands 
include synthetically malleable polymers that are readily incorporated through bioconjugation 
chemistry or layer-by-layer synthesis; a prominent example is hyaluronic acid that binds to CD44 
receptors overexpressed in many cancers.168 Additionally, the use of hyaluronic acid is shown to 
reduce the immunogenicity through the selective adsorption of anti-inflammatory proteins to the 
formed protein corona.452 
 
Dual stealth and targeting surface functionalization prevent the adsorption of plasma proteins and 
thus retains nanoparticle targeting capability. Koide and colleagues designed nanosomes, 
consisting of core metals covered by an anti-adhesive mixed self-assembled monolayer, capable 
of preventing protein adsorption while outwardly displaying n-acetylglucosamine (GlcNAc).128 
This outer layer triggered uptake through the cancer-specific GlcNAc salvage pathway, and 
resulted in body circulation, accumulation in the tumor, and reduced tumor size. Similarly, 
mesoporous silica nanoparticles with a protein shield of glutathione-S-transferase fused with Her2-
binding affibodies were shown to adsorb few corona proteins and resulted in increased uptake and 
growth inhibition of breast cancer in vivo in SK-BR3 xenograft mice.108 Corona proteins adsorbed 
during nanoparticle transport can also be used for targeting, and as mentioned in section 7.4, 
redirecting accumulation from the liver and spleen leads to better accumulation of nanoparticles 
in other organs. An interesting case of nanoparticles for cancer therapy is blood-triggered 
generation of platinum nanoparticles as anti-cancer agents. Platinum, originating from the 
chemotherapy drug cisplatin, is triggered by albumin to assemble in vivo to function as an anti-
cancer agent.143 This native corona of albumin then promotes targeting tumors with better efficacy 
in leukemia xenograft mice than commercial albumin-platinum conjugates. 
 
7.5.3 Protein Corona Strategies in Nanoparticle Passage Across Biological Barriers 
Targeting also aids efficient delivery of nanoparticles through biological barriers such as the blood-
brain barrier (BBB), mucous membranes, and epithelial barriers (Figure 7-2b). These barriers 
impose certain limitations on the physical characteristics of the nanoparticles, as introduced in 
section 1.3. For example, the BBB excludes passage on the basis of size and surface properties 
including charge and hydrophilicity.130,453 Nanoparticles have been shown to pass the BBB via 
transcytosis-mediated routes, mediated by immune cells454,455 or the presence of 
apolipoproteins,147,424 transferrin,110 or other proteins within the adsorbed corona (as reviewed 
extensively elsewhere453,456,457). Importantly, traversing biological barriers can lead to alterations 
in the nanoparticle corona. A study of the nanoparticle protein corona was conducted in an in vitro 
cellular transwell model of the BBB, demonstrating evolution of the protein corona as well as a 
stabilizing effect after BBB crossing.129 It is shown for gold nanoparticles that only 9 of the 20 
most abundant proteins in the corona are retained after passage through this BBB model, where 
serum albumin and α-2-macroglobulin remain abundant, with enrichment of complement C9. For 



189 
 

efficient design of targeting elements to cross biological barriers, it is important to ensure stable 
attachment such that targeting functionality can be maintained across different environments. 
 
Strategies exist at the intersection of nanoparticle surface design and biological environment 
considerations in designing nanoparticles for targeted biological barrier crossing. For oral delivery, 
nanocarriers must withstand acidic pH, enzymatic degradation, and differing surface charge 
requirements during passage through the mucous membrane and intestinal epithelium. Passage 
across the negatively charged mucus barrier is best achieved with neutral, hydrophobic molecules, 
while passage across the intestinal epithelium is optimal with cationic, hydrophobic molecules. 
With these system constraints in mind, Wang et al. aimed to overcome this issue of ineffective 
oral administration and uptake of insulin through rational corona design.123 Ultimately, pre-coating 
albumin on cationic liposomes enabled increased penetration across both mucosal and epithelial 
barriers: the protein coating is enzymatically hydrolyzed as the liposomes cross the mucus layer, 
resulting in exposure of the underlying positively charged liposome that subsequently improves 
transepithelial transport. In vivo experiments show that the uptake amounts and transepithelial 
permeability of these liposomes carrying insulin were 3.24- and 7.91-fold higher, respectively, 
than that of free insulin. Continuing this same idea, Zeng et al. suggest that the presence of other 
proteins such as protease inhibitors in the nanoparticle corona, in addition to pre-loaded albumin, 
serves the role of protecting albumin from hydrolysis prior to reaching the intended destination (in 
this case, tumors).143 
 
7.5.4 Activation of Nanoparticle Functions upon Localization 
As discussed in previous sections, nanoparticle systems can be designed to increase their 
bioavailability, circulation time, and ability to target and localize to desired areas such as specific 
organs or tumors. However, surface functionalizations that prove beneficial for these purposes can 
be detrimental once these nanoparticles arrive at their target site.458 It is thus desirable to alter 
nanoparticle composition in a controlled manner through various cleavable bonds and mechanisms 
upon nanoparticle localization. Several environmental triggers have been used for this purpose in 
recent years, with pH, light, enzymes, and redox environments being the most common (Figure 
7-2c). Other triggers including temperature459 and electrostimulation460 have been demonstrated, 
but are less common due to the inherent difficulty of applying these external stimuli to in vivo 
systems in a controlled manner to avoid unintended side effects. 
 
7.5.4.1 pH-Responsive Nanoparticles 
The use of pH as a trigger stems from the range of distinct pH values that occur within the body: 
blood has a pH of 7.4,127 tumor environments range from pH 6.5-7,450 the gastrointestinal tract 
fluctuates from 5.7-7.4,123 and lysosomes have a pH ~5.461 These characteristic pHs have been 
exploited to design activatable nanoparticles in several examples over recent years. As introduced 
in section 7.4.1.1, PEGylation of nanoparticles often confers low-biofouling properties to 
nanoparticles desirable for circulation, however, the “PEG dilemma” arises in that the same 
properties that help biotransport also render the constructs less susceptible to cell internalization 
once localized.458 Toward this problem, Lim et al. employed mesoporous silica nanoparticles 
conjugated to the chemotherapy drug doxorubicin via a pH-sensitive hydrazine linker.462 These 
nanoparticles were encapsulated with a polyaspartamide-PEG-biotin coating to inhibit burst drug 
release, increase hydrophilicity, and increase cell penetration, respectively. Once these 
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nanoparticles were endocytosed by MCF-7 breast cancer cells, the acidic lysosome environment 
promoted cleavage of the hydrazine linker and released doxorubicin, resulting in decreased cell 
viability than free doxorubicin. Likewise, Wang et al. designed polymeric nanoparticles to shed 
their protective PEG coating, needed for stable transit, upon exposure to the acidic tumoral 
microenvironment, exposing a targeting iRGD peptide to facilitate tumor penetration and cellular 
uptake of the doxorubicin prodrug.450 
 
In addition to dePEGylation, other modes of pH activation have been leveraged in recent years. Li 
et al. developed a peptide-assembling nanoparticle system loaded with immune checkpoint 
inhibitors to both effectively target breast cancer cells and release the cargo once internalized.463 
This result was achieved by designing a peptide polymer with cholesterol, a histidine  domain for 
endosomal escape, and a targeting peptide sequence. Once the drug-loaded nanoparticle was 
endocytosed, the drop in pH led to protonation of the histidine domain, which facilitated 
endosomal escape and resulted in successful in vivo drug release. Naidu et al. showed different 
release kinetics of ion channel antagonists from transferrin-functionalized polymeric nanoparticles 
in various pH environments, finding faster drug release at lower pH.110 This result suggests that 
pH-responsive systems can be beneficial for treatment of neurotrauma by maintaining drug cargo 
within the nanoparticles until they enter the acidic (pH ~5) endosomal environment of damaged 
central nervous system cells. Overall, these nanoparticle-drug systems benefit from pH activation 
by controlling drug release to occur at the predetermined location. 
 
7.5.4.2 Light-Activated Nanoparticles 
Light-activation has also been implemented to enhance the efficacy of nanoparticle systems 
because external light triggers offer greater spatiotemporal control of activation compared to other 
methods.464 Zhou et al. demonstrated the utility of near-infrared-(NIR)-triggered dePEGylation of 
polymeric nanoparticles to both decrease the nanoparticle size, aiding tumor penetration, and 
expose RGD peptides, for enhanced tumor uptake.433 Kong et al. analogously used UV light-
triggered dePEGylation of liposomal nanoparticles functionalized with cancer-targeting peptide 
E.98 Their findings showed that the PEGylated nanoparticles remained freely circulating within the 
zebrafish xenograft cancer cell model until triggered dePEGylation caused accumulation and 
uptake by cancer cells due to the targeting peptide. Further, Feng and co-workers used NIR 
irradiation to produce reactive oxygen species (ROS) that cleaved a thioketal bond between a 
cancer prodrug and a PEG moiety adsorbed onto a self-assembled nanoparticle composed of a 
photosensitizer and an immunoinhibitory compound.465 
 
Taking advantage of a protein corona stealth effect rather than that of PEG, Yeo et al. evaluated 
the use of gold nanorods coated with mouse serum proteins and the photosensitizer molecule 
Chlorin e6 to accumulate in and subsequently eliminate tumors in mice.136 The serum protein 
corona effectively shielded the nanoparticles from immune system clearance and increased their 
bioavailability. Once accumulated at the tumor site, visible-light laser irradiation induced the 
production of ROS by Chlorin e6 which, when combined with the temperature increase of the 
nanorods themselves, led to complete tumor regression within 19 days and no significant regrowth 
after 31 days. Also utilizing the nanoparticle-adsorbed protein corona, Fukuda et al. demonstrated 
the potential of single-walled carbon nanotubes suspended in apolipoprotein A-I to produce ROS 
under NIR illumination.141 These ROS led to both lower HeLa cancer cell viability and 
disintegration of the neurotoxic peptide aggregate amyloid beta, which is implicated in 
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neurodegenerative diseases such as Alzheimer’s. As light can be easily controlled both spatially 
and temporally, these light-activated systems show promise for effective in vivo applications. 
 
7.5.4.3 Enzyme-Activated Nanoparticles 
Enzymatic activation has been demonstrated to be an effective method to trigger nanoparticle 
function, as nanoparticles encounter various intracellular and extracellular enzymes including 
proteases, phospholipases, and glycosidases. Rodriguez-Quijada et al. observed enzymatic 
degradation of the protein corona formed on doxorubicin-loaded gold nanoparticles by matrix 
metalloproteinases, in turn affecting the doxorubicin release rate into pancreatic cancer cells.35 
Various corona proteins were degraded at different rates, leading to varying levels of cytotoxicity 
depending on the identity of the in vitro pre-formed corona proteins. Matrix metalloproteinases 
were also used by Gao et al. to dePEGylate their prodrug nanoparticles once accumulated at the 
target tumor site.466 Another enzyme of interest is cathepsin B, used frequently in the realm of 
antibody-drug conjugates. Cathepsin B has the potential to augment nanoparticle efficacy through 
its abundance in lysosomes and consistent activity. Han et al. used a dual enzyme strategy to 
increase the efficacy of their drug-loaded quantum dots. First, they used the aforementioned matrix 
metalloproteinases to dePEGylate their quantum dots and expose a cyclic RGD targeting peptide, 
simultaneously increasing cellular targeting and uptake. Once within the lysosome, native 
cathepsin B cleaved the cancer drug gemcitabine from the quantum dot surface, thereby increasing 
drug release into the cell and thus nanoparticle efficacy.451 There remains further work to be done 
in this area to utilize the array of endogenous enzymes found within biological systems of interest 
for enzyme-activation of nanoparticles. 
 
7.5.4.4 Redox-Responsive Nanoparticles 
Redox chemistry offers another trigger to activate nanoparticle systems, as the nanoparticle travels 
between oxidative and reductive environments found in the extracellular and intracellular spaces, 
respectively. For example, the second component of the cleavable system used by Feng et al. takes 
advantage of redox chemistry with a photosensitizer and an immunoinhibitory compound linked 
by a reducible disulfide bond. Once within the cellular environment, the abundant antioxidant, 
glutathione, reduces the disulfide bond and causes release of the nanoparticle components, proving 
effective for tumor ablation during in vivo mouse studies.465 Nanoparticle dePEGylation has also 
been accomplished by a reducible disulfide attachment that is cleaved to release drug cargo once 
internalized.467,468 Similarly, Yu et al. demonstrated the utility of ceria nanoparticles encapsulated 
by a poly(lactic-co-glycolic acid)  (PLGA)-PEG coating linked by a thioketal bond and loaded 
with the kidney injury drug, atorvastatin.469 The PEG coating was removed by thioketal bond 
cleavage once nanoparticles accumulated at the kidney injury site where ROS production was 
elevated, resulting in the release of atorvastatin for treatment. Interestingly, the ceria nanoparticles 
were also functionalized with triphenylphosphine to target the injured cell’s mitochondria and 
scavenge the ROS produced by the injured mitochondria. The use of redox-responsive activation 
in nanoparticle systems gives rise to multifunctional modalities that would be more efficacious 
when used synergistically. 
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Figure 7-2. Corona-mediated targeting and activation. (a) Nanoparticles can be targeted to cell 
receptors through the surface decoration of ligands such as polymers, peptides, and proteins. (b) 
Delivery of nanoparticles through biological barriers is difficult due to environmental factors 
such as pH gradients and physical forces that destabilizes the outer protein corona. Nanoparticles 
can pass through barriers by permeation or the targeting of nanoparticles to cells for transcytosis. 
(c) Strategies for the activation of nanoparticles include the use of pH, light, enzymes, and redox 
reactions. Protein images are from the RCSB PDB (rcsb.org) of PDB ID 5UE3 and 3AI8.470,471 

 
7.6 Biocompatibility 
The presence of foreign objects such as bacteria, viruses, and nanoparticles within the body can 
induce a response by the immune system. Depending on the nanoparticle’s properties, this immune 
response can both render the nanoparticles ineffective and also lead to inflammation and systemic 
complications.472 Although many advancements have been made in preventing this response as 
detailed in section 7.4, it is still important to understand the scope of possible interactions between 
nanoparticles and the immune system to ensure nanoparticle efficacy and inform rational design 
of the protein corona (Figure 7-3). 
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The human immune system is composed of two branches: the innate immune system and the 
adaptive immune system. The innate immune system is composed of the complement system and 
the mononuclear phagocyte system (MPS) working in tandem to identify and eliminate pathogens. 
This process is activated almost immediately after an infection is detected. The adaptive immune 
system uses lymphocytes known as T cells and B cells in combination with antibodies to eliminate 
foreign and native infected cells.  In contrast to the innate immune system, the adaptive response 
requires about one-week post-infection to fully develop. Due to this discrepancy in time scale, the 
innate immune response is the body’s first line of defense against perceived foreign invaders and 
is canonically observed in assaying nanoparticle biocompatibility. Improper nanoparticle design 
that neglects the innate immune system could lead to untimely clearance, unintended immune 
response, and complications including systemic toxicity.473 Conversely, over-use of nanoparticle 
coatings such as PEG can generate anti-PEG antibodies by the adaptive immune system as 
discussed in section 7.4.1.1. It is thus of great importance to consider the potential mounted 
immune responses, particularly the innate response, when designing nanoparticle systems for use 
in vivo. 
 
7.6.1 Immune System Activation and Suppression 
The involvement of nanoparticles with the innate immune system can be categorized into immune 
activation and suppression. Activation is better studied than suppression due to it being easier to 
elicit with nanoparticles, although both have been demonstrated in recent years.61,474 Immune 
activation can be further divided into unintended activation via the complement system and 
intended activation through elevated cytokine levels and leukocyte activation. Immunosuppression 
aims to mitigate the immune response by depleting inflammatory cytokine levels and limiting 
leukocyte migration, which can result in longer nanoparticle circulation time from lower MPS 
clearance and reduced inflammation in hypersensitive systems.475,476 
 
7.6.1.1 Complement Activation 
It is generally accepted that nanoparticles possessing different physicochemical properties will 
activate different innate immune response pathways.83,472 As part of the innate immune response, 
the complement system is composed of a series of soluble proteins produced by hepatocytes in the 
liver that amplify or “complement” the function of antibodies in the adaptive immune system. 
Complement proteins often contribute to the formation of the in vivo protein corona when a 
nanoparticle enters the body, which places the complement system at the forefront of the immune 
response to nanoparticles.81 The complement system can be activated by three different pathways: 
classical, lectin, and alternative. The classical pathway is activated by the binding of antibodies to 
antigens present on the surface of pathogens. The lectin pathway is initiated by the binding of 
mannan-binding lectin with mannose and fucose residues found in the cell wall of bacteria. The 
alternative pathway is activated by the binding of complement protein C3 to the pathogen. All 
three pathways converge at the point where this C3 protein is cleaved into anaphylatoxins C3a and 
C3b, which leads the complement cascade to ultimately recruit phagocytes and lymphocytes to the 
site of infection. Nanoparticles typically activate the classical and alternative pathways, as their 
surfaces provide ample area for antibodies and complement proteins to bind and trigger the 
respective cascades.477,478 
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Nanoparticle surface properties are key to eliciting immune activation. For instance, Coty et al. 
demonstrated that dextran-coated poly(isobutylcyanoacrylate) nanoparticles activate different 
complement pathways depending on the architecture of the dextran coating itself.472 They 
concluded that the density and length of the dextran coating modulated the ability of different 
complement proteins such as C3 and mannose-binding lectin to bind to the nanoparticle surface, 
in turn affecting which pathway was activated. Fülöp et al. explored the complement activation 
effect of various coating materials on superparamagnetic iron oxide nanoparticles (SPIONs), 
similarly determining that dextran coating leads to complement activation, in this case by the 
alternative pathway.473 They incubated SPIONs noncovalently adsorbed to starch, 
carboxymethyldextran, chitosan, phosphatidylcholine, citric acid, and dextran coatings with 
human serum samples in vitro and measured the levels of the complement pathway-specific marker 
SC5b-9. Phosphatidylcholine and chitosan showed no reaction, starch and carboxymethyldextran 
showed minor effects, and dextran caused massive complement activation. Escamilla-Rivera et al. 
conducted a similar study, comparing complement activation of iron oxide nanoparticles with bare 
surfaces, with a polyvinylpyrrolidone (PVP) coating, and with a PEG coating.83 Interestingly, the 
PEG coating resulted in doubled complement protein adsorption levels in vitro and higher levels 
of inflammatory cytokines in vivo, while the bare and PVP-coated nanoparticles showed no 
significant increase in either case. Quach and Kah studied the effect of gold nanoparticle size, 
shape, and polyelectrolyte ligand on complement activation.81 By detecting the endpoint 
complement marker SC5b-9 concentration, they determined that polyethyleneimine ligand 
induced the most complement activation and that there is a negative correlation between 
nanoparticle surface hydrophilicity and complement activation. Based on the literature, there is 
little predictability with which nanoparticle materials or coatings will elicit an immune response, 
necessitating that each be tested individually.479 Due to the importance of the complement pathway 
in understanding the biocompatibility of nanoparticle systems, more studies are required to fully 
understand the mechanisms and dependencies of this cascade within the context of nanoparticle 
activation. 
 
7.6.1.2 Immunostimulation 

Rather than avoiding immune activation, nanoparticles can also be applied to stimulate an immune 
response. Immunostimulation is beneficial in the context of harnessing the immune system to clear 
infected cells, including cancer cells, and combating immunodeficiency.474 Since the protein 
corona influences the interactions between nanoparticles and cells of the immune system, it plays 
a crucial role in mediating this stimulatory response. For example, Dai et al. explored the effect of 
different in vitro protein coronas formed on poly(methylacrylic acid) (PMA) nanoparticles on 
cytokine production in THP-1 monocytes.480 In particular, they found that serum-incubated PMA 
nanoparticles showed increased levels of inflammatory cytokines including interleukin-8 and 
interleukin-1ß, demonstrating the importance of the protein corona in immunostimulation 
responses to nanoparticle introduction. 
 
Several nanoparticle systems in recent years have been designed to purposefully leverage the 
protein corona to activate the immune system. Mo et al. exploited the serum protein corona formed 
on black phosphorus nanosheets to polarize M0 macrophages into M1 macrophages, stimulating 
the immune system to eliminate cancer cells.474 Similarly, Kouser et al. investigated the 
inflammatory response of functionalized carbon nanotubes with adsorbed human properdin, a 
protein that upregulates the alternative complement pathway.150 The authors adsorbed either the 
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full properdin protein or only the binding domain, thrombospondin type I repeat 4 and 5  
(TSR4+5), to cellulose-coated and oxidized carbon nanotubes. Upon in vitro incubation in blood 
serum, TSR4+5-coated nanotubes inhibited complement activation due to the lack of available 
surface area for native properdin to adsorb, while properdin-nanotubes maintained complement 
activation. Furthermore, pre-adsorbed properdin enhanced the uptake of carbon nanotubes by 
THP-1 macrophages, stimulating the production of pro-inflammatory cytokines, while pre-
adsorbed TSR4+5 was ineffective in producing this immunostimulatory response. Taken together, 
these various studies demonstrate the potential design of nanoparticles to either stimulate immune 
cell activation directly or rationally engage immunostimulation through the complement system. 
 
Employing nanoparticles that produce ROS can induce an oxidative stress response in cells as 
another form of immunostimulation. These ROS include hydrogen peroxide, superoxide anion 
radicals, singlet oxygen, and free hydroxyl radicals, which lead to a variety of oxidative stress 
responses, including inflammation, apoptosis, DNA damage, and lipid peroxidation.481 While 
nanoparticles themselves can produce an oxidative stress response, Jayaram et al. demonstrated 
that the in vitro protein corona also plays a role in the oxidative stress experienced by cells.482 In 
this study, titanium dioxide nanoparticles were found to produce ROS that caused oxidation of 
corona proteins, including complement C3, serum albumin, and plasminogen. The oxidized corona 
proteins subsequently caused downregulation of peroxiredoxin expression, enzymes responsible 
for clearing peroxide species, thus resulting in an oxidative stress response to the cell. They also 
concluded that an increase in nanoparticle surface defects exacerbates the oxidative stress effect. 
Due to the potential of the protein corona to produce an oxidative stress response in cells, it is 
important to further study nanoparticles in this light in addition to other immunological effects. 
 
7.6.1.3 Immunosuppression 
Nanoparticles can also function to limit activation of the immune system by suppressing cytokine 
levels to lower MPS activity and reduce inflammatory effects.483 Cai et al. connected the 
nanoparticle protein corona to a decrease in cytokine production by macrophages, showing a 
decrease in level of proinflammatory cytokine, interleukin-6 (IL-6), produced due to the presence 
of the protein corona.61 Similarly, Dai et al. discovered that their PMA nanoparticles had 
immunosuppressive effects in THP-1 monocytes depending on the source of their in vitro protein 
corona.480 They found that PMA nanoparticles incubated with HeLa cell-conditioned media 
reduced the production of IL-6, IL-1b, IL-8, and TNF-a cytokines. In addition to reducing cytokine 
production, nanoparticles can also suppress an overactive immune system by targeting and 
eliminating specific immune cell populations. In certain autoimmune diseases, B cells can become 
overactive, leading to the destruction of healthy cells. Luk et al. demonstrated the possibility of 
targeting these hypersensitive B cells by coating polymeric nanoparticles with red blood cell 
membranes containing B cell receptor-targeted antigens.476 By purposefully designing the protein 
corona of this nanoparticle system, the authors were able to successfully target and visualize 
autoimmune B cells, opening the door to the development of targeted immunosuppressive 
treatments. Overall, these findings demonstrate the ability of the protein corona to induce an 
immunosuppressive response in vivo. 
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7.6.2 Cytotoxicity Assays 
The assessment of these various immune activation and suppression functionalities, and more 
broadly the extent to which a nanoparticle is deemed biocompatible, relies on cytotoxicity assays. 
These assay outputs depend not only on the nanoparticle properties and interactions, but also on 
the specific assay used in the study. Common techniques for toxicity assessment include 
nanoparticle incubation with representative cell systems, such as HeLa cancer cells and THP-1 
monocytes to assess cell viability,99 endpoint cytokine level measurements to determine 
inflammation,81,136 and live mice and rat models to compare in vitro analysis with in vivo for 
characterization, literature increasingly suggests that the adaptation of standardized in vitro 
toxicity assays to assessing nanoparticle outcomes must be done with care. For example, common 
cell viability assays include the MTT,462,469,482 LDH,484,485 Trypan Blue,483 and CCK-8 assays.61,141 
However, nanoparticles have been shown to interfere with such assays by either adsorbing the 
reagent or readout molecules, or in the case of colorimetric assays, absorbing or contributing to 
the output signal being quantified.484–486 This leads to false cytotoxicity or efficacy predictions 
because the nanoparticle presence alone vastly modulates the assay output, often confirmed by 
seeing negligible in vitro toxicity yet drastic changes in cell morphology. As such, it is imperative 
to include the necessary controls for these assays and run multiple, orthogonal assays to avoid 
reporting misleading results. 
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Figure 7-3. Biocompatibility considerations for nanoparticle administration. Proteins known as 
opsonins often adsorb to nanoparticles in vivo and elicit an immune response. This response 
involves the innate immune system (complement and mononuclear phagocyte systems) and/or 
adaptive immune system (lymphocytes and antibodies). Protein corona design can be employed 
to guide immunostimulation (increase in cytokine and leukocyte levels), whereby the immune 
system is activated intentionally toward eliminating harmful cells or combatting 
immunodeficiency. Conversely, the nanoparticle-corona construct can be manipulated to 
promote immunosuppression (decrease in cytokine and leukocyte levels), and nanoparticle 
clearance or an inflammatory response are avoided. 

 
7.7 Conclusions 
Nanoparticles offer a promising platform to study and manipulate biological systems.  Yet, 
formation of the protein corona on nanoparticle surfaces upon introduction into biological 
environments remains a considerable barrier between in vitro design and in vivo application. 
Beyond characterizing the protein corona formed on varying nanomaterials, recent developments 
have sought to elegantly exploit and rationally design the protein corona to achieve improved 
nanomaterial functionality.  
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Corona-mediated nanoparticle functionalities include stealth, targeting, and activation. Stealth 
continues to be mechanistically explored, as more studies demonstrate the difficulty in fully 
eradicating protein corona formation. Instead, achieving stealth seems to rely on adsorption of 
specific proteins to mask the foreign nanoparticle presence. While common strategies rely on 
hydrophilic, zwitterionic, or carbohydrate shells, new work recognizes the promise of protein or 
biomimetic coatings toward attaining stealth. It is increasingly recognized that controlling, instead 
of eliminating, protein adsorption will further benefit stealth aims in nanomedicine. After evading 
recognition during circulation, targeting enables specific localization. Nanoparticle targeting 
stands to benefit from the remarkable molecular specificity of protein interactions by taking 
advantage of endogenous protein interactions with their target ligands. Finally, activatable 
properties have been applied to induce or guide specific nanoparticle function within the targeted 
area. Activation of nanoparticle function typically relies on biological or externally applied 
triggers, though future work is required to use such cleavable strategies synergistically with the 
protein corona. Combining such concepts, recent work has demonstrated modular nanoparticle 
constructs that are capable of tumor targeting (with cleavable reporters to indicate success) and 
gene delivery.487 Other exciting work has moved to multiplexed testing of the targeting and 
function of many nanoparticle chemistries simultaneously via DNA-barcoding.488 Finally, 
biocompatibility of such nanoparticle-corona constructs has inspired uses in both immune 
stimulation (both intended and unintended) and immune suppression, where the assays to assess 
biocompatibility stand to be refined. In sum, design of the protein corona on nanoparticles presents 
a functional handle to tune construct properties and attain improved outcomes toward in vivo 
stealth, targeting, and function. 
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8 Rapid SARS-CoV-2 Spike Protein Detection by Carbon 
Nanotube-Based Near-Infrared Nanosensors 

 
8.1 Chapter Abstract 
To effectively track and eliminate COVID-19, it is critical to develop tools for rapid and accessible 
diagnosis of actively infected individuals. Here, we introduce a single-walled carbon nanotube 
(SWCNT)-based optical sensing approach toward these ends. We construct a nanosensor based on 
SWCNTs noncovalently functionalized with ACE2, a host protein with high binding affinity for 
the SARS-CoV-2 spike protein. Presence of the SARS-CoV-2 spike protein elicits a robust, two-
fold nanosensor fluorescence increase within 90 min of spike protein exposure. We characterize 
the nanosensor stability and sensing mechanism, and passivate the nanosensor to preserve sensing 
response in saliva and viral transport medium. We further demonstrate that these ACE2-SWCNT 
nanosensors retain sensing capacity in a surface-immobilized format, exhibiting a 73% 
fluorescence turn-on response within 5 s of exposure to 35 mg/L SARS-CoV-2 virus-like particles. 
Our data demonstrate that ACE2-SWCNT nanosensors can be developed into an optical tool for 
rapid SARS-CoV-2 detection.*** 
 
8.2 Introduction 
The World Health Organization deemed COVID-19 a global pandemic on March 11, 2020. As of 
February 14, 2021, SARS-CoV-2 has infected over 108 million people and caused over 2.3 million 
deaths worldwide.489 It is estimated that over 70% of infected individuals under the age of 60 are 
asymptomatic, yet can still transmit the virus to others.490 Early estimates placed the basic 
reproductive number (R0) at 2.2, which represents the average number of people an infected person 
will spread the disease to.491 Taken together, these findings underscore the need for advancements 
in testing and containment efforts to end the pandemic.  
 
Current SARS-CoV-2 testing strategies can be grouped into two categories: molecular tests and 
serological tests. Molecular tests remain the status quo for diagnosing active CoV-2 infections by 
detecting CoV-2 RNA in patient samples, including sputum and nasal fluid. Molecular tests 
primarily use real-time reverse transcription polymerase chain reaction (RT-PCR), and are thus 
expensive ($5-10 per test), time-consuming (2-3 hours), and require laboratory processing.492–495 
Yet, RT-PCR tests possess high sensitivity in identifying viral nucleic material, with the limit of 
detection (LOD) reported between 1-10 viral RNA copies necessary to produce a positive result.492 
Serological tests detect the presence of IgG and IgM antibodies in patient blood serum and provide 
important surveillance data of past viral infections, yet do not identify active cases. As such, 
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Detection by Carbon Nanotube-Based Near-Infrared Nanosensors. Nano Lett. 2021, 21 (5), 2272–
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detection of viral RNA by molecular tests is to-date the preferred testing mode to diagnose active 
CoV-2 cases. However, the complexity of the process necessitates the use of expensive equipment 
and trained personnel, limiting the testing capability in rural and lower income regions.496 
Altogether, these factors amount to a large enough backlog in RT-PCR testing capabilities such 
that the United States is at 52% of its daily testing target to mitigate the spread of the virus as of 
November 1, 2020.497 Several non-PCR-based methods of viral RNA detection have been 
developed recently, implementing techniques such as loop-mediated isothermal amplification 
(LAMP),498 localized surface plasmon resonance (LSPR),499 and CRISPR machinery500 to avoid 
the expensive equipment required for the heating and cooling cycles of PCR. However, these 
techniques are not as sensitive as PCR and still require between 30 minutes to 1 hour of processing 
time per sample.501 Antigen testing has emerged with great potential for rapid diagnostics, 
possessing the key strength that active virus is detected. This contrasts with RT-PCR tests, which 
are merely detecting the presence of viral RNA and can consequently lead to cases of RT-PCR 
positivity in the absence of any viable virus.502 Such rapid tests are faster and cheaper, yet possess 
lower sensitivity.502 
 
There has been a strong drive to find other viral testing targets and methodologies for simpler and 
faster diagnostics due to extended processing time and equipment restrictions associated with viral 
RNA detection. SARS-CoV-2 is a coronavirus, a family of viruses termed as such due to the halo 
or “corona” of proteins surrounding the virus in electron microscopy images. These outwardly 
protruding spike (S) proteins bind to the angiotensin-converting enzyme 2 (ACE2) receptor on the 
surface of human respiratory endothelial cells, facilitating viral entry.503,504 The viral S protein is 
also the primary antigen that human monoclonal antibodies bind to prevent host cell entry and 
mark the virus for clearance.505 With approximately 100 S protein trimers per SARS-CoV-2 virion, 
the S protein has become a prime target for live virus detection.506 For example, Seo et al. 
developed a field-effect transistor-based sensor by functionalizing graphene sheets with SARS-
CoV-2 S protein antibodies to detect SARS-CoV-2 at a LOD of 242 copies/mL in crude, 
nasopharyngeal swab clinical samples.507  Several promising nanotechnology-based sensors for 
SARS-CoV-2 detection have also emerged for both nucleic acid- and antigen-based detection and 
diagnosis of COVID-19, including platforms based on gold nanoparticles and quantum dots.499,508–

511 Such technologies will be crucial in working toward sensitive tests that do not rely on 
specialized equipment for signal readout and controlled laboratory environments for sample 
processing.501  
 
Single-walled carbon nanotubes (SWCNTs) have shown much utility for biological analyte 
sensing.27,32,40 SWCNTs are intrinsically near-infrared (nIR) fluorescent and can be functionalized 
with various sensing moieties to develop stable biological sensors with rapid fluorescence-change 
readouts. Unlike conventional fluorophores, SWCNTs do not photobleach, giving rise to their 
potential long-term use.27 Importantly, the SWCNT near-infrared emission is minimally absorbed 
and scattered by biomolecules,27 providing a readout that can penetrate optically occluded patient 
samples, thus eliminating the need for sample purification that limits the throughput of other viral 
testing modes. Furthermore, SWCNTs offer facile incorporation into portable form factors such as 
immobilization in paper or hydrogels512,513 with detection of the nIR SWCNT signal by a 
Raspberry Pi and charge-coupled device (CCD) camera system, of similar form factor to a 
smartphone.514 
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Herein we demonstrate the development and characterization of a nanosensor to detect SARS-
CoV-2 by exploiting the innate ability of host proteins to bind virion components, coupled to a 
SWCNT substrate that provides a fluorescence readout of the protein recognition events. This 
concept of a hybrid nano-bio sensor harnesses the natural recognition abilities of proteins acting 
as sensing moieties, together with SWCNTs as signal transducers, to enable targeted biological 
sensing. Considering the difficulties of preserving protein activity once tethered to nanomaterials, 
few previous protein-SWCNT conjugate sensors have been developed, and most have used 
enzymes to detect their small molecule substrates30,281,322 or protein A to detect antibodies.282,515 
Here, we introduce a protein-SWCNT construct that uses human host cell membrane protein ACE2 
to bind to the CoV-2 spike protein receptor-binding domain (S RBD) protruding from the virion 
surface, enabling protein detection in a rapid, label-free manner. We constructed nanosensors by 
immobilizing ACE2 proteins on the surface of SWCNTs, where this noncovalent modification 
strategy is advantageous in retaining the intact SWCNT surface lattice that is necessary for 
fluorescence.30,38 Upon S protein binding to ACE2-functionalized SWCNTs, the change in exciton 
dynamics of the SWCNTs leads to a modulation in the nIR SWCNT fluorescence. We demonstrate 
that ACE2-functionalized SWCNT nanosensors can achieve a LOD of 12.6 nM S RBD, can be 
passivated for detection of S protein in saliva and viral transport medium, and can be imaged for 
rapid detection of S protein or virus-like CoV-2 virions within seconds. 
 
8.3 Results and Discussion 
8.3.1 Nanosensor Platform Generation and Characterization 
To generate nanosensors, we first solubilized SWCNTs by probe-tip sonication with single-
stranded DNA (ssDNA), (GT)6 (see section 8.5.1). Direct probe-tip sonication of ACE2 with 
pristine SWCNTs did not lead to a stable suspension and further raises the likelihood for disruption 
of the native ACE2 protein conformation, and hence loss of sensing ability for S RBD. The ssDNA 
sequence of (GT)6 was chosen based on high SWCNT suspension yield. The short ssDNA 
sequence length (12 nucleotides) was informed by previous work demonstrating that shorter 
ssDNA desorbs faster, and to a greater extent, from SWCNTs in the presence of proteins.82,118 
(GT)6-SWCNTs (2.5 mg/L final concentration) were incubated with ACE2 sensing protein (6.25 
mg/L final concentration) in phosphate-buffered saline (PBS) solution to noncovalently passivate 
the SWCNT surface with protein, schematically represented in Figure 8-1a.82 This ratio of ACE2 
sensing protein to SWCNT substrate was calculated to be approximately above the close-packing 
threshold to minimize protein surface-denaturation and colloidal aggregation, then this calculated 
value was experimentally optimized (see details in section 8.6.1 and Figure 8-5, Figure 8-6). ACE2 
adsorption to (GT)6-SWCNTs manifested as a nearly instantaneous quenching of the SWCNT 
fluorescence, leveling off to -37% integrated-fluorescence fold change (ΔF/F0) within 5 min 
(Figure 8-1b). This fluorescence quenching exhibited excellent time stability over the course of 2 
h (Figure 8-1c). Comparing the time-dependent quenching behavior of ACE2 with (GT)6- vs. 
(GT)15-SWCNTs affirmed the faster “leaving group” behavior of the shorter ssDNA, (GT)6, 
stabilizing within 10 minutes, as compared to (GT)15, requiring at least 60 minutes (Figure 8-7). 
Noncovalent ACE2 adsorption, as opposed to covalent modification, was confirmed by retention 
of SWCNT absorbance peaks representing various SWCNT chiralities’ electronic transitions 
(Figure 8-8). These results of decreased nIR SWCNT fluorescence emission while the absorption 
peaks remain unchanged demonstrate that ACE2 adsorption on SWCNTs leads to exciton 
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quenching, involving a decreased exciton recombination frequency and/or increased nonradiative 
decay pathways.516 
 
The affinity of ACE2 for the ssDNA-wrapped SWCNT surface was assessed by the corona 
exchange assay.118 For this assay, Cy5-labeled (GT)6 ssDNA was tracked as it desorbed from the 
SWCNT surface and thus de-quenched in the presence of ACE2. ACE2 displayed high affinity for 
the SWCNT surface, as ACE2 adsorption led to an 80.5% increase in Cy5 fluorescence, denoting 
free ssDNA, 1 h post addition of ACE2 (Figure 8-1d) in an ACE2 concentration-dependent manner 
(Figure 8-9). We further assessed the stability of the ACE2-SWCNT interface with a surfactant 
displacement assay, which confirmed strong and stable adsorption of ACE2 to the SWCNT (Figure 
8-10).42,198 Taken together, these results suggest that ACE2 adsorbs to the SWCNT surface, 
displaces ssDNA originally on the SWCNT surface, and forms a stable ACE2-SWCNT conjugate 
that can be tested for its utility as a CoV-2 nanosensor.  
 

 
Figure 8-1. Adsorption of ACE2 sensing proteins to (GT)6-SWCNTs. (a) Schematic depiction 
of ACE2-SWCNT nanosensor formation, with sensing protein ACE2 adsorbing to (GT)6-
SWCNTs. (b) ACE2-SWCNT complexation was observed as quenching of the intrinsic 
SWCNT near-infrared fluorescence following 1 h incubation of 6.25 mg/L ACE2 with 2.5 mg/L 
(GT)6-SWCNTs (final concentrations). (c) ACE2-SWCNT construct demonstrated time-stable 
quenched fluorescence. All fluorescence measurements were obtained with 721 nm laser 
excitation. Gray bars represent standard error between experimental replicates (N = 3). (d) 
Adsorption of ACE2 on the SWCNT surface led to (GT)6 desorption, tracked by Cy5-labeled 
ssDNA following addition of 6.25 mg/L ACE2 with 2.5 mg/L Cy5-(GT)6-SWCNTs (final 
concentrations). The increase in Cy5-(GT)6 fluorescence from the initial quenched state on the 
SWCNT serves as a proxy for ACE2 adsorption. Shaded error bars represent standard error 
between experimental replicates (N = 3). 



203 
 

 
8.3.2 Nanosensor Response to SARS-CoV-2 Spike Protein 
We analyzed the fluorescence response of ACE2-SWCNT nanosensors to the SARS-CoV-2 S 
RBD analyte, schematically represented in Figure 8-2a. Recognition of the CoV-2 S RBD by the 
nanosensor elicited a strong turn-on fluorescence response upon addition of 10 mg/L final 
concentration of CoV-2 S RBD to the nanosensor (formed by adsorbing 6.25 mg/L ACE2 to 2.5 
mg/L (GT)6-SWCNTs) (Figure 8-2b). The normalized change in fluorescence of the 1130 nm 
SWCNT emission peak instantaneously increased to ΔF/F0 = 21.1%, reaching ΔF/F0 = 99.6% after 
90 min (Figure 8-2c). This fluorescence modulation was verified to arise from the S RBD analyte 
itself rather than any impurities remaining post-gel filtration chromatography (see section 8.5.2) 
by testing the filtrate of S RBD solution below a 3 kDa molecular weight cutoff centrifugal filter 
(Figure 8-11), which showed a negligible change in fluorescence above that of adding PBS. The 
concentration-dependent nanosensor response to S RBD (Figure 8-2d) gives rise to a 12.6 nM 
nanosensor LOD (see calculation in section 8.6.1). Further, approximate values for the nanosensor 
kinetic parameters were determined by fitting the 90-minute nanosensor response to this analyte 
concentration series to the Hill Equation (cooperative binding model).40 Here, the integrated-
fluorescence fold change of the nanosensor was correlated to the concentration of the S RBD 
analyte as shown in Figure 8-2e, resulting in an equilibrium dissociation constant (Kd) of 4.22 μM-

1. These fit values represent conservative estimates for the nanosensor kinetic parameters by using 
the full integrated-fluorescence fold change. Moreover, this model implicates the assumption that 
the bulk analyte concentration remains constant (i.e., only a small fraction of total injected analyte 
is bound by the nanosensor). Importantly, the response of ACE2-SWCNT nanosensors for S RBD 
was confirmed by showing insignificant (GT)6 DNA desorption that does not scale with injected 
S RBD analyte concentration (Figure 8-12a). Furthermore, addition of S RBD to (GT)6-SWCNTs 
alone (without ACE2 sensing moiety) resulted in aggregation, as the ssDNA displaced from the 
SWCNT surface continues to increase linearly over 6 h (Figure 8-12b). 
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Figure 8-2. ACE2-SWCNT nanosensor response to SARS-CoV-2 spike protein receptor-
binding domain (S RBD).  (a) Schematic depiction of ACE2-SWCNT nanosensor interacting 
with viral protein S RBD. Addition of 10 mg/L S RBD (final concentration) to ACE2-SWCNTs 
(formed by 6.25 mg/L ACE2 and 2.5 mg/L (GT)6-SWCNTs) yielded a strong turn-on 
fluorescence response, as shown by (b) the full fluorescence spectrum and (c) the normalized 
change in fluorescence (ΔF/F0) of the 1130 nm SWCNT emission peak as a function of time, 
over 90 min. (d) Varying S RBD concentrations were injected into ACE2-SWCNTs and the 
integrated-fluorescence fold change (ΔF/F0) was monitored over 90 min.  (e) Integrated ΔF/F0 

values at time = 90 min for varying S RBD concentrations were fit to a cooperative binding 
model to quantify nanosensor kinetic parameters. Fit parameters are listed with 95% confidence 
intervals evaluated using the t-distribution. All fluorescence measurements were obtained with 
721 nm laser excitation. (c-e) Gray bars represent standard error between experimental replicates 
(N = 3). 

 
Nanosensor colloidal stability was verified by demonstrating that the nanosensor response to S 
RBD persisted after centrifugation (16.1 krcf, 30 min; Figure 8-13a) and overnight incubation at 
ambient conditions (Figure 8-13b). Repeating the surfactant displacement experiment with the 
ACE2-SWCNT nanosensor in the presence of S RBD showed that the bound receptor-ligand state 
further stabilized the nanosensor surface to surfactant perturbations (Figure 8-10e-f). This latter 
result, together with the retained solution stability of the analyte-bound state, indicates ACE2 was 
not removed from the SWCNT surface upon S RBD binding. As such, we postulate that S RBD 
binding to ACE2 induces a conformational change pinning ACE2 to the SWCNT surface, thus 
simultaneously increasing SWCNT fluorescence emission via exciton de-quenching and 
stabilizing the SWCNT surface against surfactant interaction. 
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8.3.3 Nanosensor Analyte Selectivity and Bioenvironment Robustness 
We next investigated the selectivity of ACE2-SWCNT nanosensors to a panel of viral spike-like 
proteins. This viral analyte panel was composed of the SARS-CoV-2 S RBD in addition to the 
SARS-CoV-1 S RBD, MERS S RBD, and FLU hemagglutinin subunit (HA1). Serum albumin 
(HSA) was also included as a protein abundant in bioenvironments and in viral transport medium 
(VTM; 2% Fetal Bovine Serum, 100 µg/mL Gentamicin, 0.5 µg/mL Amphotericin in a Hanks 
Balanced salt solution base). Viral proteins were normalized on a mass basis (10 mg/L final 
concentration) to account for varying molecular weights. SARS-CoV-2 S RBD elicited the largest 
nanosensor response of ΔF/F0 = 99.6% at the 1130 nm SWCNT emission peak after 90 min (Figure 
8-3a), followed by SARS-CoV-1 S RBD (ΔF/F0 = 88.4%). This cross-reactivity is expected, as 
ACE2 is also the cell membrane protein that binds to CoV-1 S RBD, although at ~10 to 20-fold 
lower affinity.517,518 MERS and FLU spike-like proteins naturally interact with different cell 
membrane receptors, accounting for this lower magnitude fluorescence response with our ACE2-
SWCNT nanosensors. 
 
Nanosensor compatibility in biofluids was assessed by testing the nanosensor response to CoV-2 
S RBD in 1% relevant biological fluids, including viral transport medium (VTM), human saliva, 
human nasal fluid, and human sputum (treated with sputasol) (biofluid details in Table 8-1). 
Although the nanosensor response was maintained in PBS and VTM, the response was diminished 
in the other biofluids, with a ΔF/F0 = 3.2% in saliva, 7.8% in nasal fluid, and 6.3% in sputum 
(Figure 8-3b). The attenuation of nanosensor response seems to arise from biofluid protein 
adsorption to the nanosensor surface that raises the baseline fluorescence and obfuscates viral 
analyte interaction, whereby the nanosensor fluorescence in the biofluids alone is stable with an 
increased baseline fluorescence (Figure 8-13c). 
 
To mitigate the unfavorable effects of biofouling that lead to this diminished nanosensor response, 
we pursued a passivation strategy involving phosphatidylethanolamine phospholipid with a 5000 
Da PEG chain attached to the head group (PE-PEG), schematically represented in Figure 8-3c.339 
The PE-PEG passivated nanosensor response to 500 nM CoV-2 S RBD was ΔF/F0 = 19.9% in 
10% VTM (otherwise absent without passivation) and ΔF/F0 = 12.4% in 1% saliva (otherwise 
3.2% without passivation), suggesting PE-PEG nanosensor passivation enables partial mitigation 
of nanosensor biofouling.  
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Figure 8-3. ACE2-SWCNT nanosensor selectivity and sensitivity in biofluid environments. (a) 
Normalized change in fluorescence (ΔF/F0) of the 1130 nm SWCNT emission peak for the 
ACE2- SWCNT nanosensor 0 min and 90 min after exposure to 10 mg/L of viral protein panel: 
SARS-CoV-2 spike receptor-binding domain (S RBD), SARS-CoV-1 S RBD, MERS S RBD, 
and FLU hemagglutinin subunit (HA1). ****P = 0.0006 (PBS), ***P = 0.0014 (HSA), **P = 
0.0065 (FLU) and 0.0076 (MERS), and *P = 0.0503 (SARS-CoV-1) in independent two-sample 
t-tests, for each analyte ΔF/F0 response at t = 90 min in comparison to SARS-CoV-2 S RBD 
ΔF/F0 response at t = 90 min. (b) ACE2-SWCNT nanosensor response 90 min after exposure to 
1 μM S RBD in the presence of 1% relevant biofluids: viral transport medium (VTM), saliva, 
nasal fluid, and sputum (treated with sputasol). **P = 0.0065 (PBS) and *P = 0.0161 (VTM) in 
independent two-sample t-tests, for ΔF/F0 response in biofluids compared before vs. after S 
RBD addition. (c) Schematic depiction of nanosensor biofouling with proteins present in 
relevant biofluids, mitigated upon passivation with phosphatidylethanolamine phospholipid 
with a 5000 Da PEG chain (PE-PEG). (d) Response of PE-PEG passivated nanosensor to 500 
nM S RBD in the presence of PBS, 10% VTM, or 1% saliva. Surface passivation with a 
hydrophilic polymer improved the nanosensor response that was otherwise greatly attenuated, 
as shown in (b). All fluorescence measurements were obtained with 721 nm laser excitation. 
Gray bars represent standard error between experimental replicates (N = 3). 

 
8.3.4 Immobilized Nanosensor Response to Spike Protein and Virus-Like Particles 
We next translated the nanosensors from in-solution sensing to a surface-immobilized format for 
imaging. ACE2-SWCNTs (formed by adsorbing 12.5 mg/L ACE2 to 5 mg/L (GT)6-SWCNTs) 
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were immobilized on a glass-bottom microwell dish and imaged with a 100x oil immersion 
objective (Figure 8-4). Addition of PBS at 60 s did not cause a change in fluorescence signal, as 
anticipated based on solution-based nanosensor control experiments (Figure 8-2). Upon injection 
of 2 μM (final concentration) S RBD, the average integrated-fluorescence intensity change was 
ΔF/F0 = 65.1% within 5 s (Figure 8-4a-c). This experiment was repeated using virus-like particles 
(VLPs), which are formed by co-expressing all four SARS-CoV-2 structural proteins (spike, 
membrane, nucleocapsid, and envelope proteins). Addition of 10% sucrose (the VLP buffer) at 60 
s slightly increased the baseline fluorescence. Injection of 35 mg/L VLPs increased the average 
integrated-fluorescence intensity by ΔF/F0 = 72.8% within 5 s (Figure 8-4d-f). This concentration 
of VLPs corresponds to approximately 17 nM S RBD. To evaluate the specificity of the observed 
nanosensor response, we then tested VLPs produced with and without S protein co-expressed. We 
found that the immobilized nanosensor exhibited a response of ΔF/F0 = 19.4% within 5 s for the 
VLPs without S protein, compared to a response of ΔF/F0 = 70.7% for the VLPs with S protein 
(Figure 8-14). 
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Figure 8-4. Surface-immobilized ACE2-SWCNT nanosensor response to SARS-CoV-2 spike 
protein receptor-binding domain (S RBD) and virus-like particles (VLPs). Microscopy traces of 
ACE2-SWCNTs (formed by 12.5 mg/L ACE2 and 5 mg/L (GT)6-SWCNTs) immobilized on a 
glass-bottom microwell dish exhibited a fluorescence response to both S RBD and VLPs, for 
single regions of interest (gray; 12 total per image) and the average intensity (purple). (a-c) 
Addition of PBS at 60 s caused no change in fluorescence, as expected, and addition of 2 μM S 
RBD (final concentration) at 120 s yielded a turn-on fluorescence response, as shown by (a) the 
integrated-fluorescence fold change (ΔF/F0) over 5 min and entire field-of-view at (b) time = 0 
s and (c) time = 125 s. (d-f) Addition of 10% sucrose buffer (to match VLP buffer) at 60 s caused 
a slight increase in fluorescence and addition of 35 mg/L VLPs (final concentration) at 120 s 
yielded a turn-on fluorescence response, as shown by (d) the integrated-fluorescence fold change 
(ΔF/F0) over 5 min and entire field-of-view at (e) time = 0 s and (f) time = 125 s. All fluorescence 
images were obtained with 721 nm laser excitation and a 100x oil immersion objective. VLP 
adapted with permission from an image by Maya Peters Kostman for the Innovative Genomics 
Institute. 

 
8.4 Conclusions 
In summary, we have developed an optical SWCNT-based nanosensor capable of detecting SARS-
CoV-2 via S protein recognition. Our protein-SWCNT design concept can be extended to 
incorporate other proteins of interest and for applications beyond biological sensing, such as the 
label-free study of protein-protein interactions. To construct these nanosensors, ACE2 was 
noncovalently adsorbed to the SWCNT surface and, in the presence of the viral S protein analyte, 
binding elicited a modulation of the intrinsic SWCNT fluorescence. We studied ACE2 adsorption 
to SWCNTs by employing corona exchange and surfactant displacement assays, which confirmed 
stable adsorption of ACE2 to SWCNTs, and subsequently confirmed S RBD binding to the ACE2-
SWCNT nanosensor. The resulting nanosensors displayed excellent colloidal stability and retained 
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binding capability to CoV-2 S RBD when surface-immobilized. Nanosensors exhibited a 100% 
turn-on response in fluorescence upon addition of 1 μM CoV-2 S RBD, with response scaling as 
a function of concentration. Fitting to a cooperative binding model gave rise to kinetic parameter 
estimates to quantify nanosensor performance. Although the solution-phase LOD (12.6 nM S 
RBD) remains above that of realistic samples (viral loads ranging from ~101-104 viral copies per 
µL,519–522 translating to ~0.005-5 pM S RBD), the surface-immobilized nanosensor can achieve a 
ΔF/F0 = 73% within 5 s of exposure to 35 mg/L VLPs as a mimic of the full SARS-CoV-2 virion, 
with detection able to reach down to ~104-106 viral copies per µL (Figure 8-15). The lower 
magnitude response for VLPs without S protein (ΔF/F0 = 19%) supports our hypothesis that 
molecular recognition is enabled by the specific ACE2-S protein interaction. Furthermore, 
solution-phase nanosensor passivation with a hydrophilic polymer (PEG) attached to 
phospholipids (PE) provided some improvement of nanosensor response to S protein in 10% VTM 
and 1% saliva. However, additional strategies must be pursued to further mitigate biofouling while 
retaining the fluorescence response, thus increasing the feasibility of these nanosensors to function 
in crude biofluids. Such strategies may include varying the anti-biofouling polymers attached to 
the phospholipids, such as incorporating zwitterionic polymers,38,523 or covalently linking 
polymers directly to the SWCNT surface.428,524 Future work will also improve nanosensor 
sensitivity and selectivity to the CoV-2 S protein necessary for clinical application (comparisons 
in Table 8-2), potentially by incorporating a more specific sensing protein than ACE2, which 
serves as a receptor for other viral and endogenous proteins.525 Such sensing proteins could include 
antibodies526 or nanobodies,527,528 as well as other viral biomarker binding moieties. Moreover, 
various protein-anchoring277,529 and SWCNT pre-coating339,530 strategies can be pursued to give 
rise to a more pre-quenched initial nanosensor fluorescence, thus leading to a larger magnitude 
increase in the presence of the viral analyte. Incorporating nanosensors in form factors such as 
paper or hydrogel may enable locally concentrating viral analytes to elicit a greater fluorescence 
response, or immobilizing nanosensors in a flow channel may allow an accumulation mode of 
function. Finally, patient biofluids may undergo a facile filtering step to concentrate proteins.531 
 
Early and frequent testing is key to trace and control the spread of COVID-19. However, current 
diagnostics suffer from insufficient supply and throughput, where our reliance on tests with long 
turnaround times leads to delays in patients receiving test results. A technology capable of rapidly 
detecting active infections in crude biofluids is needed. Taken together, our data show that 
SWCNT-based nanosensors noncovalently functionalized with the human ACE2 receptor can 
detect the SARS-CoV-2 S protein in relevant patient biofluids and can be immobilized and imaged 
on microfluidic surfaces. Though less sensitive than PCR-based testing, the rapid nanosensor 
response to SARS-CoV-2 VLPs in the surface-immobilized state has distinct advantages in 
enabling on-site testing, and has the potential to detect SARS-CoV-2 without patient biofluid 
sample processing and purification due to the SWCNT nIR fluorescence. Ultimately, these 
nanosensors can be incorporated into a point-of-care device for rapid diagnosis of individuals 
actively infected with SARS-CoV-2, using accessible equipment from a different supply chain 
than that of current testing modes. 
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8.5 Materials and Methods 
8.5.1 Synthesis of ssDNA-SWCNTs 
Suspensions of single-walled carbon nanotube (SWCNTs) with single-stranded DNA (ssDNA) 
were prepared by mixing 0.2 mg of mixed-chirality SWCNTs (small diameter HiPco™ SWCNTs, 
NanoIntegris) with 250 µM of ssDNA (custom ssDNA oligos with standard desalting, Integrated 
DNA Technologies, Inc.) in 1 mL, 0.1X phosphate-buffered saline (PBS; note 1X is 137 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4). This mixture was bath sonicated for 30 
min (Branson Ultrasonic 1800) then probe-tip sonicated for 10 min in an ice bath (3 mm probe tip 
at 50% amplitude, 5-6 W, Cole-Parmer Ultrasonic Processor). Suspensions were centrifuged to 
pellet insoluble SWCNT bundles and contaminants (16.1 krcf, 90 min). Supernatant was collected 
and ssDNA-SWCNT concentration was calculated with measured sample absorbance at 632 nm 
(NanoDrop One, Thermo Scientific) and the empirical extinction coefficient ε632nm=0.036 L mg-1 
cm-1.532 ssDNA-SWCNTs were stored at 4°C and diluted to a working concentration of 10 mg L-

1 in 1X PBS at ambient temperature ≥ 2 h prior to use. 
 
8.5.2 Preparation of Proteins and Biofluids 
Proteins were sourced and reconstituted as listed in Table 8-1. All viral protein analytes were 
purified with desalting columns to remove impurities (Zeba Spin Desalting Columns, 0.5 mL with 
7 kDa MWCO, Thermo Fisher Scientific) by washing with PBS three times (1500 rcf for 1 min), 
centrifuging with sample (1500 rcf for 2 min), and retaining sample in flow-through solution. 
Resulting protein concentration was measured with the Qubit Protein Assay (Thermo Fisher 
Scientific) and proteins were diluted in PBS to 10X the intended final analyte concentration. 
 
Biofluids were prepared by centrifuging to remove any large contaminants (1000 rcf for 5 min) 
then diluting in PBS to 10X the intended final concentration. Sputasol (Oxoid) was used to liquify 
sputum prior to use, used according to manufacturer’s instructions. 
 
8.5.3 Synthesis of ACE2-ssDNA-SWCNT Nanosensors 
Nanosensors were made by preparing solutions of 10 mg/L (GT)6-SWCNTs and 25 mg/L ACE2, 
mixing in equal volumes, incubating for 30 min, diluting by half with PBS, and incubating for an 
additional 30 min. Final concentrations of components are thus 2.5 mg/L (GT)6-SWCNTs and 6.25 
mg/L ACE2. Removal of unbound ACE2 remaining in solution was attempted by centrifugal 
filtration (Amicon Ultra-0.5 mL centrifugal filters with 100 kDa MWCO, Millipore Sigma), 
however, this led to embedding of nanosensors in the filter membrane and negligible nanosensor 
yield. Downstream testing confirmed necessity of the bound ACE2-SWCNT complex for SARS-
CoV-2 spike protein sensing, therefore, presence of free ACE2 was not a concern. For the stability 
test of nIR fluorescence as a function of time, (GT)6-SWCNTs and ACE2 were injected together 
to these final concentrations and measured immediately. 
 
For passivation of nanosensors with phospholipid-PEG, the protocol was slightly modified to 
incorporate first adsorption of the sensing protein (ACE2) then passivation of remaining exposed 
SWCNT surface by phospholipid-PEG (saturated 16:0 phosphatidylethanolamine-PEG 5000 Da, 
or PE-PEG). Passivated nanosensors were made by preparing solutions of 10 mg/L (GT)6-
SWCNTs and 25 mg/L ACE2, mixing in equal volumes, incubating for 15 min, adding PE-PEG 
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to a final concentration of 2.5 mg/L, diluting by half with PBS, bath sonicating for 15 min, and 
incubating for an additional 30 min. 
 
8.5.4 Preparation of SARS-CoV-2 S RBD Analyte  
Plasmid encoding for SARS-CoV-2 S RBD533 was transiently transfected into suspension Expi293 
cells at 0.5-1 L scale. Three days after transfection, cell culture supernatants were clarified and 
purified by Ni-NTA affinity chromatography as previously described534 and the eluted protein was 
dialyzed extensively against PBS prior to storage at -80C. 
 
8.5.5 Synthesis and Purification of SARS-CoV-2 VLPs  
To prepare the SARS-CoV-2 VLPs, two plasmids pcDNA3.1-Spike and pIRES2-MNE were 
synthesized based on the sequence of the Wuhan-Hu-1 strain (GenBank: MN908947.3).  The spike 
protein was stabilized with the furin cleavage (residues 682-685) abrogated and the consecutive 
residue 986 and 987 substituted with prolines.518,535 The VLPs were synthesized by co-transfecting 
HEK293 or HEK293T cells with plasmids using HyFect transfection reagent (Leadgene 
Biomedical Inc., Taiwan) or JetOptimus (Polyplus-transfection, USA).  To generate VLPs without 
S protein, cells were transfected with pIRES2-MNE only.  The harvested supernatant was first 
concentrated with a 100 kDa MWCO centrifugal filter (Pall Corporation) then laid over 
discontinuous 20%-60% sucrose or Opti-prep (BioVision Inc.) gradients followed with 
centrifugation at 30,000 rpm for 4 hours.  Purified VLPs were resuspended in PBS pH 7.4 and 
frozen at -80°C for storage. 
 
8.5.6 Nanosensor Optical Characterization and Analyte Screening 

Fluorescence was measured with an inverted Zeiss microscope (Axio Observer.D1, 10X objective) 
coupled to a Princeton Instruments spectrometer (SCT 320) and liquid nitrogen-cooled Princeton 
Instruments InGaAs detector (PyLoN-IR). Samples were excited with a triggered 721 nm laser 
(OptoEngine LLC) and emission was collected in the 800 – 1400 nm wavelength range, with 
samples in a polypropylene 384 well-plate format (30 μL total sample volume; Greiner Bio-One 
microplate). 
 
For nIR fluorescence screens, 27 µL of nanosensor was added per well and 3 µL of 10X-
concentrated viral protein analytes in PBS (or buffer alone) were injected per well using a 
microchannel pipette (in triplicate), with brief mixing by pipetting. The plate was sealed with an 
adhesive seal (Bio-Rad) and spun down for 15 sec with a benchtop well plate centrifuge. 
Fluorescence spectra were recorded at time points of 0 min, 5 min, 10 min, and every subsequent 
10 min until the max time point. 
 
For surfactant stability tests, the screening protocol was modified as follows: 24 µL of nanosensor, 
3 µL of 2.5 w/v% sodium cholate (SC), then 3 µL of 10X-concentrated viral protein analytes in 
PBS (or buffer alone) were added per well. Wavelength shifts were calculated by translating 
fluorescence spectra in 1 nm wavelength increments such that the correlation coefficient was 
maximized with respect to the reference state. Data processing in this manner captures the full 
spectrum shifting behavior. 
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Absorbance was measured by UV-VIS-nIR spectrophotometer (Shimadzu UV-3600 Plus) with 
samples in a 50 μL volume, black-sided quartz cuvette (Thorlabs, Inc.). 
 
For surface-immobilized nanosensor experiments, ACE2-SWCNTs were immobilized on MatTek 
glass-bottom microwell dishes (35 mm petri dish with 10 mm microwell) as follows: the dish was 
washed twice with 150 μL PBS, 100 μL of nanosensor (formed by 12.5 mg/L ACE2 with 5 mg/L 
(GT)6-SWCNT pre-incubated for 40 min) was added and incubated for 20 min, nanosensor 
solution was removed, and the dish was washed twice again with 150 μL PBS. Surface-
immobilized nanosensors were imaged on an epifluorescence microscope (100x oil immersion 
objective) with an excitation of 721 nm and a Ninox VIS-SWIR 640 camera (Raptor). For each 
imaging experiment, 120 μL PBS was added prior to recording and the z-plane was refocused. 
Images were collected with a 950 ms exposure time and 1000 ms repeat cycle over 5 min. 15 μL 
buffer was added at frame 60 and 15 μL analyte was added at frame 120. Images were processed 
in ImageJ by applying a median filter (0.5-pixel radius) and rolling ball background subtraction 
(300-pixel radius), then using the ROI analyzer tool (Multi Measure). 
 
8.5.7 Corona Exchange Assay 
Corona dynamic studies were done as described previously.118 Briefly, the same ssDNA-SWCNT 
suspension protocol was employed, instead using fluorophore-labeled ssDNA-Cy5 (3’ Cy5-
labeled custom ssDNA oligos with HPLC purification, Integrated DNA Technologies, Inc.). 
Fluorescently labeled ssDNA was tracked and the displacement of ssDNA from the SWCNT 
surface (monitored as in increase in Cy5 fluorescence) was used as a proxy for protein adsorption. 
To assess (GT)6-Cy5 desorption from SWCNTs in the presence of ACE2, 25 µL of 12.5 mg L-1 
ACE2 was added to 25 µL of 5 mg L-1 (GT)6-Cy5-SWCNTs. To assess (GT)6-Cy5 desorption 
from nanosensors in the presence of S RBD, 5 µL of 10X-concentrated S RBD was injected into 
45 µL of ACE2-(GT)6-Cy5-SWCNTs. Solutions were added via microchannel pipette into a 96-
well PCR plate (Bio-Rad) and mixed by pipetting. The plate was sealed with an optically 
transparent adhesive seal (Bio-Rad) and briefly spun down on a benchtop centrifuge. Fluorescence 
time series readings were measured in a Bio-Rad CFX96 Real Time qPCR System by scanning 
the Cy5 channel every 30 s at 22.5°C. 
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Table 8-1. Purchased biofluid and protein specifications. 

Purpose Protein Manufacturer Lot # Source Form Concentration 

Sensing 
protein 

Angiotensin-
converting enzyme 2 
(ACE2) 

Ray Biotech 04U24020GC Recombinant, 
(HEK293 cell 
expression system; 
C-terminal His-tag) 

Liquid 
(PBS) 

2.8 g/L 

Control SARS CoV-1 spike 
protein receptor-
binding domain 
(CoV-1 S RBD) 

ACROBiosystems 3558c-
203KF1-R7 

Recombinant 
(HEK293 cell 
expression system; 
C-terminal His-tag) 

Lyophilized 
from PBS, 
10% 
Trehalose 

Reconstituted 
in 167 µL PBS, 
30 min at room 
temperature 
with occasional 
gentle mixing 

Control MERS spike protein 
receptor-binding 
domain (MERS S 
RBD) 

MyBioSource 0110YB Recombinant 
(HEK293 cell 
expression system; 
C-terminal His-tag) 

Liquid 
(PBS, 0.1% 
sodium 
azide) 

1 g/L 

Control Influenza 
hemagglutinin 
subunit (FLU HA1) 

MyBioSource 95-101-1104 Recombinant (E. 
coli expression; N-
terminal His-tag 
and strepll-tag) 

Liquid 
(PBS, 0.1% 
SDS, 
0.02% 
sodium 
azide) 

1 g/L 

Control Human serum 
albumin (HSA) 

Sigma-Aldrich #SLBZ2785 Human plasma Lyophilized, 
fatty acid 
and 
globulin 
free 

Reconstituted 
in PBS, 30 min 
at room 
temperature 
with occasional 
gentle mixing 

Biofluid Viral transport 
medium 

Innovative 
Research 

31975 Standard CDC-
recommended 
formulation: 2% 
FBS, 100 µg/mL 
Gentamicin, 0.5 
µg/mL 
Amphotericin in a 
Hanks Balanced 
salt solution base 

Liquid N/A 

Biofluid Saliva Lee Biosolutions W205820 Human, pooled, 
normal 

Liquid N/A 

Biofluid Nasal fluid Lee Biosolutions 18-05-538 Human, single 
donor, normal 

Liquid N/A 

Biofluid Sputum Lee Biosolutions 18-03-594 Human, single 
donor, normal 

Liquid N/A 
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8.6 Chapter Supporting Information 
8.6.1 Supplementary Figures and Tables 
 

 
Figure 8-5. Adsorption of different ratios of ACE2 on (GT)6-SWCNTs. ACE2-SWCNT 
complexation quenched intrinsic SWCNT near-infrared fluorescence, shown by (a) the full 
fluorescence spectrum after 1 h incubation of 6.25 mg/L or 12.5 mg/L ACE2 with 2.5 mg/L 
(GT)6-SWCNTs (final concentrations) and (b) the integrated-fluorescence change as a function 
of time over 2 h. Both ratios exhibit stable quenched fluorescence, however, the lower ratio of 
protein to SWCNT exhibited better colloidal stability. Gray bars represent standard error 
between experimental replicates (N = 3). 

 
The ratio of ACE2 to (GT)6-SWCNTs was chosen based on a protein footprint estimation that 28.6 
ACE2 dimers fit per SWCNT in the close-packed limit (using ACE2 dimer dimensions as 
determined by cryo-EM536). This calculation translates to a mass ratio of 2.36 ACE2:SWCNT. The 
actual mass ratio of 2.5 ACE2:SWCNT was chosen to be just above this theoretical close-packed 
limit in an attempt to minimize protein spreading that arises from a large excess of nanoparticle 
surface available for proteins.38 Extending to twice this mass ratio produces more quenching in the 
SWCNT fluorescence (Figure 8-5), yet reduced sensing ability (Figure 8-6) and colloidal stability. 
Thus, the mass ratio of 2.5 ACE2:SWCNT was experimentally determined to be best suited for S 
RBD sensing (Figure 8-6). 
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Figure 8-6. Response of different ratios ACE2:(GT)6-SWCNTs to S RBD. Integrated-
fluorescence fold change as a function of time over 120 min upon addition of PBS, 500 nM S 
RBD, or 1 μM S RBD to nanosensor formed by (a) 6.25 mg/L ACE2 and 2.5 mg/L (GT)6-
SWCNTs incubated 1 h, (b) 12.5 mg/L ACE2 and 2.5 mg/L (GT)6-SWCNTs incubated 1 h, (c) 
6.25 mg/L ACE2 and 2.5 mg/L (GT)6-SWCNTs incubated 3 h, (d) 12.5 mg/L ACE2 and 2.5 
mg/L (GT)6-SWCNTs incubated 3 h, (e) 6.25 mg/L ACE2 and 2.5 mg/L (GT)6-SWCNTs 
incubated 30 min, diluted by half in PBS, and incubated an additional 30 min, and (f) 12.5 mg/L 
ACE2 and 2.5 mg/L (GT)6-SWCNTs incubated 30 min, diluted by half in PBS, and incubated 
an additional 30 min. Gray bars represent standard error between experimental replicates (N = 
3). 
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Figure 8-7. Adsorption of ACE2 to (GT)6- vs. (GT)15-SWCNTs. ACE2-SWCNT complexation 
rapidly quenched intrinsic SWCNT near-infrared fluorescence, shown by (a) the full 
fluorescence spectrum and (b) the integrated-fluorescence fold change as a function of time over 
1 h, upon incubation of 6.25 mg/L ACE2 with 2.5 mg/L (GT)6-SWCNTs (final concentrations). 
ACE2-SWCNT complexation quenched intrinsic SWCNT near-infrared fluorescence at a 
slower rate, shown by (c) the full fluorescence spectrum and (d) the integrated-fluorescence fold 
change as a function of time over 1 h, upon incubation of 6.25 mg/L ACE2 with 2.5 mg/L 
(GT)15-SWCNTs (final concentrations). Gray bars represent standard error between 
experimental replicates (N = 3). 
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Figure 8-8. Absorbance of (GT)6-SWCNTs with ACE2 sensing protein and S RBD analyte. 
Retention of near-infrared SWCNT absorbance peaks in the presence of ACE2 adsorption and 
S RBD analyte binding confirms solution-stable noncovalent passivation, rather than covalent 
modification, of the SWCNT surface. 

 

 
Figure 8-9. Displacement of Cy5-(GT)6 ssDNA from SWCNT as a function of passivating 
ACE2 concentration. Adsorption of ACE2 on the SWCNT surface led to (GT)6 desorption, 
tracked by Cy5-labeled ssDNA, in a concentration-dependent manner upon addition of varying 
ACE2 concentrations with 2.5 mg/L Cy5-(GT)6-SWCNTs (final concentrations). The increase 
in Cy5-(GT)6 fluorescence from the initial quenched state on the SWCNT serves as a proxy for 
ACE2 adsorption. Shaded error bars represent standard error between experimental replicates 
(N = 3). 

 
To test the stability of the ACE2-functionalized SWCNT construct, we implemented a 
solvatochromic shift assay.42,198 This methodology is based upon addition of surfactant (sodium 
cholate, SC) that coats any solvent-exposed SWCNT surface and can displace low-affinity 
molecules from the SWCNT surface. SC adsorption causes exclusion of water from the SWCNT 
surface, producing a large increase in fluorescence and solvatochromic shift to lower emission 
wavelengths. Prior to ACE2 incubation, SC elicited both a large blue-shift (-16 nm) and sizeable 
increase in fluorescence (70.2%) for (GT)6-SWCNTs alone (Figure 8-10a-b). However, upon 
passivation with ACE2, these spectral changes were reduced to -10 nm and 10.3%, respectively 
(Figure 8-10c-d), suggesting a mechanism in which ACE2 adsorbs to the SWCNT surface and 
causes (GT)6 ssDNA desorption. Moreover, we show that addition of S RBD analyte to the ACE2-
SWCNT complex further stabilizes the nanosensor, whereby addition of SC produced a brief blue-
shift of -6 nm yet a complete return to baseline by 70 min, and similarly, a minimal change in 
fluorescence of -3.9% (Figure 8-10e-f). 
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Figure 8-10. Surfactant displacement experiment to probe the stability of (GT)6-SWCNTs with 
ACE2 sensing protein and S RBD analyte. Full fluorescence spectrum (left) and time-dependent 
wavelength shift and integrated-fluorescence fold change (right) for (a-b) 2.5 mg/L (GT)6-
SWCNTs alone, (c-d) ACE2-SWCNT nanosensors (formed by 6.25 mg/L ACE2 and 2.5 mg/L 
(GT)6-SWCNTs), and (e-f) ACE2-SWCNT nanosensors with 500 nM S RBD, each upon 
addition of 0.25 w/v% sodium cholate (SC, final concentration). Decreasing blue-shift and 
fluorescence fold change due to ACE2 implies ACE2 covers and stabilizes the SWCNT surface, 
with further stabilization upon addition of S RBD analyte. 
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Figure 8-11. ACE2-SWCNT nanosensor response to controls. Addition of 500 nM S RBD (final 
concentration) to ACE2-SWCNTs (formed by 6.25 mg/L ACE2 and 2.5 mg/L (GT)6-SWCNTs) 
yielded a significant turn-on fluorescence response. This response is maintained for S RBD > 3 
kDa MWCO centrifugal filter and absent for S RBD < 3 kDa. Gray bars represent standard error 
between experimental replicates (N = 3). 

 
The limit of detection (LOD) of the ACE2-SWNT nanosensor for S RBD analyte is defined as the 
lowest analyte concentration that can be determined to be statistically different from the blank:537 
 
 𝐿𝐿𝐿𝐿𝐷𝐷 = 𝐷𝐷𝑒𝑒𝑘𝑘𝑛𝑛𝑎𝑎𝑅𝑅𝑎𝑎𝑎𝑎𝑏𝑏 + 3 𝑇𝑇𝐷𝐷𝑎𝑎𝑅𝑅𝑎𝑎𝑎𝑎𝑏𝑏 8-1 

 
where the mean and standard deviation (SD) are in terms of the measured fluorescence fold change 
(ΔF/F0). For the concentration series of S RBD analyte tested (Figure 8-2d-e), the LOD is 
calculated to be ΔF/F0 = 0.3456. This corresponds to an S RBD concentration of 12.59 nM based 
on the cooperative binding model fit. 
 

 
Figure 8-12. Displacement of Cy5-(GT)6 ssDNA from SWCNT in the presence or absence of 
ACE2 sensing protein, as a function of S RBD analyte concentration. Addition of varying 
concentrations of S RBD analyte to (a) ACE2-Cy5-(GT)6-SWCNT nanosensors (formed by 6.25 
mg/L ACE2 and 2.5 mg/L (GT)6-SWCNTs) and (b) Cy5-(GT)6-SWCNTs alone (2.5 mg/L). 
Shaded error bars represent standard error between experimental replicates (N = 3). 
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Figure 8-13. ACE2-SWCNT nanosensor controls for assessing stability. Response of ACE2-
SWCNTs (formed by 6.25 mg/L ACE2 and 2.5 mg/L (GT)6-SWCNTs) to S RBD was preserved 
(a) before and after centrifugation (16.1 krcf, 30 min; 500 nM S RBD) and (b) before and after 
overnight incubation at ambient conditions (1 μM S RBD). (c) Stability of ACE2-SWCNT 
nanosensors in different biofluids. Normalized change in fluorescence of the 1130 nm SWCNT 
emission peak for the ACE2-SWCNT sensor as a function of time in 1% relevant biofluids: viral 
transport medium (VTM), saliva, nasal fluid, and sputum (treated with sputasol). Nanosensor 
fluorescence in biofluids demonstrated stability yet elevated magnitudes. Gray bars represent 
standard error between experimental replicates (N = 3). 
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Figure 8-14. Surface-immobilized ACE2-SWCNT nanosensor response to SARS-CoV-2 virus-
like particles (VLPs) with and without S protein. Microscopy traces of ACE2-SWCNTs (formed 
by 12.5 mg/L ACE2 and 5 mg/L (GT)6-SWCNTs) immobilized on a glass-bottom microwell 
dish exhibited a larger fluorescence response to VLPs expressing S protein, for single regions 
of interest (gray; 12 total per image) and the average intensity (purple). (a-c) Addition of PBS 
at 60 s caused no change in fluorescence, as expected, and addition of 50 mg/L VLPs (with S 
protein) at 120 s yielded a large turn-on fluorescence response, as shown by (a) the integrated-
fluorescence fold change (ΔF/F0) over 5 min and entire field-of-view at (b) time = 100 s and (c) 
time = 125 s. (d-f) Addition of PBS at 60 s caused no change in fluorescence, as expected, and 
addition of 50 mg/L VLPs (no S protein) at 120 s yielded a minor turn-on fluorescence response, 
as shown by (d) the integrated-fluorescence fold change (ΔF/F0) over 5 min and entire field-of-
view at (e) time = 100 s and (f) time = 125 s. All fluorescence images were obtained with 721 
nm laser excitation and a 100x oil immersion objective. 
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Figure 8-15. ACE2-SWCNT nanosensor response to lower concentrations of SARS-CoV-2 
virus-like particles (VLPs). (a) Varying SARS-CoV-2 VLP concentrations were injected into 
ACE2-SWCNTs (formed by 6.25 mg/L ACE2 and 2.5 mg/L (GT)6-SWCNTs) and the 
integrated-fluorescence fold change (ΔF/F0) was monitored over 60 min. Gray bars represent 
standard error between experimental replicates (N = 3). (b) Microscopy traces of ACE2-
SWCNTs (formed by 12.5 mg/L ACE2 and 5 mg/L (GT)6-SWCNTs) immobilized on a glass-
bottom microwell dish exhibited a fluorescence response to 0.035 mg/L VLPs, for single regions 
of interest (gray; 12 total per image) and the average intensity (purple). Addition of 10% sucrose 
buffer (to match VLP buffer) at 60 s caused no change in fluorescence and addition of 0.035 
mg/L VLPs (final concentration) at 120 s yielded a turn-on fluorescence response, as shown by 
the integrated-fluorescence fold change (ΔF/F0) over 4 min. Fluorescence spectra and images 
were obtained with 721 nm laser excitation, with (a) 10X and (b) 100X oil immersion objectives. 

 
This platform for nanosensor design was expanded to attempt passivation of (GT)6-SWCNTs with 
an antibody for SARS-CoV-1 S RBD that has been previously verified to bind CoV-2 S RBD.538 
Interestingly, the anti-S sensing protein did not exhibit any modulation in intrinsic SWCNT 
fluorescence, nor did addition of the S RBD analyte provoke a fluorescence response. This result, 
implying a lack of interaction between anti-S and the SWCNT surface, is in line with our previous 
work that implies antibodies exhibit minimal adsorption to ssDNA-SWCNTs.82 Thus, alternative 
attachment strategies must be pursued for sensing proteins with no intrinsic affinity for the 
SWCNT surface. 
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Table 8-2. Comparison of sensor performance to current SARS-CoV-2 diagnostic technologies. 

Type of test Test name Minimum detectable RNA 
(copies/µL) Time per run (min) Reference 

Molecular     
RT-PCR CDC PCR test 1 <180 539,540 
 GenMark ePlex test 1 90 541 

 Cepheid Xpert Xpress 
test <1 45 541 

Isothermal amplification Abbott ID NOW test 20 15 541 
 iLACO 10 20–40 498 

 (+CRISPR-based detection) Mammoth Biosciences 
DETECTR 10 45 500 

 (+CRISPR-based detection) Sherlock Biosciences 
CRISPR-based test 10 60 542 

Next-generation sequencing Nanopore Targeted 
Sequencing <1 360-600 543 

Antigen Sofia 2, Quidel 595 (viral particles) 15 539 

 FET biosensor <1 (viral particles) /  
~10-17 M - 10-15 (S) <1 507 

 OECT biosensor ~10-14 M (S RBD) 10 544 

 SWCNT-based 
nanosensor 

~104 - 106 (viral particles) / 
~10-8 M (S RBD) 

<1 (surface-immobilized) /  
90 (well-plate) this study 

 
Note that prior work has established viral RNA load in SARS-CoV-2 infected human samples 
typically ranging from 101-104 viral copies per µL.519–522 These viral loads translate to 
approximately 10-15-10-12 M S RBD. 
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9 Concluding Remarks and Suggested Future Directions 
 
Understanding how nanoparticles function in their intended biological environments is essential 
to developing successful nanotechnologies for biological sensing, imaging, and delivery 
applications. Moreover, a fundamental knowledge of such nano-bio interactions will aid rational 
design of future nanobiotechnologies. In this work, I develop a joint experimental and theoretical 
framework for studying and employing advantageous nano-bio interactions. This framework 
provides a quantitative approach to determine protein corona composition, driving forces, 
dynamics, and morphology on nanoparticles. I have completed experimental protein corona work 
using conventional analysis techniques, together with the development and application of facile, 
new techniques. Single-stranded DNA (ssDNA)-functionalized single-walled carbon nanotubes 
(SWCNTs) are the primary nanoparticle studied in this work due to the numerous desirable optical 
and physical properties that they possess for a nanobiotechnology platform. The methodology and 
analysis are generalizable to other nanoparticles within various biological environments. These 
ideas are extended to probe interactions of ssDNA with an analogous graphene-based nanomaterial 
from that of the quasi-one-dimensional SWCNT: two-dimensional graphene quantum dots 
(GQDs). Finally, the experimental techniques and insights on protein-nanoparticle interactions are 
harnessed to develop a SARS-CoV-2 sensor. This nano-bio construct design takes advantage of 
the incredible molecular recognition abilities of proteins, in conjunction with nanoparticles to 
transduce binding events and provide an effective signal readout. 
 
Individual chapters provide detailed conclusions for each portion of the work. Here, I briefly 
present prevailing themes: 
 
(1) The protein corona that forms on ssDNA-SWCNTs is selective, in that protein abundance in 

the corona does not scale with that in the full biofluid. The selectivity of protein corona 
formation on ssDNA-SWCNTs contrasts with that on polystyrene nanoparticles, where most 
proteins adsorb in some capacity. 

(2) Interactions driving corona formation are dependent on the corona layer (e.g., outer vs. inner), 
whereby electrostatic screening facilitates formation of the soft corona while hydrophobic 
interactions are posited to drive formation of the hard corona. 

(3) Protein features including aromatic amino acid content (from the linear regression analysis) 
and flexibility (from the supervised learning model) promote protein binding to ssDNA-
SWCNTs. However, the favorability of other protein physicochemical properties in promoting 
corona binding depends on the full biofluid context, highlighting the collective nature of such 
interactions occurring at the nano-bio interface. 

(4) The end-state protein corona formed on ssDNA-SWCNTs from a whole biofluid context is 
indicative of individual protein binding. Deviations from this trend indicates the role of 
cooperativity effects for certain proteins to enter the corona phase. 

(5) Techniques previously developed to probe the kinetics and thermodynamics of proteins 
binding to macroscopic surfaces are in some cases adaptable to the problem of studying 
protein-nanoparticle interactions. However, this unique problem of proteins and nanoparticles, 
being of similar size and both solubilized, necessitates development of new techniques to 
provide relevant information on the system, as demonstrated with the simple corona exchange 
assay.  
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(6) In turn, this fluorescence-based assay has revealed the more biologically relevant corona 
exchange process, whereby proteins adsorb and prompt ssDNA desorption from the SWCNT 
surface. This result provides insight on nanosensor failure mechanisms and led to the 
development of a more robust nanosensor with a phospholipid passivation scheme to deter 
unwanted protein adsorption.339 

(7) In vitro-characterized nanoparticle charge is less important in driving protein adsorption than 
generally thought. From a theory-based approach, we recognize that nanoparticle and protein 
charge are highly screened in an intravenous blood plasma environment. Accordingly, the 
absence of electrostatic screening drastically alters protein corona formation. More broadly, 
nanoparticle charge and size are widely used as characterization parameters prior to the 
nanoparticles entering a biological environment (determined via zeta potential and dynamic 
light scattering measurements, respectively). Yet, nanoparticle charge is screened, and 
nanoparticle size is rapidly changed with biomolecule adsorption. As such, these parameters 
may not be the most critical in predicting nanoparticle success in biological environments. 

(8) Proteins with high affinity for the SWCNT surface can be harnessed to develop hybrid nano-
bio constructs toward sensing analytes of interest, as demonstrated with the protein-SWCNT 
sensor for SARS-CoV-2. 

 
 
This chapter concludes by presenting some outstanding questions and suggested future directions: 
 
(1) Nanomaterial synthesis and characterization in vitro are becoming increasingly well 

established, yet translation of these technologies outside of the test tube faces a high failure 
rate.11,68,69,71 Despite studies aimed at cataloging protein adsorption on nanoparticles, the field 
remains mired by case-dependent variation and lacks broadly translational and predictive 
design rules.122,329,545 A mechanistic understanding of protein corona formation is required to 
inform parameters upon which to build quantitative models. First-principles approaches offer 
valuable insight on nano-bio interactions and driving forces, yet inherently require simplified 
systems and assumptions that, although tractable, are of less relevance to the complexity of a 
full biological system.546,547 Empirical correlations present the opportunity of tractability and 
predictability, however, require extensive experimental datasets with systematically varied, 
well-characterized parameters.341,546,548 Ultimately, such models will ideally require individual 
properties of nanoparticles and biological environments, eliminating the need to characterize 
the nano-bio complex on a case-by-case basis. To this end, future work will be directed toward 
establishing quantitative models that identify actionable design principles for engineering 
nanoparticles capable of functioning in highly complex biological media. In parallel, property 
predictors of protein corona formation and subsequent in vivo outcomes will be used to inform 
high-throughput screens (experimental and/or computational) and thus facilitate improved 
nanotechnology-development pipelines. 

(2) The protein corona formed around soft nanoparticles is understudied and highly relevant, in 
light of the multiple mRNA-based SARS-CoV-2 vaccines packaged in lipid nanoparticles.19–

23 Future work will expand upon preliminary studies on the protein corona formed around lipid 
nanoparticles88,224,549–551 and liposomes,437,552,553 employing a slightly modified protein corona 
isolation procedure to accommodate the more fragile nanoparticle constructs. Exploring the 
nature and dynamics of the in vivo-relevant biomolecular surface coating will provide insight 
into nanoparticle delivery efficiency and translated protein yield. Of specific relevance to the 
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intramuscularly dosed mRNA-based SARS-CoV-2 vaccine, such studies should interrogate 
the protein corona formed in the muscle and lymph node environment, in contrast to the more 
widely studied protein corona formed from the intravenous environment. A tangential 
outstanding question that this may address is then – what is the role of nanoparticle stiffness 
in protein corona formation? For instance, how translatable will the protein corona findings be 
from these soft lipid nanoparticles to stiff carbon nanotubes that possess the same outer lipid 
coating? More simply, how will the protein corona differ on solvent-filled liposomes compared 
to lipid-filled lipid nanoparticles? Chapter 4 revealed a considerable effect of hollowed vs. 
filled carbon nanoparticles interacting with proteins, yet this theoretical modeling is done only 
for carbon nanomaterials in the dilute protein-nanoparticle interaction limit. Thus, it is of 
interest to experimentally test the role of nanoparticle stiffness and fill in guiding interactions 
with complex mixtures of many proteins present in full biofluids. 

(3) Biological environments of relevance to nanoparticle contact extend outside that of the human 
body. For instance, nanotechnologies are under development for genetic cargo delivery and 
sensing applications in plants,231,268,317,554 in which nanoparticle substrates would encounter the 
metabolite-rich environment unique to plants.555 More broadly, nanoparticles are becoming 
ubiquitously used in commercial products and unintentionally released into natural 
environments, encountering aquatic and terrestrial environments and impacting their 
inhabitants.545,546,556–559 This motivates extension from the paradigm of the protein corona to 
the ecological, or eco-, corona composed of additional biomolecules such as small molecule 
metabolites and natural organic matter.545,559–561 Nevertheless, the same framework of probing 
and understanding nano-bio interactions remains applicable. Although the eco-corona is 
expected to impact the fate and transformation of nanoparticles deposited in ecosystems, we 
lack understanding of how exactly the eco-corona affects the nanoparticle’s environmental 
distribution, residence time upon partitioning, subsequent interactions with organisms and 
corresponding trophic transfer, and propagation of nanotoxicity within larger 
systems.545,546,560–563 A poignant case is that of nanoplastics accumulating in marine 
environments such as coral reefs, originating from mechanically or chemically degraded bulk 
plastic waste in the ocean, in addition to other human sources such as leaching from sunscreen-
covered swimmers.563–567 Future work must develop a deeper knowledge of the eco-corona and 
move us toward minimizing the nanoparticle-mediated damage inflicted on these natural 
systems. 

(4) Morphological studies of the protein-nanoparticle complex are improving alongside 
technological developments. Future work will further employ techniques such as small-angle 
x-ray scattering (SAXS) to capture the in-solution morphology and in situ binding behavior of 
the protein corona.82,138,336,568 Due to the relatively low scattering capacity of such biological 
molecules, small metallic nanoparticle tags can be added to assist in characterizing 
biomolecule conformation and packing in the nanoparticle-adsorbed state.569 Additionally, 
cryo-electron microscopy provides a tool to visualize the close-to-solubilized state of the 
bound protein-nanoparticle complex.132,144,570 

(5) Formation of the nanoparticle-corona complex can pose an obstacle toward effectively 
deploying nanotechnologies, yet concurrently presents a unique opportunity as a functional 
handle to tune and enhance auxiliary nanoparticle properties. This concept is relevant in 
mediating nanoparticle delivery: while significant work has focused on employing PEG as a 
corona-mitigating coating (alongside others including zwitterionic coatings becoming further 
developed94,440,523,571,572), nanoparticles need not avoid all protein adsorption, merely adsorb 
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the “correct” proteins in the “correct” orientation for the desired function.38,108,573–575 Future 
work establishing such design rules correlating surface coatings with appropriate adsorbed-
protein profiles will be impactful toward predictable delivery outcomes. For sensing and 
imaging applications, the hybrid nano-bio construct design paradigm presented in developing 
the SARS-CoV-2 nanosensor can be expanded to create additional nanoparticle-corona 
architectures. This design strategy combines the molecular recognition capabilities of proteins 
to impart chemical specificity, together with the highly tunable and spatially localizable 
features of nanoparticles to serve as signal transducers. Rationally designed nano-bio 
constructs will be impactful for sensing and imaging fundamental studies, clinical diagnostics, 
and more. Future work will identify candidate sensing proteins with intrinsic nanoparticle 
adsorption affinities and optimize nano-bio linkages in the absence of such innate affinities.  
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