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Influence of mobile phase composition and thermodynamics on
the normal phase chromatography of echinocandins
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Abstract

In the normal phase preparative HPLC of fermentation derived echinocandins, resolution of key impurities from the product of interest, pneu-
mocandin Bo, is accomplished using a ternary ethyl acetate/methanol/water mobile phase with silica gel as the sorbent. In this work, previous
characterization of the system is extended to define the impact and role of water content on the separation efficiency and retention of pneumocandin
Bo. Experimental results indicate that column efficiency, measured using both the product of interest and small molecule tracers (compounds used
for pulse tests), is good despite the use of an irregular silica and unusually high levels (greater than 6%) of water in the mobile phase. In contrast
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o column efficiency measurements using small molecules (MEK and toluene), measurements performed with the product itself indicat
fficiency with increasing water content of the mobile phase. Building on these results, a scale-up/scale-down protocol was develope
easurements of column efficiency using theoretical plate counts determined with pneumocandin Bo. Since the solubility of pneumocandin Bo in

he ternary mobile phase is relatively low, a higher strength solvent with higher levels of methanol and water is employed for dissolu
rude product at concentrations of up to 40 g/L. The mismatch between the high strength solvent used for the feed introduction and the m
as the potential to affect column performance. The impact of this mismatch using plate count measurements with the product at bot
nd semi-preparative scales was found not to be significant. Finally, a van’t Hoff analysis was performed to characterize the thermod
dsorption of pneumocandin Bo on silica. The analysis shows that the adsorption process for pneumocandin Bo on silica in the ternary solve
ystem is endothermic (�Hads> 0), implying that the adsorption is entropically driven. Results from an overall water balance across the
ndicate significant enrichment of adsorbed water on the silica surface. These results further emphasize the importance of selective paf
ater between the bulk mobile phase and the silica as a dominant factor in controlling retention.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Echinocandins are a class of naturally occurring lipopeptides
ith antifungal activity. The structures of three closely related
embers of the subclass known as pneumocandins are given

n Fig. 1. They are cyclic hexapeptides with multiple hydroxyl
roups and a hydrophobic dimethyl myristate tail connected
ia an amide bond to the�-amino group of the (hydroxylated)
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ornithine residue. The three compounds in the figure differ
each other only in subtle modifications to the side chain o
proline residue adjacent to the “ornithine”. Indeed, pneumo
dins Bo and Co differ only in the position of the hydroxyl grou
on this side chain, whereas pneumocandin Ao has an additiona
methyl group[1].

The large-scale isolation of pneumocandin Bo from cultures
of the fungusGlarea lozoyensis [2] remains a technical cha
lenge despite intense research efforts directed at controllin
distribution and amounts of various analogues produced b
organism during fermentation[3–8]. The organism can produc
in addition to the desired compound, 20 or more echinocan
including pneumocandins Ao and Co [9,10]. Furthermore, thes
lipopeptides have unique solubility properties; they are es
tially insoluble in water and most pure solvents, but diss
in alcohols and some aqueous/organic solvent mixtures[11].

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Structures of three pertinent pneumocandins including the product of interest, pneumocandin Bo are presented. Analogue impurity pneumocandin Ao represents
the addition of a methyl group at the 4 position on the hydroxy-proline functional group in the polar hexapeptide core. Pneumocandin Co is a positional isomer of the
product representing a shift in the hydroxyl group from the 3 position (pneumocandin Bo) to the 4 position (pneumocandin Co) of the same hydroxy-proline group.
For more details on pneumocandin Bo structure and details, see references[1–6].

Moreover, it is difficult, if not impossible, to purify them by
crystallization.

The present work describes the further characterization of the
normal phase high performance liquid chromatography (HPLC)
step for purification of pneumocandin Bo, extending previ-
ous research that demonstrated the feasibility of pneumocandin
purification by HPLC[12,13]. Typical preparative separations
by normal phase HPLC are performed with bare silica, either
spherical or irregular, often employing a binary mobile phase
blend of a relatively polar and a relatively non-polar compound.
Previous research presented in the literature[14] indicates the
feasibility of using a ternary solvent system for chromatographic
purification for both liquid–solid (LSC) and liquid–liquid (LLC)
chromatography. Water is usually added to the mobile phase at
low levels (<1%) to eliminate variations in the water content
of the solvents and to de-activate highly polar binding sites on
the silica surface[15]. However, balancing the solvent polarity,
selectivity, and retention afforded by the mobile phase via the
use of a ternary solvent system for preparative normal phase

separations has only seen limited utilization[16]. In particular,
the use of high levels of water – up to about 7% in the mobile
phase – for controlling the selectivity in the normal-phase pneu-
mocandin purification, as is used in this case, is unusual.

The goal of these experimental studies was to develop a set
of tools to enable accurate scale-down of an existing purifi-
cation process. These tools, including the use of plate count
measurements derived from product adsorption studies, were
used to gain a better scientific understanding of the contribu-
tions of solvent composition of the load solution on the retention
behavior of pneumocandin Bo on silica in the normal phase
mode.

The effect of water on the compound adsorption and separa-
tion efficiency in normal phase chromatography, in particular in a
ternary mobile phase with high water content, is of considerable
interest. Although a significant amount of literature exists on
the physical chemistry of water–silica interactions including the
impact of the types of silanol groups on the kinetics and thermo-
dynamics of water adsorption to silica[17–19], few conclusive
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experimental studies have been presented in the literature that
extend this research to a normal phase chromatography applica-
tion. One exception is the research of C.A. Fung Kee Fung and
M. Burke who evaluated the interactions of water with silanol
groups and modified silica surfaces via differential scanning
calorimetry[20]; while interesting, their study does not provide
guidance for actual chromatographic operations. Previous work
in the ternary ethyl acetate (EtOAc)/methanol (MeOH)/water
system[13] indicated that column efficiency, as determined
using a relatively small compound – methyl ethyl ketone (MEK)
– as the tracer is essentially constant with increasing water con-
tent over the typical operating range, corresponding to reduced
velocities in the range of 6–16.

The previous work is extended here to examine the effect
of mobile phase composition on the column efficiency using
pneumocandin Bo itself as the tracer. Results presented here
for the pneumocandin Bo system indicate the opposite trend is
true—column efficiency increases with increasing water con-
tent. This observation provides insight into the role of water in
mediating the interaction of pneumocandin Bo with the silica
surface.

The ternary feed solvent is enriched in methanol (MeOH)
and water relative to the mobile phase to increase the solubility
of pneumocandin Bo versus the mobile phase eluent. However,
since the load solvent has a higher solvent strength than the
mobile phase, the change in conditions from the high to low
s reas
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ing the silica surface in this ternary solvent system that controls
the retention of pneumocandin Bo.

2. Experimental

2.1. Materials and methods

All experimental studies employed irregular silica from
Amicon (Cherry Hill, MA) designated Grade 631, Si-60
of nominal particle size 20�m. Analytical scale columns
(4.6 mm× 250 mm) were obtained prepacked from Amicon
(Beverly, MA). All solvents employed in the ternary mobile
phase (ethyl acetate, methanol and water) were HPLC grade
from Fisher Scientific (Pittsburgh, PA) or EM Science (Gibb-
stown, NJ). Mobile phases employed for the preparative scale
chromatography were prepared from solvents of equivalent
purity. Volumetric compositions of solutions are designated as
volumes prior to mixing and do not account for non-ideal mixing
effects. For example, an EtOAc/MeOH/H2O solution designated
as 84/9/7 was prepared by adding 84 volumes of EtOAc, 9 vol-
umes of MeOH and 7 volumes of H2O.

Tracer solutions for both analytical and preparative scale were
prepared by adding 2.5 vol% methyl ethyl ketone (MEK; GR
grade from EM Science) and 0.5 vol% toluene (ACS grade from
Fisher Scientific) to the ternary mobile phase.

Feedstock for the preparative separation experiments was
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trength across the eluting band could be anticipated to inc
andspreading, and therefore lower column efficiency. The

ionship of the impact of feed volume on resolution in prepara
hromatography has been discussed with significant rigor
iously in the literature[21]. The tradeoff between potent
oss of column efficiency due to the solvent mismatch ve
he increased productivity from higher column loadings is
xamined through column efficiency measurements usin
roduct, pneumocandin Bo.

Finally, to gain a better understanding of the binding me
isms of pneumocandin Bo to the sorbent, a van’t Hoff analys

22] has been performed to determine the thermodynamic
ng forces for binding (enthalpic, entropic or a combinatio
he two). The extent of selective water adsorption on the s
orbent resulting in an enhanced partitioning of pneumoca
o was also examined. Two possible explanations exist—d

nteraction of the pneumocandin Bo with the silanol group
resent on the silica surface or indirect interaction betwee
ilanol groups and pneumocandin Bo mediated by waters o
ydration for both the silanol groups and pneumocandino.
he goal of the experiments was to help to discern the ro
ater in the adsorption of pneumocandin Bo to silica. Change

n retention factor as a function of temperature and mobile p
omposition have been measured. Enthalpies and entrop
dsorption are observed to be a function of water content i
obile phase. In addition, an understanding of the intera
f water with the stationary phase is provided by calculati
ass balance to determine the partitioning of water betwee

ulk solvent and the sorbent surface. These data combine
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erived from an isolated solid intermediate containing the p
ct of interest, pneumocandin Bo, at 89.6 wt.% purity, in additio

o more than 10 other structurally related (analogue) impur
he structure of the product and two other marker anal

mpurities is presented inFig. 1. The feed to the preparati
cale HPLC experiments contained the product at a conce
ion ranging from 4 to 5 g/L.

.2. Equipment

Analytical scale experiments were performed on a Hew
ackard HP-1100 HPLC system composed of a quate
ump, column thermostat and variable wavelength detecto
etection monitored at 278 nm. The data analyses were

ormed using ChemStation Software Rev. A.05.04 and a
ows 95 (Microsoft: Eugene, OR) operating system. All mo
hases were prepared via blending of solvents off-line to H
perations. Injections for tracer experiments were perform
olumes from 5 to 20�L resulting in resin loadings for produ
treams in the range 10–12.5 mg/L-resin. Analyses of frac
rom preparative HPLC runs were performed with the HP-1
ystem.

All preparative scale experiments were conducted on a
om Biotage HPLC system with a 60 mm I.D. (0.5 m leng
rochrom (Indianapolis, IN) dynamic axial compression (D
olumn. The preparative column, 60 mm I.D., was packed
90 g of the Amicon silica, mixed with approximately 1.1 L
7/9/7 mobile phase. The slurry was stirred until homogen
nd poured into the empty column. The column was closed
ompressed by pressurizing to 40 bar resulting in a packe
mn length of 270 mm.
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All samples for column efficiency measurements for the
preparative scale experiments were manually injected via a
syringe with injection volumes of 5 mL followed by 80 mL of
load solvent to completely clear the injection loop for a total
injection volume equivalent to 11% of the column volume.

The software used for data analysis was Bio-GRAMS/386TM

for Microsoft Windows Version 3.03 Level 1.
Water content of samples was determined by a coulomet-

ric Karl Fischer (KF) titration. These measurements were per-
formed on a Metrohm 684 KF Coulometer from Brinkmann
Instruments, Inc. (Westbury, NY).

2.3. Calculation of diffusion coefficient for pneumocandin
Bo

In order to convert the retention data acquired for pneumocan-
din Bo to a dimensionless form suitable for comparison with the
previous data from small molecule tracer experiments, a diffu-
sion constant for pneumocandin Bo is required,DBo. No explicit
experimental data were obtained to determineDBo as part of this
study. Instead, an estimate was made based on published data
by other researchers. Since pneumocandin Bo is a hexapeptide
coupled to an aliphatic tail, two classes of compounds were
used to bracket the range of diffusion coefficients—complex
organics (the fluorescent dyes oxonine and pyronine) and
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2.5. Thermodynamic parameters—van’t Hoff analyses

The binding mechanism of pneumocandin Bo onto the sor-
bent can be characterized by studying the effect of temperature
change on the retention factor of pneumocandin Bo. This can be
related to the Gibb’s free energy of adsorption as shown in Eqs.
(1)–(4).

�Gads= �H − T�S = −RT lnK (1)

(spontaneous when�G < 0)

lnK = −�Gads

RT
(2)

ln k′ = ln φ + lnK (3)

ln k′ =
(−�H

R

) (
1

T

)
+

[
ln φ + �S

R

]
(4)

where�H is the enthalpy of adsorption,�S the entropy of
adsorption,T the absolute temperature (K),K the equilibrium
constant for adsorption,k′ the retention factor, andφ is the
phase ratio or the ratio of the effective stationary phase area
to the mobile phase volume in the column. A van’t Hoff plot,
i.e., lnk′ versus 1/T, gives a slope of (−�H/R) and ay-intercept
of (lnφ +�S/R) [22].

3. Results

3
p

n is
t hic
p lity,
r g of
E ro-
m s
e e
i that
t ty of
t n of
t

sition
o med
t cer,
m s are
p
r es
[ ost
i nge
c orre-
s I.D.
c mes
m ity of
2

effect
o ency
u d.
eptide fragments. An estimate forDBo of 1.9× 10−6 cm2 s−1

as determined based on literature data[27–29]in order to per
orm a van Deemter analysis (referenceAppendix A for more
etails).

.4. Determination of column void volume

The column void volume was determined for each analy
olumn employed in the experiments using the MEK/tolu
racer solution under unretained conditions in isoc
ode. Experiments were performed using a mixture

wo mobile phases: mobile phase A composed of 87
EtOAc/MeOH/water) and mobile phase B composed of 0/9
mixture of mobile phase A and B was used to reach a given

ratic mobile phase composition. As the fraction of the stro
lution solvent (eluent B) was increased, the retention tim

he tracer compounds decreased. The fraction of eluent B
ncreased stepwise until the retention times of the tracers
o longer a function of increasing eluent B composition—
etention times at that point were then employed to deter
he void or unretained volume of the column. For simplic
ny potential change in Vo (void volume) with changes
luent composition and temperature was ignored. For

wo columns employed in the study, the corresponding
olumes and associated void fractions were 3.27 mL (0.
nd 3.30 mL (0.794), respectively. The most direct compa

rom the literature is for C18 derivatized silica (13�m particle
ize) packed in dynamic axial compression columns[30]. Void
ractions reported[30] ranged from 0.65 to 0.9 dependi
n column length (3–22 cm) and packing pressure (u
00 N/cm2).
.
-
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.1. Effect of mobile phase composition on column
erformance—analytical scale

The key goal of mobile phase selection and optimizatio
o maximize the overall productivity of the chromatograp
urification. However, due to the unique interplay of solubi
etention and selectivity, a ternary mobile phase consistin
tOAc, MeOH and H2O is required for the normal-phase ch
atography of pneumocandins[1,13]. The results of previou

xperiments on the same system[13] performed to evaluate th
mpact of changes in mobile phase composition, indicated
he alcohol level in the mobile phase controls the retentivi
he compound while the water level controls the resolutio
he key impurities.

In order to assess the impact of mobile phase compo
n column performance, initial experiments were perfor

o determine column efficiency using a small molecule tra
ethyl ethyl ketone (MEK). Results from these experiment
resented inFig. 2 as a plot of reduced plate height (h) versus
educed velocity (ν) [23,24]also known as van Deemter curv
25,26]. The effect of water on separation efficiency is alm
nsignificant over the typical large scale HPLC operating ra
orresponding to reduced velocities in the range of 6–16 (c
ponding to flowrates of 1000–2400 mL/min for the 150 mm
olumn used in that study). However, the effect of water beco
ore pronounced at higher velocities (e.g. reduced veloc
2) as reported previously[13].

Subsequently, studies were performed to evaluate the
f changes in mobile phase composition on column effici
sing the product, pneumocandin Bo, as the marker compoun
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Fig. 2. Reduced plate height (h) vs. reduced velocity (ν) over a range of mobile
phase compositions from anhydrous (84/9) to the base case composition of
84/9/7. All column efficiency measurements were performed using an analytical
scale column of nominal dimensions 4.6 mm× 250 mm using an MEK/toluene
tracer[13].

Control experiments were performed to ensure that equilibrium
partitioning/adsorption was occurring in this large molecule sys-
tem by measuring the effect of flowrate on retention factor,
k′, over a range of solvent compositions (87/9/7 to 87/9/1).
These experiments were designed to employ a constant ratio
of EtOAc to MeOH while only varying the water content. These
results indicate thatk′ is independent of flowrate over a range
of linear velocities from 72 to 1080 cm/h for a given water
content (Fig. 3) indicating that equilibrium is achieved under
these operating conditions.k′ of pneumocandin Bo does depend
strongly on water content (Fig. 4) declining as water content is
increased—from an average of 43 (87/9/1) to 6 (87/9/7).

Experimental results from the column efficiency experiments
performed with pneumocandin Bo are summarized in the van
Deemter plots presented inFig. 5A. Although van Deemter

F ase
c
v this
H

Fig. 4. Plot of retention factor,k′, for pneumocandin Bo as a function of water
content in the mobile phase. Mobile phase compositions (EtOAc/MeOH/H2O)
were 87/9/7, 87/9/5, 87/9/3 and 87/9/1. An exponential function (plotted in
the figure) provides the best least squares fit of the data. Note error bars from
replicate experiments are provided but are less than the size of the datum point
with the exception of the 1.0 parts water case.

curves are typically characterized by three or more terms, at
the high reduced velocities examined in this study and often
employed in large scale HPLC operations, they are often ade-
quately represented by a linear model. Indeed, the data presented
in Fig. 5A did show a linear proportionality between the reduced
plate height and reduced velocity for all water contents exam-
ined. The results for pneumocandin Bo show that increasing
water content actually improves column efficiency. This is con-
trary to the observation for small molecules at high reduced
velocity (Fig. 2) that water has a deleterious effect on column
performance. For example, increasing the water content from
one part (87/9/1) to seven parts (87/9/7) at a reduced velocity
of 189 leads to a more than a three-fold reduction in reduced
plate height (65–19). Another way of interpreting the data is
to examine the change in reduced plate height as a function of
water content in the mobile phase for a series of fixed reduced
velocities as presented inFig. 5B. It is clear from this alternate
presentation of the data that by merely increasing the water con-
tent of the mobile phase while operating at the same reduced
velocity, reduced plate height can be reduced by more than two-
fold (ν of 126).

3.2. Evaluation of column efficiency using pneumocandin
Bo at semi-prep scale

col-
u red
w mm
I e
c ence
b ts that
t ty at
t itera-
ig. 3. Plot of retention factork′ vs. linear velocity over a range of mobile ph
ompositions from 87/9/7 to 87/9/1 illustrating the insensitivity ofk′ to linear
elocity supporting the idea of approximating adsorption equilibrium in
PLC application.
Semi-prep experiments were performed with a 0.76 L
mn (60 mm I.D.× 270 mm L) and the results were compa
ith those obtained with the 4.1 mL analytical column (4.6

.D. × 250 mm L). The results plotted inFig. 6show actual plat
ounts as a function of linear velocity. The close correspond
etween the curves measured at different scales sugges

here is practically no difference in the column packing quali
he semi-prep and analytical scales. This confirms earlier l



60 D.J. Roush et al. / J. Chromatogr. A 1098 (2005) 55–65

Fig. 5. (A) The effect of reduced velocity (ν) on column efficiency as measured
by reduced plate height (h), for pneumocandin Bo with varying water content
from one to seven parts (analytical scale column). A linear least squares fit of the
data results inR > 0.994 for all cases. (B) Reduced plate height as a function of
water content (parts) for a range of fixed reduced velocity (ν) for pneumocandin
Bo. Note a logarithmic relationship exists between plate height and water content.

ture results regarding the consistent scale-up of chromatographic
performance using dynamic axial compression columns[31] and
appears to hold in this case even for a relatively inexpensive
irregular silica packed at the relatively low compression pres-
sure of 40 bar. In our experience, plate counts in dynamic axial
compression columns remain consistent even at larger scale
(ex. 300 mm I.D.).

3.3. Effect of load solvent composition on column efficiency

Since a solvent mismatch exists between the higher strengt
solvent used to prepare the HPLC feed and the mobile phas
control experiments were performed to assess this effect on bot
an analytical and preparative scale. Due to limitations in the
analytical system configuration, the volume of injection was

Fig. 6. The effect of linear velocity on column performance as number of
theoretical plates (N) at analytical and semi-prep (60 mm I.D.) scales using
pneumocandin Bo as a tracer. Note comparable performance over the range of
linear velocities that could be achieved a semi-prep scale.

limited to 0.2% of the column volume. Hence, the impact of
the solvent mismatch at a larger volume injection (e.g., 10 vol%
injected in a prep run) could not be determined at the analytical
scale. For the 0.2 vol% case, the measured plate counts differed
by only 2% over the range of parameters explored (data not
shown).

The experiment was then performed at the semi-prep scale
(60 mm I.D.). The feed to the experiments was purified pneu-
mocandin Bo at a product concentration of 3.6 g/L in two dif-
ferent higher strength feed solvents, C and D. The two feed
solvents evaluated had higher pneumocandin Bo solubility and
elution strength versus the ternary mobile phase by increasing
the methanol content of the ternary solution. Note that the vol-
ume of injection for the semi-prep scale isolation was typically
11% of the column volume. The two feed solvents, C and D,
were tested at nominal flowrates of 90 and 200 mL/min.

The results of these experiments (Fig. 7) indicate that for
the final feed solvent chosen, solvent C, column efficiency (and
eventually preparative chromatography) was not greatly affected
by the use of feed solvent up to 11% of the column volume ver-
sus the eluent control (87/9/7). A least squares linear regression
of the data indicates a linear relationship between h and reduced
velocity. Chromatography performance was comparable to pre-
viously reported[13].
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.4. Thermodynamics of pneumocandin Bo adsorption on
ilica

Experiments were performed at analytical scale to deter
he thermodynamic driving forces for adsorption of pneumo
in Bo on silica including the potential impact of water conten

he eluent. Temperatures ranging from 10 to 60◦C were teste
or the 87/9/7, 87/9/5, 87/9/3, and 87/9/1 mobile phases.
oading solution for all of the temperature experiments
he same 4 g/L solution of pneumocandin Bo in 87/9/7 mobile
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Fig. 7. The effect of solvent mismatch between feed solvent and mobile phase on
column performance as determined by reduced plate height (h) as a function of
linear velocity. Experiments were performed at analytical and semi-prep (60 mm
I.D.) scales using pneumocandin Bo as a tracer. Feed solvent 87/9/7 is the control
while feed solvents C and D are higher eluent strength. Error bars are presented
from replicate experiments. A linear least squares fit of all the data is presented
in the figure confirming the insensitivity of the reduced plate height to solvent
composition of the feed.

phase used in the preparative scale experiments. Triplicates of
every injection were run at a flowrate of 1 mL/min. The column
thermostat maintained the temperature within±0.5◦C of the
setpoint temperature for each run.

A van’t Hoff analysis of the data for each mobile phase com-
position was performed and is plotted inFig. 8 along with the
results of a linear least squares regression analysis. A sum-
mary of the enthalpy of adsorption,�Hads, for each of the
mobile phase compositions is provided inTable 1. For all of

F f
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Table 1
Summary of results from van’t Hoff analysis of retention data for pneumocandin
Bo over a range of water content

Mobile phase composition
(EtOAc/MeOH/water)

�Hads(kcal/mol) ln(φ) +�Sads/R

87/9/7 1.72 4.67
87/9/5 1.64 4.85
87/9/3 1.50 5.24
87/9/1 0.35 4.37

the mobile phases, the slope of the van’t Hoff plot was nega-
tive indicating a positive or unfavorable�Hads. The enthalpy of
adsorption was observed to increase and become more thermo-
dynamically unfavorable with increasing water content in the
mobile phase. Specifically,�Hads was observed to increase as
the water content in the mobile phase increased from one to seven
volumes.

3.5. Determination of potential water enrichment in
stationary phase

Water balance experiments were performed to determine the
extent (if any) of preferential water adsorption on the silica sur-
face as a function of increased water content in the mobile phase.
These experiments were driven by the desire to further under-
stand this effect of water on the binding of pneumocandin Bo.

The differences in the level of adsorbed water on the sil-
ica for the two mobile phases, 87/9/7 and 87/9/1, versus an
anhydrous column were determined by performing a water
balance calculation on an analytical column packed with the
same silica employed for the prep scale runs. First, the sys-
tem and column were flushed with ethyl acetate for several
hours to remove any water. The system and column were then
equilibrated with the mobile phase for a minimum of 1 h at
1.0 mL/min or the equivalent of 15 column volumes. Once

bile
three
mn

was
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the
nt of

val-
7/9/1
ater
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ter
lev-

rage
orbed
hase
ig. 8. A van’t Hoff analysis of retention of pneumocandin Bo over a range o
emperature from 10 to 60◦C and a range of water content from one to se
arts. Note that the slopes of all the linear least squares fits of the data o
ange of water content are negative indicating a positive�Hadsor an endothermi
rocess. The intercepts of all of the least squares fits are positive indica
ntropically driven adsorption process.
the

an

equilibrated, the flow was switched from the ternary mo
phase to neat MeOH, and the eluent was collected in
consecutive 40 mL aliquots (or the equivalent of 10 colu
volumes per aliquot) starting immediately after the flow
switched.

A Karl Fischer Coulometer was used to measure the am
of water in the original mobile phase flowing through
system and in the eluent collected. The baseline amou
water in the pure MeOH was also measured. From these
ues, a water balance was calculated for the 87/9/7 and 8
mobile phase experiments to determine the amount of w
that was bound to the silica. These results were then
verted to a surface coverage (molecules water/m2 silica and
mg water/m2 silica) in order to determine the extent of
water coverage (expressed in terms of number of water
ers) for both cases.Table 2provides a summary of the wa
balance performed for the two mobile phases with different
els of water. The results indicate multiple layers of cove
for the 87/9/7 case and a substantial enrichment in ads
water for the 87/9/7 case versus the 87/9/1 mobile p
case.
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Table 2
Summary of results from water enrichment experiments for the two mobile phase compositions—87/9/7 and 89/7/1

Experimental Calculated

Mobile phase composition
(EtOAc/MeOH/water)

Vol (mL) H2O
retained in Col. (mL)

Adsorbed water
(mg H2O/m2 silica)

Surface coverage on silica
(molecules H2O/m2)

Estimated number of
water layers

87/9/7 0.21 0.90 3.0× 1019 2–15
87/9/1 0.01 0.04 1.4× 1018 0.1–0.7

Parameters used in the calculations include silica surface area[53] of 600 m2/g, packing density of 0.51 g/mL. Estimated number of layers based on data presented
by Zhuravlev[15].

4. Discussion

4.1. Effect of mobile phase on column
efficiency—analytical scale

The experimental results from the column efficiency
experiments performed with pneumocandin Bo are contrary
to the expectation that water would have a deleterious effect
on column performance; increasing water content actually
improved separation efficiency. For example, increasing the
water content from one part (87/9/1) to seven parts (87/9/7)
at a reduced velocity of 189 led to a more than a three-fold
reduction in reduced plate height (65–19). It is important to
note that there is a marked difference in measured reduced plate
heights with pneumocandin Bo versus small molecule tracers.
Previous experimental results[13] using an MEK/toluene tracer
demonstrated that reduced plate heights in the range of 2–6
(range of reduced velocity from 1 to 24) could be achieved
under similar operating conditions. The larger reduced plate
heights observed for pneumocandin Bo are thus attributable to
the change in tracer molecules, specifically lower diffusivity
of pneumocandin Bo versus small molecules, as opposed to
column packing quality. Experimental results for reduced plate
height versus reduced velocity obtained for the pneumocandin
Bo experiments are consistent with predicted values from the
literature [32,33]. These results combined with the results
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The results clearly indicate that performance can be mea-
sured over a range of scales from analytical to semi-prep using
purified compound as a tracer. Note that a slight decrease in col-
umn performance upon scale-up can be expected partly due to
differences in packing efficiency and injection method. Differ-
ences in injection method (syringe versus pump) could impact
the distribution of the sample and the injection profile result-
ing in a change in column efficiency as a function of scale-up.
Another important consideration is the operating range that
is accessible. A significantly larger range is usually available
in the scale-down system versus a typical semi-prep system.
Although it may not always be feasible to perform column effi-
ciency experiments with purified product, these research results
demonstrate the feasibility and benefit of such an approach
using minimum number of theoretical plates as a scale-up
parameter.

4.3. Effect of load solvent composition on column efficiency

The unusual solubility profile of pneumocandin Bo necessi-
tated the use of a different and higher eluent strength load solvent
than was employed for the mobile phase. No significant differ-
ence in column efficiency could be experimentally discerned
even with a 11 vol% injection of the stronger elution solvent.
These results indicate the loss of column efficiency due to mis-
match of load and elution solvents may not be detrimental.
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rom the water balance experiments (Section3.5) support the
ypothesis that water plays an important beneficial role in m
ting the interactions between pneumocandin Bo and the silica
orbent.

.2. Evaluation of column efficiency using pneumocandin
o at semi-prep scale

Preparative chromatography scaleup, described in det
recent review article[34], should ideally involve matchin

olumn efficiency (reduced plate height) as scale is incre
or a fixed reduced velocity. From a productivity perspec
reservation of the functional relationship between reduced
eight and reduced velocity is equally as important. Altho
olumn efficiency tests using small molecule tracers prov
ood estimation of gross column packing efficiency, the ultim
oal is to match retention performance for the product of inte
nother approach that is attempted is to match the minim
umber of plates (N) required to achieve a separation ove
ange of scales.
-

n
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e
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.4. Thermodynamics of adsorption

Experimental results from van’t Hoff analyses of ret
ion of pneumocandin Bo as a function of temperature su
est that adsorption is endothermic or enthalpically unfavo
�Hads> 0) implying the process is entropically driven. Sin
he core of pneumocandin Bo is composed of a cyclic hexape
ide with multiple exposed hydroxyl groups, the potential ex
or a significant amount of water of hydration to be associ
ith the hydroxyl groups, and these could interact with the

ca surface of the adsorbent. The analogy could be made
inding of a protein to a surface resulting in the release of w
f hydration[35] which has previously been determined to
ntropically driven[36,37].

Another important point is the influence of mobile ph
omposition on the thermodynamic driving forces gover
dsorption. The results of this study indicate that the enthal
dsorption increases with increasing water content. Alth

here is very little data available on the thermodynamic



D.J. Roush et al. / J. Chromatogr. A 1098 (2005) 55–65 63

adsorption to silica for natural products to act as a comparison,
a recent review paper provides some information on the inter-
action energy between bound waters and silica. Zhuravlev[17]
estimates that the interaction energy between a surface silanol
group and water that is physically adsorbed (at surface coverage
less than a monolayer) can be up to 62 kcal/mol. If this value
is compared to the relatively low�Hads for pneumocandin Bo
(shown inTable 1), it is unlikely that pneumocandin Bo is dis-
lodging water molecules associated with the surface of the silica
but more likely partitioning within a hydration shell close to the
surface of the silica.

Information on the impact of mobile phase composition on
thermodynamics has been presented for chiral chromatography
employing modified silica stationary phases[38,39]and for PEO
on reversed phase silica stationary phases[40]. Kazuaki et al.
[38] present the argument that a hydration shell surrounding a
compound present in a highly aqueous mobile phase is more
ordered in the mobile phase versus the stationary phase so that
there is an increase in entropy when the compound adsorbs to the
stationary phase[38]. For another system where water controls
adsorption, Record et al.[39] have suggested that a change in
enthalpy associated with adsorption of a protein to a stationary
phase results from changes in activities of the waters of hydration
that are released from the stationary phase into the bulk. Cho
et al. have also recently reported a similar entropically driven
process for the RP-HPLC separation of high molecular weight
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estimated monolayer coverage ranges from 0.06 to 0.43 mg/m2-
silica, bracketing the estimate of 0.14 mg/m2 reported by Muster
et al. [18]. One can then use the estimate of 0.14 mg/m2 to
translate the data obtained for the ternary solvent system for
pneumocandin Bo purification to number of layers of water cov-
erage (data and calculated water layers presented inTable 2) for
the two different mobile phase compositions. A comparison sug-
gests that the low water mobile phase (87/9/1) has less than a
monolayer of water on the silica surface. However, when the
high water mobile phase (87/9/7) is employed, several layers of
bound water (from 2 to 15) exist that are associated with the
silica. This increase in the number of layers of water on the sur-
face with increasing water content in the mobile phase helps to
explain the large differences observed in retention of pneumo-
candin Bo.

Other researchers[41,42] have observed a similar phe-
nomenon for the normal phase HPLC of carbohydrates using
aminopropylsilane derivatized silica. Verhaar and Kuster[41]
experimentally determined an enrichment of water on the sor-
bent relative to the stationary phase using a technique similar to
the one described in this work. Verhaar and Kuster also observed
an increase in water associated with the stationary phase when
water content of the mobile phase was increased. Nikolov and
Reilly [42] further extended this to demonstrate that the reten-
tion factor and elution order correlated with hydration number
of the carbohydrates and was consistent with partition between
“ rganic
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EO on reversed phase resins[40]. The results of these oth
esearchers are consistent with the observations and pro
echanism of water mediating the retention of pneumoca
o on silica in normal phase chromatography.

.5. Determination of stationary phase water enrichment

Experimental results indicate a 20-fold higher level of bo
ater to the silica surface for the high water content mobile p

87/9/7) versus the low water case (87/9/1). This result t
ith the other data presented on the impact of water conte

he mobile phase on the thermodynamics of adsorption con
he role of water in mediating the retention of pneumocandio
n silica.

Additional insight can be gained by reviewing data fr
ther researchers[17,18] who have examined the impact
arious features of silica, including the type (geminal, v
al and isolated silanol) and density of silanol groups, on

hermodynamics of water adsorption to silica. Although th
ata were derived from a variety of different systems,
hole they can be used to determine how the amount of w
dsorbed to silica measured in this study compares with a
icted monolayer coverage. Zhuravlev[17] provided data fo

he average area occupied by an OH group for both vicina
solated silanol groups. Vicinal silanol groups had an ave
ccupied surface area of 0.068 nm2 per OH group whereas is

ated silanol groups occupied from 0.45 to 6.67 nm2 per OH
roup. If one assumes a one-to-one hydrogen bond intera
f water per OH group (from the silanol functional group),
an estimate the expected monolayer water coverage for
ca surface in mg-water/m2-silica. Using these parameters,
ed

e

s

r
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a water-enriched stagnant phase and a moving aqueous o
hase.” Hansen[43] described the use of water content (2–90

n the mobile phase to control polarity and partitioning onto
ca over a wide range. Hansen further developed the co
f dynamically modified silica, using other additives incl

ng cetyltrimethylammonium (CTMA), to produce a dynam
eversed phase system[44,45]. Alpert [46] later extended th
pplication of this concept to hydrophilic interaction chroma
aphy for other applications including oligonucleotide and p
ide separations where aqueous two-phase partitioning has
emonstrated.

The experimental data from this research coupled with
bservations of previous researchers support the hypothes
neumocandin Bo retention is mediated by partitioning of pne
ocandin Bo between a bulk mobile phase and a water-

tationary phase. The results are also consistent with the
lusions of others[15,47] that there is a significant impact
mall amounts of water in the mobile phase on retentio
nalytes in normal phase chromatography using bare sili

he adsorbent. As an example, Snyder et al.[15] described
ecrease in retention factor for phenyl propanol on bare

ca from 18 to 4 as the level of water was increased fro
o 0.15% (100% of saturation) in a methylene chloride mo
hase. Accurate control of retention for pneumocandin Bo at

ow water content (ex. 87:9:1) was observed to be quite diffi
refer toFig. 8). However, when water was increased to th
olume fractions in the mobile phase (87:9:3), accurate co
f retention was possible—consistent with the results of p
us researchers[15,47] who emphasized that great care in
omposition of the mobile phase is required for reproduc
esults at low water content.
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5. Conclusions

Experimental results confirm that water mediates retention of
pneumocandin Bo on silica in a positive fashion in this mobile
phase system. Water enrichment on the silica surface with higher
water content mobile phases has also been demonstrated. Reten-
tion of the product could be readily controlled by varying only
the water content of the ternary mobile phase.

Experimental results indicate the feasibility of using column
efficiency measurements with pure compound to ensure accu-
rate scale-up. Although the proposed method requires the use
of a small amount of purified product to determine column
performance, this approach offers significant advantages over
small molecule efficiency measurements that are more suitable
for determination of gross packing irregularities. The technique
of matching theoretical plates determined with the product of
interest also allows for the potential to change column operat-
ing conditions (aspect ratio, linear velocity, etc.) upon scale-up
while still achieving comparable separation.

Experimental results from this work also shed light on the
thermodynamics of adsorption in a high water content mobile
phase and potentially the role of water in normal phase chro-
matography. For this particular system, the adsorption process
was entropically driven similar to observations of others in RP-
HPLC, HIC[48] and protein IEX chromatography.
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Once the values of the diffusion coefficients for toluene and
MEK were obtained, the reduced velocity,ν, could be calculated
from the experimental data according to Eq.(6).

ν = udp

DAB
(6)

whereu is the superficial velocity (cm s−1) of the mobile phase,
dp the average particle size, andDAB is the diffusion coefficient
for MEK or toluene. Based on data provided by the manufac-
turer, adp of 18�m or 1.8× 10−3 cm was employed for the
nominal 20�m material. A void fraction of 0.79 was employed
for the silica media based on experimental measurements (ref-
erence Section2.4).

The starting point for an estimate of the diffusion coefficient
of pneumocandin Bo is based on NMR diffusion measurements
for a solvated peptide fragment of human growth hormone, hGH
(9–19), in a mixed organic/aqueous system (d3-TFE/D2O) at
298.7 K[29]. The diffusion coefficients for hGH (9–19) ranged
from 1.31 to 1.96× 10−6 cm2 s−1 depending on the molar ratio
of TFE to D2O. The viscosity of the solution of hGH (9–19)
was also observed to change from 1.93 to 2.34× 10−3 Pa s as
the molar ratio of TFE to D2O was varied. According to the
authors this change in diffusion coefficient is attributable to
change in the conformation of the peptide fragment from ran-
dom coil to a more compact helical structure as the molar ratio
o oef-
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ppendix A. Calculation methodology for reduced
late height and reduced velocity

Determination of column efficiency for silica gel chromat
aphy requires values for parameters which cannot be re
etermined experimentally, including the diffusivity of the tra

n the mobile phase and the column void fraction.
As described previously[13], diffusion coefficients for th

racer solutions, methyl ethyl ketone (MEK) and toluene in
ernary mobile phase consisting of ethyl acetate, methano
ater were estimated using the Wilke–Chang equation[49–51]
s described in Eq.(5).

AB = 7.4 × 10−8(ψBMB)
0.5T

µV 0.6
A

(5)

n whichψB is an association parameter for the solvent B,MB the
olar weight for solvent B,T the absolute temperature in Kelv
the viscosity of the solution in centipoise,VA the molar volume

f the solute A in cm3 g mol−1 as liquid at its normal boilin
oint. Application of literature data[49,52] to Eq. (5) yields
iffusion coefficients of 3.17× 10−5 and 3.40× 10−5 cm2 s−1

or toluene and MEK, respectively, in the ternary mobile ph
olution.
y

d

f d3-TFE/D2O was varied. If one uses the mean diffusion c
cient (representing a mixture of conformations) and corr
hese data for hGH (9–19) for viscosity to that of an aq
us system, the average diffusion coefficient for hGH (9

s 0.76× 10−6 cm2 s−1 or essentially the same as that repo
or complex organic systems in water of 1× 10−6 cm2 s−1 [27].
ne approach would therefore be to take an average of th

usion coefficient for hGH and that for complex organic syst
quivalent to 0.9× 10−6 cm2 s−1 to represent the diffusion coe
cient for pneumocandin Bo in an aqueous system. Howev
neumocandin Bo is actually present in a ternary solvent s

em of EtOAc/MeOH/H2O so a correction for viscosity mu
e employed. Note that the viscosities for solvent mixt
mployed during the experiments described in this manus
re essentially constant at 0.47× 10−3 Pa s (estimated ran

rom 0.49× 10−3 Pa s (87/9/7) to 0.45× 10−3 Pa s (87/9/1))
nce a correction for viscosity is made to the estimated v
f 0.9× 10−6 cm2 s−1 for pneumocandin Bo in the aqueous sy

em, a reasonable estimate forDBo in the experimental solve
ystem is determined to be 1.9× 10−6 cm2 s−1.
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