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 AF4 is a size separation technique that is routinely used for nanoparticle analysis 

due to the open channel design, the gentle forces used, and separation being done in native 

and stable buffers.  NTA is an excellent detector for AF4 due to the flow cell fluidics and 

the individual counting and sizing NTA performs, making it an excellent candidate to use 

as an online detector to allow simultaneous fractionation and characterization of samples.  

NTA is label free, making general detection of all NPs above a certain size possible, 

making this a very versatile detector that can be used for many types of nanoparticles and 

materials that may be separated by AF4. 

 Chapter 2 focuses on the coupling connection and validation of the AF4-NTA 

system.  The initial design required a split flow design. COMSOL simulations were done 

to determine the best strategy for splitting the eluent into multiple lines of equivalent 

sample.  A splitter manifold was used to control pressure and flow while a syringe pump 

was used to control the flow rate going through the NTA.  The AF4-NTA system showed 

great particle counting ability and consistent sizing of the different size populations of 
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standards tested.  Some drawbacks were identified with the split flow design, which was 

mainly band broadening from the larger dead volume of the NTA channel.  The main 

counting ability showed very strong linearity when evaluating sequential increases in 

injection amounts and produces simple and attractive three-dimensional fractograms. 

 Chapter 3 uses AF4-NTA for the analysis of non-spherical particles and soft-shelled 

and flexible materials like exosomes.  AF4-NTA was used to separate and analyze two 

different aspect ratios of gold nanorods.  The NTA hydrodynamic size and TEM data were 

used to determine the conversion factor between the NTA hydrodynamic size and the rod 

length.  Additionally, it was shown that offline NTA had difficulty identifying the two 

populations but were easily identified when utilizing AF4 separations before NTA analysis.  

AF4-NTA was also used to analyze 2D nanomaterials and the protein corona formation 

around it once it was incubated in cell culture medium.  AF4-NTA showed very rapid 

analysis of nanomaterials, allowing quick determination of aggregation and protein corona 

thickness.  Finally, the system was tested against softer and more flexible materials, which 

AF4 has advantages over SEC.  Good recovery, quantification, and sizing indicate the AF4-

NTA is quite versatile and applicable to a wide array of sample types, matrices, sizes, 

shapes, and composition.   

 Chapter 4 focuses on the development of AF4-NTA for exosome analysis.  AF4-

NTA showed applicability in measuring extracellular vesicles, but additional downstream 

analysis is needed to make use of the BioNP information.  AF4 was used as a preparatory 

step for the downstream analysis while the offline NTA data characterizes the BioNPs 

collected.  The AF4 recovery was compared to other common isolation techniques as well 
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as the purity and native size investigated and showed comparable purification abilities.  In-

channel labeling was performed as an efficient way to wash exosomes of unbound probes, 

allowing simple plating and quantification of the probes.  This technique removes every 

step of blocking, incubating, and washing because AF4 can complete this on the analyte 

directly during the size separation.  While AF4-NTA was never ran with the final probe 

designs due to the COVID-19 shutdowns, it was shown that in-channel labeling and protein 

label quantification within the ranges of NTA is possible. 

 AF4-NTA is versatile with broad applicability.  The online NTA data saves time, 

sample, and allows direct relation of particle counts to downstream results.  The throughput 

is very quick compared to individual steps of purification, characterization, and protein 

quantification.  Some drawbacks still exist, such as band broadening from slow flow rates 

in NTA, AF4 dilution factor, and limited working ranges by NTA.  Some of these can be 

further improved while some are inherent drawbacks of the individual instruments used, 

but AF4-NTA was shown to be an ideal candidate for general nanoparticle analysis, 

especially when dealing with complex matrices or mixtures of multiple size populations. 
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Chapter 1: Introduction and Background 

 Introduction 

 This chapter will discuss the relevant background necessary to understand the 

motivation, challenges, and novelty of the work involving asymmetrical flow field flow 

fractionation and nanoparticle tracking analysis for general nanoparticle analysis.  

Nanoparticle’s wide adoption in commercial products and the pharmaceutical industry has 

increased demands for robust, simple, and efficient nanoparticle analysis. The growth is 

expected to continue as more nanomedicines, smaller electronics, and nanoparticle-based 

assays continue to hit the market.  The buildup of engineered nanoparticles and the 

breakdown of plastics into micro- and nanoplastics are of growing concern that requires 

extensive studies evaluating the impact nanoparticles may induce on the environment.  

Often, the enrichment, purification, or analysis preparation steps cause aggregation, fusion, 

destruction, or physical changes in the material.  The work outlined in this dissertation 

intends to develop a single system that can accurately and rapidly enrich, size, count, and 

fractionate native nanoparticles separated by asymmetrical flow field flow fractionation. 

 Nanoparticle Overview 

 Nanoparticle is often a buzzword science fiction movies and CSI marathons use to 

add scientific jargon to create technical mystery.  NPs may even be the destructive 

technology that ends all of mankind, but NPs are much less sinister.  NPs are a type of 

material classified as particles with a single dimension less than 100 nm in size; however 

nanoparticles are often considered to be particles with dimensions less than 1 µm.1  As the 

size of a particle gets smaller, the relative surface area to volume ratio increases.  Increasing 



 2 

surface area increases the efficiency of the desired surface reactions by increasing the 

number of exposed reaction sites.2–6   Figure 1.1 shows how relative surface area increases 

as the size of the material decreases.  Increased interaction with the solvent increases the 

overall efficiency of any nanoparticle-based reaction than reactions performed with the 

same mass of micron-sized material.  This increased efficiency has led to widespread use 

of nanoparticles in bioanalytical assays and purification as well as numerous applications 

in electronics, sensors, and pharmaceuticals where various sizes, shapes, compositions, and 

surface modifications create a unique material designed for specialized applications. 

 

 

Figure 1.1  Relative surface area to volume ratio increases as NP size decreases.  With 

equal masses, the number of reactive sites is ~2.6 times higher with the smaller 0.5 μm box 

than the 1 μm box. 
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Figure 1.2 - Nanoparticle persistence in the environment as it is exchanged from host to 

host until total degradation. 

 The smaller sizes also create unique problems compared to larger and heavier 

particles, especially dealing with invasiveness in the environment.7,8  Larger, micron-

scaled particles are affected by gravity and tend to settle in aqueous environments, but  

smaller NPs can be affected by the random motion of the water in an aqueous environment.  

In an aqueous ecosystem, these smaller particles have better solubility and a higher 

mobility leading to increased environmental persistence.9  The higher solubility increases 

particle concentration in water, which can then be taken in by smaller organisms through 

various uptake mechanisms such as ingestion, and endocytosis.  Figure 1.2 shows a 
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schematic showing the lifecycle of a NP.  Cellular uptake is dependent on size as well as 

shape and surface functional groups.10–16  NPs can persist in the body due to the biocorona, 

which is a biological shell that may provide protection from degradation pathways and may 

appear as an analogous biological NP to the host organism.17–19  The shell is created from 

proteins, fatty acids, oligonucleotides, and metabolites adsorbing to the surface of the NP 

and forming a biological shell.20–23  This shell is dynamic, with the early stage of the corona 

being formed with highly mobile and abundant molecules with low affinity.  As molecules 

of higher affinity interact with the ENP, the low affinity molecules become displaced, 

eventually leaving only high affinity proteins bound once the final corona is formed.  The 

shell adds stability, neutralizes charges, and shields reactive groups from interfacing with 

the solvent.  Increased stability allows longer retention in the host, which could be 

consumed by a larger organism.  This cycling of NPs persist until the NP has been degraded 

completely or removed from the environment through waste and water treatment.8  

Degradation in a biological host is not always a safe route for the cell because lysosomal 

degradation can produce toxic byproducts.24,25 After cellular uptake by endocytosis, the NP 

faces two pathways: internal release into the cytosol, or degradation by lysosomes.26–29  

Upon lysosomal degradation, the NP can induce a change or cause cytotoxic effects as the 

corona protecting the NP is destroyed and the core NP is exposed.  This can lead to high 

amounts of ROS generation, alteration of the pH, or lysosome-mediated cell death.30–35   

This toxicity is not just a concern for engineered particles, but also for bulk plastics that 

have high resistance towards environmental degradation. The breakdown is much slower, 

but still releases small fragments of micro- and nanoplastics that begin to interact with the 
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environment in the same manner.36–42  Nanoparticles, regardless if initially designed as 

nano-sized or created through the degradation of bulk materials, requires analysis of the 

core material, the corona information, and how those may affect uptake and fate, and the 

nanotoxicity during transport and degradation pathways. 

 Engineered Nanoparticles 

Engineered NPs (ENPs) are materials specifically designed and manufactured to be 

nanosized with specific interactions or properties that are needed for a specific 

application.43–49  A common example is graphene sheets for electronic applications and 

sensors.50–54  The single sheet has great conductive properties and it can be used as 

conductive patterning on chips.  Commercial products are designed for long-term storage 

and product functionality, but also may make it resistant to common degradation pathways 

like oxidation.  Not only is the design and specific toxic effects a concern, so is the 

production waste and byproducts that may be hazardous or contain a wide distribution of 

morphologies and toxicities. 

There are different synthetic routes to functional nanomaterials.  Figure 1.3 shows a few 

common techniques used to make platinum nanoparticles.55  Different routes produce 

different yields and size distributions.  Synthesis of these specialized materials commonly 

require a nucleation or crystallization buffer to initiate NP agglomeration, which are then 

grown into the desired size as the NPs crystallize.  These polymerization reactions can 

create NPs with different sizes and shapes as the reactions continue and the NPs grow.  

Wide size distributions are common and need size fractionation to isolate particles of a 

narrower distribution for use.56–58  Furthermore, solution stability is increased with 
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stabilizing additives that are added to the NP buffer or chemically modified surface 

passivation increase longevity and dispersion properties.59–63  Some additives may need to 

be included in a stabilization buffer or may be chemically linked to the surface to provide 

constant stability to the NP, even after removal of the storage buffer.  Zeta potential also 

plays an important role in stability and reactivity.  DLVO theory describes the colloidal 

state as the overall product of the dispersion and electrostatic forces.64,65   It is common to 

 

Figure 1.3 - A diagram showing common synthesis routes of metal nanoparticles.  

Reprinted from Reference 55 
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manipulate the surface to increase the repulsive force between NPs to add stability.  

However, once the material is removed from the colloidal state, they are prone to 

aggregation and are highly reactive to molecules of opposite charge.  Many of the 

techniques used to functionalize or stabilize NPs may also have negative environmental 

impacts or increased cytotoxicity. 

 Biological Nanoparticles  

NPs are not always synthetic and may be biologically produced, with unique 

functions and considerations.  Biological NPs (BioNPs) range in types, functions, and 

composition with many different therapeutic or analytical interests.66–68 Most of these can 

be classified into a few classes: protein aggregates/complexes, lipoproteins, exosomes, 

microvesicles, and apoptotic bodies.69  Figure 1.4 shows a diagram showing the different 

classes and generalized size range of BioNPs.70    These different classes are generated 

through differing mechanisms, but also have different analytical significance due to their 

biogenesis mechanism.  Below is a quick description of the different classes of BioNPs 

commonly found in biofluids and the considerations of isolating and analyzing the BioNP. 
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Figure 1.4 - Different classes of BioNPs and the general size ranges.  The size cutoffs are 

generalized and there are overlaps between these groups in sizes.  Lipoproteins are not 

shown but overlap with exosomes and microvesicles.  Figure reprinted from reference 70. 

1.4.1 -   Protein Complexes/Aggregates 

 Protein complexes are usually constructive protein association71 while aggregation 

is considered an undesirable product,72,73 but both exist is biofluids and both can be of 

analytical interest.  The core and surface are comprised mostly of proteins and peptides.  

The size range of protein aggregates can cover the whole range shown in Figure 1.4.  

Ophthalmology injections have strict FDA regulations for particulates above 2.5 μm and 

small HMW species are evaluated by SEC for stability studies in biological drug 

products.74–78   
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1.4.2 -   Lipoproteins 

 Lipoproteins are particles that are composed of a hydrophobic core surrounded by 

a monolayer of lipids and encasing apolipoprotein.79–82  Each subclass of lipoprotein has a 

different apolipoprotein marker unique to the BioNP.  The monolayer is composed mostly 

of cholesterol and triglycerides, however many different lipids can be associated in the 

complex.69,79,83,84  The size range of these particles can be from approximately ~5 nm to 

100 nm.69,79,85  The bulk of these vesicles are in the smaller range of 50 nm or less for very 

low-density lipoprotein (VLDL), low-density lipoproteins (LDL), and high-density 

lipoproteins (HDL).  Lipoproteins are commonly measured to evaluate cholesterol levels; 

however, this is mainly from protein levels only and not from a perspective of nanoparticle 

quantification.  The ratio of the different sub classes of lipoproteins indicates risk of heart 

disease and eventual blockages of arteries as the abundance of larger lipoprotein classes 

increases.69,80,84 

1.4.3 -   Exosomes 

 Overlapping in size with lipoproteins and aggregates are exosomes.  Exosomes are 

usually bigger than lipoproteins and are usually in the size range of ~50-200 nm, even 

though some research suggests there are smaller exosomes  in the ~20-50 nm range.86–89  

Exosomes are a lipid bilayer particle that is generated from a parent cell.68,88–96  All 

mammalian cells secrete exosomes in some form, and it is thought this is a primary 

mechanism of cellular communication through exchange of vesicle cargo and surface 

receptors.97–103  Exosomes are generated from a specific mechanism of budding during 

endocytosis (Figure 1.5), but the mechanism is still poorly understood.  During 
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endocytosis, a multivesicular body (MVB) forms from the outer cell wall (Figure 1.5 (A) 

and (Figure 1.5 (B)) which caves inward, surrounding the molecules accumulated in the 

extracellular space.  The MVB starts budding exosomes from the inner membrane (Figure 

1.5 (C)), shedding them into the inner space of the MVB (Figure 1.5 (D)) that contains the 

encapsulated extracellular fluid.  These buddings carry cell surface membrane proteins, 

cytosolic proteins and metabolites, and nucleic acids like miRNA and mRNA.  The MVB 

begins to fill up with generated exosomes, plus the exosomes and cargo taken in during 

endocytosis.  The MVB has two possible pathways: degradation (Figure 1.5 (E)) or 

secretion (Figure 1.5 (F)).  In the degradation pathway, the MVB is chaperoned to 

lysosomes where the hydrolytic degradation of the vesicle and MVB releases the cargo 

contents of the outside exosome into the receiving cell.  With secretion, the MVB fuses 

with the outer membrane and causes the exosomes to be released into extracellular space 

around the cell, which can then be taken in by neighboring cells (Figure 1.5 (G)).  Each 

exosome is composed of a membrane bilayer from the parent cell enveloped around a small 

volume of the cell cytosol.  Figure 1.6 shows a diagram of an exosome containing some of 

the parent contents after secretion.  The exosome protects the cargo contents from 

degradation (especially RNA) as it is cycled through the body.104–106  Exosomes also 

contain surface markers specific to exosomes, such as CD63, CD9 and CD81.68,88,103,105,107–

111 Additionally, many cancers show increased secretion rates of exosomes and 

microvesicles that alter the tumor microenvironment.92,92,97,99,101,112–115  Not only does the 

cargo content tell information about the cell, so does the size and number of exosomes 

being secreted.  



 11 

 

Figure 1.5 – A diagram showing endo and exocytosis as well as the generation of exosomes 

in the MVB.  Endocytosis begins by an inward budding of the outer membrane (A).  The 

MVB breaks off completely from the membrane and is internalized by the cell (B).  Inward 

budding of the MVB starts the exosome formation with the inner space containing the 

cytosol from the interior of the cell (C). MVB containing freshly generated exosomes as 

well as the neighboring exosomes taken in during endocytosis (D) is sorted for lysosomal 

degradation (E) or fusion and release with the outer membrane wall (F).  Released 

exosomes are then taken in by neighboring cells (G) or taken back in by the parent cell.  

Created with BioRender.com. 

 

  

 



 12 

 

Figure 1.6 - Example diagram of an exosome and the biochemical targets for analysis.  

Created with Biorender.com 

1.4.4 -   Microvesicles 

 Microvesicles are lipid bilayer particles that are approximately ~50 nm to 1 μm in 

diameter and has some overlap with exosome size and NP properties.66,89,113,116–118  These 

vesicles are budded off the cellular membrane surface directly into the extracellular region, 

but still are lipid bilayers from the parent host that envelope the cell’s cytosol.  Different 
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biogenesis routes do create particles with slightly different composition as CD63, CD9 and 

CD81 that are not expressed on microvesicles, but they do carry disease signature and alter 

the tumor microenvironment in a similar fashion as exosomes.104,115,119–121  Regardless of 

the differences, microvesicles and exosomes both contain information from the parent cell 

that can be analyzed for disease markers.   

 

Figure 1.7 – A diagram showing and a cell undergoing apoptosis and a cell normally 

releasing BioNPs.  There will be overlap in sizes with the different types of particles.  

Reprinted from reference 122. 
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1.4.5 -   Apoptotic Bodies 

 Apoptotic bodies are generated when the cytoskeleton breaks down during normal 

programmed cell death. These share a similar lipid bilayer structure as microvesicles and 

exosomes and have a very wide size range and would overlap with most particles; however, 

the cargo content could be quite different from the metabolic changes and activated cascade 

pathways a cell undergoes during apoptosis. Figure 1.7 shows the differences in biogenesis 

mechanisms between exosomes and apoptotic bodies.122   Some overlap in size can make 

these BioNPs appear as exosomes, but they carry different chemical signatures and would 

not carry CD63, CD9, CD81, etc. 

 Nanoparticle Characterization Techniques 

All NPs have some base material, whether it is a polymer, an amino acid, a lipid, 

or a metal ion that can be measured to confirm the composition of the NP.  Individual layers 

may need to be measured, such as biocorona or passivation layer thickness.  Metal 

nanoparticles can be dissolved and analyzed by ICP-MS for analysis of the metal ion ratios 

for the different layer thicknesses needed, while proteolytic digestion of the proteins in the 

biocorona can identify biocorona components after the quantum dot had encountered a 

biofluid.123–129 

BioNPs have biochemical signatures that can be targeted to isolate selective 

subpopulations or to analyze the composition and components of a BioNP for disease 

signature.  Biochemical assays on surface receptors, lipid content, miRNA, or mRNA can 

quantify various cargo components to observe disease biomarkers in relation to 

housekeeping or normalizing markers.  Exosomes from HER2 positive breast cancer have 
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been shown to not only overexpress HER2, the HER2+ exosomes can alter treatment 

efficacy due to the competitive binding with cell surface receptors.106,130–134  POC assays 

have been developed for HER2 expression levels showing relative signal intensity of HER2 

on exosomes collected from serum by anti-CD63 magnetic beads.133  All biofluids show 

the presence of exosomes to some degree, but urine has shown promise due to the filtering 

of the biofluid the kidney does enriches the fluid to only have exosomes from the renal 

organs.  Overexpressed biomarkers such as engrailed-2 or annexin A3 can be specifically 

quantified as biomarkers of prostate cancer.135  Coupling traditional biochemical assays to 

NP characterization techniques provides very rich information about the BioNP and the 

originating cell.  The size, shape, number, as well as the identification of surface proteins 

and cargo contents can be analyzed to determine certain disease, especially cancers where 

the BioNP has unique signatures compared to healthy cells. 

1.5.1 -   Microscopy 

The most straightforward way to determine morphology is to use microscopy 

techniques to image the NPs.  The resolution of traditional light microscope is diffraction 

limited based on the wavelength of light used.136–138  The equation governing this is: 

 𝑅 = 𝜆
2𝑛 sin 𝜃⁄  (1) 

where R is the resolution, λ is the wavelength of the incident light, n is the refractive index 

of the imaging medium, and θ is the aperture angle.  This simply states that the resolution 

of the image is limited by the size of the incident wavelength and the medium the image is 

taken in.  When the θ is maximized at 90° and the medium is air, the maximum resolution 
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that can be achieved is the wavelength of incident light.  The R with D2 light would be 190-

380 nm and would not be sufficient to give any detail about the morphology of a NP.   

A very expensive but powerful microscope is an electron microscope (EM).   

Electron microscopy increases R from the duality of an electron.139,140  The De Broglie 

wavelength of an electron is about 1000 times smaller than a photon, which can reduce the 

200 nm resolution of a light microscope to 200 pm. Transmission and scanning electron 

microscopy (TEM and SEM) are both employed to image NPs using electron beams instead 

of photon beams.  TEM works on the transmission of electrons through the particle while 

SEM works by imaging the electrons backscattered from the NP surface and gives better 

information about the surface structure and shape of a NP.  It can perform additional 

analysis like energy-dispersive X-ray spectroscopy (EDS).  EDS can identify atomic 

signatures by the energy difference of the displaced electrons.  EDS is limited to the surface 

coating but can be very helpful in identifying the surface reactive groups and the surface 

composition of a NP.141,142  Figure 1.8 shows different silver NP structures under SEM and 

TEM magnification.  SEM provides detailed surface images and can resolve surface defects 

and imperfections due to the detection angle of the instrument while TEM is a 2D image 

created from the different intensities transmitted through the material. 
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Figure 1.8 - Different EM images of various shapes and sizes of silver NPs.  A, B, and D 

are TEM images evident from the brightfield image.  C and E-H are SEM images, and a 

much better image of the NP surface can be seen.  Even very fine imperfections as seen on 

the arms of the starred shape can be identified.  Reprinted from Reference 143. 

 

1.5.2 -   Dynamic Light Scattering 

 DLS is an optical technique that determines the diffusion coefficient of the bulk 

solution by measuring the fluctuation intensity of monochromatic light being scattered by 

macromolecules in solution to determine D.144–148  The light undergoes a phenomenon 

called Doppler broadening which causes intensity fluctuations that change at a specific rate 

dictated by the Brownian motion of the particle.149  Using the Stokes Einstein equation, the 

D can be related to a spherical hydrodynamic diameter by:150,151 

 
𝐷 =

𝐾𝐵𝑇

6𝜋𝜇𝑅ℎ
 (2) 

Where 𝐾𝐵 is the Boltzmann’s constant, T is temperature, 𝜇 is solvent viscosity, and Rh is 

the hydrodynamic radius.  The rate of fluctuation is related to the speed of the particle in 

solution, which relates to its size by Equation (2).  The drawback to DLS over NTA is it 
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involves bulk analysis.  Coeluted analytes or multiple populations measured 

simultaneously will bias the data.   

1.5.3 -   Nanoparticle Tracking Analysis  

Nanoparticle Tracking Analysis (NTA) is a simple, yet powerful, optical detector 

that utilizes a high-power objective to visualize particles in the channel.148,152–157  Figure 

1.9 shows a schematic of the optics arrangement for NTA.  A fluidic channel on top of a 

laser module with the beam aimed at the critical angle causes NPs to scatter light towards 

a 60× objective positioned above the channel.158  The system takes a video of the channel 

and tracks the scatter point, measuring the mean squared displacement (MSD) of the 

particle over a series of frames.  The system determines a diffusion coefficient from the 

MSD with a simple equation: 

 𝑀𝑆𝐷 = 2𝐷 ∗ 𝑑 ∗ 𝑡 (3) 

Where D is the self-diffusion coefficient (commonly known as diffusion coefficient), d is 

the number of dimensions observed and t is the timescale the displacement is measured 

over.159  The software takes multiple D measurements over multiple time scales and 

averages D for each tracked particle.  The system then converts the hydrodynamic diameter 

from D using Equation (2).  The system’s power comes from the individual sizing and 

counting that generates a true number distribution.     
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Figure 1.9 - Diagram of the NTA flow cell and camera setup.  The critical angle allows 

NPs to show up as bright scatter points against a negative background, allowing them to 

be recorded so D can be determined. 

 One of the main drawbacks in NTA is the limited working range for concentration.  

The Stokes-Einstein is only accurate at near infinite dilution in an incompressible 

Newtonian fluid.144 This results in a working range of about 107 to 109 particles/mL for 

NTA.  It is estimated that the viewing window for NTA is only approximately 20 nL, which 

is the bounds of the visible laser beam in the channel.160  The small volume decreases 

sensitivity when converting the particles/frame to particles/mL because a single particle 

represents ~106 particles in solution.  To increase distribution repeatability, it is common 

to measure NTA under a slow flow rate to cycle more particles into the viewing window 

during analysis.   
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 Nanoparticle Isolation Techniques 

 NP analysis usually needs enrichment or purification from matrix components 

before analysis.  NPs and BioNPs can be isolated using filtration, size separation, 

immunoprecipitation, or centrifuge precipitation.   Each method has pros and cons and is 

selected based on the downstream process or analysis being performed.  AF4 was used in 

this dissertation as an enrichment technique for NPs from complex matrices and below is 

the background information of the orthogonal techniques that could be used in place of 

AF4 and the drawbacks of each. 

1.6.1 -   Precipitation 

 Precipitation is a common way of isolating NPs with centrifugation.161–168  Metallic 

core NPs tend to have high densities and can easily be spun down in a benchtop centrifuge, 

but less dense and smaller particles require ultracentrifuge speeds to pellet the sample.  

BioNPs generally have lower density, but large particles can spin down much easier than 

smaller particles and this can be exploited to separate populations with large differences in 

diameter.67,165,169,170  Figure 1.10 shows a standard differential UC protocol with increasing 

speeds to collect debris, microvesicles, and then exosomes sequentially.171  Density 

gradient UC is able to isolate particles based on density instead of size and can be a valuable 

tool for BioNP and NP separation.166,172–174  UC is the most common protocol for BioNPs 

but some studies suggest high amounts of vesicle fusion, coprecipitation, and poor yield 

make BioNP analysis difficult.66,175–177  Vesicle fusion can lead to false assumptions about 

BioNP surface area, number of secreted exosomes, or the native aggregation state. 
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Figure 1.10 - Differential ultracentrifugation involves multiple steps of increasing speeds 

to isolate different populations of BioNPs.  A density ultracentrifugation was performed to 

isolate exosomes from lipoproteins.  In all, 6 pelleting steps taking a minimum o of 4-5 

hours is needed to collect enriched exosomes.  Reprinted from Reference 171. 
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1.6.2 -   Precipitation Reagents 

 Exosomes and small microvesicles require ultracentrifuge to pellet, but some 

commercial products have been developed to precipitate vesicles using benchtop 

speeds.175–179  A similar process of preclearing the biological matrix is needed similar to 

UC, but once the debris and apoptotic bodies are cleared, an additive that either reversibly 

dehydrates or crosslinks the exosomes into denser or larger structures that can easily be 

spun down at speeds of 20k ×g or less.  These methods have very high yield, especially 

dehydration because osmolytes dehydrate bilayer specifically without altering the density 

of proteins or lipoproteins.   All precipitation processes (UC, benchtop, chemical) 

coprecipitates proteins with the charged vesicles from electrostatic drag as the vesicles 

pellet, so it is common to do a second precipitation to reduce the background impurities.180–

183  Both work by pelleting the sample, and then resuspending the pellet in fresh buffer, 

which dilutes the reagent below functional concentrations. Some reagents can be retained 

and can affect downstream analysis, but the specificity and high yields make this a very 

good method to compare recovery of exosomes and microvesicles. 

1.6.3 -   Filtration 

 Filtration can be done with a variety of filters and membranes, setup in various 

fluidic configurations.184–189  Filters have a molecular weight cut off (MWCO) that will 

retain molecules sufficiently larger than the cut off, usually around 5 to 7 times the MWCO.  

Different MWCO filtration steps can be used to enrich a sample for a certain size range.  

Figure 1.11 shows a filtration protocol using three filtration steps, a prefiltration, tangential 

filtration and then a final filtration that produces particles approximately between 50 and 
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100 nm.190  Each subsequent filtration step enriches the sample further but also adds to 

sample loss due to irreversible membrane adsorption.191,192 Filtration is often done as a 

buffer exchange or concentration technique and is not a primary size selection technique 

except in specific applications.   

 

Figure 1.11 - Sequential filtration using different MWCO.  The final product is an enriched 

sample between approximately 50 and 100 nm based on the average pore sizes. Reprinted 

from Reference 190. 

1.6.4 -   Immunoprecipitation 

 Immunoprecipitation uses functionalized nanoparticles or stationary phases to 

separate antigen presenting analytes from the matrix.193–197  Commonly, magnetic beads 

are functionalized with anti-CD63/9/81, which can be separated by an external magnetic 

force.198–201  Some care with this material is needed to make sure non-specific adsorption 

is minimized.  Chemical conjugation with polyethylene glycol (PEG), glycine, or bovine 

serum albumin (BSA) irreversibly blocks the reactive sites after conjugation of the probes 

to the NP surface.202,203  Immunoprecipitation has good specificity and simple operation, 

but recovery of the collected vesicles is more challenging as many of the disruption 

mechanisms to release the exosomes may also damage the proteins or lipid bilayer of the 

vesicle. 
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1.6.5 -   Size Exclusion Chromatography 

SEC is a liquid chromatography (LC) method utilizing a gel matrix to retain 

molecules based on size.75,164,184,204–212  SEC utilizes micron sized beads with pores that 

allow molecular diffusion into the pores and around interstitial space between the packed 

beads.  Larger pore sizes retain matrix components but allow the NP to pass by without 

much interaction. Figure 1.12 shows the difference between a small protein and large 

protein in an SEC column.213 Smaller molecules will be retained longer because they have 

higher diffusivity into the pores, which results in more time in the stationary phase than 

larger molecules.  Drawbacks to this approach lay mostly in the packing material and 

recovery.204,214–216  SEC materials are somewhat expensive, and require care to maintain 

proper performance.  This and the low yields are generally why SEC is not used for 

complex matrices like serum.217,218  lipid interactions with the stationary phase have shown 

to cause large losses and sample retention in the column.219–222  SEC is compatible with 

aqueous buffers, but pH, ionic strength and salt components can affect adsorption to the 

stationary phase and can limit buffer selection. 
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Figure 1.12 - SEC size separation theory.  Larger particles diffuse less and take a straighter 

path through the column. Reprinted from Reference 213 

1.6.6 -   Field Flow Fractionation (FFF) 

There are many kinds of FFF, such as thermal, centrifugal, and electrical which 

utilize different external forces to provide the orthogonal force needed for separation.223–

229  The most common design is AF4 which uses a flat channel with a vacuum pump pulling 

a cross flow through a porous membrane wall (Figure 1.13).  The drag from the orthogonal 

flow acts as the separation force and the retention time is governed by crossflow intensity.  

The size range that FFF can separate is about ~1 nm to 10 um,230,231 depending on the type 

of FFF used and the intensity of the separation forces used.  Recovery of NPs in a native 

state is an advantage over other stressful isolation techniques.  The gentle forces maintain 

the biocorona and separates native NPs in a stable buffer.162,232–236  These advantages 

combined with the advantages and disadvantages of NTA were the basis of the work 
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presented in this dissertation.  The following section goes into AF4 theory in more detail 

and describes the benefits over other isolation techniques. 

 AF4 Theory 

 AF4 utilizes a particle’s diffusion coefficient to separate different sized particles 

without the need of a stationary phase.223,224,226,230  AF4 generates a velocity gradient 

between the laminar boundary layers.  Particles with higher diffusion coefficients will 

diffuse higher in the channel and would have a faster average velocity (v) due to the 

velocity gradient created by the boundary layers of the laminar flow profile.  Figure 1.13 

shows a channel schematic and the parameters that drive the size separation.  The following 

equation can estimate the retention time of a particle in channel:226,237,238 

 𝑡𝑟 =
𝑤2

6𝐷
ln(1 +

𝐹𝐶𝑟𝑜𝑠𝑠

𝐹𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟
) (3) 

With tR being retention time, w being channel thickness, D is the particles diffusion 

coefficient in the separation medium, FC is the cross flow and FDetector is the detector flow. 

The retention time directly relates to the average height from the membrane, so any factor 

that changes the height of the particle (FC) or the laminar flow profile (w and FDetector) will 

change the retention time.   
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Figure 1.13 - Schematic showing the basis for separation in AF4.  The retention time 

directly relates to the average height from the membrane, so any factor that changes the 

height of the particle (FC) or the laminar flow profile (w and Fout) will change the retention 

time. 

 

Figure 1.14 - Channel construction of an AF4 channel.  The only consumable part is the 

separation membrane, which is much cheaper than column packing material but requires 

more frequent replacements.  Reprinted from reference 231. 
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The main advantage of AF4 is the channel design.  AF4 uses a channel constructed 

of a spacer between two plates (Figure 1.14).231  The open channel does not have a 

stationary phase and removes shear forces between the stationary and mobile phases.239–244  

The buffer can be selected for the NP and is not selected to achieve sufficient elution from 

a stationary phase.245,246 The low shear forces preserve aggregates, agglomerates, and 

biocorona as the NP is separated from the soluble matrix.21,83,162,162,232–236  AF4’s ability to 

gently separate a wide range of sizes and types of nanomaterials make it ideal for 

generalized NP isolation and analysis. 

 Conclusion 

 NP analysis has many considerations and variables that make rapid and informative 

analysis difficult and time consuming.  The motivation for the work in the following 

chapters are based on the need for simple, online particle counting, and sizing.  NTA that 

can be connected to AF4 to analyze the eluent as NPs are separated by size.  The individual 

counting of NTA make it ideal to be the first online nanoparticle detector for AF4, and the 

individual sizing increases performance by identifying multiple populations that may have 

coeluted together from the lower resolution that is a drawback of FFF.  AF4 has broad 

applicability in NP separations and label free NTA can analyze the same broad types of 

NPs without the need for modifications from a native state. The coupling of the two 

together combined with the versatility of AF4 separation make it a versatile and capable 

NP characterization system. 
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Chapter 2: Asymmetrical Flow Field Flow Fractionation Coupled to Nanoparticle 

Tracking Analysis for Rapid Online Characterization of a Mixture of 

Polystyrene Beads  

 

This chapter describes the fluidic connection between AF4 and NTA for 

simultaneous online counting and sizing while fractionating mixtures of NP sizes.   

 

2.1 Introduction 

Nanotechnology has been integrated into a wide array of consumer products, urging 

governing bodies of these markets to adopt guidelines or regulations regarding the 

reporting and characterization of those nanomaterials due to their possible adverse 

environmental or biological effects.1–6 The first regulation of nanomaterial reporting and 

labeling in consumer goods was established by the European Union (EU) for cosmetic 

products being sold in the EU market in 2009.7 Specifically, the regulation asks: 1) does a 

product contain nanomaterials that need to be reported; 2) does the size of the nanomaterial 

fall within the regulation of 1-100 nm; and 3) what is the number size distribution of the 

nanomaterials?8 The most challenging requirement in this regulation is the determination 

of a number size distribution. This means the distribution must be generated from counted 

nanoparticles that have been sized individually, but not from measurement of the bulk 

solution. Similarly, in the US, the Food and Drug Administration (FDA) requires that, if a 

product contains nanomaterials, specific information about the physiochemical properties, 
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purity, and toxicity of the nanomaterials must be provided.9 The guidelines of the FDA 

also demands that the aggregation and agglomeration properties of the nanomaterials in the 

product should be revealed. 

Several techniques exist to satisfy these regulations, but they usually are technically 

demanding, involve expensive instruments, and need multiple analyses to perform a full 

characterization. Offline techniques like transmission electron microscopy (TEM)10, 

atomic force microscopy (AFM)11, and scanning electron microscopy (SEM)12 can produce 

number counting as well as size, but these methods are low in throughput and often require 

surface adsorption and drying, which may not capture the total concentration or observe 

the nanoparticles in their native state in the sample matrix. Access may also be limited to 

sub 100 nm resolution instruments due to the cost of instruments. Resistive pulse sensing 

(RPS) is another powerful technique that can individually size nanoparticles in solution, 

but the low throughput of having to inject samples and the variation of the data with respect 

to the pore size used in the instrument complicate the data analysis and limit this technology 

in rapid nanoparticle quantification.13,14 

NTA is powerful because of the counting ability and is quite promising as an online 

detector due to the fluidic channel design.15–18 AF4 is compatible with many different 

detectors in online and offline configurations such as DLS,19,20 MALS,21–25 LC-MS,26–28 

ICP-MS,29–34 and Raman spectroscopy35 due to the low operating pressures, wide range of 

compatible running buffers, and simple fluidic connections.  It is reasonable to consider 

AF4 the best candidate for online NTA over SEC high operating pressures.  To our 

knowledge, there has been no modular LC detector that can count particles individually to 
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create number distributions configured for online use.  As an added advantage, the 

individual counting allows coeluted populations to be visible on the 3D contour plot that 

may have normally been disguised in the bulk analysis and could reduce a drawback of 

AF4. 

The following chapter proposes a design for a simple connection interface between 

NTA and AF4, and the resultant set-up allows rapid particle separation followed by online 

number distributions at the time of fractionation. We have demonstrated that the connection 

design can successfully reduce the channel back-pressure and direct the eluent from AF4 

to NTA at the desired flow rates for accurate particle sizing. This system can separate and 

analyze a range of nanomaterial types, has good capacity for different injection volumes 

and sample concentrations, quick counting and sizing capability, and does this label-free.  

 Methods 

2.2.1 -   Reagents and Materials.  

Polystyrene bead standards with an average diameter of 50 nm, 100 nm, 200 nm, 

and FL-70 detergent were purchased from Thermo Fisher Scientific (Waltham, MA). 

NanoXact gold nanorods with the dimensions of 45.5×17.3 nm (Cat # GRCN660-25M) 

and 69.3×12.0 nm (Cat# GRCN980-10M) were purchased from nanoComposix (San 

Diego, CA). The 2D nanomaterial of hexagonal boron nitride (hBN) with the average 

lateral dimension around 150 nm and layer thickness < 10 nm was obtained from the 

Harvard HSPH-HIEHS Nanosafety Center, the detailed characterization of which was 

reported in our previous work.37 A SLI-0430 Sensirion flow sensor kit was purchased from 

Newark (Centerville, OH) for NTA flow rate measurements. A 9-port manifold was 
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purchased from Upchurch Scientific (Lakeforest, IL). Ultrapure H2O (18.2 M) was 

generated onsite with a Direct-Q 3 UV water purification system (Millipore Sigma; 

Burlington, MA).  

2.2.2 -   COMSOL Flow Rate Simulations 

COMSOL5.3a simulations were done for different port designs (Y-split, T-split, and 

multiple port manifolds) to see the best strategy for reducing and controlling the flow rate 

going to the NTA and FC. The inflow port was set at a constant flow rate of 500 µL/min 

to simulate the separation conditions for the polystyrene size standards. The inner diameter 

(ID) of the tubing was kept at 0.02” for all lines, which is the ID of the AF4 tubing running 

to the UV-Vis detector.  To simulate the changes in flow rates due to liquid pump check 

valves, a sigmoidal function was applied to the inflow in a time dependent solver to add 

oscillations to the steady flow rate. Boundary conditions of each exit port was set to 

pressure at zero for open-ended lines or at a constant flow rate to simulate a syringe pump 

withdrawing at a constant rate. Water was used as the solvent to simulate the aqueous 

buffers used in AF4. 

2.2.3 -   AF4-NTA Coupling Connection 

Scheme 1 shows the fluidic connection of our setup. A 9-port manifold was attached after 

the UV-Vis detector and before the NTA channel to split the AF4 line into multiple flow 

paths, thus reducing the total pressure in each line as well as the reducing the split flow rate 

ratio between the eluent and NTA. One line was attached directly into the low volume flow 

cell manifold, while the other three lines were connected to the fraction collector (FC) with 

equal length tubing. The waste port of the NTA was connected to a New Era NE-500-X 
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syringe pump controlled by. The lines were purged of air before equilibration. The desired 

flow rate (15 µL/min) was set in the Syringe Pump Pro software and allowed to equilibrate 

after gently withdrawing with the syringe pump. 

2.2.4 -   AF4 Separations 

Nanoparticle separations were carried out on a Postnova AF2000 AF4 instrument utilizing 

an analytical scale channel with a regenerated cellulose membrane sheet having a MWCO 

value of 10 kDa (Postnova Analytics). The system uses a Shimadzu SPD-20A Prominence 

UV-Vis detector, and the nanoparticles were measured at 265 nm. A running buffer of 0.1 

% FL-70 was freshly prepared daily and filtered with 0.22 μm PVDF membrane to remove 

any crystals or debris from the running buffer. 

The AF4 separation method was developed using the standard polystyrene particles 

with average diameters of 50 nm, 100 nm, and 200 nm. A graphical display of this method 

is shown in Figure 2.1. The method starts with a focus, tip, and cross flow of 2.95, 0.30, 

and 2.75 ml/min, respectively, to allow the sample to be focused in a narrow region at the 

top of the channel. A focus time of 7 minutes was used to ensure the particles start in a 

tight band before separation. At the start of separation, the crossflow switches to 1.25 

mL/min while the focus flow is turned off and the crossflow is linearly decayed to 0.10 

mL/min over 50 minutes. The 0.10 mL/min is maintained for another 10 minutes until the 

end of the run.  
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Figure 2.1 - AF4 method graphical display showing the crossflow rate at each point in the 

separation. The detector flowrate was kept constant at 0.500 mL/min throughout the run. 

(1) Focusing time of 7 minutes. (2) Transition from focus to separation flows over 1 minute. 

(3) Separation flow starts at 1.25 mL/min and decays to 0.10 mL/min over 50 minutes. (4) 

Cross flow at 0.10 mL/min for 10 minutes to elute remaining particles. (5) Rinse flow of 

0.00 mL/min cross flow and 0.50 mL/min detector flow to clean membrane. 

2.2.5 -   Nanoparticle Analysis using NTA 

Particle counting was carried out on a Nanosight NS300 from Malvern Panalytical 

using a low volume flow cell manifold and a 405 nm laser module. For online analysis, 

time points with 1-minute intervals were selected for NTA analysis to ensure enough 

nanoparticles are measured per video collection. The video collection time was determined 

as 60 s minus the processing time of each video, which was 5 s on the current CPU of the 

system, making the video collection time 55 s. Detection threshold (DT) was kept at 4, 

with camera levels being dictated by the particle’s optical properties. For analysis of 
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mixtures, the camera level was reduced in 

steps over the separation to avoid 

oversaturation of the camera when larger 

particles were being measured. For the 

polystyrene bead mixture, the camera level 

(CL) started at 13 for 20 minutes and then 

decreased to 10 for 20 minutes, before finally 

dropping to 6 for the final 20 minutes. A flow 

sensor was connected to the exit port of NTA 

to monitor flow rates throughout the run. A 

flow rate of 15 µL/min was induced by 

withdrawing a connected syringe using a 

New Era NE-500X syringe pump. Figure 2 shows an example script of online NTA data 

collection.  

Offline analysis was performed using similar conditions with the video capture time 

of 55 seconds and DT of 4. CL was adjusted per population as necessary before analysis 

and was the basis for the CLs used during the separation. A Harvard syringe pump was 

used to push offline samples through the flow cell. Flow rates were set to 15 µL/min using 

the generated standard curve (Figure 3). A setting of 70 generated a flow of ~15 µL/min. 

 

CAMERALEVEL 13 

DETECTTHRESHOLD 4 

DELAY 1020 

REPEATSTART 

CAPTURE 55 

REPEAT 19 

REPEATSTART 

CAMERALEVEL 11 

CAPTURE 55 

REPEAT 19 

REPEATSTART 

CAMERALEVEL 6 

CAPTURE 55 

REPEAT 19 

Figure 2.2 - NTA script when analyzing 

eluent from AF4. The script sets the camera 

level (CL) and detection threshold (DT) and 

waits 17 minutes before collecting videos. 

The system then collects 20 videos at CL 13 

and DT 4, then changes the CL to 11 and 

collects t twenty videos, and then finally 

switches to CL 6 and collects 20 videos. 
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Figure 2.3 - Arbitrary syringe pump setting calibration curve. The flowrate was measured 

at the exit port of the NTA using a Sensirion flow sensor. The error bar is the standard 

deviation between the three trials of individual 50 nm, 100 nm, and 200 nm PS bead 

maximum flow rate experiments.   

2.2.6 -   Nanoparticle Sample Preparation and Separation 

Stock solutions of the polystyrene particles with diameters of 50 nm, 100 nm, and 

200 nm were diluted in 0.1% FL-70 to make solutions that contained comparable particle 

counts for all sizes after AF4. Due to the differences in recovery based on size and elution 

time in AF4, the 200-nm particles were at a 10× higher concentration than the 50- and 100-

nm ones. Samples were sonicated for 2 minutes at 90% power using a 2s on and 2s off 

pulsing method directly before injection. For comparison of the single versus mixed 

population, 10 µL of each size was injected individually, and then mixed to make a 30-µL 
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mixture for injection. For comparison of the online versus offline analysis, 30 µL of the 

mix was injected and collected, with the collected fractions undergoing offline NTA 

analysis. For the standard curves with increasing injection amounts, 6, 12, 18, 24, and 30 

µL of the mix was injected sequentially.  

2.2.7 -   Data Analysis 

Online NTA data files were processed using the Malvern NTA 3.3 software and the 

resulting experiment summary file was used as the data matrix. Each 55-s video and the 

resultant distribution was shown as one entry in the summary file, and the summary file 

containing all video entries was viewed as the result for one separation experiment. The 

matrix from the file was used to generate the 3D contour map in Origin Pro 2020 software. 

Processing of the video files were done after each separation using a single script command 

or done at the end of the day’s experiments with a combined file using the NTA merge file 

command.  The file combination increased throughput as multiple runs were collected, and 

the file processed overnight.  To make the graphs visually presentable, a baseline of 1×106 

was set in the 3D contour plot; however, this baseline was not used in the quantification 

analysis. The volume area is defined by the Region of Interest Box (ROI Box). The volume 

under each peak resulted in a volumetric particle concentration (min  particles/mL). To 

extract total nanoparticle counts, the volumetric particle concentration was multiplied by 

the AF4 detector flow rate before the splitter manifold (0.5 mL/min) resulting in the 

number of particles eluted within each ROI.  This value defines the number of particles per 

size bin, which was 1 nm for all analyses.  This distribution shows the number of particles 

per size bin, which is the definition of a number distribution. 
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 Results and Discussion 

2.3.1 -   Flow Splitting Design and COMSOL Simulations 

The outlet flow rate of AF4 can be as low as 0.1 mL/min up to a few mL/min, which 

is much higher than the NTA channel limitations. Therefore, to use NTA as an online 

detector, a flow splitter is needed to direct only a small portion of the AF4 eluent to NTA 

at compatible flow rates. As shown in Figure 2.4, we solved this issue by using a multi-

port manifold (part C in Figure 2.4).  The challenge of such a junction design is to maintain 

a highly consistent flow rate going into NTA regardless of any pressure changes occurring 

in the AF4 channel. This is because a typical AF4 separation method gradually decreases 

crossflow to obtain optimal elution times and resolution while the system pressure 

decreases to maintain constant outlet flow rate. This constant flow rate but variable system 

pressure limits the ability to split and control flow with static back pressure regulators, such 

as smaller ID tubing, or through hydrodynamic pressures using exit ports with different 

heights relative to each other.  In our design, a syringe pump (part E in Figure 2.4) is 

connected to the exit port of NTA to withdraw liquid through NTA at a constant flow rate. 

The constant flow rate provided by the syringe pump would also maintain a stable back 

pressure in the NTA line, owing to the incompressibility of the liquid and components in 

that line. In this way, the flow rate in the NTA line could be controlled constant and at the 

desired value, while the FC flow rates from other outlets of the multi-port manifold would 

vary slightly in response to the pressure change in the AF4 system.  The small ~5 µL/min 

fluctuations can affect the NTA data analysis but will not affect the FC performance in the 

slightest.  
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Figure 2.4 - Schematic of AF4-NTA Connection.  Eluent from the AF4 channel (A) is 

pushed at a constant 500 μL/min through the UV-Vis (B) until the flow is split at the splitter 

manifold (C).  The line feeding the NTA is kept at a constant 15 μL/min by the flow sensor 

(D) and syringe pump (E).  The remaining eluent lines feed the fraction collector. (F)  The 

fraction collector flow rate can be calculated by:  

𝐹𝐶 𝐿𝑖𝑛𝑒𝑠 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 =
𝐴𝐹4 𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 − 𝑁𝑇𝐴 𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐹𝐶 𝐿𝑖𝑛𝑒𝑠
 

 

COMSOL simulations were employed to prove the plausibility of our design. The 

simulation was set up in the way that, the splitter would have even output flow rate at all 

outlets when a time dependent solver showed no modulations in the inflow of fluid; but 

when the flow rate changed, mimicking the conditions commonly seen in AF4 separations 

due to pressure fluctuations from liquid pump check valves, the flow rates in the FC lines 

changed, with a boundary constraint put on the NTA line to fix its flow rate as constant. 

Figure 2.5 in Supporting Information shows the simulation result of a 4-port manifold, with 



 68 

the pressure modulated by a sigmoidal function to imitate flow rate fluctuations in the AF4 

system. The simulation result shows that, the sigmoidal fluctuation in the AF4 flow rate 

only affected the rates in the lines heading towards the FC, while a constant, steady flow 

rate was seen in the NTA.  

 

Figure 2.5 - COMSOL simulations of flowrates using a fluctuating inflow with a constant 

NTA line outflow. Fluctuations in pressure or flowrate are seen in the fraction collector 

lines and not seen in the syringe pump-controlled line. Flowrate (A) and pressure (B) of 

resulting fluctuations at shown time points. Resulting flowrates (C) of simulation taken at 

0.01 s intervals. FC line #1 and #2 are equal and show up as FC line. Inset of (C) shows 

the sigmoidal function used to modulate the flowrate over time to simulate inconsistent 

flowrates caused by pump functions. 
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Figure 2.6 - COMSOL flowrate and NP flow of a simulated T junction and splitter 

manifold.  The T junction shows a high split flow ratio of 66:1, which would translate into 

an eluent flow of 1.0 mL/min and a NTA flow of 15 µL/min. 
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Figure 2.7 - NP flow into a splitter manifold of evenly split lines. 

 COMSOL simulations were ran on a T-junction and splitter manifold showing the 

flowrate split and NP flow at a theoretical junction.  Figure 2.6 shows the simulation 

results.  The Figure 2.6A and 2.6C show the flow rate and NP flow T-junction split uses a 

narrow ID tubing to regulate the backflow, which is a common coupling technique to 

control flow rate.  AF4 eluent flows at higher rates (1.0 mL/min) than the split slow (15 
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µL/min) creates a high split flow ratio of 66:1.  The NP flow in this condition shows 

numerous NPs flowing past while only a small percentage is captured by the split flow.  A 

way to visualize the split flow ratio is there are 66 boundary layers going to the FC while 

1 boundary layer goes to the NTA.  Only the slowest layer at the edge of the tubing is fed 

into the NTA.  This limits the NTA sampling to only NPs that are traveling close to the 

edges of the tubing. This is thought to be the source of irreproducibility observed in the 

early attempts at connecting the two instruments.  As a comparison, a splitter manifold 

design was tested using multiple split lines.  Figure 2.6B and 2.6D show a much better 

spread as each line is split evenly as seen in Figure 2.7.  The splitter manifold design is not 

ideal because the simulation required 2-D shape for computation time, and thus caused a 

flat design of a circular splitter manifold. This causes some of the edge lanes to have less 

particles while the neighboring lane has the missing particles, but the rest of the lanes are 

expected to be similar in flow to a three-dimensional shape using the same split design.  

The effect the multiple line design does is this effectively reduces the split flow ratio 

because the NTA line will still be 15 µL/min but each line at the split is reduced based on 

how many lines are open.  With a theoretical situation like Figure 6 of 13 lanes with one 

going to the NTA at 15 µL/min, the 12 other lines would only have 83.3 µL/min instead of 

the 985 µL/min the T-junction split has.  The new split flow ratio would be 5.5:1.  Even 

though the total split flow ratio is still 66:1 when you total the 12 lines together, the NTA 

line will have 1/5 the laminar flow boundary layers as the other lines instead of 1/66 and 

would have a much better representation of the eluent sample plug.  These revelations 
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confirmed the splitter manifold gave the best chance to control pressure, flow rate, and split 

flow ratio to ensure good reproducibility between runs.  

One experimental factor that was unknown was the channel design of the NTA Low 

Volume Flow Cell. The flow cell has complex geometries as well as pressure release points 

that make accurate modeling of the channel too difficult. In most simulations, the resulting 

overall pressure would have been too high for the NTA channel to successfully control the 

flow without risking high amounts of leaking or over pressurization of the plastic NTA 

channel, leading to cracks. To maintain a low volume flow rate in the NTA line and 

accommodate a wide range of system pressure in AF4, instead of using a 4-port manifold 

as done in Figure 4, a 9-port manifold was employed in our design. More ports of the 

splitter manifold allowed additional exit lines to be opened, which also reduced the total 

pressure in each FC line to be close to atmospheric and eliminated the risk of leakage and 

damage to the NTA channel. For example, if a system runs at 3-4 bar during separation, 

opening 1 NTA line and 3 FC lines was sufficient to keep the total pressure in each line at 

1 bar or less.  

Another important aspect of the connection design was the tubing length and 

physical rejoining of the FC lines. To reduce band broadening and retention time shifts due 

to the drastically different flow rates, the tubing length after the splitter going to the NTA 

must be reduced to a minimal amount as well as connected into the “short” end of the 

channel that feeds directly into the viewing window (See Figure 2.8). Additionally, the 

lines feeding the FC must be kept to identical lengths or the sample bands would not be 

delivered at the same time into the collection tubes. Finally, the FC lines must be kept open 
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to atmosphere and not be rejoined using a second manifold to prevent over pressurization 

of the NTA channel. 

 

Figure 2.8 - Picture showing the splitter manifold connection to the low volume flow cell 

of the NTA sitting on top of the laser module.  The tubing length must be a minimum 

amount as the slow flow rate causes band broadening with this short of a connection.  The 

number of FC ports connected are dictated by system pressure.  The pressure and flowrate 

coming from the AF4 eluent is split between all the open ports, including the NTA line. 

 

 

The effectiveness of using a syringe pump at the exit port of NTA to control 

constant flow rates in NTA while connected to AF4 was tested experimentally against the 

hydrodynamic control, i.e., using the height difference between the NTA and FC exit ports 

to control the flow rate in the NTA line. Due to continuous pressure change throughout the 

AF4 separation process, the hydrodynamic control method was not able to maintain a 

steady flow rate and thus would only be accurate for a small range of separation conditions 

(Figure 2.9A). In contrast, using a syringe pump provided a nice consistent flow rate over 
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the whole separation. In addition, the minor pulses of the flow rate generated from the 

check valves were mostly eliminated (Inset of Fig. 2.9A).  

 

Figure 2.9 - Flow rate control and maximum flow rate determination.  Hydrodynamic-

controlled flow rates and syringe pump-controlled flow rates are shown in (A) and a 

zoomed scale in (Inset).  (B) Particle concentration maximum flow rate that was 

determined by the intersection of the linear portions of the exponential function. (C) 

Maximum flow rates were determined by determining a 5% error tolerance and solving for 

the value at 0 µL/min flow rate multiplied by 0.95 for size mode. 

 

 

 

2.3.2 -   NTA Maximum Flow Rate Determination 

The Malvern NTA 3.3 software measures the speed of Brownian motion of each 

particle to calculate its size. Since the particle moves together with the NTA channel flow, 

correction for a particle’s velocity is made by taking the average velocity and direction of 

all particles for a certain number of advanced frames, then removing that average particle 

drift from each particle’s measurement. This processing can cause differences in particle 

sizing and counting depending on the flow rate of the medium the particle is suspended in. 

A flow rate too high would decrease accuracy in particle sizing. To determine the 

maximum flow rate the AF4-NTA system can handle, a calibrated flow sensor was 
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connected directly after the NTA exit port. Then, we controlled the syringe pump setting 

to result in different flow rates in the NTA channel (Figure 2.3) and investigated the effect 

of flow rates on the analysis of the polystyrene size standards.  

We found that, the particle concentration (Figure 2.9B), as well as the size mean 

and mode (Figure 2.9C), of the 100- and 200-nm particles decreased as the flow rate 

increased; while the smaller, 50-nm particles were affected less within this flow rate range. 

The maximum flow rate was then determined as the rate able to induce 5% change in 

particle concentration and size mode compared to the average values measured at all slower 

rates.  Using particle concentration, the maximum flow rate for 100 nm and 200 nm was 

estimated to be 30.0 µL/min and 27.75 µL/min, respectively, but change in particle 

concentration for the 50-nm particles was smaller than 5% in the entire flow rate range 

investigated. On the other hand, using size mode, the maximum flow rate for the 50-, 100- 

and 200-nm particles was found to be, 34.84 µL/min, 31.96 µL/min, and 16.08 µL/min 

respectively. Since the smallest flow rate determined was 16.08 µL/min from the size mode 

analysis, a flow rate of 15.00 µL/min was employed as the operating flow rate for online 

NTA analysis in the present work. 

2.3.3 -   Polystyrene Bead Standard Analysis 

The purpose of building the AF4-NTA system is to provide accurate and repeatable 

counting of each particle population in a nanoparticle mixture as it is fractionated. To test 

the performance of our system, individual injections of the 50-, 100-, and 200-nm 

polystyrene particles were carried out; and the resultant retention time, peak shape and total 

particle quantification were compared with those obtained from injection of the mixture of 
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the 3 populations. The contour plots graphing the size, retention time, and particle 

concentration are displayed in Figure 2.10. No noticeable difference was found between 

the plots from injection of the mixed and single particle populations. The coefficient of 

variability (CV %) in particle quantification using the peak volume for each particle 

population was found to be below 5% (Table 2.1). These results support that, our system 

can perform reproducible particle counting from solutions containing pure or mixed 

particle populations.  

 

Figure 2.10 - Contour plots showing the single populations (A-C) and mixed population 

(D) injections.  Quantification is taken as the volume under the curve.  The gray box 

highlights the quantification region for each peak.  For total quantification, the peak area 

was multiplied by the detector volumetric flow rate (0.5 mL/min). 
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Table 2.1 - Total particle recovery comparison between injections of mixed populations of 

beads versus injections of single size populations. CV: Coefficient of Variability 

SIZE 

(NM) 

PARTICLE 

COUNTS 

BY SINGLE 

INJECTION  

PARTICLE 

COUNTS 

BY 

MIXTURE 

INJECTION 

 CV 

(%) 

50 1.01 ×109 1.11 ×109 4.72 

100 8.36 ×108 8.26 ×108 0.601 

200 2.57 ×109 2.34 ×109 4.68 

 

Next, we compared the performance of particle quantification between stand-alone 

NTA and AF4-NTA. Although the measurement by NTA alone displayed the presence of 

three particle populations when analyzing the equal molar mixture of the particles (Figure 

2.11), size resolution in the histogram was poor and the intensities of the three peaks were 

not equal. Additionally, the peaks for the 50- and 100-nm particles were not reproducible, 

with the 50-nm particle population not always accurately determined due to the camera 

level settings: using the optimal camera level for detection of the 50-nm particles resulted 

in heavy optical flaring of the 200-nm particles, causing many of the 50- and 100-nm 

particles to be shielded from the camera by the bright flair. 
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Figure 2.11 - Offline NTA of the PS bead mixture at the maximum and minimum camera 

levels used in the AF4-NTA separation.  NTA is unable to accurately analyze the 3 

populations due to the optical differences between the particles causing bias in the camera 

imaging. 
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Figure 2.12 - Standard bead quantification tests. (A) Online NTA analysis and (B) offline 

NTA analysis of a 30 µL injection of a polystyrene bead mixture.  (C) UV-Vis Absorbance 

and (D) NTA online quantification standard curve of increasing injection volumes of the 

polystyrene bead mixture.   

On contrary, when the NTA was coupled to AF4, we were able to solve this issue 

by decreasing the NTA camera level during the separation process, since the smaller 

particles were eluted earlier than the larger particles. Three well-separated particle 

populations were then detected with both the size and concentration information obtained 

(online analysis, Figure 2.12A). We also collected the particles eluted after AF4 and 

measured them by NTA (offline analysis, Fig. 2.12B). The particle sizes and elution 
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windows measured by the online and the offline methods agreed well with each other, with 

some shifts in retention times due to the different flow rates between the ports of the NTA 

and FC. Another artifact of the different flow rates is band broadening in the online analysis 

due to the increased dead-volume. The current design uses a minimal amount of tubing to 

connect, but the manifold, the connectors, and the NTA channel all add up to approximately 

100 µL in dead volume.  Comparing the particle volumes shown in Fig. 2.12A and 2.12B, 

we could see the particle counts obtained with the off-line coupling method were lower, 

which is quite significant for the larger, 100- and 200-nm particles. This is probably due to 

particle absorption to the collection tube walls and syringe barrels that are needed to collect 

the AF4 eluent in the FC.   

Additionally, we evaluated the accuracy of particle quantification using AF4-NTA 

by injecting different amounts (represented by injection volume) of the mixed polystyrene 

particles. The fractograms collected in the UV-Vis detector clearly showed increasing peak 

areas with increasing injection volumes (Fig. 2.12C). Agreeing well with the UV-Vis 

detection, NTA measurement also gave out linear (R2 > 0.99) increase in the detected 

particle concentration with increasing injection volume.  

The results shown in Fig. 2.12C & 2.12D also illustrates the increased sensitivity 

of NTA compared to the UV-Vis detector in particle detection. With UV-Vis detection, the 

larger particles can absorb more light than the smaller ones, and thus have better 

detectability. On contrary, NTA allows all particles to be measured which provides an 

unbiased counting instead of calculations derived from bulk analysis like light adsorption 

techniques. The limit of detection (LOD) of the 200-nm, 100-nm and 50-nm particles by 
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UV-Vis detection was 3.51×107, 5.47×106, and 4.07×107, respectively.  Using the AF4-

NTA system, the LOD for the 200-nm, 100-nm, and 50-nm particles were 2.84×108, 

5.19×106, and 1.37×107, respectively.  The LOD is lower for UV-VIS than AF4-NTA when 

analyzing the 200-nm particles, but comparable or higher for the smaller ones. NTA 

calculates particle concentration by taking a simple average of the particles visible per 

frame, which is converted to a particle per volume of viewing area (exact volume unknown 

but estimated to be ~20 nL). The system then converts that count to a particle concentration 

that represents the larger solution. This small to large volume concentration conversion 

limits the LOD and LOQ obtained with NTA because one particle on screen could 

represent 1×105 to 1×106 particles in solution. Additionally, with NTA, particle 

concentration can be obtained directly, but with the bulk optical methods, the conversion 

constants such as extinction coefficient would need to be known before the actual particle 

molar concentration can be determined. Moreover, with NTA providing measurement on 

sizes, even if the particles of different sizes were not well separated in AF4, size resolution 

could be improved by connecting it to NTA. Smaller particles that are co-eluted with the 

larger particle populations can be easily recognized in the 3D contour plot.  

 Conclusion 

A hyphenated system of particle separation by AF4 and sizing by NTA has been 

developed in the present work for rapid and accurate nanoparticle quantification and 

characterization. Because AF4 can separate diverse types of analytes falling within a wide 

size based on their hydrodynamic diameters, this coupling provides a versatile nanoparticle 

characterization system that also allows collection of separated particle populations for 
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further characterization. Flow rate was shown to be important to the analytical accuracy of 

the instrument, and a reduction in channel pressure was needed to protect the NTA channel 

from damage or leaks. The relative simplicity and straightforward nature of the setup and 

data collection process improves the speed at which this data can be collected and analyzed, 

generally being able to get quantification data in not much longer than the time a separation 

would take. NTA has some limitations as an online detector, such as its narrow working 

range, low flow rates, low pressure thresholds, and a dependence on optimal detector 

settings, but the added simplicity, efficiency, and unbiased particle counting make NTA an 

efficient online detector that could be coupled to any fluidic system where pressure and 

flow rates can be specifically controlled. 
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Chapter 3: AF4-NTA for the Isolation and Characterization of Non-Spherical and 

Soft Nanomaterials in Complex Matrices 

This chapter aims to explore materials that are non-ideal as further exploration of the broad 

applicability of AF4-NTA.   

 Introduction 

 AF4 is quite versatile and has been employed in NP analysis of different 

morphologies, sizes, and compositions .1–11  AF4 has been used in gentle separations of 

proteins, exosomes, microvesicles, and lipid nanostructures for biotechnology and research 

applications.3,4,9,12–20   Our lab has used AF4 to separate NPs from proteins for corona 

analysis as well as developed a SELEX method using AF4 to enrich a high affinity aptamer 

for DNMT1.21–24  Offline NTA analysis of extracellular vesicles has been well established 

and AF4-NTA seems very applicable in biological sample analysis of biocorona formation 

and exosome characterization.25–30  It is reasonable to assume AF4-NTA would be as 

capable if not more suited for the analysis of biocorona thickness, and the isolation and 

characterization of exosomes and BioNPs. 

 Morphology plays an important role in NP design and function.  It is common to 

alter the synthesis conditions to shape or modify the surface in ways that enhance its 

properties.31–37  When a NP is sized by NTA, to simplify data analysis, the software 

assumes all particles are spherical,38  and uses the Stokes Einstein equation (1) to determine 

the hydrodynamic diameter from the diffusion coefficient: 

 
𝐷 =

𝑘𝐵𝑇

3ɳ𝑑ℎ
 (2) 
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Where D is the self-diffusion coefficient (commonly known as just the diffusion 

coefficient), kB is the Boltzmann constant, T is temperature, ɳ is viscosity, and dh is the 

hydrodynamic diameter.  For a non-spherical shape, the relation between diffusion 

coefficient and hydrodynamic diameter changes to this equation: 

 
𝐷 =

𝑘𝐵𝑇

3𝜂𝐿
𝐹𝑑 (2) 

Where L is the length of the major axis and Fd
 is a geometrical coefficient. 39  Substituting 

Eqn (2) for D into Eqn (1) simplifies to: 

 

 𝐿 = 𝑑ℎ𝐹𝑑         (3) 

 𝐹𝑑 =
𝐿

𝑑ℎ
         (4) 

 

The geometric coefficient is a conversion factor between the major axis length and the 

hydrodynamic diameter measured by NTA, which assumes an ideal sphere.   Using the 

value of L found from TEM measurement or from the supplier’s certificate of 

authentication (COA) for a series of nanorod standards, it is possible to obtain the value of 

Fd from the dh found by NTA.  

 Thus, it is attractive to employ AF4-NTA to separate non-spherical NPs and 

measure their dimensions. First, two different gold nanorods (AuNRs) of similar widths 

and differing lengths will be analyzed by online and offline NTA to see the ability to 

differentiate different populations and to determine the Fd value for two different AuNRs.  

Secondly, analysis of two-dimensional hexagonal boronitride (hBN) flakes were done 
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proving the capability of AF4-NTA in analyzing two-dimensional nanomaterials.  In 

addition to non-spherical NPs, AF4-NTA was employed to evaluate the biocorona of hBN, 

and to measure standard exosomes and exosomes isolated from pooled single donor human 

serum using the AF4 size separation.    

 Methodology 

3.2.1 -   Materials 

 NanoXact gold nanorods with dimensions of 45.5×17.3 nm (Cat # GRCN660-25M) 

and 69.3×12.0 nm (Cat# GRCN980-10M) were purchased from nanoComposix. The 2D 

nanomaterial of hexagonal boron nitride (hBN) with the average lateral dimension around 

150 nm and layer thickness < 10 nm was obtained from the Harvard HSPH-HIEHS 

Nanosafety Center.  The detailed characterization was reported in our previous work.40  

Fetal bovine serum (FBS) (Cat# 1043702), and Dulbecco′s Modified Eagle′s Medium, high 

glucose (DMEM) (Cat# 11965092) were purchased from Thermo Fisher.  Single Donor 

Human Serum Off the Clot samples were purchased from Innovative Research (Cat# 

ISERS2ML). Supplemented medium was made by diluting to 10% FBS with DMEM.  FL-

70 (Cat# SF1051) and sodium azide (Cat# 190381000) were purchased from Fisher 

Scientific.  10× PBS (Cat# PBS01-03) was purchased premixed from Bioland and diluted 

to 1× and filtered daily.  Exosome standards (Cat# HBM-COLO-100/2) were purchased 

from Galen Laboratory Supply and diluted to 100 µg/mL before being frozen for long term 

storage. 
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3.2.2 -   AF4-NTA Coupling 

The system was connected as defined by our previous work.41  Briefly, a syringe 

pump is connected to the exit port of NTA with a multi-port flow splitter manifold attached 

to the input of the system.  A total of 2 identical length lines were ran from the splitter to 

the fraction collector while the 3rd line was connected to the NTA channel.  The remaining 

ports were closed off by plugs.  A withdrawal flow rate of 15 μL/min was set in the Syringe 

Pump Pro software and the system was allowed to equilibrate until an accurate and smooth 

flow rate was achieved.   

3.2.3 -   AF4 Method 

AF4 was performed with a 10 kDa regenerated cellulose with a 350 μm spacer with 

an analytical scale channel.   All nanomaterials were separated in 0.02% NaN3 with 0.1% 

FL-70 except for hBN, which was separated in 1× PBS with 0.1% FL-70 and 0.02% NaN3.  

UV-Vis was taken at 265 nm with a Shimadzu SPD 10a detector.  The crossflow program 

starts with focus, tip, and cross flows of 2.95, 0.30, and 2.75 ml/min, respectively, to focus 

the sample in a narrow band at the top of the channel. A focus time of 7 minutes was used 

to ensure the particles start in a tight band before separation. At the start of separation, the 

crossflow switches to 1.25 mL/min while the focus flow is turned off and the crossflow is 

linearly decayed to 0.10 mL/min over 50 minutes. The 0.10 mL/min is maintained for 

another 10 minutes until the end of the run.  Figure 3.1 shows the complete cross flow 

method used for the isolations in this study. 
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Figure 3.1 - Graphical display of the AF4 method. 

3.2.4 -   NTA Method 

NTA scripting was setup according to our previous work.41  The script produces a 

series 1 minute videos that correspond to 1 minute of elution into a fraction collector.  Each 

fraction’s distribution is stacked in a matrix in Origin Pro software, creating a 3D histogram 

with time on the x-axis, size on the y-axis, and particle concentration on the z-axis.  By 

applying the integrate tool to the 3D plot, a peak volume is obtained, which contains the 

volumetric particle concentration.  The peak volume unit is (
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠∗𝑚𝑖𝑛∗𝑛𝑚

𝑚𝐿
) and reduces 

to (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ∗ 𝑛𝑚) when multiplying the concentration by the detector flow rate (
𝑚𝐿

𝑚𝑖𝑛
), 

which is the definition of a number distribution. 

3.2.5 -   Sample Preparation 

Different preparations are needed depending on the type of analysis.  Different 

AuNRs are used as a standard rod material of different lengths and were prepared the same.  
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Each sample was sonicated in a cone sonicator for 2 minutes with 50% power using a 2 sec 

on and 2 sec off cycling to avoid excessive overheating.  After sonication, the sample was 

diluted in AF4 running buffer to 1 mg/mL and 25 µL injections of AuNRs separated using 

the AF4 method shown in Figure 1.   

For protein corona analysis, the hBN sample was prepared by pelleting at speeds of 

20,000 ×g for 10 minutes.  Redispersion buffer was added to the pellet and vortexed for 30 

seconds to disperse the pellet.  The dispersed sample was then sonicated for 2 minutes at 

50% power with a 2 s on 2 s off pulse cycle.   The dispersion buffer was either DMEM or 

DMEM with 10% FBS.  The sample was allowed to incubate for 5 minutes and then 

injected into the system.  Each sample was prepared directly before injection to maintain 

similar incubation times after dispersion.  The final mass concentration per sample was 25 

µg/mL of hBN regardless of the dispersion buffer.  The final injection of 200 µL of sample 

incorporated 5 µg of hBN per separation. 

Exosome standards were diluted to 10× with 1× PBS with 0.1% FL-70 and ran in 

AF4 with the same running buffer.  Three healthy patient human serum samples were 

purchased, pooled, aliquoted, and stored at -80°C until the day before analysis.  Serum 

samples were thawed overnight at 4°C before injection.    Serum samples were spun at 

20,000 ×g before analysis to remove debris and larger macrovesicles.  25 µL of pooled 

healthy serum was injected while 2.5 and 10.0 µg of exosome standards were injected. 
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 Results and Discussion 

3.3.1 -   AuNRs 

Figure 3.2 shows the results of the NTA and AF4-NTA data of the AuNRs.  The 

mixture of AuNRs was ran in offline NTA a total of 3 times and only one of the trials 

showed two populations, as evident in (A) of Figure 3.2.  The small difference in nanorod 

size causes peak overlap and causes broad single peaks in two of the trials.  Table 3.1 shows 

the calculations of the geometrical coefficient, surface area, aspect ratio, and mass per 

particle of the AuNRs using online and offline NTA.  The Fd value is different for each rod 

because each rod has a different width and length.  The Fd shows a stronger relation to the 

mass to surface area ratio than the aspect ratio of the material.  These Fd values can be used 

to convert the measured hydrodynamic diameter of the rod to the rod length but is unable 

to determine the width of the NP.   

 

Figure 3.2 - Offline and online NTA results of the two AuNRs populations.  Offline NTA 

cannot resolve two populations but in combination with AF4 it is quite visible. 
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Table 3.1 - AuNR COA, offline and online NTA data and analysis.    The geometric 

coefficient is a calculation using the COA value for the major axis and the hydrodynamic 

diameter determined by NTA. 

 

There are noticeable discrepancies between the particle concentration and 

hydrodynamic size values obtained by NTA, AF4-NTA, and those provided by the 

manufacturer COA. The COA particle concentration is calculated based on the mass 

concentration measured by ICP-MS and the volume and density of the AuNRs; thus, it is 

Particle Counts per 10 µL of Stock 

AuNR 

Size 
COA 

Offline 

NTA 
AF4-NTA 

Error % 

Between 

COA and 

Offline 

Error 

% 

Between 

COA 

and 

Online 

Error % Between 

Online and Offline 

(nm) (Particles) (Particles) (Particles) (%) (%) (%) 

45.5×17.3 2.36E+09 3.66E+08 8.45E+08 84.49 64.19 130.87 

69.3×12.0 1.40E+09 2.29E+08 4.78E+08 83.64 65.86 108.73 

       

Size Information 

AuNR 

Size 

COA DH 

Size 

Mode 

Offline 

NTA Size 

Mode 

AF4-NTA 

Size 

Mode 

Width 

(TEM) 

Length 

(TEM) 
Aspect Ratio  

(nm) (nm) (nm) (nm) (nm) (nm) (L/W) 

45.5×17.3 13 43 42.5 17.4 45.5 2.61 

69.3×12.0 19 55.7 57.5 12 69.3 5.78 

       

Geometric Coefficient Calculation 

AuNR 

Size 

Fd by 

Offline 

NTA  

Fd by 

Online 

NTA  

Mass of 

Sample 

Mass per 

Particle 

Average 

Surface 

Area of 

Particle 

Mass per Surface 

Area 

(nm) (L/dh) (L/dh) (mg/mL) (mg/particle) (nm^3) (mg/(particle*nm3)) 

45.5×17.3 1.06 1.07 0.31 1.31E-10 10819.3 1.21E-14 

69.3×12.0 1.24 1.21 0.18 1.29E-10 7837.6 1.64E-14 
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understandable that it could vary from that obtained by NTA through counting individual 

particles. On the other hand, the difference in particle size is quite large, with the COA 

values being 13 - 15 nm, which is much smaller than the 43 nm reported in NTA. This is 

because the COA value is determined by DLS, which uses a different approach to measure 

particle size than NTA.42,43 While both instruments calculate particle size using the Stokes 

Einstein equation from diffusion coefficient (D), DLS acquires D via the time dependent 

scattering intensity fluctuation,42,43 while NTA determines D by MSD.30,44 Their different 

mechanisms in D determination induce relatively larger deviation in measuring the 

dimension of non-spherical particles like NRs compared to spherical ones.45,46  It also has 

been shown by Žagar and Pahovnik et al. that DLS underestimates the size of particles in 

batch mode as well as flow mode, especially in larger-diameter particles.47  Interestingly, 

DLS should be more capable than NTA because DLS measures the translational diffusion 

coefficient while NTA only obtains the self-diffusion coefficient from the MSD.48  Similar 

in assumptions, DLS assumes all particles are spherical and assumes DT = D, meaning the 

major axis is the same in all directions similar when Fd is equal to 1.  According to Tirado 

and Garcia de la Torre et al., the DLS relation to rod dimensions and the Stokes-Einstein 

is: 

𝐷𝑡 =
𝑘𝐵𝑇

3𝜂𝐿
(ln

𝐿

𝑑
+ 𝑣)                                                           (6) 

Where L is the rod (major axis) length and d is the width of the rod.   v is the end correction 

which has been experimentally determined for rods between certain aspect ratios by Tirado 

and Garcia de la Torre et al.49  This relation assumes Dt = D when calculating the 
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hydrodynamic radius in DLS. The MSD determined self-diffusion coefficient is the sum 

average of Dt and DR by this equation: 

𝐷 =
(𝐷𝑇+𝐷𝑅)

2
                                                                    (7) 

NTA measures D while DLS measures DT.  If we assumed Dt = D, we could relate Fd to 

the DLS relation to a rod shape and be left with: 

𝐹𝑑 = ln
𝐿

𝑑
+ 𝑣                                                                    (8) 

It would be a fallacy to apply Eqn 8 to the Fd values determined by this experiment to 

calculate the nanorod width simply because Dt ≠ D when the shape is non-spherical, 

however it would be possible if DT or DR were known, and D could be converted into DT 

with Eqn 7.  It may be possible to use Eqn 7 to estimate an aspect ratio, but a more extensive 

study is needed with many different aspect ratios and sizes of nanorods to establish if any 

assumptions can be applied.   No direct trend was observed in the data presented here.  

NTA showed a lower particle concentration than the suppliers COA, but this could 

be due to stock aging and some loss of NPs to adsorption to the container wall.  Offline 

NTA was unable to directly quantify a mixture of both species so the quantity was 

determined in offline NTA with single specie solutions.  Online versus offline showed an 

increased particle count with AF4-NTA (130.87% and 108.73% increase in particles 

measured) compared to offline NTA, but this was done as a mixture and done with a non-

ideal separation to show how the AF4-NTA combination can differentiate populations even 

if the poor resolution of AF4 causes peak overlap.  One possibility that cannot be excluded 

is the smaller rod population could have dimers that overlap the larger rod peak.  A better 

separation could help resolve the issue but the size difference between these two rods is 
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small and baseline separation would be difficult if not impossible.  Another possible reason 

for the increase in counts is the addition of background particles from the AF4 channel or 

band broadening affects that may have caused discrepancies in the previous chapter.  The 

previous work has also shown that a separation field before NTA allows the smaller sizes 

to be seen more easily since they are not shielded by the larger particles being measured 

when a mixture is measured simultaneously.  This seems to cause consistently higher 

particle counts with online NTA when compared to offline NTA.  Even though the total 

quantification is difficult to validate, the relative amounts still match with the injected 

volumes and expected ratios. 

3.3.2 -   hBN and protein corona formation on hBN 

Analysis of 500 ng/mL hBN solution by standalone NTA exhibited a size 

distribution covering 50-100 nm (Figure 3A). In AF4-NTA, the separation showed a wide 

elution window from 15-45 minutes (Figure 3B). Summing the particle numbers detected 

over the entire separation course yields the true number distribution of the 5 µg hBN stock 

solution.  Since 1 µL stock solution was used in the diluted stand-alone NTA sample and 

10 µL was used for AF4-NTA, the particles were normalized to 1 µL of hBN stock solution 

by dividing the total particle count by 10. Interestingly, the AF4-NTA was able to measure 

more of the smaller particles within the size range of 30-50 nm compared to stand-alone 

NTA.  This indicates a better ability to distinguish the true distribution because smaller 

particles may be masked by brighter particles in the viewing window when a mixture of 

populations are present. 



 99 

 

Figure 3.3 - Offline (A) and Online (B) NTA comparison of 5 µg stock hBN.  The online 

NTA shown in A is a 2D sum of the plot in (B) 

A protein corona was formed on the surface of hBN before AF4-NTA analysis to 

test and observe the corona formation.   The stock material in Figure 3.4C showed a similar 

distribution to Figure 3.3B when the online and offline results were compared.  The diluent 

medium was used as a control for background particles and the total particles are quantified 

in Figure 3.4A.  The plots use a baseline of 1.00E+06 to make them visually appealing and 

easier to see, but for quantification there is no baseline selected.  Lighter density NPs like 

proteins and vesicles do not scatter light as intensely as metal oxide NPs and require much 

higher camera levels to be detected by NTA, usually 10 or higher.  hBN was very bright at 

camera level 7 and below and most of the background particles are not detected at these 

lower camera levels.   Background particles that were detected were quantified and shown 

to be 6.41E+08 particles (Figure 3.4A).  This run was performed after conditioning the 

membrane with multiple serum runs to block the membrane of any adsorption sites before 

performing quantitative analysis.  
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Figure 3.4 - hBN stock, background FBS, and hBN+FBS AF4-NTA results showing 

protein corona formation. 

Figure 3.4B shows the results of the run after the hBN was dispersed in medium.  

The total particles were summed for the whole run and shown in a 2D plot in Figure 3.4D, 

and it shows a large increase in the number of particles measured as well as an increase in 

the size mode (apex) of the hBN peak.  Table 3.2 shows the summary statistics of the 3 

runs and it shows a fairly large increase in size of about 25 nm for hBN indicating a protein 

shell thickness of about 10-15 nm.  There is also a large increase in the number of particles 

collected, surpassing the sum of both controls.  The tailing ends of the hBN+FBS 

distribution are ~150 nm, which are much larger than the hBN without serum (~100 nm) 

and the background serum particles (~125 nm).  There is also secondary tail on the 

hBN+FBS sample from 150-200 nm which could indicate protein unfolding and larger and 
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aggregation, but this could also be aggregation of hBN due to the unfolded proteins in the 

corona crosslinking multiple flakes.    More analysis would be needed to understand the 

nature of the larger particles, whether the bulk is from protein aggregates or if the bulk is 

from aggregated hBN.   

Table 3.2 - Summary statistics of the hBN, FBS and hBN + FBS of the AF4-NTA 

distributions. 

 

hBN Stock (Total 

Particles) 

FBS Alone (Total 

Particles) 

hBN + FBS (Total 

Particles) 

Apex Value (particles) 3.46E+07 1.42E+07 1.53E+08 

Total Particles 

(particles) 

8.68E+08 6.63E+08 7.04E+09 

Size Mode (nm) 64 97 90 

 

The advantages of AF4-NTA allow quick size analysis and aggregate state 

determination of the NP and protein corona as the samples are prepared for various 

incubations in toxicology studies.  Sample preparation for AF4-NTA mimicked toxicology 

study preparation protocols and required no additional requirements for injection and 

analysis.  Samples are not only rapidly analyzed, but they are also fractionated and can be 

analyzed for corona contents, ROS generation, etc.  AF4-NTA shows enhanced data 

capability and increased efficiency in toxicology assays involving NPs and biological 

interactions. 
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3.3.3 -   Exosomes and Human Serum 

 The final arm was to analyze softer, less dense particles and to separate human 

serum in the AF4-NTA system.  Figure 3.5A and 3.5B shows 3D fractograms of 2.5 and 

10 µg of exosome standards free of soluble protein.  The distributions showed similarity to 

the COA distribution provided by the supplier that showed a wide distribution of particles 

with the apex being very close to 100 nm.  The 2.5 µg sample does not have enough 

particles to show a clear distribution, however the quantification does show a comparable 

number of particles relating to the injected mass of exosomes.  When both injections are 

normalized to 10 µg injection amounts, the particle counts are 3.17E+08 and 3.38E+08, 

showing only 6.21 % variance between the two values.  The previous chapter as well as 

the work outlined here continue to display very linear responses based on injection 

amounts.   

 

Figure 3.5 - Two injection masses of exosome standards and human serum in AF4-NTA.  

Exosome standards were purified from cell culture medium and could explain the larger 

size distribution compared to collected serum. 

 Exosome standards are enriched and free of background protein, but serum will 

contain background protein, protein aggregates, lipoproteins, and microvesicles as well.  

Figure 3.5C shows the fractogram of serum and shows a much larger number of particles, 
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but also shows a much smaller width in sizes than the exosome sample.  One of the reasons 

for this may be the source of the vesicles, as they are sourced from cell cultures and purified 

while the human serum is collected from healthy patients’ blood.  Exosome standards are 

double purified and these purification steps, especially if ultracentrifuge was used, can 

cause aggregation and fusion of the purified exosomes.  This further backs up the 

hypothesis that AF4-NTA BioNPs are truer to the native state when normally found in 

serum. 

 Conclusions 

 The work here displays versatility and wide applicability of AF4-NTA to analyze 

many sample types and sample matrices.  AF4-NTA can analyze non-spherical models, 

but access to microscopic or other techniques that can measure the major axis length or DR 

is needed.  AF4-NTA is also very good at handling softer materials and biological targets 

because it can gently wash the NPs while also preserving the NP structure and associated 

proteins.  The speed of data collection and automated nature of the system allows this to 

be done in conjunction with other assays, especially considering the system can handle 

crude samples, is label-free, and fractionates the sample for further analysis. 
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Chapter 4: Downstream Analysis of Extracellular Vesicles  

 Introduction 

 Cancer biomarkers can be detected on extracellular vesicles secreted from the 

parent cancer cells.1–20  Cancer cells also have been shown to secrete an increased number 

of vesicles or have altered distributions compared to the healthy cell during progression of 

the disease.21–25  Analyzing cancerous tissues in cell cultures are very tedious and require 

large amounts of sample due to poor isolation methods.26–30,30–34  Large-scale protocols for 

ultracentrifugation combined with vesicle characterization and downstream protein 

analysis can take approximately 3 days using high yield density gradient ultracentrifugation 

and the assays needed to properly characterize the recovery of BioNPs.35–37  During that 

time, sample degradation, aggregation, and processing yield losses can occur, dramatically 

altering the data generated by the end of the process. 

 Circulating vesicles are much easier to access than internal tissue and can be 

exploited for rapid disease information. A liquid biopsy is a technique that collects BioNPs 

from biofluids to analyze diseased tissue by collecting the exosomes or microvesicles 

found in biofluids and performing protein, metabolite, or nucleotide analysis to determine 

the disease state or the best treatment option without needing to perform invasive and costly 

surgeries.3,38–43  Additionally, liquid biopsies can be performed rapidly with a blood test 

and can reduce the time it takes to initiate proper treatment after the initial diagnosis.44–47  

Exosomes contain surface proteins, cytosolic proteins, metabolites, as well as small RNA 

like mRNA and miRNA.  One of the most promising liquid biopsy targets are the renal 

organs and urine.13,18,47–50  Urine has direct contact with the kidneys, bladder, and prostrate 
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and it has been prefiltered from all other tissues by the kidneys making it much easier to 

identify expression levels specific to renal organs only.13  

 AF4-NTA is ideal for rapid characterization of BioNPs providing size-separated, 

fractionated samples that can be analyzed downstream for protein or other cargo contents 

with very little preprocessing or sample modifications.  Combining this technique with 

traditional and modified western blot (WB) or enzyme-linked immunosorbent assay 

(ELISA) assays on the fractionated samples can provide relative protein quantities which 

can be related to the online size distribution and quantity.  Additionally, surface area can 

be determined, and a ratio of protein/surface area could be used to identify expression 

levels of surface receptors.  

Our modified western blot technique utilizes nitrocellulose membranes and a 

vacuum dot-blot apparatus to adsorb the fractionated vesicles to a nitrocellulose (NC) 

membrane.51–53  Instead of electrolytic diffusion from a slab gel to NC membrane, aqueous 

samples are incubated on the membrane in the dot blot apparatus and slowly pulled through 

the porous membrane with a gentle vacuum.  The hydrophobic and electrostatic 

interactions of proteins and lipids with the membrane causes binding and disruption of the 

vesicle and adsorption of the vesicle’s membrane proteins.54–56  This technique can quickly 

adsorb and concentrate proteins found in the fractions and can counter low concentration 

volumes by concentrating the analyte into a small region on the membrane.   



 114 

 

Figure 4.1 - AF4 channel undergoing focusing.  The sample plug is confined by the 

opposing forces to a high concentration region.  The pressure fluctuations in the 3 opposing 

flows along with electrostatic repulsion and self-diffusion provide increased mobility to 

the probes and NPs in the confined space, with smaller probes seeing better diffusivity ion 

the region. 

 

 Another technique this chapter explores is the utilization of the focusing step to 

develop an in-situ labeling technique.  Figure 4.1 shows a schematic of the AF4 channel 

during focusing with a sample focused before separation.  The focusing region contains the 

sample within the opposing flows and concentrates it to a small volume.57  High efficiency 

binding can occur in this region due to the confined space and constant agitation the sample 

plug feels from the opposing forces, electrostatic repulsion, and self-diffusion.  Adding 

biological probes to the medium directly before injection leads to pre-fractionation labeling 

with fluorescent dyes.  The size separation and gentle washing allows separation of the 

unbound and bound dyes while also washing any nonspecifically adsorbed probes.  This 
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simplifies the downstream analysis by the removal of the individual antibody probing, 

blocking, and washing steps.  With pre-labeled proteins, the steps reduce to adsorbing 

proteins to the NC membrane and then directly imaging the NC membrane.  Issues with 

high LOD or LOQ can be overcome with more advanced probes that offer better signaling 

strategies like nucleic acid amplification or specific signal generation like horseradish 

peroxidase (HRP), which can provide better signal to noise ratios than fluorescent dyes.   

This chapter focuses on developing techniques to rapidly characterize vesicles and 

quantify proteins found on the vesicle’s surface in a matter of hours instead of days.  The 

AF4 system will be utilized as a pseudo purification unit by separating serum and cell 

culture medium directly without the need of the standard purification steps. Assays will be 

modified to work with the AF4 separation system to allow probing of the sample and 

separate the bound and unbound probes from the exosomes found in the BioNPs eluted 

from serum and medium.  

 Methods 

4.2.1 -   Materials 

 Dulbecco′s Modified Eagle′s Medium, high glucose (DMEM) (Cat# 11965092), 

SuperSignal West Pico Chemiluminescent Substrate (Cat# PI34077), EZ-Link™ NHS-

LC-LC-Biotin Reagent Kit (Cat# 21343), and Pierce™ Biotin Quantitation Kit (Cat# 

28005) were purchased from Thermo Fisher.  Single Donor Human Serum Off the Clot 

samples were purchased from Innovative Research (Cat# ISERS2ML). FL-70 (Cat# 

SF1051), bovine serum albumin (BSA) (Cat# 50550390), and sodium azide (Cat# 

190381000) were purchased from Fisher Scientific.  Goat Anti-Mouse IgG (whole 
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molecule) (Cat# M8642-1MG) was purchased from Sigma Aldrich.  IRDye® 800CW Goat 

anti-Mouse IgG and IRDye® 680RD Goat anti-Rabbit IgG were purchased from LI-COR.  

Mouse anti-cd63 IgG [MEM-259] (Cat# NB10077913) was purchased from Novus 

Biologicals.  Mouse anti-CD81 IgG [M38] (Cat# ab79559-100ug), rabbit anti-CD63 IgG 

(Cat# ab216130-100ul), and mouse anti-Apolipoprotein B IgG [7B8] (Cat # ab39560) were 

purchased from Abcam.  Mouse anti-CD9 IgG [MM2/57] (Cat# CBL162), human high-

density lipoprotein (Cat# LP3-5MG), Streptavidin – Peroxidase Conjugate from 

Streptomyces a./horseradish (Cat# 85876), Amicon® Ultra-0.5 mL Centrifugal Filters (Cat 

# UFC500324), and human low-density lipoprotein (Cat# LP2-2MG) were purchased from 

Millipore.  10× PBS (Cat# PBS01-03) was purchased premixed from Bioland and was 

diluted to 1× and filtered daily.  Exosome standards (Cat# HBM-COLO-100/2) were 

purchased from Galen Laboratory Supply and diluted to 100 µg/mL before being frozen 

for long term storage. 

4.2.2 -   Biological sample preparation 

Three healthy human serum samples were pooled and aliquoted after directly after 

receiving.  Samples were stored frozen at -80 °C for long term storage or -20 °C freezer 

for short term storage.  Supplemented medium was created by diluting human serum to 

10% using DMEM.  To make a mock medium, BSA was added at 16 mg/mL to add protein 

mass, but not particles or antigens for the probes.  1 µg of primary and 0.5 µg of secondaries 

were added to 250 µL of medium directly before injection into AF4.  Samples were diluted 

using 1× PBS when needed for assay preparation. 
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4.2.3 -   Asymmetrical Flow Field Flow Fractionation 

Optimized AF4 separations were performed using the exponential method shown 

in Figure 4.2.  A 30 kDa regenerated cellulose membrane with a 350 μm spacer with a 

running buffer 1× PBS was used for all separations.  Samples were fractionated in 2 mL 

collection tubes and analyzed immediately after or stored at 4°C until analysis.  NTA 

analysis was done offline on collected fractions.   

 

Figure 4.2 - AF4 exponential0.25 method with a 15-minute focus is shown over 45 minutes. 

4.2.4 -   Nanoparticle Tracking Analysis 

NTA was performed offline on collected fractions.  The NTA data for each fraction 

was converted from particles/mL to just particles by multiplying the fraction volume by 

the concentration.  NTA was done in using the attached syringe pump with a flow setting 

of 50 (arbitrary value which corresponds to about 10.6 µL/min) with a camera level of 12 

or 13, just depending on how bright the particles were in the viewing window, with the 

later fractions needing level 12 to avoid flaring of the scatter point.   
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4.2.5 -   Ultracentrifuge 

Ultracentrifuge was carried out on a Beckman Coulter Optima-Max TL using a 

TLA-110 Fixed Angle Rotor and 4.7 mL OptiSeal propylene glycol centrifuge tubes.  

Various solution densities were generated by making 10-50% iodixanol solutions diluted 

with 1× PBS from a stock 60% iodixanol solution.  The tube was layered in 3 layers, 

cushion, stripping, and sample.  The cushion layer was composed of 40% or 50% iodixanol, 

the stripping layer was 10% or 20% iodixanol, and the sample layer was PBS containing 

100 µL of conditioned serum.  The ultracentrifuge tube was assembled by adding 1.5 mL 

of cushion solution first, followed by 1.5 mL of stripping solution, then finally 1.5 mL of 

15× diluted human serum.  Serum was preconditioned by differential ultracentrifugation, 

starting with 500 ×g to remove cells, then 2000 ×g to remove debris, and finally at 18,500 

×g to remove larger microvesicles and larger aggregates. The tubes were spun at 110,000 

×g for 18 hours.  The boundary between the cushion and stripping layer was collected then 

diluted to a total volume of 4.5 mL and a second pelleting was done at 110,000 ×g for 70 

minutes.  The supernatant was discarded, and the resulting pellet was resuspended in 100 

µL of fresh PBS.  Characterization of the recovered exosomes was done immediately after 

resuspension using NTA and BCA Analysis. 

4.2.6 -   Precipitation Reagent 

 Exosome were isolated using the Invitrogen Total Exosome Isolation Reagent from 

Serum (PR).  10 µL of reagent was mixed with 50 µL of human serum using gentle 

pipetting until the solution turned slightly opaque. The resulting mix was incubated at 4°C 

for 1 hour and then spun in a benchtop centrifuge at 10,000 ×g for 10 minutes.  The 
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supernatant was discarded, and the resulting pellet was resuspended in 50 µL of 1× PBS.  

To increase purity, the reagent protocol was performed a second time on the previously 

purified sample.  This resulted in two pelleting and resuspension steps in total and is 

referred to as the double precipitation sample while the single pelleting protocol is called 

the single precipitation sample.  The sample is considered a single precipitation sample 

unless explicitly stated otherwise. 

4.2.7 -   Bicinchoninic acid assay 

 Bicinchoninic acid assay (BCA) was performed to quantify total protein of a 

solution using the BCA Protein Assay Kit of the Micro BCA Protein Assay Kit from 

Thermo Fisher Scientific.  Samples were done in triplicate on a 96 well plate using the 

micro format protocol listed in the manual using a BSA standard curve.  Briefly, 200 µL 

of activated reagent and 25 µL of sample is added to the well. After incubation at 37C for 

45 minutes, the plate is imaged using a Biotek Synergy 2 well plate reader at 562 nm.   

4.2.8 -   Dot-Blot Assay 

 The dot blot apparatus was set up per instruction manual.  Briefly, a hydrated NC 

membrane was sandwiched between the two outer trays and a filter sheet.  The apparatus 

was washed 3 times with 1× PBS using a gentle vacuum.  The plate was used right after 

hydration and washing.  The samples were pipette directly from the fractionated tubes and 

allowed to incubate for 30 minutes before being allowed to filter through the membrane 

under gentle vacuum over 5-10 minutes.  After samples were bound to the membrane, the 

apparatus was disassembled, and the membrane transferred to the imaging plate of the LI-
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COR Odyssey FC Imager.  Two dyes were detected at 680 and 800 nm.  The plating was 

done in triplicate and error is reported as the standard deviation of the triplicate well assay.   

4.2.9 -   Biotinylating Primary IgG 

 Mouse antihuman-CD63 was biotinylated with the EZ-link biotin reagent using a 

20-molar excess on a 2 mg/mL solution of IgG in PBS.  After 30 minutes, the IgG was 

filtered of biotin reagent using a 30 kDa Amicon ultra- 0.5 centrifuge filter and resuspended 

in 1× PBS.  The IgG was tested for biotin using the Pierce™ Biotin Quantitation Kit.  The 

resulting 1 mg/mL IgG solution was aliquoted and stored at -80°C.   

4.2.10 -   Conjugated IgG LOD and LOQ 

 1 µg of exosome standards were adsorbed to the NC membrane in the dot blot 

apparatus.  The membrane was removed and blocked by 3% BSA.  The membrane was 

removed from the dot-blot apparatus and incubated in 500 ng/mL bio-anti-CD63 solution 

under gentle agitation to selectively label the exosomes. After 1 hr at room temp, the 

membrane was placed into a solution containing 10 ng/mL streptavidin-HRP.  The 

membrane was incubated for 1 hour at room temp with gentle shaking. The membrane was 

washed 3× times with decreasing concentrations of PBS (3×, 1× and 0.1×).  After the final 

wash, the membrane was dried of excess solution and placed in a minimal amount of 

chemiluminescent substrate (0.1 mL per cm2).  After 5 minutes, the sheet was imaged for 

30 seconds in the LICOR instrument, and the protein spots were quantified and correspond 

to the wells of the dot-blot apparatus. 
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 Results and Discussion 

4.3.1 -   AF4 Serum Separation 

 Figure 4.3 shows the total particle and size mode for each minute fraction collected 

for the separation of exosome standards using the exponential cross flow program.  NTA 

starts to detect particles at 12 minutes and reaches the apex at 16 minutes.  We can also see 

a linear increase of size as the elution continues once enough particles were eluted to 

provide a good determination of the distribution.  Without enough particles detected, as 

seen from 5 minutes to 12 minutes region, the size mode is random as only a few 

background particles are measured.  Only fractions above 10 minutes are detectable by 

NTA.  Exosome standards showed a steady increase over the separation reaching up to 200 

nm in size, but our previous work indicates this larger size could be artifacts of the exosome 

standard purification process compared to the expected size of vesicles in serum. 

 

Figure 4.3 - Exosome standards ran in AF4 and quantified by offline NTA. 
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4.3.2 -   Yield Recovery Comparison 

 AF4 recovery and purity were compared to the other common techniques for 

isolating exosomes from serum or cell culture medium.  Table 4.1 shows the tabulated 

results from all the experiments performed.  When evaluating AF4 it is important to note 

AF4 only needs to be successful at enriching exosomes to a high enough purity and 

concentration that protein and NTA analysis is possible.    AF4 is not designed to be the 

best purifying instrument and thus is not expected to be, however it’s used as a pseudo on-

line purifying method and should be comparable.  Each method requires different volumes 

of serum for purification (100 µL UC; 25 µL AF4, 50 µL PR) so each result was normalized 

to 100 µL for comparison.  Each fraction recovered was converted to total particles from 

particles/mL to normalize the recovered particles from the different volumes recovered 

from the different methods used.  AF4 was quantified from 12 minutes to 26 minutes based 

on Figure 3 showing the elution window of exosomes.  Particles and protein were recovered 

earlier than 12 minutes, but this region will contain large amounts of soluble protein and is 

poorly enriched.  The particle recovery of AF4 was superior to UC regardless of which 

cushioning strategy was attempted, but still was not as efficient as PR.  Protein recovery 

showed similar trends with AF4 obtaining over 10× more protein than UC but was still less 

than PR by almost the same magnitude.  The single precipitated PR showed large amounts 

of protein collected, but less than half of that amount was retained after the second 

precipitation indicating that a large portion were coeluted soluble proteins and protein 

aggregates.   
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Table 4.1 - Recovery results from the different isolation methods normalized to 100 µL of 

serum. 

 

  

The recovery of UC was poor, but the volume of serum was low in comparison to 

the volumes normally done.  UC was 1 order of magnitude less than AF4 for recovery of 

particles and 2 orders of magnitude under the PR method.  The protein/particle of recovered 

vesicles the lowest besides the double precipitated PR sample.  Figure 4.4 shows a diagram 

showing different UC pelleting strategies using no cushion, a single cushion layer, and a 

stripping + cushion layer. The pelleting strategy used was to increase purity and recovery.  

The cushion provides a liquid wall for the BioNP to compress against instead of a solid 

tube wall.  Vesicles are low in density (1.09 to 1.15 g/mL) and would be buoyed by the 

Isolation Method 

Particles 

Recovered 

(total particles) 

Protein 

Recovery 

(ug) 

Protein per 

Particle 

(ug/particle) 

Size 

Mode 

(nm) 

50:20 7.95E+08 16.10 2.03E-08 107.4 

50:10 6.27E+08 8.13 1.30E-08 121.1 

40:20 5.67E+08 8.95 1.58E-08 96.9 

40:10 5.89E+08 8.57 1.45E-08 120.2 

Single Precipitation 6.40E+10 1619 2.53E-08 85.4 

Double Precipitation 7.42E+10 659 8.88E-09 89.2 

AF4 (after 12 minutes) 9.17E+09 183 1.99E-08 93.9 
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cushion layer and be retained at the boundary of the cushion and stripping layer. The 

stripping layer serves as a density filter because any compound with a lighter density than 

the stripping layer will be retained in the boundary between the sample plug and the 

stripping layer.  The resulting pellet is an enriched BioNP sample that is within a density 

range.  Four separate mixtures of iodixanol % layers were tested to minimize 

coprecipitation of aggregates, proteins, and debris and reduce sample loss due to pelleting.  

The four mixtures tested were 50:10, 50:20, 40:10, 40:20 cushion: stripping iodixanol 

percentage layers.  The other advantage to this type of method is that process of pelleting 

against a firm wall can lead to increased sample loss from irreversible adsorption to the 

tube wall. Using a wall of slightly higher density allows more flexibility in the retention 

region and has a much higher surface area where the pellet forms because the sample is not 

forced into the smallest region of the coned tube.  This gives more room for the exosome 

pellet to expand out from the repulsive forces created by the negative charge of the vesicles 

and could reduce aggregation and fusion. These benefits provide a better system of 

recovery over the common pelleting methods commonly used and would give the best-case 

recovery of an ultracentrifuge pelleting method.  The downfall is the background iodixanol 

solution, which is removed by a secondary ultracentrifuge step that uses the standard 

pelleting method against a coned tube wall.   
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Figure 4.4 - Different UC pelleting strategies using varying density layers to enrich vesicles 

within a density range. 

 The PR isolation method was used as a high recovery method that clears >95% of 

the exosomes in sample based on commercial product information and previous group 

results.  The PR method showed high recovery of both protein and particles.  The 

protein/particle indicate the first pelleting was crude while the second pelleting cleared a 

large amount of background protein but did not have any loss in particles.  The reagent 

utilizes osmotic dehydration of the exosomes, which temporarily dehydrates the vesicles 

using osmolyte additives in the surrounding medium, which is then removed upon 

resuspension of the pellet.  One drawback to PR is that it has shown decreased antibody 

affinity to exosome biomarkers which could be due to surface protein aggregation or 
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protein unfolding due osmotic balance shifts in the medium.  However, this method has 

shown great yields, simple process, and consistent product performance from serum and 

cell culture medium and the high recovery overcomes the reduced antibody affinity.   

4.3.3 -   Hydrodynamic Diameter of Recovered Particles 

One noticeable difference is the size average between the UC and other methods. 

PR samples showed very consistent size regardless of the number of times precipitated.  

The dehydration would cause shrinkage but regained when normal osmotic balance is 

restored, and rehydration occurs.  Normal exosome sizes are generally considered around 

100 nm, but many factors can influence this from so some variation can be expected when 

evaluating donor serum.  The size average of UC was much larger than PR and AF4 

showing 107.4, 121.1, 96.9 and 120.2 nm when the other methods were 90 nm in size.  This 

matches previous reports of fusion and aggregation in UC and is expected to be from the 

isolation itself.   AF4 measured slightly higher at 93.9 nm than PR at 85.4 and 89.2 nm for 

single and double.  AF4 has no selectivity towards bilayer membranes like the PR method 

does and will collect any particle within the size separation window (50-150 nm) and it is 

possible AF4 collected some additional protein aggregates within the fractions, and this 

may shift the average slightly.  However, the distributions of UC samples showed large 

particles that were not seen in AF4 or UC and further indicate fusion and aggregation 

occurred. 

4.3.4 -   Purity Estimation 

 A way to compare purity performance is the protein/particle ratio.  Protein 

aggregates and small lipoproteins have higher amounts of protein per particle than a hollow 
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BioNP with a bilayer membrane.  The protein per particle ratio is not a standard value but 

a relative measure of how much protein content is loaded in each particle.  Bilayer 

membrane particles have hollow cores with mRNA, peptide, and metabolites occupying 

the cargo space with spaced out receptor proteins on the surface.  There would be 

differences in particle subtypes where particles may be composed primarily of protein, or 

a hybrid structure like a lipoprotein that has a fat bound to the hydrophobic units of the 

structure forming proteins.  Generally, the lowest amount of protein/particle would be a 

bilayer membrane vesicle such as exosome or microvesicle.  A good display of this is the 

single and double precipitated PR samples.  A slight increase in the particle count was 

observed after the second precipitation, but considering the sample has additional 

processing steps of centrifugation and resuspension, it is expected that variation in NTA is 

seen.  The increase to 7.42E+10 from 6.40E+10 was small compared to the decrease in 

protein from 1619 to 659 µg for the single and double PR respectively, and this caused a 

large swing the protein/particle ratio from 2.53E-08 to 8.88E-09 respectively.   

 The double PR method had protein/particle on the scale of 10-9 µg/particle and no 

other method was able to reach that low of a ratio.  All other methods were very close to 

each other in value.  This value also helps show that the 50:20 cushion method that resulted 

in 2× the protein amount only showed a slight increase in particles, which indicates this 

may have been mostly coeluted proteins instead of a better cushioning method.  AF4 

compares well to single PR, which is the standard protocol for the reagent.  The double PR 

is only done when trying to ensure purity is as high as possible.  The cost of the reagent is 

very high compared to the consumables of the other methods so doubling this cost it makes 
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this method even less economical.  AF4 fairs slightly higher than UC on the purity scale 

with a 1.99E-08 ratio, but the value is close to UC’s average of 1.59E-08.  AF4 can provide 

similar performance in purification from a complex matrix but can provide size separation 

and the capability of online detection. 

 One of the advantages of the protein/particle ratio is it can help determine possible 

populations in the fractionated sample.  Serum is a complex mixture of multiple 

populations, and the protein/particle can help identify the location enriched exosomes are 

being eluted.  Figure 4.5 shows the protein/particle ratio for each fraction as the separation 

occurred.  Early in the separation, the eluted protein amount is very high as this is a 

combination of soluble proteins, small vesicles, aggregates, and lipoproteins.  This ratio 

drops steeply until 13 minutes, when it stabilizes.  This coincides with the exosome elution 

window, but this is more a product of when the soluble proteins and protein aggregates 

have finished eluting from the channel.  The fractogram can help identify when in the 

method the background proteins stop eluting, thus ensuring the collected fractions are not 

heavily contaminated.  A peak can be seen at 22 minutes which shows a protein/particle 

ratio that doubles which indicates a protein aggregate or other population of protein rich 

BioNP may be present with the vesicles eluted.   
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Figure 4.5 - Protein/particle ratio for each minute fraction the AF4 eluent of human serum.  

The earlier fractions (8-12 minutes) still contain large amounts of soluble proteins and 

protein aggregates.  Error bars are taken as the variation of the BCA quantity divided by 

the number of particles, providing the variance in µg/particle. 

 

4.3.5 -   In-Situ Labeling 

 AF4 channel design and size separation allow BioNPs to be washed of unbound 

probes while being separated.  This can be exploited to develop in-channel labeling 

techniques to save time and resources for the downstream analysis.  Small probes can be 

washed through the channel membrane while larger probes can be size separated from the 

larger BioNPs.  To test this, commercial labeling systems utilizing a rabbit model primary 

against CD63 with an anti-mouse secondary labeled with a 700 nm NIR dye and a mouse 

model primary against apolipoprotein-B with a goat anti-rabbit with 800 nm dye were used 

as the two detection systems in a duplex format allowing two proteins per fraction to be 

quantified.  These commercial systems have been well characterized and should perform 

well in standard WBs and our modified dot-blot. 
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Figure 4.6 - Probe signal intensity fractogram of apolipoprotein-B and BSA.  The primary 

and secondary IgG were added directly before injection.  CD63 was not found on the 

lipoprotein surface and does not label the LDL particles. 

 Specificity was tested using a mock medium with only BSA and lipoproteins with 

the spiked in probes. The CD63 probe should not bind to the lipoproteins because CD63 is 

not present on lipoproteins.  The mock medium and probes were injected and separated 

with AF4 and quantified with the dot-blot assay.  To allow probe binding time, focusing 

time was increased to 15 minutes from 7 minutes.  Figure 4.6 Shows the fractogram 

showing the signal intensity for each fraction.  The rabbit primary targets CD63, which is 

absent on lipoproteins and no labeling of the lipoproteins was observed.  In contrast, the 

specific labeling of apolipoprotein-B is carried with the BioNPs throughout the run.  This 

shows promise that AF4 is not forcing non-specific adsorption and the washing effect is 

strong enough to remove unbound probes from the surface of the BioNPs.  We also show 

specific labeling of surface antigens can be done in channel during the focusing step 

without the need of any additional steps or processing.   
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 The mock medium was neat with only BSA to add bulk soluble protein, but serum 

contains proteases and increased inhibition from protein-protein interactions so labeling 

may not be efficient or effective with a complex matrix.  Figure 4.7 shows human serum 

labeled with rabbit anti-CD63 and mouse anti-CD81.  A few different peaks are identified 

in the fractogram and both CD63 and CD81 showed the same peak pattern, however the 

relative peak intensities do show differences between CD63 and CD81, especially in the 

3rd peak seen at 18 minutes.  This variable intensity for the same populations could mean 

subpopulations of exosomes may be present that have different expression levels of CD63 

and CD81.  This has been hypothesized in others work as well.  The overall intensity is 

arbitrary as the detection limits of the different channels and dyes are different along with 

the different binding affinities of the different antibody systems, but the different ratios of 

peak area do indicate differences of protein amount.  The elution window of all 3 peaks 

falls within the expected elution window of exosomes, but the polyclonal detection system 

used in these assays are not ideal for the separation.  A primary is usually monoclonal and 

produced to have a specific interaction with one antigen, but the secondary is produced in 

an animal using full length IgG of the target primary.  This generates polyclonal antibody 

systems where multiple secondaries bind to a single primary.  These larger probe 

complexes add more signal per antigen, but also add bulkiness to the probe, which causes 

longer elution times.  Figure 4.7 shows the unbound probes, and the bound exosomes 

overlap, and the quantification of the protein/particle ratio would be skewed.  This is 

somewhat magnified with the rabbit, which showed better polyclonal binding because the 
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size of the probe complex is larger than the mouse model, and thus causes more overlap 

with the peaks.  The polyclonal binding combined with natural antibody aggregation 

creates probe complexes too large for separation from exosomes.  

 

Figure 4.7 - Fractograms of serum labeled with anti-CD63 and anti-CD81 antibodies.  The 

without serum was performed with mock medium and shows where the unbound probes 

elute. 

 Future Outlooks 

 AF4-NTA was designed solely for this type of vesicle analysis because of the 

sample reduction and efficient biological probing.  This project was delayed while 

validation of AF4-NTA was being done, with the goal of returning to design a better probe 

system once AF4-NTA recovery of exosomes was established, and the fraction particle 

concentration ranges were determined.  New probes in our lab as well as custom 

conjugations to primaries could allow us better control over the probe size and signal 

intensities, allowing us to tune the probe performance to AF4-NTA but the COVID-19 
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pandemic caused lab shutdowns and supply chain issues that ended a lot of research during 

this time.  Because of this, the future outlooks section of this chapter is slightly longer due 

to the future ideas for the final probe. 

4.4.1 -   Single Antibody System 

 The best route to improve the detection scheme is to reduce probe hydrodynamic 

size, thus increasing the separation between the unbound probes and the eluted exosomes.  

The fractions collected by the AF4-NTA system would be a narrow concentration range 

due to the narrow concentration range NTA operates at.  The fractions will also be dilute.  

A successful detection scheme should be adaptable to a simple well plate or dot blot 

apparatus and work with smaller volumes so it can be done in replicates with a single run.  

The easiest adjustment to the current setup is to label primary antibodies with the probes 

directly with biotin using EDC-NHS chemistry and attaching different signaling molecules 

to the primary.  The NTA working range was determined to be 107 to 109 particles/mL and 

this range can be applied to the LOD and LOQ of different probes when converting protein 

mass to particle counts.  Horseradish peroxidase (HRP) works well as a single signaling 

molecule as the enzyme continuously catalyzes light emitting reactions, which can enhance 

the detection a low concentration of probes.   

 Figure 4.8 shows the standard curve using standard exosomes and HRP labeled 

anti-cd63.  The curve was converted into particle counts using particle counts measured by 

NTA of the stock material and the dilution factor used to make the standard curve.  Both 

the exosome standard’s protein mass and particle counts were evaluated for the LOD and 

LOQ (Table Inset of Figure 4.8).  The protein mass needed for detection was 10.8 ng while 
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33.0 ng was needed for quantification.  In terms of particle counts, LOD was measured as 

9.79E+06 particles and the LOQ was recorded as 2.97E+07.  While this probe shows 

promise because these limits work within the AF4-NTA limits, it would not be quantifiable 

in all fractions where a lower number of exosomes are recovered.   

The other consideration is the LOQ was calculated in total particles adsorbed to the 

membrane (assuming 100% binding efficiency) and not from concentration.  The LOQ 

converted to particle/mL is 5.94E+07 particles/mL if the fraction was 500 µL and 

1.18E+08 particles/mL if the fractions were 250 uL.   The fraction volume varies between 

0.5-1.0 mL in typical AF4 separations performed in this dissertation.  It can be estimated 

that the total particle LOQ ideal for AF4-NTA would be 5.0E+06 total particles.  That 

would result in a 500 µL fraction having an LOQ of 1.0E+07 particles/mL.  This LOQ 

would align the LOQ of the NTA detector with the LOQ of the dot blot apparatus.   

 

Figure 4.8 - LOD and LOQ quantification curves for protein amount and particle counts. 
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4.4.2 -   Aptamer Probes 

 The most promising probes for AF4-NTA are aptamers.58–60  Our lab’s previous 

work displayed a SELEX method for aptamer development61 and evaluated aptamer-

protein interactions57 and the small size of the oligonucleotide allows better diffusion in 

the focusing region, and thus would increase probe interactions with the binding antigen 

over bulkier IgG probes.  The small size also decreases the retention time and allows a 

bigger baseline separation between the unbound probes and the eluted exosomes.  

Aptamers are easily synthesized with custom designs that allow attachment of several dyes 

and cost much cheaper than antibodies.  This allows more versatility in signal selection and 

better suited for in-channel labeling applications.   

 Another benefit of an aptamer design is the ability to use amplification 

techniques.62–68  An aptamer can be designed to open when it binds to CD63 to expose an 

initiating sequence that binds to a hairpin sequence (H1) that opens and binds a second 

hairpin sequence (H2).  The opened H2 sequence can then bind and open the H1 sequence, 

and the cycle repeats until the chain reaction is stopped.  Our recent work in Biosensors 

and Bioelectronics grows nanostructures on the surface antigens of exosomes using similar 

designs.69  Our lab has experience in other polymerase chain reaction analysis for exosome 

miRNA70,71 as well as isothermal amplification techniques that could be modified to work 

with the initiator sequence of the aptamer.72  The advantage to these types of strategies is 

the degree of amplification is controlled by reaction time or thermocycles allowing some 

control over the LOQ of the design.  Aptamer based probes can be tuned to have a linear 

range within the working range of AF4-NTA. 
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 Conclusion 

 Isolating vesicles and exosomes from serum or cell culture medium with AF4 does 

compare with other isolation techniques and can successfully enrich the fractions with 

BioNPs and separate the soluble proteins and metabolites.  The gentle nature separates 

exosomes in a native state and does not seem to cause fusion or aggregation like UC is 

prone to.  The ability to isolate exosomes from serum adds function to AF4 than the other 

techniques considering the detector capability.  The detection scheme should work within 

the analytical limits of AF4-NTA and be adaptable to recovery volume and yields.  Highly 

sensitive detection schemes are needed due to the narrow limits of NTA. AF4’s ability to 

wash BioNPs of unbound probes makes the downstream processing much simpler and can 

reduce the overall processing time from days to hours by eliminating the binding, blocking, 

washing, and imaging steps needed in a traditional protocol for a dot blot assay.  AF4 shows 

great promise in developing a labeling, characterization, and detection strategy for surface 

proteins of BioNPs.  Using this in combination of AF4-NTA allows the protein data to be 

directly related to the particle counts in the solution.  This creates a “snapshot” that gives 

particle counts, particle size, and protein signal intensity for 2 surface biomarkers.  These 

signal/particle ratios indicate how much protein may be found on the surface.  The speed 

at which this assay can be performed make it excellent for any application where exosome 

secretion rates, exosome expression levels, or changes in exosome populations are needed 

to be analyzed on a frequent basis.   
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Chapter 5: Conclusions and Future Outlook 

 Dissertation Summary 

 The research presented here shows high versatility for NP analysis using AF4 to 

separate and fractionate with online NTA to determine the number and size distribution.  

Coupling the two together enhanced the capabilities by speeding up analysis time, 

decreasing sample input, and by identifying coeluted populations that may have been 

missed by bulk analysis with MALS or DLS.  The coupling also enhanced NTA data as 

each population was enriched and the proper camera levels could be used for each 

population throughout the run. 

 AF4 was excellent for isolation and fractionation of BioNPs from complex matrices 

into enriched fractions due to the ability of AF4 to size fractionate under most aqueous 

conditions.  The low concentration of proteins found in the fractions make downstream 

analysis difficult, but more advanced probing techniques as well as different probe types 

can be used to overcome the low SNR and increase assay repeatability.  AF4 was able 

evaluate protein coronas through online NTA size data, retention time, and dispersity of 

the distribution.  The gentle nature preserves the protein corona of ENPs and surface 

associated proteins of BioNPs making the system ideal for biological analysis of collected 

NPs. 

 Future Advancements and Applications 

5.2.1 -   AF4-NTA Design  

 The AF4-NTA coupling is designed so that AF4-NTA operates under most run 

conditions AF4 may operate under for NP analysis.  This provides ideal versatility for 
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deployment in a wide array of assays and studies, but the design has drawbacks, such as 

band broadening and time shifts to correlate the FC with the NTA data.  The biggest 

advancement would be a fully redesigned NTA channel that can control a range of flow 

rates but maintains steady and consistent flow through the NTA.  This would eliminate the 

splitter manifold set up and create a singular inline flow cell.  The ideal unit would be a 

single NTA channel that maintains the flow rate for two lines with one having the viewing 

window and the other maintaining the sample plug going to the FC.  The design would 

need to be somewhat complex as it would need to have a controlled needle valve with an 

attached flow sensor to monitor and adjust the flow rate as the AF4 pressure changes 

throughout the run.  This type of design is used in Wyatt AF4 systems that utilize mass 

flow sensors combined with a needle valve to control the crossflow rate.  The Wyatt system 

runs higher pressures because of this design choice but can control all focusing, cross flow 

and detector flows with a single liquid pump and lowers the cost of the instrument 

dramatically.  The newer NTA channel would need to be resistant to the 30-bar limit of the 

Wyatt AF4 system if it is to be applicable for all AF4 systems.   

5.2.2 -   BioNP AF4-NTA Analysis 

 The AF4-NTA counting repeatability and consistent sizing performance makes it 

an excellent choice for BioNPs and downstream analysis.  The system uses 15 µL of 

volume per fraction to collect NTA data, which is drastically less than the 1 mL offline 

NTA protocols require.  The difficulty in performing downstream biochemical assays is 

the concentration of the collected fractions.  The nitrocellulose membrane used in the dot-

blot apparatus functioned as a concentration mechanism when the dilute BioNP proteins 
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are bound into a small area of the membrane.  More efficient methods of concentrating the 

fractionated samples or increasing the binding affinity of the BioNPs to the nitrocellulose 

would help improve the SNR and further enhance the feasibility of BioNP analysis using 

a single injection, but multiple injections and the average of the distributions can be used 

to pool enough sample for robust analysis or increased sample volumes.  The speed at 

which the sample can be labeled and analyzed is vastly superior to standard methodologies, 

especially when combining online NTA data with the protein analysis of the fractions.  

Additionally, a wide variety of amplification strategies and probe designs can be used in 

AF4-NTA and can be explored to find an optimal scheme for the post fractionation 

detection of BioNPs.  With modified standard assays tuned to AF4-NTA limits, very rapid 

characterization and biochemical quantification can be realized.   

 The advancements outlined above would lead to AF4-NTA 2.0.  The advantage of 

AF4-NTA is very promising and AF4-NTA 2.0 would be a system with very few 

drawbacks.  It would have broad application for most NP research and be compatible with 

downstream biological detection using in-channel labeling.  The label free NTA data is 

excellent at characterizing the fractions and the AF4 separation is excellent at enriching 

fractions for NTA and downstream analysis.  

 Commercial Applications 

 AF4-NTA’s best commercial application would be in the pharmaceutical industry 

analyzing nanomedicine and drug delivery vehicles.1,2  FDA regulated products have 

stringent characterization requirements with specific knowledge about drug loading 

capacity, formulation stability, and drug leeching propensity.  NTA’s power is in individual 
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counting and sizing, and this can be exploited with online detection of the drug in tandem 

with the online NTA data.  Quantification of the drug with UV-Vis or fluorescence divided 

by the particle counts directly gives you the drug loading capacity in a mass/particle unit.  

The pharmaceutical industry prefers label free methods as the probes can alter the 

aggregated state, size, reactivity, etc.  NTA data is label free and produces true particle 

counts and is a compatible detector for nanosized drug products.  In tandem with AF4, the 

free drug can be separated from the loaded NPs, providing information about the loading 

efficiency, loading capacity, and the aggregated state of the NPs in a single run with only 

two online detectors.   

 There is also potential in commercial NP manufacturing, especially commercial 

exosomes produced from cell cultures.  The cultures done for exosome production at 

manufacturing scale are grown on the surface of hollow-fibers and fed fresh medium 

through a porous fiber.3  Exosomes are secreted into the extracellular space around the 

fiber, which is collected as crude exosome secretions.  The medium is then purified and 

characterized to judge confluency, yield, and cell maturity.  Secretion rates, BioNP yield, 

and total protein concentration could be measured in a single run and continuously 

throughout the lifecycle of the cultures.    BioNP production is very reliant on cell culture 

health and performance and is not always the same rate or yield.4,5  Additionally, cultures 

need to grow before production rates are sufficient and this can be easily monitored by the 

secretion rates of the exosomes.   
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