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Capillary-channeled polymer (C-CP) fibers extruded from nylon-6
are used as the stationary phase for the ion-exchange/reversed-
phase mixed-mode chromatographic separation of a three protein
mixture. The nylon-6 C-CP fibers are packed collinearly in a 250 x
1.5-mm i.d. column with an interstitial fraction of ~0.6. The effects
of four displacing salts at three different pHs are studied with
regards to protein retention time, peak width, selectivity, and
resolution for a synthetic mixture consisting of myoglobin,
ribonuclease A, and lysozyme to determine the optimum mobile
phase conditions. The net charge model is found to be inadequate
in fully explaining the retention behavior, as the proteins are
retained by anion and cation-exchange interactions, as well as
hydrophobic interactions with the stationary phase. It is found that
pH and displacing salt strength had a significant influence on the
retention properties and resolution of the proteins.

Introduction

Ion-exchange chromatography (IEC) is one of the primary
methods for the separation of proteins due to its ability to resolve
and purify the proteins while maintaining their biological
activity during the separation process (1-4). In IEC, binding is a
result of the interaction of a charged solute to a stationary phase
of opposite charge (4,5). Elution is achieved with the employ-
ment of a gradient from low to high salt concentrations, thus
increasing the concentration of competing ions in the mobile
phase and attenuating the electrostatic interaction between the
charged solute and the oppositely charged stationary phase
(1,2,5,6). Retention and selectivity in IEC protein separations are
governed by pH, ionic strength, addition of organic solvents, and
stationary phase chemistry (7). The protein is eluted when the
mobile phase composition reaches the appropriate ionic
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strength and/or pH (8). Typical IEC supports are derived from
silica, polystyrene, and polyacrylate beads with pore sizes
ranging from 30 to 100 nm, with the smaller pore sizes having a
higher ion exchange capacity, though at the expense of increased
backpressure and hindered mass transfer (6). Popular bonded
phases of IEC supports consist of sulfonic acid and carboxylic
acid groups for cation exchange and quarternary and polyalky-
lamine groups for anion exchange (8).

While in the case of inorganic ions, electrostatic interactions
are solely responsible for retention, organic ions can be retained
by electrostatic and hydrophobic interactions (6). There are well
known situations where mixed-mode IEC/reversed-phase sepa-
rations can be achieved (9-11). Solutes that have a charge oppo-
site that of the stationary phase are predominately retained by
the ion exchange process, whereas neutral solutes are retained
primarily by hydrophobic processes (7). Of course polyfunctional
organic molecules can be retained by a combination of interac-
tions. In the case of biomacromolecules, properties of proteins
such as isoelectric point (pI), molecular weight, and hydropho-
bicity must be considered when choosing the appropriate ion-
exchange column (8).

The elution characteristics and retention properties of pro-
teins in the mixed-mode IEC/RP mode are affected by the eluting
salt type and organic composition. The effect of displacement salt
strength for the separation of proteins has been studied exten-
sively (3,12-17). Typically, the strength of displacing salts in
anion exchange chromatography follows the trend of CH;COO-
< Cl- < HPO,2 < SO4~2 and for cation exchange K+ < Na+ < NH,*
< Ca*2 < Mg*2 where the more highly charged displacers have
stronger elution strengths. The elution strength of competing
ions with the same ionic charge is dependent on the polariz-
ability and size of the ion, as well as their respective affinities for
the stationary phase (6). The elution properties of proteins
cannot always be predicted based on the strength of displacing
salts alone, especially when hydrophobic interactions are
involved. Moreover, the use of different displacing salts or the use
of different types of exchange resins can alter protein retention
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or selectivity (or both) (1,17). It is also possible for the salt to
complex with the protein or alter the tertiary structure of the
protein causing changes in the selectivity (2).

The pH of the mobile phase can have a significant influence on
the retention and selectivity of proteins in IEC. According to the
“net-charge” model, at the pI the net charge on a protein is zero
and, in principle, will not be retained on ion-exchange columns
(17). Below the pl, the protein is predominately in its cationic
form and, therefore, will be retained by cation exchange ligands,
while above the pl the protein is in its anionic form and will be
retained on an anion-exchange phase (17). However, the pl of a
protein alone cannot be used to determine the extent of bonding
to the ion exchanger. The three-dimensional nature of a protein
dictates that only groups of a certain charge will be exposed and
thus able to interact with the ion exchange phase. As such, the
interaction of the protein with the ion exchange phase is depen-
dent on the surface charge of the exposed amino acids (and its
density) rather than the net charge of the protein (1,6). These
factors make it possible for many proteins to have retention on
either anion or cation exchange columns (1). Staby et. al. (18,19)
have studied the pH dependence on the retention factor of five
proteins by comparing their responses over a pH range of 6 to 9
on strong anion-exchange resins. They found that the retention
factor of the proteins followed the general trend of increased
retention as pH increased, but the response was not propor-
tionate and varied according to the identities of the IEC resin and
protein in question. More importantly, they found that proteins
could be retained on the anion-exchange resins at pH values
below that of the protein’s pI. This was attributed to localized
charge on the exterior of the protein. This conclusion was sup-
ported by previous studies of Kopaciewicz et al. (17) who found
retention of proteins up to one pH unit below the pl on strong
anionic-exchange mono-Q columns.

Due to the instability of silica under alkaline pH conditions (>
8), synthetic polymer supports have become increasingly pop-
ular for IEC separations. Two commonly used polymer bead sup-
ports are the hydrophobic poly(styrene-divinylbenzene) and the
hydrophilic polymethylacrylate and polyvinylalcohol beads (6).
While the pH stability of these phases is quite high, exposure to
organic solvent can cause the beads to swell, further reducing
the specific permeability of particle-packed columns (6). In addi-
tion, the microporosity inherent to most of these polymer phases
restricts mass transfer in the case of macromolecules such as
proteins. An alternative to microparticulate supports is the use of
natural and synthetic fiber stationary phases that have the char-
acteristic of high specific permeability as well as being available
from a wide range of base materials (i.e., different chemical selec-
tivities).

Ladisch overcame the pressure limitations imposed by
microparticulate columns by employing rolled stationary phases
(RSP) made from woven textile fabrics consisting of a 60:40
cotton—polyester blend (20,21). The cotton portion of the RSP
was derivatized with (diethylamino)ethyl to give the fabric
anion-exchange capabilities. The authors were able to success-
fully separate cytochrome C and p-lactoglobulin A in less than 10
min, demonstrating the viability of polymer fiber stationary
phases for the ion-exchange separation of proteins.

Chen and co-workers used poly(vinyl alcohol) fibers deriva-
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tized with quarternary ammonium groups to successfully sepa-
rate a mixture of inorganic (F-, NO%-, NO3-, PO, and SO,2)
anions (22). Different from the case of organic ions, inorganic
ions are separated solely by the ion-exchange (i.e., electrostatic)
processes. The fibers had a diameter of 36 pm and were packed
into stainless steel columns (250 x 1.8-mm i.d.). The authors
demonstrated the ability to fully resolve the anion mixture
employing relatively high linear velocities ranging from ~6 to 20
mny/s. The separation efficiency decreased with increasing linear
velocity as might be expected, but the fiber packed columns gen-
erated a pressure drop of only about a tenth of that common to
columns packed with 15-um diameter particles when operated at
the same flow rate. These characteristics suggest the further use
of fiber phases in preparative-scale and high speed separations.

This laboratory has introduced the use of capillary-channeled
polymer (C-CP) fibers as combined stationary/support phases for
liquid chromatography separations. The general advantages of
using C-CP fiber stationary phases include low capital cost, ease
of column preparation, high specific permeability, and the ability
to choose from different base polymers to affect different separa-
tion characteristics (23-28). Fortuitously, the base polymer
materials used to date (polypropylene, polyester, and nylon)
exhibit insignificant swelling upon exposure to buffers and
organic solvents. While studies of column hydrodynamics have
been undertaken with regards to small molecule separations
(24,25), the practical application of the C-CP fiber columns is
best realized in the separation of proteins and other macro-
molecules (26-28).

A comparison of a number of chromatographic figures
between polypropylene (PP) and polyester (PET) C-CP fibers and
a commercial C4-derivatized silica column has recently been
published (29). Five proteins [ribonuclease A (RNase A),
cytochrome c, lysozyme, myoglobin, and bovine serum albumin
(BSA)] were used to investigate the separation characteristics
under typical RP gradient conditions. Column performance was
compared under standard (identical) and optimized RP chro-
matographic conditions. The packed-bed column was operated
as prescribed by the column manufacturer. The gradient compo-
sitions utilized with the C-CP fiber columns are similar to those
used with conventional columns with gradient rates of
~1%/min, but employing flow rates in the 1 to 6 mL/min range.
One particularly unique feature observed there is the lessening
of the percentage of organic modifier necessary to elute the pro-
teins from the fiber phases with increased linear velocity. The
potential contribution of the different stationary phases to pro-
tein denaturation was evaluated through a spectrophotometric
enzymatic activity assay, with the PET fiber column showing
superior activity retention. The repeatability of retention times
under both sets of conditions for six consecutive injections of
lysozyme on each C-CP fiber column is < 1.5% RSD. The
column-to-column reproducibility of retention times for three
columns of each fiber type is also < 1.5% RSD. The overall per-
formance of the C-CP fiber columns was comparable to the con-
ventional column used in these studies. Basic characteristics
demonstrated suggested further developments in the areas of
ultra-fast protein separations and preparative-scale protein chro-
matography.

The use of nylon-6 C-CP fibers is demonstrated for the ion-
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exchange/reversed-phase mixed-mode separation of a synthetic
three-protein mixture consisting of myoglobin, ribonuclease A,
and lysozyme. The nylon-6 monomer (Figure 1A) consists of
amide groups, which provide different chemical functionality
than found in a polyolefin, for example. Of course, within the
extruded fiber system there is discontinuity of polymer chains
that exposes amine and carboxylate functional end groups as
shown in Figure 1B. The identity of the functional groups are a
function of the pH of the solvent environment, fortuitously
resulting in a zwitterionic surface in the pH range of 4 to 8
(30,31), providing both anion and cation-exchange capabilities.
At the same time, the alkyl backbone provides the fiber with
slightly hydrophobic characteristics. The results of preliminary
studies in the use of the nylon-6 C-CP fiber phases for mixed-
mode protein separations are presented here. The effects of dis-
placing salt type and pH have been studied to determine their
influence on retention time, peak width, selectivity, and resolu-
tion. It is believed that the trends observed here, when coupled
with results of other studies in protein separations (29), suggest
a great deal of potential with regards to high-speed protein sepa-
rations across a range of separation modes.

Experimental

Column construction

The nylon-6 C-CP fibers were obtained from Fiber Innovation
Technology (FIT) (Johnson City, TN). The individual fibers are
extruded with eight capillary channels running parallel with the
fiber axis, having aspect ratios that permit spontaneous fluid
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Figure 1. Simple structure of the monomer of nylon-6 (A) and the effect of pH
on the end group functionality of nylon-6 (B).

Table I. Molecular Weight and Isoelectric Points (pl) of
the Three Proteins Separated on Nylon-6 C-CP Fiber
Columns

Protein Molecular Weight pl

Myoglobin (equine) 17,800 7.0
Ribonuclease A (bovine) 13,700 8.7
Lysozyme (hen egg-white) 14,300 1.0

movement (32,33). In column format, the channel walls of adja-
cent fibers interdigitate to form a monolithic structure. These
fibers were produced with a maximum cross sectional diameter
of 40 pm as determined by scanning electron microscopy (SEM).
Ton exchange capacity measurements were performed on the
nylon-6 C-CP fiber in a manner similar to that of Staby et. al (19).
Approximately 0.75 grams of the nylon-6 C-CP fiber were washed
with ~ 30 mL of 1M NaCl (pH 2). The fibers were then transferred
to a beaker containing 30 mL of 1M NaCl (pH 2) and titrated with
0.1M NaOH to pH 13. Titration of the nylon-6 C-CP fibers
showed the exchange capacity of the nylon-6 fiber to be ~8
pmol/g.

The nylon-6 C-CP fiber columns were packed by winding
the fibers onto a spool and then doubling the fiber over
a monofilament and pulling the fiber bundle through 250 x
1.5-mm i.d., 316 stainless steel tubing. The ends of the fibers
were then cut flush with the end of the tubing and frits and
end-fittings were installed. The packing process is described
in greater detail in previous publications (23,24,26,27). The
nylon-6 C-CP fiber packed column was produced with an inter-
stitial fraction of ~ 0.6, as previous studies have shown this to
be the optimum value with regards to hydrodynamics and sepa-
ration quality (24). The stainless steel tubing (10 um porosity
frits) and column end-fittings were purchased from Valco
Instruments (Houston, TX).

Apparatus

The chromatographic system consisted of a Waters (Milford,
MA) Model 1525 high-performance liquid chromatography
pump with a Rheodyne (Rohnert Park, CA) six port injector
valve fitted with a 1 pL injection loop and a Waters 996 photo-
diode array detector. The chromatograms were recorded using
Waters Millennium 4.0 data acquisition system and processed
using Microsoft Excel (Seattle, WA) and Sigmaplot 8.0 (Point
Richmond, CA). The data presented is the mean of triplicate
injections, with the error bars in each plot representing a
variance of one standard deviation. It should be noted
that, throughout the course of these experiments, as the roles
of pH and eluting salt type were evaluated, the variation in
retention times under a single set of conditions were less than
2% RSD.

Methods

Buffer A for all experiments was 10mM piperazine-1,4-bis (2-
ethanesulfonic acid) in 18.2MQ/cm water with the pH adjusted
to the appropriate value with 1M NaOH. Buffer B consisted of
buffer A and 1M of the monovalent eluting salts (sodium acetate
and sodium chloride) or 0.5M of the divalent ions (sodium phos-
phate and sodium sulfate) to keep the ionic strength constant.
Stock solutions of reagent-grade myoglobin, ribonuclease A, and
lysozyme (Aldrich, Milwaukee, WI) were prepared in buffer A at a
concentration of 100 pg/mL each. The molecular weight and pl
of the proteins are listed in Table I. The salt gradient was from 0
to 100% in 15 min at a flow rate of 1.3 mL/min, equating to a
linear velocity of ~21 mm/s, which is ~2x higher than the
common linear velocities employed with microparticulate sup-
ports, but far lower than what has been found to be optimal for
RP separations on the C-CP fiber columns (4,34-36).
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Results and Discussion

Effect of salt type and pH on retention time and peak width

The type and strength of displacing salts used in IEC can have
a profound effect on the selectivity, resolution, and speed of pro-
tein separation (3,8,14,17). Four salts at three pH values were
compared to determine their effect on the chromatographic
properties for the separation of myoglobin, ribonuclease A, and
lysozyme. The chromatograms in Figure 2 illustrate the effects
of displacing salt strength (pH 8) on the three protein mixture.
At this pH, the nylon surface should be zwitterionic, though
approaching overall anionic character. As can be seen, the type of
displacing salt has an effect on the retention time (,) of each pro-
tein and, thus, the overall selectivity of the separation. The elu-
tion of the three proteins was in order of increasing isoelectric
points, suggestive of a cation-exchange separation.

Figures 3A-3C show the effects of salt type and pH on the reten-
tion time of myoglobin, ribonuclease A, and lysozyme, respec-
tively. Myoglobin (pI ~7) is only slightly retained, though clearly
differentiated from the solvent (unretained) peak, which elutes at
ty ~0.2 min. Figure 3A depicts the retention time of myoglobin
being only slightly affected by changes in salt type and pH. At these
retention times (0.39-0.46 min), it is probable that the effect of salt
type will be minimal (due to the dwell volume of the LC system)
with the pH being a major contributing factor to the retention
properties. The largest difference in retention time (~10%) is at
pH 6, where myoglobin is more cationic in overall charge. Thus,
this decrease in retention is most likely due to the greater affinity
with the solution phase (1). The longest retention time of myo-
globin is found at pH 7. With the pI of myoglobin being ~7, the net
charge of the protein should be zero. However, proteins at their
isoelectric point still have charged groups on their periphery,
allowing for electrostatic interactions. At a pH value of 8, myo-
globin is predominately in its anionic form and appears to be only
slightly retained with a minimal effect of displacing salt. This
would mostly be due to the change in the nylon fiber surface
charge from zwitterionic to anionic (30). The retention at this pH
would suggest only minimal extents of hydrophobic interaction.
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Figure 2. Effect of eluting salt type on the IEC/reversed-phased mixed-mode
separation of myoglobin, ribonuclease A, and lysozyme on a nylon-6
C-CP packed column (250 x 1.5-mm i.d.). Gradient elution 0~100% B over
15 min, pH 8, flow rate 1.3 mL/min.
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Clearly, retention properties of proteins can only be estimated by
their pI as the binding strength is governed by surface charge,
charge density, and stationary phase hydrophobicity rather than
solely the net charge of the protein (1,5,17).

Figures 3B and 3C depict proteins with higher pI’s, ribonu-
clease A (pI ~ 8.7) and lysozyme (pI~11.0), which are more
strongly retained. Both graphs follow the trend of longest reten-
tion time at pH 7, with the pH 6 having the shortest retention
time. This decrease in retention is most likely due to the change
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Figure 3. Effects of salt type and pH on the retention time of myoglobin (A),

ribonuclease A (B), and lysozyme (C) on a nylon-6 C-CP packed column.
Gradient elution 0-100% B over 15 min, flow rate 1.3 mL/min.
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in the nylon surface charge, which is more cationic at a pH of 7
(30). The retention times also decrease as the displacing salt
strength increases, with the exception of sodium sulfate. This
general trend emphasizes the fact that it is not only the interac-
tion of the protein with the surface but also the interaction of the
protein with the bulk solution that are of importance (1).
Different from the other two proteins, a discontinuity exists in
the retention time of myoglobin at pH 7 (Figure 3A) with the
generally strong phosphate mobile phase showing greater reten-
tion. This suggests some form of solution-phase chemistry that
decreases the affinity of the protein for the aqueous-phosphate
environment. Similar to myoglobin, ribonuclease A was also
retained at a net charge close to zero (pH 8), which is presumably
due to the localized anionic regions of the protein structure and
hydrophobic interactions between the proteins and the nylon-6
C-CP fiber stationary phase.

The addition of organic solvents, ranging from 1% to 10%, can
be used to minimize the extent of hydrophobic interactions of
the proteins with stationary phases (1,3,17,37). With the addition
of 5% isopropanol to the mobile phase, only lysozyme displayed
a reduction in retention time. This would suggest that electro-
statics are the primary mode of interaction for all of the proteins,
and that lysozyme would appear to have the largest extent of
hydrophobic interactions (though still minor). The greatest
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Figure 4. Effects of displacing salt strength and pH on the selectivity of myo-
globin-ribonuclease A (A) and ribonuclease A-lysozyme pairs (B). Gradient
elution 0-100% B over 15 min, flow rate 1.3 mL/min.

effect of isopropanol occurred with the use of the chloride salt
with the retention time reduced by ~ 50 s and the least effect
when the sulfate salt was used, with the retention time
decreasing by ~ 21 s.

The strength of displacing salt can also affect the peak width of
the eluting proteins as the desorption kinetics are the limiting
aspect in the relatively high velocity C-CP fiber separations. The
effects of pH and displacing salt strength on the peak width of all
proteins are similar to the effects on their retention time (Figure
3A-3C). More specifically, the elution conditions that result in
increased retention also display the largest peak widths, while the
stronger elution conditions result in faster elution times and
smaller peak widths. As the residence time of a protein on a
hydrophobic surface increases, so too does the potential extent of
denaturation (37). This in turn increases the onset and breadth
(i.e., peak width) of ionic strength values necessary to affect elu-
tion. It is difficult to compare these results to the effects of pH and
displacing salt on other IEC/RP mixed-mode stationary phases due
to the fact that each protein behaves differently in a given mobile
phase environment and with different column chemistries.

Effect of salt type and pH on the selectivity

Changes in pH can have a profound effect on the selectivity of
an ion-exchange separation (6). Figure 4 illustrates the effects of
salt type and pH on the selectivity for the protein pairs in the
mixture. Seen in Figure 4A, pH values of 7 and 8 result in higher
selectivity factors (a = ky/k;, where k = tg — ty/t;) of myoglobin
and ribonuclease A than at pH 6. An increase in displacing salt
strength decreases these values. The exception is an increase in
selectivity using sodium sulfate at pH values of 7 and 8. This is
due to sodium sulfate causing an increase in retention time of
ribonuclease A while the retention time of myoglobin decreases.
At pH 6, the selectivity values are lowest and consistent with the
trend of displacing salt strength, which is expected because the
proteins are in their least anionic form. Figure 4B shows the
selectivity values for the ribonuclease A-lysozyme pair. The
highest selectivity values are found at pH 8 and decrease ~12%
across the suite of eluting salt strengths. The pH of the mobile
phase has a more profound effect on the selectivity of the pro-
teins than the type of displaying salt employed. This is the result
of the change in the net charge of ribonuclease A, and the fact
that the nylon-6 surface is mostly anionic. In this situation, the
attractive forces would be lessened, and so small differences in
environment might have greater effects.

Effect of salt type and pH on resolution

The resolution [R, = 2(ty — t;)/w; + wy] obtained for a pair of
solutes is a reflection of the combined effects of selectively and
peak width. As such, the pH and strength of displacing salt can
have a profound effect on the resolution of protein mixtures.
Figures 5A and 5B depict how resolution varies as a function of
pH and salt type on the nylon-6 C-CP fiber packed column. As
seen in Figure 5A, the resolution of the myoglobin-ribonuclease
A pair at pH 8 is relatively insensitive to salt displacement
strength due to minimal changes in the retention time of myo-
globin. When the pH is reduced to 7, an increase in salt strength
is accompanied by an increase in resolution. At this pH, the
acetate salt gives the lowest resolution (~4), while the sulfate
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Figure 5. Effects of displacement salt strength and pH on the resolution of
myoglobin—ribonuclease A (A) and ribonuclease A-lysozyme pairs (B) on a
nylon-6 C-CP packed column. Gradient elution 0-100% B over 15 min, flow
rate 1.3 mL/min.

gives the highest resolution (~5.5) due to the influence of the
ribonuclease A peak width. When the pH is further lowered to 6,
the resolution remains relatively constant for the acetate and
chloride salts. With the phosphate salt, there is a significant
increase in resolution (~8) attributed to the narrower peak
widths of both myoglobin and ribonuclease A. The resolution
decreases ~50% to ~4.2 when sulfate salt is substituted due to
the sulfate salt increasing the peak widths. The use of phosphate
salt, at pH 7, results in the best resolution for myoglobin and
ribonuclease A, under these chromatographic conditions.

The resolution of the ribonuclease A-lysozyme pair (Figure
5B) is more strongly affected by changes in pH. The resolution of
the solutes at pH 6 and 7 are similar with increasing salt
strength, with the highest resolution obtained using sodium
phosphate and the lowest resolution with sodium sulfate. The
resolution is significantly improved at pH 8. The increase in res-
olution is primarily due to a reduction in peak width while
changes in selectivity play only a minor role. The general trend
observed was resolution increased with increasing displacing salt
strength, with the exception of sulfate, which was significantly
lower than the other salts used.
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Conclusion

The use of nylon-6 C-CP fibers as the stationary phase for the
IEC/RP mixed-mode chromatographic separation of proteins has
been demonstrated. The nylon-6 C-CP fiber-packed columns
enabled the separation of a three-protein mixture at much
higher linear velocities (~21 mm/s) compared to microparticu-
late packed columns. In addition, the nylon-6 C-CP fibers do not
require derivatization, thus minimizing the time-consuming
steps of stationary phase preparation. The effects of four dis-
placing salts at three different pHs were studied with regards to
protein retention time, peak width, selectivity, and resolution
using a mixture consisting of myoglobin, ribonuclease A, and
lysozyme. It was generally found that an increase in pH resulted
in increased resolution, similar to protein IEC studies by other
research groups (3,5). The results reported here generally follow
the elution order of displacing salt strengths (1). The net charge
model was found to be inadequate for the ion-exchange separa-
tion of proteins on nylon-6 C-CP fiber-packed columns due to
some level of hydrophobicity and the specificity of local chardes
of protein structures. It is difficult to compare the results of
nylon-6 C-CP fiber columns used in this study to commercial
columns due to the differing behavior of each protein in a given
mobile phase environment and with the different column
chemistries.

Given the complexities associated with mixed-mode separa-
tions, clearly much work remains toward assessing the practical-
ities of these separations on C-CP fiber columns. Due to the
retention of the proteins being predominately electrostatic inter-
actions, the ability to retain and resolve proteins similar in
nature (e.g., molecular weght, hydrophobicity) is possible and
has already been achieved in this laboratory. Future studies will
focus on a wider range of pH and displacing salts and the deter-
mination of the effects of changes in the protein tertiary struc-
ture on the retention properties. In addition, the use of nylon-6
C-CP fiber packed columns will be evaluated for the separation of
acidic proteins under cation-exchange conditions. The study of
higher flow rates (linear velocities) and shorter gradient times
will allow the optimization of elution conditions toward rapid
protein separations. Studies are also currently underway using
nylon-6 C-CP stationary phases for the hydrophobic interaction
separation of proteins.

Acknowledgments

Financial support from the Clemson University Center for
Advanced Engineering Fibers and Films (CAEFF), a National
Science Foundation Engineering Research Center operating
under grant No. EEC-9731680 is gratefully appreciated.

References

1. R.L. Cunico, K.M. Gooding and T. Wehr. Basic HPLC and CE of
Biomolecules. Bay Bioanalytical Laboratory, Richmond, CA, 1998.
2. C.T. Mant and R.S. Hodges. High-Performance Liquid



Jou

20

rnal of Chromatographic Science, Vol. 45, August 2007

Chromatography of Peptides and Proteins: Separation, Analysis, and
Conformation. CRC Press, Boca Raton, 1991, p 938.

. G. Malmquist and N. Lundell. Characterization of the influence of

displacing salts on retention in gradient elution ion-exchange chro-
matography of proteins and peptides. J. Chromatogr. 627: 107-24
(1992).

. E. Hallgren, F. Kalman, D. Farnan, C. Horvath, and J. Stahlberg.

Protein retention in ion-exchange chromatography: Effect of net
charge and charge distribution. J. Chromatogr. A 877: 13-24 (2000).

. J. Stahlberg, B. Jonsson, and C. Horvath. Theory for electrostatic

interaction chromatography of proteins. Anal. Chem. 63: 1867-74
(1991).

. U.D. Neue. HPLC Columns: Theory, Technology, and Practice.

Wiley-VCH, New York, NY, 1997.

. L.R. Snyder, J.J. Kirkland, and J.L. Glajch. Practical HPLC Method

Development, 2nd ed. John Wiley & Sons, New York, NY, 1997.

. RW.A. Oliver. HPLC of Macromolecules: A Practical Approach. IRL
Press, Oxford, UK, New York, NY, 1989; p xvi, 236 p.

. Y.M. Wei, Q.Z. Luo, T. Liu, and X.D. Geng. Retention model of pro-
tein for mixed-mode interaction mechanism in ion exchange and
hydrophobic interaction chromatography. Ch. J. Chem. 18: 60-65
(2000).

. M.M. Muenter, K.C. Stokes, R.T. Obie, and J.R. Jezorek.

Simultaneous separation of inorganic ions and neutral organics on
ion-exchange stationary phases. J. Chromatogr. A 844: 39-51
(1999).

. J.T. Eleveld, H.A. Claessens, J.L.. Ammerdorffer, A.M. Vanherk, and

C.A. Cramers. Evaluation of mixed-mode stationary phases in
liquid-chromatography for the separation of charged and uncharged
oligomer-like model compounds. J. Chromatogr. A 677: 211-27
(1994).

. K:.M. Gooding and M.N. Schmuck. lon selectivity in the high-per-

formance cation-exchange chromatography of proteins.
J. Chromatogr. 296: 321-28 (1984).

. K:M. Gooding and M.N. Schmuck. Comparison of weak and strong

high-performance anion-exchange chromatography. J. Chromatogr.
327: 13946 (1985).

. AN. Hodder, M.I. Aguilar, and M.T.W. Hearn. High-performance

liquid-chromatography of amino-acids, peptides and proteins. The
influence of different displacer salts on the bandwidth properties of
proteins separated by gradient elution anion-exchange chromatog-
raphy. J. Chromatogr. 512: 41-56 (1990).

. A.N. Hodder, M.I. Aguilar, and M.T.W. Hearn. High-performance
liquid-chromatography of amino-acids, peptides and proteins .92.
The influence of the gradient elution mode and displacer salt type
on the retention properties of closely related protein variants sepa-
rated by high-performance anion-exchange chromatography.
Chromatogr. 506: 17-34 (1990).

. A.N. Hodder, M.I. Aguilar, and M.T.W. Hearn. High-performance
liquid-chromatography of amino-acids, peptides and proteins .89.
The influence of different displacer salts on the retention properties
of proteins separated by gradient anion-exchange chromatography.
J. Chromatogr. 476: 391-411 (1989).

. W. Kopaciewicz, M.A. Rounds, J. Fausnaugh, and F.E. Regnier.
Retention model for high-performance ion-exchange chromatog-
raphy. J. Chromatogr. 266: 3-21 (1983).

. A. Staby and I.H. Jensen. Comparison of chromatographic ion-
exchange resins ii. More strong anion-exchange resins.
J. Chromatogr. A 908: 149-61 (2001).

. A. Staby, I.H. Jensen, and I. Mollerup. Comparison of chromato-
graphic ion-exchange resins I. Strong anion-exchange resins.
J. Chromatogr. A 897: 99-111 (2000).

. K. Hamaker, S.L. Rau, R. Hendrickson, J. Liu, C.M. Ladisch, and

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

M.R. Ladisch. Rolled stationary phases: Dimensionally structured

textile adsorbents for rapid liquid chromatography of proteins.

Industr. Eng. Chem. Res. 38: 865-72 (1999).

M. Ladisch, J.Y. Liu, K. Hamaker, R. Hendrickson, Y.Q. Yang,

A. Velayudhan, K. Kohlmann, P. Westgate, and C. Ladisch.

Continuous stationary phases for rapid deae cellulose protein chro-

matography. Abstracts of Papers of the American Chemical Society

207: 142-Btec (1994).

L.Q. Chen, W. Zhang, and Z. Zhen. Study of ion chromatography

with ion-exchange fibers as the stationary phase. J. Chromatogr. A

740: 195-99 (1996).

R.K. Marcus, W.C. Davis, B.C. Knippel, L. LaMotte, T.A. Hill,

D. Perahia, and J.D. Jenkins. Capillary-channeled polymer fibers as

stationary phases in liquid chromatography separations.

J. Chromatogr. A 986: 17-31 (2003).

R.D. Stanelle, L.C. Sander, and R.K. Marcus. Hydrodynamic flow in

capillary-channel fiber columns for liquid chromatography.

J. Chromatogr. A 1100: 68-75 (2005).

R.D. Stanelle, M. Mignanelli, P. Brown, and R.K. Marcus. Capillary-

channeled polymer (c-cp) fibers as a stationary phase in microbore

high-performance liquid chromatography columns. Anal. Bioanal.

Chem. 384: 250-58 (2005).

D.M. Nelson and R.K. Marcus. A novel stationary phase: Capillary-

channeled polymer (c-cp) fibers for hplc separations of proteins.

J. Chromatogr. Sci. 41: 475-79 (2003).

D.M. Nelson, R.D. Stanelle, P. Brown, and R.K. Marcus. Capillary-

channeled polymer (c-cp) fibers: A novel platform for liquid-phase

separations. Am. Lab. 37: 28-32 (2005).

D.M. Nelson and R.K. Marcus. Potential for ultrafast protein separa-

tions with capillary-channeled polymer (c-cp) fiber columns.

Protein Peptide Letts. 13: 95-99 (2006).

D.K. Nelson and R.K. Marcus. Characterization of capillary-chan-

neled polymer (c-cp) fiber stationary phases for high-performance

liquid chromatography protein separations: Comparative analysis

with a packed-bed column. Anal. Chem. 78: 8462-71 (2006).

H. Brody. Synthetic Fibre Materials. Longman Scientific &

Technical: Harlow, UK, 1994; p xiii, 384 p.

S.M. Burkinshaw. Chemical Principles of Synthetic Fibre Dyeing.

Blackie Academic & Professional, New York, NY, 1995.

W.A. Haile and B.M. Phillips. In Capillary Surface Materials—4 dg

Current Applications and Projections. Insight ‘94, Knoxville, TN,

October 24-25, 1994, Knoxville, TN.

W.A. Haile and B.M. Phillips. Deep grooved polyester fiber for wet

lay applications. Tappi Journal 78: 139-42 (1995).

Y. Kato, K. Nakamura, T. Kitamura, T. Tsuda, M. Hasegawa, and

H. Sasaki. Effect of chromatographic conditions on resolution in

high-performance ion-exchange chromatography of proteins on

macroporous anion-exchange resin. J. Chromatogr. A 1031:

101-105 (2004).

Y. Kato, K. Nakamura, T. Kitamura, T. Tsuda, M. Hasegawa, and

H. Sasaki. Effect of chromatographic conditions on resolution in

high-performance ion-exchange chromatography of proteins on

nonporous support. J. Chromatogr. A 1009: 141-45 (2003).

C.G. Horvath, B.A. Preiss and S.R. Lipsky. Fast liquid chromatog-

raphy: an investigation of operating parameters and the separation

of Nucleotides on pellicular ion exchangers. Anal Chem 39:

1422-28 (1967).

. J.K. Swadesh. HPLC: Practical and Industrial Applications. CRC
Press, Boca Raton, FL, 2001.

Manuscript received August 14, 2006;
revision received January 19, 2007.

421



