
Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology   599

_____________________________ _____________________________

Development of Techniques and
Methods for Drug Analysis by

Packed Capillary Liquid Chromatography
with Octadecylbonded Silica and 
Porous Graphitic Carbon Columns

BY

PERNILLA KOIVISTO

ACTA UNIVERSITATIS UPSALIENSIS
UPPSALA 2001



Dissertation for the Degree of Doctor of Philosophy in Analytical Chemistry presented
at Uppsala University in 2001

Abstract

Koivisto, P. 2001. Development of Techniques and Methods for Drug Analysis by
Packed Capillary Liquid Chromatography with Octadecylbonded Silica and Porous
Graphitic Carbon Columns. Acta Universitatis Upsaliensis. Comprehensive Summaries
of Uppsala Dissertations from the Faculty of Science and Technology 599. 45 pp.
Uppsala. ISBN 91-554-4920-4.

Packed capillary liquid chromatography in combination with ultraviolet and mass
spectrometric (MS) detection was explored as an analytical tool for drug analysis. The
focus was put on column and sample preparation techniques as well as on fundamental
aspects and development of chromatographic separations. Both octadecylbonded (C18)
silica and porous graphitic carbon (PGC) was used as stationary phases.

Supercritical carbon dioxide was used as the packing carrier to pack silica based
C18 particles in 0.2 mm internal diameter fused silica capillaries. A factorial design was
used to examine the influence of selected factors on packing performance. The model
obtained indicated that the best packing conditions would include the use of a pressure
ramp, a high final pressure and a long restrictor.

The retention behaviour of sulphated heparin and chondroitin disaccharides of
different charge levels was studied on PGC capillary columns. It was found that the
retention was strongly dependent on the choice of buffer and number of sulphate groups
on the disaccharides. An increase in retention was observed when the temperature or the
concentration of the organic modifier was increased.

A packed capillary PGC column was also used to separate the polar drug L-DOPA
and four of its metabolites in plasma. The mobile phase contained no ion-pairing agents
and relatively high concentrations of organic modifier, which makes it suitable for e.g.
MS detection.

A method was developed to determine the free concentration of the drug
tolterodine at pM-nM levels in microliter plasma volumes. Ultrafiltration was used as
the sample preparation method. For the analyses, packed capillary C18 columns in a
column-switching system coupled to MS detection was used.

Finally, the two sample preparation methods ultrafiltration and microdialysis were
compared with regard to the determination of the free concentration of ropivacaine in
plasma. Both methods gave a free fraction of 6 %.
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Abbreviations and symbols

AGP α1-acid glycoprotein
ESI electrospray ionisation
i.d. internal diameter
ISMN isosorbide-5-mononitrate
LC liquid chromatography
LSD least significant difference
MS mass spectrometry
o.d. outer diameter
ODS octadecylsilane
PGC porous graphitic carbon
RR relative recovery
SFC supercritical fluid chromatography
TFA trifluoroacetic acid
THF tetrahydrofuran
UV ultraviolet

dcap internal diameter of capillary tubing
dp particle diameter
DM diffusion coefficient in the mobile phase
F volumetric flow rate
∆H° standard molar enthalpy
h reduced plate height
hmin minimum reduced plate height
k� retention factor
L column length
N number of theoretical plates
∆S° standard molar entropy
tR retention time
u linear flow velocity
wh peak width at half height
θ2 fraction of peak broadening
Ø phase ratio
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1. Introduction

Liquid chromatography (LC) is a separation technique used in many different areas to
aid the identification and quantification of substances in various matrices. The most
important part of the liquid chromatographic system is the column, which represents the
heart of the separation system. The column can consist of many different kinds of
stationary phases of which octadecyl bonded silica (ODS) (often referred to as C18) is
the most frequently used stationary phase in reversed-phase chromatography. A proper
choice of stationary and mobile phase is essential to reach a desired separation. In
addition, high column packing efficiency will increase the resolution. The packing
process requires skill and practice and is generally considered an art more than science
and there is simply no recommended best procedure. Many factors of the packing
process influence the column performance and in Paper I some of these were
investigated when supercritical carbon dioxide was used as the packing carrier to
prepare silica based C18 capillary columns.

Porous graphitic carbon (PGC) is a hydrophobic stationary phase used in LC. The
material was developed by Knox and co-workers1,2 as an alternative to the commonly
used silica based C18 phase. The disadvantages found with silica based stationary phases
include the limited stability at acidic and alkaline conditions, as well as the presence of
underivatised silanol groups that may lead to secondary interactions. PGC has proven to
be useful as a stationary phase in LC due to its ability to separate closely related
compounds together with its stability under extreme pH conditions and its high
retention power. PGC has also exhibited unexpected retention properties for polar
analytes. In Paper II the retention of sulphated glycosaminoglycan disaccharides of
different charge levels was examined to better understand the retention behaviour of
polar charged analytes on PGC. The unique retention power of PGC was later used to
separate the polar drug L-DOPA and four of its metabolites in plasma.III

The miniaturisation of LC columns started in the late 1960s with the work of Horváth
and co-workers3 who reported the use of 1.0 mm internal diameter (i.d.) columns.
However, the real breakthrough of miniaturised LC columns came one decade later with
a publication of Ishii et al.4 who slurry packed 0.5 mm i.d. columns and emphasised the
importance of minimising extra-column volumes when using reduced column
dimensions. A review on microcolumn LC was recently published by Vissers.5 The
advantages of microcolumn LC include a low mobile phase consumption, the need of
less packing material and sample volume, more efficient interfacing to mass
spectrometers (MS) and higher absolute separation efficiency. The term microcolumn
LC comprises the use of small i.d. packed columns. It is commonly sub-divided into
microbore LC (0.50-1.0 mm i.d.), capillary LC (100-500 µm i.d.) and nanoscale LC
(10-100 µm i.d.).6
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The miniaturisation of LC has opened up the possibility of analysing very small sample
volumes with high sensitivity, provided that a concentration sensitive detector is used.
This is useful when the sample volume is limited, for example in animal studies or
when samples are taken from small children. MS is a selective detector that can provide
high sensitivity for certain analytes, and in combination with packed capillary LC it
makes it possible to analyse low concentrations in small sample volumes of complex
matrices. The preparation of biological samples is, however, an important factor to be
considered before injecting a sample into the LC-MS system. In drug analysis, it may be
more interesting to analyse the free fraction of a drug than the fraction bound to proteins
since it is generally believed that only the free fraction is pharmacologically active.7

There are different ways of separating the free fraction of a drug from the protein bound
fraction,8 e.g. by ultrafiltration, equilibrium dialysis or microdialysis. In the work
presented in this thesis, a method was developed for determining the free fraction of the
drug tolterodine at low concentrations and in small plasma volumes.IV,V To achieve this,
ultrafiltration followed by a packed capillary column-switching system, coupled to
electrospray ionisation (ESI)-MS, was utilised. Ultrafiltration and microdialysis were
later compared as sample preparation methods for the determination of free
concentrations of the drug ropivacaine.VI

The work presented in this thesis deals with both fundamental and methodological
aspects of LC, using packed capillary columns (i.d. of 0.2 mm). The intention of this
summary is to give people who are new in the area a general introduction to packed
capillary LC, retention properties of PGC and sample preparation aspects. For
discussions of my results in more detail, see Papers I-VI.
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2. Considerations in packed capillary LC

2.1. Extra-column band broadening

It is increasingly more important to minimise band broadening effects, i.e. the reduction
of extra-column volumes, as the i.d. of the column is reduced. The goal is to prevent
loss of efficiency, which results in decreased resolution and sensitivity. The total band
broadening is expressed as the variance of the peak (σ2) and is the sum of the band
broadening within the column and from components in the chromatographic system
(injection, detector and connecting tubings and fittings).

                                  2
sconnection

2
detection

2
injection

2
column

2
total σσσσσ +++=                               (1)

All extra-column effects in connections must thus be minimised by choosing the proper
length and dimensions of connecting tubings, as well as by minimising the volume in
connecting fittings and injection and detector cell volumes. The contribution from
injection, detector cell and connecting tubing volumes can be calculated with the
equations found in Table I.9 In order to perform the calculations, a limit of the
acceptable fraction of peak broadening (θ2) has to be set for each individual extra-
column contribution (e.g. θ2 = 0.05 for 5 % band broadening).

Table I. Equations for calculations of maximum volumes to avoid extra-column band
broadening.

Maximum volumes Equations Definitions
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           (2) θ2 = Fraction of peak broadening
VR = Retention volume
K = Parameter characteristic of the
quality of the injection, that can be
assumed to be equal to 2 (ref 9)
N = Number of theoretical plates
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2384
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VDL
π
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=   (4) DM = Diffusion coefficient in the
mobile phase (1×10-9 m2/s in
water10; for calculations of DM see
reference 9)
F = volumetric flow rate
dcap = i.d. of capillary tubing



4

2.2. Instrumentation

When reducing the diameter of the column, the rest of the LC system (pump, mixer,
injector, detector and all connections) must be configured to fit these dimensions.
Conventional LC instrumentation with appropriate accessories such as microflow
processors and micro UV cells can be used.11 Recently, more dedicated systems have
become commercially available. References on instrumental requirements are found in
references 6 and 12 and the use of the different parts of the LC system are discussed in
the following section.

2.2.1. Solvent delivery

In packed capillary LC, flow rates of about 0.2-10 µL/min are commonly used. These
low flow rates are not possible to accurately achieve with standard LC pumps. In recent
years, commercial pumps (both reciprocating and syringe pumps) configured for small
i.d. columns have become available. However, standard pumps can be used if the flow
is splitted. A splitted flow can be achieved simply by coupling a restrictor in the form of
a small i.d. fused silica tubing to the mobile phase flow via a tee connector.13 The length
and the i.d. of the added fused silica restrictor regulates the flow to the column.
Alternatively, a microflow processor can be used.12 To a certain extent, the microflow
processor compensates for viscosity changes of the eluent and can thus be used in
mobile phase gradient runs. Another way of obtaining lower flow rates from a
conventional pump, as used in this thesis, is by running the pump in constant pressure
mode. This is not suitable for gradient runs, since the flow rate is affected by changes in
the viscosity of the mobile phase. In addition, as soon as the back pressure increases
over the column, the flow rate will change and must be adjusted by increasing the
pressure. As the flow rate is decreased the volume in the mixer for gradient runs must
be considered. Too large mixer volumes will lead to a substantial delay in the gradient.

2.2.2. Injector

For packed capillary columns, the maximum allowed injection volumes are in the range
from a few nL to around 0.5 µL (for calculations, see equation 2 in Table I). Manual
injections of 20 nL to 0.5 µL can be performed with injection valves equipped with a
replaceable internal loop, a device that was used in Papers I and II. Another technique is
to use a conventional injector with an external loop and split the flow after the injector
so that only a portion of the sample is injected into the column. If the sample volume is
limited, this kind of set-up is of course not an alternative. It is also possible to inject
larger volumes if the sample is desolved in a solvent that is weaker than the mobile
phase.14-17,VI By doing this, an on-column pre-concentration is obtained. A combination
of such pre-concentration and a pre-column in a column-switching system was used in
Papers III-V and is discussed in more detail in section 4.3. If the sample is instead
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dissolved in a solvent of higher elution strength than the mobile phase, considerable
band broadening or even strange peak shapes will occur.18

2.2.3. Detector

The most common detectors used in combination with packed capillary LC are
ultraviolet (UV) absorbance, MS, electrochemical and fluorescence detectors. UV and
ESI-MS were used in this thesis and are discussed below. They both behave as
concentration sensitive detectors where the signal is proportional to the concentration of
the solute. Hence, the minimum detectable concentration is decreased if the diameter of
the column is reduced since the dilution of the sample is less in a smaller i.d. column.

The UV absorbance detector is the most commonly used detector in packed capillary
LC. To prevent band broadening from the detector, the cell volume must be low (half
the injector volume if dissolved in the mobile phase; see equation 3 in Table I). This can
be done by performing the detection �on-column�. The UV light is brought through a
part of the fused silica column that is free from packing material and where the
protective polyimide layer has been removed, or through an empty fused silica capillary
added to the end of the column.I,II,VI The column itself, or the empty fused silica, serves
as the detector cell, and the i.d. thus corresponds to the path length. Alternatively, the
column can be coupled to a U- or Z-shaped capillary flow cell.III,VI This will result in an
increased sensitivity due to the longer path length. These capillary flow cells are
commercially available for many conventional UV absorbance detectors.

The use of the MS detector has increased remarkably during recent years. MS is a
detection method that provides high selectivity and sensitivity for a large number of
analytes. Electrospray ionisation is a highly popular and widespread ionisation
technique in on-line LC-MS and was used in Papers IV and V. It is an atmospheric
pressure ionisation technique that gives soft molecule ionisation. With its low flow rate
packed capillary LC can be coupled directly, or via a transfer line, to the ionisation
source of the MS. Volatile mobile phases are recommended to assist evaporation,
maintain a stable spray performance and avoid signal suppression.19 Hence, phosphate
buffers which are commonly used in LC are not an option here. Instead, volatile buffer
additives such as formic acid, acetic acid, trifluoroacetic acid (TFA), ammonium
formate, ammonium acetate and ammonia should be used. The use of ESI-MS for the
analyses of biological samples is discussed in section 4.4.
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2.3. Preparation of packed capillary columns

Packed capillary columns can be prepared by a number of different procedures. The
slurry packing technique is the most common way of packing capillary columns.20-33

Alternative ways of packing are by using supercritical carbon dioxide34-38 or gas39-41 as
packing carrier. All these techniques give highly efficient columns. The slurry and
supercritical carbon dioxide packing techniques were used in this thesis and will be
discussed in more detail in the next two sections. There are many parameters within the
column preparation procedure which affect the column performance. Consequently, the
development of a packing method is often a time-consuming task. In addition to the
packing velocity and the packing carrier, the configuration of the packing reservoir is of
great importance.42,I The reducing fitting in the packing reservoir shall be of conical
shape and sharp angels must be avoided.

Fused silica is commonly used as column material, mainly because of its flexibility
which is convenient for the handling of long columns and its optical transparency which
allows both for visual observations of the column packed bed and on-column detection.
The use of other materials has also been reported, e.g. PEEK28,31,43 and glass-lined
stainless steel.21,22

All column preparation techniques using particles share the need for a frit at the end of
the column to retain the packing material. There are different kinds of frits, such as
metal screens, ceramic frits38,44 or sintered silica particles.45,46 In all papers included in
this thesis, a frit of glass fibre filter was used as the end frit. Such frits are easily
constructed and the design is shown in Figure 1. A piece of the glass fibre filter is
simply punched out with the end of the capillary. The frit is secured by butt connecting
an empty fused silica capillary of an i.d. smaller than the column by means of a teflon
tubing. A metal screen has been used as the inlet frit and was placed directly in the
injector.

Figure 1. Schematic of a column with a glass fibre filter frit, secured by an empty fused silica tubing.

Before a column is put to use its efficiency should be determined using a standard
procedure. For interested readers, a procedure for testing the column is found in a book
published by Meyer.47 The number of theoretical plates (N) is used to characterise the
column and is calculated by

Column Glass fibre frit

Empty fused silica capillaryTeflon tubing



7

                                              
2

h

R
2

R

w
ttN 







=






= 5.545

σ
                                                (5)

where tR is the retention time, σ is the standard deviation of a Gaussian peak and wh is
the peak width at half hight, all with the same unit (e.g. minutes). The reduced plate
height (h) is often used instead of the number of theoretical plates since it is a
dimensionless parameter which makes it possible to compare columns of different
dimensions and particle sizes. It is calculated by

                                                        
pNd

Lh =                                                                  (6)

where L is the length of the column and dp is the particle diameter of the stationary
phase. The lower the reduced plate height, the higher the column efficiency. A column
with a reduced plate height less than 3 is generally considered a well packed column.47

The column efficency is strongly dependent on the flow rate. The minimum reduced
plate height (hmin), and thus maximum efficiency, of the column is obtained by plotting
the reduced plate height versus the flow rate. Figure 2 illustrates such a plot where h is
plotted versus the linear velocity (u) for phenanthrene on a silica based C18 column used
in Paper I.

Figure 2. Reduced plate height (h) as a function of linear velocity (u). Column: 300×0.2 mm i.d. YMC
ODS A 5 µm. Mobile phase: acetonitrile-water (80:20, v/v). Test solute: phenanthrene dissolved in the
mobile phase. Injection volume: 12 nL (obtained by splitting the flow 1:5 after the injector).

0
0,5

1
1,5

2
2,5

3
3,5

4

0 0,5 1 1,5 2 2,5

u (mm/s)

h



8

2.3.1 Slurry packing procedure

Most of the packing procedures for columns in LC are performed by using the slurry
packing technique of which Knox10 outlined the general rules. Figure 3 shows a typical
set-up of a slurry packing system. The packing material is suspended in a solvent to get
a slurry of typically 50-300 mg/ml. Commonly used slurry solvents are acetonitrile,
methanol, isopropyl alcohol, carbon tetrachloride, acetone and THF. The slurry is
sonicated to get it homogeneously dispersed. The slurry is then transferred to a packing
reservoir, which is connected to a liquid chromatographic pump or an air driven fluid
pump (e.g. a Haskel pump). The pump delivers the packing solvent through the system.
Packing solvents commonly used are acetonitrile, methanol and acetone. The packing is
usually performed either by gradually increasing the pressure to a constant end
pressure23,II,III or by immediately applying the end pressure.22,30 Typical end pressures
range from 300 to 500 atm.

Figure 3. Schematic of a slurry packing system.

Several groups have examined the effect of different packing parameters on column
performance. Shelly et al.26 stated that a good slurry solvent causes the particles to stay
well suspended when flowing into the column while a good packing solvent allows
good mass transport of the particles. Shelly and co-workers26,27 as well as Vissers et
al.29,30,32 have performed extensive work on determining the agglomeration properties
for different stationary phases in different solvents. Both research groups found that the
use of a packing solvent in which the stationary phase particles agglomerated gave the
best column efficiency and that the agglomeration properties differed between different
stationary phases and solvent combinations. Shelly et al.26 obtained the highest column
efficiency for those columns where a non-agglomerating solvent (THF) was used as the
slurry solvent and an agglomerating solvent (methanol) as the packing solvent. Vissers
et al.30 obtained very well packed columns (reduced plate heights below 2.5) when they
used agglomerating packing solvent (methanol, carbon tetrachloride and acetonitrile-
water (70:30)). They found that the type of packing solvent is more important than the
type of slurry solvent. Other groups that have examined the effect of different slurry and

Pump

Reservoir

Column
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packing solvent systems on column efficiency are e.g. Gluckman and co-workers,20

Konishi et al.,22 and Zimina et al.28

The slurry concentration is another factor that affects column performance and has been
studied by Gluckman et al.20 They varied the slurry concentration between 30 and 260
mg/mL and found that higher concentrations gave lower reduced plate heights. Another
parameter that may effect the column efficiency is the packing velocity. Vissers and co-
workers33 studied the effect of the initial packing velocity on efficiency. However, no
relationship between the initially applied pressure and the performance of the capillary
columns was obtained. Instead, they suggested that the compaction process (i.e. packing
end pressure and time under pressure) is probably a very important step in the
preparation of LC columns. Andreolini et al.23 slurry packed normal phase particles and
found that the decision whether to use a slow or fast packing velocity is dependent on
which kind of stationary phase that is being used. Moreover, they found that the column
performance was improved if the column was placed in a sonication bath during
packing.23 The vibrations facilitated particle movements giving a more homogeneously
packed bed. Another way of vibrating the column is by using a stereo speaker.13

Table II. Examples of choices of packing parameters for different stationary phases.

Stationary
phase

Slurry solvent Slurry conc.
(mg/ml)

Packing solvent Packing
pressure

(atm)

Ref.

Sperisorb
ODS 5 µm

acetonitrile 260 acetonitrile 410 20

Spherisorb
ODS2 3 µm

methanol-carbon
tetrachloride

(1:13)

250 methanol 410 24

Spherisorb
ODS2 3 µm

carbon
tetrachloride

20 acetonitrile-
water (60:40)

340 25

Nucleosil
C18 5 µm

acetone 100 acetone 490 30

Biosil
C18 5 µm

carbon
tetrachloride

100 acetonitrile-
water (70:30)

490 30

PGC acetonitrile 100 acetonitrile 350 II

To conclude, there is no best general procedure for determining the suitable packing
parameters (i.e. choice of slurry solvent, slurry concentration, packing solvent and
packing speed). These must be optimised for each specific type of stationary phase.
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Table II shows some examples of packing parameters that different groups have used
for different packing materials in packed capillary columns. All columns have reduced
plate heights below 3.

In Papers II and III the slurry packing technique was used to pack porous graphitic
carbon columns in 0.2 mm i.d. fused silica capillaries. The efficiency was very high
with a plate number of 110,000 plates/m (h = 1.8) at the optimal flow rate. Typical
reported efficiency of this packing material is 60,000 plates/m.48

2.3.2. Supercritical carbon dioxide packing procedure

Malik et al.34,35 introduced the use of supercritical carbon dioxide as a carrier in the
preparation of packed capillary columns. In Figure 4 a set-up of a carbon dioxide
packing system is illustrated. Such instrumentation was used in Paper I to pack silica
based C18 particles into 0.2 mm i.d. fused silica tubing. The columns were later used in
Papers IV and VI for the separation of drugs in plasma. A supercritical fluid
chromatography (SFC) pump can be used to deliver the carbon dioxide. The packing
reservoir containing dry packing material is connected to the pump. The empty tubing
to be packed is connected to the reservoir and to its end a restrictor in the form of a
smaller i.d. tubing is attached. The restrictor regulates the flow through the system,
which is influenced by the length and internal diameter of the restrictor. During the
packing process the column is placed in a sonication bath to facilitate the particle
movement. The temperature of the bath is maintained above the critical temperature of
carbon dioxide (31.3°C) and the columns are packed at a pressure above the carbon
dioxide critical pressure (72.8 atm).

Figure 4. Schematic diagram of a supercritical carbon dioxide packing system.

Pump

CO2

3

12
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Supercritical fluids have a wider range of possible viscosities and velocities than gases
and liquids. This means that the packing conditions can be widely varied. In addition,
when using the supercritical carbon dioxide packing method, no void volume is
obtained at the beginning of the column which is often a problem with slurry packed
columns30 after changing from the packing solvent to the mobile phase. Moreover, it is
possible to pack much longer columns due to a significantly lower pressure drop over
the column, owing to the low viscosity of the carbon dioxide. Columns up to 10 m have
been packed by means of this method.34 Another advantage is that no slurry preparation
is needed, which can be a time consuming exercise since a proper slurry solvent has to
be found. The packing material is simply placed in the dried packing reservoir. Finally,
carbon dioxide is more friendly to the environment than the solvents used in the slurry
packing method. A possible reason for the non frequent use of the supercritical carbon
dioxide method might be that the slurry technique is well known and has been used for
quite a long time, even before the introduction of SFC. Moreover, people who are used
to work with LC pumps feel more confident with this approach than with using an SFC
system.

As with slurry packing, the packing conditions when using supercritical carbon dioxide
must be optimised. There are several packing parameters that may effect the column
efficiency, including packing pressure, temperature and carbon dioxide flow rate. Tong
and co-workers36,37 examined the effect of the packing pressure (100-400 atm) and
found that a higher pressure gave a higher column efficiency. Trones et al.38 got a lower
reduced plate height if a low start pressure (70 atm) was used than when applying a high
start pressure (350 atm), both followed by a pressure ramp up to 540 atm.

Table III. Investigated packing parameters for supercritical carbon dioxide packing.

Factor Level (-) Level (+)
Pressure 200 atm 415 atm

Restrictor 15 µm x 25 cm 15 µm x 100 cm
Pressure conditions ramp (30 atm/mina)) constant
Sonication power 20 % 100 %

a) Starting pressure = 50 atm

Most column packing methods are developed with different factors being changed by a
random approach, often one at a time. It would be preferable to change the variables in a
more systematic and controlled way, using an experimental design. In Paper I, a two-
level factorial design was used to examine the effect of four selected parameters on the
packing performance in terms of minimum reduced plate height. The investigated
factors were packing pressure, presence of pressure ramp, length of restrictor and
sonication power. These factors were chosen since they were assumed to have the
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greatest impact on the column performance. Table III shows the range over which each
factor was varied and Figure 5 illustrates the calculated main effects of the factors
studied. Three of the investigated factors were shown to influence the packing result
significantly: packing pressure, restriction and pressure conditions. Figure 5 shows that
the higher the pressure and the longer the restrictor, the higher the column efficiency.
Higher efficiency was also obtained when a pressure ramp was used instead of a
constant pressure. There was no significant difference between the low and high level of
sonication power, although the presence of sonication was found to be necessary.
Otherwise, the capillary tubing would only be partly filled with packing material.

Figure 5. Plot of how the main factors affected the column performance. The error bars indicate the least
significant difference (LSD).

The interaction plots indicate that there is a significant two-factor interaction between
both pressure and restriction (Figure 6), as well as between pressure and pressure
conditions (Figure 7). The interaction plots show that the length of the restrictor has
considerable effect on column efficiency only at a low packing pressure (Figure 6) and
that the use of a pressure ramp is particularly important at a high pressure (Figure 7). To
conclude, the best packing conditions for the stationary phase and levels studied would
be a high pressure, a long restrictor and the use of a pressure ramp. Apart from the
packing parameters studied it was also found that drying the packing material prior to
column packing increased the column efficiency.
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Figure 6. Interaction plot of pressure and Figure 7. Interaction plot of pressure and pressure
restrictor. The error bars indicate LSD. conditions. The error bars indicate LSD.
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3. PGC as a stationary phase in liquid
chromatography

Porous graphitic carbon as a stationary phase in LC was developed by Knox and co-
workers1,2 to provide a reversed-phase stationary phase that would not suffer from the
disadvantages of silica based sorbents. The main problem with silica is the limited
hydrolytic stability, which restricts the pH of the eluents within the range 2-8. Another
problem is the presence of underivatised silanol groups which may cause secondary
interactions.

A few years ago Knox and Ross published a comprehensive review on carbon-based
packing materials. The review was divided into two parts; performance49 and
applications.50 Knox and co-workers have earlier also published reviews on carbon-
based packing materials.51,52 Shorter reviews are found in references 53 and 54. In this
chapter, the characteristics of PGC are presented together with a few examples. The
retention behaviour of polar substances on PGC is discussed in more detail.

3.1. Characteristics of PGC

The PGC material is manufactured by impregnating a high porosity LC silica gel (to
provide the desired pore size) with a phenol-formaldehyde resin. The material is
carbonised at 1000°C in nitrogen and the silica is dissolved in alkali. Finally, it is heated
to above 2000°C to get the material graphitised. The resulting porosity of the PGC
material is approximately 75 % and the specific surface area is about 120 m2/g.55

PGC behaves as a strong reversed-phase stationary phase, even stronger than C18 silica
phases2,56,57 which represents the most hydrophobic of the commonly used alkyl
substituted silica phases. The hydrophobic property of PGC has been investigated by
inter alia Tanaka et al.56 who compared the retention of mono substituted alkanes on
PGC and C18 silicas. With an increased number of methyl groups to the alkane molecule
they found that the retention on PGC increased more than on C18. Their conclusion was
thus that PGC is the strongest retarding stationary phase of the two. Hence, stronger
mobile phases with higher concentrations of an organic modifier are normally required
to elute the solutes from PGC than from C18.

The surface of PGC is crystalline and is composed of flat sheets of hexagonally
arranged carbon atoms.2 The surface of PGC differs from the brush type surface
associated with C18 silicas, which is illustrated by a simple schematics in Figure 8. The
flat rigid surface of PGC and the fact that it is highly adsorptive allows for unique
stereoselectivity of solutes.2,56-59,II The strength of interaction depends on the molecular
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area of the solute in contact with the surface of PGC. Kří� and co-workers57 investigated
the retention characteristics of aromatic hydrocarbons and found that PGC showed
higher selectivity for methyl substituted benzenes than C18 bonded silica.

Figure 8. Surface of PGC and C18 silica.

PGC is extremely unreactive. Its high chemical stability over the full pH range allows
separation with strongly acidic60-63,II and basic64,65,II mobile phases. Gu and Lim60

separated pertechnetate anion and cationic technetium-amine complexes with a mobile
phase containing 1 % trifluoroacetic acid. Barett and co-workers64 studied the retention
behaviour of morphine and its metabolites at pH 2-12.

The retention mechanism of PGC is different from that observed of reversed-phase
silicas. Apart from hydrophobic interaction, also polar interaction can dominate the
analyte-stationary phase interaction. Some groups have observed an increase in
retention on PGC with an increased number of polar groups to the analyte.56,66-68,II The
presence of underivatised silanol groups on alkyl bonded silica phases may also cause
polar interactions e.g. for amines. However, these interactions are much less significant
than on PGC. Retention of polar substances on PGC will be discussed in more detail
below.

3.2. Retention behaviour of polar substances

Bassler et al.69 were the first to show that the retention behaviour on PGC was different
from ordinary reversed-phase materials. They studied the retention of substituted
aromatic molecules of different polarity using heptane as eluent. It was found that the
retention increased with polarity contrary to what has been observed on other reversed-
phase materials. They explained the dominant retention mechanism as being an
electron-pair donor-acceptor interaction in contrast to the dispersive interactions
normally obtained with reversed-phase materials. The retention of polar analytes has

OH OH OH
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been studied by others60-62,67,70-72 and has been described as the �polar retention effect
on graphite� or PREG by Knox and Ross.49 In a recent paper, Ross54 suggested that the
retention mechanism of polar analytes on PGC is a charged-induced interaction of the
polar analyte with the polarisable surface of graphite.

Heparin sulphates  Chondroitin sulphates 

Figure 9. Structures of sulphated heparin and chondroitin disaccharides. The sulphate groups are
positioned in X, Y and/or Z.

In paper II, sulphated heparin and chondroitin disaccharides were analysed to better
understand the retention behaviour of polar and charged analytes on PGC. These
analytes were chosen as test solutes since they are exceptionally hydrophilic and have
closely related structures (Figure 9). They contain zero to three sulphate groups at
different positions giving rise to a number of isomers at different charge levels. The
influence of mobile phase composition on the retention was studied by varying general
parameters such as the content and type of organic modifier and buffering agent as well
as the temperature. A polar but uncharged reference substance, isosorbide-5-
mononitrate (ISMN), was included in the study (Figure 10).

Figure 10. Structure of isosorbide-5-mononitrate (ISMN) included
in the study as a polar but uncharged reference substance.

3.2.1. Effect of organic modifier

The relationship between the retention and the concentration of organic modifier is
generally linear in reversed-phase LC in accordance with the equation

                                                    mCkk w += ' log' log                                                     (7)
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where k� is the retention factor, k�w is the retention of the analyte in water as the mobile
phase, m is a constant and C is the concentration of the organic modifier. Hennion et al.
investigated the relationship between log k� and the concentration of methanol on PGC
for polar substituted aromatic derivatives.67,73 They found a linear decrease in the
logarithm of the retention factor with the concentration of the organic modifier. Forgács
and co-workers studied the effect of the concentration of the organic modifier on
retention for different classes of compounds,68,74-81 such as aniline derivatives,68 phenol
derivatives,74 phenoxy acetic acid derivatives75 and steroids.81 They also found a linear
relationship between log k� and the concentration of the organic modifier for all those
chemical classes. All the above results are in accordance with equation 7.

In paper II, on the other hand, a minimum in retention was obtained for the sulphated
disaccharides at around 30 % acetonitrile, above which the retention surprisingly
increased (Figure 11). However, the retention of the neutral polar reference substance
ISMN decreased with the concentration of acetonitrile in accordance with equation 7.
Similar results were obtained when methanol was used, except that the retention
minimum occurred at higher levels (70 %, v/v). Nèmeth-Kiss et al.78 have also observed
retention minima on PGC when analysing peptides. Retention minima at alkyl bonded
silica phases are explained by the interaction of basic or cationic solutes with the
silanols present in the stationary phase.82 With PGC, the minima might be due to
dispersive interactions being dominant at low concentrations of organic modifier while
charge-induced dipolar interactions are dominant at high concentrations of organic
modifier.

Figure 11. Retention of five different disaccharides with one sulphate group and the uncharged reference
substance ISMN (●), as a function of the concentration of acetonitrile in 0.1 M formic acid. A minimum
in retention was obtained for the sulphated disaccharides.
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3.2.2. Functional group contribution

In reversed-phase LC, retention usually increases with the number of methyl groups in
accordance with the equation

                                                     nkk 0 α+= ' log' log                                                      (8)

where k�0 is the retention for an unsubstituted solute molecule, α is a constant and n is
the number of groups (e.g. methyl groups) in a homologous series. This linear increase
in log k� with the number of methyl groups has been demonstrated on PGC as
well.56,57,66 However, in Paper II a linear relationship between log k� and number of
sulphate groups on sulphated disaccharides was noted (Figure 12). For a reversed-phase
material, it is expected that the retention would increase with the hydrophobicity of the
analyte. Here, the opposite was true with the more polar analytes being most retained.
Similar results have been observed by Hennion et al.67 who found a linear increase in
log k� with the number of hydroxyl or carboxylic acid groups on the benzene molecule.
These results indicate that the polar functional group interacts with the PGC material.

Figure 12.  Retention as a function of the number of sulphate groups of heparin and chondroitin
disaccharides. Each dot represents the retention for different disaccharides. Correlation coefficient: 0.995.

3.2.3. Effect of buffering agent

Several groups60-62,70-72 have reported that it is possible to retain negative ions on PGC
which are not, or only slightly, retained on C18. They have all found that the
concentration and/or type of buffering agent affects the retention to a much larger extent
than on e.g. silica based C18. Lim and co-workers separated pertechnate (TcO4

-) and
perrhenate (ReO4

-).62 The ions were totally retained with water as the mobile phase but
eluted when TFA (0.1 %) was added. The more TFA added (0.05-2 %), the shorter the
retention time. When using acetic acid as an additive, higher concentrations (5 %) of the
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acid was needed to elute the ions. Gu and Lim60 used PGC to separate anionic and
cationic compounds of biomedical interest. Oxalic acid was not eluted when acetonitrile
was added to the mobile phase. TFA was needed to elute the acid. Elfakir and Dreux71

analysed intact and desulphated glucosinolates on PGC. To elute the intact
glucosinolate (containing a sulphate group), both TFA and an organic modifier were
needed. The more TFA, the shorter the retention time for the intact glucosinolate.
However, the retention of the desulphated compund was not affected by the
concentration of TFA. Elfakir et al. separated inorganic anions (F-, Cl-, Br-, I-, NO3

-,
H2PO4

-, SO4
2-, ClO3

-, BrO3
-, IO3

-, ClO4
-, IO4

-) on a PGC column.70 They were totally
retained with deionised water as the mobile phase. The authors investigated different
carboxylic acids and found that the elution strength decreased in the following order:
heptafluorobutyric acid>TFA>formic acid>acetic acid. They also found that the higher
the concentration, the shorter the retention time. Moreover, the more polarisable the
inorganic ion, the more it was retained. Mercier at al.72 analysed phosphonic acids in tap
water and found that the acids were totally retained when water was used as the mobile
phase. TFA was selected as additive after examining different carboxylic acids. The
elution strength order of those acids were found to be the same as in the study of Elfakir
and co-workers.70

Figure 13.  Retention of heparin disaccharides containing 0 to 3 sulphate groups in different buffer
systems, all at a pH around 2 and in 40 % acetonitrile. ■ 200 mM formic acid, ♦ 10 mM sulphuric acid
and ●200 mM formic acid + 10 mM sodium chloride.

In Paper II, the influence of various buffering agents on the solute retention was studied.
The retention of the sulphated disaccharides was strongly affected by the choice of
buffer components, contrary to the behaviour of the neutral polar reference substance
ISMN. Figure 13 shows the retention of heparin disaccharides containing 0 to 3
sulphate groups in three different buffer systems, all at a pH of around 2 and in 40 %
acetonitrile. Much stronger retention was obtained with 200 mM formic acid (pH 2.2) as
the buffer additive than with 10 mM sulphuric acid (pH 2.0). When 10 mM sodium
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chloride was added to the formic acid mobile phase, the retention decreased
dramatically. In addition, a study was performed where the concentration of formic acid
was varied between 0 and 200 mM in 40 % acetonitrile (Figure 14). The retention of the
sulphated disaccharides decreased with increasing concentrations of formic acid and the
more sulphate groups on the disaccharides the more the retention was affected.

Figure 14. Retention as a function of concentration formic acid in 40 % acetonitrile for the reference
substance ISMN (●) and for heparin disaccharides with 0 (▲), 1 (■) and 2 (♦ ) sulphate groups.

3.2.4. Temperature effects

The retention correlates with the temperature in accordance with

                                           φln'ln +∆+∆−=
R
S

RT
Hk

oo

                                                  (9)

where ∆H° and ∆S° are the standard molar enthalpy and entropy, respectively, R is the
gas constant, T is the temperature (in Kelvin) and Ø is the phase ratio. A plot of ln k�
versus 1/T (van�t Hoff plot) has a slope of -∆H°/R and an intercept of ∆S°/R + ln Ø.
Usually, the retention decreases with temperature, an effect that has also been observed
on PGC by e.g. Koimur et al.83 who got linear van�t Hoff plots when analysing
disaccharides. However, in Paper II the retention of the sulphated disaccharides
increased with temperature. On the other hand, the retention of the neutral reference
substance (ISMN) decreased with temperature, as one would have expected. Linear
van�t Hoff plots were obtained and are illustrated in Figure 15. Enthalpy and entropy
values were calculated from the slope and intercept of the van�t Hoff plot and it was
found that the retention of the sulphated disaccharides were entropically driven.
Koizumi et al.84 have also observed that the retention increased with temperature when
they analysed cyclomaltaoses and their glucosyl derivatives.

0

5

10

15

20

0 50 100 150 200

Concentration of formic acid (mM)

k'



21

Figure 15. Van�t Hoff plots at 30-80°C for the reference substance ISMN (●) and for heparin
disaccharides with 0 (▲), 1 (■) and 2 (♦ ) sulphate groups. Mobile phase: 40 % acetonitrile in 200 mM
formic acid (pH 2.2).

3.3. Application of polar analytes on PGC

The unique retention behaviour of PGC makes it possible to retain and separate analytes
that can not be analysed with e.g. silica based C18 columns without adding ion-pairing
agents. In paper III, L-DOPA which is used in the treatment of Parkinson�s disease, and
its main metabolites, (Figure 16) were separated on PGC (Figure 17). This was done
successfully despite the fact that the analytes are very polar and have a wide range of
chemical properties (e.g. acidic and basic).

Figure 16. The metabolic scheme of L-DOPA showing the main metabolites 3-O-methyl-L-DOPA (3-O-
MD), dopamine (DA), DOPAC and homovanillic acid (HVA).
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C18 silica columns are commonly used to retain and separate these substances with a
mobile phase containing an ion-pairing agent85-94 or very low concentrations (or
absence) of an organic modifier.95-97 With PGC, high concentrations of methanol (60 %,
v/v) could be used in combination with ammonium formate as the only buffer additive.
The advantage of such mobile phase is that it is suitable for mass spectrometric
detection.

Figure 17. Separation of L-DOPA and its main metabolites on PGC. Mobile phase: methanol-ammonium
formate pH 2.9 (ionic strength 0.05) (60:40, v/v). Peak identification: (1)=DA; (2)=L-DOPA;
(3)=DOPAC; (4)=3-O-MD; (5)=HVA.
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4. Preparation of biological samples

4.1 General

When analysing biological samples, the sample preparation method before the LC
analysis is commonly the bottleneck of the whole analysis and should therefore be
carefully considered. The main problem with biological fluids, and plasma in particular,
is the high content of proteins. If the plasma is injected directly into the column, the
proteins tend to clog the column. Hence, it is necessary to remove the proteins prior to
injection. It is also desirable to get samples as clean as possible to minimise the need for
method development of the chromatographic separation. A rapid and easy way of
removing the proteins from the sample is by precipitation. This is commonly done by
adding solvents, acids or salts to the sample.98 However, there is a risk of loss of
relevant solutes by adsorption or inclusion in the precipitate. Moreover, further clean-up
is often necessary. A much cleaner sample is obtained if solid phase extraction is used.
This technique has recently been reviewed by Hennion.99 Ideally, the analytes are
adsorbed on an appropriate sorbent while impurities are washed off. The analytes are
then desorbed by a solvent of choice. Clean samples can also be obtained by the use of
liquid-liquid extraction. The compounds of interest are extracted from the aqueous
sample using suitable organic solvents and pH conditions, leaving unwanted materials
behind. The organic phase that contains the extracted analytes is then removed by
evaporation and the dried residue is reconstituted in a small volume of an appropriate
solvent. As an alternative, plasma samples can be injected directly into restricted access
media (RAM) columns. RAM consists of particles where the surface is covered with
groups that prevent large biomolecules like proteins from binding to the particle. The
proteins will thus pass through the column unretained. However, smaller molecules will
pass through the barrier to the interior of the sorbent where they are retained. RAM
columns are often coupled on-line, in a column-switching system, to another column for
additional separation of the analytes. The use of RAM has been reviewed by Boss and
Rudolphi.100,101

Proteins can also be removed from the sample by ultrafiltration, equilibrium dialysis or
microdialysis. The filtrated or dialysed samples are clean enough to be injected directly
into an LC system. However, the sample obtained is not as clean as samples that have
been prepared by liquid-liquid extraction or by solid phase extraction. Those two
techniques are, on the other hand, time-consuming and involve numerous steps that can
cause loss of the components of interest. Ultrafiltration, equilibrium dialysis and
microdialysis will allow the non-protein bound fraction of the drug to be selectively
extracted and are described in more detail below.
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4.2. Free drug determination

It has been known for many years that drugs bind to plasma proteins in the body to a
greater or lesser extent. The most common proteins involved in drug binding are
albumin and α1-acid glycoprotein (AGP).102 The free concentration of the drug is often
more relevant to measure than the total concentration, since it is the free drug that is
active and thus better correlates with the pharmacological effect.7 The free fraction (i.e.
free concentration divided with total concentration) can vary between individuals as a
result of differences in plasma protein concentration. The protein concentration may
change during surgery, pregnancy, in certain diseases, and for paediatric and geriatric
patients.102 The rationale for determining the free fraction is described in the references
7,8,102-105. Analytical methods for determining the free concentration and the free
fraction have been described for several drugs in plasma or serum.106-115

For some drugs, the protein binding is very high (>90 %) and for these substances it is
even more important to study the free fraction since a relatively small change in the
degree of binding has a large effect on the free fraction. If the initial concentrations of
these drugs are low, the choice of analysing method (sample preparation, separation and
detection) is critical to reach the sensitivity that is needed to detect these substances.
When the sample volume is small the analytical challenge becomes even greater. This
thesis describes methods for determining the free fraction from µL volumes of
tolterodinIV,V and ropivacaineVI. The structures of these drugs are shown in Figure 18.
Tolterodine is used in the treatment of incontinence and binds strongly to AGP.110

Ropivacaine is a local anastethic that also binds to AGP.116 The protein binding of these
drugs were found to be around 90 and 94 %, respectively.

Tolterodine Ropivacaine

Figure 18. The structures of the drugs tolterodine and ropivacaine, subjects to free fraction determination.

Factors such as pH and temperature may significantly affect the protein binding of a
drug. In general, protein binding decreases at higher temperatures as has been shown for
ropivacaine,106 sameridine109 and chloroamphenicol.112 It is thus important to perform
the separation of the free drug from the protein bound drug at physiological temperature
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(37°C). Protein binding as a function of pH has been reported for a number of drugs
including ropivacaine,106 and tolterodine.110 Hence, it is important to adjust pH of the
sample to physiological pH (7.4) during analysis. This can be done by purging carbon
dioxideIV,V, or by adding small amounts of acetic acidVI, to the sample.

4.2.1. Ultrafiltration

Ultrafiltration is widely used for studying the protein binding of drugs and has been
used for analyses of e.g. ropivacaine,106 valproic acid107 and etoposide.108 The plasma
sample is placed in the ultrafiltration device (Figure 19) that consists of two reservoirs
separated by a semipermeable membrane available in various materials and molecular
weight cut-offs. The ultrafiltration unit is put in a centrifuge and the plasma-water and
the small molecules are driven through the membrane by the pressure gradient while the
proteins are retained. Since drug binding is temperature dependent, ultrafiltration should
be performed in a temperature-controlled centrifuge set at 37°C. Excessive
centrifugation speed may cause dilution of the drug in the ultrafiltrate since the filtration
rate for water may be higher than for the drug molecule (�sieve effect�).7 The
ultrafiltration is typically performed at 500-2000 g during 10-20 min. Since the protein
and drug concentration change during the filtration process, the drug-protein binding
equilibrium may be disturbed.102 It is thus important to make sure that the true free
concentration is obtained if large fractions are ultrafiltrated. Usually 10-25 % of the
total volume is filtrated.

Figure 19. Schematic of an ultrafiltration device.
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Ultrafiltration is a rapid and simple technique and was used in this thesis to analyse the
free concentration of L-DOPA,III tolterodineIV,V and ropivacaine.VI One advantage of
this technique is that many samples can be run simultaneously. Furthermore, the sample
volumes can vary within a wide range and there are devices that can be used for very
small sample volumes. In Paper IV volumes down to 40 µL plasma was used. The small
volumes obtained after filtrating these volumes (around 10 µL) are suitable for injection
into a packed capillary LC system. A drawback with the ultrafiltration technique is that
the drug may adsorb to the membrane or the polymeric material used in the device. It is
of utmost importance to measure possible adsorption when ultrafiltrating small sample
volumes and/or low concentrations. In Paper IV, different ultrafiltration devices were
compared with regard to their adsorption of the drug tolterodine and its 5-
hydroxymethyl metabolite (5-HM). The recovery differed a lot, which can be seen in
Table IV. As low as 13 % recovery of tolterodine was obtained for a device of
polyethersulphone membrane, while a high recovery of  94 % of 5-HM was obtained for
a device with a regenerated cellulose membrane. It should be noted that since active
drugs and their metabolites normally have quite different hydrophobicity, the degree of
adsorption to the ultrafiltration device might differ. This was true for tolterodine and its
metabolite where the adsorption to the ultrafiltration device was higher for the mother
drug tolterodine.

Table IV. Recovery of 5-HM and tolterodine for various ultrafiltration vials.

device
materials

(sample reservoir/support
base/collection cup)

membrane
recovery (%)

5-HM      Tolterodine

Centrifree MPS styrene acrylonitrile
polycarbonate
polyethylene

regenerated
cellulose

75 54

Microcon 30 polyethylene
polycarbonate
acetal

regenerated
cellulose

83 82

Ultrafree 30,000 polyethylene
polyethylene
polyethylene

regenerated
cellulose

94 78

Nanosep 30 polypropylene
polypropylene
polypropylene

polyethersulphone 35 13

Centrisart C4 polypropylene
polypropylene
polypropylene

cellulose triacetate 52 28

Analyte concentrations were 20 nM for 5-HM and tolterodine.
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4.2.2. Equilibrium dialysis

Equilibrium dialysis is the technique that has been used for the longest time for
determining the free fraction and is often regarded as the reference technique. Drugs
that have been separated by this method include tolterodine110 and methohexital.111 The
sample is placed in a chamber separated from a buffer in another chamber by a semi-
permeable membrane (Figure 20). The buffer consists of a solution of the same pH and
ionic strength as plasma. The unbound drug will equilibrate across the membrane,
which is permeable to small drug molecules but not to drug binding proteins. The
equilibration is performed at 37°C. When equilibrium is reached, the drug concentration
in the buffer compartment is considered to represent the free drug concentration in the
sample compartment.

Figure 20. Illustration of equilibrium dialysis. D illustrates a free drug molecule and D-P a protein bound
drug molecule.

The classical equilibrium dialysis method suffers from several disadvantages such as a
long dialysis time (usually more than 1 h), possible drug adsorption to the membrane
and cell walls and a relatively large and fixed sample compartment. Moreover, the free
fraction may change due to the decrease of the total concentrations as the free drug
diffuses from the sample compartment to the buffer compartment.

4.2.3. Microdialysis

Microdialysis is the latest of the discussed techniques for measuring the free fraction of
a drug. Microdialysis is used for sampling in many other areas, such as when
monitoring neurotransmitters in the central nervous system and when investigating
pharmacokinetics of drug substances. Both in vivo and in vitro studies can be performed
and some reviews are found in references 117-120. Microdialysis sampling is
performed by slowly pumping a perfusion solution through a hollow fiber dialysis
membrane placed in the actual sample. The perfusate matches the pH and ionic strength
of the surrounding sample matrix. Microdialysis is, like equilibrium dialysis, a diffusion
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controlled process where small molecules passes through the membrane into the
perfusate due to the concentration gradient. The molecules are transported out of the
probe by the perfusion solvent and collected for analysis. There are different kinds of
microdialysis probes,117,120 but they all consist of an inlet tube, a semi-permeable
membrane and an outlet tube. The design of the home-made probe used in Paper VI is
illustrated in Figure 21 and was used to sample ropivacaine from plasma in vitro.

Figure 21. Schematic of a microdialysis probe.

The perfusion rates commonly used in microdialysis (typically 1 to 5 µL/min) are too
fast for equilibration to occur. The relative recovery (RR) is improved by lowering the
flow rate121,122 and Figure 22 shows how the relative recovery increased with lower flow
rates for ropivacaine.VI Too low flow rates can, however, give too small sample
volumes or too long sampling periods. Another way of increasing recovery is to use
longer or larger diameter membranes121,VI since the recovery is proportional to the
surface area of the membrane. In addition, the type of dialysis membrane material used
in the probe can affect the recovery for a given analyte. In the ropivacaine study (Paper
VI), 15 mm polyamide membranes were used at a flow rate of 0.5 µL/min. This gave a
recovery of at least 90 %.
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Figure 22. The relative recovery increases with a decreased flow rate. Microdialysis probe design as in
Figure 21. Membrane: 9 mm polyamide. Analyte: ropivacaine.

Since relatively small dialysate volumes (in the low µL range) are obtained from
microdialysis, small i.d. LC columns are preferred over conventional LC columns, if the
concentration of the analyte is low. Most applications to date are, however, performed
with microbore columns or larger dimensions. The perfusate from microdialysis is
commonly collected off-line and then injected into the separation system. In paper VI,
an on-line microdialysis set-up to a packed capillary LC system was used. By on-line
coupling, problems associated with the handling of small volume samples can be
avoided. In addition, on-line microdialysis may also give a gain in analysis time as well
as the possibility of total automation of the microdialysis and the subsequent analysis.
Microdialysis coupled on-line to microseparation techniques have been reviewed by
Davies and Lunte118 and more applications are found in references 122-125.

Microdialysis has been used as a method for determining in vivo protein binding.114,126-

128 Microdialysis has also been used as a pure in vitro study for free fraction
determinations of eight different drugs,113 cyclosporin A115 and sulfamethoxazole.129

Herrera et al.112 compared the sample preparation methods microdialysis and
ultrafiltration for in vitro determination of the free fraction of nine different drugs. The
methods gave equivalent results. Microdialysis has also been compared with
equilibrium dialysis giving similar results.114 All the mentioned studies have been
performed in rather large sample volumes (≥1 mL). In Paper VI, microdialysis and
ultrafiltration were compared with regard to the determination of the free concentration
of ropivacaine in 150 µL plasma. No significant difference was obtained, both giving a
free fraction of 6 %.

4.3. Column-switching

Column-switching is a powerful technique for the separation and clean-up of biological
samples and has been reviewed by Campíns-Falcó et al.130 Some practical guidelines
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have been published by Majors.131 In column-switching, also referred to as coupled
column chromatography, two or more columns are used in series in the same system.
The reason for using column-switching can for example be to improve the resolution by
using different stationary phases or mobile phases in the same analytical system. Other
areas are trace enrichment and sample clean-up. Column-switching have been used for
several years for the analysis of biological samples, but it is not until recently that it has
been used in combination with packed capillary LC, e.g. for the analysis of different
drugs132-136 and peptides.137,138

Figure 23. Schematic of a column-switching system used for drug analyses of ultrafiltrated plasma.
----- Valve position when loading the pre-column.

A packed capillary column-switching system was used to analyse the drugs L-DOPA,III

tolterodineIV, V and ropivacaine139 and their metabolites in ultrafiltrated plasma. The set-
up is shown in Figure 23. The ultrafiltrated plasma is introduced into the pre-column by
the mobile phase delivered by pump 1. The analytes of interest are pre-concentrated on
the pre-column while more polar substances and salts are flushed off to waste. These
may otherwise disturb the detection of the first eluting peaks. In addition, salts are not
wanted in the mass spectrometer. Relatively large sample volumes can be injected due
to the strong retention of the solutes of interest on the short pre-column. A fast pre-
concentration of the sample is obtained since relatively high flow rates can be applied
on the short pre-column. The pre-column is then back-flushed by a mobile phase of
higher elution strength (delivered by pump 2) and the solutes trapped on the pre-column
are transferred to the analytical column where they are further compressed and
separated. Relatively unclean samples can be injected into a pre-column since these are
easily regenerated or replaced. The contaminants are easily washed off since high flow
rates can be applied.

Waste

Analytical column

Precolumn

Injector

Pump 1

Detector
Pump 2
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4.4. ESI-MS for analysis of biological samples

Packed capillary LC in combination with ESI-MS is well suited for sensitive
quantification of medium polar, non-volatile drug compounds and has become a widely
applied technique in recent years. The high selectivity that is obtained by studying a
single mass-to-charge ratio makes it suitable for biological samples where the matrix is
complex. The selectivity is further enhanced by using MS-MS or multiple reaction
monitoring (MRM). In MRM the ion selected in the first stage are subjected to further
fragmentation and a selected fragment is monitored. By this procedure the probability of
matrix interference is further decreased.

However, the sample preparation and the chromatographic separation are still factors to
consider since co-eluting substances may cause suppression of the analyte of interest.
Ionisation suppression of analytes caused by co-eluting matrix substances in
electrospray ionisation has been reported frequently in the literature.134,140 Not only the
detectability of the analytes is hampered if ion suppression is present, but it can also
lead to poor accuracy and precision. Matuszewski et al.140 have, among others, reported
that separation and/or selective extraction of the analytes was needed in order to
eliminate ionisation suppression caused by the matrix. Some sample preparation
approaches of biological matrices for LC-MS were recently discussed by Klink.141

In this thesis, packed capillary LC-ESI-MS-MS was used to analyse drugs
(tolterodineIV, V and ropivacaine139) at pM-nM levels in ultrafiltrated plasma. Salts, that
otherwise disturb the ionisation, was removed by a column-switching system. By using
MS-MS the background was reduced and the probability of matrix interferences thus
limited. In paper V, the separation column was omitted to reduce the analysis time.
However, the pre-column was still used to remove salts and other polar substances, and
to enrich the analytes. Possible suppression from co-eluting substances was studied by
comparing spiked plasma from four individuals with the calibration standard prepared
in phosphate buffer. No significant difference in signal intensity of the drug molecules
in the different plasma sources and in the standard was observed and the ionisation was
thus not suppressed to any significant extent in this analysis. The use of deuterated
internal standard substantially improved the precision of the measurements in Paper V
and is recommended when using MS as the detector.
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5. Concluding remarks

The work presented in this thesis has shown that packed capillary LC is a valuable tool
to provide high sensitivity in drug analysis for small sample volumes. The preparation
of a sample is always an important issue to consider, but even more so when handling
sample volumes of microliters. The results of this thesis have shown that both
ultrafiltration and microdialysis can be used as sample preparation methods of relatively
small sample volumes for measuring the non-protein bound free fraction of drugs and
metabolites. By using packed capillary LC-MS it is possible to detect nM
concentrations in these small volumes. It has also been shown that a pre-column in an
on-line column-switching system may allow direct injection of an ultrafiltrated or
microdialysed biological sample without further pre-treatment.

Furthermore, the unique retention behaviour of polar charged analytes on PGC columns
has been studied. A contribution has been given to a highly desired better knowledge of
the retention behaviour of PGC. The results have shown that polar charged analytes are
strongly retained on PGC and that the retention is unexpectedly affected with the
concentration of the organic modifier, the type and the concentration of the buffering
agent as well as temperature.

I hope that this thesis provides some deeper insights to the usefulness of packed
capillary LC when analysing small sample volumes as well as the unique retention
capabilities of PGC to retain and separate polar analytes.

Future trends in analytical chemistry certainly comprise further developments of
miniaturised liquid based sample preparation and separation directly coupled to mass
spectrometric detection. These developments are driven by the continuous need to
measure chemical composition in increasingly smaller domains and in time resolved
events.
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