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Abstract

The pressure-induced retention of peptides on reversed-phase HPLC was studied by systematically changing organic solvent composition
and temperature at both low (19 bar) and high (318 bar) pressures using a homologous series of hydrophobic poly-l-phenylalanine (n = 2–7) as
the model compound. Based on van’t Hoff plots under different organic solvent compositions and pressures, the enthalpy change for the solute
(�H) was determined. Moreover, both the enthalpy and entropy change for each phenylalanine residue (��H and��S), which corresponds
to solute retention on a microenvironment along the depth of C18 chain, were also calculated by direct subtractions. Results indicate that
under acetonitrile (ACN) compositions above 35%, the pressure caused��S value to change from a negative to a positive value and both
�H and��H to change from a negative to a less negative value, all leading to a thermodynamic state closer to those under 35% acetonitrile
composition. This implies that the pressure-induced retention observed in this study was an entropy-favored but enthalpy-unfavored process
and was explained by pressure-induced desorption of solvent molecules that were associated with the stationary phase or with the peptide
solute. Under 35% acetonitrile composition, however, it was found that neither��H nor��S value was significantly changed by the pressure.
Whereas, both�H value and the intercept of van’t Hoff plots under 35% acetonitrile composition were increased by pressure. This indicates
that under low organic solvent composition, 35%, most of the acetonitrile molecules adsorbed on the surface of the stationary phase and
only little solvent molecules were dissolved in the bulk stationary phase where the phenylalanine residues were partitioned. This study has
provided new thermodynamic insights to the pressure-induced retention for peptides and proteins.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Although liquid solution is normally considered to be in-
compressible, recent studies[1–9] indicate that, even in the
LC pressure regime (<350 bar), solute retention in different
modes of chromatographic methods can be significantly al-
tered. These influences are achieved through shifts in many
interaction equilibria that govern the solute retention such
as ionization, complexation, and hydrophobic interactions
[1–9] depending on the retention mode that is used in chro-
matographic separation. There is a review regarding pressure
effects in HPLC, particularly for the influence of pressure
and pressure changes on peak shape, base line, and retention
volume in HPLC separation[10]. The primary mechanism
determining the solute retention in reversed-phase liquid
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chromatography depends mainly on the hydrophobic inter-
action. For proteins, the retention process can be considered
as adsorption of the solute at the hydrophobic stationary sur-
face. The retardation is based on a hydrophobic association
between the solute and the hydrophobic ligands of the sur-
face and is described by the solvophobic theory, advocated
by Vailaya and Horváth[11,12]. By increasing the organic
solvent composition of the mobile phase in a gradient elu-
tion, the attraction force is weakened and the solute is eluted.
At a constant temperature, the pH value of the mobile phase
controls ionization of carboxylic acid and amine groups on
the protein surface; the pairing agents such as trifluoroacetic
acid (TFA) form ion pairs with the proteins to increase
the solute retention on the hydrophobic stationary phase
[13,14]. Therefore, protein retention is very sensitive with
the variation of many chromatographic parameters[15,16].
On the other hand, because of the folding structure of pro-
teins, conformational changes of proteins may be induced
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during the chromatographic separation and lead to a differ-
ent retention mechanism[15–21]. For example, a non-polar
environment, such as the hydrophobic stationary phase, may
induce helical structures in potentially helical molecules
[22]. If a molecule becomes helical on binding and contains
a preferred binding domain, as in the case of an amphi-
pathic �-helix, then obviously some residues may not be
interacting with the reversed-phase sorbent[22]. Moreover,
under a gradient elution, an organic solvent-induced confor-
mational change may promote the elution of the adsorbed
proteins from the hydrophobic stationary phase[21,23].
Pressure-induced denaturation of proteins, which is poten-
tially useful for preparative scale of protein purification, has
been reported to have a reaction volume on the order of mi-
nus tens to hundreds of ml/mol[24] under a high pressure
regime (>1 kbar)[25,26]. In the medium pressure range for
chromatographic separation, increasing the average column
pressure has been found to be a costly but efficient way
to increase the loading capacity of the column, hence the
production rate in preparative chromatography[2].

Among the pressure studies of chromatographic separa-
tion of proteins, bovine insulin[3], lys-pro insulin, human
insulin, porcine insulin[1,2], chicken egg white lysozyme
[4], and poly-phenylalanine[4] have been found to show
a pressure-induced retention under chromatographic condi-
tions. Most of these studies have attributed the change to the
decrease in solute molar volume (�V) on the range of−100
to −130 ml/mol for proteins and−50 to −70 ml/mol for
peptides, which are much greater than that for typical model
solutes such as the methylene homologues that ranges from
−0.76 to −17 ml/mol per ethylene group[7]. The chro-
matographic retention process is governed by changes in
the Gibbs free energy, which includes both enthalpy and en-
tropy terms and the pressure effect on the volume change is
explicitly expressed in the enthalpy term. Whereas, the pres-
sure may implicitly affect the entropy term since the packing
structure of the hydration layer is likely to be changed by
the pressure. Results obtained from insulin variants on C8
bonded silica indicate that pressure and temperature affect
the retention behavior of insulins in a different and separate
way [1]. This implies that thermodynamic parameters, such
as�H and�S, for different pressures should be obtainable
from the temperature studies conducted under constant pres-
sure. As long as the phase ratio can be de-convoluted from
the capacity factor measurement, the thermodynamic prop-
erties under low and high pressures can be deduced to gain
better understanding of the pressure-induced retention or ad-
sorption on chromatographic surface. Therefore, we would
like to first conduct such studies on a simplified model sys-
tem, a homologous series of hydrophobic poly-aminoacids
containing 2–7mers ofl-phenylalanine. These solutes do
not have secondary structures that could possibly be changed
by the pressure. Understanding the peptide retention will
lead to a better picture of protein adsorption since only part
of the protein surface is in contact with the chromatographic
surface and a peptide molecule is a mimic of the contact sur-

face on the protein. In addition to pressure and temperature,
this investigation will also include organic solvent compo-
sition. Organic solvent plays an important role in solute
retention as well as in the hydration layer of the solute in
the solution. The main objective of this work is to gain more
insights into the present understanding regarding pressure-
induced retention of biomolecules on reversed-phase liquid
chromatography.

2. Experimental

2.1. Chemicals and reagents

The 2–7mers ofl-phenylalanine were of the highest avail-
able grade purity purchased from Sigma and were used as
received. HPLC grade of acetonitrile (ACN) and methanol
(MeOH) were obtained from Labscan (Labscan Ltd., Ire-
land), phosphoric acid was from Fisher (Fisher Scientific,
Japan), and TFA was from Lancaster (Lancaster, England).
Water was deionized to 18 M� with a Barnstead NANO-
ultrapure water system.

2.2. Chromatography and detection systems

The instrumentation is similar to that described before
[1–6]. Briefly, a 57 cm fused silica tubing (200�m i.d.,
350�m o.d.; Polymicro Technologies) was packed un-
der 350 bar with a slurry of stationary phase in methanol.
The stationary phase is polymeric bonded octadecysilica
(Vydac 218, dp = 5�m) with 300 Å pore size, 8–9%
carbon loading, and endcapped. The column temperature
was kept at 25± 1◦C throughout the experiment. A high
pressure pump (Model LC-10AD, Shimadzu, Japan) was
used to deliver the mobile phase at a constant flow rate
mode and the effluent was subsequently split (1:100) be-
tween the microcolumn and a splitting capillary, resulting
in a nominal flow rate of 1.0�l/min throughout the ex-
periment. Sample injection was accomplished by means
of a 60 nl injection valve (Valco Instruments Co., Hous-
ton, TX). The mixture of 2–7mers ofl-phenylalanine was
prepared by dissolving the poly-aminoacids in 0.1% TFA
containing 50% ACN with a final concentration of 250 ppm
for each mer. The mobile phase was composed of 0.1%
TFA or phosphoric acid containing specified composition
of organic solvent (ACN or MeOH) with a final pH value
around 2.3. The experiments were designed to maintain
a constant column flow rate while varying the absolute
pressure on the column[4] by controlling the length of a
restricting capillary attached to the column outlet. The UV
detector (Model UV3000, Thermo Separation Products,
San Jose, CA) at the wavelength of 214 nm was posi-
tioned on the packed bed at a distance of 34.5 cm from
the column head. During the course of experiments, the
lengths of the restricting and splitting capillaries were si-
multaneously decreased, so that the mobile phase velocity
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and split ratio remained constant while the inlet pressure
(Pin) was varied from 350 to 53 bar. Upon the change
of the column pressure, no injection was performed un-
til the system was stabilized. Assuming a linear pressure
drop along the column (0.93 bar/cm), the absolute pressure
(Pabs) on the detection window corresponding toPin of
53 and 350 bar could be calculated to be 19 and 320 bar,
respectively.

2.3. Calculations of capacity factor (k′)

The capacity factor (k′) was calculated based on the
method of statistical moments because it requires no as-
sumptions concerning the mathematical form of the zone
profile. In this study, tyrosine served as the void marker
and was proven to have no retention as long as the mobile
phase contained more than 10% of ACN or 30% of MeOH
at all pressures. Throughout the experiments, tyrosine was
constantly injected in order to obtain the void time (t0)
values at each condition as well as to confirm the stability
of the flow rate. The relative standard deviations of thek′
values were within 3% based on the triplet injections under
each condition.

3. Theory

The free energy (�G) corresponding to the thermody-
namic equilibrium of liquid chromatography can be ex-
pressed as an enthalpy (�H) and an entropy (�S) term:

�G = −RT ln K = �H − T�S (1)

whereT andR are temperature and the gas constant, respec-
tively. The effect of temperature, pressure (p), and organic
solvent composition (%) on the equilibrium,K, may then be
expressed implicitly as a function of�H and�S, respec-
tively:

ln K(T, p, %) = −�H(T, p, %)

RT
+ �S(T, p, %)

R
(2)

The�H can be re-written asEq. (3)

�H(T, p, %) = �E(T, p, %) + p�V (3)

where�E is the change of internal energy and�V is the vol-
ume difference between partial molar volume of the solute
(peptides) in the stationary phaseVs and the mobile phase
Vm. The measured capacity factor,k′, can be further related
to K and phase ratio (φ) which is defined asVs/Vm:

k′(T, p, %) = K(T, p, %)φ (4)

In which φ is assumed to be independent ofT, p, and %.
Eq. (5)can be obtained by combiningEqs. (2)–(4):

ln k′(T, p, %) = −�H(T, p, %)

RT
+ �S(T, p, %)

R
+ ln φ

(5)

or

ln k′(T, p, %) = −�E(T, p, %) + p�V

RT

+ �S(T, p, %)

R
+ ln φ (6)

In previous studies (4),�E and�S were assumed to be
independent ofp under constant organic solvent composi-
tion (%) and temperature (T). Hence, the pressure-induced
change ofk′ was derived by taking the first derivative of
Eq. (6):(

∂ ln k′

∂p

)
T,%

= �V

RT
= Vs − Vm

RT
(7)

Therefore, the pressure-induced retention was attributed
to �V that can be influenced by many factors including the
degree of solute solvation. In this study, we will measure
k′ at different temperatures under both constant pressure (p)
and organic solvent composition (%):

ln k′
p,%(T) = −�Hp,%(T)

RT
+ �Sp,%(T)

R
+ ln φ (8)

From the plot of lnk′
p,% versus 1/T (van’t Hoff plot),

�Hp,%(T) under constantp and % can be calculated from
the first derivative of the plot,−�Hp,%(T)/R. If both �H
and�S are independent ofT, the plot will be linear. The first
derivative of the plot will be its slope and its interception will
be equal to�Sp,%/R + ln φ. By systematically changingp
and %, the values of�H and�Sp,%/R+ ln φ corresponding
to differentp, and % can be determined.

For a homologous series of solutes, lnk′
p,%, �Hp,%, and

�Sp,% are usually additive, therefore, the enthalpy change
(��Hn,%) for each phenylalanine residue (n = 3–7) along
the peptide backbone can be determined by direct subtrac-
tions between adjacent solutes:

(��Hp,%)n = (�Hp,%)n − (�Hp,%)n−1 (9)

In the same manner,��Sn,% for each phenylalanine
residue (n = 3–7) along the peptide backbone can also
be determined by subtracting the interception of the plot,
(�Sp,%/R + ln φ), for soluten − 1 from that for solute n
without the knowledge ofφ:

(��Sp,%)n =
(

�Sp,%

R + ln φ

)
n

−
(

�Sp,%

R + ln φ

)
n−1

(10)

4. Results and discussion

4.1. Plots for a homologous series

A homologous series of hydrophobic poly-aminoacids
containing 2–7mers ofl-phenylalanine was judiciously cho-
sen to assist the investigation for several reasons. First, these
solutes contain homogeneous hydrophobic residues that do
not have functional groups for hydrogen bonding. There-
fore, a secondary structure is not expected for these solutes
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Fig. 1. Plots ofk′ vs. the number of residues under (�) 35% ACN, 25◦C, 19 bar; (�) 35% ACN, 25◦C, 318 bar; (�) 35% ACN, 60◦C, 19 bar; (�)
40% ACN, 25◦C, 19 bar; and (�) 40% ACN, 25◦C, 318 bar.

and their retention is mainly due to the hydrophobic interac-
tion that is a function of the solute chain length. As shown
in Fig. 1, the plots of lnk′ versus the number of residues
under different pressure, temperature, and organic solvent
compositions all show good linearity, which confirms the
above assumption. Second, these solutes serve as a conve-
nient probe for the investigation of the microscopic envi-
ronment along the depth of octadecylsilica stationary phase.
This is based on the assumption that the solute is inserted
into the space between C18 alkyl chains with its uncharged
C-terminal (under pH< 2) immersed into the stationary
phase and positively charged N-terminal suspended on the
mobile phase. Therefore, the subtracted properties (��H
or ��S) between adjacent solutes (n andn − 1) will rep-
resent the local environment corresponding to “n-depth” of
the stationary phase. A small negative deviation at low n
number is noticed inFig. 1 and this deviation could be due
to a greater error associated with the measurement of small
k′ values (3%) or due to the oriental restriction associated
with these short solutes as proposed in the literature[27,28].
Third, as described above, a direct subtraction can be used
to compute the entropy,��S, without the knowledge ofφ.

Fig. 2. Plots of logk′ vs. 1/T for 5-phenylalanine under (�) 45% ACN, 19 bar; (�) 45% ACN, 318 bar; (�) 40% ACN, 19 bar; (�) 40% ACN, 318 bar;
(�) 38% ACN, 19 bar; (�) 38% ACN, 318 bar; (�) 35% ACN, 19 bar; (�) 35% ACN, 318 bar.

4.2. van’t Hoff plots

The van’t Hoff plots for all solutes under different ACN
compositions and pressures were constructed in order to cal-
culate both the�H and�S parameters based on the slope
and intercept of the plots according toEqs. (8)–(10). As
shown inFig. 2, good linearity was observed for all plots
of 5-phenylalanine under the examined temperature range,
25–80◦C, indicating that both�H and�S values were inde-
pendent of temperature under this temperature range. Such
typical plots were observed for all model solutes and only
5-phenylalanine was shown here. As seen inFig. 2, both the
slope and intercept of the plots vary under different pres-
sures, indicating that the effect of the enthalpy and entropy
term on the pressure-induced retention cannot be ignored.
Fig. 2 also shows that the decrease of organic solvent com-
position led to an increase of capacity factors as a conse-
quence of the change in slope and intercept of the plots.

The �H values determined from van’t Hoff plots were
listed inTable 1and plotted against the number of residues
shown inFig. 3. The intercept determined from van’t Hoff
plots were also plotted against the number of residues
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Table 1
The value of�H(kJ/mol) obtained from van’t Hoff plots at pressure of 19 and 318 bar

35% ACN 38% ACN 40% ACN 45% ACN

19 bar 318 bar 19 bar 318 bar 19 bar 318 bar 19 bar 318 bar

2-Phenylalanine −5.495 −5.932 −2.621 −3.597 −2.236 −2.919 N/D −2.854
3-Phenylalanine −6.896 −5.390 −4.424 −5.321 −4.186 −4.441 −4.362 −4.932
4-Phenylalanine −7.312 −5.871 −5.513 −5.418 −5.359 −4.823 −5.391 −4.998
5-Phenylalanine −8.117 −6.681 −6.567 −5.981 −6.400 −5.423 −6.365 −5.580
6-Phenylalanine −9.066 −7.439 −7.659 −6.633 −7.502 −6.048 −7.222 −6.142
7-Phenylalanine −9.815 −8.389 −8.627 −7.536 −8.458 −6.827 −8.499 −6.776

N/D: not detected.

and shown inFig. 4. As expected, all plots in both fig-
ures are approximately linear except for the data points of
2-phenylalanine. InFig. 3, all �H values are negative, im-
plying that the retention process of peptides under studied
conditions were all enthalpy favored. However, the increase
of pressure appears to increase (less negative) the�H value
except for 2-phenylalanine (Fig. 3). The increase of�H
for an exothermic equilibrium leads to a decrease of the
excreted heat and therefore, is unfavored to the retention
equilibrium. If the increase ofk′ is attributed to a nega-
tive �V, which is explicitly expressed in�H according to
Eq. (3). A negative�V value, however, will lead to a more
negative�H value upon pressurization, which is in contrast
to results shown here. However, the contribution of�E
cannot be ignored and more investigations are required to
de-convolute the contribution of�H and�V on the effect
of pressure-induced retention. InFig. 4, the increase of
pressure appears to increase the intercept that is associated
with the�S andφ term under studied conditions. It is also
noticeable that the pressure causes a vertical shift on both
the �H (Fig. 3) and intercept plots (Fig. 4) corresponding
to 35% ACN without changing their slopes. The pressure,
however, has significantly changed the slope for both the
�H (Fig. 3) and intercept plots (Fig. 4) corresponding to
40% ACN, particularly that the slope for the intercept plot
is changed from a negative to a positive value. Since the
number of residue (n) representsn-depth of the stationary
phase, the cause of this result could be related to extensive

Fig. 3. Plots of�H vs. the length of the solute (number of residues)
under (�) ACN, 19 bar; (�) % ACN, 318 bar; (�) 35% ACN, 19 bar;
(�) 35% ACN, 318 bar.

modifications of the stationary phase by organic solvents.
Further explorations of�S and�H values for each residue
(��S and ��H) will provide deeper insights into these
effects.

The ��H and��S values were calculated from direct
subtraction described inEqs. (9) and (10). Figs. 5 and 6are
results of��H and��S values deduced from the subtrac-
tion betweenn = 5 and 4 against the organic solvent com-
position. It was found that results deduced from alln values
were quantitatively similar except for that deduced from the
subtraction involvingn = 2, which shows linear deviation
in Figs. 2–4. This indicates that the bulk property of the sta-
tionary phase could be uniform in terms of its��H and
��S values as long as the depthn ≥ 3. Therefore,Figs. 5
and 6are representative of the solute retention in bulk sta-
tionary phase. It is noticeable that both��H and��S val-
ues are negative under high ACN compositions (45, 40, and
38%) with low pressure (19 bar), indicating that the pep-
tide retention on C18 surface under such conditions is an
enthalpy-driven process. Whereas,��S values are positive
under either low ACN composition (35%) or high compo-
sitions with high pressure (318 bar), indicating that the en-
tropy effect becomes important under these conditions. It
appears that under ACN compositions above 35%, the pres-
sure causes the��S value to change from a negative to a
positive value and the��H to change from a negative to a
less negative value, both leading to a thermodynamic state
closer to that under 35% ACN composition.

The above results imply that the pressure-induced re-
tention observed in this study is an entropy-favored but

Fig. 4. Plots of�S/R + logφ (intercepts of van’t Hoff plots) vs. the
length of the solute (number of residues) under (�) 40% ACN, 19 bar;
(�) 40% ACN, 318 bar; (�) 35% ACN, 19 bar; (�) 35% ACN, 318 bar.
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Fig. 5. The−��H values of 5-phenylalanine at different ACN compositions under (�) 19 bar and (�) 318 bar.

enthalpy-unfavored process, which is, however, in con-
tract with the general believing that adsorption of solute
molecules on the stationary phase decreases the mobility
of the solute and should lead to a decrease of the entropy.
These phenomena could be explained as that pressure
forces desorption of solvent molecules that are associated
with the stationary phase or with the peptide molecule.
The decrease of organic solvent molecules associated with
the stationary phase will reduce the rigidity of the pack-
ing structure surrounding the solute in the stationary phase
since the organic solvent is relatively more polar than the
non-directional hydrophobic C18; the decrease of organic
solvent molecules associated with the solute will raise the
rigidity of the hydration layer of the solute in the aque-
ous mobile phase since the organic solvent is relatively
less polar than the water molecule. Thus, the overall rigid-
ity of the solute was decreased as seen in this study that
both �S and ��S values increased upon pressurization
under high ACN compositions. Under 35% ACN com-

Fig. 6. The��S values of 5-phenylalanine at different ACN compositions under (�) 19 bar and (�) 318 bar.

position, however, fewer organic solvent molecules were
expected to absorb in the bulk stationary phase and thus,
little pressure-induced changes in��H or ��S value were
observed. The pressure-induced retention under 35% ACN
composition could be mainly associated with the surface
of the stationary phase or with the change ofφ. It should
also be noted that the pressure-induced desorption of or-
ganic solvent proposed here could be negligible for the
retention of hydrophilic peptides since these peptides have
fewer organic solvent molecules surrounded. In a separate
study, we have proved that the pressure-induced retention
was barely detected for hydrophilic peptides. Neverthe-
less, this study has suggested the importance of entropic
change, which is likely to be due to pressure-induced
desorption of organic solvents, with regard to the ob-
served pressure-induced retention of hydrophobic pep-
tides. Detailed investigations on a microscopic scale will
further shed light on the mechanism of protein/peptide
retention.
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