
Journal of Pharmaceutical and Biomedical Analysis 48 (2008) 158–170

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journa l homepage: www.e lsev ier .com/ locate / jpba

New practical algorithm for modelling analyte recovery in bioanalytical
reversed phase and mixed-mode solid phase extraction

G. Hendriksa,∗, D.R.A. Ugesb, J.P. Frankec

a PRA International, Early Development Services, P.O. Box 200, 9407AE Zuidlaren, The Netherlands
b Laboratory for Drug Analysis and Toxicology, Department of Pharmacy, Groningen University Hospital, P.O. Box 30.000,
9700 RB Groningen, The Netherlands
c Department of Pharmaceutical Analysis, University Centre of Pharmacy, P.O. Box 196, 9700 AD Groningen, The Netherlands

a r t i c l e i n f o

Article history:
Received 16 February 2008
Received in revised form 3 May 2008
Accepted 7 May 2008
Available online 17 May 2008

Keywords:
Solid phase extraction
Modelling
Recovery
OASIS HLB
OASIS MCX
Algorithm
Bioanalysis
Sample preparation
LC–MS

a b s t r a c t

Solid phase extraction (SPE) is a widely used method for sample cleanup and sample concentration in
bioanalytical sample preparation. A few methods to model the retention behaviour on SPE cartridges
have been described previously but they are either not applicable to ionised species or are not suitable
when using multiple wash and elution steps with solvents differing in volume, modifier concentration
and acidity. Furthermore, these models were not applied to mixed mode SPE sorbents.

In order to overcome these limitations a new SPE modelling algorithm was proposed. The retention
behaviour was determined directly on the SPE cartridge by connecting the cartridge online with an HPLC
system using a simple but suitable device that was developed and described.

The results from these online experiments were used to model the elution behaviour using a quadratic
retention function combined with an exponentially modified Gaussian peak shape model to predict
analyte recovery under different wash and elution conditions.

The validity of the proposed algorithm was tested using practical SPE experiments with an aqueous
test mixture as well as with spiked human plasma. Different sequential wash and elution steps were
performed using solvents differing in volume and composition.

The predicted band shape and recoveries in each collected step were in good agreement with the results

obtained from practical experiments.
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. Introduction

Solid phase extraction (SPE) is one of the most widely used
ethods for sample preparation prior to HPLC or LC–MS analysis in

he bioanalysis of small molecules [1,2]. A variety of column dimen-
ions and stationary phase sorbents have been developed and the
volution of SPE is still continuing [3]. Especially, flexibility and the
ase of miniaturising and automating the extraction process are the
easons that SPE still gaining popularity [4,5].

The theory of the extraction mechanisms and the use of the
ifferent SPE formats are well described in the literature [6,7].
The development of an SPE method is still mainly based on
xperimental trial-and-error procedures. However, some methods
ave been developed to characterise the SPE system and to model
he sample extraction process. An overview of these methods was
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ry useful for the description of the SPE behaviour of the analytes on the
an be used in structural and automated SPE method development.

© 2008 Elsevier B.V. All rights reserved.

ell discussed by Poole et al. [8]. The disadvantages of these meth-
ds are the need to calculate and to determine a reasonable amount
f system- and solute parameters as with the solvation parameter
odel [6,7]. The main disadvantage of the latter model is that it is

trictly applicable to neutral compounds or to ionisable compounds
n the neutral form [6]. Some methods involve the packing of HPLC
olumns with SPE sorbent to determine the retention characteris-
ics of the sorbent by means of an LC system [9–12]. However, the
vailability of such a large amount of sorbent and the time consum-
ng preparation of a column may be a problem. Also the effects of
he cartridge geometry, the frits, the dead volume and the packing
ensity of the cartridges were not taken into account [9]. None of
hese methods model the elution profile of the actually used SPE
artridge and symmetrical analyte bands are assumed by keeping

nly the theoretical plate number into account without a correction
or peak asymmetry. Neither the use of a combination of both acidic
nd basic wash and elution steps for ionisable compounds, nor the
se of such solvents in combination with mixed-mode sorbents was
reviously described using these methods.

http://www.sciencedirect.com/science/journal/07317085
mailto:HendriksGert@PRAintl.com
dx.doi.org/10.1016/j.jpba.2008.05.005
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Another approach in method development method proposed
y Waters (Milford, MA, USA) and was described by Cheng et al.
13]. This method involves the use of an aqueous solution contain-
ng the analytes, which was applied to a number of SPE cartridges
f the same kind. Subsequently, each cartridge was eluted with
fixed volume of an aqueous solvent with a different modifier

oncentration. The effluents were then analysed by a suitable
hromatographic method and the analyte responses were plotted
gainst the modifier concentration. From this plot, the maximum
odifier concentration for the wash steps could be derived as well

s the minimum modifier concentration needed for the elution of
he analytes. Although the performance of the actual SPE cartridge
as taken into account, this method is restricted to a fixed vol-
me and does not deal with multiple sequential wash steps causing
artial elution.

Also chemometrically methods have been successfully applied
o SPE [14,15] in which the analytical recovery was taken as the
esponse to be modelled. However, to describe a response surface as
function of the modifier concentration, the pH and volume, many
xperiments are needed. Then this method still lacks the possibility
f recovery prediction when acidic and basic solvents are used in
he same SPE procedure concerning ionisable analytes.

Since far most of the analytes in the bioanalysis of pharmaceu-
ical compounds contain ionisable groups and mixed mode SPE
orbents gain more and more popularity, the previously described
odels cannot be successfully applied to a bioanalytical SPE
ethod development.
To overcome these problems an algorithm was developed to

odel the recovery of a particular analyte, either neutral or ionis-
ble, under basic and acidic conditions on the actual SPE cartridge
o be used. The algorithm should be able to predict the recovery of
he analyte after the application of a solvent at a given composition
nd volume. The method should also be time saving by the possibil-
ty of automating and even be suitable if no structural information
f the analyte is available.

. Theory

Given an SPE cartridge based on syringe barrel format, the mod-
lling of the recovery of the analytes on a particular SPE cartridge
as divided into three stages:

Selecting a suitable sorbent and the determination of the elution
behaviour of the analytes on the chosen SPE sorbent by connect-
ing the cartridge on line with an HPLC system. A suitable adapter
had to be developed to connect the cartridge between a regular
autosampler and a detector (i.e. mass spectrometer). The peak
profile provided by this system should closely match the profile
of a manually eluted SPE cartridge.
Modelling of the retention behaviour of the cartridge when used
off line using either acidic or basic solvents, differing in modifier
concentration and in volume.
Modelling the elution profile of the analyte bands as they elute
from the cartridge (i.e. peak shape) and prediction of the offline
analyte recovery.

.1. Online cartridge connection

To develop a device for the connection of a syringe barrel shaped

PE cartridge, some requirements had to be met. The connections
hould be leak free and not result in a significant extra dead volume,
hich could disturb the shape of the analyte band. Also the adapter

hould be reusable and easily connected to the LC autosampler, the
etector as well as to the SPE cartridge.

A
o

X
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.2. Modelling of the retention behaviour

Although different approaches can be found in the literature
o relate the fraction of organic modifier to the retention time of
he compound, a widely used model to relate the logarithm of the
etention factor, log K′ to the modifier concentration by means of a
econd order polynomial, Eq. (1) [6,8–11,16].

og K ′ = aϕ2 + bϕ + c (1)

n this retention function, ϕ represents the volume fraction of the
sed modifier and a, b and c are the parameters to be calculated.
etention data, as obtained by the online experiments, can be easily
t by means of least squares regression. This equation was used as
he basis of the elution profile of the analytes.

Care must be taken, especially for polar compounds, that a
uadratic fit can result in an up going curve at higher modifier con-
entrations. In that case, the lowest possible log K′, i.e. at the valley
f the fitted parabola, should be used at each modifier concentra-
ion beyond that valley.

The elution volume can now be calculated directly at a given
olvent composition [6,9,12,16], which makes this method espe-
ially useful for trace enrichment of large sample volumes followed
irectly by the elution with a suitable solvent [16]. In bioanalyti-
al sample preparation, however, the application of the sample is
ften followed by one or more wash steps to remove possible inter-
erences and analytes may be wanted to be eluted separately by

ultiple elution steps. Each wash and elution step has its influence
n the migration of the analytes on the sorbent bed. Therefore, the
roposed procedure was treated as the elution of the analytes using
multiple step gradient.

The retention factor, K′, was related to the migration of the ana-
yte band on the sorbent bed by means of the band tracking model
17].

The position of the solute (band) in the cartridge is expressed as
relative distance between the top of the sorbent and the spout of

he cartridge, X. If 0 < X < 1 the top of the solute band resides in the
artridge. With X > 1, the top of the solute band is eluted from the
artridge.

Per unit of volume the displacement on the sorbent bed is given
y the relative velocity, vr.

A value for vr of 0.50 means that per mL of solvent, the solute is
isplaced over a distance of 50% of the total sorbent bed length.

The relative speed of an unretained compound, vr0, can be
xpressed as:

r0 = 1
Vm

(2)

n which Vm is the volume of the mobile phase in the sorbent bed
nd is also referred as the cartridge hold up volume. Vm can be
erived from the top of the solute band from online chromato-
raphic experiments by measuring the dead time, t0:

m = t0F (3)

n which F is the flow rate of the LC system.
The retention factor as calculated by Eq. (1) at a given solvent

omposition can now be related to the relative velocity of the ana-
yte, vr, by:

r = vr0
′ (4)
(K + 1)

nd the relative migration distance, X, during the particular wash
r elution step with a volume, V, is now:

= vrV (5)
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ig. 1. Example of an EMG peak with measurements for calculating � and �G as
xplained in the text.

Combination of Eqs. (2–5) results to

= V

Vm

1
K ′ + 1

(6)

iven the chromatographic behaviour (K′) of the analyte at a given
odifier concentration, for each wash or elution step (j = 1, . . ., k),

j can now be calculated. The summation of each step results in the
otal migration distance, Xm, indicating the relative position of the
nalyte band on the sorbent bed.

m =
k∑

j=1

Xj =
k∑

j=1

Vj

Vm

1
K ′

j
+ 1

(7)

As soon as Xm ≥ 1, the top of the band is eluted. When no
etention on the particular column was obtained at any modifier
oncentration, the retention factor can be assumed as 0. At very
trong retention, the retention factor can be assumed to be infinitely
igh.

Since each wash and elution step in SPE involves the applica-
ion of a certain volume which is completely pushed through the
orbent bed, the mixing with a previously applied solvent is not
xcluded but reduced to a minimum. Therefore, each application
f solvent can be interpreted as a discrete step. Hence, even acidic
nd basic solvents, differing in modifier content as well, can be used
lternately, provided that a retention function according to Eq. (1)
s established for a basic composition as well as for an acidic com-
osition and the conforming function is to be used for each type of
olution, either acidic or basic, to be applied onto the SPE column.

.3. Modelling the elution profile

Analyte bands in SPE may elute as a more or less tailing peak.
A general accepted and used model to describe a non-symmetric

eak is the Exponentially Modified Gaussian (EMG) peak [18,19–21]
hich can be interpreted as the combination of a Gaussian peak and

n exponential decay.
The EMG peak can be notated in some different forms. We used

he one given by Foley and Dorsey [20], Eq. (8), as it turned out to
e the most stable in calculations when used in the reversed way
s will be discussed later. Fig. 1 shows an example of an EMG peak
s generated by using Eq. (8).

(t) = A�G

�
√

2
exp

[(
�G

�

)2 1
2

− (t − tG)
�

]∫ Z

−∞
exp[−x2] dx (8)
here

=
[
(t − tG)/�G − �G/�

]
√

2

w

Z
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n these equations, the height of the peak is calculated at time, t,
is the peak amplitude of the Gaussian component, � is the expo-
ential modifier, tG and �G are the retention time and the standard
eviation of the Gaussian part of the peak, respectively, and x is a
ummy variable for integration.

Estimated values of �G and � can be obtained from measure-
ents from the chromatographic online experiments according to

he Equations for Calculating Chromatographic Figures of Merit for
deal and Skewed Peaks [20]. The obtained chromatogram resem-
les the one as depicted in Fig. 1. In this figure, A and B are measured
t 0.1 times the total peak height.

The calculated values for � and �G have to be transformed from
time domain in the chromatogram, to a relative position domain
n the SPE cartridge.

As soon as the top of the band elutes from the column, the total
ravelled relative distance is 1. Therefore, the retention time, tR,
orresponds to 100% of the relative migration distance of the top of
he peak. The origin of the chromatogram corresponds to a relative
ravelled distance of 0.

The proposed equations are transformed to the relative distance
omain, X, by division by tR, resulting in Eqs. (9–11). For conve-
ience, the relative distances can be expressed as a percentage of
he total distance. These equations should then be multiplied with
00%.

¯ 2 = W2
0.1

1.764(B/A)2 − 11.15(B/A) + 28
(9)

G = W0.1

3.27(B/A) + 1.2
100%

tR
(10)

=
√

M̄2 − �2
G

100%
tR

(11)

here M2 is called the second statistical moment, (i.e. the variance)
nd W corresponds to the sum of A and B.

Eq. (8) is written in the form with the tail on the right hand
ide towards higher values of retention time (Fig. 1). However, on a
elative position scale the peak tail is on the left hand side towards
ower migration distances. Also, the position of the Gaussian part of
he band has to be calculated in order to position the maximum of
he band on the right place. Therefore, Eq. (8) was slightly adapted
o use it in the reversed order. Retention time, t, was replaced with
, the fractional migration distance on the sorbent bed and tG was
eplaced with XG, the total migrated distance of the maximum of
he Gaussian part of the EMG peak.

Due to the nature of the EMG model, the top of the peak, Xm,
hifts towards higher retention times with respect to the Gaussian
omponent, depending on the values for � and �. The equation to
alculate the position of the maximum of the Gaussian component
as proposed by Björn et al. [21]. This equation was also adapted

o use it in the reversed order resulting in Eq. (12):

G = Xm +
(

0.72 + 0.46 ln
(

�

�G

))
(12)

The numerical constants were directly taken from ref. [21].
The final function to describe the eluted peak is can now be

epresented as Eq. (13):

(X) = A�G

�
√

2
exp

[(
�G

�

)2 1
2

− (XG − X)
�

]∫ Z

exp[−x2] dx (13)
ith

= [(XG − X)/�G − �G/�]√
2
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lyst 1.4.2, were from MDSSciex (MDSSciex, Ontario, Canada). The
MS was optimised in positive MRM mode for all four analytes
resulting in the most important operational parameters as outlined
below and in Table 2.

Table 1
LC gradient profile as used in the analytical LC–MS mode
G. Hendriks et al. / Journal of Pharmaceuti

The area, A, of the portion of the band eluted from the column
an be represented as the integral of Eq. (13) from X = 1 to infinity:

eluted =
∫ ∞

1

f (X) dX (14)

The total area of the peak can be obtained by integrating from
∞ to ∞ and the recovery, R, expressed as fraction of the eluted
ortion of the band is now:

= 100Aeluted

Atotal(%)
(15)

.4. Use of the SPE model

By using the SPE cartridge connector, the cartridge to be tested
s connected to an LC system where it acts as the column.

Although it is not common in SPE to run a linear gradient, an ini-
ial scouting gradient, as is common in HPLC method development
22], can provide a lot of information about retention behaviour and
electivity. Based on a scouting gradient, a choice for the sorbent
ype can be made by scanning different types of stationary phases.

Once a suitable sorbent was chosen, the elution behaviour of the
nalytes under isocratic conditions can be determined.

With the cartridge connected to the LC system, different iso-
ratic chromatograms should be recorded at different modifier
oncentrations. For each type of mobile phase (acidic or basic) the
btained retention times will be related to the modifier concentra-
ion by Eq. (1). Also, from the isocratic chromatograms, information
bout the peak shape can be obtained and by performing a few
easurements as described in Section 2.3, this peak shape can be

pproximated. It was assumed that the peak shape parameters can
e kept constant, regardless of the used solvent. Variations in these
arameters may result in a discrepancy between the predicted
hape of the eluted band and the real shape resulting in a variable
ecovery prediction. However, SPE cartridges were not expected
o perform as analytical columns and therefore some variation in
ecovery was considered acceptable.

The SPE model can now be used as a simulator for the real sys-
em.

The strategy to use this model is to start with the sample appli-
ation and to find the conditions that favour retention. Care must
e taken that the highest possible retention conditions should be
ained in the sample application step, since the sorbent has to com-
ete with a lot of endogenous matrix components such as proteins
nd fatty acids in plasma samples. To eliminate most of the plasma
roteins and salts, the first wash step consists of a solvent without
rganic modifier. When only one analyte is involved or multiple
nalytes that should be eluted in the same fraction, a suitable wash
olvent can be searched for, with the highest possible concentra-
ion of organic modifier that does not elute the analyte. Finally, the
lution solvent can be determined using the lowest possible mod-
fier concentration that completely elutes the analyte and leaving
trongly retained matter on the sorbent. All wash elution steps may
ary in volume acidity and modifier concentration.

When the aim is to elute the analytes separately, the choice of
olvent composition can be based on the elution sequence in the
couting chromatograms, starting with the earliest eluting analyte

nd finishing with the most retained analyte. The acidity of each
tep is based on the maximum selectivity between the analyte to
e eluted and the remainder of the analytes. The modifier content
nd elution volume will be chosen to elute the analyte of interest
nd leave the other analytes on the sorbent.

T

0
3
3
5
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. Experimental

.1. Materials

Acetanilide, pseudoephedrine hydrochloride, metoprolol and
mitriptyline hydrochloride were purchased from Sigma (St.
ouis, MO, USA). A test solution was prepared at 1000 ng/ml
n water as well as in human EDTA plasma. This concentra-
ion was chosen at a high level to result in a sufficiently high
esponse, even for low recoveries, after diluting the SPE efflu-
nt. Ultra pure water was obtained by using a Milli-Q water
urification system (Millipore, Bedford, MA, USA). Methanol,
cetonitrile, HPLC grade, formic acid and Ammonia (25%),
nalytical grade, were obtained from Merck (Darmstadt, Ger-
any).
Solutions of 1% of formic acid in water were prepared by mix-

ng 10 ml of formic acid with 990 ml of water. In the same way,
% of formic acid in methanol, 1% of ammonia (25%) in water
nd 1% of ammonia (25%) in methanol were prepared. These sol-
ents were used either as mobile phase A and B, respectively,
n the online SPE chromatographic experiments. A solution of
.1% formic acid in water was used as mobile phase A in the
nalytical LC–MS mode. In this case acetonitrile was used as
obile phase B. Different solutions containing either 1% of formic

cid or 1% of ammonia, varying in methanol content, were used
or the manually performed SPE experiments to evaluate the

odel.
Oasis HLB and Oasis MCX solid phase extraction cartridges,

oth 1 ml and 30 mg sorbent, were purchased from Waters
Milford, MA, USA). EDTA plasma was provided by a healthy vol-
nteer.

.2. Equipment

A Shimadzu binary gradient LC system consisting of two
C10ADvp pumps, an SCL 10Avp controller and a column heater
TO10ACvp (Shimadzu, Kyoto, Japan) were used. A CTC PAL (CTC
nalytics, Basel, Switzerland) was used as the injector. For the
nline SPE chromatography, the mobile phase flow was set to
.00 ml/min and the mobile phase composition was mixed by the
radient system. After every mobile phase change, the system was
llowed to equilibrate for 2 min.

The analytical mode of the system was used for the analysis
f the obtained elution fractions from the practical experi-
ents.
In the analytical mode, a Waters XbridgeShield RP18 column,

0 mm × 2.1 mm, 3.5 �m (Waters, Milford, MA, USA) was used as
he analytical column which was maintained at 40 ◦C. The mobile
hase gradient table is represented in Table 1.

The detector was a Sciex API 4000 mass spectrometer and the
oftware to control the mass spectrometer and the LC system, Ana-
ime (min) Flow (ml/min) % A % B

.00 0.400 90 10

.00 0.400 40 60

.10 0.400 90 10

.00 0.400 90 10
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Table 2
Compound dependent MS parameters

Compound Q1 mass Q3 mass Dwell time (ms) DP (V) CE (V) CXP (V) EP (V)

A
P
A
M

S
T
I
G
G
C
R

a
2
M

3
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l
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c
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mitriptyline 278.2 117.2 100
seudoephedrine 166.0 148.2 100
cetanilide 135.9 94.2 100
etoprolol 268.1 116.1 100

ource Turbo ion spray
emperature 700 ◦C
on spray voltage 4500 V
S1 (nebuliser gas) 50
S2 (turbo gas) 50
ad gas 4
esolution Unit resolution for Q1 and Q3

All calculations concerning SPE modelling were performed on
Microsoft Windows based personal computer using MathCAD

001i Professional as calculation software (Mathsoft, Cambridge,
A, USA)

.2.1. SPE cartridge connector
The SPE cartridge connector consists of a stainless steel adapter

od with a 0.1 mm i.d. which is placed directly on the top frit of the
artridge.

The spout of the barrel was placed in a stainless steel col-
ection unit. 0-Rings seal the connections between the rod and
he frit and the connection between the spout and the collection
nit.

The rod and the collection unit were placed into a clamping
evice in which the clamp force can be adjusted by means of a nut
n the thread on the adapter rod, to result in a leak free connection
etween the top-frit and the collection unit Fig. 2.

Using a suitable dilution of the analytes, preferably in an aque-
us solution, injections can be made using different mobile phase
ompositions.

By using a gradient pump system, these injection sequences
an be programmed and can be ran automatically using the same
artridge.

.3. Experiments

To demonstrate the use of the above-mentioned theory and to
valuate its accuracy, extensive practical experiments were setup.
hese tests were designed to evaluate the model under a wide
ange of experimental conditions, using model compounds varying
ver a wide range in polarity. Since most analytes in the bioanal-
sis of drugs, exhibit basic characteristics, three basic analytes
ere selected as model compounds. Amitriptyline, metoprolol and
seudoephedrine, exhibit these basic characteristics with pKa val-
es of 9.8, 9.7 and 9.5, respectively, and cover a wide range in
olarity with log P values of 4.55, 1.49 and 1.31, respectively. The
ourth compound, acetanilide, behaves as a neutral compound in
he tested solvents and is moderately polar, log P = 1.37. Although
ifferent values of pKa and log P can be found in literature the
iven values were calculated as estimates by the software pro-
ram MarvinSketch (ChemAxon Kft, Budapest, Hungary) and were
uitable for the purpose of our work. In order to investigate the
redictability in a real sample matrix the test compounds were
piked at a 1000 ng/ml concentration level in water as well as

n human EDTA plasma. A reversed phase sorbent as well as a

ixed mode cation exchange sorbent were used to test the pro-
osed algorithm. Polymer based sorbents were used because of
heir stability over a wide pH range and the lack of free silanol
nteractions.

5
t
o
t

60 35 10 10
40 40 10 10
45 45 10 10
65 65 10 10

.3.1. Online SPE experiments
For the online SPE experiments, an SPE cartridge was connected

o the LC system by means of the SPE cartridge connector.
All experiments were performed with mobile phase composi-

ions of water (solvent A) and methanol (solvent B) each containing
ither 1% of formic acid for the acidic modelling or 1% of ammonia
25%) for the basic modelling.

Each cartridge was initially flushed with 100% of solvent B, and
ubsequently conditioned to pure aqueous conditions. A scouting
radient was run from 0% B to 100% B in 5 min.

Different percentages of modifier, varying from 0% to 100% in
teps of 10%, either acidic or basic were used on both types of
orbent. At each modifier combination, 5 �l of the aqueous test mix-
ure was injected and the chromatogram was recorded for 10 min
t a flow rate of 1.00 ml/min. The dead time (t0) was estimated, by
easuring the retention time for pseudoephedrine, the most polar

nalyte, at 100% of acidic modifier concentration on a HLB cartridge,
ince no suitable t0 marker for LC–MS experiments was available.
qual t0 values were assumed for both types of sorbents.

To evaluate the peak characteristics, for each compound, chro-
atograms were selected in which the complete band was eluted
ithin the duration of the chromatogram. Both �G and � were cal-

ulated as explained and were used in further calculations.

.3.2. Evaluation of peak profile
To compare the predicted elution profile with the profile of the

eak as eluted from manually performed SPE experiments, a pre-
onditioned OASIS HLB cartridge was loaded with 0.500 ml of the
queous test solution, mixed with 0.500 ml of a 1% formic acid solu-
ion. The cartridge was eluted 15 times with 0.500 ml of a solution
ontaining 30% of methanol and 1% of formic acid in water. Each
raction was collected, diluted with 2.50 ml of 0.1% formic acid and
nalysed directly on the LC–MS system in the analytical mode. The
eak areas of acetanilide as fraction of the total area of all fractions,
ere plotted against the elution volume and compared to the pre-
icted recoveries under corresponding simulated conditions, for
ach fraction.

.3.3. Recovery prediction
To demonstrate the use the proposed algorithm in SPE method

evelopment and to evaluate the model for accuracy, various exper-
ments were performed. Different combinations of wash and elute
teps were used, varying in volume, modifier concentration and
n acid or base content. Both SPE sorbents were used and each
xperiment was performed with the aqueous test mixture as well
s with the spiked plasma. To evaluate the effect of residue sol-
ent between the various wash and elute steps, the cartridges were
ushed between acid and a basic wash with 0.500 ml of a basic
olution without modifier. The same procedure was applied with
n acidic solution when changing from a basic to acidic solution.
hese fractions are referred to as transition fractions.
An aliquot of 500 �l of test sample was conditioned with either
00 �l of a 1% formic acid solution or with a 1% ammonia (25%) solu-
ion. The SPE cartridge was conditioned by the subsequent addition
f 1.00 ml of methanol followed by 1.00 ml of the same solution as
he sample was conditioned with. The sample was applied to the
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Fig. 2. Profile of the SPE cartridge connector

artridge and pushed through the column in approximately 1 min
y positive air pressure. The cartridges were washed and eluted
ith a variety of solvent compositions, as will be indicated in Sec-

ion 4. Each fraction was collected, except for the first wash step of
he plasma samples as it contained too much endogenous material
hich could lead to problems in the LC–MS system. All collected

ractions were diluted to a total volume of 4.00 ml with a 0.1% of
formic acid solution. Of this mixture, 5 �l was injected into the

C–MS system in the analytical mode.
For each fraction, the eluted part of the analyte band was

xpressed as the quotient of the peak area and the total peak area
f all fractions within the particular experiment.

. Results and discussion
.1. Results of the online SPE experiments

The results of the initial scouting gradient chromatograms are
epresented in Fig. 3.

a

m
m
s

d connector with SPE cartridge inserted (b).

From these figures, the differences in retention behaviour and
electivity are obvious.

The internal volume of the used LC system, the dwell volume,
17] was 0.35 ml and the dead time, t0, of the chromatogram was
.15 min at a total flow rate of 1.0 mL/min. The delay in the gradient
rofile with respect to X-axis in the chromatograms was 0.50 min.

All analytes could be trapped on both types of sorbent, which
s important in view of the isolation of the analytes from the sam-
le matrix. On the HLB column the retention is much higher in
basic solvent than in acidic environment since reversed phase

nteraction is the dominant retention mechanism. Although all
nalytes were eluted within the gradient time at both types of
olvent, elution is preferred in an acidic solvent. The scouting
radients also reveal the possibility of a separating the different

nalytes.

On the MCX sorbent, all basic analytes are trapped in acidic
obile phase, since ionic interactions are the dominant retention
echanism. These analytes can be elutes in a basic solvent but a

eparation of the three analytes will be impossible. As expected,



164 G. Hendriks et al. / Journal of Pharmaceutical and Biomedical Analysis 48 (2008) 158–170

Fig. 3. Scouting gradient chromatograms on different types of SPE sorbents using acidic or basic mobile phases. (a) HLB sorbent, acidic mobile phase. (b) HLB sorbent, basic
mobile phase. (c) MCX sorbent, acidic mobile phase. (d) MCX sorbent, basic mobile phase. Compounds 1: pseudoephedrine, 2: metoprolol, 3: acetanilide, 4: amitriptyline.
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he neutral analyte acetanilide can be separated from the basic
nalytes and a sorbent flush with 100% of modifier will be pos-
ible without loss of basic analytes. Based on this information,
decision can be made concerning the sorbent type to proceed
ith.

For each sorbent and mobile phase combination, a retention
unction was calculated from the isocratic experiments according
o Eq. (1). These results are graphically presented in Fig. 4a–h.

Only chromatograms in which the retention time was within the
uration of the chromatogram were used for the determination of
he retention models. The dead time, t0, was found to be 0.15 min.
he retention of amitriptyline, metoprolol and pseudoephedrine on
he MCX column at acidic mobile phase, was treated as infinitely
igh and hence no curve was calculated.

Fig. 4 shows that the quadratic model fits the experimen-
ally obtained points very well. The differences in retention
ehaviour under acidic and basic conditions are clearly visi-
le. For pseudoephedrine on the HLB column, retention was
ery poor, even at low modifier concentrations. None of
he analytes showed increased retention at higher modifier
oncentrations.

.2. Evaluation of the peak profile

From the results of the online SPE chromatographic experiments
t was seen that the peaks do not appear as symmetrical bands.

oreover, smooth EMG peaks were not always obtained as shown
n Fig. 5, where a representative online chromatogram is shown of
he aqueous test mixture on an HLB cartridge eluted with an acidic

obile phase containing 40% of modifier. Due to some irregular-
ty, it can be difficult to determine the points A and B as depicted
n Fig. 1. Narrow peaks at high modifier concentrations may also
esult in larger measurement errors. Therefore, errors in the deter-
ination of tR, A and B can be expected resulting in varying values

f �G and � when determined at different modifier concentrations
s shown in Table 3.

However, an SPE cartridge cannot be expected to be as repro-
ucible and to produce the same peak shapes as an analytical HPLC
olumn does. Therefore, for �G and � overall mean values of 30
nd 50, respectively, were taken as estimates for the parameters
o describe the shape of all analyte bands at any modifier composi-
ion by assuming that band broadening is only affected by diffusion
nd the exponential decay is only due to extra column effects [23].
he impact of the high variation in the value of � is relatively low.
lthough not demonstrated here, a difference in this value of 10 will
esult in a difference of less than 5% in recovery prediction, which
e considered to be acceptable for a sample preparation procedure.

The flow dependency of the band broadening [8,10] will be kept
airly constant by keeping all flow rates as constant as possible at

ml/min during manual elution.

Using the calculated retention functions and the overall mean
arameters for �G and �, the recoveries were predicted for the
ractional elution of the test mixture.

able 3
ean results of the calculated band shape parameters expressed as percentages

ompound HLB MCX

Acidic Basic Acidic Basic

�G � �G � �G � �G �

cetanilide 33 27 27 27 30 37 29 39
mitriptyline 31 45 37 51 28 86
etoprolol 30 50 31 50 28 76

seudoephedrine 33 32 33 31 27 44
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To demonstrate the use of the proposed model, Fig. 6 shows the
alculated band profile, according to Eq. (13), for acetanilide after
lution with 4 ml (8 fractions of 0.5 ml) of an acidic solution con-
aining 30% of modifier. The X-axis presents the relative migration
istance, X (%). The origin of this graph represents the top of the
orbent bed and the mark at X = 100% represents the outlet of the
olumn. The amplitude of the band is arbitrary. The recovery curve
s given according to Eqs. (14) and (15).

Xm was calculated by Eq. (7) to be 186%. Using this value, XG was
alculated to be 214% according to Eq. (12). Since the total migrated
elative distance, Xm, exceeds 100%, the top of the acetanilide band
as left the cartridge. By calculating a virtual band shape beyond
he elution point, the remainder of the band profile on the column
an be calculated. The graph of the recovery curve represents the
ortion of the band that has been eluted (X > 100%) and the portion
till residing on the column (X < 100%).

After application of 4 ml of elution solvent, the recovery was
alculated to be 89%.

This was in good accordance with the practical experiments in
hich the eluted fraction was experimentally determined to be

7%, after eluting with the same volume of solvent.
The predicted results for acetanilide, for each fraction, were

ompared to the experimental results and presented in Fig. 7a and
. The maximum standard deviation in the triplicate recovery mea-
urements was 0.6%.

Fig. 7a and b show that for acetanilide the elution profile of the
nalyte band as measured in the different fractions is in good agree-
ent with the predicted values and that the EMG model can be used

n SPE prediction as a good approximation for the description of the
rofile of the analyte band. It must be noted that SPE cartridges may
ary in their performance, since they are not intended to be used
s and behave as an analytical column.

Although not demonstrated here, different injection volumes or
ifferent analyte concentrations resulted in equal band shapes.

Similar experiments with the other compounds revealed that
seudoephedrine was eluted almost completely in the first frac-
ion and metoprolol after the second fraction. Amitriptyline,
owever, was eluted in total for less than 10%. These results
ere also in good agreement with to the calculated, predicted

esults.

.3. SPE recovery prediction

The predicted values, as well as the mean results of the dupli-
ate measurements of the manually performed SPE experiments
re presented in Tables 4–7.

The different experiments are outlined and discussed below.
Although extensive fractionating of the SPE effluent is not very

eaningful in real SPE work, it was only used to evaluate the analyte
ecovery (or break through) to test the proposed model.

Experiments 1 and 2 were performed with the reversed phase
orbent OASIS HLB and the experiments 3 and 4 with the OASIS
CX cartridges.

.3.1. HLB experiments
The sample was applied to the cartridge in a basic solution for

aximal retention of all analytes.
The scouting gradients in Fig. 3a and b, show clear differences

n selectivity for the analytes.
When amitriptyline would be the only analyte of interest and
hen the goal would be to isolate this most non-polar analyte
rom the sample with minor interference of the other com-
ounds, a matrix cleanup could be performed by washing the
orbent with 1 mL of a basic solution containing modifier to

maximum of 70%. Using the model, it was determined that
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Fig. 4. Retention functions of the model compounds on two types of SPE sorbent. Solid lines and ©s represent the calculated curve and the individual results of the basic
solution, respectively, and the dashed line and the boxes represent the calculated curve and the individually measured points of the acidic solutions. (a) Acetanilide on HLB
column. (b) Acetanilide on MCX column. (c) Amitriptyline on HLB column. (d) Amitriptyline on MCX column. (e) Metoprolol on HLB column. (f) Metoprolol on MCX column.
(g) Pseudoephedrine on HLB column. (h) Pseudoephedrine on MCX column.
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Fig. 5. Representative online SPE chromatograms of an OASIS HLB cart

Fig. 6. Predicted band profile (solid line) and the recovery curve (dotted line) of
acetanilide as a function of the fractional migration distance on the SPE cartridge
after 4.0 ml of elution solvent. The vertical line indicates the point of outlet of the
column.
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f
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m
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c

Fig. 7. Recoveries (a) and cumulative recoveries (b) for the fractional elutio
ridge eluted with an acidic mobile phase composition of 40% B.

mitriptyline could now be selectively eluted in only 0.5 mL of
n acidic solution containing 70% of modifier. The complete pro-
edure (experiment 1) was tested in practice and the results
re presented in Table 4. By this approach it is shown that,
s expected, amitriptyline could be eluted completely (>95%) in
raction d. However, due to incomplete elution of metoprolol in
raction b, the remainder of metoprolol also appeared in fraction
. Hence, both substances were not separated completely. The
ransition fraction, c, did not contain a significant amount of ana-
yte.

Furthermore, Table 4 shows that for metoprolol a significant
atrix effect was observed as can be seen from the differences in

he recovery values between the aqueous sample and the plasma

ample.

To demonstrate the elution of the analytes individually in dif-
erent fractions, initially all analytes should be retained on the
olumn and therefore, the sample should be applied to the sor-

n of acetanilide with an acidic solution containing 30% of modifier.
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Table 4
Experiment 1: predicted and experimentally obtained recoveries with the OASIS HLB SPE cartridge

Elution sequence Recovery (%)

Step # Volume (ml) ϕ (%) Acid/base Acetanilide Amitriptyline Metoprolol Pseudoephedrine

Pred. Exp. aq. Exp. pl. Pred. Exp. aq. Exp. pl. Pred. Exp. aq. Exp. pl. Pred. Exp. aq. Exp. pl.

* 1.0 0 B 0.2 0.1 0.1 0.2
a 1.0 0 B 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.1
b 1.0 70 B 98.9 99.3 98.1 0.1 0.1 3.6 81.2 79.4 69.8 99.4 93.6 91.0
c 0.50 0 A 0.0 0.1 0.3 0.0 0.0 0.2 0.3 2.3 3.1 0.2 0.5 1.3
d 0.50 70 A 0.9 0.5 1.6 97.8 99.8 96.2 18.2 18.2 27.2 0.3 5.8 7.7

* Application of the sample.

Table 5
Experiment 2: predicted and experimentally obtained recoveries with the OASIS HLB SPE cartridge

Elution sequence Recovery (%)

Step # Volume (ml) ϕ (%) Acid/base Acetanilide Amitriptyline Metoprolol Pseudoephedrine

Pred. Exp. aq. Exp. pl. Pred. Exp. aq. Exp. pl. Pred. Exp. aq. Exp. pl. Pred. Exp. aq. Exp. pl.

* 1 0 B 0.2 0.1 0.1 0.2
a 1 0 B 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0
b 0.5 0 A 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 1.7 4.4 4.2
c 1 10 A 0.3 0.0 0.1 0.0 0.0 0.6 0.3 0.0 0.5 94.6 82.2 66.6
d 0.5 0 B 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 1.3
e 2 50 B 97.8 98.9 89.0 0.0 0.0 0.3 4.9 4.1 3.4 3.5 10.0 17.9
f 0.5 0 A 0.1 0.1 0.5 0.0 0.0 0.0 0.2 0.2 0.2 0.0 0.2 1.1
g .0
h .9
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*
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*
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1 40 A 1.4 0.5 4.1 1
1 70 A 0.3 0.3 6.3 98

* Application of the sample.

ent as a basic solution. The scouting gradient in Fig. 3a shows
aximum selectivity between pseudoephedrine and the other ana-

ytes in an acidic solution. A low modifier content of 10% was

ufficient to elute pseudoephedrine while retaining the other ana-
ytes on the sorbent. The second analyte to be eluted should
e acetanilide. Since pseudoephedrine was already removed, the
aximum selectivity was expected to be obtained under basic con-

b
t
r
i

able 6
xperiment 3: predicted and experimentally obtained recoveries with the OASIS MCX SPE

lution sequence Recovery (%)

tep # Volume (ml) ϕ (%) Acid/base Acetanilide Amitript

Pred. Exp. aq. Exp. pl. Pred.

1.0 0 A 0.2 0.1
1.0 0 A 0.1 0.1 0.0
1.0 10 A 0.5 0.1 0.1 0.0
1.0 100 A 99.2 97.7 97.7 0.0
0.50 0 B 0.0 0.2 0.3 0.0
1.0 60 B 0.0 1.8 1.8 0.1
1.0 100 B 0.0 0.2 0.2 99.8

* Application of the sample.

able 7
xperiment 4: predicted and experimentally obtained recoveries with the OASIS MCX SPE

lution sequence Recovery (%)

tep # Volume (ml) ϕ (%) Acid/base Acetanilide Amitript

Pred. Exp. aq. Exp. pl. Pred.

1.0 0 B 0.2 0.1
1.0 0 B 0.0 0.2 0.0
1.0 60 B 98.9 96.8 97.6 0.1
1.0 0 A 0.1 0.3 0.3 0.0
1.0 100 A 0.8 2.5 1.9 0.0
0.50 0 B 0.0 0.1 0.0 0.0
1.0 100 B 0.0 0.2 0.2 99.8

* Application of the sample.
0.7 16.1 94.3 89.9 75.7 0.0 2.0 7.9
99.1 82.5 0.3 5.6 20.2 0.0 0.5 1.0

itions (Fig. 3b). Metoprolol and amitriptyline should be separately
luted by switching back to acidic conditions where maximum
electivity for these two analytes was observed. A separation

etween these analytes was found to be accomplished by elu-
ion with two acidic solvents, differing in modifier content. The
esults of the practical experiments (experiment 2) are presented
n Table 5.

cartridge

yline Metoprolol Pseudoephedrine

Exp. aq. Exp. pl. Pred. Exp. aq. Exp. pl. Pred. Exp. aq. Exp. pl.

0.1 0.1
0.1 0.0 0.0 0.0 0.1
0.0 0.2 1.0 0.0 0.0 0.0 0.0 0.2
0.1 0.7 0.0 0.0 0.6 0.0 0.0 0.5
0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2
0.0 0.1 0.0 0.8 1.6 1.5 1.4 2.7

99.7 99.0 98.2 99.1 97.6 94.5 98.4 96.3

cartridge

yline Metoprolol Pseudoephedrine

Exp. aq. Exp. pl. Pred. Exp. aq. Exp. pl. Pred. Exp. aq. Exp. pl.

0.1 0.1
0.3 0.0 0.1 0.0 0.1
0.2 10.1 1.0 2.5 11.3 1.5 4.1 16.0
0.0 0.6 0.0 0.1 0.6 0.0 0.5 1.3
0.0 0.3 0.0 0.1 0.2 0.0 0.2 0.3
0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0

99.4 89.1 98.2 97.1 87.8 94.5 95.1 82.3
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In this experiment, the use of different volumes, different
odifier concentrations and a double change in acidity was demon-

trated. Although, it is not a common choice in practice, this
rocedure was used as a stress test to investigate the predictabil-

ty of the proposed algorithm. The analytes eluted in the expected
ractions: pseudoephedrine in fraction c, acetanilide in fraction e,

etoprolol in fraction g and finally, amitriptyline in fraction h.
oreover, a good similarity between the predicted results and the

esults from the aqueous sample were found in all cases. It must be
oted, however, that matrix effects were observed. Amitriptyline
eemed to elute earlier and metoprolol and pseudoephedrine were
ore retained. The transition fractions b, d and f did not contain a

ignificant amount of analyte.

.3.2. MCX experiments
The following experiments were performed on the mixed mode

ationic exchange sorbent MCX. A mixed mode sorbent can be
sed as an ion exchange sorbent to separate the basic analytes
rom neutral and acidic matrix components. For this purpose the
ample is applied in an acidic solution enabling the analytes to
onize and interact with the cationic exchange groups of the sor-
ent. Since neutral analytes and non-polar acids are also expected
o be retained on the hydrophobic backbone of the sorbent, a wash
tep with high modifier content will elute these compounds. From
ig. 3c, it can be seen that in the scouting gradient acetanilide was
etained in some extent and that the basic analytes were not eluted
t all, even at high modifier concentrations. To prevent the possible
recipitation of retained proteins, an acidic wash with low organic
odifier content can be used to remove these proteins without

oss of recovery (Table 6, fraction b). A flush with a 100% organic
olution should remove all retained neutrals and acids (fraction
). Finally, the basic analytes will be removed simultaneously in
basic solution. Since the analytes are very non-polar in a basic

olution, 100% of organic solvent was needed for a complete elu-
ion as also shown in Fig. 3d. These chromatograms also reveal
he lack of selectivity between the basic analytes and hence it will
ot be possible to achieve a separation between any of these ana-

ytes.
The experimental results of this approach (experiment 3) are

resented in Table 6. All predicted values are in good accor-
ance with the experimentally obtained values. The neutral analyte
cetanilide eluted in fraction c. All the other basic analytes were
ound in fraction f. The transition fraction, d, did not contain any of
he analytes. No matrix effects were observed.

Both retention mechanisms of the mixed mode sorbent can also
e used in an alternate way. Then the sample should be applied
nder basic conditions so that the reversed phase mechanism
n the MCX cartridge dominates. Fig. 3d shows the possibility of
etaining the analytes. A cleanup step in order to elute matrix
omponents with a relatively high concentration of modifier with-
ut loss of basic analyte can be performed. A basics solution
ith a modifier concentration up to 60% will elute acetanilide

ompletely as well as very polar matrix compounds, polar neu-
rals and acids without eluting the basic analytes. Switching to
cidic conditions will result in charged analytes which caused
onic interaction. Now a flush with 100% of an organic solvent

ill remove strongly retained neutral and acidic compounds. All
asic analytes could now be eluted in a 100% basic modifier solu-
ion.

The results of these experiments (experiment 4) as presented

n Table 5, indicate that there is a good accordance between data
ound compared to the predicted recoveries. Acetanilide, being

moderately polar compound, was eluted as expected in frac-
ion b. All other analytes being basic analytes were eluted in
raction f.
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However, serious matrix effects were observed for all basic ana-
ytes in step b. From the analytes spiked to plasma 10–16% eluted
n the fraction b compared to 0–4% for the aqueous solution.

.3.3. General discussion
Despite the variations in the values for �G and � (Table 3),

he mean values for these parameters were suitable estimates for
he purpose of the model. The predicted recoveries were in good
ccordance with the experimentally obtained results for all ana-
ytes.

The results also show a negligible recovery in the transition frac-
ions, confirming that the various wash and elution steps could be
onsidered as discrete steps without mixing up with any residual
olvent from previously applied solvents. Transition fractions were
nly used to confirm this hypothesis and unnecessary in further
ork.

As shown by the results, the elution behaviour of the analytes
ay be affected by the plasma matrix. The effect of the sample
atrix is unpredictable and can either result in earlier elution or in
delay in elution. For the investigation of the proposed algorithm,

he modifier concentrations and elution volumes were chosen in
very narrow range. A maximal modifier content was chosen to
ash the cartridge without eluting the analytes and a minimum of
odifier content was used for the elution of the analytes. In daily

ractice, however, a reasonable margin of 5–10% of modifier can
e incorporated to assure analyte retention or elution. The matrix
ffect will then be less pronounced.

It is always recommended to test a theoretically predicted SPE
rocedure with a real sample matrix in the final stage of method
evelopment.

From the above-mentioned experiments it can be stated that
lthough cationic exchange interactions are very specific and
elective in separating basic analytes from neutral and acidic com-
ounds, a much higher and amendable selectivity could be obtained
n the reversed phase sorbent to separate the basic analytes mutu-
lly.

These potential characteristics were easily unveiled by the
nline gradient experiments and would be hard to discover by the
onventional manual SPE development procedures.

. Conclusions

A new model to predict recovery in solid phase extraction was
eveloped.

By using an SPE cartridge connector online with conventional
C–MS equipment, the retention properties of the analytes on the
ctually used SPE cartridge could be determined easily. By using a
couting gradient on the SPE cartridge, the elution characteristics
nd selectivity of the analytes on a particular SPE cartridge could
e visualised. The use of the proposed design of the adapter leads
o chromatograms with analyte band profiles corresponding to the
and profiles as found in manual fractional elution.

The quadratic retention function combined with the EMG peak
odel were used to describe the elution profile of the analytes

esulted in good estimates for the real elution profile. Due to the
odular character of the model also other retention functions and

eak shape models can be easily incorporated.
The results of the proposed model were in good agreement

ith the results of the practical experiments although care has

o be taken for possible matrix effects affecting analyte reten-
ion. The model was able to predict the behaviour of the analytes
sing multiple wash and elute steps, varying in volume, modi-
er concentration and acidity on both reversed phase sorbents
s well as on mixed-mode sorbents. Since the proposed method
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akes only one SPE cartridge to model the extraction behaviour
or each type of sorbent, it is also cost effective and the on line
xperiments can be easily automated using generally available LC
quipment.

The proposed algorithm is suitable for modelling the SPE
ehaviour of the analytes and can be used for the structural method
evelopment of solid phase extractions.
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