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ABSTRACT 

Nanoparticle characterization is centered around understanding how properties such as 

size and composition as well as count correlate with synthetic methodologies, observed 

behaviors, and end product performances. Current ensemble methods that examine these 

properties (light scattering, electron microscopy, nanoparticle tracking analysis (NTA), zeta 

potential, etc.) provide average values and cannot provide important information regarding 

distributions within the sample. These techniques are also compromised by sample 

polydispersity and may not be sensitive enough to examine particles that span the range of 1 nm 

to 1 µm in diameter. To overcome this, samples can be separated to create more monodisperse 

subpopulations, yet only a few ensemble methods have been readily coupled to separation 

techniques like field-flow fractionation (FFF).  

FFF is a family of analytical techniques that has been used to separate and characterize 

macromolecules and particles since the mid-1960s. Improvements to FFF instrumentation and 

theory along with the coupling to multiple detectors such as light scattering, differential 

refractive index, spectrophotometry, and mass spectrometry has enhanced FFF’s capabilities for 

particle characterization. More recent advancements include nanoparticle tracking analysis 

(NTA) and on-line Raman spectroscopy for determining the and number/size of nanoparticles as 

well as composition of polymeric particles, respectively. Together, they represent critical 

challenges and frontiers for nanoparticle analysis. The work in this thesis takes a different 

approach by first critically assessing multiangle light scattering (MALS) as a particle counting 

technique and then exploring the sensitivity of thermal field-flow fractionation (ThFFF) for 

compositional analyses.  
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The former is particularly relevant as the FFF-MALS platform is now commonly used 

across disciplines and products.  This, in combination with particle counting component of the 

European Union’s definition of a nanomaterial will undoubtedly lead to an increase in particle 

counting using MALS for particle counting.  However, there has been no work published to date 

that critically assesses the impact of the uncertainty in nanoparticle refractive indices (a difficult 

to obtain value for core-shell type structures) and light scattering models used in data analysis to 

calculate the number of nanoparticles. This work seeks to address this gap in knowledge 

particularly for complex bioparticles such as outer membrane vesicles (OMVs). The thermal FFF 

work builds on previously published studies but differs in that the compositional sensitivity of 

this technique and the use of additives to improve retention and sample recovery are explored.   

Asymmetrical flow FFF (AF4), coupled to multiangle light scattering (MALS), has 

recently gained attention for the characterization of bacterial OMVs for nanomedicine and 

renewable energy applications. A major analytical challenge of OMVs is understanding how 

particle size and count impact their biogenesis and the cargo sorting proteins in different-sized 

vesicles. AF4-MALS can be used as an initial separation and enumeration step prior to further 

analyses with techniques tandem mass spectrometry (i.e., proteomics). While MALS has been 

used to count biological particles and has shown similar counts to offline methods like NTA, the 

influence of analyte-dependent parameters (e.g., refractive index (RI) and particle shape/model) 

with MALS has not been examined. Polystyrene latex standards (known RI and shape) and 

complex OMVs (unknown RI and shape) were chosen as the model and sample systems. Particle 

counts from PSL differ upwards of 13 % between sphere or Lorenz-Mie models while OMV 

particle counts can vary up to 200% depending on the model and refractive index used. 

Additionally, signal-to-noise in the light scattering signal intensity can lead to erroneous particle 
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counts (i.e., > 1018 particles/mL), which was observed when using the coated sphere model for 

OMVs. While a promising enumeration technique, the need of particle count standards and 

accurate RI values impede the determination of absolute particle counts.  

Thermal FFF (ThFFF) is another technique under the FFF umbrella that can yield particle 

size as well as composition. The latter differentiates ThFFF from its better-known sibling, AF4. 

The driving force for ThFFF is imparted by a temperature gradient that is applied perpendicular 

to the separation axis. Analyte retention is dependent on the Soret coefficient (ST), a ratio of the 

analytes thermal diffusion coefficient (DT) to its translational diffusion coefficient (D). While 

ThFFF is mainly done in organic solvents, there is an interest in moving towards aqueous 

solvents (AqThFFF) in order to characterize aqueous based (biological or synthetic) materials. 

Two major challenges in performing AqThFFF experiments are the need to use additives (i.e., 

salts or surfactants) to improve analyte retention and understanding how these additives 

influence particle thermophoresis.  Additionally, little work has been done to assess the 

compositional sensitivity of ThFFF. To investigate the impact of additives and compositional 

sensitivity, a model set of butylacrylate: methyl methacrylate: acrylic acid (BA:MMA:AA) 

particles with subtle differences in acidic comonomer (0-3 %) were examined. A key component 

of this work was examining the impact of commonly used additives such as tetrabutylammonium 

perchlorate (TBAP) and FL-70 detergent on analyte retention and recovery. TBAP governed 

retention of the colloids while the incorporation of FL-70 increased sample recovery. An 

incremental component of calculating DT values is utilizing accurate D values. Examining D 

values through DLS (online and offline), via AF4 theory, and transformations from radius of 

gyration (Rg) data show that flow rates as low as 0.3 mL/min during FFF separations can cause D 

values to be larger than anticipated. While these changes in D do not impact overall trends across 
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latex samples, they change the overall magnitude of DT. AqThFFF can distinguish between 1 % 

of acidic comonomer between samples, based on significant differences in DT values and 

demonstrates a higher sensitivity than the ~9% previously reported in literature. 

Overall, the work presented in this thesis provides insight into the importance of 

refractive index on particle counting analyses by MALS as well as subtle nuances and 

considerations in the data analysis for MALS particle counting.  Additives that enhance retention 

and sample recovery in AqThFFF provide a useful foundation for future advancements and 

applications. This thesis serves as a platform for future work with biological particles and insight 

into particle thermophoresis.  
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CHAPTER 1  

INTRODUCTION 

1.1 Motivation  

Advances and commercialization of nanotechnology has led to new intellectual property 

and great increases in revenue across the world in the last decade. As of 2018, the 

nanotechnology industry generated gross revenues upwards of $903 and $941 million in the US 

and Europe, respectively.1 Nanomaterials have previously centered around organic and inorganic 

materials but the recent interest in renewable resources2 and nanomedicines3,4 has led to an 

increased focus on biological colloids (1-1000 nm). While the synthesis and use of these 3D 

nanomaterials (nanoparticles, nanoliposomes, etc., 1-100 nm) have dominated the nano 

landscape, innovation and progress in analytical methods suitable for this size scale have lagged.  

Synthetically produced and naturally occurring nanoparticles often exhibit distributions 

in properties such as size, composition, and surface charge. This consequently increases the 

difficulty of identifying the specific components responsible for (un)desired performance and 

behavior; particularly since commonly used analytical techniques such as light scattering and 

zeta potential measure the entire sample and report only average values. However, when bulk 

techniques are coupled with a separation method, such as size exclusion chromatography (SEC) 

or field-flow fractionation (FFF), the properties of individual components can be measured as 

they elute from the column or channel. The resulting distributions provide detailed images of 

subpopulations within the sample, facilitates the identification of critical components, and can 

confirm the success of synthesis procedures. Adding to this already complex backdrop is the 

challenge of determining the number of particles of a specific size, composition, charge, etc. This 

quantitative capability represents a new analysis frontier and can yield useful insights that guide 
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synthesis and product formulation, promotes understanding of behaviors associated with 

protein/lipid composition per biological particle, and infer potential biogenesis mechanisms to 

name a few.   

1.2 Particle Characterization Techniques 

Particle analysis techniques can generally be categorized as those that measure the entire 

sample (also known as ensemble methods) and generate average values and those that measure 

individual components and thus generate distributions. Each category of techniques is useful and 

appropriate in different scenarios and it is important to understand when one is preferred as well 

as the main benefits and limitations of each group of methods.   

Ensemble methods for determining nanoparticle size, charge, and counts are and their 

applicable size ranges are shown in Figure 1.1. Dynamic light scattering (DLS) is used for 

obtaining hydrodynamic size and diffusion coefficients and surface charges are typically 

examined via zeta potential. While experiment times are fast in DLS, average sizes are skewed 

towards larger analytes within a solution.5 Zeta potential is used to help assess potential 

agglomeration, sedimentation, and inter-/intraparticle interactions in colloidal systems yet the 

formation of coronas or complex media around particles makes determining accurate surface 

charges challenging.6  Fluorescence, inductively coupled plasma mass spectrometry (ICP-MS), 

and flow cytometry (FC) are often used to count particles that span biological to inorganic 

compositions. Fluorescence and FC are not sensitive enough to measure sub-100nm particles, yet 

their high throughput and robustness make them widely used for bioparticle characterization.7,8 

ICP-MS overcomes this size limitation yet the matrix of biological samples can make sample 

preparation challenging and the lack of particle count standards prohibits accurate measurements 

hindering method development.9 
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Figure 1.1 Analytical ensemble methods that are used in determining charge, size, and particle 

counts. Select techniques shown in red have the capabilities of providing average particle sizes 

and counts. 

 

Particle sizing and counting techniques include atomic force microscopy (AFM)10, 

electron microscopy (EM)11, Coulter counter (CC) or electro zone sensing12, tunable resistive 

pulse sensing (TRPS)13, nanoparticle tracking analysis (NTA)14, and multiangle light scattering 

(MALS).15,16 The use of AFM and EM methods are highly advantageous because of their ability 

to visualize analytes and understand shape, size, and quantity. However, these methods often 

require additional sample preparation, require samples to be in a dried state, and examining large 

quantities of analytes is time-intensive. CC and TRPS are beneficial sizing and counting methods 

because of their high throughput (~1000 counts/second). Disruptions in electrical current as 

analytes travel through an aperture or tunable pore allows for a direct particle count to be 

measured. Despite this, CC instruments are not quite sensitive to examine smaller colloids (< 

200 nm), require larger sample volumes (~4 mL), and multiple apertures are needed for 

polydisperse samples.17 While TRPS can work with smaller sample volumes (~ 40 µL) the 
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tunable pores often experience stretching or build-up of particles around the pores leading to 

tailing effects and influencing particle counts.18,19 NTA, similar to EM and AFM, has the 

advantage of visually tracking particles in solution within a given field of view and requires less 

time than those methods to count a large number of particles. While this technique can provide 

distributions in size and count over an experiment, results are heavily skewed by instrumental 

parameters (i.e., camera level, shutter, gain, minimum track length, etc.). Polydisperse analytes 

often require sacrificing sample focusing to try and visualize all particles in the field of view 

leading to smaller analytes being missed or overshadowed by the scattered light from larger 

particles.20–22 The use of MALS as a particle counting technique has gained traction over the last 

decade yet still remains in its juvenile stage. A main draw towards using this technique is its 

capability to be readily coupled to separation techniques yet knowledge of the impact of sample 

dependent parameters (i.e., refractive index and shape) on particle counts is poorly understood. 

Efforts to overcome this will be discussed in more detail in Chapter 4. Across all of the 

aforementioned ensemble methods, the use of these techniques is beneficial when rapid analyses 

are needed. While differences in sample size or polydispersity can induce bias for average 

measurements, these methods can be useful when the threshold or impact of these variations in 

analyte properties is high and have minimal impact on product performance.  

 The second category of nanoparticle characterization techniques usually involves a 

separation technique that is coupled to an ensemble technique. As separated components elute 

from a column or channel, their properties can be measured and the results are compiled into 

distributions. If coupling an ensemble technique is not possible, an initial separation step can be 

completed to collect monodisperse subpopulations for further offline analyses. Current 

separation techniques include electrophoresis (capillary23–25 and gel26,27), ultracentrifugation 
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(UC)28,29, hydrodynamic (HDC)30 and size exclusion chromatography (SEC)31, and FFF.32 

Electrophoretic methods can provide nanoparticle electrophoretic mobilities but the separation 

mechanism(s) and electrokinetic behavior are not well understood.33,34 UC tends to be a time-

intensive process and often induce aggregation of analytes. Despite the drawbacks of UC, it can 

still achieve high separation efficiency of particles based on small differences in mass and 

density, and remains a mainstream method for characterizing biological macromolecules and 

complexes.35 HDC, SEC, and FFF are three methods that provide a size-based separation and are 

often compared to one another in the characterization of macromolecules. HDC and SEC 

separations, which occur within a packed column, are often utilized due to their ability to 

separate large molecular weight samples (>106 Da, HDC) or high resolution for smaller analytes 

< 104 Da (SEC).36–39  The information obtained from SEC has extended beyond traditional size 

separations to examine other polymeric properties such as branching and fractal dimension, to 

colloidal core, corona and total sizes of nanoparticles using additional online detection.40 

Analytes, however, may experience undesirable interactions with the stationary phase resulting 

in unexpected retention times (SEC) and sample loss in both HDC and SEC. FFF methods may 

also suffer sample loss but in lower quantities because of the significantly reduced surface area 

of a channel that lacks packing material. Despite this, there are several advantages to using FFF 

methods for polymer and colloid characterization that will be discussed further in Chapters 2 and 

3.  

 Considering the techniques that can provide us size, charge, counts and both size 

and counts along with the separation methods described above, those that can be coupled on-line 

with separation methods are few and far between. Currently, DLS, ICP-MS, NTA, and MALS 

are the only techniques that have been readily coupled to techniques like FFF and SEC. The use 
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of online DLS provides size distributions across the sample yet more challenges arise when 

considering the influence of flow rate on analyte diffusion.41 ICP-MS coupled to FFF has helped 

overcome detection limits and resolution with conventional concentration techniques like UV-

Vis and can help examine metallic particles within biological matrices.42 While helpful, the 

dilution and sample loss from the FFF separation in conjunction with larger experiment times 

can hinder the overall quantification of metal species.43 NTA and MALS have recently been 

shown to provide particle counts when coupled to SEC or FFF and the magnitude of particle 

counts across these methods are often compared.16,44–47 Thus far, the robustness of these methods 

and accuracy of particle counts have not been addressed. The ability to accurately enumerate 

particles as a function of size, composition, etc., will undoubtedly increase in importance as the 

European Union continues to modify their definition of a nanomaterial.48 In addition to 

regulatory guidelines, the need to understand composition/particle increases will continue to 

grow in fields spanning nanomedicine to renewable energy applications.49 Previous work using 

FFF to investigate compositional heterogeneity and particle count laid the foundation for this 

current work with biological and polymer colloids.50,51 

1.3 Chapter Synopsis 

The research described in this thesis focuses on the assessment of field flow fractionation 

and light scattering methods for the characterization of either biological or polymer colloids. 

Extensive background on general FFF, AF4 and ThFFF theory along with theory behind 

techniques that can be coupled to FFF techniques (NTA, MALS, and DLS) are discussed in 

Chapter 2. The work highlighted in Chapter 3 examines the new advances and applications 

within the FFF community over the past decade. Chapter 4 showcases the use of MALS as a 

particle counting technique and assesses the impacts of analyte-dependent parameters on overall 
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particle counts for both standard latex particles and bacterial outer membrane vesicles (OMVs). 

This work led to examining how a pre-fractionation step of biological particles can impact 

further proteomic studies and is the first account of utilizing AF4-MALS as a separation and 

enumeration method of OMVs from a Gram-negative bacterium, Pseudomonas putida. This 

work also laid the groundwork for separations of vesicles from a Gram-positive bacterium, 

mycobacterium tuberculosis, which is summarized in Appendix A.52  

The second part of this thesis (Chapter 5) examines the compositional sensitivity of ThFFF 

using aqueous carrier fluids. By incorporating salts and surfactants into the aqueous carrier fluid 

and sample preparation step, it was possible to identify small differences in particle composition 

(0-3 % acrylic acid) and determine particle thermal diffusion coefficients. This in conjunction 

with assessing the impact of accurate translational diffusion coefficients on DT has shed light on 

how compositionally sensitive ThFFF can be and revives aqueous ThFFF after a dormancy over 

the last decade. Thermal diffusion coefficient values are calculated from ThFFF retention times 

and translational diffusion coefficients D. The latter can be measured using AF4 or via batch-

mode or online dynamic light scattering (DLS). Understanding the influence of fluid flow for on-

line DLS measurements is applicable to work discussed in Chapter 5 and is relevant to separation 

methods that employ online DLS.  
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CHAPTER 2 

THEORY OF FIELD-FLOW FRACTIONATION AND COUPLED SIZING TECHNIQUES 

 

 Field-Flow Fractionation  

 Basic Theory of Retention 

FFF is a chromatography-like separation method that was originally developed in 1966 by 

the late J. Calvin Giddings.1 Widely used to separate macromolecules and colloids, the operating 

ranges of FFF span a few hundred to 1018 Da2–5 or 1 nm to 100 µm in diameter6–8, respectively. 

Unlike a packed column used in other conventional chromatography methods, FFF separations 

are employed in a thin, ribbon-like open channel. Across the channel thickness (w), which can 

range from 76-600 µm, a parabolic flow profile is formed along the separation axis where the 

highest flow velocities are towards the center of the channel and the slowest velocities are found 

towards the two channel walls. The respective field used in all FFF techniques is applied 

perpendicularly to the channels axial flow pushing analytes to the channel accumulation wall.2 

Analytes become displaced with a velocity U while analyte motion towards the accumulation 

wall produces a field-induced flux Uc (number of particles per unit cross-sectional area per unit 

time). To counteract this field-induced displacement, a diffusive flux proportional to the 

concentration gradient (dc/dx) which is equivalent to the analytes diffusion coefficient (D) is 

directed in the opposite direction. The net flux (J) due to the mass transport across the channel 

can be shown as:  

 𝐽𝑥 = 𝑈𝑐 − 𝐷
𝑑𝑐

𝑑𝑥
      (2.1) 

When the concentration gradient across the channel thickness reaches a steady state, or 

when the diffusive and field-induced fluxes reach equilibrium, the net flux is equal to zero. 
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Equation 2.1 can then be integrated assuming U and D remain constant giving rise to Equation 

2.2 where co is the concentration at the accumulation wall and x is the distance from the wall. 

 
𝑐(𝑥)

𝑐𝑜
= exp (−

|𝑈|

𝐷
𝑥)       (2.2) 

From here it is observed that the concentration decreases exponentially from the 

accumulation wall, and the distribution of the analyte behaves similar to a thin sample layer 

positioned at a height ℓ or mean layered thickness. This ℓ  term can also be defined as the ratio of 

thermal energy to the applied force where ℓ = 𝑘𝑇/𝐹 where k is the Boltzmann constant, T is 

temperature, and F is the applied force field.7 Equation 2.2 can then be rewritten to account for ℓ 

giving Equation 2.3.  

     
𝑐(𝑥)

𝑐𝑜
= exp (−

𝑥

ℓ
)          (2.3) 

    ℓ =
𝐷

|𝑈|
           (2.4) 

Equation 2.4 demonstrates the dependence on analyte diffusion on opposing the effects of 

the field that compresses the analyte. This relationship is also related to the retention parameter 

in FFF equations (λ)  and the channel thickness shown in Equation 2.5. This dimensionless 

parameter directly relates the analyte’s physicochemical properties, the strength of the field, and 

the average location and velocity of the analyte within the parabolic flow profile.  

𝜆 =
𝐷

|𝑈|𝑤
=

ℓ

𝑤
        (2.5) 

Another metric for understanding retention in FFF is related to the use of the 

dimensionless retention ratio (R) which is a ratio of the mean fluid velocity ( < v >) and analyte 

migration velocity (vp). This can also be described as a ratio of the void time (t0), which is the 
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amount of time it takes solvent to flow through one channel volume at a given flow rate, to the 

retention time (tr) of an analyte, which is dependent on the analyte’s interaction with the applied 

perpendicular field and the flow rate (Equation 2.6). 

𝑅 =
𝑣𝑝

〈𝑣〉
=

𝑡0

𝑡𝑟
         (2.6) 

To relate R and λ together, one can consider the concentration profile expressed as Eq. 

2.3 and substituting in a parabolic function for the velocity (v), to achieve the fundamental and 

exact form of the retention equation for all FFF techniques:  

   𝑅 = 6𝜆 (coth
1

2𝜆
− 2𝜆)      (2.7) 

Various approximations of Eq. 2.7 have been used, the most common being 𝑅 = 6𝜆. 

Deviations of these approximations from the exact expression can be seen in Fig 2.1.  When λ < 

0.02, the linear approximation can be used to calculate R with ~ 5 % error  and begins to deviate 

significantly thereafter. The quadratic and cubic approximations are more accurate up to R< 0.2 

and then begin to deviate more significantly.  

The work showcased in this thesis focuses on two FFF techniques, AF4 and ThFFF, that 

have been heavily utilized for colloidal separation and characterization. While both techniques 

follow the basic retention theory described above, they are sensitive to different physicochemical 

properties of analytes. 
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Figure 2.1 Linear, quadratic, and cubic approximations of the exact retention expression relating 

the retention ratio (R) to the retention parameter (λ) for all FFF techniques. 

 

 Asymmetrical Flow Field-Flow Fractionation 

Asymmetrical flow field-flow fractionation or AF4 is one of the most widely used FFF 

techniques and solely separates particles based on their diffusion coefficient or size.9,10 A similar 

technique to flow-FFF (FlFFF), AF4 was introduced in 1987 by Wahlund and Giddings where 

the channel design consisted of only one semi-permeable wall. Conventional FlFFF channels 

consisted of two permeable walls to that allows for uniform field strengths and constant flow 

velocities. This allowed for the general theory of FFF to be achieved. In addition to replacing the 

top permeable wall with a glass or polycarbonate block, changing the spacer design from 

rectangular to a trapezoidal channel where the outlet is tapered at one end was described by 

Litzén and Wahlund (Figure 2.2).11 The changes in the channel shape improved the field 

velocities along the longitudinal axes, keeping them constant compared to the rectangular 

design.12,13  
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Figure 2.2 Geometry of trapezoidal channel for AF4. Reprinted from A. Litzén and K-G. 

Wahlund, Effects of temperature, carrier composition and sample load in asymmetrical flow 

field-flow fractionation. J. Chromatogra. (1991), 548, 393-406. Copyright 1991, with permission 

from Elsevier Science.  

 

As described earlier, the retention ratio (R) is calculated from the ratio of the void time 

(t0) and analyte retention time (tr). Based on the trapezoidal design of an AF4 channel, t0  is 

calculated using Eq. 2.8 where Vo is the void volume, Vc is the crossflow rate, Vout is the channel 

outlet flow rate, z’ is the distance from the inlet to the focusing point, L is the length of the 

channel, bL and bo are breadths of the channel of the inlet and outlet, w is the channel thickness, 

and y is the area cut off from the tapered inlet. 

𝑡𝑜 = [
𝑉𝑜

𝑉𝑐
] ∗ 𝑙𝑛 {1 +

𝑉𝑐

𝑉𝑜𝑢𝑡
(1 − [

𝑤[𝑏𝑜𝑧′−(
𝑏𝑜−𝑏𝐿

2𝐿
)∗𝑧′2

−𝑦]

𝑉𝑜
])}    (2.8) 

To relate R values to the retention parameter λ, again the approximation 𝑅 = 6𝜆 may be 

used at high retention levels (R< 0.02) but it is suggested to use the exact form shown in Eq. 2.7.  

When using isocratic fields throughout an AF4 experiment, one can calculate the analytes 

diffusion coefficient using the determined λ value through 

𝐷 =  
𝜆𝑉𝑐𝑤2

𝑉𝑜
           (2.9) 

If the overall experimental conditions and analyte diffusion coefficient are known, tr 

values may also be predicted using Eq. 2.10. Based on the diffusion coefficient of the analyte, a 
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hydrodynamic radius may be determined through the use of Stokes-Einstein equation. (Eq. 2.11) 

where kB is Boltzmann’s constant, T is temperature, and η is the viscosity of the suspending 

medium. 

𝑡𝑟 =  
𝑡0𝑉𝑐𝑤2

6𝐷𝑉𝑜
       (2.10) 

𝐷 =  
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
       (2.11) 

Quite often the use of isocratic crossflow rates leads to band broadening and analyte 

polydispersity can cause increased experiment times.14 To mitigate this, crossflow programming, 

where one has a gradient elution profile (linear or exponential) may be used.15,16 This allows for 

higher flow rates to be used to retain smaller analytes and then decays to slower crossflow rates 

are used to increase the rate of elution of larger particles improving resolution. A drawback to 

field programming is the inability to utilize Eq. 2.10 to predict retention times from AF4 theory. 

A way to overcome this is to use a mixture of particle, polymer, or protein standards of different 

sizes or molecular weights to determine estimated retention times and resolution. 

 Thermal Field-Flow Fractionation 

Unlike the standard set-up of FlFFF and AF4 systems, ThFFF channels are typically 

formed by clamping an FFF channel (made from either a polyimide or Mylar sheet) between two 

copper blocks. The copper blocks contain highly polished nickel, chromium, or nickel-chromium 

alloy surfaces.2,17 The thermal gradient applied to the channel is formed from electrical heating 

rods that are placed within the top copper block. These heating elements may be placed 

longitudinally or horizontally across to establish a consistent thermal gradient (ΔT = 20-100 K) 

while cold water is flowed through the bottom block using a recirculating chiller, maintaining a 
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constant cold wall temperature. A consistent and low cold wall temperature is important for 

using larger field strengths or when thermal diffusion coefficients need to be determined. 

Changes in the cold wall temperature have also been shown to shift retention of analytes to a 

lower retention time due to changes in fluid viscosity thus ultimately impact DT calculations.  

Analyte retention in ThFFF is dominated by the Soret coefficient (ST) which is a ratio of an 

analytes thermal diffusion (DT) to its translational diffusion (D) giving the relationship 𝑆𝑇 =

𝐷𝑇
𝐷⁄ .18,19  This ratio gives rise to not only a size-based separation, but also provides insight into 

particle-solvent interactions and thus has a compositional sensitivity (analytes DT).20–22 While the 

relationship of FFF elution and analyte D is well understood, particle thermal diffusion continues 

to be poorly understood.  The retention parameter (λ) in ThFFF assumes a linear temperature 

gradient across the thickness of the channel giving rise to Equation 2.12.  

𝜆 =
1

𝑆𝑇Δ𝑇
=

𝐷

𝐷𝑇Δ𝑇
       (2.12) 

A correction to the exact retention ratio equation (R) for ThFFF is also needed due to the 

distortion of the parabolic flow profile due to the temperature gradient (2.13).23,24 This correction 

(v) is related to the physical properties of the solvent such as thermal conductivity, thermal 

expansion, temperature-viscosity relationship, etc. While values for v of different solvents can be 

found in literature25 , solvents with an unknown v value can be estimated and compared to 

existing nonparabolicity data to a solvent’s Andrade scaling factor (B).17  This scaling factor can 

be solved through knowledge of the solvent viscosity and temperature at the cold wall, (η(T)) and 

Tc respectively (Eq. 2.14).  

𝜆 = 6𝜆(𝜈 + (1 − 6𝜆)) [coth
1

2𝜆
− 2𝜆]    (2.13) 
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𝜂(𝑇) = 𝜂𝑛𝑒
[𝐵(

1

𝑇
−

1

𝑇𝑐
)]

       (2.14) 

 While efforts have been made to improve the solvent selection for polymers in ThFFF 

analysis through predictive models, solvent selection for particle analysis remains a trial-and-

error process.26 In addition to solvent selection, there still lacks a unified particle thermophoresis 

theory which makes understanding overall trends in particle thermal diffusion unclear.27–32 These 

trends could also be due to changes in particle size (swelling/shrinking behavior) and or be 

solvent-dependent.33,34 In the case of particle retention in both organic and aqueous ThFFF, the 

use of additives has also shown to greatly impact retention albeit mechanisms as to why 

additives contribute to particle retention are also poorly understood.35–38   

 Sizing and Counting Techniques Coupled to FFF 

 Nanoparticle Tracking Analysis 

Nanoparticle tracking analysis (NTA) or particle tracking analysis (PTA) is an optical 

technique that is used to determine size and count distributions of spherical particles ranging. 

The current operating range for NTA spans particles 10-1000 nm in diameter and is often 

instrument and sample dependent.39 Scattered light from particles within the illumination path 

are monitored through a CCD or CMOS camera. The Brownian motion of individual particles in 

solution leads to determination of a diffusion coefficient (D) of each particle which can then be 

related to a hydrodynamic diameter (dh). As video of particle motions are recorded, algorithms 

are then used to track particles from different frames of the video. The square of the distance a 

particle travels between adjacent frames of the video over all frames is averaged ((𝑥, 𝑦)2)̅̅ ̅̅ ̅̅ ̅̅ ̅̅  and 

considering the time period between the start of each frame (t), the diffusion coefficient of a 

particle can be determined by Eq. 2.15. To determine the hydrodynamic diameter of the particle 

measured by NTA, the Stokes Einstein equation can then be derived as Eq. 2.16. Rearrangement 
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of Eq. 2.16 will provide the hydrodynamic diameter.39,40 To obtain particle count or 

concentration, the volume that can be observed with the microscope can be used to divide the 

total number of particles by the volume within the field of view. It is important to note that while 

spherical particles are scattering light from the laser source, the tracking of particles and thus size 

determination is taken from the center of a particle.  

𝐷 =  
(𝑥,𝑦)2̅̅ ̅̅ ̅̅ ̅̅ ̅

4𝑡
         (2.15) 

        (𝑥, 𝑦)2̅̅ ̅̅ ̅̅ ̅̅ ̅ =  
4𝑇𝑘𝐵𝑡

3𝜋𝜂𝑑
        (2.16) 

In contrast to other optical methods like dynamic light scattering (DLS), NTA provides 

better resolution for size and allows for the operator to visibly see particles moving though the 

field of view. On top of being a more visual technique, being able to examine analyte 

fluorescence and zeta potential showcases highlights some of the other benefits of utilizing NTA. 

Additional benefits include low experiment time, it is a nondestructive technique, and the only 

sample preparation needed is sample dilution.  

While NTA is currently a mainstream method to determine particle size and count, 

several drawbacks still remain with this technique. One of the major disadvantages of NTA is 

that results are largely influenced by operator parameters. Setting camera levels (shutter, gain, 

etc), sample focusing, minimum track length (MTL), sample concentration can all influence the 

sizes and counts measured. The ideal number of particles per frame is estimated to be ~30-100 

particles per frame where a relatively narrow concentration range of 1-2 orders of magnitude is 

needed.41–44 Efforts have been made to improve the accuracy of particle size distributions 

through simulations and adaptations to mathematical algorithms, yet some require additional data 
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analysis from the instrument operator.45–47 Polydispersity of samples for NTA analysis can often 

contribute to erroneous scattering of particles impacting the tracking of the particles in solution. 

Another issue with polydisperse samples resides in the inability to accurately focus small and 

larger particles in solution. Focusing the camera on larger particles may cause smaller particles 

to be out of the camera field of view and impacting whether or not the smaller population is 

tracked within the experiment. 

To mitigate some of these drawbacks, works have examined size distributions determined 

from FFF- or SEC- DLS and compared those to NTA distributions while others performed initial 

separations via FFF and SEC, collected fractions, and then performed offline NTA. 48–50 The 

latter helps mitigate the size polydispersity bias in NTA yet is more time-intensive. Coupling 

NTA to a separation technique like FFF is ideal and has only recently come to fruition. One 

successful account of coupling NTA to FFF incorporated both developing NTA settings to 

account for the changes in camera levels needed to look at particles ranging from 50-200 nm (dh) 

while incorporating a split flow set-up to accommodate the smaller volumes needed for NTA 

analysis.51 Future work with FFF-NTA could lead to future implementation of the technique 

within FFF commercial systems and allow for a more robust comparison of particle counting 

using NTA and MALS.  

 Multiangle Light Scattering  

The theory of multiangle light scattering (MALS) stems from the fundamental equations 

defined by James Maxwell in 1865 where he described light and how it interacts with matter.52 

In 1871 John William Strutt (Lord Rayleigh) later simplified Maxwell’s equations for the case of 

particles with a radius less than 1/10th the wavelength of the radiation. Extensions of Rayleigh 

scattering to understand the scattering of light for larger macromolecules has led to the Rayleigh-
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Gans-Debye (RGD) approximation.53–57 To account for all ratios of particle radius to 

wavelength, Gustav Mie developed the mathematical theory to understand the scattering of 

electromagnetic waves for spherical particles in 1908.58 In contrast to the RGD approximation, 

Mie theory relies on the exact solutions to Maxwell’s equations for a spherical particle 

interacting with polarized light. It is important to know the differences between the two theories 

and more detail behind the theories can be found the works of Kerker and van de Hulst.59,60  

MALS is predominantly used for determining molecular weight (Mw) and radius of 

gyration (Rg) for macromolecules yet has expanded into providing particle counts and protein 

conjugate analyses of complex nanoparticles. The typical set-up of a MALS instrument consists 

of a flow cell surrounded by 3 or 18 photodiodes at preset angles, with the total volume viewed 

by the detectors is ~ 0.02 µL. The mathematical relationship between the amount of light 

scattered from an analyte to the determination of its Mw and Rg is dependent on whether the 

analyte solution is in a dilute (0.1-1.0 mg/mL) or semi-dilute (> 1 mg/mL) regime. It should be 

noted that these concentrations are sample and solution dependent in case there are long-range 

interactions with polyelectrolytes in solutions. Within a dilute regime, distances between 

particles or macromolecules are large enough that some intermolecular interactions can be 

ignored. The relationship with molar mass, concentration, and light intensity in a dilute regime is 

seen in Eq. 2.17 where 𝑅𝜃is the excess Rayleigh ratio, 𝑀 is the weight average molar mass, 𝑐 is 

the mass concentration of the solution, and 𝑃(𝜃) is a form factor which provides some 

information on the analytes size, shape, and structure.  𝐾∗ contains various components of the 

system that includes  the refractive index of the solvent (𝑛𝑜), the change in solute refractive 

index with respect to concentration (𝑑𝑛
𝑑𝑐⁄ ), and the wavelength of light in vacuum (𝜆𝑜). 61 
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𝐼(𝜃)𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 ∝
𝑅𝜃

𝐾∗ = 𝑀𝑐𝑃(𝜃)        (2.17) 

𝐾∗ =  
4𝜋2𝑛0

2(𝑑𝑛
𝑑𝑐⁄ )

2

𝜆𝑜
4𝑁𝐴

           (2.18) 

When analytes are used in higher concentrations, intermolecular interactions begin to 

have an effect on the light scattering intensity. Again, while sample and solvent dependent, Eq. 

2.17 is modified to account for a first-order virial expansion so that one obtains Eq. 2.19. 𝐴2 is 

termed the second virial coefficient and is used to help correct for intermolecular interactions 

which is due to coherent intermolecular scattering.  

 

𝐾∗𝑐

𝑅𝜃
=

1

𝑀𝑃(𝜃)
+ 2𝐴2𝑐      (2.19) 

In addition to the solute concentration, the size of the analyte leads to changes in 

scattering intensity. For analytes that are much smaller than the incident light, (~10 nm = 

diameter), the intensity of scattered light off of these analytes scatters isotropically, meaning 

there is no angular dependence. For larger macromolecules, light will scatter differently from 

various parts of the analyte (light scattering more in forward direction) causing the scattered light 

to be in different phases as it reaches a detector. This ultimately causes destructive or 

constructive interference.  

The measurement of Mw and Rg relies on different formalisms that are adaptations of Eq. 

2.19 and depend on analyte properties (Table 2.1). The three main formalisms are the Zimm, 

Berry, and Debye and if the absolute shape is known for the analyte of interest, there are 

different shape-dependent models that use an analytical expression for the form factor or  
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𝑃(𝜃).61–63 A seminal paper that describes the error with these models is highly valued and 

recommended to appropriately determine the formalism and polynomial fit. 

For sphere-like structures, the use of the shape-dependent models has become widely 

used and as more nanoparticles with complex shapes are synthesized, it is important to 

understand how light scattering and the use of 𝑃(𝜃) impacts MALS measurements. Within the 

past decade, the field has begun to assess how to modify current 𝑃(𝜃) equations and also account 

for aggregates of two to five homogeneous sphere.63 This ultimately impacts the use of MALS 

for those more advanced characterization methodologies mentioned earlier. In case of using 

MALS as a particle counting technique, there is extensive theory that will be explained in 

Chapter 4.  

Table 2.1 Different MALS formalisms for determining Mw and Rg adapted from Wyatt 

Technology Corporation 

 

 

 Dynamic Light Scattering  

DLS, otherwise known as photon correlation spectroscopy (PCS) or quasi-elastic light 

scattering (QELS), is a commonly used technique for measuring the Brownian motion of 

nanoparticles and other macromolecules in solution. Having an operating range of 0.3 nm to 10 

µm in diameter, this technique is often used to obtain average diffusion information and thus an 

average hydrodynamic size of the analyte. While it has a wide operating range, it has low 
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resolution that often needs particles to differ in size by at least a factor of three to be resolved 

and the average size is often skewed towards the larger size population.64 Knowledge of the 

solvent viscosity and temperature are essential in measurements as viscosity is related to 

temperature and elevated temperatures can impact the Brownian motion of particles. Smaller 

particles move or diffuse faster than larger particles as the collision with the solvent molecules 

are the same, yet larger particles encounter a larger retarding force or friction from the 

surrounding solvent molecules (Eq. 2.20) where 𝜂 is the solvent viscosity and 𝑅ℎ is the 

hydrodynamic radius of the particle.  

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 6𝜋𝜂𝑅ℎ      (2.20) 

As particles move through the solution during an experiment, light is scattered from the 

particles in all directions, and light intensity fluctuations are measured over small timeframes at 

one detector. These light intensity fluctuations are due to the changes in constructive and 

destructive interference of the scattered light from the particles.65–67 In order to determine a 

diffusion coefficient for an analyte, the light fluctuations are used to calculate an autocorrelation 

function or second-order correlation function (𝐺2(𝜏)) where 𝜏 is the lag time between two time-

points. This intensity correlation function can be expressed as an integral over a time, 𝑡, and 

delayed time (𝑡 + 𝜏) giving rise to Eq. 2.21. This equation can then be normalized giving rise to 

Eq. 2.22. The brackets across both equations represent the averaging of properties over the 

duration of the experiment time (𝑡). 

        𝐺2(𝜏) = 〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉       (2.21) 

𝑔2(𝜏) =
〈𝐼(𝑡)𝐼(𝑡+𝜏)〉

〈𝐼(𝑡)〉2
      (2.22) 
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While (𝐺2(𝜏)) provides information regarding the intensity fluctuation of the 

macromolecule in solution, it is not possible to know exactly where each particle is within the 

solution. Thus, the motion of particles relative to each other is correlated to the first-order 

correlation function 𝐺1(𝜏)) otherwise known as the electric field correlation function. Similar to 

Eq. 2.22, this correlation function may also be normalized where 𝐸(𝑡) and 𝐸(𝑡 + 𝜏) represent 

scattered electric fields at time and delayed time (Eq. 2.23). 

𝑔1(𝜏)) =
〈𝐸(𝑡)𝐸(𝑡+𝜏)〉

〈𝐸(𝑡)〉2
     (2.23) 

The two normalized equations may be coupled to one another based on the 

approximations that the detector only detects scattered light and that the photon counting is a 

random but Gaussian process. This relationship is seen with Eq. 2.24 where 𝐵 is the baseline and 

𝛽 is a coherence factor that depends on properties of the detector (i.e. detector area, optical 

alignment, etc.). 

      𝑔2(𝜏) = 𝐵 + 𝛽|𝑔1(𝜏)|2        (2.24) 

There are important considerations for both monodisperse and polydisperse analytes, but 

in both scenarios 𝑔1(𝜏)) decays exponentially. For the former,  the exponential decay is 

dependent on a decay constant (Γ) (Eqs. 2.25 and 2.26). 

       𝑔1(𝜏)) = 𝑒−Γ𝜏       (2.25) 

 𝑔2(𝜏) = 1 + 𝛽𝑒−2Γ𝜏                 (2.26) 

The latter requires an intensity-weighted integral over a distribution of decay rates 𝐺(Γ) 

(Eq. 2.27). The use of the delay constant is related to the diffusion of the analytes of interest 

through the expression Γ = 𝐷𝑞2. The use of 𝑞 incorporates the solvent refractive index (𝑛𝑜) and 
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is inversely proportional to the wavelength of the laser (𝜆) and 𝜃,which is the detector angle (Eq. 

2.28).  

     𝑔1(𝜏) =  ∫ 𝐺(Γ)
∞

0
𝑒−Γ𝜏dΓ      (2.27) 

𝑞 =
4𝜋𝑛𝑜

𝜆
sin  (𝜃

2⁄ )      (2.28) 

With these considerations, Eq. 2.26 may be rewritten by replacing Γ with the full 

equation giving Eq. 2.29 which correlates particle motion to measured fluctuations.  

       𝑔2(𝜏) = 1 + 𝛽𝑒−2𝐷𝑞2𝜏      (2.29) 

Upon determining the diffusion of the analyte, the Stokes-Einstein relationship may be 

used to determine the hydrodynamic radius of the analyte (Eq. 2.30) where 𝑘𝐵 is Boltzmann’s 

constant,  𝑇 is temperature, and the components of the denominator are similar to those described 

in Eq. 2.20. 

 𝐷 =  
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
        (2.30) 

There are two types of fitting functions for autocorrelation functions within a DLS 

experiment: cumulants and regularization.65,68 Cumulants assumes a monodisperse population of 

particles and uses a slightly modified version of Eq. 2.29 that accounts for at least three different 

cumulants: the mean decay rate, width of the size distribution or polydispersity, and asymmetry 

of the distribution. Regularization assumes a polydisperse analyte where each population of 

particles is fit to determine its own polydispersity. Should a polydisperse analyte not have 

differences in size of at least three-fold, the multimodal sample will appear to have a large 

polydispersity index than a purely monomodal or monodisperse sample.  
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In addition to the determination of diffusion coefficients and hydrodynamic radius, DLS 

can be used to determine the diffusion interaction parameter (𝑘𝐷). This metric is used to 

understand the change of D with respect to analyte concentration through the relationship shown 

in Eq. 2.31 where D is the measured diffusion coefficient, 𝐷0 is the y-intercept of the D vs 

concentration plot, and c is the concentration of the particles in mg/mL.69–71 A positive 𝑘𝐷 

corresponds to a repulsive interaction of molecules in solution where D increases and thus 

particle size decreases. In contrast, and negative 𝑘𝐷 is linked to an attraction of molecules in 

solution resulting in a lower D and larger Rh.  

𝐷 = 𝐷0(1 + 𝑘𝐷𝑐)      (2.31) 

The use of DLS online with FFF and SEC instrumentation overcomes many of the 

drawbacks of DLS in ‘batch’ mode. While advantageous to use online DLS to examine sizes of 

recently fractionated samples, the FFF or SEC flow rates may also contribute to changes in 

particle diffusion. Flow rates as low as 0.2 mL/min can cause a decrease in measured particle 

size and the extent of the deviation from the anticipated size amplifies as particle size increases 

when using a flow-through cell.66,72 There have been recent instrumental developments to 

increase the bore size of the flow cell (from 1.2 mm to 3.0 mm) yet most commercial systems are 

with the sold conventional flow cell. This will be highlighted more in Chapter 5 with how using 

online D values can impact calculations for particle thermal diffusion (DT). 
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(3) Janča, J. Field-Flow Fractionation: Analysis of Macromolecules and Particles; Marcel 

Dekker: New York, 1988. 

(4) Kassalainen, G. E.; Williams, S. K. R. Lowering the Molecular Mass Limit of Thermal 

Field-Flow Fractionation for Polymer Separations. J Chromatogr A 2003. 

https://doi.org/10.1016/S0021-9673(02)02061-7. 

(5) Ratanathanawongs Williams, S. K.; Lee, D. Field-Flow Fractionation of Proteins 

Polysaccharides, Synthetic Polymers, and Supramolecular Assemblies. J Sep Sci 2006, 29 

(12), 1720–1732. https://doi.org/10.1002/jssc.200600151. 

(6) Giddings, J. C.; Caldwell, K. D. Field-Flow Fractionation. In Physical methods of 

Chemistry; Rossiter, B. W., Hamilton, J. F., Eds.; John Wiley: New York, 1989; Vol. 3B. 

(7) Giddings, J. C. Field-Flow Fractionation: Analysis of Macromolecular, Colloidal, and 

Particulate Materials. Science (1979) 1993, 260, 1456–1465. 

(8) Beckett, R.; Hart, B. T. Use of Field-Flow Fractionation Techniques to Characterize 

Aquatic Particles, Colloids and Macromolecules. In Environmental Particles; Buffle, J., 

Van Leeuwen, H. P., Eds.; CRC Press: Boca Raton, 1993; Vol. 2, pp 157–195. 

(9) Contado, C. Field Flow Fractionation Techniques to Explore the “Nano-World.” Anal 

Bioanal Chem 2017, 409, 2501–2518. https://doi.org/10.1007/s00216-017-0180-6. 

(10) Yohannes, G.; Jussila, M.; Hartonen, K.; Riekkola, M. L. Asymmetrical Flow Field-Flow 

Fractionation Technique for Separation and Characterization of Biopolymers and 

Bioparticles. J Chromatogr A 2011, 1218, 4104–4116. 

https://doi.org/10.1016/j.chroma.2010.12.110. 

(11) Litzén, A.; Wahlund, K. G. Effects of Temperature, Carrier Composition and Sample 

Load in Asymmetrical Flow Field-Flow Fractionation. J Chromatogr A 1991. 

https://doi.org/10.1016/S0021-9673(01)88622-2. 

(12) Ahn, J. Y.; Kim, K. H.; Lee, J. Y.; Williams, P. S.; Moon, M. H. Effect of Asymmetrical 

Flow Field-Flow Fractionation Channel Geometry on Separation Efficiency. J 

Chromatogr A 2010, 1217 (24), 3876–3880. 

https://doi.org/10.1016/j.chroma.2010.04.021. 

(13) Williams, P. S. Design of an Asymmetrical Flow Field-Flow Fractionation Channel for 

Uniform Channel Flow Velocity. Journal of Microcolumn Separations 1997, 9 (6), 459–

467. 

(14) Kirkland, J. J.; Dilks, C. H.; Rementer, S. W.; Yau, W. W. Asymmetric-Channel Flow 

Field-Flow Fractionation with Exponential Force-Field Programming. J Chromatogr A 

1992, 593 (1–2), 339–355. https://doi.org/10.1016/0021-9673(92)80303-C. 

(15) Williams, P. S. Fractionating Power and Outlet Stream Polydispersity in Asymmetrical 

Flow Field-Flow Fractionation. Part I: Isocratic Operation. Anal Bioanal Chem 2016, 408, 

3247–3263. https://doi.org/10.1007/s00216-016-9388-0. 



31 

 

(16) Williams, P. S. Fractionating Power and Outlet Stream Polydispersity in Asymmetrical 

Flow Field-Flow Fractionation. Part II: Programmed Operation. Anal Bioanal Chem 2017, 

409, 317–334. https://doi.org/10.1007/s00216-016-0007-x. 

(17) Imran Malik, M.; Mays, J.; Raza Shah, M. Molecular Characterization of Polymers: A 

Fundamental Guide; 2021. 

(18) Myers, M. N.; Caldwell, K. D.; Calvin Giddings, J. A Study of Retention in Thermal 

Field-Flow Fractionation. Separation Science 1974, 9 (1), 47–70. 

https://doi.org/10.1080/01496397408080043. 

(19) Smith, L. R. K.; Myers, M. N.; Giddings, J. C. Peak Broadening Factors in Thermal Field-

Flow Fractionation. Anal Chem 1977, 49 (12), 1750–1756. 

https://doi.org/10.1021/ac50020a030. 

(20) Gunderson, J. J.; Giddings, J. C. Chemical Composition and Molecular-Size Factors in 

Polymer Analysis by Thermal Field-Flow Fractionation and Size Exclusion 

Chromatography. Macromolecules 1986, 19 (10), 2618–2621. 

https://doi.org/10.1021/ma00164a027. 

(21) Schimpf, M. E.; Giddings, J. C. Characterization of Thermal Diffusion in Polymer 

Solutions by Thermal Field‐flow Fractionation: Dependence on Polymer and Solvent 

Parameters. J Polym Sci B Polym Phys 1989, 27 (6), 1317–1332. 

https://doi.org/10.1002/polb.1989.090270610. 

(22) Shiundu, P. M.; Calvin Giddings, J. Influence of Bulk and Surface Composition on the 

Retention of Colloidal Particles in Thermal Field-Flow Fractionation. J Chromatogr A 

1995. https://doi.org/10.1016/0021-9673(95)00572-5. 

(23) Belgaied, J. E.; Hoyos, M.; Martin, M. Velocity Profiles in Thermal Field-Flow 

Fractionation. J Chromatogr A 1994, 678, 85–96. 

(24) Martin, M.; Van Batten, C.; Hoyos, M. Determination of Thermodiffusion Parameters 

from Thermal Field-Flow Fractionation Retention Data. In Thermal nonequilibrium 

phenomena in fluid mixtures; 2002; pp 250–284. 

(25) Geisler, M.; Lederer, A. Non-Parabolicity Correction for Fifty-Nine Solvents and a 

Retention Study for Strongly Distorted Flow-Profiles in Thermal Field-Flow 

Fractionation. J Chromatogr A 2020, 1621. https://doi.org/10.1016/j.chroma.2020.461082. 
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CHAPTER 3 

NEW ADVANCES AND APPLICATIONS IN FIELD-FLOW FRACTIONATION 

Reproduced with permission from Annual Review of Analytical Chemistry Copyright © 2021 

Christine L. Plavchak1, William C, Smith1, Carmen R. M. Bria2, and S. Kim Ratanathanawongs 

Williams1 

 Abstract  

Field-flow fractionation (FFF) is a family of techniques that was created especially for 

separating and characterizing macromolecules, nanoparticles, and micrometer-sized analytes.  It 

is coming of age as new nanomaterials, polymers, composites, and biohybrids with remarkable 

properties are introduced and new analytical challenges arise due to synthesis heterogeneities and 

the motivation to correlate analyte properties with observed performance. Appreciation of the 

complexity of biological, pharmaceutical, and food systems and the need to monitor multiple 

components across many size scales has also contributed to FFF’s growth. This review highlights 

recent advances in FFF capabilities, instrumentation, and applications that feature the unique 

capabilities of different FFF techniques in determining a variety of information such as averages 

and distributions in size, composition, shape, architecture, microstructure, and in investigating 

transformations and function.     

 Introduction 

Nanometer and larger size analytes present formidable analytical challenges as they are 

often heterogeneous mixtures with distributions in multiple physicochemical attributes or are 
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part of complex mixtures. 1–4 Adding to this complexity, some analytes are dynamic and undergo 

transformations that lead to changes in size, morphology, or surface chemistry and charge. 5–7 For 

many of these cases, a separation technique and additional orthogonal methods are needed to 

obtain a more complete picture. 8–10   

The use of external fields to achieve separations in an open channel lies at the heart of 

field-flow fractionation (FFF) techniques. One important feature is that it is a family of elution 

techniques and thus lends itself well to coupling with on-line detectors and collection of fractions 

containing purified or enriched subpopulations. The former creates a platform that incorporates 

orthogonal analyses of eluting enriched fractions within a single experiment. For example, the 

size of eluting nanoparticles can be determined from retention time using FFF theory and by on-

line multiangle and dynamic light scattering detectors or by single particle ICP-MS (spICP-MS).  

The FFF separation is important as these detectors benefit from the increased monodispersity of 

the eluting sample fractions and average values and distributions are determined. The ease of 

fraction collection post-FFF gives access to well defined materials and biological species that are 

essential for investigating function. These and other attributes such as FFF retention theories that 

are grounded in first principles, an open channel design that is highly conducive for probing 

fragile species and for simultaneously monitoring species that span multiple orders of magnitude 

in size or molecular weight, and flexibility in choice of carrier liquid are some of the hallmarks 

that will be expanded upon in later sections. 

Field-flow fractionation is a group of distinctive techniques that utilize different types of 

fields such as temperature gradient, centrifugal, and crossflow giving rise to thermal (ThFFF), 

sedimentation (SdFFF or CF3), and flow FFF (FlFFF), respectively. Figure 3.1 shows the 

general layout of an FFF channel and the types of fields that have been used thus far along with 
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the separation mechanism. The extent of retention in FFF depends on the magnitude of the 

interactions between the applied field and physicochemical properties of the analyte and the 

diffusion coefficient D of each analyte. Both factors lead to opposing transport that results in 

each analyte occupying a unique velocity streamline of the parabolic flow in the FFF channel. 

Each analyte is thus driven through the channel at different speeds and elutes at different times.  

An FFF technique may also have different variants.  For example, FlFFF is commercially 

available in an asymmetrical (AF4) or a hollow fiber (HF5) channel format. Sample introduction 

and the requisite relaxation into unique equilibrium layers prior to the start of the separation can 

be implemented using different processes that include stopflow (used in SdFFF), focusing flow 

(used in AF4), and frit inlet (FI) sample introduction with hydrodynamic relaxation. In addition 

to different equipment, each FFF technique also has distinctive theories that relate retention time 

to analyte properties. 2,11 FlFFF separates on the basis of differences in D (or hydrodynamic 

diameter dh), SdFFF separates according to differences in effective mass (or diameter and density 

difference between the analyte and the carrier liquid), and ThFFF differentiates according to 

analyte Soret coefficients (or the ratio of thermal diffusion coefficient DT to D). For more details 

on retention theories and processes specific to each type of FFF field, refer to References 2, 4, 

and 11.  

This review highlights the latest advances in FFF technology over the past decade and 

how FFF has contributed to the characterization of biological particles, naturally occurring and 

engineered nanoparticles, and polymers and the understanding of transformations such as protein 

aggregation kinetics, nanoparticle degradation, and protein coronas. Practical considerations for 

FFF operation and challenges and opportunities are also discussed.  
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The work described in this thesis is centered around advancements in AF4 for biological 

vesicle characterization and ThFFF for colloid characterization. While the material covered 

within this review spans far beyond the topics of this thesis, this chapter will highlight the 

sections that support the work showcased in this dissertation in conjunction with the 

advancements of related particle characterization. 

 

Figure 3.1 A simplified scheme of a field-flow fractionation (FFF) channel operating in normal 

mode. As analytes enter the channel, the applied field interacts with specific physicochemical 

properties of the analyte transporting it to the sample accumulation wall. The analyte’s 

translational diffusion counteracts the field-induced transport, creating a steady state. This 

interplay leads to the formation of sample clouds whose average positions are in different flow 

velocity streamlines of the parabolic flow. In this schematic, the smaller particles diffuse faster 

and elute before the larger particles. FFF instruments with different externally applied fields, e.g., 

centrifugal, cross flow, electrical asymmetrical flow, and thermal, are available commercially. 

Electrical, acoustic, magnetic, and dielectrophoretic fields have also been successfully 

implemented. 

 

 Applications 

 Cells and Subcellular Particles 

The use of FFF in bioparticle characterization spans predictive diagnosis to biomarker 

discovery and therapeutic development. FFF’s ability to separate and elute fractions of different 

size and mass components and coupling with multiple analytical methods has advanced 
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understanding of biological content and function for cells, lipoproteins, extracellular vesicles 

(EVs), ribosomes, viruses, and virus-like particles (VLPs). Tumor formation, purification, and 

subassembly formation have also been examined leading to insights in protein expression for 

diagnostics and vaccine development. 12,13 AF4 has been most utilized for these applications with 

additional contributions from FlFFF, SdFFF, ElFFF, and DEPFFF. The majority of FFF 

separations of bioparticles occur in the normal mode (< ~1 m) with cell separations occurring in 

steric/hyperlayer mode (> ~1 m). 

Label-free cell-sorting is important for reducing costs of cell isolation in biological and 

clinical research. Current cell-sorting techniques rely heavily on cell-specific markers or 

chemical labels which lead to cell differentiation, apoptosis, and potentially impact successive 

cultures. Hyperlayer mode SdFFF has shown promise as a tag-less, noninvasive method for cell 

sorting. 14 These advantages were demonstrated with human pluripotent stem cells and progenital 

cells. 15 Tumor initiating cells (TICs) are usually in low abundance (~1-5%) but are responsible 

for driving tumor growth and treatment resistance. SdFFF-sorted TICs were amplified to study 

tumor development, apoptosis, proliferation, vascularization, and protein expression. 12 Cancer 

stem cells (CSCs) have been hypothesized to have variances in cell differentiation if grown on 

Classic Medium compared to colorectal cancer-specific defined medium. 16 This effect was 

confirmed with SdFFF. Additional efforts have focused on astrocyte subpopulations to help 

foster therapeutic approaches for improving neural stem cell function. 17,18 While SdFFF has 

been dominant in cell-sorting, HF5’s smaller volume is well suited for analyzing sub-µL sample 

volumes of. Interestingly, HF5 columns are low-cost and can be interchanged with the column 

on an HPLC system. 19,20 The separation of tumor cells from blood cells and other cell types has 

been explored using DEPFFF. 21,22 The magnitude of the applied electric field can be constrained 
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to localized regions of the channel and targeted tumor cells can be levitated and ablated at higher 

microchannel positions. This configuration allows tumor cells to be removed while blood cells 

remain unharmed at the accumulation wall. 21 

  Analytical AF4 and semipreparative SP-AF4 have both contributed to 

advanced lipidomic characterization and aided in identifying lipoprotein markers for disease 

diagnostics. 23–26  Analytical AF4 with offline LC-MS/MS is used for multiplexed lipoprotein 

analysis and allowed in-depth understanding of size-dependent compositional differences. 23 

Lipidomic analysis of SP-AF4 fractionated lipoproteins via nanoflow ultrahigh performance 

liquid chromatography-tandem mass spectrometry (nUHPLC-ESI-MS/MS) introduced potential 

diagnostic methods for coronary artery disease (CAD), acute coronary syndrome (ACS) 24, 

Alzheimer’s 25, and postmenopausal osteoporosis. 26 Lipoproteins from CAD, ACS, and 

Alzheimer’s patients had distinct differences in their lipidome when compared to healthy control 

groups. Beyond evolving diagnostics and lipidomic analysis, a comparison of samples prepared 

by SP-AF4 and UC showed a 98% overlap in HDL and LDL lipidome. 27 Additionally, SP-AF4 

isolated higher protein amounts per sample volume; was significantly faster (~1 hour instead of 

multiple hours or days); and used buffers with lower ionic strengths thereby reducing the 

likelihood of lipoprotein aggregation, damage, or apolipoprotein dissociation. The ability to 

obtain quantitative measurements of lipoproteins with low starting volumes of serum (100 µL) 

post fractionation is significant compared to other methods.  

Exosomes and EVs have come of interest due to their potential as biomarkers and 

therapeutics and their role in cell signaling. The main challenge of characterizing these vesicles 

is the lack of knowledge of their biogenesis, composition, and biodistributions. FlFFF with 

offline nUPLC-ESI-MS/MS analysis of pancreatic cancer exosomes helped determine disease 
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status and elucidate size-dependent lipidomic differences. 28 A landmark study used AF4-MALS-

DLS to isolate exosome subpopulations of melanoma cells (Figure 3.2).29,30 Post-fractionation 

biochemical analyses revealed that each subpopulation had unique lipid, protein, and nucleic acid 

expression depending on the size, cell type, and vascular membrane structure. The in-depth 

protocol on exosome AF4 fractionation provided a framework for further developing EV 

separations. Beyond size and composition, the surface charge of EVs is also of interest and has 

been examined using cyclical electrical FFF (CyElFFF). 31  

 

AF4 and CyElFFF applications have expanded further into ribosomes 32, viruses 33, and 

virus-like particles (VLPs). 34 Recent work in this area has led to new questions in virology, how 

these materials are classified, and purification. 35 AF4’s low shear mitigates undesirable changes 

associated with traditional methods like UC and sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). Gentle purification using AF4 provided the unaltered samples 

necessary for identifying genome expression in the protein shell and lipid envelope. These two 

components are specific to host recognition of the virus and are vulnerable to biophysical and 

biochemical stresses used in traditional purification techniques. 33 AF4 purification of enveloped 

bacteriophages like Φ6 is gaining interest because of their similarities to animal viruses. The use 

of anionic detergents, known to affect bacteriophage purification and separations, can be 

eliminated by using AF4 instead of SDS-PAGE. This is typically due to residual detergent or 

major proteins being released from the phage. 36 Beyond purification, AF4 has been used to study 

the disassembly of complex virions of phage Φ6. Through controlled dissociation treatments, 

biologically active subassemblies were identified based on their three distinct structural layers. 37 

CyElFFF-MALS-DLS has been utilized to determine electrophoretic mobilities of three Q beta 

bacteriophage VLPs containing different surface peptides. 13 Understanding surface composition 
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and partial separation of monomer and aggregated VLPs initiates further opportunities for 

CyElFFF use in VLP characterization.  

 

Figure 3.2 AF4 separation followed by orthogonal analyses have led to further understanding of 

extracellular vesicle (EV) heterogeneity. (a) AF4 separation of B10–F16 melanoma cells 

extracellular vesicles with ultraviolet spectroscopy (UV) and dynamic light scattering (DLS) 

detection shows five distinct peaks P1–P5 that correspond to unretained analytes (P1), a new 

class of vesicles termed exomeres (<50 nm, P2), small exosomes (60–80 nm, P3), large 

exosomes (90–120 nm, P4), and large aggregates (P5), respectively. The line above the 

fractograms correspond to the hydrodynamic radius and confirms differences in size as a 

function of retention time. (b) A correlation function in QELS (quasielastic light scattering, also 

known as DLS) analysis corresponding to P3. (c) Transmission electron microscopy (TEM) 

images show vesicles in the stock solution prefractionation and P2–P4 fractions collected after 

AF4 separation. (d) Western blot analyses confirmed the presence of exosomal proteins in 

whole-cell extract (WCE), exosome and exomere mixture (input), and three fractionated 

subpopulations. (e) Different cell lines F10, Pan02, AsPC-1, 4175, 4T1 show similar size 

distributions for all three populations of vesicles. Figure adapted with permission from Reference 

29; Copyright 2018 Springer Nature. Other abbreviation: MW, molecular weight 
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 Engineered and Naturally Occurring Nanoparticles (ENPs and NNPs) 

The broad separation range and versatility of FFF provides a beneficial platform for the 

analysis of ENPs and NNPs with the majority studies employing AF4 and SdFFF.38 Typically, 

ENPs include metallic, metal-oxide, and polymeric nanoparticles (NPs) while biopolymers, 

dissolved organic matter, and colloidal inorganic minerals are considered NNPs. Model ENPs 

systems (polystyrene latex (PSL) or SiO2) are also commonly used to calibrate and evaluate FFF 

separations.39 Studies of ENPs and NNPs cover fate and transport, particle transformation, and 

interactions in complex media. Several comprehensive reviews cover ENPs and NNPs as-

synthesized40, in the environment41,42,  consumer goods43, and food.44  

As nanomaterials have become more common in consumer products, ENPs are inevitably 

released into the environment. ENPS and NNPs cannot be discriminated by size alone and 

composition-sensitive detectors have proven to be important.44 AF4 coupled to ICP-OES, ICP-

MS, and spICP-MS is an increasingly used combination.45–47 These methods have enabled 

comprehensive size and composition characterization of ENPs which is important for 

understanding their risk and fate in environmental matrices.48 Optimized extraction methods 

prior analysis have shown that elemental ratios can be used to differentiate ENPs like TiO2 and 

CeO2 from naturally occurring NNPs in soils.49 Other FFF techniques like ThFFF or SdFFF can 

separate ENPs based on their size and surface or bulk composition to identify compositional 

heterogeneity. ThFFF separation and characterization of metallic and metal-oxide NPs as well as 

multicomponent hybrids have exploited differences in NP thermal diffusion originating from 

surface and bulk composition differences (Figure 3.3a-d).50 SdFFF utilizes differences in 

effective mass for separating particles with differing bulk composition.51 Effective mass and 
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particle volume from SdFFF and TEM independently has also allowed comparative particle 

densities to be calculated.52  

  When ENPs enter different chemical environments they have the propensity to 

transform through aggregation, absorption, and/or dissolution mechanisms.53 Investigation of 

these transformations especially below 10 nm is important to understanding the fate, risk, and 

transport of ENPs in the environment. Figure 3.3e-f shows the AF4-UV-ICP-MS separation of n-

vinyl-2-pyrrolidone protected silver nanoparticles (Ag-PVP) in the presence of tripeptide 

glutathione (GSH).The presence of GSH transformed the Ag-PVP from a single larger NP 

population into a heterogeneous mixture composed of Ag+, nanoclusters, and small NPs.5 

Optimization of AF4 separation conditions enabled the identification of distinct NP and 

nanocluster subpopulations. This is the first study demonstrating AF4 isolation of ~ 1 nm 

nanoclusters. Transformed particles exist in a spectrum that commonly goes unnoticed, 

particularly, when they are introduced to environmental or biological systems.54 Multidetector 

approaches can identify and quantify species in this low size range and provide further insight 

into the size-specific risks associated with individual subpopulations of ions, metal-ligand 

complexes, nanoclusters, and nanoparticles.  

 Carbon based nanomaterial (fullerenes, carbon nanotubes, graphene, etc.) provide 

an additional challenge due to colloidal stability55 and aggregation.56 High resolution methods 

have been developed57 to further understand aggregation mechanisms6 and probe ENPs 

interactions with NNPs to study their fate in complex environmental media.58 Characterization of 

particle shape (structure, aspect ratios, etc.) has been of specific interest and highlight the 

benefits of AF4.59–61 It is important to note that both the NP surfaces and carrier fluid 
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composition can also strongly influence aggregation as well as interactions with the AF4 

accumulation wall.62 

The potential environmental and health impacts of microplastics and nanoplastics  is a 

topic experiencing intense interest.63 Both types of particles are highly challenging to separate 

and analyze in an expedient manner because of their low numbers. AF4 in normal and steric 

modes demonstrated similar recoveries of nanoplastics and microplastics compared to AUC.3 

AF4-MALS was used to detect nanoplastics in complex food matrices like fish and helped 

optimize digestion protocols.64 Pyrolysis GC-MS and online Raman microspectroscopy added 

important chemical characterization capabilities to the analysis of nanoplastics.3,9  

The interaction of analytes with the sample accumulation wall and the subsequent effect 

on retention time opened a new avenue of research. Analyte-wall interactions are generally 

governed by electrostatic and van der Waals forces, the sum of dispersion forces can be 

described in terms of the Hamaker constant. Care is often taken to select a FlFFF membrane that 

minimizes these interactions based on the surface coating of the particles in question.65 Similar 

sized nanomaterials have shown variation in AF4 retention time which can be correlated to these 

interactions via the Hamaker constants of the membrane and analyte.66 This link has enabled the 

development of an AF4 method for calculating an effective Hamaker constant for a given 

material in a variety of conditions and in various solvents.67 The ability to predict repulsive and 

attractive forces between particles and substrates could play an influential role in the 

development of colloidal assemblies and thin film technologies. Accordingly, this approach 

opens a new path for the study of interactions at nanomaterial surfaces and the role of surface 

functionalization. 
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Figure 3.3 Capabilities of ThFFF and AF4 include composition distribution analysis of hybrid NPs and examination of NP-to-

nanocluster (size) transformations, respectively. ThFFF composition sensitivity is reflected by the measured differences in thermal 

diffusion coefficient (DT). (a) ThFFF fractograms of Pt-Fe3O4 hybrid NPs and variation in DT as a function of retention time. These 

variations in DT suggest compositional heterogeneity. (b) A thermal (DT)  calibration plot shows unique values for iron oxide particles 

and platinum cubes, dimers and nanoflowers. (c) Cumulative weight fraction plots using DT reveals that 90% of the nanoflowers 

sample are compositionally monodisperse (mass % iron of 69–70%) while the dimers sample has more composition variation (90% 

dimers have a mass % iron of 66–70%). Nanoflower composition was verified using (d) Transmission electron microscopy- energy 

dispersive X-ray spectroscopy (TEM-EDS) elemental mapping high-angle annular dark field scanning (HAADF) of fractionated 

samples. Panels a-d with permission from Reference 49; copyright 2018 American Chemical Society. Asymmetrical flow field-flow 

fractionation-inductively coupled plasma mass spectrometry (AF4-ICP-MS) can monitor changes to N-vinyl-2-pyrrolidone-protected 

silver NPs (PVP-AgNPs) (e) prior to the addition of excess glutathione (GSH), (b) 80 minutes after the addition of GSH and (c) 4 days 

after. Fractograms (e–g) show retention time changes that correlate with NP transformations to smaller diameter species. (h) The AF4 

method was further optimized to resolve three distinct populations of nanoclusters (1.8, 2.5, and 5.5 nm). Panels e-h adapted with 

permission from Reference 5; copyright 2013 American Chemical Society. Other abbreviation: LS, light scattering
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 Nanomaterials in Drug Delivery: Nanocarriers and Nanomedicines 

Nanotherapeutics often take the form of polymer micelles and dendrimers, 

polymersomes, liposomes, stable emulsions, porous nanoparticles, and other ‘nanocarriers’. 

Many of these require a gentle separation technique due to their delicate structures. This 

challenge makes AF4 uniquely suited for the analysis of biomedicines and in-depth reviews of 

FFF for this can be found elsewhere.68–70 The use of FFF has several benefits over batch methods 

like DLS including the quantification of populations undergoing aggregation or dissolution and 

examination of changes associated with drug delivery, storage, and release.71–73  

Polymeric nanocarriers including micelles, dendrimers, and polymersomes can be 

produced over a wide size range and with tunable chemical functionality. This flexibility enables 

them to carry both hydrophilic and hydrophobic therapeutics as well as control stability, lifetime, 

and therefore release of drugs. The chemistry of the nanocarrier components and the composition 

of formulation buffer strongly impact the size, volume, and morphology of polymer micelles.74 

Studies of block copolymer micelles via AF4-MALS-DLS determined the size, shape, and MW 

of such particles. In conjunction with hyphenated detection, changes in these properties with 

respect to the carrier fluid composition can be monitored and related to degradation and 

aggregation.75,76 AF4-UV/vis-MALS has be used to study the impact of nanocarriers size and 

colloidal stability on uptake, in vitro toxicity, and encapsulation of dyes for photodynamic 

therapy in block copolymer micelles.77 The release of therapeutics can be controlled via several 

mechanisms including the response of nanocarriers to changes in the external chemical 

environment. The formulation and stability of polymersomes have been studied with respect to 

responses in variation of external pH and ionic strength.78 As observed in similar studies, a 

change in the pH environment  may cause micelles to undergo morphological deformation and 
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degradation79 These studies highlight AF4’s applicability to investigating formulation-based 

control on micelle morphology and how morphologies may exhibit differing degradation 

pathways and responses to changes in external environment. Similarly, porous inorganic and 

organic nanomaterials have shown promise for the loading and targeted delivery of proteins, 

dyes, and other therapeutics.80 Formulation of metal-organic-frameworks for drug delivery have 

been studied by AF4-MALS highlighting the ability to monitor morphological changes, 

formation of aggregates, and impact of drug loading on particle stability.81  

Nanostructured lipid carriers82 and other emulsion-prepared therapeutics83 for specific 

drug delivery have recently gained attention, with AF4 becoming a preferred method for particle 

characterization. Measurement of particle size distributions in medicinal products is especially 

important for understanding the biological effects of lipid-based nanotherapeutics.7 

Understanding the aggregation, interaction, and assembly of liposomes with existing micelles 

and vesicles in biological matrices is necessary for a mechanistic understanding of the 

bioavailability and uptake of poorly water soluble hydrophobic drugs.84 Although AF4 is a gentle 

separation technique compared to centrifugation and SEC, typical AF4 methodology involves a 

sample focusing step which has been noted to cause fusion of very small lipid particles into 

larger mixed micelles.72 To circumvent problems during focusing, researchers have investigated 

frit inlet versions of both FlFFF and AF4 and shown them to be good options.85 Specific uses of 

frit inlet FFF are discussed in Section 3. FlFFF techniques continue to meet the accelerating 

characterization needs of regulatory science86 and help further development of new 

nanotechnology enabled pharmaceuticals and nanoformulations.87 
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 Assemblies and Complexes: Interactions of Polymers, Proteins, and Particles 

Biologically derived drugs show promise for drug delivery and treatment. Assessing the 

interactions of these therapeutic candidates allows for a deeper understanding of factors 

controlling their efficacy. Aptamer-protein complexation was studied using a creative 

experimental design that exploited the physical characteristics of the AF4 channel. The crossflow 

‘field’ dictates that the channel wall must be semipermeable so analytes are retained but carrier 

liquid can permeate through. This feature enabled incubation of the aptamer-protein solutions 

during the focusing/relaxation step within the AF4 channel followed immediately by separation 

and measurement of dissociation constants for aptamer-protein complexes.88 Determination of 

weak dissociation constants at µM level were also shown for protein complexes, highlighting the 

potential for characterizing challenging binding systems.89  

Protein therapeutics show promise for disease treatment but the formation of aggregates 

in formulations can reduce efficacy and potentially increase immunogenicity. AF4 provided the 

essential separation of anti-streptavidin IgG monomer from aggregates while MALS-dRI 

reported MW of the eluting subpopulations. These data were fit to the Lumry-Eyring nucleated 

polymerization model and kinetic analysis suggested that slow nucleation and aggregate 

condensation were the main pathways to the formation of nanometer and submicron aggregates90 

In addition, FFF’s characteristic open channel permitted a comparative study of uncentrifuged 

and centrifuged heat stressed anti-SA IgG. (Centrifugation is commonly used as a sample 

preparation step to remove large size species that can clog chromatography columns.)  AF4-

MALS-dRI results suggested that the removal of large aggregates may influence aggregation 

kinetics. Polymeric protective agents that prevent aggregation during heat stress of IgG proteins 

were also studied using AF4.91 Near the IgG unfolding temperature, polymer agents formed 
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complexes with IgG to slow aggregate formation. Whole blood separation by AF4 often requires 

extensive pre-treatment due to the large number of blood cells, platelets, and plasma present. 

However, a new AF4 method characterized protein therapeutics and their aggregates in whole 

blood92 This is an exciting development that facilitates better understanding of biotherapeutic 

behavior in complex biological media without disturbing aggregate species during sample 

preparation. Despite these successes, AF4 method development should consider the impact of 

sample injection, focusing, and separation on delicate or transient aggregate populations.93 

Additionally, the composition of the carrier fluid can impact protein retention due to protein-

protein interactions and protein-membrane interactions.94  

Potential use of nanoparticle therapeutic delivery agents along with the prevalence of 

nanomaterials in the environment has raised questions about the fate of these material in 

biologically-relevant media.95 AF4 characterization of functionalized nanoparticles96, antibody-

nanoparticle conjugates97–99, functionalized carbon nanotubes100, and protein-nanoparticle 

adsorption101 has shown promise for understanding these complex systems. The protein corona 

formed on nanoparticle surfaces in biological media has also been studied. The nature of the 

protein corona-nanoparticle interactions and the relative dissociation rate of the protein corona 

were screened using AF4 and UC.102 The separation mechanism in AF4 allowed fast dissociating 

proteins to be isolated from slow dissociating proteins and the nanoparticles. Differences in 

protein dissociation rates as nanoparticles moved between different environments could have 

important implications for the protein corona. AF4 was compared to UC in order to show that 

loosely bound proteins (soft corona) could be preserved.103 In this study, PSL particles were 

incubated with human plasma and then separated using AF4 or UC. The identification of more 

HSA and IgG proteins associated with the particles separated by AF4 confirmed the preservation 
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of the soft protein corona compared to UC. Access to such nanoparticles allowed further studies 

that concluded that only the hard protein corona impacted cell uptake behavior. Topological 

features of large biohybrid systems may play an important role in their applications but are 

challenging to analyze. Avidin and biotinylated glycodendrimer (GD-B) complexes were formed 

by varying the degree of   biotinylation and the ligand−receptor stoichiometry and characterized 

by AF4-MALS-DLS-dRI.104 The apparent density, determined from the measured size and MW, 

and the MW dependence of the shape factor (𝜌 = 𝑟𝑟𝑚𝑠 𝑟ℎ⁄ )  were examined to understand the 

scaling behavior of the avidin/GD-Bx structures. Conformation plots of  as a function of MW 

suggested a transformation from stiff rod-like structures to more branched microgels. This type 

of in-depth characterization is important for understanding the structure-function relationship of 

these large, complex biohybrid systems. 

Polymeric assemblies have potential use as delivery vectors for therapeutic treatments. 

Size and shape characterization for these assemblies is important for understanding their efficacy 

and function. Amphiphilic poly(ethyleneoxideb-ε-caprolactone) (PEO-b-PCL) and poly(ethylene 

oxide-b-methylmethacrylate) (PEO-b-PMMA) block copolymer self-assemblies were 

characterized by AF4-MALS-DLS-dRI and the results compared to batch-mode light scattering, 

transmission electron microscopy, and atomic force microscopy to understand the morphologies 

of the formed polymersomes.79 Separation and identification of PEO-b-PCL micelles and 

vesicles by AF4 aided understanding of the synergistic effects of polymersome morphology on 

photodynamic therapy cancer treatments.105 Comparison of AF4 and batch-mode DLS showed 

the poor suitability of the latter to accurately characterize complex mixtures of micelles and 

vesicles. The AF4-determined micelle and vesicle morphology distributions could be used to 
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better understand the impact of polymersome morphology on the efficacy of photodynamic 

therapy during in vitro testing.  

The analysis of shear-sensitive assemblies and complexes requires consideration of the 

FFF process, particularly, the sample relaxation or focusing step where undesirable alteration of 

samples may occur.  In such cases, FI-FlFFF systems have proven to be a good alternative. FI-

FlFFF and FI-AF4 were shown to be suitable for characterizing shear-prone polyion complexes 

(PICs).106 Batch DLS measurements and conventional AF4 were unable to accurately 

characterize the complexes and dissociated the PICs, respectively. FI techniques not only 

preserved the self-assemblies but also identified changes in PIC compositions as a function of 

NaCl concentration. FI-AF4 has also improved characterization of high molecular weight 

biopolymers such as glycogen and pullulan compared to conventional AF4.107 The main 

drawback with FI systems is lower separation resolution compared to conventional AF4.  

The use of FFF to detect weakly bound biopolymer complexes, acquire topological 

information about biohybrid complexes, and determine the structures of micelles in complex 

mixtures represent state-of-the-art analyses. These types of studies are not as straightforward as 

the well-documented capability of AF4 and light scattering to determine size and molar mass 

distributions. Despite significant method development and data analysis, this information content 

is difficult to achieve using other methods.  

 Developments in Instrumentation and Analysis 

Over the past decade, new applications have expanded FFF use while advancing 

instrumentation and online detection capabilities have elevated FFF into emerging fields. AF4’s 

widespread use has led to many developments in channel design and online instrumentation. 

Comparison of analytical AF4 channels with SP-AF4 has evaluated how channel design impacts 
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overloading behavior and resolution.108 This work provides insights into SP-AF4 in both aqueous 

and organic solvents highlighting SP-AF4’s potential in characterizing and collecting milligram 

quantities of different nanoparticles. 

At the analytical scale, microstructured membranes were developed and examined in 

efforts to increase retention, selectivity, and resolution. By hot-embossing a 30 kDa regenerated 

cellulose membrane with perpendicular grooves, an increase in retention of BSA, γ- globulin, 

apoferritin, and thyroglobulin was achieved.109 Further optimization with lower MWCO 

membranes, membrane fabrication processes, and COMSOL modeling helped increase the 

selectivity and resolution for smaller MW analytes. This initial structured membrane work led to 

a potentially high-throughput 2-D fractionation for proteins and nanoparticle mixtures using FI-

AF4.110  

Longstanding analysis centered around metal nanoparticles and aquatic samples has led 

to developments with coupling of ICP-MS with AF4. Due to MWCO limitations for AF4 

membranes, an interface was recently developed to direct crossflow fluid from AF4 into the ICP-

MS.111 Monitoring the dissolved analytes in the crossflow and particulates in the channel flow of 

AF4 with ICP-MS increased efficiency for analysis. The abundance of particles between 0.3 - 1 

kDa in natural waters has led to the use of low (~300 Da) MWCO membranes which 

necessitated channel modifications to handle higher channel pressures.112 Low MWCO 

membranes used for dissolved organic matter could open a new realm of analysis to AF4 that has 

often been dominated by SEC including oligomeric polymer species in a variety of solvents as 

well as better facilitate the monitoring of degradation and dissolution of ENPs by ICP-MS. 

Comparison of spICP-MS and AF4-ICP-MS in regard to size resolution and multi-form metal 
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analysis has shown AF4-ICP-MS to have better size resolution, providing understanding of 

nanoparticle complexation and aggregation.113 

Beyond ICP-MS, other novel detection schemes have recently been coupled to AF4 

channels including a liquid waveguide capillary cell (LWCC)10, optical-trap-based Raman flow 

cell9, and a γ-ray detector.114 A longer optical path length for the capillary cell coupling LWCC 

to AF4 has provided enhanced sensitivity of silver nanoparticles down to the ppb (ug/L) level 

without any pre-concentration steps. The development of optical-trap flow cells for Raman 

microspectroscopy and coupling to AF4 and CF3 (or SdFFF) is a major breakthrough in on-line 

chemical analysis for < 1 m particles. This has allowed the identification of PSL and 

polymethylmethacrylate particles9 and overcomes the size and compositional limitations 

observed in traditional Raman spectroscopy. Coupling a γ-ray detector to an AF4 channel serves 

as a steppingstone for the analysis of theragnostic particles used in radiation and alpha therapy. 

This powerful tool consolidates analysis time by monitoring liposome sizes and retention of 

radioactive metal within the lipid vesicles. This allows AF4 to be used in tracking the 

dissolution, release, and retention of radioactive components in vesicles after they are incubated 

in biologically relevant media like human blood serum.  

The rise in bioparticle analysis has led to increased interest in particle counting. 

Traditional batch-methods like flow cytometry (FC), particle tracking analysis (PTA), and 

resistive pulse sensing (RPS) are often hindered by polydisperse analytes, instrument sensitivity, 

and operator error.115,116 More recently NTA has been successfully coupled to AF4 and its 

potential for on-line particle counting was demonstrated.8 Particle counting with AF4-MALS is 

also gaining attention yet little work has been done in this area thus far.117,118 
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Recently updated designs have been implemented to analyze particles spanning the 1-10 

µm size range utilizing an acoustic force field for a separation based on particle size, density, and 

physical properties of the solvent. Unlike previous acoustic FFF systems where the acoustic 

radiation forces provide lift to sedimenting particles (in opposition to the gravitational field), this 

system was designed to suppress diffusive and lift forces by accelerating sedimentation velocity 

119. This novel approach minimized sample relaxation time enabling faster analyses over a wider 

separation range and with enhanced resolution over traditional gravitational FFF. These 

advancements make acoustic FFF a promising technique for high throughput screening of micron 

sized particles. 

Surface charge is important to understanding macromolecular and particle interactions. 

This capability was realized by the introduction of electrical asymmetrical flow FFF (EAF4) 

which can separate particles and macromolecules by size and charge while providing orthogonal 

determination of electrophoretic mobilities and zeta potentials.120 EAF4 is an improvement over 

phase analysis light scattering for polydisperse systems as it can measure the distribution of 

surface charges as a function of size. PSL beads and proteins showed increased resolution and 

fractionating power over FlFFF techniques.  

 Practical Considerations 

Proper selection of FFF technique, separation conditions, carrier liquid, sample 

accumulation wall, and detection methods are central to obtaining meaningful results. Most 

recent work addressing these practical considerations focus on AF4 but can be applied to all FFF 

techniques. The wide range of AF4 applications have led to many sample-specific methods. The 

creation of a standard method development workflow for nanoparticle characterization by AF4 

provides guidance for novice and expert users121 and the standardization of AF4 and CF3 
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methods has been established in an ISO method.122 A critical overview of FlFFF also provides 

users with the fundamental theory and relevant factors that impact analysis.123 The overview 

offers practical recommendations for common problems, a discussion of the strong and weak 

points of FlFFF, and recommendations for good method development and reporting practices. 

Other recent publications present excellent practical and theoretical discussions.124–130 Some 

additional impactful and practical examples are reviewed below. 

Carrier fluid ionic strength is important for controlling electrostatic interactions between 

the FlFFF membrane and analytes. Ions can accumulate near the semi-permeable membrane and 

reduce the Debye length leading to increased particle-membrane interactions and thus sample 

loss.131 Higher charge state anions accumulate more than lower charge state anions highlighting 

the need for careful carrier fluid composition selection. Sample composition is also important for 

selecting FFF conditions because the sample loss mechanism can vary significantly between 

samples. Gold nanoparticles stabilized by citrate or PEG chains with varying MW were shown to 

have different sample loss mechanisms during AF4 analysis.132 The relatively weakly bound 

citrate compared to the covalently bonded PEG chains resulted in more sample loss for citrate 

stabilized AuNPs than PEG-stabilized particles. Most of the sample loss for citrate AuNPs was 

due to the PEEK tubing rather than the AF4 membrane. At low ionic strengths, electrostatic 

repulsion between particles and the membrane resulted in lower sample loss; higher ionic 

strengths led to increased sample loss due to bridging interactions between the PEG chains and 

the membrane. Additionally, membrane “hot spots” of AuNP adsorption were observed which is 

a reminder that membrane heterogeneity still remains a weak point for FlFFF.133 

The FFF separation mechanism under ideal conditions is well established. Recent work 

has strengthened the understanding of how non-idealities influence separation. For instance, the 
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impact of cooperative diffusion of silica nanoparticles was demonstrated during AF4 analysis.134 

Faster diffusing 50 nm particles were shown to significantly increase the diffusion of the slower 

diffusing 100 nm particles resulting in poor size resolution. Cooperative diffusion effects could 

be eliminated by reducing sample load and reducing Debye length by adding sodium dodecyl 

sulfate. Theoretical and experimental studies of the impact of secondary relaxation during flow 

programming as well as improvements to determining the channel thickness parameter have also 

been reported.124,125 Recent theoretical work which calculated the non-parabolicity correction of 

laminar flow profiles in fifty-nine solvents will continue to improve accuracy of the retention 

parameter determined for ThFFF.135  

Coupling light scattering detectors with FFF separations has become standard practice 

and enables fast, accurate, and in-depth characterization. The shape factor (rrms/rh) obtained from 

online MALS and DLS measurements allow particle shape determination. However, the 

accuracy of these measurements is key to ensuring proper determination of the shape factor. 

Channel or detector flow rate has been shown to impact DLS measurements due to additional 

translational motion along with Brownian motion and analyte deformation.136 Increasing flow 

rate from 0.2 to 1 mL/min had a significant impact on DLS accuracy for particles ≥ 100 nm with 

higher flow rates and larger particles contributing to the largest errors. Manufacturers have 

recognized erroneous DLS measurements and advancements have been made to improve 

accuracy. Extension of the Rayleigh-Ganz light scattering theory to more complex nanoparticle 

structures such as ellipsoids, rods, tubes, etc. allow for complex shape characterization.137 For 

instance, determining rod length distributions using a rod model can be done directly from FFF-

MALS data when the rod diameter is known. The parallel development and understanding of 

FFF separations and MALS analysis for non-spherical particles is an exciting path forward. The 
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expansion of FFF techniques to new users and challenges continues to push current instrument 

capabilities.  

 Conclusions and Future Trends 

Field-flow fractionation continues to be used for separating and characterizing 

macromolecules, nanoparticles, colloids, and micrometer-size particles with the goal of 

determining average size, molecular weight, density, etc. as well as distributions representative 

of heterogeneity in these various primary properties. In recent years, FFF techniques coupled 

with orthogonal analyses have broadened the scope to investigative studies of increasingly 

complex systems where questions such as nanomaterials transformations and bioparticle 

functions can start to be answered. In doing so, FFF has helped tie different fields together.  

Moving forward, FFF will likely play an important role in new fields such as nanoplastics and 

their environmental and biological impacts, smart materials design and function, and 

extracellular vesicles classification and purpose. Challenges and opportunities are plentiful - 

improved membranes for AF4 and methods to obtain a reproducible membrane surface from 

day-to-day; better understanding of thermal diffusion and other secrets it may hold with respect 

to unlocking new characterization capabilities; standardization protocols for specific high impact 

applications; decreased instrumental band broadening; further flatten the learning curve for new 

users through simulations and machine learning; develop sensitive on-line composition detectors 

and capabilities for nonspherical analytes – to name a few.  
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CHAPTER 4 

ENUMERATION OF BIOLOGICAL PARTICLES SEPARATED AND ANALYZED BY AF4-

MALS: DEPENDENCIES ON LIGHT SCATTERING MODEL AND REFRACTIVE INDEX 

Prepared for submission to Analytical Chemistry 

Christine L. Plavchak1, Allision Z. Werner2, Elizabeth Betz1, Davinia Salvachúa2, Gregg T. 

Beckham2, and S. Kim Ratanathanawongs Williams1 

 Abstract 

Determining accurate counts and size distributions for biological particles (bioparticles) is 

crucial in wide-ranging fields, but current ensemble methods to this end are susceptible to bias 

from polydispersity in size. Particle separation can mitigate bias and lead to more accurate 

particle sizing, but the impact of light scatting models and refractive indices (RI) on multiangle 

light scattering (MALS)-derived biological particle counts is still not well understood. Here, we 

develop an analysis workflow using asymmetrical flow field-flow fractionation (AF4) with on-

line MALS to simultaneously separate and provide particles sizes and counts, respectively. The 

effect of particle counting theory or models and RI on particle counts and size distributions are 

systematically assessed for both polystyrene latex (PSL) particles (dh = 20-496 nm) and bacterial 

outer membrane vesicles (OMVs, dh = 20-438 nm). Across spherical models, PSL particle counts 

vary up to 13 %. For the coated-sphere model used in the analysis of OMV samples, the sphere 

RI value greatly impacts particle counts: as the sphere RI value approaches the RI of the 

suspending medium, the model becomes more sensitive to the acquired light scattering signal 

ultimately causing erroneous particle counts. Overall, this work establishes the importance of 
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selecting appropriate models and RI values for bioparticles to obtain accurate counts, and 

provides a validated AF4-MALS method for the separation, enumeration, and sizing of 

polydisperse bioparticles. 

 Introduction 

Outer membrane vesicles (OMVs) are nanometer-sized lipid particles (25-500 nm) that are 

produced from the outer membrane of Gram-negative bacteria and play various roles in 

biotechnology. OMVs are of interest for vaccine development due to their enrichment of 

bioactive proteins, toxins, virulence factors and immunogenic materials to stimulate host-bacteria 

interactions.1 More recently they have been explored to coat nanoparticles (NPs) to promote a 

more biomimetic approach with NPs, helping preserve NP functionality while enhancing the 

functions of OMVs.2 Beyond their medical applications, they have shown potential in the 

biomass conversion community where certain strains of bacteria have shown to have a particular 

affinity for aromatic catabolism3. 

In addition to their vast applications, understanding OMV cargo composition and 

biogenesis has been of importance since the discovery of OMVs in the 1965.4 Two of the main 

challenges with the OMV characterization is centered around understanding OMV biogenesis 

and functionality and uncovering potential size-dependencies with their cargo load.5 Typically, 

OMV composition consists of a ratio of different lipoproteins, phospholipids, and proteins.6 

Along their complex composition, their polydispersity in size makes it difficult to probe potential 

size-dependent cargo unless rigorously measured through biochemical and analytical techniques. 

Correlating how particle size and number relate to OMV cargo can lead to a better understanding 

of efficiency per OMV particle and aid in normalizing protein content. 
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Despite bioparticles like OMVs being measured using a variety of methodologies, there 

still lacks a standalone technique for accurately sizing and counting nanoparticles.7 Current 

ensemble methods used for bioparticle counting include tunable resistive-pulse sensing (TRPS)8, 

Coulter counter (CC)9, dynamic light scattering (DLS)10, flow cytometry (FC)7, nanoparticle 

tracking analysis (NTA)11, and multiangle light scattering (MALS).12 However, ensemble 

methods such as these only provide averages and do not deliver information regarding size 

distributions within the sample. Further, TRPS, CC, and FC are not sensitive enough to analyze 

small particles (e.g., < 30 nm in diameter) and all methods except for FC often cannot 

accommodate large particle size distributions within a sample set (e.g., 20-500 nm). The latter is 

because of either instrumental constraints (e.g., needing multiple apertures (CC), buildup of 

particles around tunable pores (TRPS), or camera sensitivities (NTA)) or larger particles 

impacting average values or signal intensity (MALS).  

Particle separation can mitigate ensemble biases by creation of more monodisperse 

subpopulations prior to sizing and quantifying. Two of the techniques mentioned previously, 

NTA and MALS, have been coupled to separation mechanisms like size exclusion 

chromatography (SEC) and asymmetrical flow field-flow fractionation (AF4).13,14 NTA 

estimates particle size and count by optically tracking the Brownian motion of particles in 

solution; however, the results of NTA measurements are often influenced by instrumental 

parameters.15,16 MALS fits the light scattering intensity from all regions of a particle to light 

scattering formalisms or shape-specific models to obtain size and count information yet using 

incorrect models or formalisms may introduce significant errors overall values.17  

MALS has gained traction over the past 20 years as it is commercially available with most 

SEC and FFF systems, and has been shown to effectively quantify bioparticles such as virus-like 
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particles and lipid-based nanocarriers.12,18,19 Comparisons between NTA and MALS techniques 

has led to a better understanding of methodological robustness and accuracy,14,20 including by 

utilizing AF4-MALS to separate and size extracellular vesicles.21–23 However, the influence of 

analyte-dependent parameters (e.g., particle size, refractive index, and light scattering model) 

during sample analysis raises concern about the accuracy of MALS particle counting, yet the 

impact(s) of these parameters on particle counts have yet to be systematically studied.  

To address this knowledge gap, an analytical AF4-MALS method was developed and the 

effect of counting model and refractive index on particle counts was systematically evaluated for 

both polystyrene latex (PSL) standards and bacterial outer membrane vesicles (OMVs). OMVs 

were chosen as an exemplary bioparticle for this study as they are polydisperse (e.g., 25 to 500 

nm24–26) and the composition varies based on ratios of lipoproteins, phospholipids and proteins,6 

all of which affect RI. The AF4-MALS method we present provides simultaneous size-based 

separation and enumeration of PSL standards and OMVs. We found MALS particle counts of 

PSL standards vary up to 13% based on the selection of light scattering models. Further, we 

systematically examine the effect of RI values determined from varying 

lipoprotein:phospholipid:protein ratios in conjunction with light scattering model, and find this to 

affect particle counts by up to 200%. Overall, this study provides foundational knowledge 

necessary to acquire accurate bioparticle counts via MALS, and presents a validated AF4-MALS 

method for the separation and enumeration of bioparticles such as bacterial OMVs. 

 MALS Particle Counting Theory 

The basic principles of particle counting using light scattering was examined in the 1960s 

using Mie scattering theory.27 Since then, there has been adaptations and assumptions made to 

determine particle counts using the Rayleigh-Gans-Debye (RGD) approximation.28  Based on 
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each theory, there are subtle differences in the particle counting theories and it is important to 

understand the assumptions for data analysis and interpretation. 

 Mie Scattering Theory 

It is understood that there is an angular dependence on size determination through 

MALS.17 The intensity of scattered light from a spherical particle for measurements made in the 

θ plane with incident light polarized perpendicularly and at some known angle can be 

represented as 

          𝐼𝜃𝑆 =
𝐼𝑜𝑁∆𝑣

(𝑘𝑟)2 𝑖(𝜃)          (4.1) 

where 𝑁 is the total number of particles/mL, ∆𝑣 is a pre-determined scattering volume, 𝑘 

= 2π𝑛𝑜/ 𝜆𝑜 where 𝑛𝑜 is the refractive index of the solvent and 𝜆𝑜 is the wavelength of the laser, 𝑟 

is the length to the detector, and 𝑖(𝜃) is the differential intensity or single particle scattering 

function (Eq. 4.2). The most important analyte-dependent parameters in this equation are the 

volume of the sphere or size (V), the refractive index of the analyte (𝑛𝑎) and form factor (𝑃(𝜃)). 

    𝑖(𝜃) = (
1

4𝜋
) 𝑘6𝑉2 (

𝑛𝑎

𝑛𝑜
− 1)

2

𝑃(𝜃)          (4.2) 

Eq. 4.1 can be substituted into the commonly known Rayleigh ratio (𝑅(𝜃) ∝ 𝐼𝜃𝑆/𝐼0) and 

then simplified and solved for N (number of particles per milliliter) leading to the following 

equation 

        𝑁 =
𝑘2𝑅(𝜃)

𝑖 (𝜃)
         (4.3) 



79 

 

Particle counting using Mie theory can be applied to particles spanning a range of 20-500 

nm in diameter, but the reliability of using this model is greatly influenced by RI values and 

fitting parameters. 

 Rayleigh-Gans-Debye (RGD) Approximation 

To satisfy the RGD approximation for particle counting, it is of interest to consider the 

Rayleigh ratio at the 0° angle instead at each individual angle θ; however, the 0° angle cannot be 

measured experimentally due to the placement of the MALS laser. For the RGD approximation, 

it is known that 

  
𝐾∗𝑐

𝑅(𝜃)
≈

1

𝑀𝑤(𝑃(𝜃))
          (4.4) 

  𝐾∗ =
4𝜋2𝑛0

2

𝑁𝐴𝜆0
2 (

𝑑𝑛

𝑑𝑐
)

2
              (4.5) 

If the limit 𝜃 → 0 is considered, then 𝑃(0) = 1. Plugging this value back into Eq. 4.4, the 

RGD approximation can be rewritten as 

        𝑅(0) ≈ 𝐾∗𝑐 𝑀𝑤 ≈ 𝐾∗𝑛𝑖  𝑀𝑖
2         (4.6) 

The concentration can be considered as 𝑐 = 𝑛𝑖 𝑀𝑖
2 and assuming the analyte has a mass 

(Mi), can occupy a volume (Vi) and thus a uniform density (𝜌) so that 𝜌 = 𝑀𝑖/𝑉𝑖. If this holds 

true the following proportionality can be made: 

     𝑁 ∝
𝑅(0)

𝑉𝑖
2              (4.7) 

The upper size limit for using the RGD approximation is roughly 100 nm in diameter, 

prohibiting the use of the RGD approximation for a more polydisperse sample (20-500 nm). 

While Eqs. 4.3 and 4.7 are very similar, it is important to note the assumptions included in these 
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theories: 1) particles are monodisperse in size 2) there are zero contributions of scattering from 

solvent, giving an absolute Rayleigh ratio (R(θ)) (𝑅(𝜃𝑖) = 𝑅𝑠(𝜃𝑖) − 𝑅𝑓(𝜃𝑖) where 𝜃𝑖 = known 

angle, 𝑅𝑠= Rayleigh ratio of the solution and 𝑅𝑓 = Rayleigh ratio of carrier fluid), 3) real and 

imaginary refractive index (RI) values are known, and  4.) RGD approximation can be used 

when particle refractive index is close to the RI value of suspending fluid (𝑛𝑎/𝑛𝑜 − 1 ≪ 1). If 

the analyte is being examined after a separation has occurred, additional assumptions that should 

be considered are that 100 % sample recovery is achieved and there is no aggregation of the 

analyte.29 

 Particle Count Models 

Current models that are used in determining particle counts consist of spherical and rod-

shaped models.  The latter is based off the RGD approximation and can give particle counts 

using a rod radius and RI value. Due to the focus of this work, particle counting with rods will 

not be discussed further. Three different spherical models can be used to analyze particles and 

follow either Mie theory or the RGD approximation. The “Lorenz-Mie” and “coated sphere” 

models follow Mie theory while “sphere” model follows the RGD approximation. 

To successfully use these models, all three require sphere radius information which can 

be determined by online MALS along with the analytes’ absolute and imaginary RI value. The 

sphere and Lorenz-Mie models only require one RI value whereas the coated sphere model needs 

two RI values (sphere and shell RI) and some knowledge of the shell thickness. Differences in 

particle counts based on model will be examined for a polystyrene latex standard and two 

different sets of OMVs in this study. 
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 Results and Discussion 

 Validation of an AF4-MALS Method for Sized-Based Separation and Enumeration 

 Adaptation and Validation of AF4 Method with PSL Standards 

Current AF4 separations for biological particles or macromolecules use injection volumes 

that span 10-150 µL.30,31 While these volumes are suitable for characterization, they may not be 

suitable for fraction collection and further offline analyses due to significant sample dilution. 

This may also lead to low light scattering intensities thereby impacting size analysis. To mitigate 

sample dilution and decrease the number of AF4 injections needed for sample collection, 

injection volumes of 200, 500, and 1000 µL were investigated. A polystyrene latex (PSL) 

mixture of 22, 100, and 496 nm particles was chosen due to the size range of the OMVs used in 

this study (25-500 nm). Each sample loop contained the same mass which was adjusted to 

accommodate the larger injection volumes, and retention time and sample recovery were 

evaluated across injection volumes.  

As injection volume increased, consistent retention times and peak areas were observed 

for each species in the PSL mixture showing successful separations (Figures 4.1 and 4.7). 

Sample recovery, assessed by comparing the UV peak areas of the separated mixture from the 

area of the peak observed without the crossflow (Figure 4.7), was slightly higher than the 

accepted sample recovery of >70% across the three sample volumes.32 For the 22, 100, and 496 

nm PSL standard mixture, the total sample recovery was estimated to be 81, 83, and 75 % for the 

200, 500, and 1000 µL loops, respectively. Thus, the AF4 method used here is amenable to 

scale-up without reduced sample recovery, and therefore the 1000 µL was used for separation of 

the OMVs to maximize the amount of sample processed per run. 
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Figure 4.1 AF4-MALS separation of a 22, 100, and 500 nm polystyrene latex mixture using 200 

(black), 500 (red) and 1000 (blue) µL sample loops. The dashed line and right y-axis shows the 

crossflow rate program 

 

 MALS Particle Counting: Utilization of Spherical Models with PSL Standards 

To understand the nuances associated with MALS particle counting, it was of interest to 

utilize the PSL standards used in the AF4 method development for particle counting. Expanding 

beyond the AF4 method, PSL has a known spherical shape and well-known RI value (1.58).  

Currently there is no latex particle count standard (< 1 µm) or count standard for biological 

particles, which would provide a better model for assessing MALS particle counting for OMVs. 

As discussed in the Methods section, the sphere and Lorenz-Mie models can be used to examine 

spherical particles. Since the 100 nm PSL particles are at the upper limit of the sphere model, 

this size was used to examine changes in particle count between the two models. The 22 nm PSL 

sample could not be fit to either the sphere or the Lorenz-Mie models. This could be due to the 

lower size limitations of the MALS used in this study. The Lorenz-Mie model could only be 

utilized for the 496 nm PSL because of that upper size limitation of the RGD approximation. 

Two additional assumptions are considered: PSL stock solutions are 1 % solids based on the 

manufacturer’s certification of analysis (CoA) and 100 % recovery is achieved in the AF4 

separation. Based on this estimated value and diameter of the particle, one can calculate a 
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particle count using Eq. 4.8 where 𝑊𝑣% is the percent solids based on the CoA, 𝜌𝑝 is the 

polymer microsphere density, and 𝐷 is the diameter of the particle. 

𝑁𝑝 =
𝑊𝑣% ×6𝑥1010

𝜋𝜌𝑝𝐷3
         (4.8) 

Experimental particle counts compared to nominal values for the 100 nm PSL can be 

seen in Figure 4.2. Both the sphere and Lorenz-Mie models have linear trends with good R2 

values (0.999). This linear trend demonstrates that we see the appropriate response to changes in 

particle counts with an increase in injected sample concentration. It would be suggested that if 

the calculated particle count was accurate and 100 % sample recovery was achieved, the slope of 

the line would reach unity. Between the two models, the Lorenz-Mie model has consistently 

larger particle counts compared to the sphere model by 11-12% raising question as to which is 

the more accurate model.  

 
Figure 4.2 Comparison of experimental and nominal particles counts using the sphere (black 

squares) and Lorenz-Mie (red spheres) models for PSL standards. The nominal counts are based 

on a 200 µL injection volume and 1 % solid suspension of 100 nm PSL. Detectors 5-18 were 

used in this analysis. 
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One contribution to this consistent difference between the two models could lie within 

the measurement of the particle size or volume. In both Eqs. 4.2 and 4.7, the volume is a squared 

term, and inversely proportional to the number of particles per milliliter. Upon further 

investigation, online radius data showed minimal differences in size or changes in the uncertainty 

in the measurement (< 2 %). The other potential reasoning for this consistent difference is 

centered around the assumption (𝑛𝑎/𝑛𝑜 − 1 ≪ 1). While the RI value for PSL is 1.58, the 

differences in particle count values between the two models can be examined by changing the RI 

values. Figure 4.3 shows an increasing percent difference between the two models as you 

increase the analyte’s RI. Between RI values of 1.55 and 1.6, the percent difference ranges 

between 10.1 and 13.3 %, correlating to differences seen in Figure 4.2. This hints at the Lorenz-

Mie model being a better suited model for samples with higher RI. 

 

Figure 4.3 Changes in particle count with due to refractive index for 100 nm PSL particles using 

the sphere (black squares) and Lorenz-Mie (red circles) models 

 

In addition to the two different models, another component of data processing is the use 

of different MALS detectors during the particle counting analysis. Because of this, the smaller 

angles should be kept on during data analysis to better satisfy the RGD approximation. Larger 
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angles may also be selected as it is suggested that the more detectors selected would provide the 

best representation of the sample. 

Effects of selected detectors during analysis of the 100 nm PSL can be seen in Figure 4.8 

Three detector ranges were investigated (2-18, 5-18, and 9-18) based on their R2 values. There 

were no significant changes in particle counts between selecting detectors 2-18 and 5-18 for 

either sphere or Lorenz-Mie models; however, the fits were drastically different with detectors 2-

18 having an average R2 = 0.05-0.07 and detectors 5-18 R2 = 0.6-0.7. While the smallest angles 

(detectors 2-4) should satisfy the RGD approximation, they do not contribute to significantly 

different particle counts. Across the two models there is a difference between the use of detectors 

5-18 and 9-18. This suggests that detectors 5-8 may be crucial to using MALS to calculate 

particle counts. The linearity of the data still hints to detector and model choice being major 

contributions to changes in experimental counts. 

Revisiting the assumptions made for the calculated particle counts in Figures 4.2 and 4.7, 

it was assumed that PSL stock is 1 % solids. To assess how the slopes of each data set would 

change, calculated particle counts assuming 0.8 and 1.2 % solids were investigated. Between the 

two other sets of calculated counts, the data is still represented linearly, but there is a 22 % 

increase in slope for assuming 0.8 % solids and 18-19 % decrease in slope for 1.2 % solids 

(Figure 4.9). These trends are consistent where 0.8 % solids should have less particles compared 

to what we see with MALS, therefore a larger slope and the opposite effect with 1.2 % solids. 

The 496 nm PSL particles were also examined considering the influences of calculated 

counts, detector selection and model choice. One major hindrance with a larger-sized population 

is that because light scatters in the more forward direction and to the diameter to the sixth power, 

saturation of the lower angled detectors (< detector 8, θ= 64°) is easily achieved at low 
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concentrations. To mitigate this, the laser power of the MALS had to be decreased to 25 %, and 

lower concentrations had to be utilized. This could make particle counting analysis of large 

particles, that scatter light more intensely, more challenging. Additionally, because of the larger 

diameter, only the Lorenz-Mie model could be assessed. Like Figures 4.2 and 4.8, the 496 nm 

PSL show a linear trend, but with much larger slopes (Figure 4.10). Again, the linear trends 

suggest that MALS can provide a good correlation between increased concentration and 

increased particle counts, but absolute particle counts cannot be determined. 

 Separation and Enumeration of P. putida OMVs using AF4-MALS 

 Size-based Separation of P. putida OMVs using AF4-MALS 

Given the methodological validation with a polydisperse mixture of PSL standards, we 

next sought to apply the AF4-MALS method to bioparticles and evaluate the effect of key 

parameters, such as model and RI, on counts. To generate OMVs, P. putida was cultivated in 

lignin-free or lignin-rich media, and bulk OMVs were harvested at 24 h from biological 

triplicates. OMVs harvested from both types of media were projected to contain both a small (𝑑̅ 

= 17 and 28 nm) and large (𝑑̅ = 120 and 307 nm) OMV populations in lignin-free and lignin-rich 

cultivations, respectively.33 For OMV separation, an AF4 method with 1000 µL sample volume 

was applied to accomplish the following: (i) remove small particles (d ≈ 4-6 nm, approximately 

the size of a single protein) in the focusing step, (ii) elute small OMVs rapidly thereafter, and 

(iii) elute the large OMVs with intra-population separation.  

AF4 separation, MALS signal, and radius were similar for the lignin-rich and lignin-free 

OMVs (Figure 4.4d). The total OMV populations for lignin-free samples display a lower light 

scattering signal and a lower size range (d=40-138 nm, both populations) compared to the lignin-

rich OMVs (d=32-404 nm, both populations), which is similar yet slightly larger than each 
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anticipated size range.33 Close alignment between technical replicates demonstrates the AF4 

method is reproducible. Within the larger OMV population, the continuous increase in the radius 

demonstrates intra-population separation is achieved (Figure 4.4d).29 To the presence and 

characterize the smaller OMV population (d < 30 nm), AF4 experiments using an isocratic 

crossflow rate of 0.1 mL/min were completed using the lignin-rich samples (Figure 4.4c). The 

retention times and MALS signal were then used to calculate the OMV size using AF4 theory to 

be 20-50 nm, and particle size was confirmed using batch DLS (Figure 4.4c), confirming the 

smaller population presence and size. OMV sizes across biological replicates is of interest to 

understand how size distributions vary. Finally, AF4-MALS was conducted on the biological 

replicates for both the lignin-free and lignin-rich samples. AF4 retention times, MALS signal 

(LS 90° Response), and radius distributions were consistent across the triplicates in both media 

conditions (Figure 4.4e and 4.4f). The higher signal-to-noise within the lignin-rich samples is 

due to the presence of larger particles, as light is scattered ~d6. 

 Estimation of OMV RI Values using the Coated-Sphere Model 

Despite PSL being a simple system to evaluate MALS particle counting, the structure and 

composition of OMVs are more complex. Thus, how to best represent these vesicles during 

analysis needs to be considered. The current understanding of P. putida OMVs suggests they 

should be modeled as a core-shell structure: compositionally the shell contains a mixture of 

lipopolysaccharides (LPS), phospholipids (PL), and transmembrane proteins while the core is 

filled primarily with water and protein, suggesting the core and shell may have different RIs. 

One major challenge with examining OMVs and other biological particles is the lack of 

experimentally determined RI values or methods to easily obtain this information.34,35 Few 

studies have utilized experimental data from other techniques like NTA or flow cytometry scatter 

ratios (Flow- SR) of mammalian EVs to estimate RI values spanning 1.35-1.40.34 One drawback 
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is that these values may not effectively represent the OMVs used here due to differences in 

composition. 

 Taking a more calculated approach, the RI for OMVs could be determined based on the 

weight percent, partial specific volume of a sphere, and dn/dc values of the individual 

components to propose how composition changes the overall RI values (Table 4.2).12 Using this 

approach, a range of RI values were determined for both the ‘shell’ and ‘core’ of the P. putida 

OMVs. For the RI value of the shell, it is understood that there is an LPS and PL bilayer in 

which transmembrane proteins can embed. Shell RI values were determined for a sliding ratio of 

LPS, PL, and protein from no protein in the OMV shell (50:50:0 LPS:PL:protein) to having more 

than half of the surface being protein (20:20:60 LPS:PL:protein). Similarly, core RI values for 

ranging water:protein content were determined (Table 4.1). Shell and core RIs ranged from 1.49-

1.52 and 1.33-1.58, respectively. While this range appears to be broad, it encompasses a similar 

range of RI values determined for mammalian EVs.36–40 In lieu of having compositional ratios of 

the OMV components it is important to not only consider how RI changes particle counts, but 

also how this may affect compositional heterogeneity in these biological systems, discussed in 

the next section.  

 Impacts of RI and LS Model on OMV Particle Counts 

The impact of RI and light scattering models on particle counts were examined. While 

both populations are present, the larger vesicle populations ranging from 8-17 min. (lignin-free) 

and 15-40 min. (lignin-rich) were used in evaluating the particle count method. The coated 

sphere model is considered to most closely approximate the OMV structure; additionally, the 

sphere and Lorenz-Mie models were assessed to identify trends in particle counts and 

sensitivities in the models.  
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Figure 4.4 (a) Reproduction of Figure 3.1 for comparison with (b) AF4-MALS fractogram of lignin-rich OMVs overlayed with a 

modified AF4 crossflow program (dotted line) used to fractionate vesicles (c) AF4-MALS fractogram of lignin-rich OMVs separated 

using an isocratic crossflow of 0.1 mL/min (d) MALS responses and radius distributions across the AF4 separation of P. putida OMVs 

isolated from lignin-free (red and black traces) and lignin rich (blue and green traces) cultivations Technical duplicates are shown. 

Reproducibility of three biological replicates of P. putida OMVs (black, red, and blue) grown in (e) lignin-free and (f) lignin-rich 

media. Each MALS fractogram and radius distribution is an average of two AF4 injections 
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Table 4.1 Calculated dn/dc and RI values for the OMV core-shell structure (coated-sphere 

model) based on varying composition ratios. 

 

Despite the sphere model having an upper size limit, it was of interest to observe if there 

were any major changes between the counts determined with sphere and Lorenz-Mie models for 

the lignin-rich OMVs. Moving forward, the RI values for the “core” of the coated sphere model 

will be termed “sphere RI.” 

For lignin-free OMVs, the coated sphere model gives rise to unrealistic particle counts (> 

1016 particles/mL) (Figure 4.5a), likely owing to poor signal-to-noise observed (Figure 4.4d and 

4.4e). When looking at particle counts across the entirety of the peak within the ASTRA 

software, these erroneous counts greatly influence the total particle count. The sphere and 

Lorenz-Mie models show similar particle count; however, across the RI range of 1.35 to 1.65, a 

two order of magnitude change in particle counts is observed and is consistent between both 

OMV samples. 
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Figure 4.5 Effect of RI values and light scattering model on particle counts for results for (a) 

lignin-free and (b) lignin-rich samples. Light scattering models include sphere (black squares), 

Lorenz-Mie (orange hexagons), and coated sphere (red, blue, and green). For the coated sphere 

model, the sphere RI value was kept constant at 1.33, 1.43, or 1.53 while the shell RI value (x-

axis) was changed. The shell thickness was held constant at 6 nm. Data corresponds to 

fractograms shown in Figures 4.3e and f. 

 

Unlike the lignin-free OMVs, the lignin-rich OMVs do not exhibit the higher particle 

counts for the coated sphere model (Figure 4.5b) likely as lignin-rich samples exhibited a much 

lower signal-to-noise ratio owing to larger particle size (Figure 4.4f). Instead, there is a trend 

where at low sphere RI values (1.33), the coated sphere model behaves similarly to the sphere 

and Lorenz-Mie model but gives rise to larger particle counts. With sphere RI values held 

constant 1.43 or 1.53, the particle counts are stabilized across the changing shell RI values and at 

a constant shell thickness. These trends hint at the sphere RI in the coated sphere model having a 

greater influence on particle counts. The difference in magnitude of the particle counts between 

sphere RI values of 1.43 and 1.53 can be attributed to the ratio of analyte and solvent refractive 

index that is seen in the single particle scattering function (i (θ), Eq. 4.2).  

While this change in counts can be attributed to the sphere RI, this trend does not hold for 

the sphere RI of 1.33 and can be examined more closely via the shell RI and shell thickness. 

With respect to using the sphere model for the lignin-rich samples, the overall trend in counts 
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matched those using the Lorenz-Mie model which is unexpected. Despite the upper size limit 

being lower than the sizes measured for the lignin-rich OMVs, the sphere model may not be 

showing major differences in particle counts due to the influence of detector selection as 

discussed earlier.  

 Impacts of Shell Thickness on OMV Particle Counts 

As the sphere RI approaches or equal the RI value of the suspending fluid using the 

coated sphere model, particle appear to increase significantly (Figure 4.5b, red trace). Because 

this trend deviates from the higher sphere RI values, the shell thickness and RI values could be 

influencing the magnitude of the particle counts. When examining different shell thickness 

values of 2, 4, and 6 nm across the different sphere RI values, a sphere value of 1.33 shows 

significant variation in particle counts with respect to shell refractive index and shell thickness41 

(Figure 4.6a).  

Based on the results from Figures 4.5b and 4.5c, it can be concluded that the counts are 

not affected by either the shell RI or thickness (Figure 4.6b and 4.6c). This reiterates the 

dominating parameter in the coated sphere model is the sphere RI. In the case of unknown shell 

thickness and RI values, there is more leniency in the estimation of shell thickness compared to 

sphere RI values. Despite being a better representation of the OMVs, the sensitivity of the coated 

sphere model does not allow accurate particle counting. Therefore, particle counts in lignin-free 

and lignin-rich media cannot be compared using this model. 
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Figure 4.6 Effect of shell thickness on particle counts for the peak in the MALS fractogram of 

the lignin-rich samples using the coated sphere model. The sphere RI was kept constant at (a) 

1.33, (b) 1.43, or (c) 1.53 while changing shell RI value. For each sphere and shell RI value 

combination, the particle counts were calculated for shell thicknesses of 2 (black), 4 (red), and 6 

(blue) nm. 

 

 Conclusions 

 Separation and Enumeration of P. putida OMVs using AF4-MALS 

This work presents an AF4-MALS method for the simultaneous separation and 

enumeration of polydisperse bioparticles, including bacterial OMVs. Key analyte-dependent 

parameters that impact MALS particle counts were identified to include light scattering 

theory/model, RI, and signal-to-noise ratio (S/N). Bioparticle counts via MALS was found to be 

most suitable when shape and RI are known, and good signal intensity at all angles is achieved. 

In sum, AF4-MALS can be used as a separation, enumeration, and purification method for 

bioparticles such as OMVs but relies on careful consideration of key MALS parameters. 

The effect of light scattering theory was systematically evaluated for PSL standards and 

OMV bioparticles using sphere, Lorenz-Mie, and coated sphere models. Between the three 

spherical models studied, the coated sphere model is most sensitive to noise in the measured 

signal intensity; samples with S/N > 800 returned reasonable particle counts but were greatly 

influenced by the inner sphere RI. The sphere and Lorenz-Mie models are less sensitive to S/N, 

but a small RI range yields up to a 200% variation in OMV particle counts. Deviations between 
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results from the sphere and Lorenz-Mie models can be attributed to assumptions within the light 

scattering theory and warrant special consideration when working with materials that strongly 

scatter light. To address this, improved model fits utilizing lower detector angles would provide 

more accurate particle counts for both sphere and Lorenz-Mie models. Moreover, the trends 

observed with PSL standards demonstrate appropriate and expected MALS responses, however 

only relative particle counts can be achieved. To determine absolute particle counts, a particle 

count standard with a closer refractive index to water (RI =1.33) would satisfy the assumptions 

made with the RGD approximation 

RI selection also greatly impacts particle counts regardless of model, and therefore should 

be carefully and independently considered for each bioparticle’s analysis. While biochemical 

analyses can inform the compositional ratio of biological particles and aid in calculating an RI, 

this remains a time-intensive process and is not a standard practice in the field. Thus, new 

methods for RI determination of bioparticles could aid in improving the accuracy of MALS 

particle counts and could impact other data analyses such as DLS. 

 Application of Fractionated OMVS and Particle Counts for OMV Protein Sorting 

While the nature of the work showcased in this chapter is fundamental, it was of interest to 

further study how initial separation and quantification of the OMVs could improve offline 

characterization of the OMV proteome. In addition to the two OMV samples shown above which 

were cultivated after 24 hours, two additional OMV samples were examined: lignin-free and 

lignin-rich samples cultivated at 72-hours. Due to differences in size distributions between 

OMVs grown under lignin-free and lignin-rich conditions, it was originally hypothesized that the 

larger populations seen with the lignin-rich OMVs are more enriched with enzymes that are 

essential in breaking down aromatic compounds found within the beta-ketoadipate (βKA) 
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pathway. Two collected OMV fractions for both sets of OMVs which were termed small OMVs 

(OMV-S, 30-180 nm = dh) and large OMVs (OMV-L, 200-400 nm = dh) were examined via 

shotgun proteomics. Initial findings show significant protein enrichment for the OMV-S 

fractions (~76-81 %) compared to OMV-L (~4 %) and hints at potential differences in biogenesis 

between OMV populations. Examining proteins found within the βKA pathway, eleven out of 

the fourteen proteins in the pathway were enriched within the OMV-S. populations. 

While this initial proteomics study is qualitative, the particle counts obtained from MALS 

were used to examine different normalization strategies to compare the small and large OMV 

fractions. Applying particle counts as a normalization strategy the overall trend does not change, 

but there is a change in the magnitude of the fold-change compared to other normalization 

processes (e.g. median-centered). These initial proteomic experiments show how AF4-MALS 

can aid in identifying differences among OMV subpopulations and can be applied to other 

bacterial OMVs.  

It should be noted that the proteomic characterization of P. putida OMVs used in this study 

was conducted by co-authors of this work at Oak Ridge National Laboratory. The specific 

experimental methods and results will be discussed in more detail in a future publication of this 

work. 

 Materials and Methods 

 Materials 

Duke polystyrene latex (PSL) particles with sizes of 22, 100, and 496 nm (Thermo Fisher 

Scientific, Waltham, Massachusetts) were used in the AF4 method development and were 

suspended in 0.02% sodium azide (Sigma-Aldrich, St. Louis, Missouri) and 0.05% FL-70 

surfactant (Thermo Fisher Scientific, Waltham, Massachusetts) in deionized 18.2 MΩ·cm water 
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for the carrier fluid. For OMV separation, 150 mM phosphate buffered saline (PBS) was 

prepared with sodium chloride (Thermo Fisher Scientific, Waltham, Massachusetts), potassium 

chloride (Mallinckrodt Chemical, St. Louis, Missouri), sodium phosphate dibasic (Thermo Fisher 

Scientific, Waltham, Massachusetts), and potassium phosphate monobasic (Mallinckrodt 

Chemical, St. Louis, Missouri). 

Pseudomonas putida KT2440 (P. putida) was inoculated into 50 mL of M9 minimal 

media (6.78 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl, 2 mM MgSO4, 100 μM 

CaCl2, and 18 μM FeSO4) supplemented with 5 g/L glucose ("lignin-free” condition) or 5 g/L 

glucose plus 25% (v/v) alkaline liquor from corn stover pretreatment with NaOH (“lignin-rich” 

condition) in biological triplicate. These cultivation conditions were selected based on a previous 

study that suggested that OMV sizes depend on the media composition.33 All chemicals other 

than ‘the lignin-rich’ liquor, which was made in-house as has been described previously,42 were 

purchased from Sigma-Aldrich (St. Louis, Missouri). Cultivation conditions and OMV isolation 

and purification were performed as previously described.33 

 Asymmetrical Flow Field-Flow Fractionation (AF4) and Multi-angle Light 

Scattering (MALS) 

All experiments were performed using an AF2000 system (Postnova Analytics, Salt Lake 

City, Utah) coupled to a SPD-20A UV/Vis detector (Shimadzu, Japan), multi-angle light 

scattering (MALS) DAWN HELEOS II (Wyatt Technology Corporation, Santa Barbara, 

California). The channel was formed with a tip-to-outlet length of 27.5 cm, breadth at channel 

inlet of 2 cm, breadth of channel outlet of 0.5 cm, and a spacer with a nominal thickness of 350 

µm. The accumulation wall was a 30 kDa molecular weight cutoff regenerated cellulose 

membrane (Postnova Analytics, Salt Lake City, Utah). A 0.1 µm inline filter (Merck Millipore 
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Ltd, Ireland) between the HPLC pump and the AF4 channel was used to filter 0.02% sodium 

azide and 0.05 % FL-70 surfactant along with 1x PBS as the two carrier fluids used in this study. 

The initial AF4-UV-MALS method had a focusing time of either 10 or 15 minutes, the 

injection flow rate was 0.2 mL/min, the detector flow rate was 0.5 mL/min, and the sample 

injection volume was either 200, 500, and 1000 µL. The crossflow rate was programmed to start 

at 1.0 mL/min during focusing, then decreased linearly to 0.1 mL/min over 10 minutes, held at 

0.1 mL/min for 20 minutes, and then turned off. For OMV fractionation, the isocratic hold at 0.1 

mL/min was shortened to 2.5 minutes after testing the methods with the different OMV samples 

used in this study. Changes in the methods can be seen in Figure 4.6.  

 Particle Counting Analysis using MALS 

Data acquisition and particle counting analysis were performed using ASTRA 7.3.2.21 

(Wyatt Technology Corporation, Santa Barbara, California). The MALS detector was 

normalized using bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, Missouri). For each 

PSL size, triplicate runs of each size were injected into the AF4 using the 200 µL loop and 

method described in the previous section. The 22 and 100 nm PSL particles were diluted by 200, 

400, 1,000, or 2,000x and 90% of the MALS laser power was used. The 496 nm particles were 

diluted by 1,000, 2,000, 4,000, and 8,000x and the MALS laser power was set to 25 % to prevent 

saturation of the low-angled detectors (detectors 1-8). Using the ASTRA software, the sphere 

and Lorenz-Mie models and RI = 1.58 were used. Detectors 2-18, 5-18, and 9-18 were examined 

for the 100 nm and 2-18, 5-18, and 8-18 were used for 496 nm particles. Corresponding detector 

angles can be seen in Table 4.3. 

For OMV particle counting, the MALS laser power was set to 90%, and the signal 

intensity was heavily despiked. In addition to the sphere and Lorenz-Mie models used in the PSL 
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analysis, the coated sphere model was also examined. A RI range of 1.35-1.65 were used to 

encompass the varying composition of the OMVs which will be discussed more in the following 

section. Detector selection was based on what provided the best fit (R2 value) across AF4 

replicate measurements. For lignin-free samples, detectors 8-17 were selected while detectors 7-

17 were chosen for the lignin-rich samples. 

 Supporting Information 

 AF4 Method Development 

 

Figure 4.7 AF4-UV of a 22, 100, and 500 nm polystyrene latex mixture using 200 (black), 500 

(red) and 1000 (blue) µL sample loops. The dashed line and right y-axis shows the crossflow rate 

program 
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 Polystyrene and Spherical Models 

 

Figure 4.8 Influence of detectors selected in ASTRA for particle counting analysis of 100 nm 

PSL. Experimental MALS particle count using (a) the sphere and (b) Lorenz-Mie models 

compared to nominal particle count. Detectors 2-18 (black squares), 5-18 (red circles), and 9-18 

(blue triangles) were used across both models. 

 

 

 

Figure 4.9 Influence of initial 100nm PSL stock solution concentration on nominal counts. 

Detectors 5-18 were used to determine experimental particle count  
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Figure 4.10 Influence of detectors selected in ASTRA for particle counting analysis of 496 nm 

PSL. Experimental particle count using the Lorenz-Mie model compared to nominal particle 

count. Detectors 2-18 (black squares), 5-18 (red circles), and 8-18 (blue triangles) were used. 

 

 OMV RI Values and Coated-Sphere Models 

 

Table 4.2 Literature dn/dc and real RI values of the components of P. putida OMVs 

 
a  

Wyatt DYNAMICS software manual 
b
 https://www.materials-talks.com/blog/2013/06/18/refractive-index-increment-dndc-values/ 

c 
Santos et al. ChemBioChem 2003, 4, 96-100
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Table 4.3 Detector number and corresponding angles for the DAWN HELEOS II instrument, 

adapted from Wyatt Technology Corporation 
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CHAPTER 5 

PROBING THE COMPOSITIONAL SENSITIVITY OF AQUEOUS THERMAL FIELD-

FLOW FRACTIONATION THROUGH THE ACIDIC COMONOMERS  

OF POLYMER COLLOIDS 

Prepared for submission to Analytica Chimica Acta 

Christine L. Plavchak1,  Wei Gao2, David M. Meunier3, Yongfu Li3, Edwin Mes4, Pu Luo2, S. 

Kim. Ratanathanawongs Williams1 

 Abstract 

In this study, the compositional sensitivity of thermal field-flow fractionation (ThFFF) in 

aqueous solutions is examined through the use of a model polymer colloid system containing 

subtle differences in their acidic comonomer content (0-3 %). The particles in this system have 

similar diameters and provide a platform for understanding the effect of additives and particle 

composition on ThFFF retention and particle thermal diffusion (DT). Tetrabutylammonium 

perchlorate (TBAP) and FL-70 detergent, which have both been used previously in ThFFF, were 

the focus of this work. Thermal FFF results showed that TBAP had a large impact on retention 

while FL-70 was important for sample recovery. Differences in DT were observed between 

particles having <  1 % difference in their acidic comonomer content depending on the additives 

used in the carrier fluid. The retention time that is measured by ThFFF is proportional to DT and 

the translational diffusion coefficient (D). To assess DT, accurate D values are needed. To this 

end, asymmetrical flow FFF (AF4) and batch dynamic light scattering (DLS) were used to 

measure D. Comparison of these values to those obtained via on-line DLS helped identify 
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possible influences of fluid flow on D. Results show that flow rates as low as 0.3 mLmin-1 can 

cause an erroneously large D values. While this ultimately impacts the magnitude of calculated 

DT values, it does not impact overall trends observed across samples with differing acrylic acid 

content.  

 Introduction 

Field-flow fractionation (FFF) is a family of methods used for the separation and 

characterization of colloids and other macromolecules. Each FFF technique utilizes a different 

field to interact with analytes of interest and drive them towards an accumulation wall. The 

analytes’ translational diffusion causes their transport in an opposite direction to the field-

induced motion. At steady state, each analyte cloud has an exponential concentration profile with 

a unique average thickness that is dependent on the opposing transport processes.  Differences in 

translational diffusion coefficient (D) allows for a size-dependent concentration gradient to be 

established.1 Retention within an FFF channel depends on the physicochemical properties of the 

analyte and their interactions with the applied field as well as D.  

Thermal field-flow fractionation (ThFFF) is a technique within the FFF umbrella that 

utilizes a temperature gradient to fractionate macromolecular and colloidal samples. The 

separation mechanism of ThFFF is governed by both the analyte’s D (or size) along with the 

interactions at the solvent-analyte interface. This additional interaction leads to a compositional 

sensitivity providing both separation and characterization of the analyte simultaneously. The 

primary separation mechanism is based on the ratio of an analyte’s thermal diffusion coefficient 

(DT) to its translational diffusion coefficient (D) along with knowledge of the temperature 

gradient that is applied (ΔT).2 Thermal FFF has been predominantly used to examine polymers 

with complex composition and architecture but has also been successful with characterizing 
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compositionally different colloids.3–5 In organic solvents, similar sized latex particles such as 

polystyrene, polymethyl methacrylate, and polybutadiene have been shown to have different 

ThFFF retention times which correspond to differences in their DT.6,7 Differences in surface 

functionalities for particles of the same composition have also led to changes in particle  DT  such 

as pre- and post-silanization of silica particles.8 Latexes with carboxyl or amide groups have also 

been compared to those that are non-functionalized and changes in ThFFF retention were 

observed. It is also noted that additional components added to the carrier fluids (e.g., salts or 

surfactants) can amplify differences in retention.  

While this compositional sensitivity is easily observed with homopolymer latexes and 

latexes with different surface functionalities, expansion to more complex particle compositions 

has led to a debate on whether the differences in retention are due to bulk or surface 

compositions.9,10 Additionally, minor changes in particle composition also give rise to questions 

centered around the compositional resolution of ThFFF yet little has been done to assess this 

sensitivity. Two works have examined differences in core-shell latex compositions, but changes 

in the particles size due to swelling have prohibited this compositional resolution from being 

further studied.11,12 

Polymer colloids synthesized via emulsion polymerization are employed at large scale in 

well-established consumer products such as coatings, adhesives, home, and personal care along 

with many emerging applications in energy, biotechnology, and medicine. The stability of 

polymer colloids during production, transportation, and formulation to final products is often an 

important aspect during product design and scale up. The incorporation of acidic comonomers 

into the polymer colloids during emulsion polymerization provides an avenue to manipulate the 
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stability through electrostatic stabilization. Analysis of colloidal surfaces with low acid moieties 

is challenging and requires a separation step ideally done under aqueous conditions. 

Performing ThFFF experiments under aqueous conditions (AqThFFF) has been 

inherently challenging due to the need to incorporate additives into the carrier fluid in order to 

improve retention of analytes.13,14 Additional limitations of AqThFFF center around the use of 

aqueous buffers with ionic strengths or pHs that can corrode the ThFFF channel surface and the 

reduced ability to cool the sample accumulation wall when higher field strengths are used. 

Changes in analyte retention have also been poorly understood due to different particle 

thermophoresis theories across literature.15–21 Previous work has examined differences in particle 

retention by changing anions and cations of different salts, ionic strength, and utilizing different 

surfactants.8,22–26 While there have been attempts to identify general trends in increasing or 

decreasing retention, there still remains a lack of understanding of how additives control 

retention and how they can help characterize differences in particle composition.. 

This work aims to probe AqThFFF’s sensitivity to subtle changes in low acid moieties (< 

3%) of a model polymer colloid system. To improve retention of these latexes within the ThFFF 

channel, four different carrier fluid compositions were examined. The two main components of 

these carrier fluid mixtures contained both or either tetrabutylammonium perchlorate (TBAP) 

and FL-70 detergent. These two main additives were chosen because of their use in previous FFF 

literature and their aid in improving the retention of colloids in thermal and asymmetrical flow 

FFF5,8,9,13. Across these carrier liquid systems, trends in DT and retention, sample recovery, and 

changes in size of the colloids were examined. The measured ThFFF retention time is 

proportional to DT/D and thus D values are required in order to calculate DT. Asymmetrical flow 
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FFF (AF4) and DLS (batch and on-line modes) were used to determine D and also examine the 

effect of fluid flow on DLS measurements. 

 Results and Discussion 

The measurement of D is important as this value is subsequently used to calculate DT and 

infer information about colloid composition.  In addition to examining the effect of additives, 

experiments are performed with batch-mode DLS, flow-through DLS using a syringe pump, and 

AF4 with on-line DLS to better understand the impact of flow rate on D and dh. 

 Influence of Carrier Fluid Additives on Colloid Diffusion Coefficient Determined by 

Batch DLS 

Prior to AF4 or ThFFF experiments, batch DLS was completed on the colloids to assess 

any impact of the carrier fluid additives on particle size. Table 5.1 summarizes the average 

diffusion coefficients of the colloids suspended in the different carrier fluids used in this study. 

Across the colloid samples, those containing 0 to 3 % AA had similar D values of 5.6-6.1 x10-8 

cm2 s-1 (dh = 78-86 nm, Table 5.4) while the 1 % AA redox sample has a smaller D of 4.7 x10-8 

cm2 s-1 (dh = 101 nm). Dilution of the colloids from the stock (water) into a 0.05 % FL-70 carrier 

fluid showed a slight, but insignificant, decrease in D. Because the diffusion coefficients (and 

diameters) are not significantly different across the five carrier fluids, any differences in ThFFF 

retention could be attributed to changes in particle DT. 

 Determination of Colloid Diffusion Coefficients Using AF4 

Since batch DLS provides average values, AF4 was performed to better understand D and 

size distribution for each of the colloid samples. AF4 theory allows for D to be determined from 

retention time (tr) if a constant crossflow rate (Vc) is applied. For well retained analytes, Eq. 5.1 

can be used to calculate D and dh from results obtained using an AF4 channel with thickness (w), 

void volume (V0) and void time (t0). 27  
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Table 5.1 Diffusion coefficients of BA: MMA: AA colloids determined by batch DLS using H2O 

(pH = 7), 0.1 mM TBAP (pH = 6.5), 0.1mM TBAP and 0.1 mM NaOH (pH = 9.9), 0.1 mM 

TBAP and 0.05 % FL-70 (pH = 9.8), and 0.05 % FL-70 (pH = 9.8) as the suspending fluid 

 

Figure 5.1 shows the AF4-UV fractograms of the different % AA samples using 0.1 mM 

TBAP and 0.05 % FL-70 in water as the carrier fluid. Consistent retention times at peak max are 

observed for the 0.5 to 3 % AA samples while the 0 % AA and 1 % redox sample are shifted to 

higher retention times. Eq. 5.1 with tr at peak maximum was used to calculate the D values that 

are overlaid over the fractograms. These AF4 D values show a similar trend to those obtained by 

batch DLS (Table 5.1). 

𝑡𝑟 =  
𝑡0𝑉𝑐𝑤2

6𝐷𝑉0       (5.1) 

In addition to using AF4 theory to calculate D and dh values, the impact of online DLS 

was examined and showed consistently larger D (and smaller dh) values than compared to batch 

DLS measurements for all colloids. This is mainly due to the influence of the flowrate (0.5 

mL/min) used in the AF4 separation and will be explained in more detail later in this work. 

Despite the AF4 results providing similar sizes to those determined by batch DLS, AF4 is unable 

to identify differences between the colloids containing 0.5 and 3 % AA.  
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Figure 5.1 AF4-UV fractograms of BA: MMA: AA colloids using 0.1 mM TBAP and 0.05 % 

FL-70 in water as the carrier fluid. Fractograms correspond (left y-axis) to colloids having 0 

(black), 0.5 (maroon), 1 (red), 2 (orange), 3 (blue), 1 redox (green) % AA in the synthesis 

monomer feed. Vc was held constant at 0.5 mL/min. The individual data points (right y-axis) are 

the D values at peak maxima calculated using Eq. 1. 

 

 AqThFFF of Acrylate Colloids 

The consistency in the of elution profiles for the colloids observed in AF4 and D values 

from batch DLS in all solvents allowed for further investigation of the compositional sensitivity 

of AqThFFF. Additionally, the influence of different carrier fluid additives on retention and 

sample recovery could also be assessed without an influence of size. As mentioned previously, 

the use of TBAP in both organic and AqThFFF carrier fluids at various concentrations (0.01-

1mM) has shown to improve colloidal retention.8,9,26,28,29 However the driving mechanism as to 

why this quaternary salt increases retention is still poorly understood and there is a lack of 

information regarding the sample recovery of the latexes when using TBAP as an additive to the 

carrier fluid.  

When injected into the AqThFFF channel using 0.1 mM TBAP solution, a trend arises 

with the thermal-initiated samples where the 0 % AA sample has the largest retention time. As 

the amount of AA increases, AqThFFF retention time decreases (Figure 5.2a). The longer 
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retention time for the 1 % AA redox is expected as the colloids are slightly larger in diameter. 

While it provides good retention for all of the colloids, the sample recovery for all of the samples 

in 0.1 mM TBAP is inadequate ranging from 30-44% with the exception of the 3% AA sample 

(77%) (Table 5.5). This poor sample recovery is hypothesized to be due to the reversible 

adsorption of the particles onto the cold wall or the spacer material. Figure 5.3 demonstrates the 

loss of light scattering and concentration signal across three subsequent AqThFFF injections. To 

understand this phenomenon, both the LS and UV signal were monitored after transitioning the 

solvent from 0.1 mM TBAP in water, to 18.2 MΩ·cm water, and then finally to acetonitrile. 

With no field applied, it is not until the instrument is fully flushed with acetonitrile that an 

increase in LS and UV signal is observed at 25 minutes (Figure 5.3b) which suggests a release of 

adsorbed latexes from the channel. 

Comparing 0.1 mM TBAP (pH = 6.5) fractograms to those using 0.1 mM TBAP and 0.1 

mM NaOH (pH = 9.9), it is observed that the trends in retention are the same yet the 

incorporation of NaOH causes all colloids to be less retained (Figure 5.2b). Despite the decrease 

in retention times, the sample recovery is almost doubled that of TBAP alone ranging from 65-

77% (Table 5.5) and the peak widths are consistent with those at pH = 6.5. This shift to a lower 

retention time and increased sample recovery could be due fewer particle-wall interactions. 

Another potential mechanism could lie within the use of NaOH. Hydroxide ions in aqueous 

solutions have been hypothesized to be ‘high mobility’ ions and have a mobility towards the cold 

wall.24 Because of this, it could push analytes towards the hot wall and causing them to be 

positioned in higher flow velocity streamlines in the parabolic flow profile. 
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Figure 5.2 Superimposed AqThFFF fractograms of BA: MMA: AA colloids using (a) 0.1 mM 

TBAP, pH = 6.5, (b) 0.1 mM TBAP and 0.1 mM NaOH, pH 9.9, (c) 0.1 mM TBAP and 0.05 % 

FL-70, pH = 9.8, and (d) 0.05 % FL-70, pH = 9.8 as the carrier fluids. Fractograms correspond to 

colloids having 0 (black), 0.5 (maroon), 1 (red), 2 (orange), 3 (blue), 1 redox (green) % AA in 

the synthesis monomer feed. Experimental conditions: Vo = 0.3 mL/min, ΔT= 41-43 K, Tc = 305 

K   

 

Utilizing 0.1 mM TBAP and 0.05 % FL-70 as the carrier fluid shows similar retention 

trends as the other two carrier fluid compositions but the colloids are less retained than in 0.1 

mM TBAP and 0.1 mM NaOH (Figure 5.2c). The one major difference across the retention 

trends in all three solvents is that the 0 % AA sample no longer has the highest retention time of 

the thermal-initiated samples. This could be due to the lack of acidic comonomer in this sample 

or a different particle-solvent interaction between the colloid surface and FL-70 components. 
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The use of FL-70 improves sample recovery (67-84 %), but what component of the detergent 

that is increasing the recovery is unknown and continues to be a major question in the FFF 

community (Table 5.5). Unlike improving retention in AF4, using 0.05 % FL-70 as the carrier 

fluid does not increase retention for this particular latex system. Figure 5.2d shows that there is 

no retention of the colloids within the AqThFFF channel. Across all the carrier fluids, it can be 

seen that the use of TBAP is governing retention and impacting the trend observed in the latex 

samples.  

While TBAP is dominating retention trends for the colloids, it is also important to probe 

is whether the differences in retention using NaOH or FL-70 are strictly due to pH or additive 

effects. One way to examine this is to look at the peak widths of the fractograms in TBAP, 

TBAP and NaOH, and TBAP and FL-70. Comparing the peak widths between TBAP and TBAP 

with NaOH, there is no change in peak width indicating no potential change in charge on the 

colloids. When using FL-70 instead of NaOH however, the peak width decreases, and overall 

peak intensity increases. The change in peak width between NaOH and FL-70 at similar pH 

values suggests that these retention effects and increases in recovery are dictated by the additives 

used.   

In conjunction with additives used in the carrier fluids, surface charge of the colloids is 

another factor that could be impacting AqThFF retention. Across all solvents the zeta potential of 

all the colloids is negative, but vary depending on the solvents used. Dilution of the colloids from 

the original stock solution in water give rise to a more negative zeta potential with increasing AA 

content with the exception of the 0% AA sample (Table 5.6). A similar trend arises when the 

colloids are in TBAP, but the zeta potential is less negative for the colloids than in water. Across 

the TBAP and NaOH, TBAP and FL-70, and FL-70 solutions, the zeta potentials across all 
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samples show no trend in relating charge to % AA. This suggests that similar to pH, surface 

charge is not a dominating factor in the case of the observed AqThFFF retention trends. 

 Variability in Colloid Thermal Diffusion Coefficients 

Qualitatively, the trends identified in the previous section show sensitivity to subtle 

changes in overall acidic comonomer content and can be greatly influenced by carrier fluid 

additives. Based on these trends and the AF4, the compositional sensitivity of AqThFFF can be 

examined through calculating the thermal diffusion values of the different colloids which is 

related to the Soret coefficient (ST). In ThFFF, the retention parameter, λ, depends on an 

analyte’s translational diffusion coefficient (D), thermal diffusion coefficient (DT), and field 

strength (ΔT) (Eq. 5.2).  

      𝜆 =  
𝐷

𝐷𝑇Δ𝑇
=  

1

𝑆𝑇Δ𝑇
            (5.2) 

 An analyte’s λ is related to its retention time (tr) and channel’s void time (t0) through the 

retention ratio (R). In ThFFF, λ must be corrected for the perturbations in the parabolic flow 

profile due to the temperature gradient inducing variations in carrier fluid viscosity. This leads to 

the expression:  

          𝑅 = 6𝜆 {𝑣 + (1 − 6𝜆𝑣) [coth (
1

2𝜆
) − 2𝜆]}       (5.3) 

Because of the subtle variations in retention time across of the colloids used in this study, 

it was of interest to further compare D values obtained from both batch DLS and online DLS 

measurements. The comparison of D values across all methods provides a platform to ensure 

accurate values are being used in the calculation of DT.  Table 5.7 shows average D values for 

the colloids when measured by batch DLS with no flow (DDLS), calculated from AF4 theory 
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(DAF4), online AF4-DLS (DAF4-DLS), online ThFFF-DLS (DThFFF-DLS), and transformed from 

online radius of gyration (Rg) (DThFFF-Rg) values using TBAP and FL-70 as the carrier fluid. For 

all samples, the latter transformation was assuming a hard sphere thus an Rg/Rh ratio of 0.78. 

Across the table, DDLS,  DAF4, and DThFFF-Rg values are not significantly different from one another 

while values from online AF4 and ThFFF show upwards of a 20 % increase in D relating to a 

smaller diameter. One other anomaly can be observed in the 1 % redox sample for DThFFF-Rg 

value. Compared to the other thermally initiated samples, this value is significantly different 

from the DDLS and DAF results. This could hint at the redox samples being slightly swollen in 

solution, giving rise to a slightly different Rg/Rh ratio thus impacting the transformation from Rg 

to D. 

To further understand if the ~20 % difference in D measurements is related to the flow 

rates used in AqThFFF and AF4, batch DLS experiments were completed at different flow rates 

(Figure 5.4). It can be seen in Figure 5.4a that the expected hydrodynamic radius does not 

change significantly up to 0.1 mLmin-1 but begins to decrease at 0.3 mLmin-1 which coincides 

with the same flow rate used in the ThFFF experiments. A more prominent change of ~ 20 % in 

size can be seen with a flow rate of 0.5 mLmin-1 which coincides with the AF4 experiments. This 

impact of fluid flow on D measurements is mainly due to the standard bore of the MALS flow 

cell (1.2 mm) and this has also been observed in other studies.30 For While utilizing the average 

D value to calculate experimental DTs, obtaining online D values may also help in examining if 

DT values change across a sample. 

Again, from Table 5.1 the overall D values do not vary across the carrier fluids hinting at 

the changes in particle retention seen in Figure 5.2 must be due to changes in particle DT. When 

using the D values from Table 5.7, similar DT values for DT, DLS, DT, AF4, and DT, ThFFF-Rg are 
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observed but a much larger DT is determined using online D values when the particles are in 

TBAP and FL-70 (Table 5.2). The D value used, while doesn’t change the overall trend of D 

values across the colloid samples, it does impact the magnitude of DT for the colloids.  

Table 5.2 Experimentally determined DT values for BA: MMA: AA colloids in 0.1 mM TBAP and 

0.05 % FL-70 as the carrier fluid 

 

With this in mind DDLS values were used to calculate DT values for the different colloids 

using the different carrier fluids (Table 5.3). With 0.1 mM TBAP as the carrier fluid, the DT 

values match the trend observed in retention whereas % AA increases, DT decreases. Using 0.1 

mM TBAP and 0.1 mM NaOH showcases a similar trend however the 0 and 0.5 % AA along 

with the 2 and 3 % AA samples have the same DT. For 0.1 mM TBAP and 0.05 % FL-70, a 

similar trend exists except for the 0 % AA sample. Another component to examine is potential 

differences between the 1 % thermal and redox sample. Using TBAP alone or TBAP and NaOH 

as the carrier fluid, there are no significant differences between the DT values of these samples. 

Substituting FL-70 with TBAP instead of NaOH shows a significant difference between the two 

samples. While not clear what the driving factor of this change in DT is (bulk or surface 

composition, FL-70 components, etc.) it hints at the use of additives may attenuate or amplify 

potential analyte composition differences. AqThFFF is a promising technique to look at subtle 

compositional differences in analytes under aqueous conditions. 
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Table 5.3 Experimentally determined DT values for BA: MMA: AA colloids in 0.1 mM TBAP, 

0.1 mM TBAP and 0.1 mM NaOH, and 0.1 mM TBAP and 0.05 % FL-70. DT values were 

calculated using different D values determined by batch DLS 

 

 Conclusion 

The compositional sensitivity of AqThFFF was probed through the use of a model latex 

system with subtle differences in the acidic comonomer content (0-3% AA). After confirmation 

that the colloids used were of similar diameters though DLS and AF4, it was possible to uncover 

potential trends in ThFFF retention and thus composition. Qualitatively TBAP appears to be the 

dominant additive in dictating retention yet the use of NaOH and FL-70 improve sample 

recovery dramatically. NaOH and FL-70 increased the pH of the system yet their impacts on 

retention are suggested to be due to the identity of the additive itself and not a pH effect. By 

determining the DT values of the colloids under different carrier fluids, it is shown that AqThFFF 

can distinguish between 0 and 0.5% AA depending on the carrier fluid compositions. Across all 

carrier fluids examined, more distinct differences can be observed in DT between the 0.5 and 3 % 

AA samples which is a smaller range than previous literature has reported (0-9 %).12 Similar to 

organic ThFFF and polymer analysis, solvent and/or additive selection along with accurate 

diffusion coefficient information is paramount in determining differences in particle 

composition. 
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 Materials and Methods 

 Synthesis of Acrylate Colloids 

Butyl acrylate: methyl methacrylate: acrylic acid (BA:MMA:AA) colloids were 

synthesized using a semi-batch polymerization with 1 % sodium laurel sulfate as a surfactant, 

buffered using sodium bicarbonate, and left for six hours at 85 °C under nitrogen. To initiate the 

polymerization, persulfates and sodium sulfoxylate formaldehyde (SSF) with t-butyl 

hydroperoxide (t-BHP) were used as the thermal and redox initiators, respectively. The colloids 

contained an equal ratio of butyl acrylate and methyl methacrylate, and subtle differences in 

acrylic acid comonomer (0-3 %). 

 Carrier Fluid Composition 

Four different carrier liquids were used and consisted of deionized 18.2 MΩ·cm water 

with the following additives:  0.1 mM tetrabutylammonium perchlorate (TBAP, pH = 6.5) 

(Sigma-Aldrich, St. Louis, Missouri), 0.1 mM TBAP and 0.1 mM sodium hydroxide (Thermo 

Fisher Scientific, Waltham, Massachusetts) (pH 9.9), 0.1 mM TBAP and 0.05 % FL-70 

surfactant (Thermo Fisher Scientific, Waltham, Massachusetts) (pH 9.8), or 0.05 % FL-70 (pH = 

9.8). TBAP and FL-70 were chosen due to their previous successes in increasing particle 

retention in aqueous ThFFF.8,13 Sodium hydroxide was used as a pH modifier with TBAP to 

better examine pH effects with and without the use of FL-70. 

 Zeta Potential 

Surface charge of the colloids were examined in all carrier fluids described above using a 

Zetasizer Nanoseries instrument (Malvern Panalytical, Malvern, United Kingdom). A clear 

folded capillary zeta cell (DTS1060C) and Zetasizer software v6.01 were used to measure and 

process all samples. 
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 Asymmetrical Flow Field-Flow Fractionation and Dynamic Light Scattering (AF4-

DLS) 

All experiments were performed using an AF2000 system (Postnova Analytics, Salt Lake 

City, Utah) coupled to a SPD-20A UV/Vis detector (Shimadzu, Japan), multi-angle light 

scattering/dynamic light scattering (MALS/DLS) DAWN HELEOS II (Wyatt Technology 

Corporation, Santa Barbara, California). The channel was formed with a tip-to-outlet length of 

27.5 cm, breadth of 2 cm and 0.5 cm at the channel inlet and outlet respectively, and a spacer 

with a nominal thickness of 350 µm. The accumulation wall was a 30 kDa molecular weight 

cutoff regenerated cellulose membrane (Postnova Analytics, Salt Lake City, Utah). A 0.1 µm 

inline filter (Merck Millipore Ltd, Ireland) between the PN1130 pump and the AF4 channel was 

used to filter an aqueous solution with 0.1 mM TBAP and 0.05 % FL-70 surfactant. 

The AF4-UV-MALS method consisted of a 5-minute focus time, injection flow rate of 

0.2 mL/min, detector flow rate of 0.5 mL/min, and a constant crossflow rate of 0.5 mL/min. The 

colloids were injected into the channel using a 20 µL sample loop. All samples were prepared via 

dilutions from particle stock solutions (~34-39 % solids) to equate to 0.4 mg/mL concentrations. 

A further 1:2 sample dilution occurred to achieve approximately 4 µg of sample analyzed per 

AF4 experiment. Batch DLS measurements were also completed to assess impacts of carrier 

fluid composition on colloid size. Using a syringe pump, diluted suspensions were introduced 

into the HELEOS II detector using flow rates of 0.5, 0.3, 0.1 and 0.0 mL/min. 

 Thermal Field-Flow Fractionation (ThFFF) 

Experiments were performed using a homemade ThFFF system described previously31 

and coupled to a MALS/DLS DAWN HELEOS II (Wyatt Technology Corporation, Santa 

Barbara, California) and a Model SPD-6A UV-Vis detector (Shimadzu Corporation, Kyoto, 

Japan).  The ThFFF channel was formed using a 127 µm Mylar spacer with a ribbon-like section 
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removed that was 2.0 cm in breadth and a tip-to-outlet length of 27.5 cm. For all experiments, 

the temperature difference between the hot and cold walls (ΔT) was 41-43 K, the ThFFF cold 

wall and MALS temperature were maintained at 303-305K, and a 10 µL sample loop was used to 

introduce the sample into the channel. All carrier fluids were pumped into the channel using an 

Agilent 1100 series quaternary pump (Agilent Technologies, Santa Clara, California) flowing at 

0.3 mL/min. All samples were prepared via dilutions from particle stock solutions as described in 

the previous section. Because of the smaller sample loop used for ThFFF experiments, the 1:2 

dilution used in AF4 experiments was not performed to keep injection masses consistent at 4 µg 

per run. 

 Supporting Information 

Table 5.4 consists of the same information as in Table 5.1 but D values were transformed to 

hydrodynamic diameters through the use of Stokes Einstein’s equation. 

Table 5.4 Hydrodynamic diameters of BA: MMA: AA colloids determined by batch DLS using 

H2O (pH = 7), 0.1 mM TBAP (pH = 6.5), 0.1mM TBAP and 0.1 mM NaOH (pH = 9.9), 0.1 mM 

TBAP and 0.05 % FL-70 (pH = 9.8), and 0.05 % FL-70 (pH = 9.8) as the suspending fluid.   
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Figure 5.3 (a) Triplicate AqThFFF-MALS-UV fractograms of the 0% AA colloids with 0.1 mM 

TBAP as the carrier fluid and (b) transitioning the ThFFF channel back to acetonitrile after 

flushing with water and no temperature gradient.  

 

Table 5.5 Percent sample recovery for each colloidal suspension using different carrier liquids. 

 

 

Table 5.6 Zeta potential (ζ) values for BA: MMA: AA colloids in 0.1 mM TBAP, 0.1 mM TBAP 

and 0.1 mM NaOH, and 0.1 mM TBAP and 0.05 % FL-70.  
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Table 5.7 Diffusion coefficient values for each BA: MMA: AA colloid from batch DLS, AF4 

theory (D
AF4

 ), AF4 retention time (D
AF4-DLS

), ThFFF retention time (D
ThFFF-DLS

), and ThFFF online 

R
g
 (D

ThFFF-Rg
) in 0.1 mM TBAP and 0.05 % FL-70 

 
D

calc
 , AF4 D

tr
 , ThFFF D

tr, 
and ThFFF D

Rg 
values are determined at peak max from UV signal  

 

 

Figure 5.4 Influence of flow rate on (a) Rh and (b) D of BA: MMA: AA colloids in 0.1 mM TBAP 

and 0.05 % FL-70.  Flow rates used in this study match the flow rates used in AF4 (0.5 mL/min) 

and AqThFFF (0.3 mL/min) experiments. Points correspond to colloids having 0 (black squares), 

0.5 (maroon circles), 1 (red triangles), 2 (orange diamonds), 3 (blue right triangles), 1 redox (green 

stars) % AA in the synthesis monomer feed.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

The work contained within this dissertation showcases several developments in both 

field-flow fractionation and light scattering methodologies for the characterization of biological 

and polymer colloids. Asymmetrical flow and thermal FFF along with MALS will continue to 

play a role in nanoparticle characterization and particle enumeration with MALS provides 

opportunities to be used as a complementary method to other readily used particle counting 

techniques like NTA.  

 Conclusions 

Over the past decade, advances in the instrumentation and utilization of asymmetrical flow 

and thermal FFF for particle characterization has continued to push this community towards 

understanding more dynamic properties of materials beyond performing a separation alone. 

Modifications in membrane texture and composition to the coupling of instrumentation such as 

Raman spectrometers to AF4 as seen in Chapter 3 continues to improve separations and address 

the need for advanced characterization of materials like nanoplastics. Other engineered and 

naturally occurring nanoparticles that have been characterized through ThFFF have led to a focus 

on understanding the role of additives in carrier fluid and revisiting the potential advantages of 

aqueous ThFFF.  

Chapter 4 encompassed both advancements in AF4-MALS methodology and assessment 

of MALS as a particle counting technique for complex, bacterial outer membrane vesicles. While 

roughly ten publications have utilized MALS as a particle counting technique in conjunction 

with other methods like NTA, this work pointed out the nuances of analyte-dependent 
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parameters and their influence on overall particle counts. For standard particles like polystyrene 

latex, the larger refractive index value of 1.58 showed deviations between spherical models. For 

more complex outer membrane vesicles, estimated RI values and a coated sphere model showed 

that core RI values can dictate the magnitude of particle counts and signal to noise can lead to 

erroneous counts. While still in its adolescent stages, MALS has the potential to be a robust 

particle counting method. In addition to the fundamental work in Chapter 4, preliminary results 

showcased the advantages of separation and enumeration of vesicles prior to proteomics 

analysis. The initial separation step led to uncovering potential differences in protein cargo 

sorting between vesicle sizes. To date, this was first account of utilizing AF4-MALS prior to 

biochemical analyses for Gram-negative bacterial outer membrane vesicles. Further proteomic 

and lipidomic analysis could also serve as a good way to better understand vesicle protein to 

lipid ratios and in turn, giving rise to more representative RI values for MALS particle counting.  

The dormancy of aqueous ThFFF has led to several questions relating to why retention is 

achieved with the use of additives along with the compositional sensitivity of the technique. In 

Chapter 5, it was determined that AqThFFF is sensitive enough to distinguish between subtle 

differences in acidic comonomer (< 1 %) compared to previously reported literature (< 9 %). 

While this sensitivity was observed, the carrier fluid composition continues to dictate the degree 

of retention and thus particle thermal diffusion. Because of this, compositional sensitivity in 

ThFFF may be different based on the analyte system and carrier fluid composition. While a 

mechanism for why additives cause these retention trends and influence sample recovery are still 

unknown, this work has reopened the field of AqThFFF to characterize aqueous-based 

suspensions. 
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 Future Directions 

As MALS particle counting continues to gain traction, it is of importance truly understand 

the robustness of this technique for both simple and complex nanoparticles. The use of 

calibration curves can continue to serve as a way to validate particle counts however the lack of 

absolute particle count standards (< 1 µm in diameter) ultimately provides a relative, not 

absolute, particle count. In conjunction with advancing particle count standards, it is paramount 

to address unknown refractive indices of complex biological particles. While efforts have been 

made to utilize light scattering data to obtain a refractive index for mammalian cells, there is still 

need for a robust yet simple method to experimentally determine RI values of biological 

samples. The use of proteomic and lipidomic data can help infer ratios of these vesicle 

components yet can be a time and cost-intensive process. The use of MALS particle counting, 

while a useful tool to have in the light scattering arsenal, still needs a critical eye and true 

understanding of the light scattering theories that are behind the application.  

As the realm of AqThFFF is revisited, the use of additives (e.g. salts and surfactants) 

within sample and the carrier fluid preparation provides handles on understanding particle 

retention and insight into particle thermophoresis theories. The use of these additives and their 

influence on retention has always been of focus, yet little is known how these additives impact 

sample recovery. There is more work that needs to be done in this area, yet the work highlighted 

in this dissertation hints at potential opportunities to relate sample recovery and retention to 

composition. Exploration of different anions and cations of the Hofmeister series of salts could 

build a better database for understanding what cations and/or anions dictate AqThFFF retention 

and DT. While particle and polymer thermophoresis are still poorly understood, future work 

could better uncover whether or not particle thermal diffusion is truly independent on size; 
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something that is well established with polymer thermophoresis. Other orthogonal methods like 

capillary electrophoresis or Microscale thermophoresis may serve as a way to compare thermal 

diffusion values obtained by AqThFFF and better understand these potential additive effects.
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APPENDIX A 

APPLICATION OF ASYMMETRICAL FLOW FIELD-FLOW FRACTIONATION FOR THE 

CHARACTERIZATION OF MYCOBACTERIUM TUBERCULOSIS 

 EXTRACELLULAR VESICLES 

Christine L. Plavchak1, Joan M. Ryan2, Nicole Kruh-Garcia2, and S. Kim Ratanathanawongs 

Williams1 

A.1 Overview 

Tuberculosis is the second-leading infectious killer behind COVID-19 and is caused by 

Mycobacterium tuberculosis (Mtb). Like other eukaryotic cells and Gram-negative bacteria, 

Gram-positive and mycobacterial species produce extracellular vesicles (EVs) yet the biogenesis 

of these EVs remains elusive.1,2 A continuing challenge in this field is defining functional 

characteristics of EV populations mainly due to the lack of specific markers for different EV 

subtypes. Separation and enrichment techniques have been employed to gain insight into 

potential functional differences in subpopulations; however, bias towards or against certain EV 

subsets make understanding the compositional heterogeneity of EVs across the field 

challenging.1,3  

Current mycobacterial EV separation and enrichment methods consist of 

ultracentrifugation, 4–6 density gradient ultracentrifugation,7–11 and size exclusion 

chromatography (SEC).10,12–14 Ultracentrifugation (UC) and density gradient ultracentrifugation 

are widely used methods and are relatively inexpensive yet tend to have low separation 

efficiency (ultracentrifugation), low yield, and can induce vesicle aggregation or potential EV 

 
1 Laboratory for Advanced Separations Technologies, Department of Chemistry, Colorado 

School of Mines, Golden, Colorado, 80401, USA 
2 Department of Microbiology, Immunology, and Pathology, Colorado State University, Fort 
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lysis. Another disadvantage is that many of the published works using these techniques lack 

details about the experimental conditions (rotors, centrifuge information, etc) and 

enrichment/separation is often instrument dependent. SEC is considered to be a gentler 

separation technique that preserves EV integrity while still having high separation efficiency. 

Despite these advantages, SEC tends to be more expensive with reagent or consumable cost, 

samples become diluted, and there can be overlap with EV markers and contaminants making 

fraction collection more challenging.  

Recent work performed by collaborators showed across these three different methods, 

results from SEC show better reproducibility compared to centrifugation-based methods.15 

Density gradient ultracentrifugation and SEC of Mtb EVs showed the lowest amount of 

contaminant proteins compared to UC. While the purity is higher for those methods, traditional 

UC methods demonstrated a higher vesicle recovery but with low purity. Across all three 

methods studied by collaborators, SEC methods provide the highest vesicle recovery and highest 

purity which can be important for further biochemical analyses. One major analytical challenge 

that hasn’t been addressed how to reliably separate free from vesicle-bound Mtb proteins.   

Asymmetrical flow field flow fractionation (AF4) is a size-based separation technique 

that has been used to separate extracellular vesicles from mammalian cell lines along with Gram-

negative bacteria shown in Chapter 4.16–20 AF4 is often considered a ‘gentle’ separation 

technique because it lacks the packing material or stationary phase that is found within an SEC 

column. A focusing or concentration step at the beginning of an AF4 experiment can act as a 

purification step where small contaminants can pass through the semipermeable membrane. 

Additionally, this focusing step may also help separate free protein from those associated with 

EVs.  
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This work aims to further understand the protein heterogeneity of Mtb EVs through an 

initial size-based separation using AF4. Fractionating EVs prior to proteomic analysis provides a 

clearer outlook on the composition of both free and vesicle-bound proteins. During the AF4 

separation, five different fractions associated with the anticipated EV size ranges were collected 

for offline characterization. TEM analysis of all fractions showed F1 containing predominantly 

free protein while F2-F5 were mainly EVs. Further biochemical analyses of the collected 

fractions hint at smaller EVs being more immunogenic, and the use of AF4 provides a highly 

resolved understanding of protein enrichment in Mtb EVs compared to other separation 

techniques like SEC. 

A.2 Results and Discussion  

A.2.1 Size-based Separation and Analysis of Mtb EVs through AF4-MALS 

Three biological replicates of Mtb EVs were separated via AF4. For offline analysis, five 

pre-determined fractions were collected and six consecutive AF4 injections were made in to 

obtain sufficient concentration of EVs. Figure A.1 shows the averaged MALS signals of each 

biological replicate along with the corresponding fractions that were collected (F1-F5). The 

similar retention times across the biological replicates show similar populations across different 

cultivations. Replicate 1 (black trace) has a larger MALS signal intensity which could be related 

to the quantity of vesicle populations. During the sample preparation stage, replicate 1 came 

from a 16-liter culture of Mtb while replicates 2 and 3 came from 8 liters of culture. The impacts 

of culture size on protein content or number of vesicles have not been well studied, however the 

total protein content for all replicates were initially the same (0.93 mg/mL) prior to AF4 

separation.  
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The fractograms in Figure A.1 were signal averaged based on the six consecutive AF4 

injections. The reproducibility of those injections can be seen in Figure A.2. Little change in the 

MALS and UV traces show similar populations across all replicates and larger UV responses 

between 2 and 11 minutes correspond to a higher concentration of proteins which was later 

verified through a bicinchoninic acid (BCA) protein assay for total protein content and TEM.   

 
Figure A.1 AF4-MALS fractograms of three different biological replicates of Mtb EVs. The 

black, red, and blue traces correspond to replicate 1, 2, and 3 respectively. Fractions 1-5 (F1-F5) 

were collected for further analyses. 

 

To correlate vesicle size to offline proteomic analyses, the radius of gyration distributions 

of each replicate was also determined and then transformed into hydrodynamic radius (Rh) 

assuming a hard sphere (Rg/Rh = 0.78). These distributions are consistent across all three 

replicates (Figure A.3). Due to the low MALS signal in F1, Rh data could not be determined. 

Additionally, the change in Rh distributions around 32 minutes is mainly a result of the AF4 

field turning completely off. The increase in Rh could be due to larger vesicles that were still 

being retained within the channel, aggregates, or remnants of other adsorbed material left on the 
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membrane surface.21 The fractions were further analyzed offline via TEM and NTA and similar 

sizes were determined for F2-F5 across all three techniques.  

 
Figure A.2  AF4 (a) MALS and (b) UV fractograms showing six AF4 replicates of Mtb EVs in 

Sample 1 

 

 
Figure A.3 MALS fractogram of three different biological replicates of Mtb EVs and their 

corresponding R
h 

distributions 
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A.2.2 Post-Fractionation Multi-Technique Analysis on Mtb EV Fractions 

In addition to the TEM and NTA, collected fractions were further analyzed by SDS-

PAGE, silver stain, Western blot, and shotgun proteomics via LC-MS/MS. These analyses were 

completed by collaborators at Colorado State University, Drs. Nicole Kruh-Garcia and Joan M. 

Ryan. Across the different fractions, the proteomics and Western blot data show that smaller Mtb 

EVs contain more acylated or glycosylated proteins which are involved in host-protein 

interactions like toll-like receptor 2 (TLR-2). Additionally, it appeared that the amount of 

lipoarabinomannan (LAM), a virulence factor of Mtb, decreased across the fractions. The 

acylated or glycosylated proteins along with the increased concentration of LAM for the smaller 

particles suggest smaller Mtb EVs could be more immunogenic than larger EVs. A more detailed 

report of the SDS-PAGE, Western blot, silver stain, and LC-MS/MS analysis can be found in 

Chapter 3 of Dr. Ryan’s thesis.  

A.3 Conclusion 

This work was the first account of utilizing AF4 to separate Mtb EVs. While another 

application of AF4, it showcases AF4’s to potential impact in the realm of Gram-positive and 

mycobacterium characterization. This initial work provided insight to what proteins may or may 

not be enriched into Mtb EVs and provides a new avenue in comparing biases across different 

separation techniques in the Mtb community. Further understanding of the biogenesis and 

distinction of Mtb EV subtypes could push EVs towards becoming a biomarker to diagnose TB 

via accessible biofluids like blood.  
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A.4 Experimental 

A.4.1 Preparation of Mtb Extracellular Vesicles 

The preparation of the Mtb EV samples was conducted in collaboration with Nicole 

Kruh-Garcia’s laboratory at Colorado State University. Specific methodological details are 

described in Joan M. Ryan’s thesis and will be described in a future publication. 

A.4.2 Asymmetrical flow field-flow fractionation and on-line detection with ultraviolet 

(UV) and multi-angle light scattering-dynamic light scattering (MALS-DLS) 

Fractionation of MTb EVs was performed using an AF2000 system (Postnova Analytics, 

Salt Lake City, Utah) coupled to multiple detectors that included UV/Vis (SPD-20A Shimadzu, 

Japan), and MALS-DLS (DAWN HELEOS II, Wyatt Technology Corporation, Santa Barbara, 

California). UV data was collected at 280 nm and MALS-DLS data was acquired and analyzed 

using Astra 7.3.2.21 (Wyatt Technology Corporation, Santa Barbara, California). The MALS 

detector was normalized using bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, 

Missouri). For examining size distributions, MALS Rg values were transformed into Rh values 

assuming a spherical shape (Rg/Rh = 0.77). The AF4 trapezoidal channel has a nominal thickness 

of 350 µm consisting of a tip-to-outlet length of 27.5 cm, breadth at channel inlet of 2 cm, and 

breadth at channel outlet of 0.5 cm. The semi-permeable accumulation wall was a regenerated 

cellulose membrane with a 10 kDa molecular weight cutoff (Postnova Analytics, Salt Lake City, 

Utah). A 0.1 µm inline filter (Merck Millipore Ltd, Ireland) was positioned between the HPLC 

pump and the AF4 channel. 

A mixture of 20, 100, 200 and 500 nm Duke polystyrene latex particles (Thermo Fisher 

Scientific, Waltham, Massachusetts) was used to demonstrate the AF4 separation. The mixture 

was suspended in 0.02% sodium azide (Sigma-Aldrich, St. Louis, Missouri) and 0.05 % FL-70 

surfactant (Thermo Fisher Scientific, Waltham, Massachusetts) in deionized 18.2 MΩ water 
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which was also used as the AF4 carrier fluid. The sample injection volume was 1 mL, the sample 

injection flow rate was 0.2 mL/min, and the detector flow rate was 0.5 mL/min. The crossflow 

rate was1.0 mL/min during the 15-minute sample loading and focusing period the sample for 15 

minutes. After focusing, the crossflow was held at 1.0 mL/min for an additional 12 minutes, 

decreased linearly to 0.1 mL/min over 8 minutes, held at 0.1 mL/min for 25 minutes and then 

turned off.  

AF4 separation of all MTb EV samples was done in the same manner to that for the latex 

particles except for the last step where the crossflow rate was held at 0.1 mL/min for 15 minutes 

and then turned off. The carrier fluid used for EV separation was 1x phosphate buffered saline 

(PBS) which was diluted from 10x PBS (molecular biology grade, Mediatech, Inc., Manassas, 

Virginia) using 18.2 MΩ water. Five fractions (F1-F5) were collected for each sample and stored 

at 4 °C until needed. To ensure enough sample was present for offline analyses, six AF4 

injections were made to obtain a higher concentration of EVs in each fraction.  

A.4.3 AF4 Fraction Analysis of Mtb EVs 

After fractionating MTb EVs, collected fractions were then concentrated and assessed by 

nanoparticle tracking analysis (NTA) for concentration and sizes distribution and transmission 

electron microscopy for size confirmation. Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) along with silver stain, Western blot, and shotgun proteomics via 

liquid chromatography tandem mass spectrometry (LC-MS/MS) were used for quantitative and 

qualitative protein analyses. Samples were prepared for LC-MS/MS by performing a trypsin 

digest and then identifying proteins through several databases. Similar to section A.4.1, 

experimental details are provided in Joan M. Ryan’s thesis and were completed at Colorado State 

University. 
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