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Abstract

The Reversed-phase (RP) gradient elution chromatography of nociceptin/orphanin FQ (N/OFQ), a neuropeptide with many biological
effects, has been modeled under linear and non-linear conditions. In order to do this, the chromatographic behavior has been studied und
both linear and nonliner conditions under isocratic mode at different mobile phase compositions—ranging from 16 to 19% (v/v) acetonitrile
(ACN) in aqueous trifluoracetic acid (TFA) 0.1% (v/v)—on a C-8 column. Although the range of mobile phase compositions investigated was
quite narrow, the retention factor of this relatively small polypeptide (N/OFQ is a heptadecapeptide) has been found to change by more thal
400%. In these conditions, gradient operation resulted thus to be the optimum approach for non-linear elution. As the available amount o
N/OFQ was extremely reduced (only a few milligrams), the adsorption isotherms of the peptide, at the different mobile phase compositions
examined, have been measured through the so-called inverse method (IM) on a 5 cm long column. The adsorption data at different mobile pha
compositions have been fitted to several models of adsorption. The dependence of the isotherm parameters on the mobile phase compositi
was modeled by using the linear solvent strength (LSS) model and a generalized Langmuir isotherm that includes the mobile phase compositic
dependence. The overloaded gradient separation of NJOFQ has been modeled by numerically solving the equilibrium-dispersive (ED) mode
of chromatography under a selected gradient elution mode, on the basis of the previously determined generalized Langmuir isotherm. Th
agreement between theoretical calculations and experimental overloaded band profiles appeared reasonably accurate.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of proteins from RP-HPLC can be difficult, both in terms of
mass and also loss of activity due to unfolding in the harsh
Reversed-phase (RP) chromatography represents one o€onditions typically used in RP-HPLC, e.g. aqueous trifluo-
the most important techniques for analysis and purification racetic acid (TFA)—acetonitrile (ACN) mixtuf&-10].
of proteins and peptidg4—3]. Apart from its powerful res- Proteins and polypeptides are macromolecules that
olution capability[4—7], the use of volatile mobile phases bear chemical groups with significantly different physico-
in RP-HPLC represents a significant advantage with respectchemical properties—in terms of acid—basic character, hy-
to other techniques commonly used for protein purification drophobicity, hydrophilicity, etc—randomly distributed in
such as hydrophobic interaction chromatography (HIC) or their structure. The actual mobile phase conditions (namely,
ion-exchange chromatography (IEC) in which sample desalt- type and amount of organic modifier and pH) determine the
ing is needed. However, it should be noted that the recovery specific structure of these macromolecy241,12] More-
over, during the course of gradient elution additional alter-
"+ Corresponding author. Fax: +39 0532 240709. ations of the structure may occur because of solvatation of
E-mail addresscvz@unife.it (A. Cavazzini). solutes. One of the most unique characteristics in the separa-
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tion of polypetpides and proteins in RP-HPLC is, in fact, that not go to completion, two N-terminal amino groups would
often by changing the mobile phase composition by a few be present during the subsequent coupling reaction. How-
percentage points of organic modifier, immediate elution can ever, one of these would lack the last residue coupled. In
result[13-20,7,21-25] the subsequent coupling step, both of these terminal amino
The concept that multiple aminoacid residues are involved groups could be acylated with the same probability. Two
in the adsorption process of proteins in RP-HPLC was first side chains would be then propagated, with one of these
suggested by Boardman and Partridgé] in their stud- lacking one aminoacid residue. Accordingly, the synthe-
ies of adsorption isotherms of cytochromighe chromato- sis of the target peptide is generally accompanied by the
graphic behavior of proteins and polypeptides strongly de- presence of a series of deletion sequences lacking one or
pends on the molecular composition of the specific con- more aminoacid residues. Increasing the length of the pep-
tact regions of the macromolecules with the sorptive ma- tide also increases the percentage of deletion sequences.
terial. On the basis of these observations, Regnier et al.After removing the peptide substance from the resin by
[15,22,27]developed a quantitative treatment of retention chemical reagents, a general approach consists of check-
of bio-macromolecules in IEC, HIC and RP-HPLC, in ing the purity of the synthesized peptide by chromatogra-
which displacement of organic modifier by both the sta- phy.
tionary phase and the macromolecule surface controls the The advent of HPLC revolutioned the examination of pep-
adsorption. According to this model a fixed number of tidesandthe commercially available RP columns allow rapid
modifier molecules surround the structure of the macro- separation, detection and quantification of the components
molecules; the alkyl-silane chains are also solvatated with in a mixture. Moving from analytical to preparative HPLC is
an average number of modifier molecules. Adsorption is the routine approach to purify a bulk quantity of peptide ma-
considered a multi-step process. During each adsorption-terial. Countercurrent distribution in many cases is another
desorption step in chromatographic elution, molecules of method adopted for the purification of synthesized peptides.
modifiers are displaced by both the macromolecule sur- However, preparative HPLC is often achieved through a pure
face and the hydrophobic sorbent. Chromatographic reten-empirical approach in which the working conditions for the
tion (k') depends on the total number of molecules dis- collection of high-concentrated fractions of pure components
placed Z) and the concentration of the displacing agent are obtained via trial and error methods. This may introduce

([ Do)): significant loss of compound and time and the risk of
It operating the system far from optimal conditions. Instead,

'= W (1) “[...] the interpretation of results and process-design in
0

non-linear chromatography requires knowledge of the rela-
beingl a constant that includes: the stationary phase ligand tionship between the equilibrium concentrations of the com-
density, the stationary to mobile phase ratio and the equilib- ponents in the mobile phase and stationary phase over a suf-
rium constant for the procegk5]. Eq.(1) allows the estima-  ficiently wide range, i.e., the pertinent adsorption isotherms”
tion of Z through the measure &f as a function of mobile  [33].
phase modifier concentration. Experimentally, in RP-HPLC,  In this work, the adsorption behavior of N/JOFQ was stud-
Z values were found to range from 3 to more than 20 for ied in RP-HPLC with the aim of investigating the feasibility
proteins with molecular weights included between 3 300 and of the separation/purification via overloaded gradient elution.
44000 Da, respectively (mobile phase: 2-propanol—formic The thermodynamic data (adsorption isotherms) were gath-
acid)[15]. ered through the so-called inverse method (IM). This numeri-
N/OFQ, is a heptadecapeptide (H-Phe-Gly-Gly-Phe-Thr- cal approach to isotherm determination becomes particularly
Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-GIn-OH) competitive with respect to more traditional techniques—
isolated from porcin brairf28] and rat brain[29]. It is such as frontal analysis (FA) or micro-H83]—when the
the endogenous ligand of a G-protein coupled receptor compounds to be purified are present in significantly low
named ORL-1, OP4 and now called NOP recefpd®] and amounts and/or they are extremely expengB4]. When
considered the fourth member of the opioid receptors family. overloaded gradient chromatography is performed, this prob-
In recent years, several studies demonstrated a broad spedem becomes increasingly more important since the adsorp-
trum of biological function mediated by the NJOFQ-NOP tion data must be measured under a wide range of ex-
receptor system, both at central and at peripheral levels suctperimental conditions, corresponding to the mobile phase
as modulation of nociception, locomotor activity and kidney composition covered during gradient. The scope of this
function[31,32] work is to explore some specific aspects of the chromato-
N/OFQ is synthesized through solid phase methodologiesgraphic separation of polypeptides under overloaded con-
in automathed synthesizers. The peptide, linked to a solid ditions and possibly provide information about optimiza-
support, grows from the C- to the N-terminal residue by tion of the experimental conditions for large-scale separa-
means of a series of coupling reactions. N-terminal amino tion of macromolecules. Finally, as Csaba Hattvrecog-
functions on the growing peptide chain are acylated by the nized in 1976, RP-HPLC may be a useful probe for in-
following aminoacid residue. If any coupling reaction did vestigating hydrophobic interactions between the non-polar
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residues that stabilize the folded (or three-dimensional) struc- beingF the phase ratio, through E@) and simple math one
ture of the native protein molecule or the behavior of peptides has fora:

and proteins at hydrophobic interfaces, such as lipid bilayer
[1,35,5,2] a(¢) = ao exp(=S¢) (5)

whereap (= kp/F) is the Henry constant gt = 0. Itis im-

portant to underline tha, b andk’ parameters are strictly

defined (and consequently evaluated) only at infinite dilution.

] ] ) Under the assumption that the saturation capacity does not
In gradient elution RP-HPLC, the eluotropic strength of changein the range of mobile phases exploited by the gradient

the mobile phase is gradually increased during the separatlorI13'39_41] furthermore, even the dependencéoh ¢ will

2. Theory

by increasing the concentration (volume fractigh,of the be the same as E€B). Through Eqs(4) and (5) one obtains:
strong modifier. This is the technique most often used for sep-
aration of large biomolecules via HPLC. The retention fac- b(¢) = by exp(=So) (6)

tors of these compounds often decrease from very large values _ ) _
(when the macromolecules get almost “stuck” in the column) Where bo is the adsorption constant gt=0 and finally,
to almost zero by changingonly a few tenths of one percent. ~ from Egs.(3) and (6) the isotherm can be expressed as:
bo exp(=S¢)C
1+ by exp(=Sp)C

q(®) = ¢ (7)

2.1. Overloaded gradient elution chromatography
In practice, the assumption of constagtis plausible only

The major difference between isocratic and gradient elu- - : . ! ) .
] 9 when the value window in which the gradient is changed is

tion is that, while in the former case the adsorption isotherm =" ™
remains the same along the entire column, in the latter it S|gn|f|cantly .na'rrOV\{4.1]. .

changes according to the gradient program set-up. Thus, the T_he equilibrium-dispersive (E.D) mOdel of chromatggra-
velocity associated with a concentration in the ideal model of phy is most often used for F"Ode"r.‘g non-linear separatlons of
chromatography at a given point of the column depends on small molepule{;lS]. The d|ﬁer¢nt|al mass palgnce e_quatlon
the time. To account for these effects, itis a common practice that describes the ac_cumulauqn Of. m"ﬂ.‘te“‘"%' in a slicelof

to assume that the isotherm parameters are a functign of length due to convection and diffusion is written as:

while the functional form of the adsorption isotherm itself o~ dq Yo, 32C

remains unchanged, whatever the gradient compogitigin o + FE + u8_z = Da?

Implicitly, this means that the adsorption mechanism does not

change during the gradient. Another important simplification wheret andz are the time elapsed from injection and the
for modeling gradient elution is given by the concept of the space traveled by molecules into the column, respectively,
linear solvent strength (LSS) gradient, introduced by Snyder and D, an apparent dispersion coefficient that lumps all the
and coworkerfl7,36,37] When linear gradient programs are  non-equilibrium phenomena leading to band broadening un-
used § increases linearly with time during chromatographic der linear conditions (molecular diffusion, eddy diffusion,
elution) [19], the LLS model for reversed-phase HPLC re- mass-transfer resistances and finite rate of the kinetics of

(8)

quires that isocratic retention be approximatablg3&8% adsorption-desorptiori$2]:
1oy ’ 2 L
INk'(¢) = Inky — S¢ (2) Dazg_L:”_ ©)
o Nto

whereky is the retention factor (extrapolatedat= 0 andS
a constant typical of the given solute—MP composition. If a
simple Langmuir isotherm is used to describe the adsorption:

whereo is the standard deviation in length unit of a Gaus-
sian peak obtained at infinite dilutioh,the column length,
to the hold-up timeu the mobile phase linear velocity ahd
aC the number of theoretical plates (or apparent efficiency of the
T1+bC 3) column). Chromatographic separations of small molecules on
new-generation adsorptive chromatographic media are gen-
whereq andC are the stationary and mobile phase equilib- erally characterized by elevated efficiency values, which ex-
rium concentrationsh the equilibrium constant and the plains the wide success of the ED model for describing this
Henry constant of the adsorption (which is the product of kind of separation. The ED model has been however shown
b and the saturation capaciiy), the relationship between to be adequate for modeling the separation even of relatively
isotherm parameters agctan be easily obtained. In fact, by large molecules, when slow mass transfer kinetics are not
recalling the equation that, under linear conditions, relates unexpected43,13,3,44]
the retention factor and the Henry constgr8]: Eg. (8) can be numerically solved by using a finite dif-
ference method. The continuous plaer] is replaced by
k'=aF = qspF (4) the grid (Az, Ar) and the differential equation is replaced by

q
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the appropriate difference equatidr3]. When gradientelu-  2.2. IM for isotherm determination

tion must be modeled, the most appropriate finite difference

algorithm to approximate E@8) is the so-called backward- Different techniques are nowadays available for measur-
backward schemg.3]: ing adsorption isotherms through HPLTC3,33,1,47-5Q]

The most classical approaches, such as frontal analysis or

Cot = Corma +u Cormar = Comnni-ni perturbation methods have the common drawback of requir-
At Az ing a significant amount of compound.
9zt — qz,1—At The IMis a numerical approach to the problem of isotherm
4+ F= 2 =0 (10) o .
At determination. Only a few chromatographic peaks measured

under overloaded conditions and a model for the adsorption
isotherm are required to start the calculatifti3,34] Once

an initial set of values (initial guesses) for the parameters of
the selected isotherm has been defined, the numerical reso-
lution of Eq. (8) (under proper initial and boundary condi-
tions) gives a “first” theoretical peak that will be compared,
on the basis of the Chi-square criterion, with the correspond-

where the right-hand side of E(B) (dispersion term) is re-
placed by zero as the length and time increments of numer-
ical integration are chosen, so that the numerical dispersion
is identical to the dispersion effect causedBy[13]. This
scheme of calculation becomes identical to that of the Craig
machine providedt = Az/uandAz = L/n¢, withne num-

ber of cells in the Craig machine equivalent to the column

ing experimental profil§34,51] Incidentally, if for instance
[13,39,45] ) g ) d
the Langmuir adsorption isotherm is considered only two pa-
NK' rameters are needed. The initial guessdaran be easily
e=7 T K (1) obtained by an injection under linear conditions and &4.

) o ) ) obtaining an estimate fdy does not then represent a prob-
Although the Craig machine is a discontinuous model and em 34]. Nonlinear fitting is used for the optimization of the
accordingly its physical meaning is strongly debatable, it ap- jsotherm parameters.

pears particularly suitable for modeling gradient elution as
the mobile phase composition and the isotherm of any solute

change along the column. E{.0) can be rewritten as: )
3. Experimental

Cot+ Fgrt = Cor—nr + Fgzi—nr
At 3.1. Equipment
- ”A_Z(Cz,t—At - Cz—Az,t—At) (12)

An 1100 Series Modular Chromatograph (Agilent Tech-
that shows that this scheme of calculation only gives the total nologies, Palo Alto, CA, USA) was used for all the experi-
amount of component in a cell (intended as the sum of the mental determinations. The instrument was equipped with a
mobile and stationary phase concentrations). The individual two-pump delivery system, a vacuum degasser, a multiple-
C andq values are in general determined by numerical itera- wavelength detector (up to five wavelengths collectible),
tions[39]. In the simple case of a single-component system a temperature-controlled column compartment and a com-
and a Langmuir adsorption model, however, an analytical ex- puter data station. Analytical and overloaded injections were
pression forC andg can be obtained by solving the system performed through a Rheodyne 7725i injector (Cotati, CA,
of equations given by Eq$12) and (3)(by considering the ~ USA), by using loops of 2 and 1A, respectively. Calibra-
solutions corresponding to the positive root in the resulting tion curves were measured by using a p@0oop.
second order equation).

Finally, to solve Eq(8) a proper set of initial and bound-
ary conditions must be defined. In this work, the classical
Danckwerts-type boundary conditions at the inlet and outlet
of the column were usefd 3,46]. Additionally, rectangular

3.2. Mobile phase and chemicals

o . In this work, four different mobile phases were used. Their
injection profiles of lengthy; were assumed. The columnwas composition was: WO, TFA 0.1% (v/v) and ACN, whose

initially.equilibrated ata mpdifier comp_osition equaldo. concentration was varied between 16% and 19% (v/v). Lin-
Immediately afte.r the injection, the gradient program starteq. ear gradient elutions were carried out with 0.1% (v/v) TFAin
For all the expenmenta[ measurements thg gradient was I|n-HZO (pump channel-A) and 0.1% (v/v) TFA in ACN (pump
ear and the concentration .Of strong T“Od“f'er (ACN) varied channel-B) over a gradient time of 60 s. All the mobile phases
betweenpo andgo + A¢ during a gradient timey: were filtered with 0.22.m pore size membrane (Durapore-
Hydrophobic; Millipore, Billerica, MA, USA). HO was
Ap Milli-Q reagent grade (Millipore). ACN was HPLC-grade
o, 0) = { do+ —(t — tinj) tinj <t < tinj +1g (13) from Fluka—Riedel-De Hen (Buchs, Switzerland). Uracil
I and TFA were purchased from Aldrich (Milwaukee, WI,
¢$o+ AP > finj + Ig USA). N/OFQ was synthesized as described in .

$o 0 <1 < tinj
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3.3. Column 0.6
A 50 mm x 4.6 mm stainless steel column XTerra MS C8 051
5wm (Waters, Milford, MA, USA) was used for all the mea- 04l

surements. The average size of the pores in the packing ma-
terial particles was 124. The column hold-up volume, mea- 0.3}
sured by injecting uracil, was®4 4+ 0.01 mL. No significant =
differences were observed in its value by changing the mo- g 02r
bile phase composition. Accordingly, the total porosiy) (
resulted 0.65 anBl (defined as (1 €)/e;) equal to 0.54. The o1r
efficiency of the column at 1 ml/min flow rate (estimated in

linear conditions) was found to be between 800 and 1200 the-
oretical plates, according to the differentisocratic conditions.  -0.1 : s ; s : : -
The specific values obtained at the different mobile phase ~ 0% 05 054 053 -0.52 051 05 049 -048
compositions were used for the corresponding IM calcula- Log (1/ID,]), ACN

tions; an “average” value for. equal to 1000 was, instead,
used for all the simulations in gradient (see below).

Fig. 1. Displacement model of retention. Dependence of the logaritin of
on the logarithm of the inverse of ACN concentration (EQ). Number of
displaced molecule<f equal to 8 + 0.2. ACN concentration in terms of
3.4. Procedure for isotherm determination molarity (R? = 0.99).

For each mobile phase composition, three overloaded pro-iS much less so.
files were measured. In particular, the following N/OFQ so-  The narrow range of mobile phase compositions investi-
lutions were injected in the different cases: (1) ACN 16% gated in this work suggests that the “structure” of the adsorp-
(vIv), HoO-TFA 0.1% (v/v): 1.3, 2.7 and 5.0¢/L; (2) ACN tive support should not significantly change during gradient:
17% (viv), HLO-TFA 0.1% (v/v): 1.1, 2.5, 5.7 g/L; (3) ACN (1) the average number of ACN molecules adsorbed on the
18% (v/v), HO-TFA 0.1% (v/v): 1.0, 2.5 and 5.1¢g/L; (4) surface has been reported to be constant on wider ranges of
ACN 19% (v/v), HO-TFA 0.1% (v/v): 1.2, 2.7 and 5.4g/L.  strong modifier concentratiof$5]; (2) under the different
The reproducibility between chromatographic runs, calcu- conditions investigated, no significant changes in the hold-up
lated by comparing the elution times of the shocks observed volumes (measured through uracil injections) were observed
under non-linear conditions, was around 5-10% (the over- (see Section 3). Competition for adsorption by ACN and/or
loaded band profiles, for all the mobile phase compositions different wetting of the adsorptive surface at the different
considered, were measured at least three times). UV deteccompositiong53] should be, accordingly, excluded as possi-
tion was at 212 nm for analytical injections and at 242nm ble reasons for the observed trend inthealues. Moreover,
for overloaded profiles. Mass balance considerations showedthe use of TFA should minimize the interaction of cationic
that differences as large as 10-12% between the amount trulyresidues with the support by suppressing the ionization of un-
injected into the column (product of the injection volume and derivatized surface silanols, aside from acting as ion-pairing
the injected concentration) and the mass calculated throughagent to complex basic sites present on the moledisie
integration of peaks, coverted to concentration units, could ~ Fig. 1reports a study of the dependenceobn the con-
not be avoided. The temperature at which the data were col-centration of the mobile phase strong modifier. As stated by
lected was 25C. the displacement model of retention (Et)) the plot of logk’
versus log(1[ Do])—I[ Do] being the concentration of ACNin
terms of molarity—should be linear. From its slope, the total

4, Discussion number of moleculesZ)) displaced during one adsorption-
desorption step can be determined. In the case of N/OFQ, the
4.1. Investigation at infinite dilution predicted linearity dependence was found satisfactory (even

though, effectively, only four points were consideredye-
The chromatographic behavior at infinite dilution of the sulted equal to 8 & 0.2, which is a significantly large value

relatively small polypeptide N/OFQ showed an extremely compared to the molecular weight of the compound under
significant and partially unexpected dependence on the mo-study[15].
bile phase composition. A change by only 4% (v/v) in the
concentration of ACN, induced a 400% change in the cor- 4.2. Overloaded isocratic elution modeling
respondingt’ values ¢’ dropped by 3.65 at 16% to 0.85 at
19% ACN). Such a strong dependence has often been ob- Because of the extremely sensitive dependendé oh
served in the separations of proteins, when modifications of the mobile phase composition, overloaded gradient elution
the ternary structure of the macromolecules are induced byis the most founded method of separation. Its modeling re-
the chromatographic environment. For small polypeptides it quires the investigation of the adsorption equilibria of NJOFQ
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in RP-HPLC at different mobile phase compositions. More- tively) in an mobile phase composed of ACN 16% (v/v)H
over, as the availability of the compound was significantly and TFA 0.1% (v/v). The presence of a shockin the front edge
reduced (less than 100 mg), the IM was used for gathering of the peaks (more evident atlarger concentrations) clearly in-
the thermodynamic information under the different isocratic dicates a Langmuir-type adsorption law. For the other mobile
conditions investigated. It is well understood that, unless the phase compositions investigated (see Section 3 for details),
injected amountin a chromatographic columnis large enoughthe chromatograms recorded under non-linear conditions also
to saturate the stationary phase at a given mobile phase conshowed typical Langmuirian shapes.

centration (typical conditions of FA), the height of a peak If single-component systems are considered, the use of one
recorded at the detector does not correspond with the injectedexperimental profile has generally been shown to be sufficient
concentration. This difference proportionally increases with to obtain an accurate evaluation of the adsorption isotherm
the length of the column. If the IM method is to be used for via IM (provided its concentration is sufficiently large to be-
isotherm determination, employing short columns is strongly long to the non-linear range of the isothel%¥]. For binary
advised. It has been shown, in fact, that the estimates of themixtures on the other hand, the contemporary employment—
isotherm parameters via IM are accurate until the maximum during IM optimization—of two or more chromatograms, at
elution concentration of the bands used for calculations, while significantly different concentrations, furnished fundamen-
they are moderately accurate from the maximum elution con- tal information for the determination of the competitive ad-
centration to the injected concentratif@4]. Incidentally, sorption isotherm$55]. The results of the IM calculations
the use of short columns also permits time- and compound-based on only one N/OFQ peak (at each mobile phase com-
saving. Secondly, but notlessimportant, the necessity of mea-position the one corresponding to the largest concentration
suring an accurate calibration curve to transform the signal injected) were not, however, satisfactory. Independently of
in concentration units is pivotal for successful IM applica- the adsorption model (Langmuir, BiLangmuir anotf), the
tion. As in the inverse approach, the choice of the adsorption best isotherm parameters obtained in this way did not allow
model is made a priori (the opposite of what happens in FA an accurate modeling of the separation at lower concentra-
where the very points of the isotherm are determined) andtions. A different approach was therefore followed. For each
different adsorption models should always be evaluated be-mobile phase composition, the optimization of the parame-
fore making a final choice about the isotherm to be used. Forters was done by using all the data collected in those specific
instance, in the case of a convex upward isotherm, any of conditions, according to an objective function defined as:
the following models could be equally adequate: Langmuir,

BiLangmuir, Toth, Freundlich.—Langmu[rl3]. min Z Z rfj — min Z Z(cf'/m — cg}.ea 2 (14)

In the case of the adsorption of N/OFQ on nonpolar sur- 7 i I
faces, the existence of a convex upward isotherm was sug-
gested by the shapes of the profiles recorded under non-lineawherg refers to the number of peaks included in the optimiza-
conditions. As an example, three of these peaks are repretion process,ranges on the number of points in a given peak,
sented irFig. 2 (with points). They were measured for three  C;"" andC{"®°are the calculated and the measured concen-
different peptide concentrations (1.3, 2.7 and 5 g/L, respec-trations for thejth profile at point andr; ; their difference.

According to this model a same weight was attributed to each

1.6 peak. This assumption is acceptable since all the peaks were

; 2.7 gIL recorded in the same concentration scale.
5 18 gL In Fig. 2, in conjunction with the experimental peaks, the
12} 5""~.,‘ ' theoretical profiles obtained with this approach are repre-

y sented (with lines) in the case of a Langmuir adsorption
isotherm. Although, on the whole, the agreement between
experimental and theoretical profiles can be considered sat-
isfactory (in light of the difficulty of this separation), some
significant discrepancies both in the front edge of the profiles
(prediction of the position of the shocks) and in the rear part
of the peaks should be pointed out.

First of all, the experimental data exhibit much more pro-
nounced tailings than those obtained by calculation. This
35 4 could depend on the inability of the Langmuir isotherm to

Time (min) properly account for the adsorption data (suggesting that a
more realistic adsorption model should be used), or it could
Eig. 2. C;omparison between gmpirical profi_les (points) anq peaks obtained be due to the presence of kinetic phenomena not accounted for
via IM (lines) when a Langmuir adsorption isotherm (E8)) is assumed. . . L .
Mobile phase: ACN 16% (viv) in agueous—TFA 0.1% (viv) mixture; N/oFQ 11 the simple ED model. The Langmuir isotherm is based on
injected concentrations: 5.0, 2.7 and 1.3 g/LTable 1 columns 2—4 (second  the assumption that the adsorption surface is homogeneous,
line), the best isotherm parameters corresponding to this case. i.e. characterized by only one adsorption energy (potentially

141

-
T

C (g/L)
®

161

141

1.2}
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Table 1
Best isotherm parameters obtained through IM for different cases of adsorption models, at the different mobile phases investigated

Langmuir BiLangmuir Bth

a b(L/g) gs (9/L) a b (L/g) a by (L/g) b(L/g) gs (9/L) v
ACN-16% 6.60 0.54 12.22 6.56 0.56 0.05 x110~*4 0.46 20.1 0.49
ACN-17% 4.07 0.24 16.95 1.89 0.12 3.03 1.84 0.28 26.9 0.26
ACN-18% 2.57 0.21 12.23 2.16 0.08 0.25 3.01 0.19 25.6 0.24
ACN-19% 1.75 0.12 14.58 1.58 0.05 x11075 2.64 0.21 14.1 0.19

In the first column, ACN-XX% indicates the concentration (percent v/v) of Acetonitrile in aqueous—TFA 0.1% (v/v) solutions.

considered as an average of different contribut[d6$). This files (points) and the theoretical peaks (lines) for tighT
simplification appears strongly unrealistic for modeling the isotherm (same experimental conditions asFay. 2). The
adsorption process of a molecule such as N/OFQ, which is significantly improved agreement obtained in this case, es-
likely to interact with the surface through several different pecially for that which concerns the rear parts of the peaks,
chemical moieties. Secondly even the number of theoreticalis evident. Incidentally, this was also the case for the other
plates used for calculations, in this case about 800 as evalu-mobile phase compositions considered. In light of these re-
ated in linear conditions, appears overestimated (by compar-sults, the Bth model appears the most suitable to account
ing the heights of experimental and simulated peaks). for the RP behavior of N/OFQ. These results support the hy-
For the other mobile phase compositions, the use of the pothesis of the existence of a complex adsorption process
Langmuir isotherm led to results substantially analogous to in which multiple contact points between peptide and sur-
these (figures not presented).Table 1(columns 2—4), the  face are involved (continuous spectrum of adsorption ener-
best isotherm parameters corresponding to this adsorptiongies). The best isotherm coefficients obtained with both the
model are reported at the different isocratic conditions inves- BiLangmuir isotherm (columns 5-8) and théth isotherm

tigated. (columns 9-11) are listed ifable 1 for the different exper-
In this work, other adsorption models, particularly the Bi- imental conditions considered.
Langmuir and the @th isotherm[13], were evaluated with Modeling nonlinear gradient elution requires awareness

the aim of comparing their ability to account for the experi- of the dependence of the isotherm parameters on the opera-
mental data. According to the BiLangmuir model, the surface tive conditions (in particulag). Finding these relationships

is paved with two different kinds of adsorption sites: becomes increasingly more complicated when increasing the
aC anC nu_mber ofvari_ables introduced in the model itself. Extremely_
q= (15) reliable experimental measurements are necessary for this
L+bC - 1+biC purpose, to avoid any risk of “manipulating” the informa-
where the subscripts 1 and Il refer to the two sitesarahdb, tion therein contained. For a series of practical and empirical

are the Henry and the thermodynamic adsorption constantsreasons (significantly low amount of the available compound
for theith site, respectively. Thedth isotherm is, instead,  and imperfect reproducibility in the retention values and in
expressed as:

1/v

qsh™'V'C 1.6 R —
= 16 #

1= @rbeyT we ) i -

in which v is the so-called heterogeneity paramebethe 1ol | }3,‘

equilibrium constant angs the saturation capacifg4,56] k

From a physical point of view, thedth and the BiLangmuir 1 '

models have profoundly diffent origins. Théfh isotherm,

in fact, accounts for a continuous unimodal spectrum of ad-
sorption energies (asymmetrically distributed around their o6}
average value]b6,46], while in the BiLangmuir model the

adsorption energy distribution function is defined as the sum 047
of two infinitely narrow spikes&Dirac functions), one for 0.2F
each Langmuirian contribution.
The results of the IM calculations performed by using % ois‘m 1 . 35 4
these two adsorption models were also significantly differ- Time ( min)

ent. While in the case of the BiLangmuir isotherm the agree- _ N _ _ _
ment between experimental and calculated profiles did not Fig. 3. Comparison between empirical profiles (points) and peaks obtained
L . . . via M (lines) when a 6th adsorption isotherm (E(L6)) is assumed. Mobile
significantly improve with respect to the Langmuir model, - .ce- AcN 16% (viv) in aqueous—TFA 0.1% (viv) mixture; N/OFQ injected
the use of the dth isotherm allowed for consistently more  concentrations: 5.0, 2.7 and 1.3 g/L Table 1, columns 9—11 (second line),

accurate simulated datgig. 3compares the empirical pro-  the best isotherm parameters corresponding to this case.
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the calculated mass balances), the data collected in this work  -0-4
did not fit this requirement. This fact is evidenced by the pa-  -06}
rameters reported ifable 1, specifically in the case of the 08l
BiLangmuir model (consider, for instance, theeobtained in
the different cases that do not follow an consistent trend). For
this reason the BiLangmuir model will not further considered. _
According to our calculations, theéth isotherm appeared % 141
more adequate than the Langmuir isotherm for modeling the— .16}
separation under specific isocratic conditions (compare the
fitting in Figs. 3 and 2 However, when the th model was
used to describe the gradient separation, it did not lead to
accurate results. Modeling of gradient separation with the 22
Toth isotherm requires in fact, in addition to an equation for 24 s s s s s s s
the equilibl’ium constant (SUCh as Ea)), knowledge of the 0.155 0.16 0.165 0.17 0.175 0.18 0.185 0.19 0.195
functional relationship betweerande. It is evident that this ¢ (VV), ACN

is an empirical relationship. With the data in our possession, Fig. 4. Dependence of the logarithm of the equilibrium adsorption constant

neither a ;imple linear regreSSi(_)n nor a logarithmic plot were on the amount of ACN, according to E@). ACN concentration expressed
found satisfactory to express this dependence. Consequentlyas volume ratioR? = 0.93).

the Toth isotherm behavior when changimgcould not be
described in a satisfactory way. This introduced significant
modeling errors. The parameters of a rather sophisticatedvalues define “zones” of the isotherm in which the thermo-
model, such as thedth isotherm, vary in a complex manner  dynamic information has a different accuracy. In particular,
with ¢ and the use of a larger number of points (in comparison some caution should be taken if the IM is used to inter-
with the four employed in this work) is required for obtaining pret the adsorption behavior at concentrations significantly
correct descriptions of these dependences (additional meatarger thanCmax. For the chromatograms measured at the
surements at intermediate mobile phase compositions haveowest ACN amount (16%, v/v) this becomes especially im-
been planned). The investigation of the dependence of theportant. In fact, because of the noticeably greater time spent
Toth isotherm parameters on the mobile phase compositionby molecules in the column in these conditioks£ 3.65
lies beyond the aim of the present paper. againstk’ ~ 0.8 at ACN 19%, v/v), dispersive phenomena
Despite being aware of the possibility of oversimplifica- “eroded” the peak maxima to a very relevant degree fége
tion, the only possible choice for studying the overloaded gra- 5). The extrapolated value fays in these conditions is, ac-
dient elution of N/OFQ was the simple Langmuir isotherm. cordingly, the most critical parametgd4]. This is probably
As a partial support for this fact, we mention that, in prepar- also the reason for the isotherm crossing observédgns.
ative chromatography, adsorption isotherms are sometimes
considered as “working-curves” for describing the separa-
tion under well-specified conditions and for the optimization  ,
of the experimental variables, without being too concerned

at
1.2+

-1.8 ¢
2L

with their physical meaninfl3,57]. 10F aon- 16 [
By analyzing inTable 1the data obtained with the Lang- dpee-
muir model, two aspects can be exploited: (1) the notable | ACN 19% oo Cres_="" g,

agreement among estimates at the different mobile phase

compositions; (2) tha (or b) dependence inversely propor- -
tional tog. These results bolster the hypothesis done to obtain &
Eqg. (6). The numerical value of the constétnecessary to =
solve Eq(10), can be now obtained by plotting the logarithm
of b as a function of the logarithm gf (from Eq.(6)). In Fig.
4 this plot, from which a value fo6 equal to 45+ 8 was
obtained, is reported.

The Langmuir adsorption isotherms obtained through the

41

2 3 4 5 6

IM at the different conditions are reportedfing. 5. In this C(gL)
plot, the maximum concentration recorded at the column out-
let (Cmax) and the maximum injected concentrati@iy) are Fig. 5. Langmuir adsorption isotherms under the different mobile phase

also indicated (vertical arrows) For instance. if the mobile compositions considered. ACN-XX% indicates the ACN concentration (per-
. ; cent v/v) in agueous—TFA 0.1% (v/v) solutions. Best isotherm parameters

0 0 _

phase was ACN 16% (V/\_/)’ #0 and TFA 0.1% (V/V)_ listed inTable 1 The vertical arrows represent, for any case, the maximum
chromatograms reported ffig. ?_these t_WO concentrations  concentration recorded at the column outi€f,g,) and the maximum in-
were 1.54 and 5.0 g/L, respectively. As discussed above, thesgected concentration}). See text for details.
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Fig. 6. Comparison between experimental and simulated peaks in gradientFig. 8. Comparison between experimental and simulated peaks in gradient
elution (Langmuir adsorption isotherm). Injected concentration: 1.2 g/L; in- elution (Langmuir adsorption isotherm). Injected concentration: 5.8 g/L; in-
jected volume: 0.168L. Lt ~ 5%. Continuous line: experimental profile;  jected volume: 0.16BL. Lt ~ 23%. Continuous line: experimental profile;

dotted line: simulation. The shape of the gradient program is also repre- dotted line: simulation. The shape of the gradient program is also repre-

sented.

4.3. Overloaded gradient elution modeling

Figs. 6-8show the results of the calculations for over-
loaded gradient elution of N/OFQ. It should be underlined

sented.

chromatographic runs are also represented in these figures
(in all the cases the gradient slope was 3% ACN/min). The
L¢ was calculated according [t3]:

that the steepness of the gradient in these experiments chf _ L (17)

not correspond to the optimum conditions according to the
Snyder's mode]19,37] In particular it was about four times
slower. Nonetheless, under the chosen gradient program,
of N/JOFQ ranged between about 0.5 and 4, which is the ex-
perimentalk’ interval exploited under isocratic conditions.
Accordingly, the isotherm model has not been used under
extrapolated conditions. In these figures experimental peak
(continuous lines), recorded at different loading factdrg,(

are compared with simulated profiles (dotted lines) obtained
by solving Eqs(10) and (7) The gradient ramps used in the

1.4

121

19

Experimental
Simulation -------
Gradient Program --------

®
Gradient (% ACN)

L
-
~

116

Time (min)

25 3

S

(1 - €)ALgs

whereQ is the amount of sample injected into the column and
Athe column cross-section area. The valuggised in Eq.
(17)and for all overloaded gradient calculations was obtained
by averaging the four values reportedTiable 1(13.99).¢;

was found to be constant under the different experimental
conditions (see Section 3).

Up to Ls of about 10% (cases correspondingFigs. 6
and 7 in which theLss were 5 and 11%, respectively) the
agreement between calculated and experimental profiles is
reasonably accurate. The significant increase in the loading
factor experimented ifrig. 8, corresponding to &s larger
than 20%, did not give equally considerable results. Difficul-
ties in accounting for gradient elution at higilis have been
previously reported in literatuf@4,58] In Fig. 8, the simu-
lated profile significantly differs from the real chromatogram.
A possible explanation of this major difference could be the
fact that the actualmax in the experimental peak is about
3.2 g/L. This value falls in the concentration rar@gax— Co,
in which the adsorption data do not present the best accuracy
(see inFig. 5the isotherms corresponding to 16—18%).

In all these three experiments, the real peaks show a small
“bump” in their rear parts (as a smooth shoulder) that, at
a first sight, could indicate the presence of a second chro-
matographic species (possibly a different form of N/OFQ).

However, such a second component was not detected under
Fig. 7. Comparison between experimental and simulated peaks in gradientjsocratic conditions. Obviously, this could not be explained
elution (Langmuir adsorption isotherm). Injected concentration: 2.7 g/L; in- through calculations based on the single-component Lang-
jected volume: 0.168L. Lt ~ 11%. Continuous line: experimental profile; L . . “ .
dotted line: simulation. The shape of the gradient program is also repre- muir isotherm. This could be instead due to a “compression

sented. effect” induced by the increase of the ACN amount during
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gradient, which is however completely absent from the ex- ag
perimental data. The compression effect was investigated in ab
fundamental paper from Hoath and coworkers in 19§98]. bo
They showed that this effect induces a concave-downwardC
curvature in the rear part of the peaks recorded under gradi-Dg
ent. Dy
The simulated profile reported iRig. 8 shows a little F
concave-downward curvature in the middle part of the tail. |
However, our theoretical calculations do not quantitatively &’
account for the presence of the bump. A more systematick
evaluation of this phenomenon would require a complete in- L
vestigation of the gradient effect (steepness, program shapesL;
etc.) on the peak shapes. These studies could not be faced\
in the present study. On the other hand, these conclusions:
stress the importance of a parallel investigation of isocratic Q
and gradient modeling under overloaded conditions and theq

need to set-up a coherent generalized isotherm model. gs
S

. t
5. Conclusions 0
lg

HPLC represents an important and widely used means Oftinj
peptide purification. A meaningful approach to preparative
HPLC requires the knowledge of the adsorption isotherms of
the species involved in the separation on the specific adsorp-
tive material in use. This represents the pivotal information
to define proper experimental conditions for the purification e
of target compounds. When overloaded gradient elution is |
needed, the adsorption equilibria have to be investigated un- 2
der different mobile phase compositions. It is often the case L
that biologically important polypeptides are available only
in significantly reduced amounts and that their costs are el-
evated. In these cases, measuring the thermodynamic infor-
mation may become an insurmountable task.

Henry constant ap = 0

adsorption equilibrium constant
equilibrium constant ap = 0

mobile phase concentration

molar concentration of displacing agent
apparent dispersion coefficient

phase ratio

empirical constant (Eq1))

retention factor

retention factor a$ = 0

column length

loading factor

number of theoretical plates

number of cells in the Craig machine
amount of sample injected

stationary phase concentration
saturation capacity

empirical constant (Eq2))

time elapsed by injection

hold-up time

gradient time

injection time

mobile phase linear velocity

total number of molecules displaced in an
adsorption-desorption process (Et))
space traveled by molecules into the column
total porosity

heterogeneity parameter (H4.6))
variance in length unit of a Gaussian peak measured
under infinite dilution conditions
volume fraction of strong modifier
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