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ABSTRACT

Capillary-channeled polymer (C-CP) fiber stationary phases have been developed
by the Marcus lab as an alternative approach to traditional, commercially-available silicabased supports for biomacromolecule separations. C-CP columns are created with natural
and synthetic base polymers in a variety of chemistries and shapes, allowing for
customization of separations, while providing low material costs and ease of construction.
The stationary phase is virtually nonporous with respect to the size of proteins and can
operate under high linear velocities (~100 mm s-1) while maintaining relatively low
backpressures. As a result of these hydrodynamic benefits, low flow resistance at high
volume flow rates, and efficient mass transfer characteristics are realized making these
columns attractive for biomacromolecule separations.
C-CP fiber phases were evaluated for their performance for intact protein
separations under RP-HPLC conditions. The separation quality, operational characteristics,
and protein dynamic loading capacity on the fiber phases are compared to commerciallyavailable superficially porous and monolithic columns, which are tailored to protein
separations. A trilobal (y-shaped) polypropylene fiber phase was employed to separate a
synthetic mixture of five proteins (having diverse chemistries and molecular weights). The
separation quality was evaluated based on the resolution, peak heights/recoveries, peak
widths, and peak areas. The present work illustrates the unique ability to operate with better
hydrodynamic characteristics while yielding comparable chromatographic performance
and binding capacities to the commercial columns.
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Recently, Marcus and coworkers have successfully extended the fiber stationary
phases for the isolation and quantification of extracellular vesicles (EVs). EVs are 30-1000
nm membranous vesicles secreted from all cells that play pertinent roles in many biological
processes such as targeting and transporting biomolecules to specific cells, engaging in
cell-signaling, maintaining homeostasis, and regulating biological functions. Currently,
traditional methods developed for the isolation of small quantities of EVs are plagued by
limitations in terms of product purity, low recoveries, and very low throughput. To
overcome the practical limitation of low throughput, polyester (PET) C-CP fiber-phases
have been examined via a frontal loading and recovery analysis to determine the load,
throughput, and recovery from various complex matrices.
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CHAPTER ONE
INTRODUCTION
1.1 Capillary-Channeled Polymer Fiber Columns

Capillary-channeled polymer (C-CP) fiber columns were developed by the Marcus
lab to be implemented as the support/stationary phase for biomacromolecule separations.13

The Clemson University Department of Material Science and Engineering melt-extruded

three commodity polymers, polypropylene (PP), polyester (PET), and nylon-6, using
spinnerets to yield fiber bundles. The three commodity polymers cover a broad range of
hydrophobicities and ionic characteristics allowing them to be employed in numerous
separation modalities including, reversed-phase chromatography (RPC),4-5 ion-exchange
chromatography (IEC),6-7 hydrophobic interaction chromatography (HIC),8-9 and affinity
chromatography.10-12
When packed into their column housing, the fibers create longitudinal channels
down the fiber axis, resulting from the interdigitating of the fiber shapes. The fibers have
two shapes; the PP, PET, and nylon-6 fibers have a traditional eight-legged, interlocking
finger-like shape, and the PP and PET have been further developed to have a trilobal, yshape. It is believed the trilobal shape would provide greater channel uniformity, increasing
resolution and other chromatographic parameters of merit. The collinearity of the fibers
has allowed for operation at increased linear velocities (~100 mm s-1) without increases in
system backpressure compared to commercial columns.5 The stationary phase channels are
essentially nonporous compared to the size of proteins, limiting intrafiber diffusion and
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promoting more efficient fluid movement throughout the structure. The combination of
these hydrodynamic characteristics has led to protein separations having decreased van
Deemter C-term broadening.5, 13-15
1.2 Column Hydrodynamics

To fully appreciate the benefits introduced by the C-CP fiber columns, it is
important to understand the hydrodynamic characteristics of the stationary phases. During
a separation, the quality and efficiency are assessed based on the resolution, peak
heights/recoveries, peak widths, and peak areas. Of course, to understand these terms, the
van Deemter equation (1) must be explained.
𝐻 =𝐴+

𝐵
𝑢

+ 𝐶𝑢

(1)

H represents the column plate height, u is the linear flow velocity, the A-term measures
band broadening due to multiple flow paths and mobile phase effects (i.e., eddy diffusion),
the B-term quantifies band broadening due to axial or longitudinal diffusion of the analyte,
and the C-term determines the broadening caused by kinetic effects of the mobile phase
within the stationary phase.16 The plate height, which relates the plate number (the measure
of variation in peak widths) to the column length, is the preferred measure of efficiency as
calculated using the van Deemter equation because it determines peak broadening as it
passes through the column.16 Traditionally, commercially available totally porous silica
phases have performed poorly in macromolecule separations, despite their success with
small molecules. When separating analytes of similar sizes to the pore diameters, band
broadening is observed at high linear velocities because of reduced intra-stationary phase
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diffusion (C-term).14 To reduce the diffusion distance, thus improving the separation
efficiencies, superficially porous and monolithic columns have been developed to perform
protein separations.14, 17-20 In contrast, the C-CP fiber columns were found to be A-term
limited, devoid of appreciable van Deemter B- and C-terms. Previous protein separation
experiments performed using the C-CP fiber columns, found the A-term is the primarily
limiting term because it is dependent on the uniformity of the stationary phase packing in
the column housing.4, 14 As the protein desorbs from the fiber surface, rapid transport of
the molecule down the column at increased linear velocities minimizes longitudinal
diffusion and hence, the van Deemter B-term.14 The decreased C-term can be contributed
to the fact the stationary phase fibers are virtually non-porous with respect to the size of
proteins.4-5,

13-14

The plate height, combined with the A-, B-, and C-terms of the van

Deemter equation provides insight into the column stationary phase packing and how it
effects the separation as a whole.
1.3 Reversed-Phase Chromatography

Reversed-phase chromatography is a popular separation modality, especially in
biochemical

fields

for

its

ability

to

isolate

molecules

based

on

relative

polarity/hydrophobicity, differentiating it from other separation modes based on size or
charge.16, 21-22 Hydrophobicity is an important component in biologically relevant fields, as
it is involved in but not limited to, transmembrane protein orientation in phospholipid
bilayers, enzymatic interactions, cellular receptors and ligand interactions, and the
assembly of organelle complexes, enzymes, and multi-subunit proteins.16 In RPC, the
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stationary phase is nonpolar and hydrophobic, while the mobile phase is polar. Initially,
the polar mobile phase solvents (i.e., water) promote hydrophobic binding, then a stronger,
nonpolar solvent (acetonitrile, methanol, etc.) is introduced to elute the analyte. The solutes
elute in order of increasing hydrophobicity, decreasing net charge, degree of ionization,
and ability to participate in hydrogen bonding.
Marcus and colleagues have successfully applied synthetic fibers for the separation
of biomolecules under RPC conditions.23-24, 26-30 PP and PET fibers are most often used as
the stationary phase with this separation modality, providing relatively low back pressures,
solute transport via convective diffusion, and flexibility in surface chemistries and shapes
to promote more efficient separations. The RP-HPLC conditions employed on these fiberbased surfaces have shown reduce plate heights (~1.5 to 0.2 mm for BSA) while operating
at increased linear flow velocities (~25 mm s-1), in addition to the ability to fully resolve a
synthetic mixture of 6 proteins.5 The chromatographic performance, coupled with the lower
back pressures, higher bed volumes, and operation at increased linear velocities provide a
comparable alternative for silica-based columns.
1.4 Hydrophobic Interaction Chromatography

Hydrophobic interaction chromatography (HIC) is a mode of separation in which a
high to low salt gradient is used to elute biological macromolecules (proteins, nucleic acids,
vesicles, etc.) in order of increasing hydrophobicity.16 Hydrophobic patches on the surface
of the biological macromolecules interact with the nonpolar ligands of the stationary phase
surface under the high salt conditions; where elution is entropy-driven based on the
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relationship between the molecule and the stationary phase.16 While HIC has a similar
retention mechanism to RP separations, HIC is often considered a gentler mode of
separation due to its relatively mild elution conditions that tend to preserve the structure
and function of biomolecules.8, 31-33 When choosing a salt in HIC, the best salts tend to be
chaotropic in nature, meaning the ordering of the water molecules at the biomolecule
surface is disrupted, allowing for stronger interactions of the hydrophobic patches of the
molecule surface with the hydrophobic stationary phase.8, 34-36 The effectiveness of the
chosen salt is based on the surface tension increment (i.e., the Hofmeister salting-out series
for precipitation of proteins). Ammonium sulfate is the most used salt due to its availability
in high purity, effectiveness in retention, high solubility, and resistance to microbial
growth.16
The Marcus lab has developed an organic solvent-assisted HIC method for the
simultaneous isolation and quantification of EVs from various complex biological
matrices. Organic modifiers such as acetonitrile and glycerol, were added to the solvents
in an attempt to increase selectivity and resolution of the HIC separations.37 Glycerol,
commonly used as a cryoprotectant to prevent freezing damage to various organisms, is
non-toxic and has little effects on enzymatic and metabolic processes; even improving the
refolding of recombinant proteins during HIC separations.38-43 While low percentages of
ACN (20-40% v/v) have proven successful for isolating purified EVs, glycerol was
recognized as a milder and efficient elution and storage additive.37 This lab has successfully
employed both organic solvent-assisted HIC methods for the isolation of EVs from plasma,
serum, urine, unpasteurized goat milk (acting as a surrogate for human breast milk), cell
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milieu, cervical mucus, and saliva.43 Of those, urine, plasma, and cell culture media have
been implemented using the HPLC.36, 4-45
1.5 Summary of Chapters

Chapter 2 describes a systematic performance comparison made between a
polypropylene (PP) C-CP fiber having a y-shaped or trilobal perimeter (termed PPY), and
commercially-available superficially porous and monolithic columns, constructed
specifically for reversed-phase protein separations. Chapter 3 details using polyester (PET)
C-CP fiber-phase columns in a HIC modality to determine the frontal load, throughput, and
recovery of extracellular vesicles (EVs) from HEK293T/17 SF cell milieu and human
urine.
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CHAPTER TWO
COMPARATIVE ANALYSIS OF TRILOBAL CAPILLARY-CHANNELED
POLYMER FIBER COLUMNS WITH SUPERFICIALLY POROUS AND
MONOLITHIC PHASES TOWARDS REVERSED-PHASE PROTEIN SEPARATIONS
2.1 Introduction
Reversed-phase liquid chromatography (RP-LC) is one of the most widely used
separation modalities for complex mixtures of small molecules. RP chromatography
methods owe their versatility to the ability of the stationary phases to isolate target analytes
based on their relative polarity/hydrophobicity.

1, 2

Particularly in biochemistry-related

fields, RP-LC has proven to be useful for the isolation of small molecules, including
peptides, drugs, and metabolites, but has been extended to include proteins and other
macromolecules.3-5 The utility of RP-LC towards large molecules is augmented by
convenient gradient separations to resolve chemically similar (albeit complex) molecules.
2, 3

Porous silica support phases modified with various organic ligands are by far the
most commonly applied in RP-LC applications, 1, 2 this extends as well to the separation
of biomacromolecules such as peptides and proteins.3, 6, 7 In the case of biomacromolecule
separations, chromatographic figures of merit are affected by the analytes’ affinity for the
hydrophobic stationary phases, their degree of functional group ionization, and the extent
of hydrogen bonding,3 leading to a complex set of interactions. While biomacromolecules
have varying affinities for hydrophobic stationary phases, the addition of modifiers is
beneficial in preventing secondary equilibrium effects from the partial ionization of amine
or carboxylic acid groups in proteins and other biomolecules. Most common is the addition
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of acids, such as trifluoroacetic acid (TFA). 3, 8, 9 The low pH afforded by the addition of
TFA is favorable due to the increased solubility of proteins and a greater extent of
ionization of solvent-accessible amine groups. Unfortunately, the use of even low
percentages of TFA to the RP solvent systems can be harmful to the stability of silica-based
stationary phases where the bonded phases face significant degradation.10 To this end, the
use of polymer-based stationary phases eliminates this issue, as surface ligand bonds are
hydrolytically stable over a large pH range. In addition, polymeric supports can be prepared
in a large variety of shapes and chemistries, allowing them to be employed using many
separation modalities.11-14
A more fundamental challenge in the LC separation of biomacromolecules,
regardless of the modality, deals with their transport dynamics in the mobile and support
phases.1,

15, 16

Due to their size, macromolecules, like proteins have inherently poor

diffusional/mass transfer characteristics, compromising desired chromatographic qualities
via what are colloquially referred to as van Deemter C-term effects. These effects present
themselves primarily as low diffusion rates through highly porous support phases leading
to excessive band broadening. Another potential challenge in using fully-porous supports
is due to the fact that there is a potential for exclusion from the pore volumes, limiting
binding capacities and introducing size-exclusion aspects to the separations. Silica-based
superficially porous and monolithic supports were developed to address the mass transfer
limitations affecting separations on fully porous, bead form support phases, particularly
with an eye toward higher protein throughput.17-21 The highly porous outer-sphere of the
superficially porous phases provides a level of enhanced surface area availability versus

11

non-porous phases, while the presence of the solid core reduces band broadening that
occurs due to the restricted mass transfer deep within fully porous phases. The typical 2.7
μm diameter fused-core particles boast better loading characteristics, higher peak
capacities, smaller diffusion paths, and improved separation speeds for biomolecules than
totally porous particles of the same size.18, 21-25 Towards the same end, monolithic columns
are composed of a single continuous rod-like structure that produces a highly permeable
column, with mass transport through the mesoporous structure affected by convection.19,
26-28

Monolith columns have received attention for biomacromolecule separations29-31

promoting faster separations of proteins than packed-bed columns.32 Despite the benefits
introduced by both stationary phase types relative to biomacromolecule separations,
neither column format is without disadvantages. The flow between the small particles in
the superficially porous material columns can impose strong shear forces on
macromolecules leading to conformational changes, bond breakage, and thus, altered
structures of the analyte.21 Additionally, the small-particle columns are prone to fouling in
the presence of complex bio-media.21 In the case of monolithic columns, physical
inhomogeneity can yield higher asymmetry factors, lower resolution, and larger dead
volumes in comparison to packed-bed columns.20, 32
These cited limitations, coupled with the potential for degeneration of silica-based
supports in general, have opened the path for alternative, polymer-based stationary phases
to be used in RP protein separations. The rigid, porous structures of polymeric beads
remain virtually unaffected by the environment, and interconnected cavities of various
sizes allow for the free diffusion of molecules through their pores.27 In addition, polymer-
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based stationary phases including monolithic and various fiber formats present many
advantages over silica-based separation materials, including a wider range of pH stability
and preparation in a large variety of shapes and chemistries.10, 11, 14, 27, 33-35 The presented
chemical advantages extend to their relative ease of preparation and versatility to affect
various chromatographic modalities via fairly simple organic-moiety (i.e., ligand) coupling
chemistries.
While the potential chemical advantages available in the use of polymer supports
are clear, movement to these materials also provides the consideration of different physical
formats than silica-based materials. Among these are natural and synthetic fibers as
reviewed by Marcus.14, 35 A vast number of chemistries and shapes have been described,
with the primary practical constants being very low material costs and solute transport via
convective flow.34, 36-40 Indeed, while the surface areas of most fiber materials pale in
comparison to porous media, relatively low back pressures coupled with convective flow
are near-ideal traits for biomacromolecule separations. This laboratory has developed
capillary-channeled polymer (C-CP) fiber columns, employed as the combined
support/stationary phase for protein separations.41-43 The C-CP fibers are created in a melt
extrusion process from three primary commodity polymers: polypropylene (PP), polyester
(PET), and nylon-6, providing a range of hydrophobicities and ionic character towards RP,
43,

44

ion-exchange chromatography (IEC),45,

46

and hydrophobic interaction

chromatography (HIC)47 protein separations. Likewise, a rich set of very simple surface
modification chemistries has been developed to affect more efficient ionic separations48
and to generate selective affinity phases.49-51
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Hydrodynamic benefits of the C-CP fiber column arise from the thousands of
parallel, 1-4 μm diameter channels that are formed in the co-linear packing of the ~50 μm
wide, eight-channeled fibers41, 52 along with the non-porous (relative to the size of proteins)
fiber surfaces.53 As a result, low flow resistance at high volume flow rates and highly
efficient mass transfer characteristics are realized.41-43, 54-57 Commonly, the van Deemter
equation (Eq. 1) is used to characterize column efficiency and performance in isocratic
separations, allowing a better understanding of underlying limitations.
𝐵

𝐻 =𝐴+𝑢+𝐶∗𝑢

(1)

A number of detailed studies using C-CP fiber phase separations of proteins point to the
van Deemter A-term being the primary limiting aspect, with C-term broadening being
virtually non-existent at linear velocities of up to 100 mm s-1.52, 54, 60 The lack of C-term
broadening is a direct result of the non-porous nature of the fiber surfaces with respect to
the size of proteins in combination with high linear velocities that prevent relaxation to the
fiber surface.52, 53 As the A-term reflects the variance in the solute paths, it represents the
uniformity (or lack thereof) of the support phase packing. The original C-CP fibers entailed
an eight-channeled structure, each having a different diameter. As such, the uniformity of
the packing suffered, yielding minimum plate heights of single millimeters for microbore
columns and protein solutes.52
The recent introduction of a trilobal (y-shaped) polypropylene (PP) C-CP fiber
phase was projected to yield much better uniformity among the inter-fiber channels.54 As
revealed through SEM imaging, the Y-shaped polypropylene fibers used herein showed
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improved packing densities and increased channel uniformity versus the previous eightchannel C-CP fiber shape.54 Specifically, following an investigation of the roles of fiber
packing density (i.e., interstitial fraction), plate heights were reduced from ~1.5 – to - 0.2
mm for bovine serum albumin (BSA) at a linear velocity of 25 mm s-1. The effort also
included optimization of the mobile phase flow rate (i.e., linear velocity) and RP gradient
rate on the resolution of key pairs in a synthetic mixture of 6 proteins. The trilobal fiber
columns provided better separation quality than the eight-channel fibers for the same
mixture. The platform also performed very well in the high throughput, LC-MS analysis
of proteins.61
Herein, a systematic performance comparison is made between the novel PP C-CP
fibers having a y-shaped perimeter (termed PPY fibers) and commercially-available
superficially porous and monolithic columns, sold explicitly for RP protein separations.
The studies presented here complement those of a recent report from this laboratory,
wherein the use of the PPY format was bechmarked versus a different RP superficially
porous column and a size-exclusion chromatography (SEC) platform in terms of
performance across polypeptides and proteins ranging to 660 kDa molecular weight.62 That
effort successfully revealed performance that was able to span the entirety of the protein
suites, whereas the other two formats were limited to the low and high ends of the mass
scale, respectively. Here, far more attention is paid to fundamental comparisons of the
respective phases’ characteristics. The points of comparison include analyte elution order,
operating system back pressure, dynamic binding capacities determined by frontal
(breakthrough) analysis, and chromatographic figures of merit. The peak half-width,
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resolution, peak height, and peak area characteristics were compared at optimized RP
conditions for the PPY and those recommended by the manufacturers for the commercial
columns. The much-improved chromatographic performance realized with the trilobal
shape, in combination with lower back pressures, higher bed volume binding capacities,
and low materials cost bode well for future analytical-scale RP-HPLC protein separations.
2.2 Experimental
2.2.1 Chemicals and Sample Preparations
HPLC-grade acetonitrile (ACN) (Millipore, Merck, Germany), DI-H2O (milli-Q
water; 18.2 MΩ-cm, Millipore, Merck, Germany), and trifluoroacetic acid (TFA) (SigmaAldrich, St. Louis, MO, USA) were used for sample and mobile phase preparation. Mobile
phase A consisted of DI-H2O with 0.1% TFA, and Mobile phase B was made up of ACN
and 0.1% TFA. Ribonuclease A (ribo A) (13.7 kDa), cytochrome c (cyto c) (12.0 kDa),
lysozyme (lyso) (14.3 kDa), transferrin (trans) (80 kDa), uracil, bovine serum albumin
(BSA) (66.5 kDa), and alpha-chymotrypsinogen A (α-chym A) (25 kDa) were each
purchased from Sigma-Aldrich. These proteins represent a range of hydrophobicities and
molecular weights, ranging from approximately 12 to 80 kDa. Stock solutions (2 mg mL1

) of each protein were prepared in phosphate-buffered saline (PBS) (1x), purchased from

Hyclone Laboratories. Inc. (Logan, Utah, USA), and diluted with DI-H2O and 0.1% TFA
to the working concentration, approximately 0.02 mg mL-1, on the day of the analysis.
2.2.2 Chromatographic Columns
The trilobal, PPY C-CP fibers used in the current work were melt-extruded by the
Department of Material Science and Engineering at Clemson University using spinnerets
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that yield a 35-fiber bundle. SEM imaging of the PPY fiber-packed columns reveals fiber
leg lengths of ~20 mm and total perimeters of 120 μm, with column uniformity appearing
superior to the original eight-channeled fibers.54 Columns here were prepared by packing
the PPY fibers using previously described methods.20, 32, 42 The shell of the column, through
which the fibers were pulled, was polyether ether ketone (PEEK) tubing purchased from
Cole-Parmer (Vernon Hills, IL). The column length was approximately 300 mm (with an
inner diameter of 0.762 mm). Based on preliminary studies, 630 total fibers of PPY were
packed into each C-CP column. Before all chromatographic trials, the C-CP fiber columns
were washed at flow rates varying from 0.1-1.0 mL min-1 with ACN, then DI-H2O until a
stable absorbance baseline was obtained at 216 nm. Varying the flow rate is important to
ensure the stable baseline can be achieved across the flow rates utilized in the experiments.
Washing is essential to remove any anti-static coatings applied to the fiber following the
extrusion process.43, 54
To better understand and benchmark the PPY fiber column performance in RP-LC
protein separations, two commercial columns designed specifically for RP protein
separations were evaluated. The first column was the Agilent Infinity Lab Poroshell 120
column (Agilent Technologies; Santa Clara, CA). The column dimensions were 3.0 x 50
mm and packed with superficially porous, 2.7 μm diameter silica particles with a 12 nm
average pore size and an EC-C18 bonded phase applied to the porous outer layer. The
second column was the Chromolith® Performance RP-8e column (Merck KGaA;
Darmstadt, Germany). The monolithic column dimensions were 4.6 x 100 mm, having 2
μm macropores and 13 nm mesopores within the single high-purity, highly porous, silica
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gel-derived rod with C-8 reversed phase properties. In all cases, the commercial columns
were operated as per the manufacturer’s instructions for protein separations.
Uracil and lysozyme (5 μL injections of 20 μg mL-1, each) were used as the two
hydrodynamic probe species for the van Deemter characterization data under conditions
where each solute was not chemically retained to the phases.45 Use of these two markers
provides complementary information as uracil can fully access the pore structures of each
phase, while lysozyme reflects those surfaces where the target proteins have access. On the
PPY column, uracil was eluted with isocratic mobile phase conditions of 5% mobile phase
B 95% mobile phase A, while lysozyme was eluted in isocratic mobile phase conditions
consisting of 60% mobile phase B 40% mobile phase A. For the Poroshell and monolithic
columns, uracil and lysozyme were eluted with the same isocratic conditions of 60%
mobile phase B and 40% mobile phase A.
Marcus and Nelson described an approach to optimize rapid protein separations on
C-CP fiber columns through manipulation of the gradient steepness and mobile phase flow
rate.43 Here, a similar starting gradient was employed with mobile phases A and B, at a
flow rate of 0.5 mL min-1 in 15 minutes (6.67% change per minute). This gradient was used
to determine the solvent strength needed to elute each protein in the suite. The use of 0.1%
TFA in the mobile phase is important in the elution characteristics in RP chromatography,
lowering the pH to ~2, effectively protonating the carboxylic acid groups of the proteins.6
This causes an increase in the hydrophobicity and retentivity of the proteins,6 while also
minimizing their overall charge variability. It is important to reiterate that, different from
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the case of derivatized silica phases, the PPY stationary phase surface chemistry is not
affected by changes in solvent pH.
2.2.3 Instrumentation and Methods
Chromatographic experiments were performed on two Dionex Ultimate 3000
HPLC systems (LPG-3400SD quaternary pump, WPS-3000TSL autosampler, and either a
VWD-3400RS or MWD-3000 UV-Vis detector; Thermo-Fisher Scientific, Sunnyvale,
CA) operating under the control of Chromeleon 6.8 and 7 data systems, respectively. To
provide better reproducibility and lower plate heights, the auto-injection mode on the WPS3000TSL autosampler-equipped with the VWD-3400RS detector was used to obtain the
fundamental van Deemter-related data, employing 5 μL injections and 5 °C temperature
control. 20 μL injections of a five-protein mixture were run in the manual injection mode
on the LPG-3400SD quaternary pump with the MWD-3000 UV-Vis detector due to higher
protein sensitivities realized on that system. The sensitivity difference is due to the increase
in flow cell path lengths between the instruments. All solvent gradients, flow rates, and
loading amounts were optimized using the manual injection mode. All data points were
collected in triplicate (n=3) for each experiment unless otherwise stated. Solvent baseline
absorbance values from blank injections were subtracted from each protein separation. It
must be stated that for the quality metrics provided herein (peak widths, resolution, etc.),
the inputs were taken from the chromatographic data and calculated within the instrument
data systems.
2.3 Results and Discussion
2.3.1 Hydrodynamic Characterization
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The hydrodynamic efficiency of an HPLC column is generally evaluated in terms
of van Deemter plots (plate height (H) as a function of linear velocity (U o)). The linear
flow velocity (Eq. 2) was calculated for each column format using the determined
interstitial fractions (Eq. 3);
𝑈0 =

𝐹
𝑟2

(2)

∗ 𝜋 ∗ 𝜀𝑖

where r is the internal radius of the column. The interstitial fraction (εi) was determined
experimentally using the retention time of unretained uracil injections as demonstrated in
Eq. 3.
𝜀𝑖 =

𝐹 (𝑡𝑟 −𝑡0 )

(3)

𝑉𝑐

Where F is the mobile phase volumetric flow rate, tr is the on-column retention time, t0 is
the elution time for the uracil without a column present, and Vc is the volume of the empty
column. The εi was found to be 0.473 for the PPY fiber column, comparable to the
previously determined value of 0.457 for the same format.54 This lower interstitial fraction
compared to the eight-channeled fibers (εi = 0.616)54 suggests more restricted flow but with
greater exposed fiber surface area to affect separations. Additionally, the low interstitial
fraction reflects shorter distances between opposing fiber surfaces, thus, shorter diffusional
distances. Finally, the lower interstitial fraction results in higher linear velocities at the
same volume flow rates and thus higher shear rates, which should improve solute mass
transfer characteristics according to the Leveque equation.63, 64 The determined εi values
for the commercial columns were: superficially porous = 0.532, and monolithic = 0.707.
While the interstitial fraction reflects the free volume, opposite of the available surface area
for adsorption, it also bears on the hydrodynamic throughput, as lower interstitial fractions
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yield higher mobile phase linear velocities for the same volume flow rates, to a first
approximation reducing on-column residence time and B-term broadening.57
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Figure 2.1. van Deemter plots for a) the PPY C-CP fiber column, b) superficially porous,
and c) monolithic commercial columns. The uracil and BSA conditions on the PPY column
were divided by 10 to present all values on the same scale.
The van Deemter plots, for experiments performed in triplicate, are shown in Fig.
2.1. The PPY capillary column (Fig. 2.1a) was able to achieve much higher linear velocities
(~13X and 16X) than those of the superficially porous (Fib. 2.1b) and the monolithic (Fig.
2.1c) columns, respectively, while still obtaining comparable van Deemter terms. For the
respective columns, the volume flow rates ranged from 0.1 – 0.8 mL min-1 for the fiber
column, 0.1 - 0.8 mL min-1 for the superficially porous, and 1 – 2 mL min-1 for the
monolith. The back pressure realized at the maximum flow rates were ~5, 12, and 10 MPa,
respectively. Qualitatively, the resulting plots for the three column types are quite different,
though within each solute/column set, the precision in the values for each test condition is
quite good. Across both probe species and the operable flow velocities, the monolithic
column was able to consistently achieve lower plate heights (0.01-0.1 mm), with the fiber
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and superficially porous columns yielding approximately the same order of magnitude, on
the 0.2 – 0.6 mm level. The most glaring difference among the van Deemter plots is the
fact that, particularly at the very much higher (>25X) linear velocities of the C-CP fiber
column, the determined plate heights for the protein (lysozyme) are lower than the small
molecule (uracil). In this case, as observed in earlier works, the uracil molecule has some
limited access to the pore structure of the fibers,52,

53

while the protein is completely

excluded. On the contrary, the two silica-based supports show appreciable differences
between the two probe molecules, with the protein yielding appreciably higher plate
heights. In general, the increase in plate height for the protein is fairly immune to increase
in linear velocity in the case of the superficially porous material versus the monolith.
Table 2.1. The absolute value of the van Deemter parameters for the three columns using
uracil and BSA as solutes.

The extracted van Deemter constants for the three column types are presented in
Table 2.1. Going through the respective terms sequentially allows for deeper levels of
comparison, beyond the qualitative aspects depicted in the plots of Fig. 2.1. In the case of
the van Deemter A-term, which reflects the variability in the flow paths within the column
beds, the uniformity of the solute transport profiles is seen to be much better for the
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monolithic column than either the fiber or the packed bed formats. This difference is not
particularly surprising as the majority of that column’s bed volume is open space through
the pore structure. The fact that the A-term is the largest contributor to broadening in the
case of the fiber materials has long been realized,52, 60 though the values here and in
previous work with the tri-lobal shape54 are much smaller than the original 8-channeled
fiber structure, as was the intention. Certainly, there is still room for improvement in the
packing quality. The van Deemter B-term reflects the extent of longitudinal (diffusive)
broadening that naturally occurs. In the case of the two commercial columns, the B-terms
are relatively small contributors to overall broadening, but the fact that the values for the
fiber column are multiple times larger is somewhat of a surprise. Initially, one might expect
that the column format having the highest linear velocity would experience the lowest
extent of this form of broadening. What is seen here though, and in previous efforts,52 is a
reflection of the lack of tortuosity in the basically-open, parallel channels in the fiber bed.
The lower pressure drop of the fiber column may also play a role in allowing higher solute
diffusivity versus the commercial columns. Of course, the greatest challenge in the LC
separation of biomacromolecules revolves around processes related to the van Deemter Cterm. Each of the tested phases has been developed explicitly to address these issues. As
seen in Table 2.1, this aspect is where the fiber phase shows its most demonstrative
advantages. As could be gleaned from the responses in Fig. 2.1a, both of the test solutes
display little C-term character, with the term being quantitatively smaller for the protein
versus uracil. Interestingly, the values are not so distinct, or as might be expected, for the
commercial phases. Specifically, the C-term for uracil is smaller than for lysozyme in the
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case of the monolithic column. In general, the determined van Deemter constants provide
some insight into the on-column broadening mechanisms, and certainly combine to bear
out the overall lower plate heights seen for the monolith.
2.3.2 Optimization of RP Separations on Trilobal Polypropylene Fiber Phases
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Figure 2.2 Comparison of chromatograms as a function of gradient rate for the PPY
column in 5, 10, and 15 minutes. a) gradient of 15-50% B (ACN and 0.1% TFA). b) gradient
of 20-50% B (ACN and 0.1% TFA). c) gradient of 25-50% B (ACN and 0.1%).
To be sure, the RP gradient elution of proteins is a complex process. Different from
small molecule separations, the predominately hydrophobicity-driven adsorption of the
macromolecules to the stationary phase involves multiple points of contact, having
different levels of affinity for the phase. As such, the degree of phase surface ionization,
the ionization of the protein functional groups, the extent of unfolding, and many other
factors affect how a single protein interacts with a phase. Depending on the actual
stationary phase in question, solvent linear velocity can also be a factor. Ultimately,
proteins do not generally spontaneously release from a surface at a given mobile phase
composition, but rather elute across a band of solvent strengths.4, 5, 7 Multiple previous
studies have laid the experimental approaches to RP gradient optimization relative to RP
protein separations on C-CP fiber phases.42,
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44, 54

In order to determine the gradient

percentage change that yielded the most favorable separation conditions (though still
comparable to the other columns) based on resolution and peak widths, three solvent
gradient breadths ranging from 15% to 50% B, 20% to 50% B, and 25% to 50% B, were
performed across run times of 5, 10, and 15 minutes, each at a flow rate of 0.5 mL min-1.
Representative chromatograms for each experimental condition are presented in Fig. 2.2,
while the quantitative metrics of the peak width (FWHM) for the first and last eluting peak
and the determined resolution for each of the critical pairs are presented in Table 2.2.
Table 2.2 Peak widths (first and last eluting protein) and critical pair resolution values for
the varying gradient rates and times on the PPY column. Protein name in parenthesis, first
of each pair.
Gradient
Breadth
(%B)
15-50

20-50

25-50

Time
(min)

W1/2 1st

W1/2 Last

R1
(Ribo A)

R2
(Cyto c)

R3
(Lyso)

R4
(Trans)

5

0.149

0.146

1.61

1.47

1.66

1.43

10

0.235

0.236

1.97

1.60

1.97

1.47

15

0.341

0.330

2.20

1.63

2.11

1.51

5

0.128

0.184

1.43

1.56

1.76

1.36

10

0.168

0.262

1.77

1.78

2.03

1.48

15

0.209

0.364

1.92

1.75

2.34

1.65

5

0.109

0.213

1.27

1.43

1.88

1.71

10

0.120

0.263

1.40

1.72

2.32

1.81

15

0.100

0.431

1.13

1.46

1.72

1.84

R = 2(t2 – t1)/w1 + w2

Each of the chromatograms has the same general character in terms of the protein
elution order (as they should): ribo A, cyto c, lyso, trans, and a-chym A. In each case, test
mixtures were injected in a solvent of 100% A, with the gradient program initiated 1 min
following the injection. Across the set of conditions, the breadth of the solvent window
effects both the nominal retention times and peak spacing, with the rate of change within
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that window having a larger effect on the peak widths. As the critical elution percentage
for the first protein (Ribo) is close to 30% B, the shorter gradient windows provide earlier
elution times, while the use of more shallow gradients (longer gradient times) provides
more temporal displacement between the eluting species. As would be expected, it is easily
seen that the shortest gradient times (highest change rates) provide for the narrowest peaks,
with the coincident increases in absorbance peak heights. Closer inspection of the
quantitative figures of merit in Table 2.2 illustrates the profound effect that faster gradient
rates have on minimizing the peak widths for the latter-eluting solutes, typically reducing
the W1/2 values by a factor-of-2 in decreasing the gradient time from 15 to 5 mins.
Importantly, there are no deleterious effects seen in terms of peak asymmetry in the use of
the highest gradient rates. The overall impact of faster gradients regarding the determined
resolution characteristics is minimal. While the peaks become narrower, the time between
the peaks changes fairly proportionally, and so the basic benefit is simply improving
analytical throughput without real sacrifice in separation quality, which is not necessarily
common in the realm of protein chromatography. One negative aspect in the use of the
faster gradient times, is the lack of complete baseline resolution, and indeed some nonideal responses that appear in the chromatographic background. Therefore, based on the
ability to achieve true baseline resolution, reduced broadening as indicated by peak widths,
and the decreased use of organic mobile phase necessary to produce similar results, the
gradient window of 25-50% B over a 10-minute gradient interval was chosen for the
current work.
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Figure 2.3 Comparison of chromatograms as a function of flow rate for the PPY column
at a gradient of 25-50% B (ACN containing 0.1% TFA) at 5-, 10-, and 15-minute gradients.
The flow rates vary from a) 0.5 mL min-1, b) 0.6 mL min-1, c) 0.7 mL min-1, and d) 0.8 mL
min-1.
Previous parametric optimization of the eight-legged C-CP fibers pointed to three
primary effects of increasing solvent flow rates, i.e., linear velocity. The first, is a
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narrowing of peak widths as the post-desorption transit from the column is faster.43, 44 The
second effect is a lowering of the percentage of solvent B required to affect elution,
hypothesized as a lowering of the amount of surface contact of proteins under high shear
conditions. The final effect is a lower absorbance measurement recovery as the proteins
elute in greater solvent volumes per unit time, i.e., greater dilution. Having defined the fact
that only a 25 – 50 %B gradient range was required for the protein suite, the different
gradient rates (5, 10, and 15 mins) were evaluated across flow rates ranging from 0.5 mL
min-1 to 0.8 mL min-1 (43 - 69 mm s-1), increasing by 0.1 mL min-1 increments. Four
chromatograms representing each of the varying flow rates at different gradient time
intervals can be seen in Fig. 2.3. In these chromatograms, it was observed that as the flow
rate increased in concert with longer gradient times, the responses for transferrin were
diluted, resulting in a reduction or complete loss of resolution as demonstrated in Table
2.3.
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Table 2.3 Peak widths (first and last eluting protein) and critical pair resolutions for the
varying flow rates and gradient times on the PPY column.
Flow Rate
(mL min-1)

0.5

0.6

0.7

0.8

Gradient
Time
(min)

W1/2 1st

W1/2 Last

R1
(Ribo A)

R2
(Cyto c)

R3
(Lyso)

R4
(Trans)

5

0.103

0.212

1.23

1.44

1.67

1.52

10

0.116

0.314

1.35

1.76

2.14

1.61

15

0.125

0.429

1.38

1.84

2.23

N/A

5

0.087

0.175

1.26

1.58

1.81

1.56

10

0.097

0.291

1.40

1.84

2.24

1.57

15

0.106

0.382

1.41

1.96

7.30

N/A

5

0.076

0.170

1.33

1.67

1.79

1.49

10

0.085

0.279

1.42

1.92

2.16

1.44

15

0.090

0.387

1.44

1.98

7.20

N/A

5

0.068

0.167

1.33

1.70

5.70

1.56

10

0.076

0.290

1.39

1.90

6.75

N/A

15

0.082

0.410

1.41

1.90

6.95

N/A

R = 2(t2 – t1)/w1 + w2
N/A – not distinguishable to calculate resolution.

Indeed, as seen in the Table, the performance was degraded so severely as to be
useless. For all of the gradient times, the peak elution times would decrease by
approximately 1 min, moving from the 0.5 to 0.8 mL min-1 flow rates, regardless of the
solute. This consistency implies that the post-desorption improvement in transport was
universal. What was not so pronounced as in previous efforts was the that the actual solvent
strength for elution was not affected by higher linear velocities. Ultimately, it was observed
that the solute peak widths were more driven by the gradient rate, than the mobile phase
linear velocity. Based again on the ability to achieve clear baseline resolution across the
five-protein suite, and nominally good overall throughput and absorbance responsivity, the
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optimal flow rate for the five-protein suite, at a gradient time of 10 minutes, was determined
to be 0.6 mL min-1.
2.3.3 Comparison of Separation Quality Across Column Types
Having determined a generalized RP gradient method for the separation of the fiveprotein test mixture, comparisons with the commercial ‘protein’ columns is in order.
Surely, the first level of assessment involves the basic separation quality in terms of the
elution characteristics. So as not to bias the results, the superficially porous and monolithic
columns were run at their manufacturer-suggested conditions of 0-60% B in 10 minutes
and at flow rates of 0.8 mL min-1 and 2 mL min-1, respectively. The optimized conditions
for each of the three columns are presented in Table A-1. In each case, the protein mixture
content, injection conditions, and general procedural steps were held constant.
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Figure 2.4 Separation of a five-protein ((1) ribonuclease A, (2) cytochrome c, (3), lysozyme
(4) transferrin, (5) α-chymotrypsinogen mixture under optimized conditions. a) PPY C-CP
fiber column: gradient 25-50% B (acetonitrile containing 0.1% TFA) in 10 minutes, flow
rate 0.6 mL min-1. b) Superficially porous column: gradient 0-60% B (acetonitrile
containing 0.1% TFA) in 10 minutes, flow rate 0.8 mL min-1. c) Monolithic column:
gradient 0-60% B (acetonitrile containing 0.1% TFA) in 10 minutes, flow rate 2.00 mL
min-1. Each column was regenerated for five minutes following each run.
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The protein separations presented in Fig. 2.4 are each plotted on the same
absorbance and time axes for the sake of ready visual comparison. In addition, the RP
gradient programs are incorporated in the chromatograms. It is important to note that the
commercial columns involve steeper gradients, beginning at a 0 %B composition, while
the fiber column begins its gradient at 25 %B. The much higher gradient rate for those
columns is immediately evident towards yielding more narrow elution bands (and thus
higher peak absorbances) for the protein solutes. Also seen, the proteins elute at shorter
times in the case of the fiber column, simply by the offset of the gradient start point. Finally,
it is seen that not all of the proteins are recovered from the monolithic column, as the
transferrin shows as a very minor peak and the a-chymotrypsinogen is not observed in the
test gradient window. The following paragraphs provide more quantitative comparisons
among the column separation characteristics, with the figures of merit presented in Table
2.4.
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Table 2.4. Chromatographic characteristics of merit for PPY, Poroshell, and monolithic
columns for a five-protein separation (n=3) under optimized conditions for each column
(Table 2.4).

The first point of comparison between the various phases involves the enthalpic
aspects of the respective phases. In terms of raw hydrophobicity, it would be expected that
the polypropylene fibers would be the most retentive versus the C18-modified superficially
porous and the C8-modified monolith phases. As seen in Table 2.4, the %B elution values
for each of the proteins tells a different story. It is certainly true that the C18 phase is
slightly more retentive than the C8 ligand, as might be expected; approximately 2 %B for
each of the respective proteins. On the other hand, the proteins elute at appreciably lower
(>10 %B) solvent strengths from the fiber phase than the alkyl-ligated phases, as seen in
previous comparisons. There may be a few reasons for this relationship, which deserve
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greater experimental effort in the future. First, as found in previous protein separations on
the fibers, it may be that the high shear rates result in lesser amounts of protein relaxation
to the stationary phase surface, i.e., lesser amounts of adsorption. Second, there may be a
level of entanglement of the proteins among the ligand strands on the modified phases, a
well-known phenomenon in small molecule separations.65 Finally, there may be additional
modes of interaction of the proteins with the two silica-based phases, including with
surface silanol surface species. In general, while not necessarily consequential in the
separation quality, the elution of proteins at lower percentages of ACN in the case of the
fiber phase, has the positive effect of lesser tendencies of protein denaturation.
In virtually all cases of protein gradient elution, there exists a trade-off between the
two components (numerator and denominator) of the resolution equation
Rs = 2(tR2 – tR1) / w1 + w2

(4)

as low gradient slopes increase the temporal displacement of bands, but also add to their
breadth. These aspects are born out in comparing the eluting peak half-widths and the
resulting resolution across the respective column types. As would be expected based on the
similarity in the gradient conditions, the two commercial columns yield very comparable
peak widths and resulting resolution values. Indeed, the resolution realized across the entire
suite on the superficially porous phase is superior to what is achieved on the fiber columns.
Here, the practical ramifications of the higher plate heights and shallower gradient of the
fiber column led to peak widths much larger than in the commercial columns. While the
resolution of the superficially porous column is clearly superior across the entire suite, it
must be noted that there are appreciable perturbations in the baselines of the respective
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peak profiles. It is not clear what the sources of these satellite peaks may be, but they are
not present in other phases. There is appreciable background “noise” in the chromatogram
produced by the monolithic column.
One other quantitative measure which can be derived from the representative
chromatograms of Fig. 2.4 is the respective recoveries among the three column types. As
noted above, it would be entirely expected that narrow, high peak height value responses
would be expected for the steeper gradient rates. In this regard, as the same test solution
and injection volumes are employed, the integrated absorbance peak areas, and not the peak
height values, are of relevance. As seen in Table 2.4, the solute recoveries of the fiber and
superficially porous phases are very similar, with those of the monolithic column being
appreciably lower (>4X) in the case of the first three eluting proteins, with the recovery of
the transferrin being very much lower and the a-chymotrypsinogen not being observed at
all. It may be that the latter protein is not eluted within the gradient window (up to 60 %B).
Based on the comparison of eluting solvent strengths for the superficially porous phase,
this does not seem reasonable. The fact that the recovery for the transferrin is also very
poor (while still observed) suggests that these proteins are irreversibly bound by some sort
of non-ideal surface interactions.
Chromatographic repeatability, without sacrificing performance or resolution, is
essential when comparing stationary phases. Inconsistencies across columns, and more
importantly for singular columns, may be caused by both physical and surface chemistry
instability. Both can affect experimental reproducibility, altering retention times,
separation efficiency, peak quality, and recoveries. The variability in retention times, peak
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widths, peak heights, and peak areas were evaluated for all three of the columns under the
optimized conditions in Table A-1. Lysozyme and BSA, which are common protein test
species, were used as the protein markers to ascertain whether the molecular weight of the
proteins might affect the reproducibility among the columns. Each protein separation was
performed 5 times, and the results were tabulated amongst the three columns in Table 2.5.
Table 2.5. Repeatability of peak characteristics for lysozyme and bovine serum albumin
(BSA) injections (n=5) onto the PPY C-CP fiber column, Poroshell column, and monolithic
column. All data is reported as % RSD.

Across the assembled metrics, there are some very definite differences among the
column types as well as for the different proteins. Most striking is the much poorer
reproducibility realized for the superficially porous column versus the fiber or monolithic
columns. Perhaps surprising, the imprecision is far worse for the lower molecular weight
lysozyme versus BSA. At this point, there are no real hypotheses as to why the repeatability
of that column is so much diminished. On the other hand, the experimental repeatability
for the fiber and monolithic columns was quite comparable, excepting for the case of
retention time where the monolith was far superior. The measurement precision was fairly
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equivalent for the two proteins on the monolithic column, but in the case of the fiber
column lysozyme showed somewhat better performance versus BSA. In general, though,
the in-house prepared fiber columns show a high level of measurement stability.
2.3.4 Comparison of Protein Dynamic Binding Capacity Across Column Types
While there are certainly column formats which are specifically designed for use in
preparative-scale protein separations,66 which are very different in structure and
operational goals than the ‘analytical’ columns employed here, it is still instructive to
understand the dynamics and thermodynamics of analytical column phases. The most
straight forward, albeit less quantitative, means of assessing dynamic binding capacities
involves a simple breakthrough analysis. Quite literally, a known concentration of protein
solution is fed through the column with the absorbance measured post-column to assess
the point of column saturation, i.e., breakthrough, where the absorbance reaches a steady
plateau reflecting the solution phase protein concentration. There are multiple ways to
quantitatively assess the amount of protein adsorbed to the column, chosen here is
assigning the binding capacity as the volume of solution yielding an absorbance of onehalf of the maximum value. Simple use of breakthrough curves can provide insights into
the kinetics of protein adsorption and the accessible surface area that is provided by the
stationary/support phase. The shape of the breakthrough curve is a reflection of the
adsorption kinetics of a stationary phase. Theoretically, sharper slopes reflect faster
adsorption kinetics and longer breakthrough times indicate that more analyte is retained on
the column stationary phase. Depicted in Figs. 2.5a and b are representative breakthrough
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curves for lysozyme and BSA, respectively, at concentrations of 0.1 mg mL-1 at a moderate
flow rate of 0.5 mL min-1 for each column.

Figure 2.5. Breakthrough curves for the PPY C-CP fiber column, superficially porous
column, and monolithic columns. A) lysozyme and b) BSA.

41

The breakthrough curves of Fig. 2.5 illustrate pronounced differences between the
fiber format and the commercial columns. First, the longer loading times for the
commercial phases reflect higher absolute amounts of bound protein. Second, while
saturation appears as a virtual step-function on the superficially porous and monolithic
phases, there is a more diffuse response at breakthrough for the fibers. The shape of the
fronts on the fiber phase reflects a kinetically-slow adsorption process versus the solute
delivery rate (velocity), particularly as the surfaces reach saturation. This response reflects
a slow ‘filling’ of available surface area. Here, it must be pointed out that the mobile phase
linear velocity in this case is ~40 mm s-1 versus ~2 mm s-1 for the other two phases, thus
amplifying any mass transport limitations. Indeed, previous studies have shown far more
‘vertical’ breakthrough curves for the fiber phases operated at lower linear velocities.
Table 2.6. Column parameters including length, inner diameter, total column volume,
stationary phase bed volume, and the binding capacities for lysozyme and BSA on each
column are shown.

Table 2.6 presents the physical dimensions of the respective column platforms
along with the calculated absolute protein masses as well as the capacities per unit of
column volume. As can be gleaned from the respective breakthrough times, the capacities
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for the fiber and superficially porous columns are nearly equivalent, with the monolith
accepting ~20 - 50% higher amounts. Another difference lies in the fact that those two
phases have very similar capacities for both proteins, while the monolith loads appreciably
more BSA than lysozyme. Most telling in the loading characteristics is the great disparity
in the column volume-based dynamic binding capacities, averaging ~9.5 mg mL-1 for the
C-CP fiber column, ~3.9 mg mL-1 for the superficially porous phase, and 1.2 mg mL-1 for
the monolith. This relationship is particularly interesting given the fact that the fiber phase
has specific surface areas on the order of 1 m2 g-1, whereas the other phases provide values
of 10-100X more. Thus, the C-CP fiber provides far more efficient access to the useable
surface area than the more porous, commercial phases.
2.4 Concluding Remarks
The performance of the PPY C-CP fiber column towards RP separations of a
diverse suite of proteins was evaluated by a series of experiments that included the
evaluation of the resolution, peak height (<10% RSD), peak width (<5% RSD), and peak
area (<11% RSD) characteristics during the RP isolation of a 5-protein suite. Optimization
studies for the RP separation of the PPY fiber phases determined a shallow gradient elution
window (25-50 %B) over 10 minutes at higher linear flow velocities (46.4 mm s-1) and
lower back pressures (~4 MPa) yielded overall chromatographic quality that was
competitive with the commercial ‘protein’ columns. When quantitatively comparing
protein separations across the three stationary phases, the monolithic column exhibited
superior plate height figures of merit, while the superficially porous column yielded higher
resolution across the protein suite; however, perturbations across the baseline were present
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and poorer reproducibility was exhibited in comparison to the other columns. The fiber and
superficially porous phases provided comparably high protein recoveries, while monolith
phases produced somewhat lower recoveries for the first three eluting proteins, with the
transferrin peak being appreciably lower, and α-chym A not being recovered at all. In
contrast to the alkyl-modified phases, the fiber columns required far lower solvent strengths
(%B) to elute the proteins. While producing non-ideal breakthrough characteristics, the
fiber columns operating at much higher linear velocities yield per-column-volume bindings
capacities far greater than the commercial phases. The benefits recognized here, combined
with affordability (<$5), ease of construction (<5 min.), and customizability of the fiber
phases, make the PPY fiber phase an attractive alternative for chromatographic protein
separations. This latter feature allows for ready future implementation across a broad array
to selective separation modalities. Additionally, future works will employ the trilobal CCP fiber shape in new application areas including the isolation/purification of extracellular
vesicles (EVs),67 virus particles,68 and other nanobodies.
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CHAPTER THREE

DETERMINATION OF THE LOADING CAPACITY AND RECOVERY OF
EXTRACELLULAR VESICLES DERIVED FROM HUMAN EMBRYONIC KIDNEY
CELLS AND URINE MATRICES ON CAPILLARY-CHANNELED POLYMER (CCP) FIBER COLUMNS
3.1 Introduction
Extracellular vesicles (EVs), originally considered to be “cellular dump trucks”, are
a heterogeneous population of phospholipid bilayer membrane-bound vesicles actively
released by all cell types.1 Typically ranging from 50-1000 nm in diameter, EVs contain
proteins, DNA, mRNA/miRNA, and other noncoding RNAs from their host cells.2-5 They
also serve as biomolecule transportation vehicles because of their ability to strategically
deliver relevant molecules to local and distant cells.2-5 EVs are generally classified into
three broad categories: exosomes (30-200 nm), microvesicles (100-1000 nm), and
apoptotic bodies (>500 nm).2,3 Of particular interest for this study are the exosomes, which
are strategically created during the multivesicular body-mediated endosomal pathway and
regularly released into the extracellular matrix.1,2 However, due to current isolation
limitations making it difficult to differentiate exosomes from other microvesicles due to
size/density overlap and the lack of immediate knowledge needed to differentiate between
vesicle development pathways, the generic term “EVs” will be used here.
Because of their relative abundance in biological fluids and characteristic
components, many research attempts have been made to implement EVs for several
promising applications. EVs have been suggested as candidates for use as vectors in gene6,7
and drug delivery,8-11 liquid biopsy diagnostics,12,13 and even cosmetics.10,14 However, the
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broad translation of EVs into these areas remains limited due to the lack of understanding
of EV fundamentals resulting from the inability to obtain highly concentrated and pure EV
yields.14,15 Standard approaches for EV isolations have included ultracentrifugation (UC),
size-exclusion chromatography (SEC), ultrafiltration (UF), immunoaffinity (IAF), and
polymer precipitation (PP)-based isolation methods.2,3 Of these, the UC method is
commonly regarded as the “gold standard” EV isolation technique.2,3,16 However, this
method, like the others, is limited by low yield recoveries, co-isolation of
protein/lipoprotein aggregates, low throughput, high capital costs, and potential disruption
of the EV membrane structures due to the extreme centrifugal forces required.2,3,16 Many
of the aforementioned isolation methods require biofluid sample volumes of at least 5-10
milliliters, at minimum. Few EV isolation methods are suitable for processing sample
volumes across the sub-mL to 100 mL range. In the case that liters of EV-rich cell cultures
are employed in vector production, multiple isolation methods are likely required.3 For
context, Aronin, Khvorova, and colleagues, commented on a study, noting that a single
dose of exosomes for one mouse requires 109-1011 particle concentrations, which would
require liters of conditioned media to isolate the dose necessary to treat one animal.14,17-21
Typically, the low EV recoveries produced by traditionally used isolation methods are
simply not fit for translation into research, clinical, and therapeutic EV applications, and
insufficient EV purities complicate the generation of a necessary understanding of EV
fundamentals.
As an alternative, Dittmer and colleagues have combined cross-flow filtration
(CFF)/polyethylene glycol (PEG) and Capto Core SEC to produce biologically active EVs
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of concentrations up to 1014 EV mL-1 from 1 L of cultured body cavity-based lymphoma1 cells.22 While this method did indeed produce concentrated EV recoveries, there were
concerns of contamination and protein-lipoprotein co-isolation, despite employing three
different isolation methods.22 Thus, simple, robust, and high-throughput EV isolation
methods are needed, which are not limited by cost, long, laborious experiment times,
purity, and yield restraints. Of much interest is the development of an EV isolation method
able to load and recover highly-concentrated, pure populations of EVs repeatedly from
sample volumes on the µL-to-mL, and eventually liter, scales.
To address the prevalent limitations of available isolation methods, Marcus and coworkers have developed a hydrophobic interaction chromatography (HIC) method for the
isolation and purification of EVs from a variety of complex biological matrices.23-32 The
HIC method is performed on polyester (PET) capillary-channeled polymer (C-CP) fiber
stationary phases, providing unique benefits in terms of low solvent transport impedance
and highly efficient solute mass transfer versus other chromatographic stationary phases.3338

PET C-CP fiber phases have been successfully employed for EV isolation in

conventional HPLC column23-25,30 and solid-phase extraction (SPE) spin-down tip
formats.31,32,39-41 Using these methods, EVs have been successfully isolated from a plethora
of biofluids, including cell culture media, plasma, serum, urine, unpasteurized goat milk,
cervical mucus, and saliva.27,29,30 Most importantly, the high efficiency and throughput HIC
C-CP methods have allowed for concentrated EV recoveries to be obtained (1010 to 1012
particles mL-1), with up to 95% recovery from the original matrices despite great chemical
and physical matrix complexities and the use of 10-100 mL sample volumes.29 Further, the

52

C-CP phases have allowed for EV isolations to be performed on reasonable time-scales
(<15 min), with recovered populations free from low-density lipoprotein (LDL)
contaminants30 and the retention of biological integrity and purity of EVs as confirmed by
immuno/protein-assays and electron microscopy techniques.29,30
One of the major concerns for the use of EVs in therapeutics and as clinical
diagnostic tools is the demand for isolation methods that can efficiently harvest the vesicles
from complex biological matrices. Here we compare the loading and recovery
characteristics of C-CP fiber columns for two disparate, yet very relevant systems: serumfree, suspension-adapted human embryonic kidney cell (HEK293T/17 SF) cultures and
human urine. Due to their rapid proliferation, high EV yield, and ability to be genetically
manipulated, HEK293T/17 SF cells have been used as producer cells for large-scale
production of concentrated EVs for therapeutic vector applications.42-47 Human urine
represents the ideal case of a liquid biopsy, where the relative abundance and non-invasive
collection of urine makes it an ideal source of biomarkers to diagnose and classify diseases,
especially for screening large populations.48,49 However, both specimens present complex
matrices that make it difficult to isolate EVs in high purity. To determine the loading and
recovery characteristics of EVs, frontal analysis (breakthrough curves) and elution
recovery experiments were performed. Experimental variables included the load and
elution flow rates as well as the primary EV concentrations. Transmission electron
microscopy (TEM) was used to confirm the physical integrity and size of the EVs. By
determining the loading, recovery, and throughput of EVs from complex biological
samples using the fiber stationary phases, the present work sets the groundwork for
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additional scale-up processes using the fibers. The resulting scale-up work will advance
fundamental research, clinical analysis, and therapeutic vector aspects of EV utilization.
3.2 Experimental
3.2.1 Chemicals and Sample Preparation
Ultrapure-grade ammonium sulfate and HPLC-grade acetonitrile (ACN) were
purchased from VWR (Solon, Ohio, USA). 10X phosphate buffered saline (PBS) (Life
Technologies Corporation, Grand Island, New York, USA) was diluted to 1X with
deionized water (18 M Ω cm) obtained from a Millipore water system (Billerica, MA,
USA). Fresh morning urine from a healthy, consenting human donor was obtained and
filtered with 0.2 μm PES filters before use. Commercial lyophilized exosomes derived from
the cell culture media of human embryonic kidney (HEK293) cells and the urine of healthy
donors (HansaBioMed Life Sciences, Tallinn, Estonia) were reconstituted according to the
manufacturer’s instructions using sterile Milli-Q water to provide a concentration of ~3.6
x 1011 particles mL-1 and ~3.3 x 1012 particles mL-1, respectively. The commercially
available exosomes were utilized as “standards” for quantification efforts (with the
understanding that these are not certified as a reference standard). No information
regarding purity or classification was provided by the manufacturer.
A human embryonic kidney cell line (HEK293T/17 SF), which was modified to a
serum-free, suspension-adapted culture environment (to evade the limitations of the use of
fetal bovine serum) was obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA).50-52 As previously described,50 the HEK293 cells were grown in
BalanCD HEK293 cell culture media (Irvine Scientific, Santa Ana, CA, USA)
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supplemented with L-glutamine (8 mM) and insulin-transferrin-selenium (ITS) (10 mL
mL-1) (Corning, Corning, NY, USA). The culture flask was placed in a 37°C shaking
incubator (160 rpm) with 5% CO2. To monitor the concentration and viability of the cell
line, a VI-CELL XR Cell Viability Analyzer (Beckman Coulter, Brea, CA, USA)
employing the trypan blue dye exclusion method was used. All milieu samples were
filtered with a 0.22 μm PES syringe filter prior to use.
As presented and validated previously with complex human biofluid samples,29 the
method of standard addition was used here to determine the concentration of EVs in the
HEK293T/17 SF milieu and human urine sample types, where known volumes and
concentrations of the EV standards (3.6 x 1011 and 3.3 x 1012 particles mL-1, respectively)
were spiked into the unknown sample. The method of standard addition allowed for the
accurate quantification of the exosomes in the cell milieu and urine, minimizing potential
matrix-effects. The peak area responses of the original and spiked milieu and urine samples
were plotted against the known added concentration of the exosome standards to create a
response curve for EV quantification. The linear regressions for the milieu (R2 = 0.9996)
and the urine (R2 = 0.9863) were extrapolated and used to determine the concentration of
EVs in HEK293T/17 SF milieu and the human urine sample as 1.5 x 1012 and 1.2 x 1012
particles mL-1, respectively.
3.2.2 Chromatographic Columns
The PET C-CP fibers were manufactured by the Department of Material Science
and Engineering at Clemson University. To create the capillary column, 448 PET C-CP
fibers were collinearly aligned and pulled through a 30 cm polyether-ether-ketone (PEEK)
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tube with an inner diameter of 0.76 mm (IDEX Health &Science LLC, Oak Harbor, WA,
USA). The capillary column had a bed volume of 0.0817 mL and a total fiber surface area
of 0.384 m2. Following the packing, the column was mounted on the HPLC system and
washed successively with DI-H2O, ACN, and DI-H2O at a flow rate of 0.5 mL min-1, until
a stable absorbance baseline was achieved at 216 nm to ensure anti-static coatings applied
to the fiber during the production (extrusion/drawing) process were removed.
3.2.3 Instrumentation and Methods
All chromatographic measurements were performed on a Dionex Ultimate 3000
HPLC system (LPG-3400SD quaternary pump and MWD-3000 UV-Vis absorbance
detector; Thermo Fisher Scientific, Sunnyvale, CA, USA) controlled by the Chromeleon 7
software. UV-Vis absorbance at 216 nm was used for all post-column detection and
analysis. However, 280, 203, and 254 nm were also monitored due to previous studies
citing EV detection at these wavelengths.23,27
A NanoVue Plus spectrophotometer (GE Healthcare; Chicago, IL, USA), set to
measure absorbance at 216 nm, was used for the method of standard addition to determine
the concentration of EVs in the primary human urine sample.29 Briefly, three 2 μL aliquots
of the HEK293T/17 SF milieu and urine (diluted 1:10 in 1x PBS) were spiked once, twice,
and three times with the diluted EV standards (ranging from 3.6 x 1011 particles mL-1 to
1.1 x 1012 particles mL-1 and 6.6 x 1010 particles mL-1 to 1.9 x 1011 particles mL-1,
respectively). The total sample volume was then adjusted to 20 μL using 1x PBS. The
NanoVue spectrophotometer measured the absorbance of each sample at 216 nm (n = 5).
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Figure 3.1 Points of measurements for throughput and yield equations as defined by Eqs.
1 and 2.
Frontal loading and elution recovery (load/elute) studies were employed here under
HIC processing conditions, as visually represented in Fig. 3.1. Buffer A (2.0 M (NH4)2SO4
dissolved in 1x PBS, pH = 7.4) was used as the loading medium, and buffer B (40% v/v
ACN in 1x PBS, pH = 7.4) was used as the EV elution buffer.30,53 For the load step, each
biofluid is introduced (at t = 5 min) continuously in a 50:50 mixture of the loading:elution
buffer (i.e., 1M (NH4)2SO4 : 20% v/v ACN in PBS, pH = 7.4) and held for a ~10 min
window. The key here is that this set of solvent conditions allows for the passage of salts,
small organic molecules, and concomitant proteins, so that only the target EVs are retained.
As seen in the following chromatograms, the 10 min load step was more than sufficient to
achieve breakthrough. For the rinse step, the same 50:50 mixture of the two bio-fluid free
buffers was applied for ~5 min to remove lingering proteins on the fiber surface. As
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depicted in the chromatograms, little-to-no protein elution was observed. Finally, buffer B
was employed for the elution of EVs, again for ~15 min, to ensure the EV elution peak had
adequate time to return to baseline, a time more than sufficient under all experimental
conditions. To ensure the column was re-equilibrated prior to the next run, two 5-minute
runs of the biofluid-free 50:50 mixture of buffers A and B were added at the beginning and
end of each experimental run. The entire gradient program for the capillary column was
~40 minutes. It is recognized that the respective solvent windows were more than sufficient
for the individual processes, and so there are opportunities for future improvement aspects
relative to process throughput.
Frontal loading experiments were used to assess the EV adsorption and determine
the dynamic binding capacities for the EV populations on the C-CP fiber stationary
phase.35,54-58 The current work builds on previous work to examine the capability of the CCP fibers to load and recover EVs from complex matrices.26 Therefore, to maintain
consistency in comparison to earlier efforts, the throughput (T) and yield (Y), calculated
as described by Singh and Pinto,59 were employed as the figures of merit in the present
work. Frontal analysis first allows for the determination of the amount of adsorbed solute
(Q’) based on its concentration (mg mL-1), the delivery rate (mL min-1), and the time (t’ in
min) to reach the point at which the absorbance value at the column exit reaches one-half
of the value of the maximum value following column saturation (C/C0 = 0.5) as depicted
in Fig. 3.1. The process throughput (𝑇) is a measure of the ability to adsorb and recover the
solute, as expressed in Eq.1, where the amount recovered (Q’) is determined via the
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standard addition approach, and the elution time (t”) is added as the time necessary to
complete the recovery.
𝑇 (𝑚𝑔 𝑚𝑖𝑛−1 ) =

𝑄
𝑡′+𝑡"

(1)

The percentage yield (Y) is a measure of the efficiency of recovering the adsorbed solute
as depicted in Eq. 2, computed as the amount of EVs recovered (Q) divided by the amount
of EVs loaded (Q’) multiplied by 100.
𝑌(%) =

𝑄
𝑄′

𝑥 100

(2)

A Hitachi HT7830 UHR 120kV TEM was used to verify the physical integrity and
size of the EVs. To prepare samples for TEM imaging, 5 mL of the EV-containing samples
were drop-cast onto a carbon grid and allowed to sit at ambient temperature (~28°C) for
20 minutes. The grid was then blotted dry and washed with water for 2-3 seconds before
being blotted dry again. The grids were then fixed in 2% paraformaldehyde for 5 minutes
and washed in water for 2 minutes. Finally, the grids were stained in 1% uranyl acetate for
15 seconds before being blotted, washed in water, and allowed to dry in a desiccator at
room temperature (~28°C) prior to imaging. With TEM imaging, the size (30-200 nm) and
well documented cup-shape morphology of the vesicles was determined for each sample
and compared to the commercially available exosomes derived from the HEK293 cell
culture media and human urine.
3.3 Results and Discussion
Previously, multiple studies have illustrated the efficacy of the HIC processing
protocol to yield EVs that maintain their native vesicular physical structure, while retaining
their surface bioactivity as measured by immunoassays towards surface proteins such as

59

tetraspanins CD9, CD81, etc.29,32 Likewise, mass spectrometric proteomic analyses have
demonstrated the ability of the HIC protocol to achieve high purity levels with respect to
host cell proteins, lipoproteins, and other non-EV cellular components.28,30 Therefore, the
premise here is to evaluate the relative processing characteristics of throughput and yield
in obtaining the highest quantities of EVs per unit of processing time, a major limitation in
other isolation procedures.
3.3.1 Effect of Feed Stock Concentration on Column Capacity, Recovery, and
Yield
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Figure 3.2. Frontal analysis response for varying the EV loading concentration of the (a)
HEK293T/17 SF milieu and (b) human urine at a constant load flow rate of 0.5 mL min-1.
As a point of characterization for the capillary columns, the effect of the EV feed
concentration on frontal throughput and yield was analyzed. The concentration of solutes
in a surface adsorption process effects both the kinetics of adsorption as well as the
potential for competition amongst the solutes for surface binding sites. As alluded to
previously, for these respective sample types, cell culture media would pose a far greater
challenge for EV adsorption than the human urine. Naturally, the time required to reach
saturation would be inversely related to the solute concentration, for a given sample matrix.
For the present work, EV concentrations ranging from ~3.1 x 1010 to 1.5 x 1011 particles
mL-1 for the HEK293 milieu, and ~2.4 x 1010 to 1.2 x 1011 particles mL-1 for the human
urine were loaded at a relatively mid-range flow rate of 0.5 mL min-1 (U0 = 31 mm s-1).
Presented in Fig. 3.2 are representative load/elute profiles for the various solute load
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conditions, where the lower feed concentrations (plotted here as a function of the stock
solution dilution factors) took longer times to reach the target C/C0 = 0.5 values, as
expected. Qualitatively, the responses mimic what was realized in previous work by
Marcus et al. where nylon-6 was used as the stationary phase for a frontal loading analysis
of proteins (in neat PBS stock solutions) under the HIC conditions.35 Additionally, the more
dilute solutions show greater rounding of the responses as they approach saturation, a
reflection of the lower rates of diffusional transport of the EVs at lower concentration. The
final qualitative features depicted in the load/elute profiles are the elution bands of the
solutes following the step change in solvent conditions towards EV release. Here, it is very
clear that the vesicle recoveries from the urine matrix are more efficient based on the
absorbance values/peak areas; likely a matrix effect presented by the far more complex cell
milieu than for urine.
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Table 3.1. Effects of varying the loading concentration of the HEK293T/17 SF cell milieu
and human urine sample matrices on the loading, recovery, and yield on the capillary
column.

The quantitative results of the load/elute studies for the various concentrations of
the milieu and urine samples are presented in Table 3.1. First, when considering the
capture/recovery aspects of the cell milieu sample, it is easily seen that the actual EV
loading capacities, under these hydrodynamic conditions, are invariant with the solute
concentrations. To a first level approximation, this would be deemed to be a very positive
attribute in terms of realizing uniform utilization of the fiber capture surface. As a general
observation, the binding capacities of ~5 x 1012 particles on the 30 cm long fiber columns
is very consistent with previous C-CP column loading studies of Chinese hamster ovary
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(CHO) cell bioreactors.26 A very different response is seen when comparing the respective
recoveries of the EVs deposited at different concentration levels. In this case, the respective
recoveries are inversely related to the stock solution concentrations, with the percentage
yield for the highest dilution factor approaching 44%, while that for the most concentrated
load solution being a meager 5%. Despite the method of loading under conditions that
would allow cell debris and proteins to pass unretained, there is clearly a difference in the
ability to harvest the captured EVs. An initial hypothesis as to why this might be the case
is that the higher density milieu solutions may present conditions wherein the EVs either
exist as condensates in the initial solution, or form such as they are adsorbed onto the
surface. In either case, a far more hydrophobic entity would result, which may not be
released from the fiber surface. As a final observation, it is relevant to note the precision
of triplicate measurements increases with the extent of the stock solution dilution, which
is easily attributed to the decreased complexity of the milieu media upon dilution.
In contrast to the milieu sample, the data for human urine matrix presented in Table
3.1 reflects some similar and different trends. First, and highly significant, the determined
column binding capacities of ~4 X 1012 particles is virtually the same as for the more
complex matrix. This fact argues strongly to the effectiveness of the EV loading conditions
in promoting the passage of media components with retention of the vesicles. Second, the
measurement precision for the adsorption step is far better for the simpler urine matrix.
Indeed, the complexity of the milieu sample is reflected in the respective backpressures
during the load steps, where those of the milieu are ~20% greater than for the urine; ~525
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vs 450 psi at 0.5 mL min-1. Third, and opposite the milieu samples, the recoveries/yields
for the urine-derived EVs are the highest for the most concentrated load solutions.
3.3.2 Effect of Flow Rate on Frontal Yields and Process Throughput
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Figure 3.3. Frontal loading response for the effect of varying the loading and elution flow
rates from 0.4-0.6 mL min-1 for the a) HEK293T/17 SF milieu and b) human urine sample.
Previous experiments have demonstrated the ability of C-CP fiber columns to
operate at high linear velocities (U0) (~100 mm s-1) without mass transfer limitations
towards proteins due to the fact that the fiber matrix is virtually non-porous with respect to
the size of proteins.35,36,60-62 Certainly, the same is true for the target nanovesicles. This
lack of porosity alleviates any intra-phase mass transfer considerations regarding the
mobile phase velocities, with the overall efficiency being driven by the solution-surface
kinetics. To evaluate potential absorption-desorption kinetic limitations on the process
throughput and yield, the loading and elution flow rates (i.e., linear velocities) were varied
in tandem from 0.4 to 0.6 mL min-1 (U0 = 24-37 mm s-1) for the undiluted stock solutions.
As such, the respective EV concentrations were 1.5 x 1012 particles mL-1 for the milieu and
1.2 x 1012 particles mL-1 for the urine.
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Representative responses for the varying flow rates on the load/elution profiles are
presented in Fig. 3.3. The chromatograms for the milieu (Fig. 3.3a) and the urine (Fig.
3.3b) both unsurprisingly exhibited an increase in the amount of time it takes to reach
breakthrough (saturation) as the flow rate decreased. Indeed, for the two samples, the
transients are virtually superimposable. Likewise, the elution peaks move as a function of
the flow rate. Here, of course, it is both the appearance time and the peak widths which are
impacted, with higher flow rates yielding more narrow elution bands. A more subtle effect
of the higher elution flow rates is an actual dilution of the solute concentrations, as would
be expected, as the same number of particles (in theory) is eluted in a higher solvent
volume. For reference, the peak areas for the milieu decreased from ~160 to 100 mAU*min
and the urine from ~260-190 mAU * min, in direct proportion with the respective volume
flow rates.
Table 3.2. The effect of varying loading and elution flow rates on the loading, recovery,
throughput, and yield of EVs isolated from HEK293T/17 SF milieu and human urine.

The quantitative results regarding variation of the load and elution flow rates on
frontal loading and recovery, are presented in Table 3.2. The first primary observation,
which is perhaps counterintuitive, is the fact that for both matrices, the number of particles
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loaded increased with the linear velocity. Here again, the load amounts for the two matrices
are very comparable, showing the same sorts of increases with linear velocity. This general
response has been seen consistently across protein loading studies on the C-CP fiber
phases.35,62,63 It is a direct response of the open channel structure of the columns, wherein
higher linear velocities create greater amounts of shear effects, and a thinning of the
diffusional distances as described by the Leveque equation.64,65 Of course, it would be
expected that extension to higher velocities at some point limits the solute residence times
on the column and so diminishing returns would be realized.
As might be expected, the respective recoveries and yields between the two
matrices are different in their magnitude and response to increases in mobile phase
velocity. Here, the milieu solution shows much improved overall yields (maximizing at
65%), showing somewhat reduced efficiency in recoveries at the highest flow rate. On the
other hand, the recoveries and yields for the cleaner, urine matrix in fact show improvement
as a function of the increased flow rate. Indeed, a value of 100% yield is observed at the
load/elute conditions of 0.6 mL min-1. The differences in yields, coupled with the ability to
operate at higher processing volume rates, result in the ability to process these EVs at a
rate of ~9 X 1010 EV min-1 for the cell milieu and ~1 x 1011 EV min-1 for the urine stock.
These yield and throughput values compare very well with those obtained previously for
the case of CHO cell-derived EVs;26 a level of consistency which provides overall
validation of the approach, and appear far superior to competitive methods.32
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Figure 3.4. Frontal loading response for the effect of varying the elution flow rate from
0.4-0.6 mL min-1 while maintaining the loading flow rate at 0.5 mL min-1 for a)
HEK293T/17 SF Milieu and b) human urine.
After examining the effects of varying both the loading and elution flow rates
simultaneously, the response of varying just the elution flow rates at a constant loading
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flow rate was explored to see if the number of recovered EVs was affected. In this case,
emphasis is placed on the elution step as a potential means of improving yields, and more
specifically, throughput. In the representative chromatograms (Fig. 3.4) each sample
loaded reached saturation at approximately 6 minutes due to the constant loading flow rate
of 0.5 mL min-1. However, due to the variation in the elution flow rates, the faster elution
flow rates (0.6 mL min-1) eluted EVs off the fibers first, followed in order by the decreasing
flow. The same decrease in peak broadening observed in Fig. 3.3 is also present in these
elution profiles. Here, the peak areas decreased from ~103 to 65 mAU*min for milieu and
~257-163 mAU*min for the urine sample, again in proportion to the expected solute
dilution factors for the three conditions.
Table 3.3. The effect of varying elution flow rates on the loading, recovery, throughput,
and yield of EVs isolated from HEK293T/17 SF milieu and human urine while maintaining
the loading flow rate at 0.5 mL min-1.

As shown in Table 3.3, when maintaining a constant loading flow rate of 0.5 mL
min-1 (U0 = ~31 mm s-1), the number of adsorbed EVs (determined at breakthrough)
remained consistent at ~4.9 x 1012 particles for the milieu and 3.8 x 1012 particles for the
urine, consistent with the data presented in Table 3.2. Unfortunately, between the time of
taking the data relevant to Tables 3.2 and 3.3, there was a dramatic change in the raw
absorbance responsivity of the detector, and so the absolute values in the elution
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quantification step (EVs recovered) are ~50% lower for the HEK-derived EVs and ~20%
for urine than the equivalent flow conditions (0.5 mL min-1 load/elute) between the data
sets. While the absolute values may be in error, the trends displayed for each EV type as a
function of elution flow rate are consistent. In both cases, the yields increase appreciably
with increasing flow rate, as do the respective process throughput values. These two trends
are in absolute agreement with the previous load/elution characterizations of proteins on
the C-CP fiber columns.35 While the throughput value increases make implicit sense
(higher transport velocities), the fact that the percentage yields increase with flow rate are
more deeply associated with the fundamental desorption phenomena. As noted previously,
when velocities in the column channel structure increase so too do potential shear effects
on the release process, this includes both the physical aspect of shearing from the surface,
and the chemical effects related to better solvation around the vesicles.
3.3 Physical Characterization of EV Recoveries
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Figure 3.5. To confirm the size and intact structure of EVs isolated using the HIC method
from the a) HEK293T/17 SF cell milieu and b) human urine, transmission electron
microscopy was used. The isolation results were compared to the EVs reconstituted from
commercial lyophilized exosomes derived from the c) cell culture media of human
embryonic kidney cells and d) human urine. The commercial exosomes did not undergo
any isolation method prior to imaging.
To confirm that the frontal loading analysis isolated EVs in the correct size range
(30-200 nm), TEM imaging was performed. TEM is a useful visual tool to provide
conformation of the EVs present in the collected sample aliquots corresponding to what is
referred to as the “EV elution peak.” The TEM micrographs in Fig. 3.5 confirmed the
isolation of EVs from the HEK293T/17 SF milieu (Fig. 3.5a) and the human urine (Fig.
3.5b). EVs have a characteristic cup-, donut-, or spherical-shape surrounded by a darkened
halo, a characteristic appearance observed in all the presented micrographs. To further
confirm the presence and size of the EVs, the reconstituted commercial lyophilized
exosomes derived from the cell culture media of human embryonic kidney (HEK293) cells
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and human urine utilized as “standards” were also captured (Fig. 3.5c and d, respectively).
Neither of these standards underwent any isolation, filtration, or purification procedure; the
samples came directly from the sample vial. The EVs in the standards are visually similar
in size and shape to the EVs isolated under the HIC HPLC workflow. Though the current
work focused on the loading and recovery of EVs, presenting no measure of purity,
visually, it can be noted that the EVs in the standards contain a lot of debris not visible in
the isolated EV samples. Based on this visualization, it can be confirmed that the HIC
method and fibers present the ability to isolate EVs from complex matrices without the
presence of additional cellular debris and contaminants, while still preserving the
characteristic shape and size of the vesicles.
3.4 Conclusions
Rich in biological cargo from their cell of origin, EVs have become of much interest
in clinical, pharmaceutical, and biochemical engineering fields for their promising use as
non-invasive biopsy tools and as therapeutic vectors. However, there is still a major
limitation preventing the implementation of EVs in these studies due to the need for the
isolation of large amounts of highly pure EVs from complex matrices in a timely manner.
Many of the currently available methods are unable to achieve the concentrations and
purity needed to carry-out research trials. Here, a PET C-CP fiber stationary phase packed
into a capillary column format was employed via HPLC operating under a HIC workflow,
to characterize the loading and recovery capacity of EVs from two diverse, yet highly
relevant sources; HEK293T/17 SF cell milieu and human urine. The fibers presented the
ability to consistently load ~1012 particles while recovering 1011 to 1012 particles. Based on
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the stable working ranges employed here, the actual adsorption process was insensitive to
changes in load rates, ranging from 0.4 – 0.6 mL min-1. Clearly, eventually there is some
point where higher flow rates begin to limit solute residence times and thus will yield lower
amounts of particle adsorption. Likewise, advantages were seen in the recovery step as
flow rates were increased. Both sets of responses are readily explained based on the openchannel structure existing in the C-CP fiber columns. Overall, the throughput for the EVs
in the column ranged from 1010 to 1011 particles min-1. In all instances, the performance
towards the urine-derived EVs was better than seen for the highly complex cell milieu,
though the metrics derived for both are far superior to more established EV isolation
methods. Ultimately, it is believed that the current capillary-scale C-CP fiber columns,
readily implemented on standard HPLC instruments, can provide a step-change
improvement in the processing of EVs from diverse bio-media samples. Future efforts will
use these concepts to move the methodology towards scales of relevance to bioprocessing
applications.
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CHAPTER FOUR
SUMMARY
4.1 Summary
As discussed in Chapter I, the capillary-channeled polymer (C-CP) fibers have been
developed for the combined support/stationary phase for biomacromolecule separations.
Three commodity polymers, polypropylene (PP), polyester (PET), and nylon-6, cover a
wide breadth of hydrophobicities and ionic characteristics that make them particularly
useful to use under varying physical and chemical separation conditions. For the
culmination of the work presented here, the polymer fiber supports were employed for the
reversed-phase chromatographic (RPC) separation of proteins and for the isolation of
extracellular vesicles via hydrophobic interaction chromatography (HIC).
The work in Chapter II compared a new trilobal-shaped polypropylene (PPY) fiber
to commercially available monolithic and superficially porous silica-based stationary
phases for the separation of proteins under RPC conditions. Chromatographic figures of
merit including analyte elution order, operating system back pressure, and dynamic binding
capacities determined by frontal breakthrough analysis, were used as points for
comparison. Optimized conditions for the PPY column and those recommended by the
manufacturers for the commercial columns were employed to compare peak half-width,
resolution, peak height, and peak area. The work presented here showed comparable if not
improved chromatographic performance to the commercially available columns,
demonstrating a potential for a successful scale-up to a larger column format for
biomacromolecule separations.
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Chapter III presented a frontal (breakthrough) loading analysis to determine
capacity of the PET fibers to load, throughput, and recover EVs from human embryonic
kidney cell milieu (HEK293T/17 SF) and human urine sample matrices. The study,
performed under a HIC workflow via high performance liquid chromatography (HPLC),
varied the loading concentration, and loading/elution flow rates to determine the effects on
the isolation of EVs. The work demonstrated the ability of the fibers to consistently load
1012 particles, while recovering 1011 to 1012 particles with a throughput ranging from 1010
to 1011 particles min-1. After examining the effects of flow rate (i.e., linear velocity) on the
frontal loading and recovery experiment, it was determined that the number of EVs able to
be loaded, recovered, and throughput the column increased as the linear velocity increased
due to a lack of shear effects. Of course, sample complexity also played a factor in the
load/recovery of EVs due to the potential for unknown contaminants present in the matrix.
The PET fibers demonstrated great promise for potential scale-up experiments for EV
isolations.
4.2 Outlook
A natural extension of the work presented here would be a scale-up to an analytical
and eventually a preparatory column using the PET fibers for the isolation of large
concentrations of purified EVs and other biomolecular analytes from complex biomatrices.
Ideally, the end goal would be to employ the fiber phases for the isolation of EVs from mL
to liters of biofluid directly from a bioreactor source without further processing
requirements. However, to achieve this goal, there are many points of chromatographic
performance that need to be considered when scaling up, including determining the ideal
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packing density, linear flow velocities, and solvent systems needed to isolate the large EV
concentrations.
In addition to the scale up work using the PET fibers, different commodity base
fibers like nylon-6, can be used for frontal loading studies to determine their potential as a
stationary phase support for biomolecules of interest. This work would need to be started
on a capillary column to determine the packing density, gradient percentages, elution times,
flow rates (linear velocities), mobile phases, etc. to yield the largest concentrations of EVs
or other biomolecules. By completing the work on a capillary column first, the optimal
chromatographic characteristics can be determined without wasting large quantities of
sample or mobile phases required for larger-scale columns. Once the characteristics are
determined, the column can easily be scaled-up for large-scale isolations needed for
downstream analysis.
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APPENDIX A
Supplementary Material for Chapter II
Table A-1. Optimized chromatographic conditions for RP-HPLC of a five-protein mixture
on a PPY C-CP fiber column, along with conditions recommended for commercial
Poroshell, and monolithic column.
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