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for protein separations by capillary electrophoresis

Danilo Corradini

Istituto di Cromatografia del CNR Area della Ricerca di Roma, P.O. Box 10, I-00016 Monterotondo Stazione, Rome, ltaly

Abstract

The different compounds utilized as additives to the electrolyte solutions employed in protein capillary zone
electrophoresis (CZE) for minimizing protein—capillary wall interactions, for improving selectivity and resolution and for
controlling the electroosmotic flow are reviewed. The dependence of the electroosmotic flow on the different variables that
can be affected by the incorporation of an additive into the electrolytic solution is discussed. A list of the most effective
additives employed for protein separations by CZE is reported in Appendix A. © 1997 Elsevier Science BV.
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trophoretic techniques for protein analysis in the last
15 years. The most recent impact has been the
development of capillary zone electrophoresis (CZE)
which, like high-performance liquid chromatography
(HPLC), combines the advantages of high efficiency
and resolution, accurate quantification, short analysis
time and automation. The use of capillary tubes as a
differentiai electromigration microchannel ensures
the absence of connective mixing of the separated
zone in the electrolyte solution and enables the
application of high electric fields with minimal
generation of Joule heat, which is efficiently dissi-
pated by transfer through the tube wall as a result of
the large surface-to-volume ratio of the capillary.
The application of elevated electric fields results in
high efficiency as a consequence of the short residing
time of the analyte in the capillary which minimize
its longitudinal diffusion.

In addition, CZE performed in fused-silica capil-
laries generally allows the detection of both cationic
and anionic samples at the cathodic end of the
capillary, as a result of the electroosmotic flow. This
is the bulk flow of the liquid in the capillary tube
resulting from the effect of the applied electric field
across the capillary on the uneven distribution of
ions in the electric double layer at the interfacial
region between the negatively charged capillary wall,
generated by silanol dissociation, and the electrolyte
solution.

Proteins are ionogenic substances also bearing
other functionalities as hydrogen-bonding regions,
hydrophobic patches and biospecific interaction sites
that can interact to different extents with the other
constituents of the sample mixture and with the
components of the electrolyte solutions used for their
separation by CZE. Depending on the chemical
nature of both the protein and the ionic species in
solution these interactions can lead to significant
variations in the electrophoretic mobilities of pro-
teins that can greatly affect their selective separation
by capillary electrophoresis. In addition, the different
functionalities of proteins exposed to the aqueous
solution may interact with a variety of active sites on
the inner surface of the fused-silica capillaries, which
comprise inert siloxane bridges, hydrogen bonding
sites and different types of ionizable silanol groups
(vicinal, geminal and isolated) [1]. These interactions
may give rise to peak broadening and asymmetry,

irreproducible migration times, low mass recovery
and in some cases irreversible adsorption.

In the first capillary electrophoretic system de-
scribed by Hjerten [2], the interactions between the
proteins and the wall of the quartz tubes (1-3 mm
I.D.) used in the apparatus were minimized by
coating the inner surface of the capillaries with
methyl cellulose. This coating was realized by
thermal immobilization of the neutral polymer on the
capillary wall, followed by cross-linking reaction
with formaldehyde. In a different approach, a variety
of polymers have been covalently bonded to the
silica capillary wall by silan derivatization [3-6].
However, hydrogen-bonding and hydrophobic inter-
actions may also occur in chemically modified
capillaries [7] which often suffer from a gradual loss
of surface coverage, particularly at high pH values.
Other strategies consist in the use of electrolyte
solutions at extreme pH values, whether acidic to
suppress the silanol dissociation [8] or higher than
the protein p/ to have both the proteins and the
capillary wall negatively charged [9,10]; the use of
electrolyte solutions with high concentrations of
alkali salts [11] or zwitterions [12], to suppress the
electrostatic interactions between the proteins and the
capillary wall, and the application of an applied
radial voltage to the capillary wall to lower the zeta
potential [13,14]. There are several disadvantages of
the above strategies. First, pH extremes tend to
denature proteins and compromise recovery by re-
ducing solubility. In addition, the current derived
from high ionic strength limits the voltage that can
be applied, with concomitant decrease in efficiency
and increase in the analysis time. Finally, the option
of controlling the zeta potential by an external
electric field is not available on commercial units.

Another approach to overcome the detrimental
effects of protein—capillary wall interactions is to
incorporate a suitable additive into the running
electrolyte solution. Most of the additives act either
as masking or competing agents for the silanol
groups on the inner wall of the capillary, so that they
are not accessible to protein interactions. Other
additives may function as strong ion-pairing or
competing agents for the basic amino acid residues
of the proteins exposed to the electrolyte solution, in
order to subtract their availability to the silanol
groups on the capillary wall. Additives may also be
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introduced to the electrolyte solution to improve the
selectivity by interacting specifically or to different
extents with the proteins in the sample [15] and to
extend the application of CZE to study specific
non-covalent interactions between proteins and or-
ganic or inorganic compounds, either charged or
neutral [16].

This paper reviews the various classes of additives
that have been employed in protein CZE to address
biochemical and biomedical separation problems, to
probe biochemical mechanisms or to obtain critical
information in the form of biophysical parameters.
Most of the substances employed as additives of the
running buffer may alter the electric double layer at
the interface between the capillary wall and the
electrolyte solution, resulting in drastic variations of
the electroosmotic flow which can be reduced,
eliminated or reversed in direction from cathodic to
anodic. Consequently, the examination of the most
relevant literature describing the use of additives in
protein CZE is preceded by a section that discusses
the dependence of the electroosmotic flow on the
different variables that may be affected by the
introduction of an additive to the electrolyte solution.

2. Effect of the additives on the electroosmotic
flow

The electroosmotic flow is generated by the effect
of the applied electric field across the capillary on
the uneven distribution of ions in the electric double
layer at the interface between the capillary wall and
the electrolyte solution. In fused-silica capillanies, the
electric double layer is the result of the excess of
cations in the solution in contact with the capillary
tube to balance the negative charges on the wall
arising from the ionization of the silanol groups on
the surface exposed to the electrolyte solution. Part
of the excess cations are firmly held in the region of
the double layer closer to the capillary wall (the
compact or Stern layer, depicted in Fig. 1) and are
believed to be less hydrated than those in the diffuse
region of the double layer [17]. Certain counterions
may be held in the compact region of the double
layer by forces additional to those of purely electro-
static origin, resulting in their adsorption in the Stern
layer. When an electric field is applied across the
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Fig. 1. Representation of the variation of the electric potential in
the electric double layer at the interface between the capillary wall
and the electrolyte solution.

capillary, the remain excess cations in the diffuse
part of the electric double layer move toward the
cathode, dragging their hydration spheres with them.
Since the molecules of water associated with the
cations are in direct contact with the bulk solvent, all
the electrolyte solution moves toward the cathode
producing a plug like flow having a flat velocity
distribution across the capillary diameter.

The variation of the electric potential in the
electric double layer with the distance from the
capillary wall is depicted in Fig. 1. The potential at
the capillary wall (4,), which is proportional to the
charge density resulting from the dissociation of the
silanol groups, linearly decreases in the Stern layer
to the value of the zeta potential (). This is the
electric potential at the plane of shear between the
Stern layer (plus that part of the double layer
occupied by the molecules of solvent associated with
the adsorbed ions) and the diffuse part of the double
layer. The zeta potential decays exponentially from {
to zero with the distance from the plane of shear
between the Stern layer and the diffuse part of the
double layer.

The dependence of the electroosmotic flow (v,,)
on the zeta potential is expressed by the Helmholtz-
von Smoluchowski equation:
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where E is the applied electric field, g, is the
permittivity of vacuum, £ and 7 are the dielectric
constant and the viscosity of the electrolyte solution,
respectively. This expression assumes that the dielec-
tric constant and viscosity of the electrolyte solution
are the same in the electric double layer as in the
bulk solution.

The Helmholtz—von Smoluchowski equation indi-
cates that under constant composition of the elec-
trolyte solution, the electroosmotic flow depends on
the magnitude of the zeta potential which is de-
termined by many different factors, the most im-
portant being the dissociation of the silanol groups
on the capillary wall, the charge density in the Stern
layer and the thickness of the diffuse layer. Each of
these factors depends on several variables, such as
pH. specific adsorption of ionic species in the
compact region of the double layer, and ionic
strength, that can be affected by the introduction of
an additive into the electrolyte solution, which may
influence viscosity and dielectric constant of the
electrolyte solution as well.

Several authors have tackled the problem of the
dependence of the electroosmotic flow on the differ-
ent variables that may be affected by the introduction
of an additive into the electrolyte solution. A brief
description of the effects of these variables on the
electroosmotic flow is reported below.

2.1. pH

The effect of pH on the electroosmotic flow has
been described in several reports [6,8,18-25]. Ionic
additives may alter the hydrogen ion concentration of
electrolyte solutions having low buffering capacity.
A change in the protonic equilibrium directly in-
fluences the zeta potential through the variation of
the charge density on the capillary wall resulting
from the deprotonation of the surface silanol groups,
which increases with increasing pH. At acidic pH,
the ionization of the surface silanol groups is sup-
pressed and the zeta potential approaches zero,
determining the virtual annihilation of the electro-
osmotic flow. Under alkaline conditions, the silanol
groups are fully charged and the zeta potential
reaches its maximum value corresponding with a

plateau value of the electroosmotic flow. Between
these extreme conditions, the zeta potential rapidly
increases with increasing pH up to the complete
dissociation of the silanol groups, determining the
well known sigmoidal pH-dependence of the electro-
osmotic flow [18,20].

2.2. Ionic strength

Besides the pH, the introduction of an additive to
the electrolyte solution may alter the ionic strength.
This parameter influences the thickness of the diffuse
part of the electric double layer to which the zeta
potential is directly proportional [26,27]. Since the
thickness of the diffuse part of the electric double
layer is proportional to the inverse of the square root
of the ionic strength [28], the electroosmotic flow is
expected to decrease with increasing the ionic
strength of the electrolyte solution. The impact of
buffer concentration and ionic strength of the elec-
trolyte solution on the electroosmotic flow has been
the subject of several investigations which have
produced data showing decreasing electroosmotic
flow with increasing buffer concentration or ionic
strength [19,27,29-37]. Tsuda et al. [27] and, sub-
sequently, Issaq et al. [33] have reported that the
electroosmotic mobility (,,) depends on the inverse
of the square root of the electrolyte concentration,
according to the following relationship:

e
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where e, z, 7 and C are the total charge per unit
surface area, the electron valence of the electrolyte,
the viscosity, and the concentration of the electrolyte
in the bulk solution, respectively.

Another model that accounts for the decrease of
the electroosmotic flow with increasing the elec-
trolyte concentration has been developed by Salomon
et al. [34]. According to this model, the electro-
osmotic mobility depends on the concentration of a
monovalent counter-ion, introduced with the buffer,
through the following parameters: the initial charge
per unit area at the surface of the silica capillary wall
(Q,); the thickness of the mobile region of the
electric double layer, which is postulated to be
composed of a fixed thickness (d,) and the Debye-
Hiickel thickness (&); the constant K defined as

wall?



D. Corradini [ J. Chromatogr. B 699 (1997) 221-256 225

the equilibrium constant between the cations in the
buffer solution and adsorption sites on the capillary
wall. These parameters are related to the dependence
of the electroosmotic mobility on the concentration
of the monovalent cation of the buffer [M "] by the
following relationship:

o 1
= | dy+ 3
iu’eo 77(1 +Kwa||[M ])( o K’ /[M’]) ( )

where 77 is the viscosity and K’ is a constant that for
a dilute aqueous solution at 25°C is equal to 3.2+10°
m~ '(mol 17H "2, According to this model, increas-
ing the concentration of the monovalent counter-ion
in the bulk solution influences the zeta potential by
reducing the Debye—Hiickel thickness of the diffuse
double layer and by neutralizing the negative charges
on the capillary wall, resulting from the ionization of
the silanol groups.

Salomon et al. have also reported data on the
variations in the electroosmotic flow observed with
the 2-(N-morpholino)ethanesulfonic acid (MES) buf-
fers of lithium, sodium, potassium, rubidium and
histidine, under otherwise constant conditions. The
variation of the electroosmotic flow observed with
different types of cations used in the buffer solution
has been attributed to a combination of factors [34].

Other authors [33,38—-40] have observed that the
electroosmotic mobility increases with increasing the
crystal radii of the different counter-ions used in
buffer solutions containing various alkali metal ions.
It has been hypothesized that the larger and more
complex the structure of a buffer cation, the greater
its Coulombic binding at the interface between the
capillary wall and the electrolyte solution which
reduces the zeta potential and, consequently, the
electroosmotic flow.

2.3. Adsorption of counter-ions

Certain counter-ions, such as polycationic species,
cationic surfactants, and several amino compounds,
can be firmly held in the compact region of the
electric double layer by forces additional to those of
simple Coulombic origin. This specific adsorption of
counter-ions at the interface between the capillary
wall and the electrolyte solution resuits in a drastic
variation of the positive charge density in the Stern
layer which reduces the zeta potential and hence the

electroosmotic flow. If the positive charge density of
the adsorbed counter-ions exceeds the negative
charge density on the capillary wall, resulting from
the ionization of silanol groups, the zeta potential
becomes positive and the concomitant electroosmotic
flow is reversed from cathodic to anodic. Reversal of
the direction of the electroosmotic flow in CZE has
been reported first by Tsuda [41] who investigated
the use of -cetyltrimethylammonium bromide
(CTAB) to control the electroosmotic flow in capil-
lary electrophoresis, as previously reported by Rei-
jenga et al. in capillary isotachophoresis |42]. The
dependence of the electroosmotic mobility on the
concentration of CTAB and other alkylarnmonium
surfactants [43—45] has been interpreted on the basis
of the model proposed by Fuerstenan [46] and
Somasundnam et al. [47] to explain the adsorption of
alkylammonium salts on quartz. According to this
model, the adsorption in the Stern layer as individual
ions of surfactant molecules in dilute solution results
from the electrostatic attraction between the head
groups of the surfactant and the ionized silanol
groups at the surface of the capillary wall. As the
concentration of the surfactant in the solution is
increased, the concentration of the adsorbed alkylam-
monium ions also increases and reaches a critical
concentration at which the Van der Waals attraction
forces between the hydrocarbon chains of adsorbed
and free surfactant molecules in solution cause their
association into hemimicelles, i.e. pairs of surfactant
molecules with one cationic group directed toward
the capillary wall and the other directed out into the
solution.

The beneficial effect of lowering the velocity or
reversing the direction of the electroosmotic flow on
the resolution of two adjacent peaks was evidenced
first by Jorgenson and Lukacs [48] on the basis of
the following expression for resolution in electro-
phoresis elaborated by Giddings [49]

g o YN (_Au .
A\t i @

where N is the number of theoretical plates, Ax and
M, are the difference and the average value of the
electrophoretic mobilities of two adjacent peaks,
respectively, and u, is the electroosmotic mobility.
According to this equation, the highest resolution is
obtained when the electroosmotic mobility has the
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same value but opposite direction of the average
electrophoretic mobility of the two adjacent peaks.

Several other compounds have been found to
adsorb at the interface between the capillary wall and
the electrolyte solution, determining the reduction
or/and the reversal of the direction of the electro-
osmotic flow [9,50-58]. A theoretical model which
correlates the electroosmotic mobility with the
charge density in the Stern part of the electric double
layer (arising from the adsorption of counter-ions)
and the charge density at the capillary wall (resulting
from the ionization of silanol groups) has been
developed in this laboratory [54). According to this
model, the dependence of the electroosmotic mobili-
ty on the concentration of the adsorbing additive (C)
in the electrolyte solution is expressed as

C (zel//(s + (D)
_4m | o556 P\ T T
Heo = "4em C (281/15 + cb)
I+ 3556\ ™4t
y
. [H] (5)
K

a

where « is the Debye—Hiickel thickness of the
diffuse double layer, # is the viscosity of the
electrolyte solution, e is the elementary charge, z is
the valence of the adsorbing ion, k is the Boltzmann
constant, 7 is the absolute temperature, n, is the
number of accessible sites in the Stern layer, @
allows for any specific adsorption potential, y is the
sum of the ionized and protonated surface silanol
groups, H” is the bulk electrolyte hydrogen ion
concentration and k, is the silanol dissociation
constant. According to this equation, at constant
ionic strength and pH, the electroosmotic mobility
depends mainly on the surface density of the ad-
sorbed counter-ions in the Stern region of the electric
double layer, which should follow a Langmuirian-
type adsorption model. This prediction has been
shown to be in good agreement with the experimen-
tal electroosmotic mobility trends measured with
several additives at different concentrations
[54,55,59} and pH values [59] (see Figs. 2 and 3).

2.4. Viscosity and dielectric constant
The incorporation of an additive into the elec-

trolyte solution may alter the viscosity and dielectric
constant of the bulk solution resulting in a variation

60 80 100 120

ADDITIVE CONCENTRATION [mM]

Fig. 2. Dependence of the electroosmotic mobility on the concentration of additive in the running electrolyte at constant ionic strength (123
mM) and pH (2.5). Capillary, fused-silica 37 cm total length (30 cm to the detector) X 75 um LD.; applied voltage, 10 kV; temperature,
25°C; neutral marker, 5-(hydroxymethyl)-2-furaldehyde; detection wavelength, 280 nm at the anodic end; additives, l=Tricthylamine,
A =N,N-diethylethanolamine; ¥ =N-ethyldiethanolamine, #=triethanolamine. Adapted from Ref. [55] with permission.
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Fig. 3. Dependence of the zeta potential on the concentration of N,N,N’',N'-tetramethyl-1,3-butanediamine (TMBD) at three different pH
values. Symbols, =pH 4.0, A=pH 5.5, ¢=pH 6.5. Capillary, bare fused-silica 37 cm total length (30 cm to the detector) *75 um L.D,;
applied voltage, 10 kV; temperature, 28°C; neutral marker, acrylamide (3.4 mg/ml in H,0); detection wavelength, 254 nm either at the
cathodic or anodic end upon reversing the polarity. Adapted from Ref. [59] with permission.

of the electroosmotic flow, as it is predicted by the
Helmholtz—von Smoluchowski’s equation for the
electroosmotic flow (see Eq. (1)). The impact of
several additives on the viscosity of the electrolyte
solution and on the electroosmotic flow is depicted in
Fig. 4 [60]. It is observed that, with the exception of
acetonitrile, the variation of the electroosmotic flow
parallels the changes in the viscosity of the bulk
solution. On the other hand, there have been several
papers that have reported variations of the electro-
osmotic flow resulting from the use of neutral
polymers and organic solvents [32,60]. that could not
be simply explained by the corresponding changes in
the values of viscosity and dielectric constant of the
bulk solution, as for the case of acetonitrile in Fig. 4.

There have been several studies aimed at explain-
ing the mechanisms involved in the reduction of the
electroosmotic flow by the addition of neutral poly-
mers or organic solvents to the electrolyte solution
[34,61-64]. Hjertén [2] has speculated that neutral
polymers may adsorb onto the Stern layer causing a
variation of viscosity in the double layer with
distance from the capillary wall, which will affect
the electroosmotic mobility according to the follow-
ing relationship

dy (6)
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where & is the dielectric constant, { is the zeta

potential, n is the viscosity and # is the electric
potential. The value of the integral in this expression
will approach zero when the viscosity in the double
layer approaches infinity. Accordingly, the electro-
osmotic flow is drastically reduced when the local
viscosity of the double layer is increased as a result
of the adsorption of a neutral polymer onto the Stern
layer. It is worth to note that at constant value of the
viscosity in the electric double layer, Eq. (6) is
equivalent to the Helmholtz—von Smoluchowski’s
expression for the electroosmotic flow.

Similarly to the neutral polymers, organic solvents
can adsorb at the interface between the capillary wall
and the electrolyte solution, through hydrogen bond-
ing or dipole interaction, thus increasing the local
viscosity within the electric double layer [32]. Or-
ganic solvents may also influence the zeta potential
by affecting the ionization of the silanol groups at
the capillary surface, whose pK has been found to be
shifted toward higher values with increasing the
content of organic solvents in the electrolyte solution
[61]. Schwer and Kenndler {61] have also related the
dependence of the zeta potential on the fraction of an
organic solvent incorporated in the electrolyte solu-
tion to the consequent variation of both the dielectric
constant and the adsorption of counter-ions in the
Stern layer. In practice, introducing a neutral poly-
mer or an organic solvent to the electrolyte solution
results in multiple changes, generally involving the
viscosity and the dielectric constant of the bulk
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Fig. 4. Effect of the incorporation of neutral additives into the electrolyte solution on absolute viscosity (panel A) and electroosmotic flow
(panel B). Capillary, fused-silica 57 cm total length (50 cm to the detector) X 75 pm LD.; applied voltage, 25 kV; background electrolyte, 50
mM tricine buffer (pH 8.0); temperature 25°C. Adapted from Ref. [60] with permission.

solution, the ionization of the silanol groups on the
capillary wall and the charge density in the Stern
layer, as well as the local viscosity and the dielectric
constant of the electric double layer.

3. Additives employed in protein CZE

The introduction of a non-buffering additive to the
electrolyte solutions for protein CZE is generally
aimed at preventing the undesirable interactions
between the analyte and the active sites on the inner
wall of the fused-silica capillary, consisting of
ionizable silanol groups, siloxane bridges, and hydro-
gen bonding sites. In addition, additives are also
employed for enhancing selectivity and resolution,
controlling the electroosmotic flow, increasing pro-
tein solubility, and probing biochemical mechanisms.
This section discusses the relevant literature describ-

ing the use of additives in protein CZE, a representa-
tive list of which is given in Appendix A.

3.1. Neutral polymers

Hjertén [2,65] was the first to suggest the use of
methyl cellulose and other neutral polymers as
additives of the electrolyte solution for suppressing
convective disturbances in wide bore capillaries (1-3
mm), as well as for controlling electroosmotic flow
and minimizing protein—capillary wall interactions.
Neutral polymers are believed to adsorb at the
interface between the capillary wall and the elec-
trolyte solution with the main consequence of in-
creasing the local viscosity in the electric double
layer and masking the silanol groups and the other
active sites on the capillary surface. This results in
lowering or suppressing the electroosmotic flow (see
Section 2.4) and in reducing protein capillary wall
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interactions. Since Hjertén’s papers, several research-
ers have reported the successful separation of pro-
teins in bare fused-silica capillaries using electrolyte
solutions containing very low concentrations of
modified celluloses as dynamic coating agents of the
capillary wall to prevent undesirable interactions
with the analyte. Examples of this strategy have been
reported by Lindner et al. [66,67] who have success-
fully separated rat liver histones into several frac-
tions [66] and individual histone H1 variants into
distinct phosphorylated derivatives [67], using un-
treated capillaries and electrolyte solutions contain-
ing 0.03% (w/v) hydroxypropylmethyl cellulose.
The incorporation of modified celluloses into the
electrolyte solution has also been employed in
conjunction with the use of chemically coated capil-
laries. Such strategy has been adopted for the

N
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T T T T T T T T

T
10 15 min

Fig. 5. Separation of basic proteins in a untreated fused-silica
capillary using a running electrolyte solution containing poly-
vinylalcohol (PVA). Capillary, 70 cm total length (57 c¢m to the
detector) X 75 um LD.; applied voltage, 25 kV; electrolyte solu-
tion, 20 mM sodium phosphate (pH 3.0) containing 30 mM
sodium chloride and 0.05% (w/v) PVA 15 000; temperature, 15°C.
Proteins, 1=cytochrome ¢, 2=lysozyme, 3=trypsin, 4=
trypsinogen, 5=oa-chymotrypsinogen A. Adapted from Ref. [70]
with permission.

analysis of milk serum proteins and caseins by CZE
using hydrophilic coated capillaries and electrolyte
solutions containing either methylhydroxyethyl cellu-
lose or methylhydroxypropyl cellulose at concen-
trations as low as 0.05% (w/v) [68]. In another
example [69], the analysis of cerebrospinal fluid
proteins, of interest for the diagnosis of various
disorders of the central nervous system, has been
performed using an hydrophilic coated capillary and
methyl cellulose at concentration of 0.04% (w/v) as
the additive of the electrolyte solution. In these
applications employing hydrophilic coated capil-
laries, the benefit of introducing a modified cellulose
to the electrolyte solution has been attributed to the
capability of these additives in masking the residual
protein adsorption sites on the capillary wall.

Besides modified celluloses, other linear and bran-
ched neutral polymers have been proposed as the
additive of the electrolyte solution for the dynamic
coating of the capillary wall. For example, Gilges et
al. [70,71] have demonstrated that introducing at
acidic pH values very low concentrations (0.05%,
w/w) of either poly(vinyl alcohol) or dextran to the
electrolyte solution allows the successful separation
of basic proteins in bare fused-silica capillaries with
efficiency in the range of one million of theoretical
plates per meter (see Fig. 5). Under these conditions
the separations are performed in absence of the
electroosmotic flow which is suppressed as a result
of the dynamic coating of the capillary wall by the
hydroxylic polymeric additives. However, the capa-
bility of these additives at masking the protein
adsorption sites on the capillary wall is cornpromised
by increasing the pH and results to be not effective at
all at pH values higher than pH 5.0 as a consequence
of the decreased concentration of protonated silanol
groups available for hydrogen bonding.

Recently, ki and Yeung [72] have reported the
use of poly(ethylene oxide) for the dynamic coating
of bare fused-silica capillaries which allows the
efficient separation of basic proteins in the range of
pH 3-7. This polymer is believed to adsorb at the
interface between the capillary wall and the elec-
trolyte solution through hydrogen bonding between
the ether oxygens of the additive, which act as
hydrogen acceptors, and the protonated hydroxyl
groups on the capillary wall, acting as hydrogen
donors. The most efficient and stable coating is
obtained when the capillary is treated with 1.0 M
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hydrochloric acid for 5 min before use in order to
enhance the concentration of protonated superficial
hydroxyl groups available for hydrogen bonding.
Once the polymer solution is flushed in the capillary,
the dynamic coating proves to be very stable and is
not desorbed even if electrophoresis is run with the
electrolyte solution without the additive, as has been
deduced by the highly efficient protein separation
obtained under these conditions.

These examples indicate that the use of linear or
branched non-ionic polymers as additives for con-
trolling the electroosmotic flow and masking the
active protein adsorption sites on the capillary wall is
restricted to very low concentrations of the polymer
in the electrolyte solution. Above a critical con-
centration [73-75], the chains of linear or branched
polymers begin to overlap and interact with one
another through van der Waals forces and hydrogen
bonding, giving rise to a polymer network which
may act as sieving dynamic matrices for the sepa-
ration of proteins and other macromolecules. Poly-
mer solutions at concentrations above the threshold
value where the network structure begin to be
formed are said to be ‘entangled’. Zhu et al. [76]
were the first to suggest the use of poly(ethylene
glycol) (PEG) as a sieving medium for the sepa-
ration of the monomer, dimer and trimer of albumin
by CZE using a capillary coated with a covalently
bonded polymer and electrolyte solution consisting
of 0.1 M phosphate buffer (pH 2.5) containing 5%
(w/v) PEG. Electrolyte solutions containing poly-
(ethylene glycol) have also been employed for
monitoring the re-oxidation of reduced bovine
trypsinogen [77]. The addition of 5% (w/v) PEG to
the electrolyte solution has been reported to facilitate
the size-based separation of native and reduced
trypsinogen by the sieving effect of the entangled
polymer solution. Entangled polymer solutions have
also been employed as sieving dynamic matrices for
the separation of proteins as their complexes with
sodium dodecyl sulfate (SDS) by a size-dependent
mechanism, similar to that operating in SDS poly-
acrylamide gel electrophoresis (SDS-PAGE). This
mechanism is based on the assumption that fully
denatured proteins bind hydrophobically a constant
amount of SDS (1.4 g of SDS per 1 g of protein)
[78]. resulting in complexes of approximately con-
stant charge-to-mass ratios and, consequently, identi-
cal electrophoretic mobilities. Therefore, in a sieving

medium protein—SDS complexes migrate proportion-
ally to their effective molecular radius and thus to
the protein molecular mass [79].

Deviations from this general rule have been found
for highly basic proteins (e.g., histones) which tend
to exhibit lower charge-to-mass ratios when com-
plexed with SDS, as a result of the relatively large
number of positively charged basic amino acid
residues. Higher charge-to-mass ratios may be dis-
played by phosphorylated or sulfonated proteins
because of the additional charges from the phosphate
and sulfate groups. On the other hand, hydrophobic
membrane proteins may bind a larger amount of SDS
molecules than cytosolic proteins, resulting in higher
charge-t0-mass ratios. Other exceptions are observed
with glycoproteins which usually bind a lower
amount of SDS, due to the presence of the hydro-
philic carbohydrate moieties. However, in spite of
the possible exceptions, SDS-PAGE is widely em-
ployed in protein analysis for purity assay and
molecular mass estimation. The size-dependent sepa-
ration of protein—SDS complexes in acrylamide gels
polymerized in the capillary format has been demon-
strated [80.81]. Since then, many other size-depen-
dent separation methods developed for slab gel
electrophoresis have been transferred to the capillary
format. Specific reviews on the size-dependent sepa-
ration of protein—SDS complexes by capillary elec-
trophoresis has been published by several authors
[75,82-84].

Gel-filled capillaries suffer of several drawbacks
which include bubble formation from gel shrinkage
during polymerization, deamidation of poly-
acrylamide at high pH values (producing charged
acrylamide residues), and limited stability and col-
umn lifetime. Improvements in the separation of
protein—SDS complexes have been obtained by using
non-crosslinked polyacrylamide [85]. The linear
polyacrylamide entangled polymer solutions have
proven to be more flexible than the crosslinked gels
as a result of the network structure resulting from
physical interactions in dynamic equilibrium rather
than crosslinking due to covalent bonds between the
polymer chains. However, even with linear poly-
acrylamide several limitations are encountered, such
as severe detection limits, resulting from the absorp-
tion of amino groups at the same wavelength value
where the protein extinction coefficient is larger (214
nm), and limited column lifetime, particularly when
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elevated electric fields are employed. These limita-
tions have led investigators to search for UV trans-
parent entangled polymer solutions of ideally low
viscosity to facilitate protein detection and ease
replacement of the sieving matrix in the capillary.

UV-transparent replaceable polymer networks of
dextran and poly(ethylene glycol) for the size-depen-
dent separation of protein—SDS complexes have
been described by Gansler et al. {86]. The low to
moderate viscosities of these entangled polymer
solutions allow the routine replacement of the poly-
mer network into the capillary, leading to increased
repeatabilities of the migration times and prolonged
column lifetime. In contrast to linear polyacrylamide,
protein detection at 214 nm becomes possible re-
sulting in a significative increase in sensitivity. In
addition, both dextran and PEG permit the rapid
estimation of protein molecular mass and quantita-
tive dosage of the separated proteins using either
electrokinetic or pressure injection method. This
study demonstrates that the size selectivity of the
protein—SDS complexes depends on the molecular
mass of dextran. The higher the molecular mass of
the polymer the higher the selectivity. However, the
use of entangled polymer solutions of dextran of
relatively low molecular mass has also been reported
[87,88].

Besides being employed as a dynamic coating
agent (see above), poly(ethylene oxide) (PEO) has
also been used as a sieving matrix for protein
separation by SDS capillary electrophoresis, either
alone [87,89] or in mixture with PEG [90,91]. The
effect of temperature on the migration behavior and
band broadening of the protein—SDS complexes
separated in entangled polymer solution of dextran
and PEO has been investigated by Guttman et al.
[87]. They reported that the migration times of the
protein—SDS complexes decreased in both sieving
matrices whereas peak efficiency increased with
increasing temperature in the entangled polymer
solution of dextran but decreased with PEO as the
sieving matrix.

Size-dependent separation of proteins—SDS com-
plexes with entangled polymer solutions of a branch-
ed polysaccharide composed of a-(1-6)-linked mal-
totriose, namely pullulan, has been described by
Nakatani et al. [92-94]. This polymer acts as a
sieving matrix at concentrations ranging from 3-
10% (w/v), allowing the baseline separation of

proteins with molecular mass in the range of 14 000-
116 000. The migration times of the protein—SDS
complexes decrease with increasing temperature.
This effect has been mainly attributed to changes in
viscosity of the pullulan solution used as the sieving
medium.

Recently, Righetti et al. [95] demonstrated that
SDS capillary electrophoresis of proteins can be
successfully performed in polymer network of poly-
(vinyl alcohol) (PVA). This polymer acts as a sieving
matrix for protein—-SDS complexes at concentration
as low as 3% (w/v) allowing entangled polymer
solutions of extremely low viscosity with positive
effects on the facility of the routinely replacement of
the polymer network into the capillary and, hence, on
the repeatability of separations. Other advantages of
PVA are full transparency in the UV region down to
200 nm and excellent resolution in the 14 000-
94 000 protein molecular mass range.

3.2, Ionic salts and zwitterions

The use of electrolyte solutions containing rela-
tively high concentrations of a ionic salt has been
one of the earlier strategy for minimizing undesirable
interactions between proteins and the surface of
fused-silica capillaries [9,11]. This approach is based
on the assumption that the main contribution to these
interactions is due to the coulombic attraction be-
tween the weakly acidic silanol groups on the
capillary wall and the positively charged moieties on
the basic amino acid residues of the protein [11].
Most of the positively charged moieties on proteins
correspond to the guanidinium and e-NH, groups of
arginine and lysine residues, respectively, other than
the a-NH, terminal and histidine residues. These
moieties may interact with the acidic silanol groups
even with the protein at the isoionic point (zero net
charge) as a result of the different distribution of the
charge density on the protein molecule. Following
this line of reasoning several researchers have
viewed the wall of the fused-silica capillary as a
cation exchange site which can be suppressed by
increasing the ionic strength of the electrolyte solu-
tion [9,11,96].

The investigation on the effect of several alkali
metal ions on the electrophoretic behavior of model
basic proteins in bare fused-silica capillaries has led
to the conclusion that the larger the crystal radii of
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the metal ion the greater is its effectiveness at
minimizing protein capillary wall interactions [11].
This is in agreement with the observation that the
larger and more complex is the structure of a cation
the greater is its binding at the interface between the
capillary wall and the electrolyte solution {33,38-
40], resulting in the practical suppression of the
cation exchange sites for proteins. However, Cs"
which among Li*, K™ and Na" is the most effective
at masking the ton exchange sites on the capillary
wall suffers from an unacceptably high optical
absorbance at low wavelengths. Since the highly
hydrated Li~ has proved to be the less effective
masking silanol agent, being the most weakly bound
in the Stern layer, the use of the above alkali metal is
thus restricted to K* and Na~, which have been
found to be equivalent at masking the protein
adsorption sites on the capillary wall [11]. Moreover,
Green and Jorgenson [11] have reported that differ-
ent anions of the above alkali metal salts do not have
a measurable effect on the capability of these
additives at masking the cation exchange sites on the
capillary wall. However, sulfates has been demon-
strated to be superior to nitrates and halogenides in
terms of UV transparency.

The use of electrolyte solutions containing high
concentrations of a ionic salt can be accompanied by
the employment of zwitterionic buffers of low
conductivity to limit the generation of Joule heat.
This can be further minimized by reducing the inner
diameter of the capillary which has the effect of
increasing the surface-to-volume ratio with the con-
sequence of improving the heat dissipation through
the capillary wall. On the other hand, this approach
results also in shortening the path length of the
on-column detection with the consequence of reduc-
ing detection sensitivity. In addition, Joule heating
can be minimized by reducing the applied voltage
which, however, implies a proportional reduction in
peak efficiency and an increase in the analysis time.

Recently, the advantages and drawbacks of using
electrolyte solutions containing high concentrations
of ionic salts have been evaluated in comparison to
other additives employed for the separation of model
basic proteins and for histone HI1 subtypes by
Cifuentes et al. [57] and by Lindner et al. [97],
respectively. In both cases the use of other additives
has been shown to be superior to the employment of
ionic salts. An improvement in the strategy of

suppressing the positively charged active sites on the
capillary wall by increasing the ionic strength has
been obtained by incorporating zwitterions rather
than ionic salts in the electrolyte solution.
Zwitterions have the advantage of non-contribution
to the conductivity of the electrolyte solution and of
competition with proteins for the acidic silanol
groups on the capillary wall. In addition, zwitterions
may act as ion-pairing or competing agents for the
positively charged moieties on the proteins with the
result of reducing their availability to the ion ex-
change sites on the capillary wall. The ion-pairing
formation with proteins is also believed to contribute
to break-up of protein—protein interactions.

This strategy was first proposed by Bushey and
Jorgenson [12] who demonstrated the benefit of
using zwitterions as buffer additives for CZE of
basic proteins in bare fused-silica capillary, reporting
the highly efficient separation of lysozyme and a-
chymotrypsinogen A using phosphate buffer (pH
7.6) containing both 2.0 M trimethylglycine (betaine)
and 0.1 M potassium sulfate (see Fig. 6).

The  zwitterion  trimethylammonium  pro-
pylsulfonate, commercialized by Waters under the
trade name of AccuPure-Z 1-methyl, has also been
suggested to prevent the binding of proteins to fused-
silica capillary columns. The additive is effective for
this purpose when used in combination with moder-
ate ionic strength buffers. For example, Guzman et
al. [98] described the effects of trimethylammonium
propylsulfonate on the capillary electrophoretic sepa-
ration and dosage in a bare fused-silica capillary of a
humanized monoclonal antibody in bulk form and in
a typical therapeutic formulation. In another exam-
ple, trimethylammonium propylsulfonate has been
successfully used to improve resolution and peak
shape of ricin (a heterodimeric glycoprotein
phytotoxin) in a crude, acidic extract of the castor
bean plant, Ricinus communis [99].

The incorporation of high concentrations of either
zwitterions or ionic salts in the electrolyte solution
causes a reduction in the electroosmotic flow re-
sulting from the increased ionic strength and the
consequent reduction in the thickness of the electric
double layer (see Section 2.2). In addition, high
concentrations of zwitterions increase the viscosity
of the electrolyte solution resulting in a further
decrease in the electroosmotic flow, as it is discussed
in Section 2.4.
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Fig. 6. Electropherograms of (panel A) lysozyme (peak 1), Indole
(peak 2) and a-chymotrypsinogen A (peak 3) obtained with 0.04
M sodium phosphate buffer (pH 7.0) containing 0.1 M potassium
sulfate and (panel B} lysozyme (peak 1) and a-chymotrypsinogen
A (peak 2) obtained with 0.04 M sodium phosphate buffer (pH
7.6) containing 0.1 M potassium sulfate and 2.0 M betaine.
Capillary, bare fused-silica 75 cm total length (65 cm to the
detector) X 25 pm LD.; applied voltage, 20 kV. Adapted from Ref.
[12].

The ionic strength of the electrolyte solution also
influences the electrophoretic mobility of the ana-
lytes according to a mechanism similar to that used
to describe the impact of this parameter on the
electroosmotic flow [33]. According to this model,
the electrophoretic mobility is directly proportional
to the electrophoretic zeta potential (i.e. the potential
at the effective radius of the charged analyte) which,
in turn, is inversely proportional to the square root of
the ionic strength. The result is that the electro-
phoretic mobility is expected to decrease with in-
creasing the ionic strength of the electrolyte solution.
This prediction is in good agreement with ex-
perimental data reported by different authors. Bruin
et al. [31] observed that the apparent mobility of
lysozyme, trypsin and chymotrypsin decreases

linearly with increasing the concentration of
K,HPO, in the electrolyte solution. Cole et al. {100]
also presented data on the effect of the buffer
concentration on protein mobility showing that the
migration times of several proteins increase linearly
with the logarithim of the buffer concentration,
which is consistent with a decreased electrophoretic
mobility and a decreased electroosmotic flow.

3.3. Amine modifier

Amino compounds are generally recommended as
additives of the mobile phases employed in reversed-
phase chromatography of ionogenic substances to
suppress the untoward effect of the residual silanol
groups at the stationary phase [101]. These additives
are believed to act primarily by hydrogen bonding to
non-derivatized silanol groups, thereby reducing
adsorption and ion-exchange effects [102].

The strategy of masking the silanol groups by
amino compounds has also been adopted to improve
protein separation by CZE in bare fused-silica capil-
laries, where the weakly acidic silanol groups on the
capillary wall may interact with the positively
charged moieties on the proteins. Electrostatic inter-
actions are believed to play a key role in the
adsorption of proteins on the capillary wall. The
analyte may be attracted to the capillary surface by
Coulombic forces and once there hydrogen bonding
and hydrophobic interactions can join in immobiliz-
ing the protein at the interface between the capillary
wall and the electrolyte solution. Therefore, masking
the negatively charged silanol groups on the capillary
wall by an amino compound incorporated in the
electrolyte solution has been considered by several
researchers as a method of choice to avoid protein
adsorption. The numerous types of amino com-
pounds that have been employed as additives of the
electrolyte solutions to minimize protein—capillary
wall interactions and to improve peak efficiency and
resolution, are summarized in two main groups: one
comprising diaminalkanes and monovalent amines,
the other including non-polymeric and polymeric
polyamines.

3.3.1. Diaminoalkanes and monovalent amines

The utility of diaminoalkanes as additives of the
electrolyte solution to aid in suppressing protein—
capillary wall interactions was demonstrated first by
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Laver and McManigill [9]. These researchers re-
ported that the addition to the electrolyte solution of
as low as 5 mM 1,4-diaminobutane (putrescine) is
effective at eliminating peak tailing and improving
resolution of basic proteins subjected to CZE in bare
fused-silica capillaries at neutral and moderately
alkaline pH values. They also observed a significant
non-linear decreasing of the electroosmotic flow with
increasing the concentration of 1,4-diaminobutane in
the electrolyte solution from 0-5 mM. This effect
has been confirmed at different pH values ranging
from pH 7-8.5, but has not been observed with other
monovalent cations, such as ammonium and tri-
methyl ammonium (concentration and type of salt
are not specified). These data are consistent with a
variation of the zeta potential related to the modi-
fication of the electric double layer at the interface
between the capillary wall and the electrolyte solu-
tion caused by the adsorption of 1,4-diaminobutane.

Similar results have been reported by Landers et
al. [103] who incorporated low concentrations of
1,4-diaminobutane (0.25-1.0 mM) into 100 mM
borate buffer (pH 8.5) with the purpose of enhancing
the resolution of ovalbumin glycoforms by reducing
the electroosmotic flow through the adsorption of the
diaminoalkane at the interface between the capillary
wall and the electrolyte solution. Many other studies
have demonstrated the utility of wusing 1,4-
diaminobutane as an additive of the electrolyte
solutions employed for the separation of the various
glycoforms of different glycoproteins. For example,
the carbohydrate-dependent microheterogeneity of
recombinant coagulation factor Vila (r-FVlla) has
been characterized by subjecting to CZE the native
and the neuraminidase treated recombinant protein
[104]. The separation of the glycoforms of r-FVIla
into six or more peaks has been achieved using 25
mM putrescine in 100 mM phosphate buffer (pH
8.0). In another example [105], the recombinant
human erythropoietin (r-HuEPO) has been resolved
in its individual glycoforms using a combination of
1,4-diaminobutane (to diminish protein—capillary
wall interactions) with urea (to break-up protein
aggregations). In addition, Watson and Yao [106]
have demonstrated that the incorporation of 1,4-
diamincbutane into the electrolyte solution allows
the separation of recombinant granulocyte-colony-
stimulating factor glycoforms according to the in-

creasing number of the sialic acids in the glycopro-
tein molecule. More recently, the resolution of
various tranferrin glycoforms differing in the sialic
acid content (sialoforms) has been obtained using an
electrolyte solution containing 1 mM 1,4-di-
aminobutane in 100 mM borate buffer at pH 8.3
[107].

Other diaminoalkanes have been proposed for
suppressing capillary wall interactions and for con-
trolling the electroosmotic flow. Rohlicek and Deyl
[108] were the first to use 1,5-diaminopentane (cad-
averine), demonstrating the beneficial effect of this
additive on the separation of standard and naturally
occurring protein mixtures with high pH electrolyte
solutions. This additive was also successfully em-
ployed for the determination of the microhetero-
geneity of glycoproteins, including recombinant
coagulation factor Vlla [104] and ovalbumin [109].
The resolution of the different glycoforms of several
glycoproteins induced by the incorporation of a
diaminoalkane into the electrolyte solutions is
believed to be not only caused by a reduction of the
electroosmotic flow, but also by ion-pair formation
between the additive and the negatively charged
moieties on the glycoproteins [104,110].

The utility of 1,3-diaminopropane for analyzing
basic proteins at pH values well below their isoelec-
tric points has been evaluated by Bullock [112] and
Bullock and Yuan (111]. They demonstrated that the
addition to phosphate or formate buffers of 1,3-
diaminopropane at concentrations ranging from 30-
50 mM, along with moderate levels of sodium or
potassium salts, provides a series of electrolyte
solutions suitable for the efficient separation of basic
proteins in the pH range 3.5-9.0. At neutral pH,
most proteins among those investigated by Bullock
and Yuan [111] irreversibly adsorb, whereas the
others migrate with severe peak tailing, when 1,3-
diaminopropane is at concentrations below 5.0 mM
in the electrolyte solution containing 40 mM sodium
sulfate. Peak shape improves and migration times
become longer by increasing the concentration of the
additive, while maintaining constant the level of
sodium sulfate. Above 50 mM 1,3-diaminopropane,
further improvements in peak shape are modest for
any protein, whereas migration times continue to
increase as a result of decreasing in the electro-
osmotic flow. Similar results have been reported by
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Song et al. [113] who investigated the dependence of
peak efficiency and migration behavior of several
basic proteins on the concentration of ethylene
diamine in the range 20-80 mM at different pH
values (6.5, 8.0 and 9.5) and in the presence of a
constant level of sodium sulfate in the electrolyte
solution (35 mM). The presence of different alkali
metal salts (sodium and potassium sulfate, chloride
and phosphate) at various concentrations in the
electrolyte solutions containing 50 mM 13-
diaminopropane, has shown to produce variations in
selectivity and protein migration times that have
been attributed to specific effects induced by the salt,
such as changes in protein conformation or in the
ionization of the individual amino acid residues
[111]. Examples of practical applications of this
additive have been reported by Morbeck et al. [114]
for the analysis of the microheterogeneity of the
glycoprotein—human chorionic gonadotropin (see
Fig. 7) and by Lindner et al. [97] for the separation
of histone H1 subtypes.

The investigation of the dependence of the electro-
osmotic mobility on the concentration of ethyl-
enediamine, 1,3-diaminopropane and  1.4-di-
aminobutane in the electrolyte solution has con-
firmed the trend observed by Lauer and McManigill
[9] with 1,4-diaminobutane that the electroosmotic
flow decreases non-linearly with increasing the con-
centration of the diamine in the buffer [115]. This
indicates that the diaminoalkanes adsorb at the
interface between the capillary wall and the elec-
trolyte solution with the result of lowering the zeta
potential, which is also affected by the reduction in
the thickness of the diffuse double layer as a
consequence of the increased ionic strength. In
addition, besides controlling the electroosmotic fiow,
the adsorption of the amino modifier in the immobil-
ized region of the electric double layer is effective at
masking the silanolic adsorption sites for proteins.

Diaminoalkanes in which the diamine groups have
been replaced with quaternary ammonium moieties
have also been employed as electrolyte additives.
Theoretically, these additives are expected to be
advantageous over diaminoalkanes are a result of
their non pH-dependent ionization and the absence of
pH alteration upon their addition to the electrolyte
solution. The o, bis-quaternary ammonium alkanes
hexamethonium chloride and bromide and de-
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Fig. 7. Effect of various concentrations of 1,3-diaminopropane on
the electrophoretic migration and separation of human chorionic
gonadotropin (hCG). Capiliary, bare fused-silica 100 cm total
length (78 cm to the detector)X 50 pm LD.; applied voltage, 20
kV: temperature, 28°C; electrolyte solution, 25 mM borate buffer
(pH 8.8) containing 0 (A), 1.0 (B}, 2.5 (C) and 5.0 raM (D) 1.3
diaminopropane. Adapted from Ref. [114].

camethonium bromide, having alkyl chain of six and
ten carbon atoms respectively, have successfully
been employed by the group of Landers for the
analysis of glycoprotein microheterogencity (Oda
and Landers [107], Oda et al. [116]). Glycoform
resolution has been found to be higher with de-
camethonium bromide than with hexamethonium
bromide and with 1,4-diaminobutane in the order,
indicating a correlation between additive effective-
ness at resolving the different glycoprotein isoforms
and alkyl chain length. In addition, glycoform res-
olution is obtained at much lower additive con-
centration with bis-quaternary ammonium alkyl com-
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pounds (100-300 wM) than with their alkyl diamine
counterparts (e.g. 1-5 mM).

More recently, Corradini and Cannarsa [59] dem-
onstrated the effectiveness of N,N,N’,N'-tetramethyi-
1,3-butanediamine (TMBD) at preventing protein—
capillary wall interactions and at controlling the
electroosmotic flow in bare fused-silica capillaries at
different pH values. This study evaluated the effect
of the additive concentration on the electroosmotic
flow, separation efficiency and migration behavior of
model basic proteins at three different pH values in
the range 4.0-6.5. The similar Langmuirian-type
dependence of the zeta potential on the additive
concentration observed at three different pH values
(see Fig. 3 and Section 2.3) is indicative of the
specific adsorption of TMBD in the immobilized
region of the electric double layer, which follows a
common trend at all pH values, consistent with a
predicted Langmuirian-type adsorption model [54].
Depending on pH of the electrolyte solution, which
affects the ionization of both the silanol groups on
the capillary wall and the amino functions of the
additive, the incorporation of a given concentration
of TMBD in the electrolyte solution results either in

the drastic reduction of the electroosmotic flow or in
the inversion of its direction from cathodic to anodic,
while masking the protein adsorption sites. This
results in the possibility of controlling the electro-
osmotic flow to modulate the electrophoretic res-
olution for a given separation by appropriate selec-
tion of the electrolyte pH and the additive con-
centration, without losing the effectiveness of the
additive at preventing protein capillary wall interac-
tions, as is shown in Figs. 8 and 9, respectively.
Monovalent amines have found relatively limited
applications as additives of the electrolyte solutions
employed in protein CZE as a result of the generally
reported poor effectiveness at reducing protein—
capillary wall interactions at pH values between the
extremes of the pH scale. The use of triethylamine
(100 mM) and propylamine (50 mM) has been
reported by Bullock and Yuan [111] who have
evidenced that neither of these monovalent amines
were as effective as putrescine in efficiently separat-
ing basic proteins at neutral pH in bare fused-silica
capillaries. Similar results have recently been re-
ported by Cifuentes et al. [57] in a paper discussing
the comparative effectiveness of different electrolyte
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Fig. 8. Separation of basic proteins with electrolyte solutions containing 40 mM N,N,N’,N’-tetramethyl-1,3-butanediamine (TMBD) titrated
to different pH values with phosphoric acid. Capillary, bare fused-silica 37 cm total length (30 cm to the detector)X75 pum 1.D.; applied
voltage, 10 kV, temperature, 28°C; detection wavelength, 214 nm at the cathodic end. Proteins, =cytochrome ¢, 2=lysozyme,
3=ribonuclease A, 4=qa-chymotrypsinogen A. Adapted from Ref. [59] with permission.
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Fig. 9. Separation of basic proteins with electrolyte solutions containing different concentrations of N.N,N’ N’-tetramethyl-1,3-
butanediamine (TMBD) titrated to pH 6.5 with phosphoric acid. All other conditions as in Fig. 8. Adapted from Ref. {59] with permission.

additives in reducing protein—capillary wall interac-
tions at pH 7.0.

On the other hand, triethylamine (250 mM) and
morpholine (250 mM) have been found to be
effective at masking the silanol groups in uncoated
capillary when added to electrolyte solutions at pH
5.5 [117]. Morpholine has also been employed to
separate the recombinant human insulin and the
recombinant human growth hormone from their
degradation products in uncoated capillary with
tricine buffer (pH 8.0) containing 20 mM sodium
chloride [118,119]. In another paper, Rickard et al.
{120] reported the use of morpholine to minimize
wall interactions either at pH 2.35 or at pH 8.0 in a
study aimed at correlate CZE electrophoretic mo-
bilities with physicochemical properties of recombi-
nant human insulin, human growth hormone, human
proinsulin, human insulin-like growth factor, bovine
somatostatin and their enzymatic digests.

The usefulness of ghicosamine and galactosamine
as additives for the capillary electrophoresis of basic
proteins in untreated capillaries at low pH has been
demonstrated in this laboratory and their effective-

ness has been positively compared with that of
triethylamine and triethanolamine [54]. Another ex-
ample of the employment of monovalent amines for
improving the separation of basic proteins at low pH
has been reported by Lindner et al. [97] who
demonstrated the effectiveness of triethylamine in
increasing peak efficiency of Hl histone subtypes.
The effect of four closely related monovalent
alkylamines, namely triethylamine, N,N-diethyl-
ethanolamine, N-ethyldiethanolamine and tri-
ethanolamine, on the electroosmotic flow and on the
electrophoretic behavior of model basic proteins in
bare fused-silica capillary has been investigated in
this laboratory [55]. It has been shown that at pH 2.5
and constant ionic strength the dependence of the
anodic electroosmotic mobility on the concentration
of the four additives in the range 4-120 mM is
described by four non-intersecting curves, all Lang-
muirian in shape. At any additive concentration the
value of the electroosmotic mobility is in the order of
increasing basicity and decreasing molecular size of
the additive. This may indicate that the observed
differences in the electroosmotic flow may reflect
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differences in the adsorbability of the four closely
related monovalent alkylamines, which it seems to
be directly proportional to the additive basicity and
inversely proportional to their molecular size.

Triethylamine and other monovalent amines have
also been found to improve peak efficiency of basic
proteins at pH 11 [24]. Other examples of using
monovalent amines at alkaline pH values have been
reported by Paterson et al. [121], who proposed a
combination of ethanolamine and Tween 20 to
separate the -lactoglobulin A, B, and C variants of
bovine whey, and by Legaz and Pedrosa [109], who
tested the effect of hydroxylamine and ethylamine on
the separation of ovalbumin glycoforms.

3.3.2. Polyamines

A number of polyamines have been examined as
additives of the electrolyte solutions for their ability
in reducing protein—capillary wall interactions and
controlling the electroosmotic flow. Multiple func-
tional amino modifiers are expected to be strongly
adsorbed at the interface between the capillary wall
and the electrolyte solution as a results of the
multiple interaction sites possessed by these addi-
tives. The adsorption, which may be also irreversible
for polymeric polyamines, results in masking the
silanol groups and the other adsorption active sites
on the capillary wall and in altering the electro-
osmotic flow, which is lowered and in some cases,
reversed from cathodic to anodic.

Besides acting as masking agents for the silanol
groups, aliphatic polyamines are also suitable for use
as components of the buffer system. For example,
phosphate and/or trifluoroacetate salts of selected
aliphatic di-, tri- and tetra-amines, having pK, values
in the pH range 3.25-9.84, have been used by
Kalman et al. [122] to separate eleven mutants and
the wild type of the enzyme Staphylococcal nuclease
at different pH values in acrylamide coated capillary.
A list of aliphatic polyamines, originally introduced
in reversed-phase chromatography, which have a
potential use as additives in protein CZE is reported
in [123). Examples of the usefulness of tri- and
tetra-amines as electrolyte additives with bare fused-
silica capillaries have been reported by Corradini and
Cannarsa [56], who successfully employed tri-
ethylenetetramine for the separation of model basic
proteins in bare fused-silica capillaries and by Legaz

and Pedrosa [109] who demonstrated the beneficial
effect of adding low concentrations of spermine or
spermidine to borate buffer for the resolution of
ovalbumin glycoforms.

The usefulness of tetraazomacrocycles as elec-
trolyte additives in enhancing the efficiency for the
separation of basic proteins in cross-linked poly-
acrylamide coated capillaries, which may exhibit
residual silanolic activity as a result of partial
polymeric coverage, has been demonstrated by
Cifuentes et al. [124]. Tetraazomacrocycles are
cyclic polyamines bearing four amino functions
symmetrically distributed around the cavity of a rigid
cyclic structure, whose size depends on the number
of carbon atoms of the alkyl chain forming the ring.
It is reported that the incorporation of 1,4,7,10-
tetraazocyclodecane (cyclen) into the electrolyte
solution drastically reduces protein—capillary wall
interactions, as evidenced by the enhancement of
peak efficiency in the presence of this additive.

According to the expectation that the efficacy of a
silanol masking agent can be enhanced by increasing
the number of amino functions, several researchers
have reported the use of polymeric polyamines as
additives of the electrolyte solutions emnployed in
protein CZE. An example of this strategy is repre-
sented by the use of chitosan, a cationic natural
polymer composed of p-glucosamine and N-acetyl-p-
glucosamine, which is obtained by partial deacetila-
tion of chitin [125]. As low as 0.002% (w/v)
chitosan in the electrolyte solution is sufficient to
reverse the direction of the electroosmotic flow from
cathodic to anodic and to ensure reasonable sepa-
ration efficiency of basic proteins as a result of the
adsorption of the polycationic additive onto the
capillary wall. The anodic electroosmotic flow in-
creases with increasing the concentration of chitosan
in the electrolyte solution. However, above 0.05%
(w/v) chitosan the electroosmotic flow is relatively
constant, indicating a saturation of chitosan coverage
at the interface between the capillary wall and the
electrolyte solution. A similar trend is reported for
migration time repeatability and peak efficiency
which increase non-linearly with increasing the
concentration of chitosan in the electrolyte solution
and reach a plateau at about 0.05% (w/v) chitosan.
Since the cationic character of chitosan arises from
the primary amino group of the monomer glucos-
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amine which has a pK, value of around 6.3, the
positive net charge exhibited at acidic pH values
decreases with increasing the electrolyte pH, causing
a reduction in the adsorbability of the additive and,
thus, in the effectiveness at masking the protein
adsorption sites on the capillary wall. In addition, the
solubility of chitosan decreases at pH values above
6.0. On the other hand, both anodic electroosmotic
flow and protein electrophoretic mobility decrease
with lowering the electrolyte pH below 3.5, resulting
in a reduction in resolution and peak efficiency. This
effect has been attributed to the increased intrinsic
viscosity of the diluted chitosan solution observed at
the lower pH values. Such increase in the intrinsic
viscosity would result from the expansion and stif-
fening of the chitosan molecules due to the repulsive
forces between neighboring charged groups which
increase with lowering the electrolyte pH as a result
of the increased number of charges of the chitosan
backbone. The result of these limitations is that the
useful application of chitosan as an electrolyte
additive is restricted to the pH range 3.5-5.5.

In other examples [57,126], high molecular mass
polyethyleneimine (PEI) has been used as an elec-
trolyte additive for the efficient separation of proteins
either in bare fused-silica [57] or in PEI physically
coated capillaries [126]. This polyamine has been
used as a coating agent by several authors who have
proposed either simple physical coating procedures
[127] or cross-linking of the adsorbed polyamine
[128].

When incorporated into the electrolyte solution at
concentration as low as 0.1% (w/v) and used with
bare fused-silica capillaries, PEI reverses the direc-
tion of the electroosmotic flow from cathodic to
anodic, as a result of the strong adsorption of the
additive onto the capillary wall. Therefore, basic
proteins migrate toward the electroosmotic flow. At
pH values at which the electroosmotic mobility
results to be greater then the electrophoretic mobili-
ty, the polarity of the applied voltage must be
reversed from positive to negative in order to
displace the proteins to the detection window. The
result is that the migration order is reversed com-
pared to that obtained with positive applied voltage.

PEI may interact with negatively charged proteins,
resulting in selectivity variations and undesirable
interactions with the PEI molecules adsorbed onto

the capillary wall. These interactions are believed to
be responsible for the poor efficiency observed with
acidic proteins at pH values above their isoelectric
points. Due to the strong adsorption of PEI mole-
cules on the silica surface, a PEI layer can be coated
on the capillary wall by just flushing the capillary
with a solution containing high molecular mass PEL
The physically adsorbed layer appears to be very
stable and can be used in the pH range 3-11 with
electrolyte solutions without PEI [127]. The combi-
nation of PEl physically coated capillary and elec-
trolyte solutions containing PEI at different con-
centrations and pH values has resulted in the possi-
bility of controlling the separation selectivity and
resolution of proteins [126]. The observed variations
in selectivity and resolution can be attributed to the
different changes in the electrophoretic mobility of
proteins resulting from the addition of PEI to the
electrolyte solution which can be explained by the
possible electrostatic interactions occurring between
the negatively charged moieties on the proteins and
the amino functions of PEL In addition, hydrophobic
interactions and hydrogen bonding are believed to
play a role as well.

A further example of using a polyamine as an
electrolyte additive has been reported by Cohen and
Grushka {129] who proposed polydimethyldiallylam-
monium chloride, a linear polyquaternary amine
polymer. This polymer is strongly adsorbed onto the
inner surface of fused-silica capillaries to give a
stable dynamic coating that reverses the direction of
the electroosmotic flow from cathodic to anodic and
enables the highly efficient separation of basic
proteins at neutral pH (see Fig. 10). The presence of
0.1 mM polydimethyldiallylammonium chloride in
the running electrolyte solution is needed to maintain
the stability of the dynamic coating which ensures
high reproducibility of the anodic electroosmotic
flow and, thus, of the protein migration times.

Other polyamines, such as polybrene (or hexadi-
metrine bromide), a linear hydrophobic polyquater-
nary amine polymer of the ionene type [130], have
been used as coating agents [51,131,132]. These
polymers are believed to be irreversibly adsorbed
onto the capillary wall by a combination of multi-site
electrostatic and hydrophobic interactions and once
flushed in the capillary may give very stable coatings
which maintain their characteristics also in absence
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Fig. 10. Separation of basic proteins in a untreated fused-silica capillary using a running electrolyte solution containing polydi-
methyldiallylammonium chloride (PDADMAC). Capillary, fused-silica 68-70 cm total length (29-31 cm to the detector) X 50 pm 1.D;
applied voltage, 25 kV; temperature, 28°C; detection wavelength, 220 nm at the anodic end; electrolyte solution, 30 mM hydroxylamine—
HCI (pH 7.0) containing 5 mg/ml PDADMAC. Proteins, 1 =myoglobin, 2 =ribonuclease A, 3=a-chymotrypsinogen A, 4 =cytochrome c,

S=lysozyme. Adapted from Ref. [129] with permission.

of the coating agent in the running electrolyte
solution.

3.4. Surfactants

Surfactants are amphiphatic molecules containing
both hydrophilic and hydrophobic regions. At low
concentration in the electrolyte solution the surfac-
tant molecules are in a molecular-disperse stage,
where they may be associated as dimers, trimers or
oligomers, depending on. the chemical structure of
the surfactant and on pH, ionic strength, composition
and temperature of the electrolyte solution. At a well

defined concentration, recognized as the critical
micelle concentration (CMC), the surfactant mole-
cules aggregate to form clusters, known as micelles,
which are in dynamic equilibrium with the surfactant
monomers.

Surfactants may bind to proteins either to the same
extent, resulting in protein—surfactant complexes of
approximately constant charge-to-mass ratio (e.g.
protein—SDS complexes), or to a different degree
which can enlarge differences in the electrophoretic
mobilities between proteins. In addition, the surfac-
tant molecules may adsorb at the interface between
the inner surface of the capillaries (either coated or
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uncoated) and the electrolyte solution, with the result
of altering the electroosmotic flow and masking the
protein adsorption sites on the capillary wall.
Surfactants have been investigated extensively in
capillary electrophoresis for the separation of both
charged and neutral molecules using a technique
based on the partitioning of the analytes between the
hydrophobic micelles formed by the surfactant and
the electrolyte solution, which is termed micellar
electrokinetic capillary chromatography (MECC or
MEKC) [133]. This technique has proven to be
useful for the analysis of a variety of low-molecular
mass species, whereas it has exhibited limitations in
separating proteins and other biopolymers, as well as
small highly hydrophobic molecules. The poor selec-
tivity of MECC for the separation of proteins may be
attributed to several factors, including the strong
interactions between the hydrophobic moieties on the
protein molecules and the micelles, the inability of
large proteins to penetrate into the micelles, and the
binding of the monomenic surfactant to the proteins.
The result is that even though the surfactant con-
centration in the electrolyte solution exceeds the
CMC, the protein—surfactant complexes are not
likely to be subjected to partition in the micelles as
are smaller molecules. As well as maintaining hydro-
phobic proteins in the molecular dispersion in aque-
ous solutions, surfactants have been incorporated
into the electrolyte solutions employed in protein
CZE as additives for minimizing protein—capillary
wall interactions, for improving selectivity and res-
olution, and for controlling the electroosmotic flow.

3.4.1. Ionic and zwitterionic surfactants

Cationic surfactants adsorb at the interface be-
tween the inner surface of bare fused-silica capil-
laries and the electrolyte solutions, determining
drastic variations in the zeta potential which becomes
positive when the charge density of the adsorbed
surfactant exceeds that resulting from the ionization
of the superficial silanol groups. The result of charge
reversal is that proteins at pH values below their
isoelectric points are repelled from the capillary wall.
In addition, the direction of the electroosmotic flow
is reversed from cathodic to anodic (see Section 2.4)
with the result that the electrophoretic migration of
the positively charged proteins occurs in the opposite
direction of the bulk liquid. Therefore, if the mag-

nitude of the electroosmotic mobility is greater than
that of the electrophoretic mobility of the protein
sample, the polarity of the applied voltage must be
reversed from positive to negative in order to
displace the proteins to the detection window.

This approach was first reported by Emmer et al.
[134] who demonstrated that the addition of mi-
cromol amounts (50-100 pg/ml) of a fluorinated
cationic surfactant (marked by 3M as Fluorad FC
134) to the electrolyte solution reverses the direction
of the electroosmotic flow and allows the efficient
separation of model basic proteins at neutral pH (see
Fig. 11) [134] and closely related forms of recombi-
nant human insulin-like growth factor I [52} in bare
fused-silica capillaries. Similar results have been
reported by Muijselaar et al. [135] who also investi-
gated the effect of pH on the anodic electroosmotic
flow at two different concentrations of the fluorinated
cationic surfactant in the electrolyte solution.

A fluorinated zwitterionic surfactant has also been
investigated as an additive, either added to the
electrolyte solution alone or in combination with the
cationic fluorosurfactant FC 134, for the separation
by CZE of model proteins [136], isoenzymes and
subunits of pig liver esterase [137]. The isoelectric
point of this amphoteric additive is about 8. There-
fore, at pH below this value the zwitterionic fluoro-

L
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Fig. 11. Electropherogram of four basic proteins (myoglobin run
separately) obtained with the cationic fluorosurfactant buffer
additive FC134. Capillary, fused-silica 100 cm total length (90 cm
to the detector)X50 pm; applied voltage, 30 kV; detection
wavelength, 230 nm at the anodic end; electrolyte solution, 10
mM phosphate buffer (pH 7.0) containing 50 pg/ml, FC134.
Proteins, | =myoglobin, 2=ribonuclease A, 3=cytochrome c,
4=lysozyme. Adapted from Ref. [134].
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surfactant is positively charged and behaves similarly
to the cationic fluorosurfactant FC 134, reversing the
direction of the electroosmotic flow from cathodic to
anodic and masking the active protein adsorption
sites on the capillary wall. The significant ditferences
in the protein selectivity observed with the two
additives incorporated in the electrolyte solution
either alone or in various combinations, have been
attributed to the different interactions between the
distinct fluorosurfactants and the proteins, which
influence to diverse extents the charge-to-mass ratio
of the analytes and, hence, their electrophoretic
mobilities.

A further improvement in this strategy is repre-
sented by the use of mixtures of cationic and anionic
fluorosurfactants added in micromolar amounts to the
electrolyte solution which allows the simultaneous
separation of basic and acidic proteins at neutral pH,
as displayed in Fig. 12 [138]. The composition of the
surfactant mixture has proven to affect both the
electrophoretic mobility of proteins and the mag-
nitude and direction of the electroosmotic flow which
turns out to be anodic when the cationic surfactant
fraction in the mixture is preeminent and anodic in
the opposite case. Accordingly, the electroosmotic
flow proves to be suppressed when equal proportion
of the two fluorosurfactants are incorporated into the
electrolyte solution.

The binding of ionic or zwitterionic surfactants to
protein molecules alter both the hydrodynamic
(Stokes) radius and the effective charge of proteins.
This causes a variation in the electrophoretic mobili-
ty which is directly proportional to the effective
charge and inversely proportional to the Stokes
radius [96]. The binding of the surfactant molecules
to proteins may vary with the surfactant species and
its concentration and is influenced by the experimen-
tal conditions, such as pH, ionic strength and tem-
perature of the electrolyte solution. For example,
SDS binds to proteins to the same degree, resulting
in complexes of approximately constant charge-to-
mass ratio, whereas cetyl trimethylammonium bro-
mide (CTAB) binds to each protein to a different
extent which may enlarge the differences in the
charge-to-mass ratio between these analytes, with the
consequence of improving selectivity. It follows that
jonic and zwitterionic surfactants may act as hydro-
phobic selectors which can be added to the elec-
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Fig. 12. Rapid separation of acidic and basic proteins. Capillary,
fused-silica 50 cm total length (39 cm to the detector)X50 pm
1.D.; applied voltage, 30 kV; detection wavelength, 210 nm at the
cathodic end; electrolyte solution, 10 mM phosphate buffer (pH
7.0) containing 20% (w/v) cationic (FC134) and 80% (w/v)
anionic (FC128) fluorosurfactanis. Proteins, 1=myoglobin, 2=
transferrin, 3 =p-lactoglobulin 1, 4=p-lactoglobulin II. Total
additive concentration, 54 wg/ml. Adapted from Ref. [138].

trolyte solution to modulate the electrophoretic -
selectivity in the CZE system.

The influence of various surfactants on the electro-
phoretic mobilities of apolipoproteins, whose dis-
tribution in human plasma seems to be a better
marker for coronary heart diseases than cholesterol
level, has been reported by Tadey and Purdy [139].
These authors demonstrated that the addition to the
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electrolyte solution of either anionic surfactants
sodium deoxycholate (DOC) or sodium dodecyl
sulfate allows complete separation of the apolipo-
proteins from plasma low-density lipoproteins
(LDLs) and high-density lipoproteins (HDLs) which,
however, exhibit different selectivity and resolutions
with the two distinct surfactants as a result of their
different affinity for the apolipoproteins. Similarly,
the differences in selectivity and resolution observed
for the separation of over seven different components
of the apolipoproteins from plasma very-low-density
lipoproteins (VLDLSs), obtained by using either SDS
or CTAB in the electrolyte solution, have also been
interpreted as the effect of the different binding of
this distinct surfactants to the apolipoproteins.

In another example of this strategy [140], the
recombinant insulin-like growth factor I variants,
differing mainly in the hydrophobic character, have
been resolved in a coated capillary by using mixed
aqueous—organic electrolyte solutions containing a
suitable amount (5.0 mM) of the zwitterionic surfac-
tant  N-dodecyl-N,N-dimethy}-3-amino-1-propane-
sulfonate (DAPS). The role of the zwitterionic
surfactant is believed to be that of probing the
exposed surface of the protein variants for hydro-
phobic differences, whercas the organic solvents
plays the role of modulating the hydrophobic interac-
tions between the different protein variants and the
surfactant.

In analytical methods employing UV detection at
low wavelengths, the employment of cety! trimethyl-
ammonium chloride (CTAC) may be advantageous
in comparison to the use of CTAB as a result of the
less background absorbance at the lower wavelengths
generated by the chloride ions. An example on the
use of CTAC for the separation of basic and acidic
proteins in both bare fused-silica and octadecylsilane
modified capillary with UV detection at 214 nm has
been reported by Strege and Lagu [141].

3.4.2. Non-ionic surfactants

Towns and Regnier [142] have demonstrated that
non-ionic surfactants can be hydrophobically ad-
sorbed onto an alkylsilane derivatized capillary inner
surface to generate a hydrophilic layer that prevents
protein—capillary wall interactions and controls the
electroosmotic flow. The incorporation of a non-
ionic surfactant into the electrolyte solution may be
also needed to maintain hydrophobic proteins in

molecular dispersion in aqueous solution or/and to
modulate the selectivity of the CZE system.

Different oxyethylene based surfactants of the Brij
and Tween series have been employed to develop
non-ionic surfactant coated capillaries [142-145].
These surfactants are particularly suitable for use as
electrolyte additives for protein separation due to
their commercial availability, high purity, moderate
cost, low toxicity, high cloud temperature and low
UV wavelength transparency. The non-ionic surfac-
tant coated capillaries are prepared by derivatization
of the inner silica surface with an alkylsilane fol-
lowed by the adsorption of a layer of the surfactant
from an aqueous solution above the critical micelle
concentration. It is proposed that the hydrophobic
chain of the surfactant molecule strongly interacts
with the alkylsilane derivatized surface whereas the
hydrophilic head group of the surfactant creates a
hydrophilic layer that masks the underlying
alkylsilane and the residual free silanol groups. The
incorporation of the non-ionic surfactant into the
electrolyte solution below the CMC is aimed at
preventing the gradual loss of surfactant from the
alkylsilane surface and may play a role in tuning the
selectivity by interacting with the protein molecules.

CZE systems employing non-ionic surfactants and
alkylsilane coated capillaries exhibit cathodic elec-
troosmotic flow which is lower compared to that in
bare fused-silica capillaries and increases only slight-
ly throughout the pH range 4-11 [142]. This allows
adjustment of the pH of the electrolyte solution to
optimize selectivity without significantly affecting
the rate of the electroosmotic flow. Polyoxyethylene
ether (Brij 35) coated alkylsilane derivatized capil-
laries have been used with electrolyte solutions
containing low levels of this non-ionic surfactant for
the separation of both model proteins and complex
protein samples. These include the seeds albumins
from the Leguminosae vicia species [145] and the
recombinant proteins granulocyte macrophage
colony stimulating factor [144] and human tumor
necrosis factor [146].

Electrolyte solutions containing non-ionic surfac-
tants have also been employed for the separation of
proteins by CZE in both bare fused-silica and
polymer coated capillaries. For example, Paterson et
al. [121] have shown that the addition of the non-
ionic surfactant Tween 20 to the electrolyte solution
employed to analyze the B-lactoglobulin variants A,
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B and C in bovine whey enhance the resolution of
these proteins in bare fused-silica capillaries.
Another non-ionic surfactant of the polyoxyethylene
sorbitan monoalkylate series, the Tween 80, (which
differs from Tween 20 for the longer alkyl chain) has
been reported to be essential to obtain full protein
recovery from polyvinyl alcohol coated capillaries
and highly repeatable migration times in the sepa-
ration of the different glycoforms of the recombinant
protein tissue plasminogen activator (rtPA) [147]. In
a previous paper from Yim [148], the rtPA glyco-
forms were partially separated in polymer coated
capillaries by using another non-ionic surfactant, the
Triton X-100 which was chemically reduced to
minimize UV absorbance.

In another example [149], the electrophoretic
behavior of the three closely related intrinsic
thylacoid membrane proteins of the photosystem II
light harvesting complex (LHC II) in higher plants
were reported to depend on the type and concen-
tration of the surfactant incorporated into the elec-
trolyte solution to maintain these proteins in molecu-
lar dispersion in the aqueous medium. The complete
and repeatable separation of the LHC II proteins has
been accomplished in a bare fused-silica capillary
with the electrolyte solution containing n-octyl-B-p-
glucopyranoside at concentration of 7.0 mM (see Fig.
13). It is shown that the electrophoretic behavior of
these proteins are significantly affected by the surfac-
tant concentration in the electrolyte solution, Similar
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observations have been reported by Towns and
Regnier for model proteins [142]. Distinct electro-
phoretic behavior can be observed below and above
the CMC of the surfactant incorporated in the
electrolyte solution. Below the CMC, the variations
in the migration behavior obtained by adding differ-
ent amounts of the surfactant into the electrolyte
solution may be related 1o the distinct degrees of
complexation of the proteins by the surfactant at the
different concentrations, which are expected to affect
to different extents the charge-to-mass ratio of the
proteins and, thus, their electrophoretic mobilities.
Above the CMC, the micelles in the electrolyte
solution may interact with either the protein—surfac-
tant complexes or with the free proteins or with both,
causing the reduction in peak efficiency observed
with both model proteins [142] and intrinsic mem-
brane proteins [149].

3.5. Other ion-pairing agents

Several additives among those reviewed in the
previous sections have been reported to give rise to
ion-pair formation with proteins which may result in
enhanced efficiency, altered selectivity and improved
resolution. Most of these additives are amino-modi-
fiers (similar to those employed in HPLC), zwitter-
ions, and surfactants (either jonic or zwitterionic)
incorporated into the electrolyte solutions below their
CMC. Other conventional HPLC ion-pair agents,
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Fig. 13. Separation of LHC 1I intrinsic thylacoid membrane proteins by CZE with running electrolyte solution containing n-octyl-B-p
glucopyranoside. Capillary, bare fused-silica 37 cm total length (30 cm to the detector) X 50 wm LD.; electrolyte solution 25 mM Tris, 192
mM glycine (pH 8.8) containing 7 mM n-octyl-8-D glucopyranoside; applied voltage, 15 kV; detection wavelength, 280 nm at the cathodic

end; temperature, 28°C. Adapted from Ref. [149] with permission.
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such as the short-chain alkyl sulfonates have found
more application in peptide [150] rather than in
protein CZE [151]. The preferential use of cationic
ion-pairing additives can be explained in terms of
their capability at competing with proteins for the
negatively charged silanol groups on the capillary
inner surface which reduces protein—capillary wall
interactions. On the other hand, several anions, such
as phosphate and borate, which can be present in the
buffer solutions employed as the background elec-
trolyte may also act as ion-pairing agents influencing
the electrophoretic mobility of proteins and, hence,
selectivity and resolution.

Recently, the use of the sodium salt of myoinositol
hexakis-(dihydrogen phosphate), communally known
as phytic acid, has been reported to improve sepa-
ration efficiency and resolution of proteins [152,153]
and peptides [152,154,155]. Phytic acid is a naturally
occurring compound containing six phosphate groups
with pK, values ranging from 1.9-9.5. Besides
having a polyanionic character over a wide pH
range, phytic acid is not toxic and its sodium salt is
highly soluble in aqueous media and is UV transpar-
ent down to 200 nm.

The enhanced efficiency and resolution obtained
by the incorporation of the sodium salt of phytic acid
into the electrolyte solution has been attributed to
ion-pair formation between the strongly negative
polyanionic phytic acid and the positive charged
amino acid residues, particularly lysine and arginine
[152,153]. The resulting effect of these ion-pair
formation is the reduction of the net positive charge
of basic proteins with the consequent reduction of
their Coulombic interaction with the negatively
charged capillary wall. Because the ion-pairing effect
depends on the number of the basic amino acid
residues exposed to the electrolyte solution, basic
proteins of similar p/ and different content of lysine
and arginine residues can be selectively separated on
the basis of the different extent of their complexation
by phytic acid.

Selectivity enhancement for protein CZE can also
be obtained by using the more traditional ion-pairing
agents alkylsulfonates and tetraalkylammonium salts.
A recent example of this strategy has been reported
by Weldon et al. [151] who have described the
effects of the anionic ion-pairing agents butanesul-
fonic acid, heptanesulfonic acid and decanesulfonic
acid on the resolution of ferri- and ferrohemoglobin

and on the separation of three model proteins at
acidic pH values.

3.6. Denaturing agents

The tendency of hydrophobic proteins, such as
certain intrinsic membrane proteins, to undergo
aggregation or self-aggregation may result either in
solubility problems or insufficient selectivity and
resolution. These problems can be avoided or at least
controlled by incorporating surfactants or/and other
solubilizing or denaturing reagents into the elec-
trolyte solution.

The use of surfactants, either ionic or non-ionic
has been described in Sections 3.4.1 and 3.4.2,
respectively. Other denaturing agents include urea at
elevated concentrations (higher than 1.0 M) and
formic and trifluoroacetic acid. Urea is widely em-
ployed as an additive in protein separation by slab
gel electrophoresis and HPL.C. The effectiveness of
urea in these separation systems has mainly been
attributed to its capability at promoting deaggrega-
tion and disruption of hydrophobic and non-covalent
interactions.

The advantage of incorporating urea into the
electrolyte solution employed for the separation of
calcium-binding proteins from liver plasma mem-
branes and for a mixture of intrinsic membrane
glycoproteins has been demonstrated by Josic et al.
[156]. Urea has also been successfully employed to
resolve caseins in milk [68,157]. In this case the
action of urea is that of preventing the formation of
casein micelles during electrophoresis. The majority
of caseins are present in milk in the form of micelles
which are disrupted during sample preparation by the
combined action of the reducing reagent pL-dithio-
threitol (DDT) and urea. Their reformation during
electrophoresis is prevented by adding 6 M urea to
the electrolyte solution.

The capability of urea at breaking hydrogen bonds
may be helpful at improving the resolution of the
different glycoforms arising from N- and O-linked
glycosilation of glycoproteins. An example of the
successful employment of urea for this purpose has
been reported by Watson and Yao [105] who have
described the separation of recombinant human
erythropoietin into its individual glycoforms using 7
M urea in combination with 1,4-diaminobutane as
the electrolyte additive.
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Additive BGE Capillary Proteins Reference
Non-ionic polymers
Methyl cellulose 0.1 M acetate Uncoated, Albumin [158]
(0.05% w/iv) (pH 4.8) 50 cmX50 pm L.D.
Methyl cellulose 0.1 M borax, 0.5 mM Uncoated, IgG, alkaline phosphatase [159]
(0.5%, w/v) SDS (pH 10) 27 cmX75 pm LD. (calf intestine)
Methyl cellulose 40 mM borate (pH 10) Coated, CElect P- Cerebrospinal fluid [69]
(0.04%, w/v) 150 (Supelco), proteins
55 emX50 pm LD.

Methylhydroxyethyl 10 mM phosphate, 6 M Coated, hydrophilic Milk proteins (bovine) [68]
cellulose (0.05%, w/v) urea (pH 2.5) or (SGE) and CElect

10 mM citrate, 6 M urea P-1 (Supelco),

(pH 3.0) 57 emX50 wm LD.
Hydroxypropylmethyl 100 mM phosphate Uncoated, Histones, acetylated [66]
cellulose (0.03%, w/v) (pH 2.0) 58.8 cmX75 pm LD. histones
Hydroxypropylmethyl 0.1 M phosphate Uncoated, Phosphorylated histone [67]
cellulose (0.03%, w/v) (pH 2.0) 58.8 cmX75 pm I.D. H1 variants
Hydroxypropylmethyl 0.1-0.5 M phosphate Uncoated, Histone H1 subtypes and [97]
cellulose (0.02%, w/v) (pH 2.0); 0.1-05 M 50-60 cmX75 pm LD. their phosphorylated

methanephosphonate— modifications

TEA (pH 2.0); 50 mM

phosphate—90 mM

perchlorate—TEA

(pH 2.0)
Hydroxypropylmethyl 50 mM phosphate Uncoated, Standard basic proteins [71]
cellulose (0.05%, w/w) (pH 3.0) 70 emX75 pm LD.
Hydroxyethyl cellulose 50 mM phosphate Uncoated, Standard basic proteins [71]
(0.05%, wiw) (pH 3.0) 70 cmX75 wm LD.
Dextran 0.06 M 2-amino-2- Coated Standard proteins [86]
(M, 2 000 000) methyl-1-3- 18 cmX75 pm LD.
(10%, w/v) propanediol-cacodylic

acid, 0.1% SDS

(pH 8.8)
Dextran 0.1 M Tris—~CHES Coated Standard proteins [160]
(M, 2 000 000) 0.1% SDS (pH 8.6) 27 cm X 100 pm 1D.
(10%, w/v)
Dextran 50 mM phosphate Uncoated, Standard basic proteins [71]
(M, 2000 000) (pH 3.0) 70 emX75 pm LD
(0.05%, wiw)
Dextran 0.1 M Tris/CHES Coated, Standard proteins [88]
(M, 70 000; 500 000 0.1% SDS (pH 8.8) 38 cmX50 pwm LD.
2 000 000) 38 cmX 100 wm LD.
(10%, w/v)
Dextran 60 mM 2-amino-2- Coated, Standard proteins [95]
(M, 2 000 000) methyl-1,2- 34 cmX50 pm LD.
(10%., w/v) propanediol~cacodylic

acid (pH 8.8)
Dextran 0.4 M TRIS/borate, Uncoated, Myoglobin molecular [161]
(M, 2 000 000) 0.1% SDS, 10% 24 cmX 50 wm LD. mass markers, standard
(0-12%) glycerol (pH 8.3) proteins




D. Corradini | J. Chromatogr. B 699 (1997) 221-256 247

Continued
Additive BGE Capillary Proteins Reference
Steaoryl dextran 10 mM Tris—acetate Coated, Human serum albumin, [15]
(1%) (pH 8.6) 12.5 cm X 50 wm LD. transferrin
Pullulan 0.1 M Tris—CHES, Coated, Standard proteins [92]
(M, 50 000~100 000) 0.1% SDS (pH 8.8) 50 cmX75 pm LD.
(1-10% w/v)
Pullulan 0.1 M Tris/CHES Coated, Standard proteins 93]
(M, 50 000-100 000) 0.1% SDS (pH 8.7) 50 cmX75 pm LD.
(5% wiv)
Pullulan 0.1 M Tris—-CHES Coated, Standard proteins [94]
M, 50 000100 000) 0.1% SDS (pH 8.7) 50 cmX75 pm LD.
(3-10% wiv)
Poly(vinyl alcohol) 20 mM phosphate, Uncoated, Standard basic proteins [70]
(0.05%, w/w PVA 30 mM NaCl (pH 3.0) 70 cmX75 um LD.
15 000)
Poly(vinyl alcohol) 10 mM phosphate, 6 M Coated, hydrophilic Milk proteins (bovine) [68]
(0.05%, w/v PVA urea (pH 2.5) (SGE)
15 000) 57 ecmX50 pm 1LD.
Poly(viny! alcohol) 50 mM phosphate Uncoated, Standard basic proteins [71}
(0.05%, w/w PVA (pH 3.0); 70 mM phos- 70 cmX75 pm LD.

phate
50 000) (pH 3.0 or pH 3.5) PVA thermally

50 mM or 100 mM Coated,

phosphate (pH 5.5) 70 cmX75 pm LD.
Poly(vinyl alcohol) 50 mM MES (pH 7.0) Uncoated, Standard basic proteins [57)
(0.05-1%, w/v, PVA 57 emX75 pm LD.
72 000)
Poly(vinyl alcohol) 60 mM 2-amino-2- Coated, Standard proteins [95]
(1-6%, wiv, PVA) methyl-1,3- 34 em X 50 pm LD.

propanediol—cacodylic

acid (pH 8.8)
Poly(ethylene glycol) 0.1 M phosphate Coated, Bovine serum albumin [76]
(5%, PEG 35 000) (pH 2.5) 20 cmX50 pwm LD, (monomer, dimer, trimer)
Poly(ethylene glycol) 0.1 M Tris—CHES, Coated, Standard proteins [86]
(3% wiv, PEG 100 000) 0.1% SDS (pH 8.8) 40 cm X100 pm LD.
Poly(ethylene glycol) 25 mM phosphate Uncoated, Native and reduced [77]
(5%, PEG 40 000) (pH 2.0) 37 emX 50 pm LD. trypsinogen
Poly(ethylene oxide) 0.1 M Tris—CHES, Uncoated, Standard proteins 871
(3% w/v, PEO) 0.1% SDS (pH 8.8) 47 ¢cmX 100 pm LD.
Poly(ethylene oxide) 0.1 M Tris—CHES, Uncoated, Standard proteins [89]
(1-5% w/v, PEO 0.1% SDS (pH 8.5) 27 emX 100 pm LD.
10 000-1000 000)
Poly(ethylene oxide) 30 mM phosphate Uncoated, Standard proteins [72}
(0.2% w/v, PEO (pH 6.0) 50 cmX75 pwm 1.D.
8000 000)
PEO+PEG Replaceable polymer- Coated, Standard proteins [90]
(eCAP SDS 14-200 kit; buffer (Beckman) 27 ¢cmX 100 wm LD.
Beckman)
PEO+PEG Replaceable polymer- Coated, Standard proteins [91]
(eCAP SDS 14-200 kit; buffer (Beckman) 27 cmX 100 pwm 1.D.
Beckman)
Propylene glycol 0.25 M phosphate Uncoated, Recombinant human [162]

(pH 6.8)

48 cmX25 wm LD.

growth hormone
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lonic and zwitterionic salts

KCI (10-20 mM) 20 mM CAPS (pH 11), Uncoated, Standard proteins 9]
20 mM Tricine 100 emX 52 pm 1D.
(pH 8.22)

CsCl, KC1, NaCl, LiC], 0.1 M CHES, 1 mM Uncoated, Standard proteins [11]

K,80, (0.1-1.0 M) EDTA (pH 9.0) 50 cmX75 pm LD.

KCI (40 mM) 0.01 M tricine Uncoated, Standard proteins [96]
(pH 8.24) 100 cm x50 pm LD.

KCl1 (100 mM) 0.2 M phosphate Coated, Standard proteins [5]
(pH 7.0) 100 cm <20 pum LD.

KCI (10-100 mM) 50 mM MES (pH 7.0) Uncoated, Standard basic proteins [57]

57 cmX75 pm LD.

NaCl (0.12 M) 0.1 M phosphate Coated, Histones {from Chinese [163]
(pH 2.5) 50 cmX 50 pm LD. hamster cells)

LiCl (25 mM) 50 mM borate (pH 8.3) Uncoated, Humanized anti-TAC (98]

70 cmX75 pum LD. monoclonal antibody

K,S0, (0.25 M) 40 mM phosphate Uncoated, Lysozyme, «- [12]
(pH 7.0) 75 cm X 25 pm LD. chymotrypsinogen A

Na,50,, K,80,, NaCl, 50 mM phosphate, Uncoated, Standard basic proteins (111}

KCl, K,HPO, 50 mM 1,3- 75 emX 50 pm LD.

(40-80 mM) diaminopropane

K,HPO, (10-80 mM) 10-80 mM phosphate Coated, Standard basic proteins [31]
(pH 3.8) 63 emX50 wm LD.

K,S0, (0.25 M) 20 mM phosphate Uncoated, Standard proteins [117]
{(pH 5.5) 50 cmX25 wm LD.

Na™ (0.5 M) 500 mM phosphate Uncoated, Standard proteins [164]

(as phosphate) (pH 5-10) 23 emX25 pm LD

Na® (0.5 M) 500 mM phosphate, Uncoated, Milk proteins 1164}

(as phosphate) 4 M urea (pH 7.0) 23 cmX25 pm LD

(NH,).PO, 125-500 mM Coated Standard proteins [5]

(125-500 mM) phosphate (pH 7.0) 100 cmX20 pm LD.

Li", Na", K", Cs* 100 mM Uncoated, Histone H1 subtypes (971

(as methanephosphonate) methanephosphonate, 50 ecmX75 pm LD.
0.02%
hydroxypropylmethyl
celiulose (pH 2.0)

Trimethylglycine 40 mM phosphate, Uncoated, Lysozyme. a- [12]

(betaine) (2.0 M) 0.1 M K,SO, (pH 7.5) 75 cmX25 pwm LD. chymotrypsinogen A

Methyiglycine 40 mM phosphate Uncoated, Lysozyme. a- [12]

(sarcosine) (2.0 M) (pH 6.7) 75 cm %25 wm LD. chymotrypsinogen A

Trimethylammonium 50 mM borate (pH 8.3) Uncoated, Humanized anti-TAC [98]

propyl sulfonate 70 ecmX75 pm LD. Monoclonal antibody

(0.5 M)

(Accupure Z-1 methyl)

Trimethylammonium 0.1 M phosphate Uncoated, Ricin [99]

propy! sulfonate (pH 9.0) 57 emX50 pm LD.

(0.5 M)

(Accupure Z-1 methyl)

Trimethylammonium 0.1 M phosphate Uncoated, B-Lactogicbulin A, [165]

propy! sulfonate (pH 6.9) 70 emX75 pm LD. B-Lactoglcbulin B

(2.0 M)

Trimethylammoninm 0.1 M phosphate Uncoated, Cytochrome ¢ [165]

butyl sulfonate
0M)

(pH 6.9)

70 cmX75 pm LD.
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7ZAA, 76C, Z60 0.1 M acetate Coated, Hemoglobin [158]
(multicomponent (pH 4.8) 50 emX50 pm LD.
mixtures of zwitterionic
species)
ZB-4 (Beckman’s 100 mM phosphate Uncoated, Standard proteins [164]
proprietary zwitterion) (pH 5.6) 23 cmX25 pm LD
Mono- and divalent amines
Triethylamine (100 mM) 50 mM phosphate, Uncoated, Standard basic proteins [111]
40 mM Na,SO, (pH 7.0) 75 cm X530 wm LD.
Triethylamine (250 mAf) 20 mM phosphate Uncoated, Standard basic proteins [117]
(pH 5.5) 27 emX25 um LD.
Coated,
50 cmX25 pm LD.
Triethylamine (10 mM) 20 mM phosphate Uncoated, Lysozyme, myoglobin, [24]
(pH 11) 72-74 cm X 50 or trypsinogen
100 pm LD.
Triethylamine 50 mM phosphate Uncoated, Standard basic proteins [54]
(10-80 mM) (pH 2.5) 37 emX75 pm LD.
Triethylamine 100 mM Uncoated, Histone H1 subtypes and [97]
methanephosphonate-- 50-60 cmX75 pm 1LD. their phosphorylated
TEA, 0.02% modifications
hydroxypropylmethyl
cellulose (pH 2.0)
Triethanolamine 50 mM phosphate Uncoated, Standard basic proteins [54}
(10~80 mM) (pH 2.5) 37 ecmX75 pm LD.
N,N-Diethylethanolamine 50 mM phosphate Uncoated, Standard basic proteins [55]
(10~120 mM) (pH 2.5) 37 cmX75 wm LD.
N-Ethyldiethanolamine 50 mM phosphate Uncoated, Standard basic proteins [55]
(10-120 mM) (pH 2.5) 37 ecmX75 pm 1LD.
Ethanolamine 50 mM borate, Uncoated, (B-Lactoglobulin A, B, C f121]
(0.1% v/v) 0.1% Tween 20 75 emX50 pm 1LD. variants of bovine whey
(pH 7.0)
Hydroxylamine 25 mM borate (pH 9.0) Uncoated, Ovalbumin glycoforms [109]
(0.1-2.1 mM) 69 cmX75 pm LD.
Ethylamine 25 mM borate (pH 9.0) Uncoated, Ovalbumin glycoforms [109]
(34.5-200 mM) 69 cmX75 pm 1LD.
n-Propylamine 50 mM phosphate, Uncoated, Standard basic proteins [111]
(100 mM) 40 mM Na,SO, (pH 7.0) 75 ecmX50 pm 1D
Morpholine (5.8 mM) 10 mM tricine, 20 mM Uncoated, Recombinant human [119)
NaCl (pH 8.0) 95.5 cmX50 pm 1.D. insulin and its derivatives
Morpholine (5.8 mM) 10 mM tricine, 20 mM Uncoated, Recombinant human [119]
NaCl (pH 8.0) 105 cm X 50 wm LD. growth hormone and its
derivatives
Morpholine (5.8 mM) 10 mM tricine, 20 mM Uncoated, Recombinant hurnan [118]
NaCl (pH 8.0) 105 cm*X S0 pwm L.D. growth hormone and its
derivatives, recombinant
human insulin and its
derivatives
Morpholine (45 mM) 10 mM tricine, 20 mM Uncoated, Recombinant human [120]
NaCl (pH 8.0) 50 pm LD, growth hormone, human

insulin, human proinsulin,
human insulin-like factor,
bovine somatostatin




250

D. Corradini | J. Chromatogr. B 699 (1997) 221-256

Continued
Additive BGE Capillary Proteins Reference
Morpholine (0.1-0.5 M) 20 mM phosphate Uncoated, Standard basic proteins [117]
(pH 5.5) 27 emX25 pm LD.
Coated,
50 cm X 25 pm LD.
Morpholine 100 mM Uncoated, Histone H1 subtypes and 971
methanephosphonate— 50~60 cmX75 wm LD. their phosphorylated
morpholine, 0.02% modifications
hydroxypropylmethyl
cellulose (pH 2.0)
Morpholine (0.1-0.5 M) 20 mM phosphate Coated. Standard basic proteins [124}
(pH 5.5) 30 cm X 25 pm LD.
Morpholine (0.1-0.2 M) 50 mM MES (pH 7.0) Uncoated, Standard basic proteins [571
57 cmX75 pm LD.
Tetramethylammonium 50 mM borate (pH 8.3) Uncoated, Humanized anti-TAC [98]
chloride (25 mM) 70 cmX75 pm LD. monoclonal antibody
1,4-Diaminobutane 10 mM tricine, 20 mM Uncoated, Standard proteins [9]
(putrescine) NaCl (pH 8.2) 100 cmX52 um LD.
(5.0 mM)
1,4-Diaminobutane 100 mM borate Uncoated, Ovalbumin glycoforms [103]
(1.0 mM) (pH 9.0) 87 cm X 50 wm LD.
1,4-Diaminobutane 10 mM tricine, 10 mM Uncoated, Recombinant [105]
(2.5 mM) NaCl, 7.0 M urea 50 cm X 75 pm LD. erythropoietin
(pH 6.2) (r-HuEPC)) glycoforms
1,4-Diaminobutane 50 mM phosphate Uncoated, Glycoforms of [106]
(2.5 mM) 50 mM borate (pH 8.0) 50 cmX75 pm 1.D. recombinant human
granulocyte-colony-
stimulating factor
1,4-Diaminobutane phosphate (pH 8.5) Uncoated, Standard basic proteins [115]
(30 mM) 70 cmX 50 pm LD.
1,4-Diaminobutane 20 mM K,SO, Uncoated, Standard basic proteins [99]
(30 mM) (pH 7.0) 57 em x50 pm 1.D. ricin
1.,4-Diaminobutane 100 mM phosphate Uncoated, Recombinant human [104]
(5-25 mM) (pH 8.0) 88 or 45cmX75 wm LD. factor VIla
1,4-Diaminobutane 25 mM borate (pH 9.0) Uncoated, Ovalbumin glycoforms [109]
(1.83-5.48 mM) 69 cmX75 um LD.
1,4-Diaminobutane 100 mM borate Uncoated, Transferrin glycoforms [107]
(1.0 mM) (pH 8.3) 87 cmX50 um L.D.
1,5-Diaminopentane 2.5 mM borate Uncoated, Standard proteins, crude [108]
(cadaverine) (pH 9.8) 60 cnx< 100 pm I1.D. muscle protein extract,
(5.0 mM) elastins
1,5-Diaminopentane 100 mM phosphate Uncoated, Recombinant human [104]
(25 mM) (pH 8.0) 88 or 45 cmX75 pwm factor VIla
LD.
1,5-Diaminopentane 25 mM borate (pH 9.0) Uncoated, Ovalbumin glycoforms [109]

(5.48 mM)
1,3-Diaminopropane
(10-50 mM)

1,3-Diaminopropane
(50 mM)

Phosphate 35 mM,
Na,SO, (pH 8.0) or
phosphate, 30 mM
Na,SO, (pH 9.0)
Phosphate, 40 mM
Na,SO, (pH 7.0}

69 cmX75 wm LD.
Uncoated,
75 cmX50 uwm LD.

Uncoated,
57 emX50 pm I.D.

Standard proteins

Recombinant human
interleukin-4

f1e1}

[112]
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1,3-Diaminopropane phosphate (pH 8.5) Uncoated, Standard basic proteins [115]
(30 mM) 70 cm x50 pm LD.
1.3-Diaminopropane 25 mM borate (pH 8.0) Uncoated, Human chorionic [114]
(5.0 mM) 100 em X 50 pm 1D. gonadotropin glycoforms
1,3-Diaminopropane 100 mM Uncoated, Histone H1 subtypes and [97]

methanephosphonate/|, 50-60 cmX75 pm LD. their phosphorylated

3-diaminopropane, modifications

0.02% hydroxypropyl-

methy! cellulose

(pH 2.0)
Ethylenediamine Phosphate, 35 mM Uncoated, Standard basic proteins [113)
(20-80 mM) Na,SO, (pH 6.5, 8.0, 75 emX50 pm LD.

and 9.5)
Ethylenediamine Phosphate (pH 8.5) Uncoated, Standard basic proteins {115}
(60 mM) 70 cmX 50 pm 1.D.
N.N,N’,N’-Tetramethyl- 20-120 mM Uncoated, Standard basic proteins (591
1,3-butanediamine TMBD-phosphate 37 emX75 pm LD.
(TMBD) (20-120 mM) (pH 4.0, 5.5 and 6.5)
Hexamethoninm 100 mM borate Uncoated, Ovalbumin glycoforms [116]
bromide (pH 8.4) 87 cm x50 pm 1LD.
(30 pM~-1.0 mM)
Decamethonium 100 mM borate Uncoated, Ovalbumin glycoforms [116]
bromide (300 pM) (pH 8.4) 87 ¢cmX 50 pm LD.
Hexamethonium 25 mM borate (pH 8.4) Uncoated, Human chorionic [116])
bromide (1 mM) 87 ¢cmX 50 pm 1LD. gonadotropin
Hexamethonium chloride 100 mM borate Uncoated, Ovalbumin glycoforms 116}
(30 pM-1.0 mM) (pH 8.4) 87 cmX 50 pm 1D.
Hexamethonium 100 mM borate Uncoated, Serum transferrin [107]
bromide (pH 8.3) 87 cmX 50 wm LD. glycoforms
(750 pM)
Decamethonium 100 mM borate Uncoated, Serum transferrin {1071
bromide (1 or 2 mM) (pH 8.3) 87 cm X 50 wm LD. glycoforms

or 67 cmX50 pm LD.

Polyamines
Diethylenetriamine 25 mM Coated, Staphylococcal nuclease {122]
(DIEN) (25.0 mM) DIEN-phosphate 47 cmX75 pm 1D. mutants and wild type

(pH 4.1)
Triethylenetetramine 12.5 mM Coated, Staphylococcal nuclease [122]
(TETA) (12.5 mM) TETA-~trifluoroacetic 47 cmX75 pm LD. mutants and wild type

acid (pH 6.8-9.5)
Triethylenetetramine 25 mM Uncoated, Standard basic proteins [56)
(TRIEN) (25 mM) TRIEN-phosphate 37 emX75 pm 1LD.

(pH 4.0)
N,N’-Bis(3- 25 mM borate (pH 9.0) Uncoated, Ovalbumin glycoforms {109]
aminopropyl)-1,4- 69 cmX75 pm 1.D.
butanediamine
(spermine) (0.14 mAf)
N-(3-Aminopropyl)-1.4- 25 or 100 mM borate Uncoated, Ovalbumin glycoforms {1091
butanediamine (pH 9.0) 69 cmX75 pm LD.
(0.087-0.87 mM)
1,4,7.10,- 20 mM phosphate Coated, Standard basic proteins [124})
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Tetraazocyclodecane (pH 5.5) 30 cmX25 wm LD.
(cyclen)
Chitosan 50 mM acetate Uncoated, Standard basic proteins [125]
(0.002-0.1% w/v) (pH 3.5-5.5) 53 cmX50 pm LD.
Polyethyleneimine (PEI) 50 mM acetate PEl-coated, Standard basic proteins [126]
(600 000—1000 000) (pH 5.5) 50 cmX75 pm LD.
(0.1%)
Polyethyleneimine (PEI) 50 mM MES (pH 7.0) Uncoated, Standard proteins [57]
(600 000-1000 000) 57 emX75 pm LD.
(0.1%)
Polydimethyldiallyl- 30 mM hydroxylamine- Uncoated, Standard proteins [129]
ammonium chloride HCI (pH 7.0) 70 cm X 50 wm LD.
(120 000} (0.1 mM)
lonic and zwitterionic surfactants
Fluorosurfactant fluorad 10--50 mM phosphate Uncoated, Standard proteins [134]
FC 134 (50-100 pg/ml) (pH 7.0) 100 em X 50 pm 1.D.
Fluorosurfactant Fluorad 5-50 mM phosphate Uncoated, Human insulin-like [52]
FC 134 (100 pg/mi) (pH 6.0-7.0) 100 em X 50 pm LD. growth factor I (IGF-I)
Fluorosurfactant FC 135 10 mM phosphate Uncoated, Standard proteins [135]
(50 pg/ml) (pH 4.5 and pH 7.0) 99.65 or
64.54 cm x40 pum LD,
Fluorosurfactant fluorad 50 mM acetate—phosphate Uncoated, Pig liver esterase [137]
FC 134 (100 pg/ml) {pH 3.5 and pH 4.0) 100 cm X 50 pm 1D,
Fluorosurfactant fluorad 10-20 mM phosphate— Uncoated, Standard proteins [136]
FC 134 (10-50 pg/ml) 25-400 pg/ml 60 cmX50 wm LD.
Zwitterionic
fluorosurfactant
(pH 3-5)
Fluorosurfactant fluorad 10 mM phosphate Uncoated, Standard basic and acidic [138]
FC 134 and FC 128 in (pH 7.0) 100 em X 50 pwm LD. proteins
mixture (50—-100 pg/ml)
Cetyl trimethyl 30 mM borate (pH 9.0) Uncoated, Plasma apolipoproteins [139]
ammonium bromide 75 ecm X 50 pm LD.
(3.0-3.5 mM) Coated,
80 cm X50 pm LD.
Cetyl trimethyl 50 mM acetate (pH 5.1) Coated, Standard proteins and a [141]
ammonium chloride 120 emX50 pum LD. proprietary recombinant
(0.01-1.0%, w/v) protein
Cetyl trimethyl 50 mM MES (pH 7.0) Uncoated, Standard basic proteins [57}
ammonium bromide 57 emX75 pm LD.
(10 mM)
Sodium deoxycholate 30 mM borate (pH 9.0) Uncoated, Plasma apolipoproteins [139]
(10 mM) 75 cmX50 pum LD.
Coated,
80 cmX50 pum I.D.
Zwitterionic 20 mM acetate (pH 3.5) Uncoated, Pig liver esterase [137]
fluorosurfactant DuPont 100 cmX50 pm 1LD.
(200-400 pg/ml)
N-Dodecyl-N,N- 20 mM B-alanine—citric Coated, Recombinant insulin-like [140]
dimethyl-3-amino-1- acid (pH 3.8), 50 cmX 50 pm LD. growth factor I variants
propanesulfonate containing 15-50%

(DAPS) (5.0 mM)

(v/v) acetonitrile
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Non-ionic surfactants
Brij 35 (0.001% w/w) 10 mM phosphate Coated, Standard basic proteins [142]
(pH 7.0) 50 cmX75 pm LD.
Brij 35 (0.05% w/v) 50 mM phosphate Coated, Recombinant granulocyte [144]
(pH 6.8) 37 emX50 pm 1LD. macrophage colony
stimulating factor
Brij 35 (0.05% w/v) 10 mM phosphate Coated, Seed albumins [145]
(pH 8.0) 57 cmX75 pm LD.
Brij 35 (0.001% w/v) 50 mM acetate Coated, Recombinant human [146]
(pH 4.5) 53 cmX 50 pm LD. necrosis factor
Triton X-~100 (0.01%) 0.2 M e-amino-n- Coated, Recombinant human tissue [148]
caproic acid—ammonium 20 cmX25 pm LD. plasminogen activator
phosphate (pH 4.6) glycoforms
Tween 20 (0.1%, v/v) 50 mM MES, 0.1% Uncoated, B-Lactoglobulin A, B, and [121]
ethanolamine (pH 8.0) 72 ecmX50 um LD. C variants
Tween 80 (0.01%, v/v) 0.2 M e-amino-n- Coated, Recombinant tissue [147)
caproic acid-50 mM 47 cnX50 pm LD plasminogen activator
acetic acid (pH 5.1)
n-Octyl-B-p- 25 mM Tris-192 mM Uncoated, Intrinsic thylacoid [149]
glucopyranoside glycine (pH 8.8) 37 cm XS0 pm LD. membrane proteins of
(3-10 mM) the photosystem II
light harvesting
complex (LHC II)
lon-pairing agents
Sodium salt of phytic 150 mM borate Uncoated, Standard proteins [152]
acid [myo-inositol (pH 9.5) 27 cemX50 pwm LD.
hexakis-(dihydrogen
phosphate)] (15 mM)
Sodium salt of phytic 25-100 mM phosphate Uncoated, Standard basic proteins, [153]

acid (1-75 mM)

Butanesulfonic acid
(100 mM)

(pH 6.0 or 7.5)

500 mM borate (pH 8.4)
20 or 50 mM phosphate
(pH 2.5)

37 cmX 50 wm LD.

Uncoated,

75 cm X350 pm LD.

metallo B-lactamase,
aprotinin

Standard proteins, ferri-
and ferrohemoglobin

[151]
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