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ABSTRACT OF THE DISSERTATION 

 
 

Development of High Throughput Methods for Probing Biomacromolecular Interactions 
 
 

by 
 
 

Jonathan Tyrone Ashby 
 

Doctor of Philosophy, Graduate Program in Chemistry 
University of California, Riverside, June 2014 

Dr. Wenwan Zhong, Chairperson 
 
 
 
 

 Within living organisms, there exists a large variety of macromolecular 

interactions, such as protein-protein, nucleic acid-protein, or lipid-protein. Also known as 

the interactome, these interactions are essential to a variety of functions, such as gene 

regulation and internal/external cell signaling. Engineered nanomaterials (ENMs) have 

gained increased popularity in recent years as a tool for biosensing and bioanalysis. 

However, little is known about how these ENMs could adversely affect the interactome, 

either through intentional or accidental exposure to ENMs. 

 A powerful tool for probing macromolecular interactions is flow field-flow 

fractionation (F4), and its successor, asymmetrical F4 (AF4). (A)F4 is an open channel 

separation technique that fractionates analytes based purely on their size. Similarly to 

other open channel techniques like size exclusion chromatography and capillary 

electrophoresis, (A)F4 is well suited to preserving the native structure of the 

macromolecular complex. F4 was used to differentiate between the stable and 

transient protein coronas surrounding ENMs as they enter a biological matrix. Analysis 

of the isolated ENM-protein coronas has revealed correlations between the nature of the 
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surface coating (hydropathy, charge density) and the composition of the stable and 

transient corona.  

 Due to the batch-to-batch variability of ENM synthesis, tools are also needed to 

rapidly assess how changes in the size, shape or surface coating may adversely affect 

the behavior of ENMs within the body. A fluorescence assay was designed to take 

advantage of changes in a protein’s tertiary structure upon interaction with a 

nanoparticle to determine the effects of changes in an ENM’s physiochemical 

parameters. 

Finally, an AF4 method was designed for the fractionation of micro RNA (miRNA) 

into fractions such as small protein-bound, lipoprotein complex-bound, and exosomal. 

Changes in miRNA levels within the body can be used for early disease detection.  By 

correlating up and down-regulation of miRNA with increased/decreased concentrations 

of particular proteins, identification of associated protein biomarkers can be done. If 

these protein markers exist in higher concentrations within the body, changes in this 

protein level could be used as a guide to direct additional testing for specific miRNA 

biomarkers.  
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Chapter One 

Introduction 

 

The human interactome – an overview. 

The human interactome is a complex entity. Consisting of interactions between 

proteins, nucleic acids, lipids, and various small molecules, the interactome is essential 

to biological function.1, 2 Identifying and understanding the purposes of these interactions 

is a daunting task – even a simple organism such as yeast has approximately 20,000 

protein-protein interactions (PPIs) within its interactome.3 For humans, there have been 

about 17,000 PPIs identified of an estimated 130,000 or 650,000 total PPIs, depending 

on the prediction model.4, 5 These interactions will form a complex interaction map, an 

example of which can be seen in Figure 1-1. Through understanding this interactome 

map, it is possible to infer what downstream effects a change in the concentration or 

conformation of a protein or nucleic acid may have on a person’s general medical state.6 

This is especially important in identification and treatment of diseases, as several 

system-wide adverse effects can be traced back to a treatable source.7, 8 

Several techniques exist for the identification of PPis, capable of being implemented 

in a high-throughput fashion. One method is through protein-fragment complementation 

assays (PFCA), where two halves of a reporter protein/gene (such as a luciferase or a 

fluorescent protein) are attached to two separate proteins which are believed to 

interact.9, 10 If protein interaction does in fact occur, then the reporter halves are brought 

in close enough proximity to act as an intact reporter, allowing identification of the PPI. 

This scheme was popularized using the yeast two-hybrid (Y2H) system, where the  



 

Figure 1-1. A protein interaction network of 
represents a particular protein, and each connecting edge represents a protein
interaction. Image is shared under the Creative Commons Attribution 1.0 Generic 
license, courtesy of Häuser 

2 

 

A protein interaction network of Treponema pallidum.11 In this, each node 
represents a particular protein, and each connecting edge represents a protein
interaction. Image is shared under the Creative Commons Attribution 1.0 Generic 
license, courtesy of Häuser et al. through the Wikimedia Commons. 

In this, each node 
represents a particular protein, and each connecting edge represents a protein-protein 
interaction. Image is shared under the Creative Commons Attribution 1.0 Generic 
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reporter is a transcription factor that generates essential bionutrients for the survival of a 

yeast culture.12, 13  

A more popular method for the identification of PPIs is affinity purification-mass 

spectrometry (AP-MS).14 In AP-MS, the protein of interest is recombinantly grown with a 

purification tag (a protein A/G fragment,15 His-tagging, etc.), with the corresponding 

capture moiety on a solid support, such as a microsphere, nanoparticle or affinity 

column.16 The protein is then introduced into the biological system of interest, and the 

protein is allowed to interact with the proteins in the matrix. Afterwards, the protein and 

any co-binders can be isolated and identified through mass spectrometry. Alternatively, 

an aptamer or antibody can be designed towards the protein, and the protein and any 

cobinders can be fished out of a matrix of interest.17 

The advantage of AP-MS is that any moiety capable of binding to the primary protein 

can be used – If an affinity tag is not used, then either antibodies or aptamers can be 

used that bind directly to the protein of interest.18 A small molecule or nucleic 

acid/protein targets that the protein has affinity towards can also be used. A drawback of 

AP-MS lies in the nature of immunoprecipitation – since part of the protein structure is 

occupied by the aptamer/antibody/affinity tag, there is the possibility of missing potential 

PPIs, although this can be worked around by performing both direct immunoprecipitation 

and tag-based affinity purification. In addition, there is a similar risk of false positives as 

seen in PFCA due to interaction of other proteins with the solid support, especially if 

beads or nanomaterials are employed.19 These false positives can be identified and 

discarded more easily than in the case of PFCA, however, through creation of controls. 

Finally, in order to mine for the less abundant proteins that could interact, higher 

abundance proteins will be depleted. This method could result in accidental depletion of 



4 

 

other proteins of interest, resulting in missed interactions.20 PFCA and APMS can be 

used in parallel to generate both complementary and unique protein interaction 

networks, allowing for more complete mapping of the human protein interactome. 

Apart from PPIs, there are several other types of interactions that comprise the 

interactome. Some interactions seen are lipid-protein interactions (such as in 

lipoproteins, and membrane proteins), DNA-protein interactions, and carbohydrate-

protein interactions. A subset of the interactome that has been under investigation over 

the past few years has been in RNA-protein interactions, particularly interactions with 

microRNA (miRNA).21 These short, non-coding RNA strands are heavily involved in 

gene expression and silencing, especially when bound to specific protein carriers such 

as the argonaute proteins.22, 23 These RNA-induced silencing complexes (RISCs) are 

dependent on the levels of RNA within the body – many abnormal diseases, such as 

cancer, are a result of altered levels of miRNA (and, as a result, altered levels of RISCs). 

By identifying these interactions, it could be possible to determine the upstream 

processes that could result in these diseases, as well as get better identification and 

treatment of these diseases. In addition, this knowledge can be used in the design of 

short interfering RNA (siRNA) that exhibits identical activity to known miRNA.24 In the 

case of diseases that result in downregulation of a particular miRNA, the introduction of 

siRNA can help to return homeostasis to the body and act as a treatment for the 

disease. Several siRNA strands are now in clinical trial for treatment of a wide variety of 

diseases.25 

Apart from specific interactions with RISCs inside of the cell, miRNA can also be 

found bound to a variety of different carriers in both the cytoplasm and circulating in 

human serum.26 Some of these carriers include high- and low-density lipoprotein, 
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exosomes and other microvesicles, as well as free argonaute proteins and free 

apolipoproteins.27 Similarly to the PPis mentioned above, these various miRNA-protein 

complexes can be correlated to various disease states, such as the connection between 

hsa-mir-126, low density lipoprotein, and coronary artery disease.28 The combination of 

both quantitation of miRNA levels as well as the identification and quantification of 

disease specific proteins and miRNA carriers can make for a highly effective diagnosis 

tool for a variety of diseases. 

As has been stated above, the interactome is a highly complex and delicate system, 

relying on a massive amount of interactions to properly function. Small changes in even 

a single component of the interactome can affect a large amount of biological processes, 

causing a change in the medical condition of the organism. By being able to understand, 

identify and quantify these changes, it is possible to properly diagnose and treat various 

diseases more effectively and at an earlier stage in the disease’s development. It is also 

important to understand what secondary effects may occur due to the introduction of 

exogenous probes into a biological system. This has become increasingly prevalent with 

the rise of nanomaterials in a wide variety of applications, many of which are biological in 

nature. 

    

Nanomaterials and the bio-nano interface 

Nanomaterials are loosely defined as materials with at least one dimension less than 

one hundred nanometers in length. The reduced size of nanomaterials can lead to 

unique properties of the nanomaterials relative to the bulk. Some examples include the 

plasmonic nature of silver and gold nanomaterials,29 the quantum confinement of 
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quantum dots resulting in highly tunable fluorescence,30 and the superparamagnetism of 

iron oxide nanoparticles (commonly referred to as SPIONs).31  

In addition to these unique properties specific to different core materials, all 

nanomaterials possess a greatly increased surface area when compared to the bulk 

material. This increased surface area has resulted in increased applications using 

nanomaterials as sensors – the nanomaterial will generate the signal, with a conjugated 

material acting as the receptor for the sensor reaction.32 These sensors have been used 

for in vitro assays as well as in vivo imaging.33 Nanomaterials have also been used for 

drug delivery using these same targeting schemes.34, 35  

Finally, nanomaterials conjugated with various proteins or nucleic acids can be used 

in APMS assays for isolation or exploitation of PPis of interest.36, 37 A wide variety of 

targets can be conjugated on the surface of the nanomaterial, such as proteins, nucleic 

acids, and other moieties that take advantage of specific interactions. For instance, 

transferrin coated nanoparticles are commonly employed for enhanced cellular uptake,38 

while carbon nanotubes coated with a variety of biomolecules have been regularly used 

in immunotherapy research.39 In addition, titania and zirconium nanomaterials have been 

commonly implemented in the enrichment of phosphopeptides prior to mass 

spectrometry.40 

Due to the various advantages mentioned above, nanomaterials have been seeing 

increased usage in academia and the commercial sector. In addition to the potential 

applications in the biomedical field, nanomaterials have also been seeing increased 

usage in other areas, such as solar cells,41 paints and cosmetics, and as an 

antimicrobial agent for athletic clothing.42 As can be seen, with the increase in potential 
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applications of nanomaterials, there is also an increase in the chances of either 

accidental or intentional exposure of nanomaterials to biological systems. 

Once within an organism, nanomaterials can proceed to interact with biological 

moieties. The most commonly known of these interactions is the formation of a protein 

coating around the nanomaterial, although the nanomaterial can interact with other 

macromolecules as well.43, 44 These interactions could dictate where the nanomaterials 

may wind up within the body, and can interfere with intended in vivo nanomaterial 

applications. For instance, it has been shown that the nanomaterial coating can interfere 

with transferrin mediated cellular uptake.45 in addition, the interactions between 

nanomaterials and biomolecules could result in cytotoxic effects.46 Apart from apoptosis 

of the cell, nanomaterial-interactome interactions can lead to DNA mutation, altered 

gene expression and the generation of reactive oxygen species, leading to further 

damage of cellular components.47 Even in in vitro applications, such as the 

aforementioned usage of nanomaterials as a solid support for APMS, the protein corona 

can interfere with positive identifications of PPis, as the nanomaterial itself acts as a 

secondary affinity purification source for nanomaterial-protein interactions. An 

understanding of what effects nanomaterials could have on the interactome is highly 

important for safe and successful implementation of nanomaterials in biological systems. 

Several physical properties of the nanomaterials could have an influence on how the 

nanomaterial might interfere with the interactome. Examples can be seen in Figure 1-2, 

and primarily involve the size, shape, surface coating and core material.48-51 All four of 

these components can dictate the potential interactions between nanomaterials and 

various biomolecules, and the chemical composition of the nanomaterial can have a 

large influence on its cytotoxicity.51 In addition to these direct physical properties, other  
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properties such as propensity of aggregation and nanomaterial surface coating stability 

can also have an influence on how these nanomaterials will affect the interactome. 

Of these properties, however, the size and the surface coating could be considered 

to be the most important properties in dictating nanomaterial-protein interactions, and 

the subsequent transportation and uptake of nanomaterials into various organisms.50 It 

has been found that even small changes in the surface coating of a nanomaterial can 

have large influences on the nature of nanomaterial-protein interactions.52 Research has 

been conducted in passivation of surfaces to reduce biomolecular interactions, as well 

as in the usage of bioconjugated nanomaterials to exploit specific PPis for biosensing or 

nanoparticle-based treatment.53 

Due to these negative impacts on the human interactome, it was believed by some 

that the drawbacks of nanomaterials outweighed the benefits of using these 

nanomaterials on a clinical scale.54 As a result, several new analytical tools are being 

used to characterize nanomaterials both before and after introduction into physiological 

systems.55 In addition, general methods of probing nanomaterial-protein interactions are 

being implemented. However, additional tools are needed for a more comprehensive 

understanding of these interactions beyond simple identification of the protein binders for 

a particular nanomaterial. 

 

Scope of the Dissertation 

The focus of this dissertation is in the design and application of analytical methods to 

both identify and investigate the nature of various macromolecular interactions. In 

particular, methods were designed to investigate interactions at the nano-bio interface, 

as well as in the quantification of miRNA biomarkers bound to various protein- or lipid-
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based carriers in human serum, with the hope of early-stage disease detection. For 

several of these methods, flow field-flow fractionation (F4) is implemented as a 

separation and cleanup tool. Chapter Two  explains in detail the function of F4, as well 

as its unique usage in identification of biomacromolecular interactions. Chapter Three  

demonstrates the usage of F4 to isolate the nanoparticle-protein corona from human 

serum, as well as validation of this method. The method established in Chapter Three is 

then implemented to determine the effects of various nanoparticle physical parameters 

on the composition of the nanoparticle-protein corona (Chapter Four ). A scheme for 

assessing batch-to-batch variability in nanoparticle synthesis using nanoparticle-protein 

interactions is described in Chapter Five . In Chapter Six , asymmetric F4 is used in the 

localization and quantification of miRNA biomarkers for breast cancer. Finally, Chapter 

Seven  discusses future outlooks on the usage of AF4 in studying various biomolecular 

interactions and the design of nanomaterials that diminish some of the current 

drawbacks possessed by inorganic nanomaterials.  

Through this research, it is hoped that insight can be gained on the nature of the 

interactome, how a nanomaterial’s properties can influence the interactome, and – most 

importantly – how this information can possibly be used to intelligently design 

nanomaterials that can selectively affect the interactome while avoiding potentially toxic 

side effects. Only then can nanomaterials be considered safe for usage in a clinical 

setting. 
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Chapter Two 

Flow field-flow fractionation: theory and applicati on 

 

Field-flow fractionation: a brief overview 

Field-flow fractionation (FFF) is a family of separation techniques invented by J. 

Calvin Giddings in the early 1970s.1 In field-flow fractionation, analytes of interest are 

migrated down a thin, ribbon-like channel. This channel is designed by having a thin 

spacer, generally 150-750 µm thick between two blocks. To separate the analytes, a 

separation force perpendicular to the channel flow is applied. For analytes less than one 

micron in diameter (referred to as the normal or Brownian mode of separation), the force 

confines the analyte within the region very close to the channel wall, called the 

accumulation wall. Due to the concentration gradient between the wall and the center of 

the channel, analyte will actively diffuse back towards the center of the channel. These 

opposing separation and diffusion forces will dictate where the analyte is centered in the 

channel, and thus the elution speed of the analyte in question. 

This separation force can be gravity, centrifugation, thermal or magnetic forces, or a 

secondary liquid flow.2 Each of these separating forces can take advantage of a 

particular property of the analyte in question, such as density, cross-sectional area or 

polarizability. The different separating forces, the associated FFF techniques, and 

analytes commonly investigated using each method can be found in Table 2-1.  Of these 

separating forces, the gravitational forces (GrFFF, SdFFF) and liquid flow (F4, AF4, 

HF5) are most commonly employed due to their general applicability to a wide variety of 

analytes. This makes them well suited towards both homogenous and heterogeneous 

samples, such as nanomaterials in environmental/biological matrices. 
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Separating force  FFF techniques  Common  analytes  
Gravitational force Gravity FFF (GrFFF) 

Sedimentation FFF (SdFFF) 
Large colloids: >200 nm 
minimum diameter 

Liquid flow Flow FFF (F4) 
Asymmetrical Flow FFF (AF4) 
Hollow Fiber Flow FFF (HF5) 

Nanoparticles, colloids, 
biomolecules: >2 nm 
minimum diameter 

Thermal gradient Thermal FFF (ThFFF) Lipophilic polymers 
Magnetic field Magnetic FFF (MgFFF) Superparamagnetic iron 

oxide nanoparticles 
(SPIONS), other 
magnetically active 
species 

Electrical field Electrical FFF (ElFFF) 
Dielectric FFF (DlFFF) 

Polyelectrolytes, 
charged species, 
environmental samples 

 

Table 2-1.  An overview of separation forces commonly used in flow field flow 
fractionation, as well as analytes commonly separated using each of these techniques. 
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Flow Field-Flow Fractionation  

When a liquid flow is employed as the separating force, the method is referred to as 

flow field-flow fractionation (F4 for short).3 One of the first commercially used variants of 

FFF, the design of an F4 channel is modified from the standard FFF setup to 

accommodate the perpendicular cross flow. A schematic of the F4 channel can be seen 

in Figure 2-1. The blocks comprising the top and the bottom of the channel contain a 

permeable frit for liquid to pass. A semi-permeable membrane is located between the 

channel spacer and the bottom frit block, to allow for solution and small molecules to 

pass through whilst retaining larger analytes in the channel. A liquid flow is pumped from 

the top frit block, through the channel, and exits out through the lower frit block.  

A standard F4 run is a two-stage process. First, there is an equilibration step with 

only the cross flow applied. During this period, the analytes will be pushed out of the 

center of the channel, and allowed to equilibrate some distance from the accumulation 

wall where the liquid flow force is equivalent to the diffusive force of the analyte. Both of 

these effects are dependent on the size of the analyte – a larger cross-sectional analyte 

will feel a stronger separation force pushing it towards the wall, as well as possessing a 

lower diffusivity due to its increased size. The channel flow is then applied, and the 

samples eluted based on their distance from the accumulation wall (analytes furthest 

from the wall eluting first). For spherical particles, the retention time tr is directly 

proportional to the hydration diameter d of the particle: 

 

η is the viscosity of the channel solution, w is the thickness of the F4 channel, k is 

Boltzmann’s constant, T is the solution temperature and V and Vc are the channel flow 

rate and cross flow rate, respectively.  



 

Figure 2-1. Flow field-flow fractionation operation principle. Top: schematic of the 
channel, and locations of each liquid flow. Middle: Equilibration step. In this, the channel 
flow is off, and samples are allowed to accumulate against the accumulation wall. 
Bottom: Elution step. Analytes will be centered some distance from the accumulation 
wall (horizontal lines), and will elute out more quickly the closer they are to center of the 
channel. 
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This equation holds true while under normal mode separation conditions. As can be 

seen above, the retention time of a particle can be tuned based on the ratio of cross flow 

to channel flow – a higher cross/channel ratio will give better resolution of smaller 

analytes at the sacrifice of long retention times and increased adsorption of larger 

analytes, while the reverse can be used to enable larger analytes to elute in a 

reasonable period of time. If resolution between both large and small analytes is 

necessary (i.e. if trying to separate out components in serum), then a power program 

can be employed to reduce the cross flow over time, yielding intermediate resolution 

between the two extremes. 

As a size-based separation technique, F4’s separation ability is often compared to 

capillary electrophoresis (CE) and size exclusion chromatography (SEC). SEC consists 

of a column packed with porous beads. If an analyte is sufficiently small, it is able to 

enter these beads, resulting in an increased pathlength from injection to the detector. In 

the case of a larger analyte, it will be unable to enter the beads and will be quickly 

eluted. Both SEC and F4 separate purely based on size, albeit with opposing elution 

orders (small to large for F4, large to small for SEC) and are both preparatory-scale 

techniques. However, F4 possesses a higher degree of versatility compared to SEC – as 

was previously mentioned: F4 can work over a wide range of sizes. A particular SEC 

column can only cover a narrow range of analytes (0.1-3kDa, 1-75kDa, etc.), so several 

SEC columns would be needed to cover a similar working range as F4. Some 

applications (affinity purification of proteins using microspheres) would be impossible via 

SEC. In terms of versatility, F4 has a clear advantage. 

When comparing F4 to CE, the two methods are more equally matched. CE 

separates analytes based on their size and charge, which could allow for a somewhat 
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complementary separation profile to F4. Indeed, capillary isoelectric focusing has been 

used as a first dimension of separation prior to F4 to improve the resolution and 

detection of serum proteins. In addition, CE possesses significantly greater resolving 

power compared to F4, as well as simplicity of design and implementation. On the other 

hand, F4 can be run under higher-saline conditions, such as phosphate buffered saline 

without undergoing Joule heating as CE does. This allows for F4 conditions to more 

properly approximate physiologically relevant conditions. Also, CE is a purely analytical 

technique, given that nanoliters of sample are used in a particular run. F4 can be used 

as both an analytical as well as a preparative technique, allowing for separation of far 

greater quantities of analyte than CE. As a result, the two techniques are both equally 

useful in the probing and separating of macromolecular moieties. 

 

Asymmetrical Flow Field Flow Fractionation 

In order to improve the resolution seen in AF4, a variation of F4 was designed, 

asymmetrical flow field-flow fractionation (AF4).4 AF4 differs from F4 in several aspects. 

The channel design for AF4, as well as a graphical description of the AF4 operation can 

be found in Figure 2-2. The primary difference between AF4 and F4 is in the operation of 

the cross flow. Instead of solvent being pumped into the channel, solvent is instead 

pulled through the semi-permeable membrane using a dual-piston syringe pump. Since 

there is constant depletion of the solvent during the run, the channel dimensions have 

been altered as well to have a trapezoidal profile instead of a rectangular profile – the 

channel width is wide at the focusing point, but then tapers off as the sample migrates 

down the channel.5 An advantage of this channel is that the sample will be concentrated 

en route to the detector. Since there is no positive cross flow, the equilibration at the 



 

Figure 2-2.  Asymmetrical flow field
AF4 channel. Middle: Focusing step. During this, the analyte is both equilibrated similarly 
to F4 and focused into a narrow sample zone. Bottom: Elution step.
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Asymmetrical flow field-flow fractionation operation. Top: Schematic of the 
. Middle: Focusing step. During this, the analyte is both equilibrated similarly 

to F4 and focused into a narrow sample zone. Bottom: Elution step. 
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start of the F4 run (cross-flow only, no channel flow) cannot be employed. Instead, a 

new liquid flow (focus flow) is introduced into the system. During the focusing step, the 

focus flow and cross flow are both employed in concert with the channel flow to both 

equilibrate the analytes at their respective heights based on the diffusion/cross flow 

forces as well as focus the analytes into a narrow sample zone. As a result, AF4 has 

enhanced resolution compared to vanilla F4, due to narrower peak widths. After the 

focusing step, the analytes are eluted in a similar fashion to F4. In addition to the 

enhanced resolution of AF4, the combination of the focusing step and the tapered 

column allows for a concentrating effect to occur on the sample, yielding a higher 

sensitivity and better applicability to biosensing. 

 

Applications of (A)F4 in nanomaterial analysis 

F4 and AF4 have been used in several instances for the analysis of various 

nanomaterials. (A)F4 has been found to applicable to a wide variety of nanomaterials, 

such as quantum dots, titanium dioxide, silica, gold, silver and iron oxide nanoparticles,6-

8 as well as nanomaterials with greater aspect ratios, such as carbon nanotubes and 

nanofibers.9, 10 In these studies, the size and stability of the nanomaterials are often 

characterized under a variety of conditions.11, 12 For these types of analyses, (A)F4 is 

commonly interfaced to a variety of detectors, such as light scattering (DLS, MALS), UV, 

refractive index, and ICP-MS.13 In addition to these online detection schemes, 

nanomaterials have been collected and used in downstream analyses such as SAXS 

and TEM. 

However, one common problem seen in the usage of (A)F4 in the analysis of 

nanomaterials is in reducing nanoparticle-membrane interactions. In SdFFF (the other 
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FFF technique commonly used for the analysis of nanomaterials), the accumulation wall 

is an inert surface. However, (A)F4 uses a regenerated cellulose membrane, which can 

result in the adsorption and accumulation of nanomaterials. This adsorption is 

dependent on a variety of nanoparticle properties, such as the zeta potential and size of 

the nanoparticles.13, 14 In addition to the nanoparticle’s physical properties, it was also 

found that the buffer composition can affect the adsorption of nanomaterials, having 

increased effects on larger particles which are in closer proximity to the membrane as 

well.15 However, for smaller, negatively charged particles (the types of particles most 

commonly employed in biosensing and drug delivery applications), (A)F4 can be readily 

employed for analysis and detection. The membrane material can also be modified 

somewhat to reduce membrane-particle interaction; passivation of the surface with 

proteins such as BSA are most common as a temporary coating. 

In addition to characterization of nanomaterials using (A)F4, quantitation of metallic 

nanoparticles can also be conducted. For quantitation, direct hyphenation to ICP-MS is 

generally used. This has been used to identify and quantify the generation and 

enrichment of metallic nanoparticles in particular components of environmental samples 

(free nanoparticles versus nanoparticles adsorbed onto larger species).16, 17 As can be 

seen, (A)F4 can be used for the characterization of nanomaterials under a wide variety 

of conditions, as well as quantified in various matrices, as long as certain considerations 

regarding the buffer and membrane material are considered. 

 

Applications of (A)F4 in biomolecular analysis 

In addition to the characterization and quantitation of nanomaterials, (A)F4 has been 

heavily used in the analysis of biomolecules.18, 19 For this, AF4 is generally the technique 
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of choice due to the increased resolution and sensitivity compared to F4. AF4 has been 

used for the fractionation of serum proteins prior to bottom up or top-down proteomics 

analysis, as well as in the fractionation of cell membrane fragments from cytosolic 

proteins for the identification of membrane proteins.20, 21, 22In addition, AF4 has been 

used for the isolation of ribosomes and tRNA in bacterial cells.23 Finally, AF4 has been 

used as a secondary separation tool for size-based speciation of exosomes, 

mitochondria and other cellular components.24-26 For biological samples, AF4 proves to 

be a potential alternative to established isolation methods such as ultracentifugation for 

the isolation of biological components for downstream analysis. Similarly to 

nanomaterials, there is the potential for adsorption of protein on the membrane’s 

surface.27 However, the methods of passivation and treatment of these interactions is 

also similar to passivation for nanomaterial analysis– through careful buffer selection 

and preincubation with abundant proteins, adsorption can be minimized. 

In addition to the isolation applications shown above, AF4 has been used for the 

identification and determination of binding affinities for a variety of species. For instance, 

AF4 has been used in determining the identity and affinity of various protein-protein 

interactions, such as the aggregation of immunoglobins and other proteins in solution as 

well as the affinity and binding stoichiometry between monoclonal antibodies and 

neonatal Fc receptors.28-30 Interestingly, F4 has found a niche in the analysis of dairy 

proteins in a wide variety of samples.31 These tests have been conducted under various 

degrees of heat stress, to look at the formation of casein micelle and aggregates,32 and 

to identify any changes to the size and composition of various protein particles formed 

under heat stressors.33 Through AF4, it is possible to identify PPis, as well as potentially 

determine the binding affinity of these interactions. 
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AF4 has been used for the detection of aptamer-protein interactions as well.34 An 

example of this is seen in Figure 2-3, in the isolation of an aptamer-IgE complex from 

free aptamer. Due to their large aspect ratio, nucleic acids of equivalent molecular 

weight to a more globular protein will be retained longer in the AF4 system. As a result, 

aptamer-protein complexes can be well-resolved from both any free protein and any free 

aptamer, allowing for downstream amplification and identification in an aptamer selection 

process. This process has been used for comparison of aptamer-protein affinity to other 

methods such as surface plasmon resonance and affinity purification styled interactions, 

and it was found that the free-structured nature of the proteins in AF4 allowed for more 

sensitive binding than in other cases. Between this and the fact that AF4 can be run 

under more physiologically relevant conditions, AF4 has been gaining popularity as a 

tool for probing macromolecular interactions. 

 

(A)F4 as a tool for probing the nano-bio interface   

As seen above, the properties that make (A)F4 an attractive technique for studying 

either nanomaterials or biomacromolecules also make (A)F4 uniquely suited to probing 

the interactions between the two. Similar to capillary electrophoresis, it is possible to 

measure the affinity between a nanoparticle and a specific protein. For a slowly-

dissociating nanoparticle protein interaction in CE, the ratio of the peak area of the 

nanoparticle-protein complex to the total nanoparticle peak area is plotted against 

protein concentration, and affinity data can be obtained.35 In the case of (A)F4, a fully 

resolved peak is not seen unless there is a sufficient size increase – instead, there is a 

shift in retention time from the retention time of the free particle to the retention time of 

the fully-bound complex. By plotting the relative retention time shift of the nanoparticle- 
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Figure 2-3.  Isolation and amplification of aptamers present in an aptamer-protein 
complex. The fractogram demonstrates that Weigand Aptamer (WA), when in the 
presence of IgE, will bind and form a larger sized complex. Inset: PAGE analysis of the 
amplified WA after collection off of the AF4 system. The color of the boxes corresponds 
with the sample that was analyzed by AF4. 
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protein complex with respect to protein concentration, similar affinity calculations can be 

conducted, and dissociation constants determined. Figure 2-4 and Table 2-2 

demonstrate the ability of F4 to determine nanoparticle-protein binding affinity, and 

compare it to the previously established CE method. 

In addition, (A)F4’s previously alluded desalting effects and size-based separation 

gives it an advantage in the cleanup and usage of bioconjugated nanomaterials. In the 

case of bioconjugation of proteins to nanomaterials, cleanup is generally conducted 

through ultrafiltration. Although this will serve to wash away any excess conjugation 

reagent, the ultracentrifugation process can result in increased aggregation of 

nanomaterials, requiring additional filtering steps after the cleanup. In the case of (A)F4, 

not only will the particles be washed of any conjugation reagents, but the 

nanobioconjugate will be separated from free protein. This separation is especially 

important when working with small nanomaterials, such as quantum dots, where the 

protein can be of similar size to the nanomaterial. An example of this is seen in Figure 2-

5, where streptavidin conjugated quantum dots were cleaned up and isolated from free 

streptavidin via AF4. These cleaned quantum dot-protein conjugates can then be directly 

used in a biosensing or immunoassay application, with potentially higher sensitivity than 

if free binding protein is still present in the solution. 

Finally, F4 has been used to isolate affinity-coated nanoparticles from biological 

media.36, 37 In this study, microspheres with affinity coatings were incubated in a 

biological matrix to capture a protein of interest. The beads were then isolated either 

through magnetic/centrifugal pulldown or F4. When compared to centrifugation, only the 

proteins of interest were isolated by F4, compared to the large amount of coprecipitated 

proteins in the pulldown experiments. The F4 served a dual purpose in this case – firstly, 



 

Figure 2-4. Determination of nanoparticle
electrophoresis or F4. In CE (top), the ratio of bound nanoparticle
area to total nanoparticle peak area is plotted against concentration. Hill fitting is used to 
obtain the dissociation constant. Sample shown: 10
polymer with transferrin. In F4 (bottom), relative retention time shifts are plotted against 
concentration, and similar Hill fitting employed. Sample shown: 10
polyacrylic acid coating with Protein A.
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Determination of nanoparticle-protein affinities by either capillary 
In CE (top), the ratio of bound nanoparticle-protein complex peak 

area to total nanoparticle peak area is plotted against concentration. Hill fitting is used to 
obtain the dissociation constant. Sample shown: 10-nm SPION with an amphiphilic block 

with transferrin. In F4 (bottom), relative retention time shifts are plotted against 
concentration, and similar Hill fitting employed. Sample shown: 10-nm SPION with a 
polyacrylic acid coating with Protein A. 

 

protein affinities by either capillary 
protein complex peak 

area to total nanoparticle peak area is plotted against concentration. Hill fitting is used to 
nm SPION with an amphiphilic block 

with transferrin. In F4 (bottom), relative retention time shifts are plotted against 
nm SPION with a 
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Protein ( coating ) kD (M, CZE) kD (M, F4) 

Protein A (PAA) - 1.52E-06 +/- 1.26E-07 

A1AT (AMP) 1.01E-06 +/-9.9E-08 9.29E-07+/-1.19E-07 

Haptoglobin (AMP) 6.50E-07 +/- 1.24E-08 7.74E-07 +/- 1.06E-07 

Transferrin (AMP) 2.73E-07 +/- 1.65E-08 - 

 

Table 2-2.  Dissociation constants of various nanoparticle-protein pairs as seen by both 
F4 and capillary electrophoresis. Although the error was generally higher with the F4-
determined kD values, comparable affinities were seen between the two. PAA: a 10-nm 
superparamagnetic iron oxide nanoparticle coated with polyacrylic acid. AMP: a 10-nm 
superparamagnetic iron oxide nanoparticle coated with an amphiphilic block copolymer.



 

 

Figure 2-4.  Asymmetrical flow field flow fractionation as a rapid cleanup tool for quantum 
dot-streptavidin bioconjugates. Co
crosslinking. Minimal tailing was seen for the QD
house, and sizing was similar to QD
up via ultrafiltration). With AF4, the 
free protein (not shown, located between void peak and Qdot 488 peak) as well as from 
any free QD. Samples were detected with an excitation of 488nm and emission of 525 
nm. 
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Asymmetrical flow field flow fractionation as a rapid cleanup tool for quantum 
streptavidin bioconjugates. Conjugations were conducted using standard EDC 

crosslinking. Minimal tailing was seen for the QD-streptavidin conjugates fabricated in
house, and sizing was similar to QD-S conjugates purchased from Invitrogen (cleaned 
up via ultrafiltration). With AF4, the QD-S conjugate was easily separated from both any 
free protein (not shown, located between void peak and Qdot 488 peak) as well as from 
any free QD. Samples were detected with an excitation of 488nm and emission of 525 

Asymmetrical flow field flow fractionation as a rapid cleanup tool for quantum 
njugations were conducted using standard EDC 

streptavidin conjugates fabricated in-
S conjugates purchased from Invitrogen (cleaned 

S conjugate was easily separated from both any 
free protein (not shown, located between void peak and Qdot 488 peak) as well as from 
any free QD. Samples were detected with an excitation of 488nm and emission of 525 
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the large size difference allowed for isolation from any free media proteins present. In 

addition, any non-specifically adsorbed proteins could potentially be washed away from 

the beads, allowing for more effective affinity purification than traditional methods. This 

washing effect could be exploited to differentiate between stably bound and transiently-

bound nanoparticle protein interactions, allowing for more information to be gleaned 

about the nature of the interactions. Also, through usage of several different sized 

microspheres, capture and separation of several biomolecules can be done 

simultaneously, increasing the throughput of the method without requiring additional 

sample. 

 

Conclusion  

Both F4 and its contemporary, AF4, have shown promise in the analysis of 

nanomaterials in a wide variety of situations, as well as the probing of biomolecular 

interactions. Due to its gentle separating ability, size-based separation, and preparative 

scale compared to similar open-channel separation techniques, (A)F4 could be a 

powerful tool for probing the nano-bio interface, particularly in obtaining a better 

understanding of the nature of the nanoparticle-protein corona that forms as a result of 

introduction to a biological media. 
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Introduction  

The wide applications of nanoparticles (NPs)1-3  have increased their exposure to all 

living matters, including human beings, calling for a better understanding of the 

interactions between NPs and biosystems.4, 5  Once the NPs enter a biological matrix, 

their surface would be covered by biomolecules, mainly proteins, which then affect the 

fate and functions of NPs in the biological system.6-13  Protein corona compositions, 

protein binding affinities, as well as binding stoichiometries, have been intensely studied 

to gain more knowledge on the biological roles of protein corona and how its formation 

could be affected by the properties of NPs and proteins.6, 7   

Pioneer studies in this field have also pointed out the importance of binding 

kinetics,14 which affects the temporal development of the corona and its evolution in 

biological environment.  When the NPs are placed in one biological matrix, the rates of 

proteins binding to and dissociating off the NPs determine the time needed to reach the 

equilibrium state.15  When the NPs pass onto a new biological environment, the kinetic 

parameters strongly affect how the corona would evolve:16-18 proteins in the original 

corona with relatively fast dissociation rates would be exchanged more rapidly by the 

free proteins in the new environment than those with slower dissociation rates.  Still, little 

is known about how the particle surface and size characteristics would affect the binding 
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kinetics; and how the association/dissociation rates would impact the subsequent 

interactions between NPs and cell surface receptors.   

Several techniques have been employed to analyze the protein corona on NPs.  

Among them, centrifugation is the simplest, which can bring down a wide variety of NPs 

together with the adsorbed proteins after they are incubated in biological media.  The 

collected proteins can then be eluted off the NPs and analyzed by SDS-PAGE or LC-

MS.  It has been applied for identification of corona proteins and for study of corona 

evolution over time or under different protein concentrations.19, 20  For quantification of 

association/dissociation rates as well as affinity of individual proteins binding to NPs, 

isothermal calorimetry,21 size exclusion chromatography,14 surface plasmon 

resonance,22 and capillary electrophoresis,23 have been employed.  However, 

measurement throughput and speed need to be improved to match with the large variety 

of NPs and the high complexity of biological matrices.   

As an open channel separation technique, flow field-flow fractionation (F4) is well 

suited for analysis of biological interactions, because the absence of column packing 

significantly reduces disturbance to macromolecular complexes.24, 25  F4 separates 

compounds based on their size and shape, and has been used to isolate antibody-Fc  

receptor complexes for determination of binding affinities, for detection of cytochrome C-

lipid interactions, and as a cleanup tool to wash away non-specifically-bound proteins 

from the surface of microbeads employed in affinity pull-down assay.26-28  

In the present study, F4 was applied to purify the protein corona formed on the 

superparamagnetic iron oxide nanoparticles (SPION)s after they were incubated in the 

Immunoglobulin G (IgG)/albumin-depleted human serum, in parallel with centrifugation.  

We found out that, while both centrifugation and F4 could isolate proteins with good 
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binding affinity to the SPIONs, F4 could wash off the proteins interacting with NPs with 

relatively fast association/dissociation rates.  The binding affinities of selected proteins 

were measured by capillary electrophoresis (CE).  CE also confirmed that, the proteins 

being washed off by F4 but remained bound to SPIONs during centrifugation-based 

complex isolation were those with fast on-and-off rates when binding to proteins, proving 

the effectiveness of our method.  Moreover, circular dichroism (CD) measurement was 

carried out to show that, the rapidly dissociating SPION-protein interaction would not 

cast significant disturbance to protein structure.  We believe our method can assist with 

the study of the temporal development of protein corona and its evolution in biological 

environment with higher throughput than the aforementioned techniques.   

 

Experimental Methods 

Chemicals. All chemicals for preparation of the buffers used in F4 and protein 

digestion (sodium phosphate monobasic, sodium phosphate dibasic, FL-70, sodium 

hydroxide, trifluoroacetic acid, ammonium bicarbonate, and dithiothreitol (DTT)) were 

purchased from Fisher Scientific (Pittsburgh, PA) except for iodoacetamide (IAA), which 

was from Sigma Aldrich (St. Louis, MO).  Alpha-1-antitrypsin (A1AT), human serum 

albumin (HSA), apolipoprotein A1 (APOA1), beta-casein, succinyl concanavalin A 

(ConA), calmodulin, haptoglobin, prealbumin, transferrin, and trypsin were purchased 

from Sigma Aldrich.  Human serum was purchased from Biogenesis (Poole, England).   

Nanoparticles. SPIONs coated with polyacrylic acid (referred below as PAA-SPIONs) 

were synthesized in our lab using the protocol established by Dr. Yadong Yin’s group.29  

In brief, the particles were prepared in a one-step hydrolysis reaction, in which a mixture 

of sodium hydroxide/diethylene glycol was added to the solution containing PAA and 
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iron(III) chloride at 220 °C.  This reaction contin ued for 12 hours to yield spherical PAA-

SPIONs with an average particle diameter of 8.62±2.11 nm, determined by transmission 

electron microscopy (Figure 3-1). Based on the particle diameter and iron content as 

determined by ICP-AES, the particle concentration of the stock PAA-SPIONs was found 

to be 1.2 µM.  SPIONs coated with an amphiphilic block copolymer (referred to below as 

AMP-SPIONs) with an average particle diameter of 10 nm and stock concentration of 4.6 

µM (as determined by the manufacturer) were purchased from Ocean Nanotech 

(Springdale, AK).  The hydrodynamic diameters and the zeta potentials for both particles 

can be found in Table 3-1. 

Flow field-flow fractionation conditions.  All F4 collections were conducted in an 

F1000 symmetric F4 instrument (Postnova, Salt Lake City, UT), coupled to a Shimadzu 

SP-20A absorbance detector (Columbia, MD).  The separation channel was made by 

clamping a spacer with a thickness of 0.254 mm in between two ceramic blocks; and the 

bottom of the channel, i.e. the accumulation wall, was made from a 10 kDa MWCO 

regenerated cellulose membrane and had a surface area of 5900 mm2.  This system has 

a void volume V0 of 1.41 mL.  After calibration with SPIONs of similar size to those 

investigated in this study (Figure 3-2), the channel dimensions were 20 × 270 × 0.236 

mm.  The carrier solution was comprised of 10 mM phosphate at pH 7.5 ± 0.1 (prepared 

from monobasic sodium phosphate monohydrate and anhydrous dibasic sodium 

phosphate without additional pH adjustment), with 0.025% FL-70 added.  Samples 

containing the PAA-SPIONs were analyzed with the channel and cross flow rates of 1.00 

mL/min and 0.75 mL/min, respectively; but both flow rates were at 0.75 mL/min when 

analyzing the AMP-SPIONs and their protein incubations.  Absorbance detection was 

done at 280 nm.   



 

Figure 3-1.  Transmission electron microscopy of PAA
nanoparticles have a metal core size of 8.6 ± 2.1 nm in diameter.
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Transmission electron microscopy of PAA-SPION used in this study. The 
nanoparticles have a metal core size of 8.6 ± 2.1 nm in diameter. 

 
SPION used in this study. The 



 

Table 3-1. Physical properties of SPIONs used in the study. Hydrodynamic size was 
determined from calculation of F4 fractograms, while zeta potentials were calculated 
based on electrophoretic mobilities seen in CE.
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Physical properties of SPIONs used in the study. Hydrodynamic size was 
lculation of F4 fractograms, while zeta potentials were calculated 

based on electrophoretic mobilities seen in CE. 

 

Physical properties of SPIONs used in the study. Hydrodynamic size was 
lculation of F4 fractograms, while zeta potentials were calculated 



 

Figure 3-2.  AF4 calibration plot of particle standards to determine channel thickness.
Three iron oxide nanoparticles with known hydrodynamic diameters were injected onto 
the AF4, and the average retention times used to calculate the thickness of the channel. 
Flow rates were 1.00 and 0.75 for the channel and cross flow, respectively. The sl
the calibration plot is equal to

where η is the solvent viscosity, k is the Boltzmann constant, T is the temperature, and 
Vcross and Vchannel are the cross and channel flow rates, respectively.
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AF4 calibration plot of particle standards to determine channel thickness.
Three iron oxide nanoparticles with known hydrodynamic diameters were injected onto 
the AF4, and the average retention times used to calculate the thickness of the channel. 
Flow rates were 1.00 and 0.75 for the channel and cross flow, respectively. The sl
the calibration plot is equal to 

 
 is the solvent viscosity, k is the Boltzmann constant, T is the temperature, and 

are the cross and channel flow rates, respectively. 

 

AF4 calibration plot of particle standards to determine channel thickness. 
Three iron oxide nanoparticles with known hydrodynamic diameters were injected onto 
the AF4, and the average retention times used to calculate the thickness of the channel. 
Flow rates were 1.00 and 0.75 for the channel and cross flow, respectively. The slope of 

 is the solvent viscosity, k is the Boltzmann constant, T is the temperature, and 
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Incubation of SPIONs with proteins.  For all binding experiments, SPIONs were 

mixed with proteins in 20 µL 10 mM phosphate buffer at pH 7.4, and incubated for two 

hours at 37 °C prior to isolation of the SPION-prot ein complex by either centrifugation or 

F4.  Our preliminary study showed that the retention time of the SPIONs did not change 

after 2 hrs, which means the binding equilibrium was established and stable SPION-

protein complexes were formed. 

During the test of single protein (HSA, β-casein, calmodulin, and succinyl ConA) 

binding with the PAA-SPIONs, a protein:particle molar ratio of 12:1 was used.  

Additionally, protein mixtures with the molar ratios of HSA : β-casein : succinyl ConA at 

10:1:1, 5:1:1, 1:1:1, and 0.1:1:1, respectively, were prepared, while still keeping the total 

protein : particle molar ratio at 12:1.   

The study of protein adsorption in the IgG/albumin depleted serum was conducted 

using the AMP-SPIONs.  Preparation of the depleted serum was done via a Cibracon 

Blue and Protein A-based serum depletion kit (Thermo Fisher), and the obtained serum 

sample was desalted and buffer-exchanged into 20 mM phosphate using a 7kDa MWCO 

Zebra Spin Column (Thermo Fisher).  Ten µL of the depleted serum was mixed with the 

AMP-SPIONs in a 20µL volume, giving a final particle concentration of 1.2 µM in 10 mM 

phosphate buffer at pH 7.4. This mixture was incubated for two hours at 37 °C.  

Isolation of SPION-protein complexes by centrifugation and F4. After the SPIONs 

were incubated with proteins for 2 hrs, the SPION-protein complexes were isolated from 

the incubated mixture by either centrifugation or F4.  Before centrifugation isolation, the 

incubation sample was diluted from 20 to 400 µL with 10 mM phosphate (pH 7.4).  Then, 

it was centrifuged for 30 minutes at 16.1 krcf, pelleting the SPION-protein complex.  The 

supernatant was removed; the SPIONs were resuspended in the same phosphate 
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buffer.  The centrifugation and SPION re-suspension process was repeated once. The 

SPION-protein complex was then subjected to trypsin digestion and analysis, explained 

below. 

When isolating the PAA-SPIONs by F4, the SPION-protein mixture was injected onto 

the F4 system immediately following incubation. A 4-mL eluate was collected within the 

elution window of the SPION-protein complex peak.  This collection was split across 4 

aliquots, which were then centrifuged for 30 minutes at 16.1 krcf.  The bottom 100 µL of 

each aliquot was transferred to a single, clean tube, and the centrifugation process was 

repeated.  The supernatant was removed, and the SPION-protein pellet was 

resuspended for analysis.  During isolation of the AMP-SPIONs by F4, it turned out to be 

very difficult to pellet the SPIONs from a 4-mL solution under the same centrifugation 

condition as used above.  Thus, we revised the procedure for this type of SPIONs, and 

concentrated the eluate using a 4-mL Amicon filter having a MWCO of 10kDa (Millipore).  

In both cases, blanks were also prepared, by either centrifuging the depleted serum 

only under the same conditions as used on the incubation samples, or injecting the 

depleted serum in F4 and collecting the eluents within the same elution window as the 

SPION-protein complexes.  Proteins identified in the blanks were considered as co-

precipitates or co-eluted, unbound proteins, and excluded from the final report of the 

SPION-interacting proteins. 

Measurement of particle recovery. To determine the percentage of particle 

recovered, PAA-SPION was prepared and incubated as in the protein incubations, but 

without protein. Afterwards, PAA-SPION was isolated by either centrifugation or F4. 

After resuspension, the percentage of SPION recovered was quantified by either 

absorbance or ICP-AES. The recovered particle solution’s absorbance at 450 nm was 
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compared to that of several SPION standard concentrations. In the case of ICP recovery 

analysis, the recovered SPIONs were digested in a 10% nitric acid solution at 37oC 

overnight, and then diluted into a 2% nitric acid solution for ICP analysis. Standard 

concentrations of SPION were digested as well for comparison in the percent recovery 

study. 

Protein treatment and identification. In the study of binding between the PAA-

SPIONs and the standard proteins, the adsorbed proteins were removed from the 

SPIONs in the loading buffer, which had a final SDS concentration of 1%, and analyzed 

by SDS-PAGE, using a 10% polyacrylamide resolving gel and a 4% stacking gel.  

Protein bands in each sample were visualized using a SYPRO Ruby protein stain 

(Invitrogen).  Gel images were taken on a Typhoon imager, and the presence or 

absence of each protein was determined. 

In the serum protein binding study, the proteins adsorbed on the SPIONs were 

digested without removing the particles, because no interference to the activity of trypsin 

was noticed in our experiments.  The samples were first treated with dithiothreitol and 

iodoacemide for reduction of disulfide bonds and alkylation of the resulting thiol groups, 

and then underwent a tryptic digest at 37 °C overni ght.  After digestion, the samples 

were mixed with a 50% acetonitrile solution to denature any adsorbed peptides.  The 

released peptides were separated from the SPIONs with a 100kDa Amicon filter.  The 

peptides collected in the filtrate were concentrated to dryness, reconstituted in 0.1% 

trifluoroacetic acid, and desalted and preconcentrated by ZipTip, prior to analysis by 2D 

MUDPIT LC-nano-MS/MS analysis (Appendix 1).30    

Confirmation of AMP-SPION-protein interaction by capillary electrophoresis. All CE 

experiments were conducted on a Beckman-Coulter P/ACE MDQ Glycoprotein System, 
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using a fused silica capillary (i.d. 75 µm) with an effective length of 40 cm and an overall 

length of 50 cm.  In both CE modes, dimethyl sulfoxide was added as a neutral marker 

to monitor mobility shift or change in the electroosmotic flow.  All separations were 

conducted at +20 kV and the electropherograms obtained under UV adsorption 

detection at 200 nm (for neutral marker detection) and 280 nm (for analysis of bound 

and free nanoparticle) by a photodiode array detector were collected.  

The process of affinity measurement using CE was the same as used in our previous 

work.23  The samples tested by capillary zone electrophoresis (CZE) were prepared by 

incubating the protein and the AMP-SPIONs at various molar ratios ranging from 0:1 to 

10:1 overnight at 37 °C.  The running buffer was 10  mM borate at pH 8.5.  The peak 

areas of the complex and the free SPIONs were used to calculate the protein-bound 

SPION ratios which were plotted against the protein concentrations.  The resulting 

curves were fitted in a Hill plot and the Kd values were calculated.  In the case of affinity 

capillary electrophoresis (ACE), the running buffer was 15 mM phosphate (pH 7.5), to 

maintain an appropriate binding environment inside the capillary.  The protein was 

added to this running buffer at various protein:nanoparticle ratios (from 0:1 to 50:1). The 

mobility shift of the nanoparticle peak was plotted versus protein concentration, and a 

Hill equation was used to calculate the Kd value from the resulting curve.  

Circular dichroism (CD) measurements. All CD measurements were taken on a 

Jasco J-815 circular dichroism instrument, using a quartz cuvette with a 1-mm 

pathlength.  Single protein and the AMP-SPIONs were incubated at a 25:1 molar ratio in 

10 mM phosphate for 3 hrs at 37 °C.  The samples we re diluted 3 fold prior to CD 

measurements.  CD spectra were obtained across a wavelength range of 190-260 nm, 

with 1 nm scan increment.  Background subtraction (either a phosphate blank for 
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protein-only measurements, or a SPIONs-only sample for protein incubated particle 

measurements) was done on the raw spectra.  Once the CD data was obtained, the 

percentage of each secondary structure (helix, sheet, random coil) was estimated via the 

concentration-independent method designed by Raussens et al.31  The changes in the 

secondary structure fraction before and after incubation with SPIONs were then 

compared. 

 

Results and Discussion 

Washing off proteins with fast dissociation rates by F4. When the equilibrium mixture 

of the SPIONs and the proteins was injected as a short plug into the F4 column, the 

SPION-protein complexes were subject to the non-equilibrium separation condition since 

no proteins were present in the carrier solution of F4.32-37  Thus, the complex started to 

dissociate once the free proteins in the sample diffused out of the sample zone (Figure 

3-3).  Re-association could be ignored if the free, dissociated proteins are well separated 

from the complexes.  Then, the proteins dissociating off the SPIONs with relatively fast 

dissociation rates would be found in the eluent at a much lower or even not-detectible 

content than those with slower dissociation rates, if the initial complex concentration was 

the same.  Similarly, the non-binding proteins would be washed away due to their fast 

dissociation rates. 

To get an idea of how soon complex dissociation would occur on column, we 

estimated how quickly the representative protein, HSA, would diffuse out of the zone 

containing the PAA-SPION-HSA complex, using the simple, one-dimensional diffusion of  
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Figure 3-3. Dissociation of proteins from the SPIONs in non-equilibrium F4 allows for 
differentiation between the slowly and rapidly dissociating SPION-protein complexes. In 
a non-binding case, the proteins do not contribute to the SPION size. Although both fast 
and slow dissociating proteins will bind during equilibration and contribute to SPION 
size, the rapidly dissociating proteins will be washed away from the SPIONs and not 
collected. Slowly dissociating proteins will be coeluted with the SPIONs. Grey circles – 
NPs. Black circles – proteins.  

Non-binding

Complexes with fast dissociation rates

Complexes with slow dissociation rates

v
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HSA towards the channel center in the direction perpendicular to the membrane surface.  

Under this condition, the time (t) needed for the protein to diffuse a mean distance can 

be calculated by the relationship of (diffusion distance)2 = 2Dt, with D being the diffusion 

coefficient of HSA.   

In F4, the mean height of the sample zone on top of the membrane, l, can be 

calculated using the equation shown below: 

    l = t0 × w/6tr  (1) 

in which t0 is the void time; tr is the retention time; and w is the effective channel 

thickness.38   In our system, t0 was 1.19 ± 0.02 min and w was 0.236 mm (Experimental 

Section).  With an average tr of 7.02 ± 0.16 min, the l of the PAA-SPION-HSA complex 

was then calculated to be 6.67 ± 0.15 µm.  The D of HSA in water has been reported to 

be 6.1×10-7 cm2/sec in water.39, 40  Thus, for HSA to diffuse out of the complex zone with 

a gravity center at 6.67 µm above the accumulation wall, it would take only 0.36 sec.  If 

the time scale for HSA binding to the PAA-SPIONs is shorter than 0.36 sec, the complex 

would not be able to reform due to protein diffusing out of the sample zone.  The low 

possibility of complex reformation can also be seen from the large retention time 

difference between HSA and the PAA-SPION-HSA complex: HSA had a tr of 1.78 ± 0.20 

min under the flow rates used in the study (Figure 3-4), and would be well resolved from 

the complex peak centered at 7.02 ± 0.16 min.   

The rapid diffusion of free proteins from the complex zone causes continuous 

dissociation of the SPION-protein complexes.  Thus, if the initial particle-bound protein 

amounts are comparable, the proteins that dissociate from the SPIONs more rapidly will  
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Figure 3-4. AF4 fractograms of PAA-SPION (solid black line) and human serum albumin 
(blue dashed line) used in sample zone height calculations. Samples were run in 10 mM 
phosphate (pH 7.5) with 0.025% FL70. AF4 flow rates were 1.00 and 0.75 mL/min for 
the channel and cross flow, respectively, with absorbance detection at 280 nm. 
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be collected at much lower amounts, or even  undetectable, in the eluent containing the 

SPION-protein complexes than those with much slower dissociation rates. 

Compared to the <10 minutes separation in F4, centrifugation, took much longer 

time, ~ 30 min, to precipitate the SPIONs used in our study.  It may not provide quick 

enough separation of the free proteins and the complex, and re-association of the 

proteins and the SPIONs could occur during the long isolation. Within this long period, 

re-equilibrium may even be reached if the interacting proteins have fast enough 

association/dissociation rates, although the complex concentrations were reduced as the 

result of sample dilution by the wash solution.  Those proteins could be collected 

together with the NPs in the pellet.  The non-binding ones, due to their slow 

association/fast dissociation rate profile, would still be washed off during multiple rounds 

of washes.   

Single protein adsorption on SPIONs. To investigate the capability of F4 in removing 

the proteins with fast dissociation rates from the particles, the PAA-SPIONs were 

incubated with several single proteins, the binding of which was initially probed by CE.  

Our group has developed a quick, simple CE method of measuring the binding between 

individual protein and NPs.23   Using this CE method, we found that, calmodulin and 

succinyl ConA did not bind to the PAA-SPIONs; β-casein bound with a fast on-and-off 

rate; and the complex formed between HSA and the particles did not dissociate to a 

noticeable level within the time scale of CE separation (Figure 3-5).   

Upon injection into the F4 system, only those proteins capable of binding to the PAA-

SPIONs showed migration time shift in the F4 fractogram (Figure 3-6), which indicated 

change in particle diameter upon protein binding.  Beta-casein and HSA increased the 

hydrodynamic diameter of the particles by 9% (from 17.4 to 19.0 nm) and 18%  



 

Figure 3-5. Representative CZE electropherograms of PAA
and with β-casein, used to determine the dissoc
SPION:protein complexes.
bound NP-protein complex peak. A fast exchange interaction will result in a mobility 
shift, but no distinct peaks. CE runs were conducted at 20 kV in 10mM borate, pH 8.5, 
with absorbance detection
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Representative CZE electropherograms of PAA-SPION incubated with HSA 
casein, used to determine the dissociation rate and constant for the PAA

SPION:protein complexes. A slow exchange interaction will result both a free NP and 
protein complex peak. A fast exchange interaction will result in a mobility 

shift, but no distinct peaks. CE runs were conducted at 20 kV in 10mM borate, pH 8.5, 
with absorbance detection at 280 nm. 

 

SPION incubated with HSA 
iation rate and constant for the PAA-

A slow exchange interaction will result both a free NP and 
protein complex peak. A fast exchange interaction will result in a mobility 

shift, but no distinct peaks. CE runs were conducted at 20 kV in 10mM borate, pH 8.5, 



 

Figure 3-6.  F4 fractograms of the PAA
with an increase in the retention time indicating an increase in the hydrodynamic 
diameter due to protein adsorption. 
proteins, regardless of their interaction kinetics. AF4 parameters: 1.00 mL/min and 0.75 
mL/min channel and cross flow, respectively, absorbance detection at 280 nm.
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F4 fractograms of the PAA-SPIONs incubated with various single proteins, 
with an increase in the retention time indicating an increase in the hydrodynamic 
diameter due to protein adsorption. This retention time increase was found
proteins, regardless of their interaction kinetics. AF4 parameters: 1.00 mL/min and 0.75 
mL/min channel and cross flow, respectively, absorbance detection at 280 nm.

 

SPIONs incubated with various single proteins, 
with an increase in the retention time indicating an increase in the hydrodynamic 

This retention time increase was found in all binding 
proteins, regardless of their interaction kinetics. AF4 parameters: 1.00 mL/min and 0.75 
mL/min channel and cross flow, respectively, absorbance detection at 280 nm. 
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(20.5 nm), respectively (Table 3-1).  Calmodulin and ConA, being non-interacting, did 

not induce statistically significant size change to the PAA-SPIONs. 

The SPION-protein complexes isolated by either centrifugation or F4 were analyzed 

by SDS-PAGE to reveal the presence of the proteins in the complex collection (Figure 3-

7a).  While both SPION-binding proteins were found in the centrifugation collection, only 

HSA was collected along with the SPIONs in F4.  However, the band intensity of HSA 

collected in F4 reduced by more than 3 fold when quantified by Image J (Figure 3-7b).  

Several reasons can be accounted for the reduction in protein collection.  The recovery 

of PAA-SPION in F4 was only 40%, lower than the 80% recovery by centrifugation 

(measured by both UV-Vis absorbance and inductively coupled plasma – atomic 

emission spectroscopy).  The additional HSA loss could be attributed to the non-

equilibrium F4 process: although the protein has a slow-dissociation rate, some of the 

dissociated HSA would be removed from the SPIONs and not collected at the end of F4.    

Adsorption on PAA-SPION when incubated with a protein mixture. To further confirm 

F4’s ability to distinguish proteins dissociating from the particles with relatively slow or 

fast rates, the PAA-SPIONs were incubated with a mixture of HSA, β-casein, and ConA.  

The ratios of HSA:β-casein:ConA in the mixture were 10:1:1, 5:1:1, 1:1:1, and 0.1:1:1, 

with the amount of  the protein with a slower dissociation rate, i.e. HSA, decreasing from 

10-fold higher to 10-fold lower than others.  Judged from the fractograms, HSA was the 

deciding factor for the final size of the SPION-protein complex: the hydrodynamic 

diameter calculated from the elution time in F4 increased linearly with the molar fraction 

of HSA in the protein mixture (Figure 3-8a).  In the mixture with the highest HSA 
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Table 3-2. Sizes and size increases of PAA-SPION incubated with single proteins 
measured by F4. Diameters were calculated from the retention times of SPION 
complexes seen in Figure 3-6, and increases were relative to the bare PAA-SPION. 

Analyte
RT
(min)

Diameter
(nm)

Diameter increase
(nm) (% increase)

PAA-
SPION 5.95 ± 0.09 17.4 ± 0.3 N/A

Inc. with 
ConA 5.85 ± 0.21 17.1 ± 0.6 -0.3 (-2%)

Inc. with 
Calm 6.07 ± 0.24 17.7 ± 0.7 0.3  (2%)

Inc. with  
β-Cas 6.48 ± 0.12 19.0 ± 0.4 1.6  (9.2%)

Inc. with 
HSA 7.02 ± 0.16 20.5 ± 0.5 3.1    (18%)



 

Figure 3-7. (a) SDS-PAGE of single protein incubations with the PAA
by F4 and centrifugation, showing F4’s ability to isolate only proteins with slow 
interaction kinetics. H – human serum albumin. B 
A. (b) A comparison of the albumin band densities between the centrifugation and flow 
collections showed that there was a large loss of albumin from the flow collections. Half 
the loss can be attributed to particle loss in the isolation protocol, and the remainder can 
be attributed to partial dissociation of albumin from PAA
Bands were analyzed using ImageJ.
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PAGE of single protein incubations with the PAA-SPIONs collected 
by F4 and centrifugation, showing F4’s ability to isolate only proteins with slow 

human serum albumin. B – β-casein. S – succinyl concanavalin 
son of the albumin band densities between the centrifugation and flow 

collections showed that there was a large loss of albumin from the flow collections. Half 
the loss can be attributed to particle loss in the isolation protocol, and the remainder can 

attributed to partial dissociation of albumin from PAA-SPION in the F4 collection. 
Bands were analyzed using ImageJ. 

 

SPIONs collected 
by F4 and centrifugation, showing F4’s ability to isolate only proteins with slow 

succinyl concanavalin 
son of the albumin band densities between the centrifugation and flow 

collections showed that there was a large loss of albumin from the flow collections. Half 
the loss can be attributed to particle loss in the isolation protocol, and the remainder can 

SPION in the F4 collection. 



 

Figure 3-8. Incubations of a mixture of HSA, 
Size increase of PAA-SPION
the protein mixture. (b) SDS
that only HSA (slow-exchange) is collected with PAA
casein (fast-exchange) was 

58 

Incubations of a mixture of HSA, β-casein and SConA with 
SPION after incubation with increasing mol fractions of HSA in 

the protein mixture. (b) SDS-PAGE of increasing ratios of HSA: β-casein demonstrates 
change) is collected with PAA-SPION after F4 isolation, while 

exchange) was not isolated, even when in a protein mixture. 
 

 

casein and SConA with PAA-SPION. (a) 
after incubation with increasing mol fractions of HSA in 

casein demonstrates 
after F4 isolation, while β-
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 concentration, a 17% size increase (from 12.9 to 15.0 nm) was gained by the SPIONs. 

The collected samples were analyzed by SDS-PAGE (Figure 3-8b). Similar to the 

single protein incubations, the centrifugation collections possessed both β-casein and 

HSA; and the F4 collections contained only HSA.  This study proved that even in a more 

complex protein sample, only the proteins dissociating from the particles with relatively 

slow rates were successfully isolated by F4.  The rapidly dissociating proteins, such as 

β-casein, were not collected by F4 even when the starting concentration was 10 fold 

higher than HSA. 

Protein adsorption on SPIONs in depleted serum. Next, we tested the capability of 

F4 to screen for NP-protein interactions based on their relative dissociation rates from a 

complex biological matrix.  AMP-SPIONs were selected for this step of the study.  They 

are commercially available and supplied with high-quality and detailed characterization 

documents, and thus will be more widely used in research labs than the synthesized-in-

lab PAA-SPIONs.  Similar to the PAA-SPIONs, these particles were coated with 

polymers having high density of carboxyl groups that rendered high particle stability in 

aqueous and salty solutions.  The SPIONs were incubated with the serum that had been 

depleted of albumin and IgG, two of the most abundant components in human serum.  

Removing the highly abundant components gives more comparable concentrations of 

the remaining proteins.  Since the final amount of the recovered protein depends both on 

the dissociation rate constant as well as the initial protein amount in the mixture, 

leveraging the initial amounts of proteins could make the final recovered protein amounts 

more closely reflecting the difference in dissociation rate constants.  Additionally, using 

the depleted serum could be beneficial for discovery of the proteins present at lower 



60 

 

abundance but bound with higher affinities than HSA and IgG; the binding of these low 

abundance proteins to SPIONs have been commonly found in other studies.   

The hydrodynamic diameter of the SPIONs after incubation with the depleted serum 

increased by 17%, from 14.9 ± 0.5 nm to 17.5 ± 0.8 nm, based on the migration times in 

F4 (Figure 3-9).  After incubation and collection by both F4 and centrifugation, the 

proteins co-isolated with the AMP-SPIONs were digested and subjected to 2D nano-LC-

MS/MS analysis for protein identification. 

A total of 53 non-homologous protein hits were found in the collections.  The protein 

list was then narrowed down through additional manual removal of the homologous 

proteins, as well as elimination of proteins not found in human serum (determined 

through searching in the Plasma Proteome Database) (Table 3-3).41  Of the 20 serum 

proteins found to bind to the AMP-SPIONs, 11 were believed to be proteins with 

relatively slow rates dissociating off the SPIONs, based on their presence in both the 

centrifugation and F4 collections.  The remaining proteins were believed to bind to the 

AMP-SPIONs with relatively fast on-and-off rates, because they were absent from the F4 

collections. 

 

Binding confirmation using CE and CD spectroscopy. In order to confirm the 

dissociation rate situation observed in the F4-centrifugation study, CE was used to 

assess the binding between the AMP-SPIONs and a few selected serum proteins.  

Alpha-1-antitrypsin (A1AT), haptoglobin, and transferrin were chosen to represent the 

proteins dissociating from the SPIONs with relatively slow rates; and apolipoprotein A1  



 

Figure 3-9. F4 fractograms of AMP
sample depleted of IgG and HSA. Inset 
protein binding determined by F4.
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F4 fractograms of AMP-SPION before and after incubation with the serum 
sample depleted of IgG and HSA. Inset – Diameter increase of the AMP
protein binding determined by F4. 

 

SPION before and after incubation with the serum 
AMP-SPIONs after 



 

Table 3-3. Identification of proteins found in the AMP
either fast-dissociation or slow
centrifugation or F4 particle pellets.
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Identification of proteins found in the AMP-SPION: depleted serum corona as 
dissociation or slow-dissociation interactions based on their presence in the 

icle pellets. 

 

SPION: depleted serum corona as 
dissociation interactions based on their presence in the 
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(APOA1) was the representative for the proteins rapidly dissociating off the SPIONs. 

Pre-albumin was not found in either centrifugation or F4-based collections of the protein 

bound 10-AMP particles, and thus acted as a non-binding model protein. 

The samples were incubated in a 3:1 protein:SPION molar ratio overnight before 

being analyzed by CZE (Figure 3-10), in which the SPION-protein complex with slow 

enough dissociation rates, i.e. longer half-life than the separation time, should form a 

complex peak separable from the SPIONs peak and the proteins binding to the SPIONs 

with fast on-and-off rates would show a migration time shift of the particle peak.  Of the 

five proteins, A1AT, haptoglobin and transferrin formed observable complex peaks with 

the AMP-SPIONs; APOA1 caused migration time shift of the SPIONs; and pre-albumin 

did not induce any change in the separation profile.  The Kd values of the interacting 

proteins measured by CZE or ACE were displayed in Table 3-4.  It is worth of notice 

that, APOA1, although dissociating more rapidly from the SPIONs than other proteins, 

had the strongest binding affinity to the SPIONs.   

 In addition to CE, CD measurements of prealbumin, APOA1, transferrin and 

haptoglobin incubated with the AMP-SPIONs was conducted (Figure 3-11 for an 

example of a raw CD spectra).  We hypothesized that the proteins with fast on-and-off 

rates when forming complexes with SPIONs would experience less change in their 

secondary structure compared to those with relatively slower dissociation rates, because 

they were constantly changing in between SPION-bound and -unbound states.  Indeed, 

in the case of the prealbumin (non-binding) (Figure 3-12a) and APOA1 (fast dissociation) 

(Figure 3-12b), there were no statistically significant changes in the secondary structure 

of the protein after incubation with the AMP-SPIONs.  However, the two proteins 

dissociating relatively slowly from the SPIONs (haptoglobin (Figure 3-12c) and  
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Figure 3-10. Electropherograms of the SPION-protein complexes detected by CZE in 10 
mM borate (pH 8.5), with a 3:1 molar ratio of protein to nanoparticles.  The complex 
dissociating slowly (those with transferring, haptoglobin, or A1AT) showed a separable 
peak from the particle itself; and the complex with a fast dissociation rate (with APOA1) 
was detected as a shift of the peak for the SPIONs. Absorbance detection was 
conducted at 280 nm. 
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Table 2. Confirmation of SPION-protein binding situations revealed by the F4-
centrifugation method, using CE. To determine binding constants, increasing 
concentrations of protein were incubated with AMP-SPION. The bound peak ratio (for 
slow dissociation interactions) or mobility shift (for fast dissociation interactions) were 
plotted as a function of protein concentration, and the data fit to a Hill plot to determine 
Kd. 

 

Protein Centri-

fugation?

F4 

Isolation?

Binding situation 

detected by CE

CE Method Kd (μM)

Antitrypsin X X Slow dissociation CZE 1.01

± 0.10

Transferrin X X Slow dissociation CZE 0.233

± 0.011

Haptoglobin X X Slow dissociation CZE 0.612

± 0.074

Apolipoprotein

A1

X Fast dissociation ACE 0.155

±0.001

Prealbumin Non-binding CZE, ACE Non-binding



 

Figure 3-11. Circular dichroism spectra of transferrin incubated with and without AMP
SPION, demonstrating the change in transferrin’s secondary structure upon binding to 
AMP-SPION. For the Tr
was subtracted. 
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Circular dichroism spectra of transferrin incubated with and without AMP
SPION, demonstrating the change in transferrin’s secondary structure upon binding to 

SPION. For the Transferrin: AMP-SPION sample, the AMP-SPION background 

 

Circular dichroism spectra of transferrin incubated with and without AMP-
SPION, demonstrating the change in transferrin’s secondary structure upon binding to 

SPION background 



 

Figure 3-12.  Percent changes in the protein secondary structures upon binding with the 
SPIONs calculated from CD spectra for a) Prealbumin (non
(fast exchange protein); c) Haptoglobin (slow exchange protein); and d) Transferrin (slow 
exchange protein). 
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Percent changes in the protein secondary structures upon binding with the 
SPIONs calculated from CD spectra for a) Prealbumin (non-binding protein); b) ApoA1 
(fast exchange protein); c) Haptoglobin (slow exchange protein); and d) Transferrin (slow 

 
Percent changes in the protein secondary structures upon binding with the 

binding protein); b) ApoA1 
(fast exchange protein); c) Haptoglobin (slow exchange protein); and d) Transferrin (slow 



68 

 

transferrin (Figure 3-12d) showed noticeable changes in their secondary structure after 

incubation.  A decrease in the helical structure, as well as an increase in the random 

structure, was observed in haptoglobin.  Transferrin displayed an increase in the helical 

structure and a decrease in both the beta-sheet and random coil structure.  CD, although 

able to recognize NP-protein interactions with slow dissociation rates, is unable to detect 

the interactions with fast dissociation rates, which could actually have strong affinity.  

This perspective of CD is similar to F4, but CD can only measure the binding of one 

protein, and consumes larger amounts of material to overcome its low signal intensity 

and the high background noise resulted from the SPIONs. 

 

Conclusions 

In this study, it was determined that F4 can be used as an effective tool for screening 

the NP-protein interactions based on their relative dissociation rates, when used in 

parallel with centrifugation.  Because proteins with relatively slow dissociation rates off 

the NPs are rapidly exchanging between the particle-bound or –unbound status, they 

could reach binding equilibrium faster than others when the NPs are exposed to a new 

biological environment, and be replaced more quickly with the free matrix proteins if the 

NPs are passing in between matrices.  They should be the main contributors to the 

dynamic feature of the protein corona of NPs.  Thus, our screening method can assist 

with the evolution study of protein corona in different biological matrices.  The higher 

speed of F4 than gel filtration chromatography and its higher sample loading than CE 

make it an approach of higher throughput in study of the interaction between proteins 

and NPs.  It will be helpful for rapid assessment of how the interaction kinetics would be 

altered by the properties of NPs and proteins.  
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There is no doubt that further investigation is needed to explore the full potential of 

this method in probing the kinetic feature of NP-protein interactions from a highly 

complex protein mixture.  Because the final recovered protein amount depends on both 

the initial bound protein amount as well as the dissociation rate constant, quantification 

of protein abundances in the original matrix and in both the centrifugation and F4 

collections will be extremely valuable for more accurate interpretation of the collection 

profile in F4: is the protein recovered in F4 because of a slow dissociation rate or due to 

a much higher abundance than others?  Coupled with the appropriate protein 

quantification techniques, this method will also be used for measurement of NP-protein 

dissociation rate constants in a high-throughput manner when mixing the proteins in 

interest at the same concentrations and allowing the binding to reach equilibria.  

Application of this method to investigate other interactive systems is also possible.   
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Nanomaterial physical parameters and their influenc e on the hard and soft protein 

corona 
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Introduction 

Engineered nanoparticles (NPs) have been playing increasingly important roles in 

our society owing to their unique physical and chemical properties compared to bulk 

materials.  Rapid increases in NP applications have been accompanied by an enhanced 

awareness of the potential risks associated with accidental or intentional exposure of 

these materials to all living matters.1, 2 A better understanding of the behaviors of NPs in 

biological systems thus becomes imperative for safe and sustainable implementation of 

such materials.  It has been established that the protein corona, a layer of proteins 

adsorbed by the NPs upon their entry into plasma or other protein-containing biological 

fluids, produces the biological identity of NPs as seen by the cells and thus affecting 

their behaviors in the biological system.3-6 One main focus in corona study has been to 

reveal the identity of the bound proteins in the corona, because adsorption of some 

particular proteins could impact the cellular uptake and biodistribution behaviors of 

NPs.4, 5, 7  For example, adsorption of opsonins (e.g., fibrinogen) enhances uptake of 

particles by the mononuclear phagocytic system (MPS), but binding of dysopsonines 

(e.g., albumin) acts in the opposite way.8, 9 Complement component C3 on NP surface 

could prevent uptake by macrophages,10 and apolipoprotein E enables bypassing of the 

blood-brain barrier.11, 12 Moreover, the protein corona as a whole has been found to be 
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able to block the specific interactions of the biologically functionalized NPs with the cell 

surface receptors and thus interrupt the corresponding receptor-mediated uptake.13, 14  

In recent years, the dynamic nature of the corona has gained a great deal of 

attention in the scientific field.15-20  The bound proteins constantly exchange with the 

ones in the environment. Thus, when the NPs transfer from one biological environment 

into another, the corona composition also changes. The bound proteins with slow 

exchange kinetics have long residence time and form the hard corona.21, 22 These 

proteins should be more persistent to environment alteration than the ones with fast 

exchange kinetics, which are replaced quickly by the free proteins in the new 

environment and establish the outer protein layer, i.e. the soft corona.16, 21-24  For a better 

understanding of how the biological identity of the NPs would change with the 

surrounding, the evolution of the protein corona on NPs with various sizes and surface 

hydrophobicity as a function of time or protein concentration was investigated.15, 17, 25 

While these studies are focused on the changes in NP’s hydrodynamic size and surface 

zeta-potential, alternation in corona composition when the NPs moved from plasma to 

cell cytofluids was also evaluated.19  

The fundamentals of corona formation, such as how the formation of the corona is 

affected by the physicochemical properties of NPs, such as size, shape, and surface 

chemistry, have been widely studied.3, 10, 26, 27  The relationship of both the protein 

binding affinity/kinetics 24, 28-30 with the particle properties have also been investigated by 

using individual protein and NP pairs with techniques like surface Plasmon resonance, 

fluorescence spectroscopy, separation, etc. However, it remains difficult to obtain a 

comprehensive image of the dynamic nature of the corona, in particular the relative 

abundance and exchange rates of all involved proteins. The matrix in which the corona 
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is formed could contain over thousands of proteins, like the human plasma, with large 

difference in their concentrations; and protein concentration affects the abundance and 

exchange rates of the adsorbed proteins in the corona. Additionally, the experimental 

results in a corona study could be strongly influenced by the conditions used in particle 

incubation, isolation, and washing. Moreover, the exact contribution of corona protein 

exchanging rates to the biological behaviors of NPs, such as cell uptake and particle 

distribution, is not clearly known, neither the dependence of the dynamic nature of the 

corona on the properties of NPs or proteins.  This is because existing methods for 

determining the kinetics of protein-NP interaction are usually limited to either single 

protein-NP pairs or to particles with different physical parameters. 

Recently, our group established a method for rapid screen of proteins with different 

exchange rates in the corona using ultracentrifugation and flow field-flow fractionation 

(F4).31  Centrifugation is the preferred method people use for isolation of proteins 

adsorbed on NPs.  By carefully controlling the washing duration and solution volume, the 

unbound proteins in excess can be successfully removed and the proteins with high 

affinity to the NPs can be co-precipitated with the NPs for subsequent identification.  

Still, the collected proteins could exhibit various binding kinetics.  With fixed and 

relatively short incubation duration, the proteins isolated by centrifugation only could 

include both the hard and soft corona. Thus typical investigation of the hard and soft 

corona is carried out by monitoring protein binding verse incubation times or protein 

concentrations, as mentioned above. Intrigued by the pioneering work led by the 

Dawson’s group,24 in which size exclusion chromatography (SEC) was employed for 

estimation of the exchange rates of the NP-bound proteins, we remove the soft corona 

by F4 and collected the hard corona together with the NPs after F4. While F4 also 
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separates analytes based on their hydrodynamic sizes as SEC, F4 has no column 

packing that imposes less disturbance to the protein-NP complexes, provides better 

accommodation to complexes with large diameters, and gives out much faster 

separation. Under the non-equilibrium separation condition of F4,32-34 i.e. with no protein 

in the separation medium, the protein-NP complex with a half-life much shorter than the 

separation time (~ 30 min) would quickly dissociate inside the F4 column.  The 

dissociated proteins are separated away from the protein-NP complex due to size 

difference, preventing the occurrence of re-binding.  This way, only the proteins with 

extremely slow exchange rates, i.e. those forming the hard corona, can be coeluted and 

collected with the NPs after F4 separation. With this method, we can simultaneously get 

the snapshots of both the hard and soft corona via one round of incubation in the 

complex biological matrix.  

Herein, we applied this method to study the relationship between the dynamic nature 

of protein corona on particle properties as well as on protein surface properties.  Iron 

oxide NPs differing in surface coating and particle diameter were incubated with human 

serum. Proteins with relatively slow and fast exchange kinetics were identified.  The 

influence of protein exchanging behavior on cellular uptake was also investigated to 

shred a light on its biological significance.  Our study aims to reveal the determinants of 

the dynamic nature of the protein corona on NPs.  For the first time, both the corona 

composition and its dynamic nature were surveyed simultaneously, which enabled 

convenient study of the major contributors in particle and protein properties to binding 

kinetics.  

 

 



78 

 

Experimental Methods: 

Reagents: All chemicals used in buffers (sodium phosphate monobasic, sodium 

phosphate dibasic, FL-70, sodium hydroxide, and ammonium bicarbonate), as well as 

Optima™ grade water and acetonitrile, were purchased from Fisher Scientific. Alpha-1-

antitrypsin (A1AT), apolipoprotein A1 (APOA1), haptoglobin, prealbumin, transferrin and 

trypsin were purchased from Sigma Aldrich. Human serum was purchased from 

Biogenesis (Poole, England). Dithiothreitol was purchased from Fisher Biotech, and 

iodoacetamide and trifluoroacetic acid were purchased from Sigma.  Cell culture media 

components were purchased from ATCC. The PAA- and AZA-coated particles were 

prepared in our lab following the protocol developed by the Yin group,51 and the AMP-

coated SPIONs were purchased from Ocean Nanotech (Springdale, AR). 

Flow field flow fractionation (F4) conditions: For all F4 collections, the conditions 

were as follows. A F1000 symmetrical F4 instrument (Postnova, Salt Lake City, UT) is 

coupled to a Shimadzu SP-20A absorbance detector (Columbia, MD). The membrane 

used was a 10 kDa MWCO regenerated cellulose membrane. The running buffer used in 

the F4 collections was a 10mM phosphate buffer (pH 7.5, prepared from monobasic 

sodium phosphate monohydrate and anhydrous dibasic sodium phosphate solids) with 

0.025% FL70 surfactant added. The system was run with a 0.75 mL/min channel flow 

and 0.75 mL/min cross flow, with absorbance detection at 280 nm. 

Nanoparticle-depleted serum incubation and isolation: Human serum was first 

albumin- and IgG-depleted using a Cibracon Blue and Protein A-based serum depletion 

kit (Thermo Fisher). Desalting and buffer exchange of the depleted serum was done 

using a 7kDa MWCO Zebra Spin Column (Thermo Fisher). The depleted serum was 

then incubated with one of the five aforementioned particle types for 2 hours at 37 
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degrees Celsius. After incubation, F4 and centrifugation collections were done. For 

centrifugation, samples were diluted to 400 uL using 10mM phosphate (pH 7.5), and 

then centrifuged at 16.1 krcf for 30 minutes. After centrifugation, the supernatant was 

removed. This process was repeated once, and then the sample was reconstituted in 75 

uL of 10x phosphate. For the F4 collections, four milliliters (approximately eight minutes) 

were collected directly from the detector eluate. The collection window was determined 

based on the elution time of a serum-free nanoparticle control sample. These collections 

were then concentrated to ~75 uL using a four milliliter Amicon filter with a 10kDa 

MWCO (Millipore).  In both cases, runs consisting of only depleted serum were 

conducted to identify and eliminate any proteins that naturally precipitated or eluted 

alongside the SPIONs.  

The collected samples were digested without any removal of particle. The samples 

were first reduced with dithiothreitol and alkylated with iodoacemide, and then underwent 

a tryptic digest at 37 degrees Celsius overnight. After digestion, the samples were 

treated with a 50% acetonitrile solution to denature any adsorbed peptides. The samples 

were then filtered with a 100kDa Amicon filter to isolate the peptides from the 

nanoparticles. The peptides were concentrated to dryness, and reconstituted in 0.1% 

trifluoroacetic acid. These samples then underwent ZipTip desalting and concentration 

prior to analysis by 2D MUDPIT LC-nano-MS/MS analysis (Appendix A).   For the 

depleted serum controls, no proteins were identified with a sufficient confidence score in 

either the F4 or the centrifugation collections. 

Confirmation of protein-nanoparticle kinetics by gel electrophoresis. To confirm the 

kinetics between SPION and protein, single protein incubations were done. 10-AZA and 

25-AMP were incubated with protein (apolipoprotein A1 and alpha-1-antitrypsin with 10-
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AZA, transferrin and haptoglobin with 25-AMP). The samples were incubated in a ~12:1 

protein:particle molar ratio, to ensure complete binding of protein to SPION. After the 

incubation, collections were conducted similarly to the depleted serum incubations. 

Samples were then analyzed by SDS-PAGE for the presence or absence of protein. The 

SDS-PAGE gel comprised of an 8% polyacrylamide resolving gel and a 4% stacking gel. 

Samples were allowed to run for 40 minutes at 200V. The gels were then stained with 

SYPRO Ruby (Bio-Rad), and imaged using a Typhoon fluorescence scanner. 

Confirmation of protein-nanoparticle kinetics by capillary electrophoresis (CE) All CE 

experiments were conducted on a Beckman-Coulter P/ACE MDQ Glycoprotein System, 

using a 50 cm unmodified silica capillary (with 40cm from inlet to detection window) with 

an inner diameter of 75 microns. 10 mM borate buffer (pH 9.0, prepared from solid borax 

and boric acid) was used as the running buffer, and separations were conducted at 15 

kV with detection at 232 and 280 nm. A 3:1 ratio of protein to nanoparticle was incubated 

in 10mM phosphate (pH 7.5) overnight prior to injection onto the Beckman. Dimethyl 

sulfoxide was added as a neutral marker prior to analysis. 

Serum incubations: 25-AMP was incubated in 20% serum for two hours at 37C. After 

incubation, the complexes were isolated by either centrifugation or F4 as explained 

above. After digestion and purification, the peptides were identified by 1D LC-nanoESI-

MS, using a Waters Alliance 2695 Separations module interfaced with a Thermo-

Finnegan LTQ mass spectrometer (Appendix 2). mzXML files were analyzed using 

Batch-Tag Web, part of UCSF’s Prospector mass spectrometry analysis suite. Using the 

analysis suite, spectral counting and protein identification was conducted. 

Effect of the protein corona on cellular uptake: RAW-Blue™ mouse macrophage 

cells were grown in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal 
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bovine serum and 1% penicillin/streptomycin at 95% relative humidity and 3.5% CO2. 

The cells were detached from the growth flasks and transferred to 96-well plates at a 

concentration of 10,000 cells per well. The cells were allowed to grow and adhere for 24 

hours. The cell culture media was then removed and replaced with a serum-free DMEM. 

To this, 10-AMP or 25-AMP (either neat or incubated with of transferrin) were added 

(giving a final SPION concentration of 150 µg/mL, and a transferrin concentration of 

1.875 µM), and the particles incubated for 12 hours. The cell viability was then tested 

using the CellTiter 96 Aqueous One Solution cell proliferation assay kit (Promega). 

To assess cellular uptake, cells were grown on plate to ~90% confluence. 

Afterwards, nanoparticle solutions were added similarly to the cell viability test, and 

allowed to incubate for two hours. After incubation, the cells were rinsed with serum-free 

DMEM once. The DMEM was removed, and 100 uL of nitric acid added to each well. 

The samples were allowed to digest for 18 hours. Then, the samples were transferred to 

15 mL centrifuge tubes and diluted to 5 mL with 5% nitric acid. After dilution, the iron 

content in each sample was quantified by inductively coupled plasma-atomic emission 

spectroscopy. From the iron concentration, the percent uptake of each particle and 

particle-transferrin complex was determined. 

 

Results and Discussion: 

Selection of NPs. Our study was carried out on the superparamagnetic iron oxide 

NPs (SPIONs), a family of NPs that show great potential in biomedical applications, 

acting as the media for magnetic cancer hyperthermia, the contrast agents for magnetic 

resonance imaging, the carriers for targeted delivery of drugs or genes, etc.35, 36 Our 

study focused on the spherical SPIONs with the average core diameter close to 10 nm 
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or 25 nm.  Corona formation on small NPs with diameter around 5~30 nm is not 

adequately studied, although they are in the comparable size scale as proteins and able 

to escape from opsonization and the reticuloendothelial system.17  For the 10-nm 

SPIONs, four types of surface ligands were investigated: polyacrylic acid (PAA), azaleic 

acid (AZA), amphiphilic block copolymer (AMP), and Protein G (PrG). In the text below, 

the SPIONs were referred as 10-PAA, 10-AZA, 10-AMP, 25-AMP, and 10-PrG, using the 

core size and the acronym of its surface coating. The PAA, AMP, and AZA coatings all 

have carboxyl groups; therefore the SPIONs carried high negative charges, as reflected 

by their negative zeta-potentials, and could be stably suspended in physiological buffers.  

On the other hand, the hydrophobicity of these ligands increases in the order of AZA > 

AMP > PAA, as indicated by their LogP values, the logarithm of the partition coefficient 

between n-octanol and water. ALOGPS 2.1 provided by the Virtual Computational 

Chemistry Laboratory (http://www.vcclab.org)37, 38 was employed to calculate the LogP 

values. For AMP, the head of the amphiphilic block copolymer was used in LogP 

calculation, since the hydrophobic tail of the polymer is expected to interact with the oleic 

acid on the surface of the pristine nanoparticles.39 The structures of the small molecules 

used in the LOGP determination can be seen in Figure 4-1. The absolute values of the 

zeta-potentials of 10- PAA, 10-AMP, and 10-AZA decreased slightly with the increase in 

ligand hydrophobicity. The zeta-potentials of 10-AMP and 25-AMP were almost the 

same, and these two pairs of SPIONs are suitable for study of impact from particle 

diameter on corona formation. For the three SPIONs with a core diameter around 10 nm, 

the 10-PAA has the largest hydrodynamic diameter, which is probably due to the 

entrapment of a large number of water molecules and counter ions by its consecutive  



 

 

Figure 4-1. Representations of e
azaleic acid, (B) – polyacrylic acid, (C) 
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Representations of each surface coating used in LogP calculations. (A) 
polyacrylic acid, (C) – amphiphilic block copolymer. 

ach surface coating used in LogP calculations. (A) – 
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carboxyl groups.40, 41  The core diameter, hydrodynamic diameter, and zeta-potential of 

the SPIONs can be found in Table 4-1. 

Screening for proteins with different exchange rates in the corona. The SPIONs were 

incubated with the depleted human serum, which had the highly abundant human serum 

albumin (HSA) and immunoglobulin G (IgG) removed, and then analyzed by F4. It has 

been reported that, proteins with low affinity but present in high concentration in the 

biological matrix are adsorbed at the beginning of incubation; and gradually displaced by 

proteins at lower abundances but with higher binding affinities.18-20, 42, 43 Depletion of HSA 

and IgG was to lessen the deviation in dissociation rates caused by the large 

concentration difference of HSA and IgG with other serum proteins; and also to help 

identify the stronger binders present at lower abundance in serum in a timely fashion. 

After incubation with the depleted serum, the hydrodynamic diameter of the SPIONs 

increased due to the formation of the protein corona, the SPION peak in F4 shifting to a 

later migration time. An example fractogram of this migration time shift is seen in Figure 

4-2, using 10-PAA. Fractograms for 10-AMP, 10-AZA, 10-PrG and 25-AMP can be seen 

in Figure 4-3. The percent increase in the particle’s hydrodynamic diameter indicated the 

relative thickness of the corona layer, which seemed to be dependent on the surface 

ligand and the particle diameter. The most hydrophobic SPION, 10-AZA, exhibited an 

increase of 135%. Considering the spherical shape of the particles, such a percent 

increase corresponded to a corona layer of ~10 nm thick, the largest among all particles 

investigated. The second largest percent increase in particle diameter was observed on 

the 10-PrG. The diameter of the larger 25-AMP increased by 38%, which was higher 

than the 17% of the smaller 10-AMP with the same coating.  
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NPs  Surface Coating  LogP of 
surface 
coating  

Zeta 
potential 
(mV)  

Diameter 
(avg.) in 
AF4 (nm)  

After DS 
incubation (nm) 
(%size increase 
after incubation)  

10-PAA  Poly(acrylic acid)  0.67  -45.02 ± 0.74  19.19 ± 0.49 22.55 ± 1.19 
(17%) 

10-AMP  Proprietary 
amphiphilic 
copolymer  

1.35  -40.43 ± 0.29  14.78 ± 0.27 17.49 ± 0.57 
(18%) 

10-AZA  Azaleic acid  1.65  -36.13 ± 0.50 14.43 ± 0.54 33.91 ± 4.66 
(135%) 

10-PrG  10-AMP, with 
Protein G 
bioconjugation  

N/A  -31.62 ±0.85  16.90 ± 0.41 24.89 ± 0.48 
(47%) 

25-AMP  Same as 10-
AMP  

1.35  -40.88 ± 0.21  25.10 ± 0.27 34.86 ± 1.74 
(38%) 

Table 4-1. Physical parameters of the SPIONS investigated in the study, and diameters 
of pristine and serum-incubated SPIONS by F4. Standard deviations in hydrodynamic 
diameter represented the deviation in size measurement based on the center position of 
the particle peak in F4, but not the actual size distribution. The zeta potentials of the 
coated SPIONs were calculated from the electrophoretic mobilities of the particles 
measured by capillary electrophoresis. 
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Figure 4-2. Representative F4 fractograms of 10-PAA (red) and 10-PAA incubated with 
depleted serum (black). F4 conditions: 0.75 mL/min channel and cross flow, 10 mM 
phosphate with 0.025% FL70. Fractograms were detected at 280 nm. 



 

Figure 4-3. Representative AF4 fractograms of 10
and 10-PrG (D), both pristine and incubated with depleted serum. Samples were run at 
0.75 mL/min channel and cross flow. UV detection was conducted at 280 nm.
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Representative AF4 fractograms of 10-AMP (A), 25-AMP (B), 10
pristine and incubated with depleted serum. Samples were run at 

0.75 mL/min channel and cross flow. UV detection was conducted at 280 nm.

 

AMP (B), 10-AZA (C) 
pristine and incubated with depleted serum. Samples were run at 

0.75 mL/min channel and cross flow. UV detection was conducted at 280 nm. 
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Upon F4 separation, the eluted SPIONs were collected together with the bound 

proteins. In parallel, the SPIONs carrying protein corona were directly precipitated by 

centrifugation and washed two times with 1×PBS. The collected proteins were digested 

and analyzed by 2-dimensional (2D) nano-LC-MS/MS for protein identification. Proteins 

remained bound to the SPIONs after F4 separation were the slowly exchanging ones; 

and those co-precipitated with the SPIONs only by ultracentrifugation but not by F4 were 

the ones rapidly exchanging between the particle-bound and -unbound states in the 

biological matrix.  Confirmation of the dissociation behaviors of select protein-particle 

pairs by the standard methods of SDS-PAGE and capillary electrophoresis can be found 

in Figures 4-4 and 4-5.   

The total numbers of the rapidly and slowly exchanging proteins in the corona were 

compared across the SPIONs (Figure 4-6; proteins identified in the corona of each type 

of particles were listed in Table 4-2).   The 10-PAA had the smallest number of bound 

proteins identified (9) among all SPIONs tested. This agreed with its smallest increase in 

diameter after corona formation that indicated a corona layer around only 1.5 nm thick. 

Interestingly, the more hydrophobic ligand recruited a higher portion of the rapidly 

exchanging proteins to the corona, forming a more dynamic corona. About 68% of the 

corona proteins on the 10-AZA belonged to the fast exchanging category; while this 

percentage dropped to 48% for the 10-AMP, and then to 33% for the 10-PAA coated 

with the most hydrophilic ligand. Protein G is composed of amino acids, which has the 

similar situation of mixing the hydrophobic and hydrophilic portions in one molecule as 

the AMP. Thus, the 10-PrG had a comparable percentage of the rapidly exchanging 

proteins in their corona to the 10-AMP.  



 

Figure 4-4.  SDS-PAGE of protein
both F4 and centrifugation collections, Fast exchange pairs will only be seen in 
centrifugation collections. (top) 10
exchange). (bottom) 25-
exchange). 
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PAGE of protein-SPION pairs. Slow Exchange pairs will be seen in 
both F4 and centrifugation collections, Fast exchange pairs will only be seen in 
centrifugation collections. (top) 10-AZA with APOA1 (fast exchange) and A1AT (slow 

-AMP with transferrin (fast exchange) and haptoglobin (slow 

Slow Exchange pairs will be seen in 
both F4 and centrifugation collections, Fast exchange pairs will only be seen in 

AZA with APOA1 (fast exchange) and A1AT (slow 
nge) and haptoglobin (slow 



 

Figure 4-5.  Capillary Zone Electrophoresis of 10
has slow-exchange kinetics with 10
will be seen in the electropherogram. A fast
not form the second peak. Transferrin, haptoglobin and A1AT were all slow
F4, while APOA1 was believed to be fast
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Capillary Zone Electrophoresis of 10-AMP with various proteins.
exchange kinetics with 10-AMP, then both a complex peak and a free NP peak 

will be seen in the electropherogram. A fast-exchange kinetics or non-
not form the second peak. Transferrin, haptoglobin and A1AT were all slow
F4, while APOA1 was believed to be fast-exchange. (reproduced from Figure 3

 

AMP with various proteins.1 If a protein 
th a complex peak and a free NP peak 

-binding peak will 
not form the second peak. Transferrin, haptoglobin and A1AT were all slow-exchange by 

(reproduced from Figure 3-10) 



 

Figure 4-6. Quantitation of the number of hard corona proteins or soft corona proteins 
surrounding each nanoparticle. Hard corona proteins (slow exchange interaction) are 
dark grey, while soft corona proteins (fast exc
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Quantitation of the number of hard corona proteins or soft corona proteins 
surrounding each nanoparticle. Hard corona proteins (slow exchange interaction) are 
dark grey, while soft corona proteins (fast exchange interaction) are light grey.

 

Quantitation of the number of hard corona proteins or soft corona proteins 
surrounding each nanoparticle. Hard corona proteins (slow exchange interaction) are 

hange interaction) are light grey. 
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Protein 10-
AMP 

10-
AZA 

10-
PAA 

10-PrG 25-
AMP 

Albumin S F S S F 
Alpha-1-antitrypsin S S F S - 
Alpha-1B-glycoprotein  - - - F - 
Fetuin A S - - F F 
Angiotensinogen  F - - - F 
Apolipoprotein A1 F F - F - 
Apolipoprotein AIV - F - - - 
Apolipoprotein B-100 F F - - - 
Apolipoprotein CIII - F - - - 
Apolipoprotein D - F - - F 
Apolipoprotein E - F - - - 
Beta-actin  - - - - F 
Beta-globin  S - - - F 
Ceruloplasmin  S S S S F 
Complement C3  S F S S S 
Complement  C4A  S F - - F 
Complement  C4B  S - - - - 
Fibronectin  - F - - - 
Gelsolin   - - F - 
Haptoglobulin  S S F S S 
Hemoglobin  F - - - F 
Hemopexin  F - - - - 
IgA  F S - S F 
IgD  F - - - - 
IgE  - F - - - 
IgG F - S S - 
IgM  F F - - F 
Kinogen-1 - - - F - 
Macroglobulin S F - S S 
Orosomucoid  - - - S - 
Plasminogen  F S S - F 
Prealbumin  - - - F F 
Proapolipoprotien  - - - - F 
Transferrin  S F F - F 
Trypsinogen  F S S - - 
Vitamin D binding protein - - - F - 
Total 22 20 9 16 18 
Fast Exchange 11 14 3 7 15 
Slow Exchange 11 6 6 9 3 

Table 4-2.  Proteins identified in each SPION-depleted serum incubation. “S” – slow-
exchange protein binder (found in F4 and centrifugation), “F” – fast-exchange protein 
binder (cent. only) 
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The higher percentage of the slowly exchanging proteins adsorbed by particles coated 

with the less hydrophobic ligands could be attributed to the origins of the binding forces. 

Binding to NPs can be governed by their high surface activity and mediated by the 

intermolecular dispersion, polar, and ionic forces.  The lower hydrophobicity and the 

more negative charges of the PAA coating would result in more electrostatic and dipole-

dipole interaction, as well as H-bonding with proteins. Such interactions are in general 

more stable than the dispersion and dipole-induced-dipole interactions found more 

frequently in the more hydrophobic ligands. More structure dispersion in the adsorbed 

proteins may also occur to make them adapted to the particle surface better. This type of 

structural change upon binding has been seen in circular dichroism experiments.31, 44, 45 

Both would lead to longer life-times of the complex and slower dissociation rates. The 

highest percentage of the slowly dissociating proteins in the corona of the 10-PAA 

among all SPIONs may also explain why the 10-PAA bound to the lowest number of 

proteins and the thinnest corona layer.  The SPIONs were quite small, and could only 

accommodate fewer than 3 (the 10-nm SPIONs) or 5 (the 25-nm SPIONs) proteins per 

particle geometrically. Once the slowly dissociating proteins occupied the active binding 

site on the particle surface, other proteins would not be able to bind. Additionally, with 

deformation of the protein structure, the overall corona thickness would decrease due to 

the spread-out of the protein backbone. On contrary, the higher hydrophobicity of the 

surface coating induced weaker binding forces and thus more transient binding, which 

also created higher chances for the rapidly dissociating proteins to exchange with each 

other on the SPION surface and resulted in a higher total number of the bound proteins.  

Faster binding kinetics also led to less disturbance to protein structure, which yielded a 

very thick protein corona on the 10-AZA. 
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Moreover, Figure 4-6 showed that the larger 25-AMP, compared to the smaller 10-

AMP, also carried a more dynamic corona, with 83% of its corona proteins to be the 

rapidly exchanging ones. The larger SPIONs had a flatter surface curvature, making it 

harder for proteins with a compact structure to adapt to the surface and thus inducing 

lower disturbance to the protein structure.  As a result, the proteins would be dissociated 

more quickly from a flatter surface, compared to when binding with a sharper surface 

curvature on the smaller particles.46, 47 

Effects of protein property on the protein corona: We also investigated the impact on 

corona formation from protein properties.  We first compared the pI, the aliphatic index, 

and the grand average of hydropathy (GRAVY) of the proteins involved in the corona 

found on each SPIONs (Figure 4-7). Both the aliphatic index and GRAVY represent the 

hydrophobicity of the protein.  These values were determined through ProtParam, 

provided through the SIB ExPASy Bioinformatics Resources Portal.46  However, no 

obvious relationship could be seen between the SPION surface coating and either the 

corona’s average pI or the hydrophobic nature of the corona.  This could be attributed to 

the fact that the GRAVY score is calculated based on all amino acids present, giving no 

preference to surface versus buried residues.  

Since the binding should involve only surface amino acid residues, if there is no 

substantial alternation to the protein structure, we then employed GETAREA, a software 

algorithm for calculation of solvent accessible surface areas, to identify the amino acid 

residues that had greater than 50% surface accessibility.49  The surface residues of each 

protein were used to perform the GRAVY calculation, and then the average of the 

surface GRAVY scores of all corona proteins for each type of SPIONs was computed.  

We found that the average surface GRAVY score increased consistently from 10-PAA,  
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Figure 4-7. Parameters of the protein corona surrounding each of the SPIONs. Protein 
parameters were calculated using the full sequence of each protein in ProtParam, 
provided by the ExPASY database. Top – pI, middle – aliphatic index, bottom – GRAVY. 
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to 10-AMP, and to 10-AZA (Figure 4-8a). This means that the more hydrophobic particle 

surface ligand attracts proteins with a higher surface hydrophobicity. The hydrophobic 

interaction then led to a more dynamic protein corona with its proteins quickly 

exchanging with those in the incubation medium.  Again, as in the above discussion of 

impact from particle surface hydrophobicity, the average surface GRAVY score of the 

10-PrG corona is quite comparable to that of the 10-AMP, due to the similar hydrophobic 

situation between PrG and AMP.  Between the 10-AMP and the 25-AMP, the larger 

particles also bound to proteins with a less negative average surface GRAVY score.   

In addition, the average surface GRAVY scores of the slowly exchanging proteins 

were more negative than those of the rapidly exchanging ones, except for the 10-PAA, 

hinting that the more hydrophilic protein surface would yield more stable interaction with 

the SPIONs (Figure 4-8b). PAA’s highly charged structure (equal parts carboxylated and 

aliphatic carbons) restricts the ability of proteins to bind via dispersion force interactions, 

resulting in similar GRAVY scores for both the fast- and slow-exchange coronas.  

To the best of our knowledge, calculating the grand average of hydropathy for only 

the surface of a protein has not been applied widely in the literature. Although it has the 

prerequisite of knowing a protein’s three-dimensional structure, this method can be used 

to give a more accurate representation of protein properties when considering their 

contribution to interaction with NPs, since the surface amino acid residues are those 

locating at the binding interface.   

Comparison of the pure serum corona to the depleted serum corona.  Since the 

protein association/dissociation rates are dependent on protein abundance, the protein 

content in the biological matrix would affect the dynamic feature of the particle corona.  



 

Figure 4-8.  a) Comparison of average su
protein corona. Surface GRAVY scores were obtained by manually averaging the 
GRAVY scores of surface
score indicates a more hydrophobic average protein sur
average surface GRAVY for the fast
corona. 
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a) Comparison of average surface GRAVY scores comprising each SPION
protein corona. Surface GRAVY scores were obtained by manually averaging the 
GRAVY scores of surface-accessible residues for each protein. A more positive GRAVY 
score indicates a more hydrophobic average protein surface. (b) Comparison of the 
average surface GRAVY for the fast-exchange (red) and slow-exchange (black) protein 

 

rface GRAVY scores comprising each SPION-
protein corona. Surface GRAVY scores were obtained by manually averaging the 

accessible residues for each protein. A more positive GRAVY 
face. (b) Comparison of the 

exchange (black) protein 
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To demonstrate the truth of this hypothesis, the 25-AMP SPIONs were incubated with 

pure serum and analyzed by F4 (Figure 4-9). Compared to the 40% increase in the 

hydrodynamic diameter of the 25-AMP when incubated in the depleted serum at a 

similar total protein concentration, there was a 103% size increase in pure serum, 

indicating the formation of a much thicker corona layer.  The protein composition and 

dynamic feature of the corona formed in pure serum were completely changed from that 

in the depleted serum (Table 4-3).  HSA, IgA, and IgM became the slowly exchanging 

interactive proteins in pure serum, while they were bound to the 25-AMP in a fast on-

and-off manner in the depleted serum. This change could be attributed to their higher 

concentrations in pure serum.  The same reason could be accounted for the slow 

dissociation of IgG from the 25-AMP in pure serum, which was a non-binding protein in 

the depleted serum.  Quite a few proteins that were found in the corona in the depleted 

serum were missing in the corona formed in pure serum, including the complement C3, 

haptoglobin, and macroglobulin.  The binding between these proteins and the 25-AMP in 

pure serum may have been blocked by the highly abundant HSA and IgG. On the other 

hand, many new proteins were adsorbed by the 25-AMP in pure serum, including alpha-

1-antitrypsin, anti-thrombin III, and several apolipoproteins and complement 

components. It has been demonstrated that depletion of IgG and albumin can result in 

the depletion of other protein components that interact with those proteins.50 Of the 

proteins found to bind exclusively in the serum-incubated 25-AMP, only three (clusterin, 

hemopexin, and heparain cofactor II) were found to be depleted by other studies. As a 

result, it is believed that the addition of the remainder of the proteins is not due to the 

replenishment of HSA and IgG. 
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Figure 4-9. F4 fractograms of 25-AMP (red), 25-AMP incubated with depleted serum 
(black), and 25-AMP incubated with serum (blue). Overall protein concentrations 
between serum and depleted serum were kept at similar levels. Channel and cross flow 
in the F4 were each 0.75 mL/min. Detection was conducted at 280 nm. 
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Protein  Depleted Serum  Serum  

Albumin F S 
Alpha-1 antitrypsin - S 
Antithrombin III - F 
Apolipoprotein B-100 - F 
Apolipoprotein H - F 
C1 inhibitor - F 
Clusterin  - F 
Complement component 1 - F 
Complement component 6 - F 
Complement factor B - F 
Hemopexin  - F 
Heparin cofactor II - F 
Histidine-rich glycoprotein - F 
IgA  F S 
IgG  - S 
IgM  F S 
Insulin-like growth factor binding protein - F 

Inter-alpha globulin inhibitor - F 
Paraoxonase  - F 
Serum amyloid P - F 

Table 4-3.  Changes in 25-AMP corona composition when incubated with serum versus 
depleted serum. F = fast exchange (only seen in centrifugation), S = slow exchange 
(seen in both F4 and centrifugation) 
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Effects of the protein binding nature on cellular uptake. In order to determine whether 

the kinetics of the protein-NP interaction could influence the biotransportation of NPs, 

cellular uptake studies were conducted, using RAW-Blue™ mouse macrophages. The 

macrophages were incubated with 10-AMP, 10-AMP preincubated with transferrin (slow 

dissociation kinetics), 25-AMP, or 25-AMP preincubated with transferrin (fast 

dissociation kinetics) overnight in the serum-free media. After incubation, the cell viability 

was tested, and it was found that the concentration of NPs used had no significant effect 

on the viability of the cells in question (Figure 4-10a). A new batch of cells and NPs was 

incubated for two hours, and then the cells digested and analyzed by inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES) for iron content (Figure 4-10b). Both 

10-AMP and 25-AMP had similar cellular uptake in the absence of transferrin. In the 

presence of transferrin, however, there was almost double the uptake of 10-AMP into the 

cells (29% to 43%) while the uptake of 25-AMP remained fairly constant (33% to 29%) 

As anticipated, transiently bound nanoparticle-protein complexes (even in the absence 

of competing proteins) could have less of an influence on the biodistribution of 

nanomaterials throughout the body than stable nanoparticle protein complexes. Whether 

this is due to dissociation prior to uptake or dissociation during uptake is unknown, it is 

something to consider when designing nanomaterials to be used within the body. 

 

Conclusions 

In this study, it was determined that F4 can be used as an effective tool for isolating 

the core protein corona surrounding a nanomaterial.  When used in tandem with 

centrifugation, it is possible to differentiate between non-binding, fast exchange and slow 

exchange proteins in an entire medium on a modestly fast timescale. Further analysis of  



 

Figure 4-10. (a) Cell viability of RAW
with SPION for 16 hours. Viability was determined using the CellTiter 96 AQueou
cell proliferation kit. (b) Cellular uptake of SPIONS after 4 hour incubation. Cell uptake 
was quantified by ICP-
standards. Control –DMEM with 10% FBS. Serum
AMP: SPION incubated in serum
transferrin prior to incubation with cells in serum
dissociation complex, while 25
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(a) Cell viability of RAW-Blue™ mouse macrophage cells when incubated 
with SPION for 16 hours. Viability was determined using the CellTiter 96 AQueou
cell proliferation kit. (b) Cellular uptake of SPIONS after 4 hour incubation. Cell uptake 

-AES, and percentages were determined relative to SPION 
DMEM with 10% FBS. Serum-free: DMEM only, no FBS. 10, 25

SPION incubated in serum-free DMEM. 10, 25-AMP-T: SPION preincubated with 
transferrin prior to incubation with cells in serum-free DMEM. 10-AMP
dissociation complex, while 25-AMP-T is a fast-dissociation complex. 

 

Blue™ mouse macrophage cells when incubated 
with SPION for 16 hours. Viability was determined using the CellTiter 96 AQueous One 
cell proliferation kit. (b) Cellular uptake of SPIONS after 4 hour incubation. Cell uptake 

AES, and percentages were determined relative to SPION 
free: DMEM only, no FBS. 10, 25-

T: SPION preincubated with 
AMP-T is a slow-
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the protein coronas demonstrated a similarity between the hydrophobicity of the 

SPION’s surface coating and the surface hydrophobicity of the proteins comprising the 

corona. This analysis was expanded to include the dissociation kinetics of the corona 

proteins, confirming that the fast-dissociation corona binds to the SPIONS through 

weaker hydrophobic-hydrophobic interactions. In addition, the nature of the binding of 

SPION to protein (transient, stable) was found to have an influence on the SPION’s 

cellular uptake into macrophage cells. By understanding the nature of the ENM-protein 

corona in terms of both corona identification and kinetics determination, a better 

understanding of the ENM’s behavior within the body can be predicted. 
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Chapter Five 

Determining Nanomaterial Variability via a Fluoresc amine-based Assay 

Jonathan Ashby, Erik Ligans, Michael Tamsi, Wenwan Zhong 

 

Introduction  

In the field of nanotechnology, one of the most prevalent drawbacks of commercial 

nanomaterial usage is the high batch-to-batch variability seen in the synthesis of the 

nanomaterials.1 This variability can be seen in changes in the size, shape and surface 

charge of the material. In some cases, the surface coating can be chemically altered, 

resulted in completely different surface interactions.2 As was seen in both the previous 

study and other studies, changes in the nanoparticle’s physiochemical properties can 

result in strong changes in nanomaterial-protein interactions and the resulting nano-bio 

corona.3-6 However, these types of changes may not be readily noticed by standard 

characterization tools such as zeta potential and dynamic light scattering.7, 8 Transition 

electron microscopy (TEM) may give insight into changes in the core size and shape, but 

it cannot give information on the coating. Without means of analyzing these surface 

changes, it will be difficult to truly use these materials in sensitive systems such as the 

human body.  

It is known that proteins undergo structural changes upon interacting with 

nanomaterials.9 Such changes are dependent on such parameters as the radius of 

curvature of the nanomaterial,3, 10, 11 the surface coating of the nanomaterial,5, 6, 12-14 and 

even the core material of the nanomaterial itself.15, 16 In addition to the effects of the 

particle itself, the conformational changes could also be influenced by the media in 

question (pH, salt concentration, etc.).17, 18 Different tools can be used for assessing the 
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structural changes present after particle-protein binding – one example is circular 

dichroism, which can be used to assess any changes in protein secondary structure 

after binding.19-21 If the protein has enzymatic activity, then changes in the enzyme’s 

activity could also be an indication of structural change.22 In addition, tools exist for 

characterizing the particle once it has been coated in serum.23-26  However, some of the 

drawbacks of these methods include the time from sample preparation to analysis, as 

well as the limitations of the method when looking at tertiary structural changes. For 

optimal implementation at the synthetic scale, a method is needed that can discriminate 

protein structural changes on a high-throughput scale. 

To attempt to address these needs, a small-molecule fluorophore known as 

fluorescamine was employed. Fluorescamine is an amine-specific dye that is initially 

non-fluorescent.27 It gains fluorescent properties upon binding to a primary amine. This 

reaction is very rapid, taking place in a matter of minutes. Previously, fluorescamine has 

been most commonly used as a fluorescent tag for peptides post-digestion and small 

molecule amines prior to LC analysis, as well as quantitation of amine sites on 

nanomaterials.28-31 In addition to being used as a small molecule tag, fluorescamine can 

be used to quantify protein levels in a sample, allowing for sensitive detection of 

recombinant or isolated proteins.32, 33 In each of these cases, the sample is denatured, 

allowing for full analysis of any primary amines on each analyte. 

Since fluorescamine quickly reacts with either primary amines (to give a fluorescent 

product) or is hydrolyzed (giving a non-fluorescent product),30 fluorescamine should only 

be able to react with the most-available amines in a native protein before being 

hydrolyzed. Therefore, any changes in the protein structure that makes more amines 

surface accessible could be detectable by fluorescamine. Due to the partial unfolding of 
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proteins upon binding to nanomaterials, fluorescamine is an exciting prospect for 

detecting the interactions between nanoparticle and protein. 

In the following research, fluorescamine is used as an assay tool for analyzing 

particle-protein interactions. Microplate arrays of nanoparticles incubated with proteins 

were incubated with fluorescamine, and the fluorescence measured. Changes in the 

protein structure after nanoparticle-protein interaction resulted in altered fluorescence 

levels. The method was capable of detecting changes in particle core material, particle 

size and particle surface charge, showing the usefulness of this fluorescamine based 

method in assessing particle variability on a batch-to-batch basis. Since the experiment 

is conducted on a microplate, it is amenable to high-throughput analysis with the usage 

of robotics, as well as multiplexed analysis of several particle batches at once.  

 

Experimental Methods  

Reagents used in the study. Fluorescamine was purchased from either Life 

Technologies (Carlsbad, CA) or Sigma-Aldrich (St. Louis, MO). Solid HEPES was 

purchased from CalBioChem (EMD Millipore, Darmstadt, Germany). Sodium phosphate 

monobasic monohydrate, anhydrous sodium phosphate dibasic, sodium chloride, 

sodium tetraborate, tris base, sodium hydroxide, hydrochloric acid, ethanol, 

dimethylformamide (DMF), dithiothreitol, iodoacetamide and glycine were all purchased 

from Thermo Fisher Scientific (Waltham, MA). Tetraethyl orthosilicate (TEOS), (3-

aminopropyl)triethoxysilane (APTES), succinic anhydride were purchased from Sigma-

Aldrich. 200-proof ethanol was purchased from Decon Laboratories (King of Prussia, 

PA). 
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Nanomaterials investigated. Several optically transparent nanoparticles were 

investigated in the study. Bare polystyrene nanoparticles with a core diameter of 50 nm 

were purchased from Duke Scientific (Palo Alto, CA). Polystyrene nanoparticles with a 

carboxylated surface and core diameter of 42, 48 or 85 nm were purchased from 

Polysciences (Warrington, PA). Silica particles were synthesized in-house (synthesis 

below). Iron oxide nanoparticles with a 10-nm core diameter and either an amphiphilic 

polymer coating (10-AMP) or a polyethylene glycol coating (10-PEG) were purchased 

from Ocean Nanotech (Springdale, AR). 

Synthesis of silica nanoparticles. Silica nanoparticles were synthesized in a one-pot 

fashion using the Stöber process.34 In this method, two solutions were made. Solution A 

consisted of 9.1 mL of 200-proof ethanol and 900 µL of TEOS. Solution B consisted of 

8.8 mL of 200-proof ethanol, 960 µL of a 30% ammonium hydroxide solution, and 240 

µL of water. Solution A was added to solution B, and the two were mixed at room 

temperature for 24 hours. After mixing, the samples were split into five 4-mL fractions. 

One fraction was kept as a bare silica nanoparticle, and cleaned up by centrifugation 

before being resuspended in water. The cleanup involved centrifugation at 16.1 krcf for 

15 minutes, resuspension in solvent, and the centrifugation repeated once. To the other 

four fractions were added 100 µL of APTES, and the reaction allowed to continue for a 

varied amount of time (30 minutes, 1 hour, 4 hours, and 24 hours). The aminated silica 

particles were then centrifuged and resuspended in 2 mL of DMF as described above. 

The particles were then added dropwise to 2 mL of a 0.1M succinic anhydride solution 

(in DMF), and the reaction was conducted for 24 hours. The particles were centrifuged 

and reconstituted in water. The hydrodynamic size and zeta potential of each particle 

was determined using a ZetaPALS from Brookhaven Instruments (Holtsville, NY). DLS 
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measurements were the averaging of ten 1-minute runs, while zeta potential 

measurements were the average of five runs, each of which ran until the residual was 

below 0.025. 

Optimization of fluorescamine reactivity. To determine the reaction speed of 

fluorescamine, 10 uM of glycine was incubated with 10 mM fluorescamine in 10 mM 

phosphate (pH 8) and allowed to react for times ranging from 1 minute to 3 hours in a 

microtiter plate. Each well had a final volume of 100 uL. After incubation, the plate was 

analyzed on a Victor 2 plate reader at 380 nm excitation/460 nm emission. 

 Glycine calibration standards ranging from 1 mM to 1 nM were incubated with 10 

mM fluorescamine for 5 minutes in one of three buffers (10 mM of phosphate, HEPES, 

or borate) at pH 8. The sensitivity and limit of detection for each were compared. This 

test was also conducted with 10 mM phosphate at pH 6, 7, 7.5, and 8 to determine pH 

effects. In addition, 10 mM phosphate (pH 8) with increasing concentrations of sodium 

chloride (0, 50, 100, 150 mm sodium chloride) were incubated with the same calibration 

standards to determine the effects of salt content on fluorescamine reactivity. 

Characterization of fluorescamine’s surface amine specificity. A 10 uM solution of 

alpha-1-antitrypsin was prepared under various denaturing conditions: water 

denaturation, heat denaturation, reduction/alkylation denaturation, and alcohol 

denaturation. The water denaturation was conducted by leaving the protein in pure water 

overnight at room temperature. For heat denaturation, the protein was heated in boiling 

water for 10 minutes, and then transferred to an ice bath for 10 minutes. In 

reduction/alkylation conditions, the protein was denatured in the presence of 

dithiothreitol (DTT) for 5 minutes in boiling water. After reduction, the protein was cooled 

in an ice bath for 5 minutes, and iodoacetamide (IAA) was added. The alkylation was 
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allowed to proceed for 20 minutes. Finally, the alcohol denaturation was conducted by 

allowing the protein to incubate in a 50/50 ethanol/water mixture for 30 minutes at 37 

degrees Celsius. After this, the denatured protein samples were incubated with 

fluorescamine (final concentration of A1AT and fluorescamine was 100 nM and 1 mM, 

respectively) for five minutes before fluorescence detection on the Victor 2 plate reader 

at ex/em 380/460 nm. 

In addition, 100 nM of human serum albumin, transferrin, alpha-1-antitrypsin, 

apolipoprotein A1, and haptoglobin were incubated with 1 mM fluorescamine for 5 

minutes before fluorescence detection. Using a glycine calibration curve, the number of 

fluorescamine reactions per protein molecule was calculated, and was compared to both 

the number of primary amine-containing residues on each protein as well as the surface-

accessible primary amine residues. The surface accessible residues were determined 

using GETAREA, an online application provided by the University of Texas Medical 

Branch.35 

Fluorescamine assays for determining changes in particle physical properties. 100 

nM of alpha-1-antitrypsin, succinyl concanavalin A, albumin, and transferrin were 

incubated with 10 nM of either a 42 nm latex nanoparticle or a 50 nm polystyrene 

nanoparticle. Incubations were conducted in a 45uL sample volume on plate, in 

triplicate. The plates were covered with a coverslip and incubated at 37 degrees Celsius 

for 2 hours. After incubation, 5 uL of fluorescamine (final concentration 1 mM) was 

added to each well, and the samples incubated at room temperature for an additional 5 

minutes. The samples were then analyzed using the Victor II plate reader. To 

demonstrate the high-throughput nature of the assay, 100 nm of various proteins were 

incubated with 10 nM of a 42nm latex nanoparticle and incubated as seen above.  
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To determine the ability of the assay to differentiate between nanoparticles with 

differing core sizes, compositions, or surface charges, 100 nM of either human serum 

albumin, cytochrome c, transferrin, catalase, fibrinogen, thyroglobin, or hemoglobin were 

incubated with ~10 nM of one of the latex, polystyrene or silica particles used in the 

study. After analysis, fluorescence intensity was normalized to the water/water signal on 

each plate, and these normalized values were used in principal components analysis. In 

each PCA analysis, only the two principal components were used in a scores plot. 

Loadings plots were used to determine the relative contribution of each protein to the 

particle’s location on the scores plot. 

Assaying of non-transparent nanoparticle properties. 400 nM of human serum 

albumin, transferrin, or thyroglobin and 40 nM of either one of two batches of 10-AMP or 

a 10nm SPION coated with polyethylene glycol (10-PEG) were incubated for two hours 

in an Eppendorf tube at 37 degrees Celsius. After incubation, the samples were treated 

with fluorescamine (final concentration 1 mM) for five minutes at room temperature. The 

samples were then quenched with a tris base solution (final concentration 10 mM). The 

samples were then transferred to a 30 kDa Amicon filter, and the supernatant removed. 

After removing excess solvent, the proteins were digested on-filter using a modified 

FASP (filter-aided sample preparation) protocol.36 In brief, the proteins were denatured 

using a concentrated urea solution in tris base. The proteins were then subjected to 

alkylation using iodoacetamide. The samples were then rinsed and cleaned with 

ammonium bicarbonate before addition of chymotrypsin and digestion at 37 degrees 

Celsius for 18 hours. After digestion, the samples were centrifuged, and the filtrate kept. 

The particles were rinsed once on-filter after digestion to maximize peptide recovery. 
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The filtrate for each sample was then transferred to a microtiter plate and analysis 

conducted identically to the fluorescamine assays for optically transparent particles.  

 

Results and Discussion  

Nanomaterials. All nanomaterials chosen for this study are listed in Table 5-1, with 

hydrodynamic diameters as calculated by DLS, as well as zeta potentials for the silica 

nanomaterials. The particles chosen for the on-plate study (PS, latex, silica) were 

chosen due to their relative optical transparency. The iron oxide nanoparticles were 

chosen as a non-transparent case due to their high absorption of fluorescamine’s 

fluorescence signal. The polystyrene and latex particles were chosen for their size 

differences, with the latex particles having two similarly sized particles to represent 

successful batch synthesis. The silica particles were aminated and carboxylated for 

varying periods of time, resulting in similar-sized particles with varying charge densities 

on the surface. 

Optimization of fluorescamine reactivity. Initially, fluorescamine’s reaction speed was 

validated through addition of the fluorescamine reagent over a wide variety of times prior 

to fluorescence detection (Figure 5-1a). It was found that the fluorescamine had reached 

85% reactivity within the first five minutes, plateauing after about thirty minutes, with 

minimal increase over the remainder of the times measured. This confirmed 

fluorescamine’s rapid reactivity in the presence of amines. There was a slight decrease 

in fluorescence at the longest time period; however, this could be attributed to quenching 

of the fluorophore and not further hydrolysis, as the fluorophore should be stable once 

amine-bound. Based on this reactivity, the samples were allowed to react for roughly five 

minutes prior to fluorescence analysis. 
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Particle  Hydrodyn.  
Diameter  

Zeta 
Potential  

46 nm bare polystyrene  46 ± 7 nm   

42 nm carboxylated polystyrene  42 ± 6 nm   

48 nm carboxylated polystyrene  48 ± 7 nm   

85 nm carboxylated polystyrene  85 ± 7 nm   

Silica particle aminated/carboxylated for 30min 88.5 nm  -30.52 mV  

Silica particle aminated/carboxylated for 4h 93.9 nm  -42.42 mV  

Silica particle aminated/carboxylated for 24h 83.7 nm  -50.55 mV  

10nm SPION with an amphiphilic polymer coating  14.88 ± 5.51 nm  -48.22 mV  

10nm SPION with an amphiphilic polymer coating  13.22 ± 3.48 nm  -62.00 mV  

10nm SPION with a polyethylene glycol coating  27.21 ± 6.34 nm   

Table 5-1. Nanoparticles investigated in this study. 



 

Figure 5-1. Optimization of fluorescamine reaction conditions.
fluorescamine (A) showed that the fluorescamine is almost completely reacted, even 
after a few minutes. From the pH (B) and salt (C) optimization tests, pH 8 and 50 mM 
phosphate was used in subsequent studies.
correspond with pH 6.0, 7.0, 7.5, and 8.0. For the sodium chloride calibration plots, the 
curves (from top to bottom) correspond with 0 mM, 50 mM, 100 mM, and 150 mM 
sodium chloride. 
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Optimization of fluorescamine reaction conditions. A kinetics curve of 
fluorescamine (A) showed that the fluorescamine is almost completely reacted, even 
after a few minutes. From the pH (B) and salt (C) optimization tests, pH 8 and 50 mM 
phosphate was used in subsequent studies. For pH, the curves (from 
correspond with pH 6.0, 7.0, 7.5, and 8.0. For the sodium chloride calibration plots, the 
curves (from top to bottom) correspond with 0 mM, 50 mM, 100 mM, and 150 mM 

A kinetics curve of 
fluorescamine (A) showed that the fluorescamine is almost completely reacted, even 
after a few minutes. From the pH (B) and salt (C) optimization tests, pH 8 and 50 mM 

For pH, the curves (from bottom to top) 
correspond with pH 6.0, 7.0, 7.5, and 8.0. For the sodium chloride calibration plots, the 
curves (from top to bottom) correspond with 0 mM, 50 mM, 100 mM, and 150 mM 
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In addition, the buffer, pH and salt concentration were optimized for maximum sensitivity 

and a low limit of detection. Of the three buffers chosen, phosphate was found to have 

the highest sensitivity compared to HEPES and borate (data not shown). When 

assessing the changes in fluorescamine sensitivity at differing pHs (Figure 5-1b), there 

was a distinct increase in sensitivity at higher pHs. This is supported by the fact that at 

higher pH, there will be a higher degree of primary amines, allowing for more rapid and 

complete reactivity with fluorescamine. In addition, the effects of sodium chloride were 

investigated (Figure 5-1c), where it was found that there was a mild reduction in 

fluorescamine sensitivity with increasing salt content. This supports the higher sensitivity 

of fluorescamine in pH 8 phosphate relative to pH 8 HEPES or borate. While the 

phosphate was created solely from solid monobasic and dibasic sodium phosphate,  

large amounts of NaOH or HCl were needed to titrate HEPES or borate, respectively, to 

a comparable pH. This yielded a similar reduction in sensitivity. Based on this 

optimization, 10 mM phosphate at pH 8 with 50 mM sodium chloride was chosen to 

allow for the maintaining of native protein structure whilst improving fluorescamine’s 

reactivity. As had been seen previously, only a small amount of salt is needed for a 

protein to maintain its structure. 

The reactivity of fluorescamine towards glycine, lysine and arginine was also 

determined (not shown). At equal concentrations, lysine and arginine were found to have 

twice the fluorescence as glycine. This indicated that fluorescamine had similar reactivity 

towards lysine side chains, arginine side chains as well as terminal amines, making it a 

useful probe for these types of amines on a protein’s surface. 

Determination of fluorescamine’s surface amine specificity. To determine whether 

fluorescamine possessed specificity towards surface amines on a protein, fluorescamine 
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reactions were conducted on A1AT under varying degrees of denaturation (Figure 5-2a). 

If fluorescamine was only capable of targeting amines on the surface of the protein, then 

an increase in fluorescence would be expected as the proteins were denatured. The 

proteins were denatured either through boiling, standard reduction/alkylation conditions 

for protein denaturation prior to enzymatic digestion, or mild denaturation through 

storage in water at room temperature. Of these, there was a small increase in 

fluorescence in the mild denaturation condition (7.6%), with a larger increase for the 

sample that underwent heat-based denaturation (28%). Despite the fact that 

reduction/alkylation should result in a much larger degree of denaturation compared to 

the heat-based, it was found that reduction/alkylation resulted in a fluorescence 

decrease (-14%). This could be attributed to reactions between fluorescamine and 

excess DTT. Fluorescamine reacts with –OH moieties to generate non-fluorescent 

products, so it is possible that –SH moieties would also interfere with fluorescamine’s 

reactivity. 

In addition to the above methods, it was found in the literature that a 50% 

ethanol/water mixture can be used in protein denaturation as well under physiological 

temperatures. This was tested with four proteins – succinyl concanavalin A (sConA), 

alpha-1-antitrypsin (A1AT), HSA and transferrin (Figure 5-2b). A similar trend was seen 

to the other denaturation conditions – the denatured proteins had a large increase in 

fluorescence, confirming that the fluorescamine would not target all amines on the 

protein surface under standard conditions. 

The reasoning behind fluorescamine’s specificity towards surface amines lies in the 

reactivity of the molecule. As was previously realized, the reactivity of fluorescamine tails 

off after five minutes due to hydrolysis of the fluorescamine under aqueous conditions.  



 

Figure 5-2. Denaturation tests to determine fluorescamine surface reactivity. (A) 
Unfolding of alpha-1-antitrypisn under three denaturing conditions. I 
water overnight at room temp, BOIL 
– protein subjected to reduction and alkylation. (B), comparison of fluorescence signals 
of four proteins after incubation in a 50/50 ethanol/water mixture. Fluorescence signals 
were detected at 380nm excitation and 460nm emission.

121 

 

Denaturation tests to determine fluorescamine surface reactivity. (A) 
antitrypisn under three denaturing conditions. I 

water overnight at room temp, BOIL – sample subjected to heat-shock denaturation, RA 
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Since the inner residues of the protein are not readily solvent-accessible, it stands that 

fluorescamine will not be able to enter the protein and label inner residues before 

reacting to form a non-fluorescent product. 

As a final validation, five proteins (HSA, A1AT, transferrin, haptoglobin, and 

apolipoprotein A1 [APOA1]) were incubated under native conditions, and the number of 

fluorescamine reactions per protein were calculated. This value was compared to both 

the total number of Lys/Arg in each protein (as determined from the protein sequence) 

as well as the number of Lys/Arg on the surface of the protein. The number of surface 

amine sidechains was determined through usage of the GETAREA software, software 

that determines the solvent accessible surface area of a protein’s 3D structure, and then 

determines which residues are considered to be solvent exposed. An amino acid was 

considered solvent exposed if the ratio of side chain exposed surface area was equal to 

50% or more of the average exposed surface area of 30 random conformations of Gly-X-

Gly, where X is the amino acid of interest. These values can be found in Table 5-2. It 

was found that, for most proteins, there was good agreement between the 

experimentally determined number of surface amines and the theoretically calculated 

number of surface amines, giving strong support to the surface-specificity of 

fluorescamine. The only protein whose experimentally determined and theoretically 

calculated number of surface amines differed was transferrin. It is possible that the 3D 

structure of transferrin obtained was the iron-bound structure, while the apo form was 

used in the fluorescamine study. The apo form could be more flexible, allowing for a 

larger degree of surface-accessible amines compared to the iron-bound structure. 

Fluorescamine assays for determining changes in particle physical properties. 

Initially, a rough test was conducted to determine whether the fluorescamine assay could  
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Protein  Total 
Lys/Arg  

Surface Lys/Arg 
(GETAREA)  

Binding events 
(Fluorescamine)  

Alpha-1-Antitrypsin  41  28  30 

Apolipoprotein A1  37 13 16  

Haptoglobin  44  25  24  

Human Serum 
Albumin  

83 37  39  

Transferrin  84  30  46  

 

Table 5-2. Comparison of number of surface amines one each protein theoretically 
determined as well as calculated by fluorescamine incubation. 
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utilize different proteins to generate a profile for each interacting particle. In this respect, 

the 42nm carboxylated PS nanoparticles and 50nm bare PS particles were incubated 

with  a wide variety of proteins (the previous five proteins plus cytochrome c [cytC], 

succinyl concanavalin A [sConA], and IgG). Fluorescamine was added, and the 

fluorescence measured (Figure 5-3a). There was a noticable increase in fluorescence 

seen for all reactions except sConA and cytC (both of which are rigid proteins, with 

sConA not found to bind to most particle types in previous studies), as well as 

differences in reactivity for the carboxylated versus the bare PS nanoparticles. Across 

the board, there appeared to be higher reactivity for the bare PS particles. This could be 

attributed to the carboxylation on the surface of the PS-COOH particles – it is possible 

that hydrogen bonding was occurring between the carboxylate groups and the surface 

amines, blocking fluorescamine activity. The exposed polystyrene surface could also 

have contributed to further unfolding of the particles to induce hydrophobic-hydrophobic 

protein-particle interactions. 

To determine the throughput of the assay, the 50nm bare PS particles were 

incubated with a large variety of proteins, as well as the amino acids glycine, arginine 

and lysine (Figure 5-3b). After incubation, the plate was assayed as explained 

previously. For most proteins, either a net increase or no significant change was seen 

between the proteins alone and the proteins incubated with the bare PS particles. The 

only protein to show a severe decrease in fluorescence upon binding to PS was avidin. 

Unlike the other proteins, the avidin was potentially prematurely denatured (as it was 

found in a pure water solution instead of buffer), so a decrease would be believable if the 

fluorescamine’s fluorescence was quenched by the particles or the protein’s lysines and 

arginines were being blocked due to interaction with the particle. A similar decrease was  



 

Figure 5-3. Preliminary profiling of nanoparticle
Incubation of two particles differing in their surface coating resulted in different reactivity 
with various proteins (A). This method is either compatible with sev
or one particle with a wide variety of proteins (B).

125 

 

Preliminary profiling of nanoparticle-protein interactions using fluorescamine. 
Incubation of two particles differing in their surface coating resulted in different reactivity 
with various proteins (A). This method is either compatible with several particles at once 
or one particle with a wide variety of proteins (B). 

protein interactions using fluorescamine. 
Incubation of two particles differing in their surface coating resulted in different reactivity 

eral particles at once 
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seen in the amino acid samples. Since both the amino acids and avidin had a ~25% 

decrease in fluorescence when incubated with nanoparticle, the reduced signal could be 

attributed to native quenching by the nanoparticle. What was seen in both of these 

cases, however, was that the nanoparticles could have unique protein fluorescence 

profiles based on their physical properties, which could then be used to analyze batch-

to-batch variance of particles after synthesis. 

An assay was then conducted comparing the fluorescamine profiles of particles 

differing in core material, size, or degree of carboxylation on the particle’s surface. For 

this assay, seven proteins were chosen based on their variance in size, pI, 

hydrophobicity, and number of primary amines. The list of the proteins and their physical 

properties can be found in Table 5-3. Each particle was incubated with one of these 

seven proteins, or with no protein, for one hour at 37 degrees Celsius prior to the 

addition of fluorescamine. After incubation and fluorescence quantitation, all signals 

were normalized to the fluorescence of the blank sample. The raw fluorescence data 

was then subjected to principal components analysis (PCA) to attempt differentiation 

between samples based on their physical parameters. Based on the scree plots for each 

comparison (Figure 5-4a for the scree plot of all particles, differentiated by their core 

material), only the first two principal components generally possessed an eigenvalue 

significantly greater than 1. As a result, using only the first two principal components was 

acceptable for maximizing the variance in the scores plots. 

First, a core material comparison was conducted between the carboxylated 

polystyrene particles and the silica particles (Figure 5-4b). Although the group sizes for 

each were quite large (due to differences in other physical properties), there was very 

little overlap between the silica group and the polystyrene group. Other transparent  
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Molecular Weight  pI  GRAVY  
# of 
Lys/Arg  

Cytochrome C  11572.3  9.52  -0.866  20  

Hemoglobin  15954.3 (monomer)  7.02  -0.004  17  

Catalase  59784.1  6.82  -0.63  60  

HSA  66472.2  5.67  -0.395  83  

Transferrin  75195.4  6.7  -0.411  84  

Fibrinogen alpha  91358.8  5.79  -0.885  95  

Fibrinogen beta  50762.9  7.95  -0.849  57  
Fibrinogen 
gamma  48483  5.24  -0.682  45  

Thyroglobulin  301219.1  5.5  -0.257  255  
Table 5-3. Physical properties of proteins used in the assaying of changes in 
nanoparticle physical parameters. For fibrinogen, all three chains are present in solution. 



 

Figure 5-4. Principal components analysis of particles varying in core material. A 
representative scree plot (A) demonstrates that only the first two principa
offer any additional variance than one of the individual variables, so only two 
components were needed. A scores plot (B) demonstrated loose grouping between the 
two particle types. The loadings plot, however (C) did not indicate any proteins 
effecting the silica particles exclusively over the polystyrene particles.
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materials would also need to be tested to confirm this, but it appears that the 

fluorescamine method may be usable for general core material comparisons, although 

this is more of a novelty than something applicable to batch-to-batch variance 

comparisons. When comparing the loadings plots for the two particle types (Figure 5-4c), 

it was found that there was no particular protein whose fluorescence increase signified 

binding to the silica nanoparticles. However, it was found that the native water 

fluorescence of the particle, as well as the fluorescence changes of cytC and catalase, 

were the primary motivators behind the grouping of the polystyrene particles. This lack of 

correlation of any particular protein towards the silica versus the polystyrene particles 

confirmed that this method may not be well-suited towards the analysis of differing core 

materials. 

Next, a size comparison was conducted using the carboxylated polystyrene particles 

(Figure 5-5a for the scores plot, 5-5b for the loadings plot). In this comparison, the 

fluorescent profiles of the 42nm, 46nm and 85nm particles were subjected to PCA. The 

scores plot shows that the two similarly sized particles are indistinguishable from one 

another (although fairly tightly grouped). This is in support of the DLS analysis, where 

the two particles would be statistically identical. The 85nm particles, despite having a 

broad grouping, were found to be distinct from the two smaller particles. An analysis of 

the loadings plot for these samples indicated that, for the smaller particles, the primary 

contributors were cytochrome C and haptoglobin, while the primary contributors for the 

85 nm particles were catalase and transferrin. One replicate of the smaller particles 

wound up being an outlier from the other five – the primary protein contributor for that 

outlier was fibrinogen. 



 

Figure 5-5.  Principal components analysis of different sized polystyrene nanoparticles. 
The scores plot (A) demonstrated good grouping of the two similarly sized 
nanomaterials, which was separate from the larger particles. Based on the loadings plot 
(B), the primary contributors to the smaller particles were cytochrome C and hemoglobin. 
B – water, C – catalase, D 
H – thyroglobin, I – fibrinogen.
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Principal components analysis of different sized polystyrene nanoparticles. 
The scores plot (A) demonstrated good grouping of the two similarly sized 
nanomaterials, which was separate from the larger particles. Based on the loadings plot 

contributors to the smaller particles were cytochrome C and hemoglobin. 
albumin, G – transferrin, 
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Finally, a comparison between silica particles with differing zeta potentials was 

conducted (Figure 5-6a for the scores plot, Figure 5-6b for the loadings plot). In this 

comparison, it was found that the differing zeta potentials had very distinct groupings, 

with only slight overlap of scores groupings. However, there was no trend seen between 

the location of the groupings on the scores plot and the zeta potentials of the particles 

themselves. This could be attributed to the nature of the fluorescamine profile – it is 

entirely possible that the changes in zeta potential could cause distinct changes with 

each protein-particle interaction, which could lead to erratic group locations on the PCA 

scores plot. The fact that this method can differentiate between these different zeta 

potentials is promising for using this method for determining surface variability in each 

particle batch. 

Assaying of non-transparent nanoparticle properties. Although the above 

fluorescamine assay method is rapid, it has a disadvantage in that it is only well-suited to 

the analysis of optically transparent nanoparticles. In order to use this method on a wide 

variety of nanomaterials, a method is needed that can both give the tertiary structure 

information of the fluorescamine assay whilst separating the particles from the 

fluorescently-tagged proteins. To achieve this, Amicon filters were used in conjunction 

with a filter-assisted enzymatic digestion to easily separate the resulting peptides from 

the nanomaterials. To test this theory, two similarly sized SPIONs with an amphiphilic 

surface coating (10-AMP1 and 10-AMP2), as well as a SPION with a polyethylene glycol 

coating (10-PEG) were incubated with albumin, transferrin or thyroglobin before 

fluorescamine reaction and on-filter digestion. Chymotrypsin was selected as the 

protease – due to labeling of the lysine and arginine residues, they would most likely be 

unable to either fit into the binding pocket of trypsin or possess the charge necessary to  



 

Figure 5-6. Principal components analysis of different sized polystyrene nanoparticles. 
(A) scores plot. (B) loadings plot. B 
hemoglobin, F - albumin, G 
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be identified by the binding pocket. In addition, a tris rinse was used before digestion to 

react any residual fluorescamine before digestion, to ensure that the fluorescence 

changes seen are due solely to the nanoparticle-protein interaction. 

The protein-particle complexes were then subjected to FASP-based digestion, and 

the filtrate isolated for fluorescamine analysis (Figure 5-7). Despite the isolation of 

fluorescamine-labeled peptides from the nanoparticle solution, there was still severe 

reduction of the peptide fluorescence after digestion. The only protein that showed a 

fluorescence increase was transferrin, with an increase that was small but near-uniform 

across all three particles. This is attributed to the fact that transferrin is an iron-binding 

protein, and could have similar binding profiles to all three particle types irrespective of 

surface coating. When comparing 10-PEG to the two 10-AMP particles, it was found that 

the 10-PEG possessed fluorescence most similar to the pure protein in each scenario. 

Due to PEG’s common usage as a non-interacting surface coating, this trend was 

expected to occur. 10-AMP1 and 10-AMP2 possessed similar reductions in fluorescence 

for all three proteins, which is believable given their very similar size and surface charge. 

Overall, this preliminary test indicated that it is possible to distinguish between different 

particle physical parameters, even in the case of non-optically transparent parameters. 

However, it is evident that additional method development is needed to make 

fluorescamine-based protein profiling as viable of a method for non-transparent particles 

as it has been demonstrated for optically transparent nanomaterials. 

 

Conclusions 

 In this study, fluorescamine was used as an assay for the profiling of 

nanoparticle-protein interactions to determine changes in the particle’s physical  



 

Figure 5-7. Preliminary testing of fluorescamine
nanoparticle physical parameters. Fluorescence shown is normalized to the signal of the 
water blank. 
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parameters. This was accomplishable because fluorescamine was determined to only 

target solvent-accessible primary amines. Thus, the changes in protein tertiary structure 

upon binding to a nanomaterial could be easily detectable as a change in fluorescence. 

By testing the interaction of several proteins with a nanomaterial, a unique fluorescence 

profile can be obtained. These profiles are dependent on the physical properties of the 

nanomaterials in question. Through principal components analysis, it is possible to use 

this profile to distinguish between similar particles that vary based on their size, charge 

or core material. The on-plate method is suitable to optically transparent particles, while 

other, more involved methods are needed for other particle types. This method is easily 

transferrable to a 384-well plate format, allowing for a large amount of particles to be 

tested in a short period of time. Although the method is unable to give immediate 

knowledge on which physical parameter has changed, it can be used as a pre-screen to 

determine whether any parameters have changed between the two particle samples. 

This method, due to its simplicity and speed of analysis, can be well-suited to assessing 

batch-to-batch variability on an industrial scale, aiding in the synthesis and 

characterization of nanomaterials for usage in the human body. 

 

Future Directions 

In this chapter, a fluorescamine-based assay was designed to determine batch-to-

batch variability. One of the primary limitations of the current method is that it is limited to 

optically transparent particles – in the case of most nanomaterials, such as SPIONS or 

gold nanoparticles, the fluorescence would be natively quenched by the nanoparticles, 

complicating analysis. A rudimentary alternative was offered in the dissertation; 
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however, this alternative was time-consuming relative to the original method, and was 

far from high-throughput. In order to utilize this style of assay, an alternative is needed.  

One potential route would be to identify a different amine-specific dye that had near 

infrared fluorescence. Such fluorophores exist37, 38 – however, none exist at present that 

are initially non-fluorescent and can bind rapidly. As a result, some cleanup will still be 

needed, although the cleanup would be simple using a 96-well ultrafiltration plate. With 

this, it would be feasible to apply this method to any type of particle without a significant 

increase in assay time. In addition, digestion of the sample could be conducted, and the 

resulting peptides isolated and purified by LC-fluorescence. The chromatogram could 

then be binned and subjected to PCA for determination of batch-to-batch variability 

In addition to being used as a probe to assess variability in ENM physical properties, 

fluorescamine has significant potential applications in the field of protein stability and 

structure analysis, due to the method in which fluorescamine binds to primary amines. 

Since it can only target the lysines and arginines on the surface of a protein, 

fluorescamine can be used to monitor any changes in the tertiary structure of a protein. 

For instance, fluorescamine could be used to assess the stability of protein 

therapeutics long-term, allowing for a quick method of assessing therapeutic viability in 

locations that might be lacking in specialized equipment. In the case of a protein that 

undergoes structural changes upon interaction with another species (i.e. the folding of 

calmodulin upon binding to Ca2+),39 fluorescamine could be used to monitor the change 

in structure as a function of concentration, allowing binding curves to be obtained. 

If combined with mass spectrometry, however, fluorescamine can be used as a 

powerful tool for assessing protein interactions with other moieties. Protein-protein 

interactions (PPis) generally require specialized and expensive equipment (such as 
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either ion mobility spectrometry or x-ray crystallography) in order to identify the location 

of the PPi.  Fluorescamine can be used alongside enzymatic digestion and standard 

mass spectrometry in lieu of these other methods. After incubation with fluorescamine, 

the protein can be digested, and the tagged residues identified. Through identification of 

the tagged residues, one could determine the site of interaction by identifying which 

residues were not labeled compared to the proteins alone. At the PPi, the residues 

would no longer be solvent accessible, and thus wouldn’t be labeled by fluorescamine. 

This could be used as a preliminary determinant of binding locations, and could be 

applicable to any situation where the binding between protein and another moiety 

(nanoparticles, other proteins, lipid structures) would result in loss of solvent 

accessibility. 
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Chapter Six 

Asymmetrical Flow Field-flow Fractionation-based Lo calization of MicroRNA in 

Circulating Serum 

Jonathan Ashby, Kenneth Flack, Michael Tamsi, Abdel-Kareem Khatib, Wenwan Zhong 

 

Introduction 

Biological markers (biomarkers) are any variety of measurable parameters that can 

be used to assess the medical state of a patient.1, 2 Several different types of biomarkers 

exist, ranging from small molecules to proteins and nucleic acids. The levels of these 

biomarkers in the body can be indicative of an altered medical state within the body; 

therefore, tools for identifying and quantifying these biomarkers with high sensitivity and 

selectivity is important as an early stage diagnosis tool for diseases such as cancer, 

Alzheimers,3, 4 or diabetes.5 

Of the different biomarkers that can be analyzed, one class of interest is micro RNA 

(miRNA). MicroRNA is a short (19-22 bases in length), non-coding functional RNA 

strand.6 MicroRNA, despite being non-coding, is essential in gene expression, 

particularly gene silencing.7 A pre-miRNA strand can be recognized by an argonaute 

protein/Dicer complex, forming a RNA-induced silencing complex (RISC).8, 9 This RISC 

can then target complementary messenger RNA for degradation, resulting in silencing of 

that particular gene. Depending on levels of a particular miRNA strand, significant gene 

silencing can occur. If the gene is involved in an essential repair or protective process 

(i.e. tumor suppression), then the silencing of this gene could cause adverse effects on 

the body. 
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Research on the identification and quantification of various miRNA strands is an 

important step towards using miRNA as a biomarker for diagnostic analysis, as well as 

the development of miRNA analogues for treatment of various diseases.10 However, 

there are several drawbacks of miRNA analysis that need to be overcome when 

designing a robust method for miRNA isolation and analysis. First, miRNA is prone to 

degradation and fragmentation, especially from various nucleases in serum.11 Therefore, 

rapid isolation of the miRNA from these proteins is necessary to help maintain miRNA 

purity. In addition, the concentrations of miRNA in a particular media will be low (pM-

aM), requiring some sort of amplification for proper quantitation. Commonly, the methods 

of analysis are quantitative PCR (requiring an initial reverse transcription from RNA to 

cDNA) for the detection of a few known miRNA strands,12, 13 or deep sequencing to 

obtain relative levels of a large number of strands.14-16 Both methods offer varying 

degrees of sensitivity and throughput, with deep sequencing considered the tool of 

choice for identification of potential miRNA biomarkers and qPCR the preferred method 

for quantitation of these strands in patients with high reproducibility.17  

The quantification of circulating miRNA within human serum is of great interest to 

researchers. MicroRNA can exist within the serum in complexes with various species, 

such as small proteins, lipoprotein complexes, RISCs, and in exosomes that were 

excreted from the cell.18 Commonly, up- or down-regulation of strands within circulating 

serum can be attributed to a particular disease state – for instance, upregulation of MiR-

122 was found in relapsed breast cancer patients.19 In addition, reduced levels of MiR-

126 and other strands were found in patients with type 2 diabetes.20 MiR-126 was also 

found in patients with coronary artery disease; however, upregulation or downregulation 

of the microRNA was dependant on LDL levels.21 As can be seen, a single miRNA 



144 

 

strand can be associated with several diseases. In order to obtain improved identification 

of a disease, detection and quantitation of several miRNA strands (miRNA profiling) is 

necessary.22 

However, the large variance of miRNA levels within the body can result in reduced 

ability to quickly differentiate between a healthy and an early-stage diseased patient. By 

looking at miRNA levels localized in a particular component of circulating serum, some 

of this high variance can be reduced, and a larger upregulation of miRNA could be 

identified. For instance, most researchers separate serum into exosomal and non-

exosomal fractions, for increased sensitivity of miRNA with exosome-specific 

concentration changes.23 In addition, immunoprecipitation of lipoprotein complexes such 

as HDL and LDL has been previously used to quantify lipoprotein-bound miRNA 

levels.21, 24 It has also been seen that direct isolation of the argonaute proteins can result 

in high degrees of miRNA recovery.25 As can be seen, isolation of all of the different 

potential miRNA carriers in serum is important to getting a full profile of miRNA levels. 

Through this profiling, it is possible to get a more accurate determination of a specific 

disease. 

Asymmetrical flow field-flow fractionation (AF4) is an open-channel separation 

technique that can separate analytes based solely on their size.26 Due to its non-

interactive separation ability, AF4 can be used to isolate intact macromolecular 

complexes, such as aptamer-protein interactions, antibody-antigen interactions, and 

protein-drug interactions.27-29  In addition, AF4 has previously been used for exosomal 

fractionation, as well as AF4-MS of serum proteins.30-32 In this study, AF4 was used to 

fractionate whole serum for quantification of known breast cancer miRNA biomarkers 

and known circulating serum proteins. The fractionation of miRNA strands into several 
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fragments can be used as a fingerprinting tool to better identify changes in miRNA levels 

in circulating serum. In addition, the analysis of proteins in each fraction can be used to 

potentially identify carriers of interest in each fraction, to associate changes in miRNA 

levels with a particular strand-protein pairing. When used together, AF4 could be used to 

identify relevant miRNA binders that could be used in rapid immunoprecipitation and 

quantitation studies for breast cancer diagnosis. 

 

Experimental Methods 

Materials used in the study. Sodium chloride, potassium chloride, anhydrous sodium 

phosphate dibasic, potassium phosphate monobasic, magnesium chloride hexahydrate, 

guanidine hydrochloride, RNA-grade glycogen, 2-propanol, and chloroform were 

purchased from Thermo Fisher. All single proteins used as AF4 standards were 

purchased from Sigma-Aldrich. High-density lipoprotein (HDL) and low-density 

lipoprotein (LDL) were purchased from CalBioChem. Trizol LS reagent, 3,3’-

dioctadecyloxacarbocyanine perchlorate (DiO’) and a total exosome isolation kit were 

purchased from Invitrogen (Life Technologies). MicroRNA standards were purchased 

from Integrated DNA Technologies. TaqMan MicroRNA Assays specific to each miRNA 

strand were purchased from Applied Biosystems (Life Technologies) 

Serum samples. Pooled healthy male serum was purchased from Sigma-Aldrich. 

Pooled healthy female serum was provided by Dr. Shizen Emily Wang, from the 

Beckman Research Institute of City of Hope. The serum was purchased from Innovative 

Research (Novi, MI). Single healthy female serum samples, as well as serum samples 

from breast cancer patients were also provided by Dr. Wang. The information on each 

serum sample used in the study can be found in Table 6-1. Nine miRNA strands were  
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Serum Sample  Abbrev.  Type of serum  Source  
Sigma Serum SS Pooled healthy male 

serum, type AB 
Sigma-Aldrich 

Healthy Pooled HP Pooled healthy female 
serum, type AB 

Innovative 
Research 

City of Hope (COH) 
healthy patient 13 

COH-13 
Single female serum, 
healthy 

Beckman Research 
Institute, City of 
Hope National 
Medical Center 

COH healthy patient 91  COH-91 
COH healthy patient 92 COH-92 
COH breast cancer 
patient 357317 

D01 

Single female serum, 
diagnosed with breast 
cancer 

COH breast cancer 
patient 346198 

D02 

COH breast cancer 
patient 342609 

D03 

Table 6-1. Information on each serum sample type investigated in the study. 
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chosen to be isolated and quantified within each serum sample. These strands can be 

found in Table 6-2 with sequence provided by the miRBase microRNA database,33 

relative abundance, and known up/downregulation in breast cancer patients, based on 

information found in the miRCancer database.34 

Asymmetrical flow field-flow fractionation. An AF2000 system manufactured by 

Postnova Analytics (Salt Lake City, UT) was used in this study.  The trapezoidal 

separation channel was 0.350 mm thick (thickness of the spacer), and its tip-to-tip length 

was 275 mm, with an inlet triangle width of 20 mm and an outlet width of 5 mm.  The 

injection loop volume was 20 µL.  The surface area of the accumulation wall was 3160 

mm2, which was made out of the regenerated cellulose ultrafiltration membrane 

(Postnova Analytics) with the molecular weight cutoff (MWCO) value of 10-kDa. From 

the AF4, the eluate passed through a SPD-20A absorbance detector (Shimadzu) 

followed by a fraction collector (Bio-Rad). A phosphate buffered saline solution (10 mM 

phosphate at pH 7.4, 137 mM NaCl, 2.7 mM KCl, and 1.0mM MgCl2) was used as the 

running buffer in all samples.  

For all runs, an initial focusing step of eight minutes was used, with the cross flow at 

3.00 mL/min, tip flow at 0.30 mL/min, and focus flow at 3.00 mL/min. After focusing, 

there was a 1 minute transition period where the tip flow increased to 3.30 mL/min and 

the focus flow was reduced to zero flow. Two elution methods were used. In Method A , 

the tip flow was reduced from 3.30 mL/min to 0.30 mL/min over the course of 15 

minutes. In Method B, the tip flow remained at 3.30 mL/min for five minutes, and was 

then reduced to 0.30 mL/min over the course of 15 minutes. In each case, the cross flow 

was reduced to keep the detector flow at 0.30 mL/min. 
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Strand  Sequence  Rel. abund. 
(high/low) 

Expression change 
in breast cancer  

cel-mir-67 5’-cgcucauucugccgguuguuaug-3’ Int. std. N/A 
hsa-let-7a 5’-ugagguaguagguuguauaguu-3’ High Downregulated35 
hsa-mir-16 5’-uagcagcacguaaauauuggcg-3’ High Downregulated36 
hsa-mir-191 5’-caacggaaucccaaaagcagcug-3’ High Dependant on type 

of breast cancer37, 38 
hsa-mir-17 5’-caaagugcuuacagugcagguag-3’ High Up and 

downregulated39, 40 
hsa-mir-155 5’-uuaaugcuaaucgugauaggggu-3’ High Upregulated41 
hsa-mir-375 5’-uuuguucguucggcucgcguga-3’ High Upregulated in 

certain types of 
breast cancer42  

hsa-mir-21 5’-uagcuuaucagacugauguuga-3’ Low Upregulated43 
hsa-mir-105 5’-ucaaaugcucagacuccuguggu-3’ Low Upregulated44 
hsa-mir-122 5’-uggagugugacaaugguguuug-3’ Low Downregulated45 
Table 6-2. Information on each microRNA strand investigated in the study. 
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Standards analysis. 0.1 mg/mL solutions of cytochrome C, albumin, transferrin, IgG, 

and thyroglobin, as well as a 0.1 µM solution of 50nm diameter polystyrene beads, were 

individually analyzed on the AF4 using Method A. In addition to the protein samples, 0.1 

mg/mL solutions of HDL and LDL were analyzed using Method A. 

Exosome standards were prepared using an exosome precipitation kit (Invitrogen). In 

brief, whole serum was incubated with an exosome isolation reagent at a 5:1 v/v ratio for 

20 minutes. The sample was then centrifuged at 4 degrees Celsius to precipitate the 

exosomes. The supernatant was removed, and the exosomes resuspended in 1X PBS 

to give a 2X concentrated solution. The exosomes were either run in the system as-is or 

preincubated with DiO (final concentration of 5µM) for 20 minutes at room temperature. 

Exosome samples were analyzed using Method A. In addition, exosome isolates were 

spiked with either HDL or LDL and analyzed using Method B. 

 Serum collections. Initially, serum samples were analyzed using Method A. Using 

this method, three fractions were collected: F1 – 5-9 minutes, F2 – 9-15 minutes, F3 – 

15-22 minutes. Fractions were collected by hand, with each sample containing ~1.5 mL 

of sample. An internal miRNA standard (cel-mir-67, 4 attomoles per fraction) was added 

to each fraction, and the fractions were then subjected to either phenol-chloroform 

extractions or lyophilization for subsequent protein or miRNA analysis. 

 A six-fraction collection was also implemented. Method B was used for the initial 

serum fractionation. One-minute fractions were collected using a fraction collector. 

These fractions were then combined for each sample as follows: F1 – 6-9 min, F2 – 9-13 

min, F3 – 13-16 min, F4 – 16-19 min, F5 – 19-22 min, F6 – 22-28 min. 5 uL of a 50 pM 

cel-mir-67 solution was spiked into each fraction, and the samples were subjected to 

phenol-chloroform extraction. 
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 Sample extraction. Samples were subjected to phenol-chloroform extraction using 

Trizol LS reagent (Invitrogen). In brief, fractions were split into 2-3 tubes containing ~450 

uL of AF4 eluate. The samples were homogenized with one milliliter of Trizol LS reagent. 

After addition of 300 µL of chloroform, the samples separated into an aqueous phase 

(containing miRNA) and an organic phase (containing protein). The two phases were 

separated. For the aqueous phase, RNA-grade glycogen was added to each tube to aid 

in miRNA precipitation. The aqueous samples then underwent an IPA precipitation, 

followed by an 80% ethanol wash. The miRNA pellets were dried, and then recombined 

into one tube per fraction. These recombined tubes were subjected to the IPA 

precipitation, followed by a 100% ethanol wash. For the protein samples, precipitation 

and washing was conducted using IPA and a 0.3M guanidine hydrochloride solution in 

absolute ethanol, respectively. After drying, the protein pellets were reconstituted in 200 

µL of water. 

Protein Analysis. Protein samples were subjected to tryptic digestion prior to LC-

MS/MS analysis. Ammonium bicarbonate was added to reach a final concentration of 

~50 mM. Samples were reduced and alkylated using standard DTT/IAA reduction 

alkylation protocols. Trypsin was added to the samples, and the digestion proceeded 

overnight at 37 degrees Celsius. After digestion, samples were purified using a C18 

ZipTip (Millipore), and eluted in 50% acetonitrile/0.1% trifluoroacetic acid. After elution, 

samples were dried and resuspended in 0.1% TFA. These samples were then subjected 

to nano-LC-MS/MS analysis using a Waters 2695  Separations Module interfaced with a 

Finnegan LTQ (Thermo). The parameters for the nano-LC-MS/MS separation can be 

found in Appendix 2. 
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The raw data was uploaded to the Protein Prospector search engine (provided online 

by the University of California, San Francisco) for peptide and protein identification. The 

search was conducted with a 0.1% tolerance, and [insert other search parameters]. After 

search, spectral counting was conducted for relative protein quantitation using the 

number of identified peptides for each protein (keeping replicates). In addition, specific 

searches were conducted for lower-abundance proteins of interest. 

MicroRNA Analysis. Prior to reverse transcription, lyophilized miRNA pellets were 

reconstituted in either 31 µL (for the high abundance strands) or 16 uL (for the low 

abundance strands). In each RT reaction, 5 µL of sample was mixed with 3 µL of a 

reverse transcription master mix and 2 µL of a corresponding RT primer for reach 

miRNA strand (TaqMan reverse transcription probe). The master mix consisted of 1.1 µL 

water, 1 µL of a 10X buffer mix, 0.13 µL of RNAse inhibitor, 0.1 uL of a dNTP mix, and 

0.67 µL reverse transcriptase (all components were provided in a TaqMan reverse 

transcription kit). After mixing, 5 µL of silicone oil was layered on top of the RT mixture, 

and reverse transcription conducted on a Perkin-Elmer 2400 GeneAmp PCR system. 

The RT reaction consisted of a 30-minute annealing step at 16oC, a 32-minute 

transcription step at 32oC, and a 5-minute denaturing step at 85oC.  

After RT, the samples underwent quantitative PCR (qPCR). 1 µL of the TaqMan 

microRNA Assay reagent (containing miRNA-specific forward and reverse PCR primers 

and miRNA-specific TaqMan fluorescent probe) was mixed with 1 µL of the RT product, 

5 µL of a 2X TaqMan PCR Master mix and 3 µL nuclease-free water on plate, for a final 

volume of 10 uL per well. 5 µL of silicone oil was added to the top of each sample to limit 

evaporative loss. Each sample was plated in triplicate, as were any standards 

corresponding to the samples analyzed (high- versus low-abundance). The qPCR 
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analysis was conducted on a Bio-Rad CFX Connect, with an initial activation step at 

95oC for 10 minutes, followed by a 40-cycle PCR with 15s denaturation at 95oC and 60s 

annealing/extension at 60oC for each cycle. Cel-mir-67 was used as an endogenous 

standard for sample loss during extraction, and miRNA levels were quantified using a 

standard calibration curve. 

 

Results and Discussion  

Serum and miRNA investigated in the study. In this study, several serum samples 

were investigated (Table 6-1). As a control for method development, pooled male AB 

serum was used (referred to as SS). In addition, a pooled healthy female serum was 

used for comparison in miRNA analysis, as well as a standard (referred to as HP). In 

addition to the two standard serum samples, six single donor samples were used, 

provided from City of Hope. Three healthy patients (referred to as COH-92, -13 and -91) 

as well as three breast cancer patients (referred to as D01, D02, and D03) were used in 

full-scale analysis. 

Initially, four miRNA strands were investigated. The first was an internal standard, 

cel-mir-67, added prior to Trizol extraction. The other three strands, hsa-mir-16, hsa-mir-

191, and hsa-let-7a, are all strands that are present at moderate to high concentrations 

in healthy patients, and are upregulated further in breast cancer patients. When the F4 

separation method was expanded to six fractions, the number or strands quantified was 

also expanded from four to ten. Three higher abundance strands (mir-17, mir-155, mir-

375) and three lower abundance strands (mir-21, mir-105, mir-122) were added to the 

analysis. From one sample, either the six high abundance strands or the three low 

abundance strands (plus cel-mir-67) could be analyzed. 
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AF4 of standards. Initial work conducted on the fractionation of serum into exosomal 

and other protein fractions utilized a constant crossflow. With this, good fractionation of 

the smaller protein components was achieved. However, exosomes did not elute in 40 

minutes, and required a post-run collection in order to collect the exosome fraction. In 

order to elute both the protein carriers as well as exosome carriers, a rampdown of the 

crossflow from 3.00 mL/min to zero flow would be needed. Several conditions were 

tested; a rampdown time of fifteen minutes was decided upon for the best balance of 

resolution and reasonable elution time (Figure 6-1). With this, all serum components 

could be eluted in less than thirty minutes.  

Proteins with molecular weights ranging from 12.5 to 330 kDa, as well as a 46nm 

polystyrene nanoparticle, were analyzed on the AF4 to see that there was still modest 

size separation of the more common sized protein components (Figure 6-2a). The 

polystyrene particles were used as a size representation for exosomes. In addition to the 

above standards, LDL, HDL and exosomes (isolated using the exosome isolation kit 

from Invitrogen) were run to approximate elution locations based on their retention times 

(Figure 6-2b). From the protein standards and lipoprotein complex standards, the elution 

order of the abundant serum components were HSA>HDL>IgG~LDL>exosome. This 

distinction is important for the isolation of particular components by AF4. 

Exosome analysis by AF4. Two methods of exosome isolation were used to isolate 

exosomes from healthy pooled serum to assess their ability to isolate intact exosomes 

with high purity. First, the Invitrogen exosome isolation kit was used to isolate exosomes 

– this method used a proprietary reagent that tied up water molecules, forcing less 

soluble serum components out of solution. The second method used was an 

immunoprecipitation of exosomes using magnetic beads conjugated with  



 

Figure 6-1. Optimization of rampdown time to get full elution of all components of SS in 
AF4. For all runs, an initial focusing step o
respectively, were used. The channel and cross flow was ramped up to 3.3/3.0 mL/min 
initially, and then was ramped down to 0.3/0.0 mL/min over the indicated period of time. 
Detection was conducted at 254 nm.
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Optimization of rampdown time to get full elution of all components of SS in 
AF4. For all runs, an initial focusing step of 0.3/3/3 mL/min channel/focus/cross flow, 
respectively, were used. The channel and cross flow was ramped up to 3.3/3.0 mL/min 
initially, and then was ramped down to 0.3/0.0 mL/min over the indicated period of time. 
Detection was conducted at 254 nm. 

Optimization of rampdown time to get full elution of all components of SS in 
f 0.3/3/3 mL/min channel/focus/cross flow, 

respectively, were used. The channel and cross flow was ramped up to 3.3/3.0 mL/min 
initially, and then was ramped down to 0.3/0.0 mL/min over the indicated period of time. 



 

Figure 6-2.  Standards run in the AF4 to determine size separation and location of 
extracellular components. (A) Protein/nanoparticle standards run to determine resolution 
under a programmed flow. From left to right: bovine serum albumin, anti
thyroglobin, 46 nm polystyrene nanoparticles. (B) AF4 runs of isolated extracellular 
components to determine relative elution order in AF4. All runs were detected at 260 nm.
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Standards run in the AF4 to determine size separation and location of 
extracellular components. (A) Protein/nanoparticle standards run to determine resolution 
under a programmed flow. From left to right: bovine serum albumin, anti

roglobin, 46 nm polystyrene nanoparticles. (B) AF4 runs of isolated extracellular 
components to determine relative elution order in AF4. All runs were detected at 260 nm.

 

Standards run in the AF4 to determine size separation and location of 
extracellular components. (A) Protein/nanoparticle standards run to determine resolution 
under a programmed flow. From left to right: bovine serum albumin, anti-CD63 (IgG), 

roglobin, 46 nm polystyrene nanoparticles. (B) AF4 runs of isolated extracellular 
components to determine relative elution order in AF4. All runs were detected at 260 nm. 
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immunoglobulin binding protein G. These beads were preincubated with an anti-CD63 

antibody and then mixed with the serum. The beads would then bind to the CD63 

present on the surface of exosomes, allowing the exosomes to be isolated. 

The isolates from each method were compared to fivefold diluted serum on the AF4, 

either by absorbance (Figure 6-3a) or by fluorescence. The fluorescence of the 

exosomes was obtained through reaction with DiO’ – a dye that exhibits increased 

fluorescence when bound to hydrophobic moieties (such as lipid bilayers or lipoproteins) 

– prior to AF4 analysis (Figure 6-3b). The fluorescence dye was needed to confirm 

exosome recovery of the immunobead, due to low absorbance intensity. 

 Of the two methods, the Invitrogen isolation method offered the highest recovery of 

exosomes. However, this method also resulted in isolation of other serum components 

at high quantities. The first peak in the fractogram of the exosome isolate is believed to 

be albumin – due to albumin’s high concentrations in serum, it’s quite likely that some 

would be precipitated through usage of the kit. The second peak is believed to be HDL, 

which should have comparable solubility to exosomes. The third peak (based on the 

DiO’ stain) consists of two different species, believed to be LDL and exosomes. When 

isolating the exosomes through anti-CD63 immunoprecipitation, a much lower amount of 

exosome was isolated. This could be due to either unoptimization of the amount of 

antibody needed or disruption of the exosomes during the washing or elution process. 

However, no lipoprotein complexes were seen. A large peak corresponding to 

immunoglobulin proteins was seen, attributed to either the anti-CD63 or coeluted IgG.  

Serum localization and analysis by AF4. Initially, three-fraction collections were 

conducted on SS and COH-92. An example fractogram showing the regions of collected 

samples is seen in Figure 6-4a. The three fractions were based on the three primary  



 

Figure 6-3.  Absorbance (A) and DiO’
and exosomes isolated by either the Invitrogen precipitation kit or the immunobead 
precipation. Despite the highly varied absorbance spectra seen for each sample, both 
the invitrogen isolate and immunobead iso
region believed to contain the exosomes. Absorbance fractograms were measured at 
254 nm, while fluorescence fractograms were conducted at 490nm excitation / 510nm 
emission. 
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Absorbance (A) and DiO’-staining for fluorescence (B) fractograms of serum 
and exosomes isolated by either the Invitrogen precipitation kit or the immunobead 
precipation. Despite the highly varied absorbance spectra seen for each sample, both 
the invitrogen isolate and immunobead isolate had similar fluorescence spectra in the 
region believed to contain the exosomes. Absorbance fractograms were measured at 
254 nm, while fluorescence fractograms were conducted at 490nm excitation / 510nm 

ning for fluorescence (B) fractograms of serum 
and exosomes isolated by either the Invitrogen precipitation kit or the immunobead 
precipation. Despite the highly varied absorbance spectra seen for each sample, both 

late had similar fluorescence spectra in the 
region believed to contain the exosomes. Absorbance fractograms were measured at 
254 nm, while fluorescence fractograms were conducted at 490nm excitation / 510nm 



 
Figure 6-4.  Three-fraction collecti
demonstrates three distinct peaks that were collected (A). The peaks were given general 
identifications of the most abundant component present. When comparing the amount of 
mir-16 isolated by either AF4/Trizol or by 
comparable between the two methods (B). However, fractionation of samples by AF4 
resulted in significantly more stable miRNA, even when left in the fridge for several days 
(C). 
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fraction collection of COH-92 on the AF4. The fractogram 
demonstrates three distinct peaks that were collected (A). The peaks were given general 
identifications of the most abundant component present. When comparing the amount of 

16 isolated by either AF4/Trizol or by Trizol alone, it was found that recoveries were 
comparable between the two methods (B). However, fractionation of samples by AF4 
resulted in significantly more stable miRNA, even when left in the fridge for several days 

 

92 on the AF4. The fractogram 
demonstrates three distinct peaks that were collected (A). The peaks were given general 
identifications of the most abundant component present. When comparing the amount of 

Trizol alone, it was found that recoveries were 
comparable between the two methods (B). However, fractionation of samples by AF4 
resulted in significantly more stable miRNA, even when left in the fridge for several days 
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peaks found – albumin, IgG and exosome. After collection of each fraction, the fractions 

were subjected to Trizol extraction to isolate and precipitate the miRNA and proteins for 

downstream analysis. The miRNA was subjected to reverse transcription and 

quantitative PCR, while the proteins were subjected to trypsinization and identification 

via LC-MS/MS. 

In order to determine the initial efficacy of the method, mir-16 levels were compared 

for serum by three different means: AF4 under standard fractionation conditions, AF4 

with the cross-flow turned off (flowthrough) and direct extraction from serum. For the 

fractionated samples, the concentrations of each fraction were summated to give a total 

concentration for the eluate. The comparison of these three isolation methods can be 

found in figure 6-4b. Compared to the direct extraction, both the flowthrough and the 

AF4 fractionated samples possessed very high extraction efficiency (~90%), showing 

that there was negligible adsorption of protein on the AF4 membrane and that the 

collection windows were sufficient. In addition, a degradation study was conducted, 

where the collected fractions were left in the fridge for several days before extraction. 

The comparison between a three-day AF4 isolation, a three-day flowthrough, and serum 

left in the fridge for seven days can be found in Figure 6-4c. All concentrations were 

normalized to the concentration of each strand in a fresh direct extraction. What was 

found was that the flowthrough and the whole serum had severe degradation of mir-16, 

let-7a and mir-191 over the course of a few days. However, there was essentially no 

degradation of the miRNA in the fractionated serum samples, even after three days. This 

can be attributed to AF4’s size-based separation – since most nucleases are very small, 

they were easily isolated from the miRNA carriers by AF4. 
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The levels of each miRNA in each fraction were quantified, to see where each strand 

might be localized in COH-92 (Figure 6-5a). For mir-16 and mir-191, there were fairly 

equal levels across all fractions, but let-7a had significantly increased concentrations in 

fraction 2 (where HDL and IgG were believed to elute).  To confirm whether the let-7a 

could potentially be bound to HDL, the relative levels of APOA1 (a major component of 

HDL) were compared between each fraction, for SS, COH-92 and the Invitrogen isolate 

of SS (Figure 6-5b). What was found was that, compared to SS, COH-92 has 

significantly elevated levels of APOA1 present in Fraction 2. In addition, the APOA1 

profile between the three fractions was similar to that of the let-7a profile in that, while 

Fractions 1 and 3 were of similar intensity, the levels of let-7a and APOA1 were both 

about fourfold higher in Fraction 2 compared to the others. Let-7a is believed to have 

increased concentration in exosomes – however, the previous AF4 experiment 

established that lipoprotein complexes are also isolated alongside exosomes using 

commercial kits. It is possible that let-7a and APOA1 could be a binding pair, but further 

studies would be needed to confirm this. 

In addition to miRNA quantitation, the proteins present in each fraction were 

identified and quantified by spectral counting. A general search was initially conducted 

for all proteins present in each fraction for whole serum (Appendix 3). A total of 63, 103 

and 80 proteins, respectively were identified for each fraction. The majority of these 

proteins were immunoglobulin proteins, complement proteins, and apolipoproteins. The 

apolipoproteins (particularly APOA1/2 and APOB100) can be attributed to lipoprotein 

complexes such as HDL and LDL, respectively. However, there were no proteins 

identified corresponding to exosomes (CD proteins, GW182) or RISCs (the argonaute 

proteins). To identify these proteins, a specific search was conducted (Table 6-3). From  



 

Figure 6-5. Potential correlations between circulating miRNA and protein carriers in the 
three-fraction AF4 collections. (A) microRNA profiling of three strands in COH
protein profiling of APOA1 across three different samples. When compared to SS,
were abnormal amounts of APOA1 present in COH
similar to the let-7a profile in (A).
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Protein  Component of: F1 F2 F3 
Apolipoprotein A1 HDL X X X 
Apolipoprotein B LDL - X X 
CD5-like antigen 

Exosomes 
- - X 

GW182 autoantigen - X X 
Protein Argonaute 1 

RISCs 

- - X 
Protein Argonaute 2 - X - 
Protein Argonaute 3 - X X 
Protein Argonaute 4 - - X 

 
Table 6-3.  Specific searching of proteins involved in microRNA carriers in the COH-92 
three fraction collections. Proteins in each fraction were identified by LC-MS/MS. (X) 
indicates the presence of that protein in that fraction, (-) indicates the absence of protein. 
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this specific search, several lower abundance proteins such as GW182 and the 

argonautes were identified in the fractionated samples. GW182 was found in Fractions 2 

and 3, while the argonautes were also split between 2 and 3. Through this, it was 

possible to confirm the location of these various miRNA carriers in a whole serum 

sample. However, it was apparent that there was still some severe overlap with the 

current 3-fraction model, as several serum components were still coeluting. 

Expansion of the AF4 method and analysis. In order to improve separation of the 

various protein components, the cross-flow was maintained at 3.00 mL/min for five 

minutes prior to the fifteen minute rampdown to zero crossflow. The addition of this 

constant flow step resulted in increased resolution for the smaller proteins, including a 

new protein component that was previously masked by the albumin signal (Figure 6-6a). 

In addition, instead of three fractions, six fractions were collected, corresponding to HSA, 

the new protein shoulder on HSA, HDL, IgG, LDL, and exosomes. To confirm these 

locations, protein identification and relative quantification of each fraction were 

conducted. Unfortunately, no exosomal proteins were identified, even when specific 

searches were conducted. However, the relative levels of APOA1, APOA2, APOB and 

IgG were used to confirm the fractions where HDL, LDL and IgG were most abundant 

(Figure 6-6b for IgG, 6-6c for the apolipoproteins). IgG and HDL was most abundant in 

Fraction 3, while LDL was most abundant in Fraction 5. It appeared that, even under 

more optimal separation conditions, HDL and IgG could not be separated. This makes 

sense, given that both components were around 10nm in diameter. 



 

 

 
Figure 6-6.  AF4 fractogram of COH
step at the start of the AF4 separation, along with relative fractions collected for 
downstream analysis (A). Protein pellets from Trizol were digested and analyzed by L
MS/MS for determination of carrier locations. IgG (B) and the apolipoproteins A1, A2 and 
B (C) were profiled to determine carrier locations. 
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AF4 fractogram of COH-92 after addition of the 5-minute constant crossflow 
step at the start of the AF4 separation, along with relative fractions collected for 
downstream analysis (A). Protein pellets from Trizol were digested and analyzed by L
MS/MS for determination of carrier locations. IgG (B) and the apolipoproteins A1, A2 and 
B (C) were profiled to determine carrier locations.  

 

minute constant crossflow 
step at the start of the AF4 separation, along with relative fractions collected for 
downstream analysis (A). Protein pellets from Trizol were digested and analyzed by LC-
MS/MS for determination of carrier locations. IgG (B) and the apolipoproteins A1, A2 and 
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The AF4 method was applied to the fractionation of six serum samples – COH-92, 

13, and 91, as well as D01, D02, and D03 (Figure 6-7). Each sample had high 

reproducibility in the AF4, and eluted with similar profiles (with the notable exception of 

COH-92), allowing for automated fraction collection. Trizol extraction and reverse 

transcription of the 9 miRNA strands of interest in each fraction were conducted for 

miRNA analysis. At the time of the writing of this dissertation, quantitative PCR of these 

samples had not been conducted and analyzed in replicate. However, singlet runs of 

COH-92 and COH-13 (Figure 6-8a and 6-8b, respectively) were profiled for the three 

initial strands, although the COH-92 sample had abnormally high levels of let-7a in 

Fractions 4 and 5 relative to the levels seen in the 3-fraction collections. If looking at only 

the lower abundance samples in COH-92 (Figure 6-8c), then the profiles of 13 and 92 

are somewhat similar. From this, it can be seen that healthy samples have similar 

miRNA profiles, allowing for direct comparison to diseased samples. Once the qPCR of 

all strands are completed, principal components analysis of each sample will be 

conducted to attempt to identify if the diseased samples can be differentiated from the 

healthy serum samples. If successful, then the relevant components can be identified 

and investigated further to identify essential strands and carriers for further analysis. 

 

Conclusions 

In this research, AF4 was used to localize and isolate various circulating microRNA 

in serum based on their carriers. Through usage of a flow gradient, it was possible to 

successfully elute both small protein binders as well as larger microvesicles that carry 

miRNA. Isolation and trypsinization allowed for identification of which fractions can 

potentially contain particular miRNA carriers of interest (LDL, RISC, HDL, exosomes),  



 

 

Figure 6-7. AF4 runs of healthy serum samples COH
cancer serum samples (bottom), showing the sample
AF4. Samples were analyzed using Method B, and were detected at 260nm.
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AF4 runs of healthy serum samples COH-91, 13 and 92 (top) and breast 
cancer serum samples (bottom), showing the sample-to-sample reproducibility in the 
AF4. Samples were analyzed using Method B, and were detected at 260nm.

91, 13 and 92 (top) and breast 
sample reproducibility in the 

AF4. Samples were analyzed using Method B, and were detected at 260nm. 



 

Figure 6-8.  microRNA exp
Samples shown are COH
7a in COH-92, the sample was rescaled to match that of COH
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microRNA expression levels of three strands in a six-fraction collection. 
Samples shown are COH-92(A) and COH-13 (B). Due to the overexpression of hsa

92, the sample was rescaled to match that of COH-13 (C). 

fraction collection. 
13 (B). Due to the overexpression of hsa-let-
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while rt-qPCR can be used to properly quantify the levels of each miRNA strand of 

interest. When applied to the analysis of healthy serum samples, it was found that each 

miRNA strand has a unique profile across the collections, and this profile is similar 

between two healthy strands. In addition, a potential correlation was found between 

levels of one strand (let-7a) and levels of a protein (apolipoprotein A1). By identifying 

potential pairs of miRNA and protein, specific capture strategies could be designed to 

more easily isolate and quantify levels of that strand for diagnostic analysis. The method 

can be used as a tool to potentially differentiate between healthy patients and patients 

with breast cancer, and also identify the aforementioned pairs that show greatest 

up/downregulation of a relevant miRNA strand. This can be used to give higher 

sensitivity to the quantitation of circulating miRNA, which can then lead to earlier-stage 

disease detection and treatment. 

 

Future Directions 

This method was used as a fingerprint to differentiate between healthy patients and 

patients diagnosed with breast cancer. This research is still in its infancy, however; a 

great deal of additional work is needed beyond what is mentioned above. These 

changes would be necessary to allow for a localization-based miRNA diagnostic tool to 

succeed. 

Although one of the primary advantages of the AF4-based localization of miRNA is 

that it can potentially allow for better quantitation of miRNA up/downregulation in 

particular components, this comes at the expense of vastly increased hands-on time and 

sample consumption (nearly ten times the amount of reagent for phenol-chloroform 

extraction alone). These increases in work-time and reagent consumption make this 
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method unsuitable for diagnostic purposes. Several changes, however, could improve 

on the method, and remove the necessity of AF4 (a specialized piece of equipment that 

would not be readily available in most medical facilities). 

First, it is well known that miRNA needs to be bound to serum components, or else 

the strands will be rapidly degraded.46 It is also known that miRNA is generally localized 

to specific carriers in the body, such as exosomes, RISCs or lipoprotein complexes.9, 23, 

24 Although changes in miRNA levels will be noticed even in whole serum, the percent 

changes are often greatest for one particular carrier. By identifying the carrier of interest, 

immunoprecipiation methods can be developed for that carrier, allowing for increased 

sensitivity of analysis of a particular strand or set of strands.  

Second, a new method of extraction would be needed. Although phenol-chloroform 

is considered the gold standard of RNA isolation, it has the disadvantage of requiring 

compounds that are considered highly toxic, as well as generating large amounts of 

waste for each extraction. Several alternative methods of nucleic acid extraction exist. 

One of the most popular methods is through the usage of silica nanostructures. In high-

salt conditions, silica is an efficient extractor of nucleic acids from aqueous solutions, 

and the nucleic acids are easily removed from the silica in pure water.47 Although 

microspheres are commonly employed, silica nanofibers are being synthesized and 

implemented in our group for DNA/RNA extraction. By having a large aspect ratio, the 

fibers possess a large surface area for increased nucleic acid capture while still 

maintaining a large size for easy isolation by centrifugation. Silica nanofibers can be 

easily synthesized through a sol-gel electrospinning process on a large scale.48 Silica 

nanofibers have already been applied to the isolation of protein-bound aptamer followed 

by PCR amplification. The method is currently being optimized to make the silica 
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nanofiber extraction on parity with phenol-chloroform extractions. The silica fibers could 

then be placed on a solid support, allowing for flow-through isolation directly from a 

separation tool.49, 50 

Finally, although not entirely necessary, an alternative detection scheme could be 

used in place of traditional quantitative PCR for the detection of miRNA. Several 

isothermal amplification techniques, such as loop-mediated isothermal amplification 

(LAMP), hairpin chain reaction (HCR), rolling circle amplification or multiple 

displacement amplification (MDA) can all give rapid amplification of cDNA under 

isothermal conditions, allowing for sensitive detection.51 Several of these methods result 

in linear amplification of the target strand, however, reducing the detection limit of the 

method. By conducting dual amplification (MDA followed by HCR, for instance), pseudo-

exponential amplification can be obtained.52 Padlock probe-based exponential rolling 

circle amplification (P-ERCA) is a highly sensitive variant of RCA, where the initial RCA 

product is nicked and used to generate additional circular probes prior to a second RCA 

cycle.53 Through P-ERCA, detection limits as low as 240 ymol can be reached. By using 

an amplifiable detection platform such as cation exchange, P-ERCA could reach single-

strand detection limits while still being simple enough to detect using a simple microtiter 

plate, allowing for very high-throughput analysis. By implementing these three 

components into the next stage of disease biomarker detection, it could be possible to 

rapidly and easily detect any changes in miRNA levels, allowing for earlier-stage 

diagnosis of altered medical states. 
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Chapter Seven 

Summary/Future Outlooks 

 

Summary of the Dissertation 

In this dissertation, several methods for probing macromolecular interactions in a 

high-throughput fashion were investigated. First, flow field-flow fractionation was used to 

differentiate between the slowly and rapidly exchanging components of the protein 

corona surrounding engineered nanomaterials (ENMs). It was found that centrifugation 

and F4, when used in parallel, could identify non-binding, slowly exchanging and rapidly 

exchaning proteins across an entire media. This method was implemented in identifying 

trends between ENM physical properties and the composition/dynamic nature of the 

ENM-protein corona. The impact of the binding nature to cellular uptake of ENM-protein 

pairs were briefly investigated. In addition, a fluorescence-based method of rapidly 

screening for ENM batch-to-batch variance was designed and implemented. The method 

was found to be able to differentiate between nanomaterials with different sizes, core 

materials, and charge densities combined with multivariate analysis. Finally, asymmetric 

flow field-flow fractionation (AF4) was employed to fractionate microRNA bound to 

various carriers in circulating serum. By fractionating the serum prior to analysis, it is 

possible to obtain the distribution profile of microRNAs among various carriers, which 

resulted in easier identification of changes in microRNA levels indicative of breast 

cancer. Development of methods of probing changes in the native interactome is 

essential to the successful diagnosis and treatment of various disease states. In 

addition, developing methods to probe the effects that exogenous species such as 

nanomaterials will have on the interactome is essential to the successful usage of 
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nanomaterials within the body with minimal toxicity and side effects. However, the usage 

of (A)F4 in any of these cases requires a good deal of workup after collection, because 

of large flow rates needed for effective separation and timely elution of the analytes in 

question. 

 

Future Outlooks 

Miniaturized AF4 for bioanalysis.  AF4, as shown over the course of this dissertation, 

is a useful tool for the size-based fractionation of biological media, such as serum or 

cellular lysate. Fractions can be collected by AF4 and used in downstream analysis. 

Also, AF4 can be directly coupled to some detection schemes such as refractive index, 

light scattering, and inductively coupled plasma – mass spectrometry. However, the high 

output flow rates of AF4 proves to be a challenging endeavor for coupling this separation 

technique to other detection platforms – due to the large output flow rates (0.30 mL/min 

minimum), direct hyphenation to other techniques such as mass spectrometry or nuclear 

magnetic resonance proves difficult. 

Miniaturization of the AF4 can allow for improved hyphenation of AF4 to other 

detection platforms. In one example, the AF4 channel was designed with the length and 

width about a third the size of the a conventional AF4 system (11x0.7 cm, compared to 

38x2 cm), yielding a reduced channel volume of 0.25 mL when compared to 3.7 mL for a 

traditional AF4 channel.1 This reduced volume and area yielded lower protein adsorption 

and faster elution of analytes compared to traditional AF4, improving the throughput of 

the method, at the sacrifice of sample loading limits. This instrument was applied to the 

sizing of various lipoprotein complexes, as well as assessing the effects of various 

aggregative forces on LDL sizes. A microfluidic AF4 device was designed as well, 
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allowing for further reduction of the channel dimensions to 7x0.5 cm.2 In addition, this 

size reduction made it possible to have flow rates down below 50 µL/min, which is within 

the desired flow rates for direct hyphenation to NMR or mass spectrometry. This chip-

AF4 was used for top-down AF4-ESI-MS analysis of whole proteins, as well as 

phospholipids bound to LDL and other lipoprotein complexes.3 

 By being able to run AF4 at such low output flows, several advantages for 

bioanalysis can be gained. Apart from the aforementioned direct hyphenation to NMR or 

MS, the lower flow rates allow for coupling to µ-total analysis systems on microfluidic 

devices. This could allow for on-chip capture of particular analytes of interest (such as 

microRNA, proteins, or other moieties) prior to further workup and quantitation. Though 

the above applications, miniaturized AF4 can be used as both an analytical and 

preparative separations tool for ultra-low detection and characterization of various 

biomacromolecular entities. 

AF4-SELEX. In addition, the preparative nature of AF4 makes it well suited to an 

aptamer selection process. SELEX (Selective Enrichment of Ligands by Exponential 

enrichment) is a process in which a random aptamer pool is incubated with a target of 

interest.4 After incubation, the aptamer-target complex is isolated from free aptamer. 

Several common isolation techniques include SPR, CE, precipitation, and affinity 

chromatography.5 The bound aptamer is then amplified through PCR. This new aptamer 

pool is then subjected to a new incubation-isolation-amplification cycle. After several 

selection cycles, only aptamers that bind with high affinity to the target will be present. In 

order to ensure high selectivity to the target, a counter-selection will be employed.6 In a 

counter-selection, the aptamers will be incubated with a target similar to the target of 
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interest. In this case, the free aptamers will be isolated and amplified for a later 

selection. 

One drawback of most SELEX techniques is the necessity to place the target on a 

solid-support of some sort. As a result, the affinities measured will not be comparable to 

that of a free target-aptamer interaction. Of the techniques mentioned, AF4 and CE are 

the only techniques capable of easily isolating the target-aptamer complex under more 

natural conformations.7 Of these two, AF4 can also be run more easily under a wide 

variety of buffers, including physiological conditions. If CE is run under high salt 

conditions, the Joule heating of the capillary and solution will result in reduced 

resolution. 

Another potential advantage of AF4-SELEX over other techniques lies in the ability of 

AF4-SELEX to do a selection and counter-selection simultaneously. This can be 

achieved by placing the counter-target on a nanosphere, and then incubating the 

aptamer, target and counter-target simultaneously prior to separation by AF4. This 

process is outlined in Figure 7-2. Depending on the desired selectivity, multiple counter-

targets can be run simultaneously. Through this selection process, a strongly binding, 

highly sensitive aptamer can be selected in a small number of cycles.  

Work has already been conducted in realizing AF4’s potential as an aptamer 

selection tool. A known aptamer-ligand pair (the Weigand aptamer and IgE) have been 

incubated and analyzed on the AF4. It is possible to obtain affinity data off the AF4 that 

is comparable to dissociation constants obtained by other methods (Chapter Two). In 

addition, it was found that the bound aptamer-protein complex can be isolated and 

amplified by PCR. Work is underway on isolating and amplifying the Weigand aptamer in 

a selection with a random pool. 
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With AF4’s large working size range, SELEX can be conducted on species of almost 

any size. One interesting application of AF4-SELEX will be in the selection of aptamers 

with high affinity towards moieties on the surface of cancer cells, viruses, or other large 

species. By developing aptamers with high affinity to these species, improved 

visualization and delivery to these species can be obtained. 

Nanomaterials for biological applications. Over the course of this dissertation, 

several inorganic nanomaterials were investigated, such as iron oxide and silica. 

Although these particles have seen wide applications in the field of bioimaging, these 

and other inorganic particles have undesired toxicological effects due to leaching of 

metals into either the body or environment, as well as increased persistence compared 

to similar organic materials. All of these properties have resulted in a shift towards 

alternative nanomaterials for biological applications. 

One interesting recent development in more biological-friendly nanomaterials is the 

advent of the graphene quantum dot (GQD).8 GQDs take advantage of the quantum 

confinement present in graphene to exhibit photoluminescence with modest quantum 

yields. Although GQDs possess lower quantum yields than comparable semiconductor 

quantum dots, they are readily synthesizable in much larger quantities using common 

materials such as L-glutamic acid.9 In addition, graphene quantum dots possess 

drastically reduced toxicity compared to other nanomaterials, requiring very high levels 

of GQD before any toxic effects are seen in cells.10 One of the greatest advantages, 

however, is in their ability to exhibit highly tunable fluorescence based on surface 

modifications. It is possible to obtain NIR excitation and emission with modified GQDs, 

allowing for the possibility of deep-tissue bioimaging of living organisms.11 
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Due to these advantages, GQDs are seeing increased usage in the scientific 

community. However, similarly to the rapid growth in metallic nanoparticle applications, 

methods are needed to determine the viability and safety of these materials. This 

becomes especially important given the necessity for surface modification to obtain 

tunable fluorescence.The methods presented in this dissertation are well suited to 

assessing changes in surface modifications at the nanomaterial surface, and can be 

used at methods for determining whether these materials are truly safe for usage. 

  

Final Words 

The human interactome is highly complex, relying on a wide variety of 

macromolecular interactions to allow for various biological processes to occur. The 

development of additional methods of probing these interactions across whole media is 

essential to both mapping and understanding the interactome. This becomes 

increasingly important as endogenous species such as nanomaterials are introduced 

into the body for treatment and sensing purposes. By identifying both the desired effects 

and any undesired side-interactions, endogenous probes can be intelligently designed to 

selectively affect the interactome. Flow field-flow fraction is a highly useful tool for 

probing these interactions, and can be used to map effects on the interactome for an 

entire media at once, allowing for high-throughput probing of various essential 

macromolecular interactions. 
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Appendix One 

MudPIT nano-LC/MS/MS for protein identification 

 

A Waters 2D nano-Acquity UPLC (ultra performance liquid chromatography) and Q-

TOF Premier tandem mass spectrometer was used for all proteomics experiments 

(Waters, Milford, MA). A combination of high pH reverse phase and conventional low pH 

reverse phase served as a MudPIT method following manufacturer’s recommendation 

(Waters, Milford, MA). The solvents for the first dimension LC of high pH reverse phase 

was 20 mM ammonium formate, pH10 (solvent A) and 100% acetonitrile (solvent B), 

respectively. The online fractionation was carried out with a trap column and percentage 

of solvent B. The peptide sample was loaded onto an XBridge BEH130 C18 trap column 

(8 µm particle, 300 µm i.d., 5 cm long, PN# 186003682, Waters, Milford, MA). The 

partial-loop sample loading method was configured with a 10 µl sample loop in the auto 

sampler for maximal loading with zero sample loss (6 µl for each experimental injection). 

The fractionation and desalting was carried out using a 2D-dilution method configured 

within the 2D nano-Acquity and controlled with MassLynx 4.1 (Waters, Milford, MA).  

There were 10 fractions and 2 flushes based on percentage of solvent B as follows: 

1. 8.2%; 2. 11.7%; 3. 13%; 4. 14.5%; 5. 15.9%; 6. 17.4%; 7. 18.9%; 8. 20.4%; 9. 23.6%; 

10. 45%; 11. 65% (flush 1); 12. 80% (flush 2). Mass spectrometry data were acquired for 

all of the 12 fractions. For the second dimension LC, a BEH130 C18 column (1,7 µm 

particle, 75 µm i.d., 20 cm long, PN# 186003544, Waters) was used for peptide 

separation. A Symmetry C18 (5 µm particle, 180 µm i.d., 20 mm long, PN# 186003514, 

Waters) served as a trap/guard column for desalting and preconcentrating the peptides 

for each MudPIT fraction. The solvent components for peptide separation were as 
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follows: mobile phase A was 0.2% formic acid in water, and mobile phase B was 0.2% 

formic acid in acetonitrile. The separation gradient was as follows: 0 to 1 min, 0% B; at 3 

min, 3% B; at 5 min, 8% B; at 70 min, 45% B; at 85 min, 60% B; at 95 min, 90% B; at 95 

to 100 min, 90% B; at 105 min, 10% B; at 110 min, 0% B; at 110 to 135 min, 0% B. The 

nano-flow rate was set at 0.3 µl/min without flow-splitting. A blank injection using the 

same LC method was introduced between each sample to remove carry-overs or 

contaminants.  

The parameters for the MS instrument were following: nanoESI+ selected as 

ionization source using the Nano-sprayer (Waters) coupled with a PicoTips emitter (PN# 

FS360-20-10-CE-20,New Objective, Woburn, MA),  capillary voltage set at 3 kV, sample 

cone voltage 42 V, extraction cone voltage 3.0 V, collision energy for MS1 scan 5 V, 

TOF reflectron operated in V-mode, source temperature set at 100 oC, MS resolution 

was 10,000 at FWHM  for V-mode, MCP/TDC detector (micro-channel plate/time-to-

digital converter) voltage set at 1950 V. Mass accuracy was externally calibrated using a 

standard peptide such as GFP, and all MS measurement was within 123 ppm or better 

depending on room temperature and day-to-day variance. Both LC and MS operation 

and data acquisition were controlled by the central software, MassLynx 4.1 (Waters). 

Nano-LC/MS/MS was carried out for each fraction of MudPIT experiment with a DDA 

(data-dependent acquisition) survey method, and data was acquired between 15 and 

115 min of LC run time with MS1 m/z range from 350 to 1900. MS1 scan time for 

precursor ions was 1 sec with 0.1 sec interscan delay. For each MS1 scan, maximum of 

four ions were selected (if and when individual peak intensity was above 30 counts/scan) 

for MS/MS scan with the CID (collision induced dissociation) method to generate 

fragments spectrum. Individual MS/MS scans switched when TIC reached at 2000 
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counts or total scanning time exceeded 8 sec. Single MS/MS scan time was set for 1.9 

sec with 0.1 sec interscan delay. A quadrupole collision cell was used for CID 

fragmentation, and argon gas was chosen as collision gas with flow rate 0.45 mL/min. A 

charge state recognition file was used to determine collision energy based on m/z value 

and charge state of each ion.. Deisotoping method was employed to avoid repetitive 

scans for the same peptide ion with deisotoping window set at 3 Da. Real time exclusion 

was enabled with exclusion window set at 80 mDa for 10 min. Only ions with multiple 

charges were selected for MS/MS scan. 
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Appendix Two 

Nano-LC-MS/MS Materials and Methodology 

 

For the identification and relative quantitation of peptide samples after digestion, 

nano-LC-MS/MS was employed. A Waters Alliance 2695 separations module (Waters 

Corporation, Milford, MA) was interfaced with a Thermo Finnigan LTQ linear ion trap 

mass spectrometer (Thermo Fisher Scientific, San Jose, CA). The fluidic connections of 

the system are shown in Figure A2-1. The liquid flow from the 2695 module was first split 

using a T-junction to limit the flow heading towards the sample loop. After the sample 

loop, the liquid is sent towards a capillary trapping column and then (via a divert valve) 

either to waste or to the capillary separation column. From the separation column, the 

sample undergoes nanospray ESI towards the LTQ. Both the trap column and the 

separation column are packed with 10µm C18-coated silica microspheres. The trap 

column has an i.d. of 150 µm and length of 25 mm, while the separation column is 75 

mm in length with an i.d. of 75 µm. 

For the LC separation, two solvents are employed. Solvent A consisted of a 0.01% 

trifluoroacetic acid solution (Sigma-Aldrich) in water (Optima grade, Fisher Scientific), 

while Solvent B is acetonitrile (Optima grade, Fisher Scientific). Solvent A was subjected 

to a 0.22 micron filter prior to use, while Solvent B was used as-is. The initial flow rate 

from the 2695 module was 0.200 mL/min, with the flow rate post split being 200 nL/min. 

A separation gradient was employed. For the first 15 minutes of the run, the solvent 

mixture was 2% B. During this time, the divert valve was directed towards waste, and the 

analyte trapped on the trapping column. After 15 minutes, the divert valve was directed 

towards the separation column. From 15 to 100 minutes, the gradient was increased  



 

Figure A2-1. Basic flow schematic of the nanoLC
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Basic flow schematic of the nanoLC-MSMS. 
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from 2% to 90% B. This gradient was maintained from 100 to 130 minutes, and then 

rapidly ramped back down to 2% B. From 131 to 150 minutes, the gradient was 

maintained at 2% B. 

The nanospray ESI parameters were as follows: the ESI spray voltage was +2.2 kV, 

while the capillary voltage was 9V and the capillary temperature was 150 degrees 

Celsius. For the mass analyzer, a centroided mass spectrum was collected in positive 

mode from 300-2000m/z. For each scan, the six most abundant, multiply charged ions 

were isolated with a 1.0 m/z isotopic width for MS2 analysis. To obtain the MS2 spectra, 

the isolated ions were subjected to collision induced dissociation (35% energy, 30 ms). 

The raw files were converted to mzXML and subjected to peptide and protein 

identification via Protein Prospector (provided by UCSF), with a parent ion tolerance of 4 

Da and a fragment ion mass tolerance of 0.4 Da. 
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Appendix Three 

Proteins identified in fractionated COH-92 (from Ch apter Six) 

 
Protein F1? F2? F3? 
5-azacytidine-induced protein 1 X 
5-azacytidine-induced protein 2 X X 
Afamin X 
Alpha-1-acid glycoprotein 1 X X X 
Alpha-1-acid glycoprotein 2 X X X 
Alpha-1-antichymotrypsin X X X 
Alpha-1-antitrypsin X X X 
Alpha-1B-glycoprotein X X X 
Alpha-2-antiplasmin X 
Alpha-2-HS-glycoprotein X X X 
Alpha-2-macroglobulin X X X 
Angiotensinogen X X 
Antithrombin-III X X X 
Apolipoprotein A-I X X X 
Apolipoprotein A-II X X X 
Apolipoprotein A-IV X X X 
Apolipoprotein B-100 X X 
Apolipoprotein C-I X 
Apolipoprotein D X 
Apolipoprotein E X 
Apolipoprotein L1 X 
Apolipoprotein M X 
Bardet-Biedl syndrome 1 protein X 
Beta-2-glycoprotein 1 X X X 
C4b-binding protein alpha chain X 
C4b-binding protein beta chain X 
Carboxypeptidase N subunit 2 X 
CD5 antigen-like X 
Ceruloplasmin X X X 
Clusterin X X X 
Coagulation factor XII X X 
Complement C1q subcomponent subunit B X 
Complement C1r subcomponent X X 
Complement C1s subcomponent X X 
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Protein F1? F2? F3? 
Complement C2 X 
Complement C3 X X X 
Complement C4-A X X X 
Complement C5 X 
Complement component C6 X 
Complement component C8 alpha chain X 
Complement component C8 gamma chain X 
Complement component C9 X 
Complement factor B X X X 
Complement factor H X X 
Complement factor H-related protein 1 X 
Complement factor H-related protein 2 X 
Complement factor I X 
Corticosteroid-binding globulin X 
Dyslexia-associated protein KIAA0319-like protein X 
E3 ubiquitin-protein ligase UBR4 X 
Fibronectin X X 
Galectin-3-binding protein X 
Gelsolin X X 
Haptoglobin X X X 
Haptoglobin-related protein X X 
Hemoglobin subunit alpha X X X 
Hemoglobin subunit beta X X X 
Hemoglobin subunit epsilon X 
Hemopexin X X X 
Heparin cofactor 2 X 
Histidine-rich glycoprotein X X X 
Ig alpha-1 chain C region X X X 
Ig alpha-2 chain C region X X X 
Ig gamma-1 chain C region X X X 
Ig gamma-2 chain C region X X X 
Ig gamma-3 chain C region X X 
Ig gamma-4 chain C region X X X 
Ig heavy chain V-I region EU X X 
Ig heavy chain V-I region V35 X 
Ig heavy chain V-I region WOL X 
Ig heavy chain V-III region BRO X X 
Ig heavy chain V-III region GAL X 
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Protein F1? F2? F3? 
Ig heavy chain V-III region JON X X 
Ig heavy chain V-III region KOL X X 
Ig heavy chain V-III region TIL X X 
Ig heavy chain V-III region TRO X 
Ig heavy chain V-III region VH26 X 
Ig kappa chain C region X X X 
Ig kappa chain V-I region AG X X 
Ig kappa chain V-I region CAR X X 
Ig kappa chain V-I region Roy X 
Ig kappa chain V-I region Walker X 
Ig kappa chain V-I region Wes X 
Ig kappa chain V-II region MIL X 
Ig kappa chain V-II region TEW X X 
Ig kappa chain V-III region HAH X 
Ig kappa chain V-III region HIC X 
Ig kappa chain V-III region NG9 (Fragment) X 
Ig kappa chain V-III region SIE X X 
Ig kappa chain V-III region VG (Fragment) X 
Ig kappa chain V-III region VH (Fragment) X 
Ig kappa chain V-IV region Len X X 
Ig lambda chain V region 4A X 
Ig lambda chain V-I region HA X 
Ig lambda chain V-I region WAH X 
Ig lambda chain V-III region LOI X X 
Ig lambda chain V-IV region Hil X 
Ig lambda chain V-VI region AR X 
Ig lambda-1 chain C regions X X 
Ig lambda-2 chain C regions X 
Ig lambda-3 chain C regions X 
Ig lambda-6 chain C region X 
Ig mu chain C region X 
Ig mu heavy chain disease protein X 
Immunoglobulin J chain X X 
Immunoglobulin lambda-like polypeptide 5 X X 
Inter-alpha-trypsin inhibitor heavy chain H1 X X 
Inter-alpha-trypsin inhibitor heavy chain H2 X X 
Inter-alpha-trypsin inhibitor heavy chain H3 X 
Inter-alpha-trypsin inhibitor heavy chain H4 X X X 
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Protein F1? F2? F3? 
Kallistatin X 
Keratin, type I cytoskeletal 9 X 
Keratin, type II cytoskeletal 1 X X X 
Keratin, type II cytoskeletal 6B X 
Keratin, type II cytoskeletal 75 X 
Kininogen-1 X X X 
Leucine-rich alpha-2-glycoprotein X 
N-acetylmuramoyl-L-alanine amidase X 
Olfactory receptor 51M1 X 
Oxygen-regulated protein 1 X 
Pigment epithelium-derived factor X 
Plasma kallikrein X X 
Plasma protease C1 inhibitor X X 
Plasminogen X X 
Pleckstrin X 
Potassium voltage-gated channel subfamily B 
member 2 X 
Protein AMBP X X 
Prothrombin X X X 
Retinol-binding protein 4 X 
Serotransferrin X X X 
Serum albumin X X X 
Serum amyloid P-component   X   
Serum paraoxonase/arylesterase 1 X 
Transthyretin X X 
Trypsin-3 X X 
Vitamin D-binding protein X X X 
Vitamin K-dependent protein S X 
Vitronectin X X X 
WD repeat-containing protein 96 X 
Zinc-alpha-2-glycoprotein X X 

Total 63 103 80 
 
 




