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Abstract: Speed of analysis is a key factor in liquid chromatography. One possible way
is to decrease the particle size and thus increase the pressure (ultra high pressure liquid
chromatography, UHPLC). For the separation of a complex mixture, the application of
gradient elution techniques is expedient. From a practical point of view, it has to be ques-
tioned how the high pressure influences the separation parameters at gradient mode. In
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our study we investigated the following chromatographic parameters: peak width versus
temperature, peak width versus gradient time, retention time versus temperature, and
retention factor versus flow rate. It was shown that even in sample volume overload
conditions the gradient system worked in a reproducible way; the maximum possible
sample volume (20 wL) was injected to get the lowest possible limit of detection.
Increasing the flow rate, the peak width increased only moderately, and the same was
found when the temperature was decreased. However, at 60°C the signal to noise ratio
decreased in a small compass showing the thermal disequilibrium between the column
outlet and the detector cell, which might have caused extra noise. Finally, a practical
separation was presented in which the UHPLC can be applied for the determination of
N-acylhomoserine lantones (AHLs), which have a relatively low UV absorption at
low wavelength. The detection limit was low enough for practical applications
because of the low dispersion due to a small diameter stationary phase and the low
dead volume in the column. The UPLC method was applied as a first screening for
AHLs and the results were confirmed by fourier transformation ion cyclotron
resonance mass spectrometry (FTICR-MS), which has a high selectivity.

Keywords: Ultra high pressure liquid chromatography, Gradient elution, Overloading,
Separation parameters, FTICR-MS

INTRODUCTION

Today, several approaches were developed to speed up the separation in liquid
chromatography: (1) the use of monolithic columns (which have high per-
meability and the flow rate can be increased nearly by one order of
magnitude),!"! (2) the application of short columns packed with particles of
3—5 pm, or in some cases, below 2 wm in a conventional pressure range,
(3) the application of high temperature, and (4) the usage of particles below
2 pm and applying pressure above 400 bars. The last version of liquid chrom-
atography is called, e.g., ultra high pressure chromatography (UHPLC) or
ultra performance liquid chromatography (UPLC). The advantage of these
systems lies in a lower analysis time without deterioration of the chromato-
graphic performance characteristics. Moreover, some of them are even better.

There are several studies about advantages and disadvantages>~®! using
high pressure during the analysis. Several articles can be found of practical
applications!” ~'?! emphasising advantages when mass spectrometry is used
as a detector. Most of the theoretical studies were conducted with a
constant mobile phase composition (isocratic elution). There was some indi-
cation about the heat gradient and some possible problem about thermal dis-
equilibrium!"¥ but there is no detailed study on that. According to our best
knowledge, the effect on separation and quantification parameters using
gradient elution techniques was not jet studied in detail. In practical appli-
cations, there is a problem with sample volume overload when isocratic
elution is applied. To reduce the heat gradient the column diameter is
2.1 mm and length is 5 or 10 cm. In UPLC the amount of stationary phase
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applied compared to a conventional column (150 x 4.6 mm) is about one
order of magnitude lower, and the same is true for the volume of the
column and, therefore, the amount of injected sample must be in the same
order of magnitude lower to get the same high efficiency (1-2 pL is the
feasible injection volume). In this case, for a 20 pL injection the LOD will
be at least ten times lower and the column overload will increase the peak
width. To overcome this problem, the samples must be injected in a weak
eluent according to the solvent strength of the mobile phase. To increase
the column inlet concentration effect, gradient elution must be started from
an eluent strength as low as possible, but complex mixtures where the
polarity of compounds differs significantly from each other, will be an
obstacle for applying a very weak solvent. In practical applications, this
property of complex mixtures will also cause different apparent plate
numbers for structurally related compounds, which differ in polarity and the
calculated efficiency, and theoretically allow a column to differ widely.
From a theoretical point of view, the second question will arise if the
gradient elution is a basic need in the UPLC method, because the polarity
of the compounds differs widely, or to avoid the extra peak dispersion: the
plate number used in gradient elution has no physical meaning because the
value depends on gradient time and other chromatographic parameters.
Sander et al.""* proposed an equation for calculating the plate number in the
gradient elution technique, but the formula is quite complex and computer
software used in LC and UPLC does not contain this option today. The
peak width is a good indication for zone dispersion and UPLC was shown
to be stable in terms of retention times and peak Widths,[lz’ls’zo] therefore,
we use this parameter for the illustration of the system efficiency. Applying
gradient elution, the last chromatographic peak will be concentrated at the
column inlet and extra column dispersion will hardly affect the peak width.
Theoretically, in a liner solvent strength (LSS) gradient elution, the width
of all peaks will be found to be equal if no extra peak dispersion takes
place. The sensitivity in detection of overloaded compounds and the peak
capacity decreased by comparison with the theoretically predicted one, but
this compromise had to be tolerated for the fast separation. The volume
overload situation with practical consequences and some other parameters
influencing the separation efficiency was studied.

In this approach, N-acylhomoserine lactons (AHLs) were used as
reference compounds and a practical application is shown. The structure of
AHLs varies in the length, the saturation of the acyl- side chain and its
substitution (oxo or hydroxyl functions at C-3). They were recently found
to serve as signalling molecules that mediate the communication between
Gram-negative bacteria, as a part of bacterial communication systems./*"! It
was reported that in more and more fields, AHLs were found, e.g, in human
diseases,'”*** animal and plant pathogens,”***! spoiled food,?®! and physio-
logical processes including biloluminescence, swarming or plasmid conjugal
transfer.”?”! From an analytical point of view, the determination of AHLSs is a
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work full of challenges, since the concentrations of AHLSs in real samples are
in trace levels,”” and AHLs do not have a strong chromophore group for
spectrophotometric detection. So, to get reasonable limits of detection,
volume overload has to be applied at least for the early eluting compounds.
The UPLC method was applied as a first screening for these compounds
and FTICR-MS was used for conformation of the identification. It is
referred to in other papers focusing on this topic.!**="

EXPERIMENTAL
UPLC

An Acquity UPLC System (Waters, Milford, MA, USA) equipped with a Model
2996 PDA detector was applied for the analysis. The 2.1 x 100 mm column
was, filled with BEH C,g packing material with 1.7 pm particle size (Waters,
Milford, MA, USA). The column oven was thermostated at different tempera-
tures and practical application was run at 60°C, the sample system at 27°C. The
sample (20 pL) was injected via full loop injection. The optimised system was
run with a linear gradient starting with 30% (v/v) acetonitrile (ACN)/water to
100% ACN in 1.0 minute. The flow rate was set to be 0.8 mL/min, which
results in a maximum system pressure of 950 bars. Detection was performed
at 195 nm at a scan rate of 20 Hz, and the peak areas were calculated using
Waters Empower software. Each injection was repeated at least three times
and the mean value was taken into account.

FTICR-MS Analysis

Positive FTICR-MS spectra were acquired on a Bruker Daltonics (Bremen,
Germany) Apex Qe 12 T system. Spectra were acquired in broadband mode
and were calibrated externally on clusters of arginine (ca. 10 mg/L in 50%
of methanol with 0.1% of formic acid) in the required mass range (m/z
175.11895, m/z 349.23062, m/z 523.34230, and m/z 697.45398). This
external calibration was verified with the diketopiperazines cyclo-(Pro-Phe),
cyclo-(Pro-Ile), and cyclo-(Pro-Trp), known to be present in the NB
medium (verified by GC-MS and MS/MS, results not shown). Mass errors
of these peaks were always less than 0.1 ppm (0.0001%).

Chemicals
The selected N-acylhomoserine lactones (Cy4-, Cg-, C7-, Cg-, Cio-, Cio-, Ciy-

AHL) (see Figure 1), were obtained from Sigma-Aldrich (Steinheim,
Germany). Stock solutions of the analytes were prepared by dissolving the
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Figure 1. Structure, name and exact mass of AHLs analysed as a target.

substances in ACN at concentrations of 1000 mg/L. The stock solutions were
kept at —20°C and could be stored over a four week period without degra-
dation. Standard solutions were prepared by diluting the stock solutions
with a water-ACN mixture at a volume ratio of 7/3. ACN of “hypergrade”
quality for the UPLC analysis, methanol, and isopropanol were purchased
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from Merck (Darmstadt, Germany), and hexane from Riedel-de Haen (Seelze,
Germany). Water was provided by a Milli-Q system (Millipore, Billerica,
USA). All chemicals used in the experiment were at least of analytical grade.

Real Sample

As a real sample, a pure culture of Burkholderia ubonensis, AB030584 was
isolated from the rhizosphere of rice.®" To obtain AHLs, 10-50 mL of
nutrient broth (NB) medium was inoculated and grown at 30°C and
175 rpm overnight. To obtain cell free supernatants, the culture was centri-
fuged at 4°C and 5000 rpm for 5 min in a Hettich Universal 32R centrifuge
equipped with a 1620A rotor (Hettich,Tuttlingen, Germany). The super-
natant was purified according to a method published elsewhere.*”’
Briefly, the sample (with 25% (v/v) ACN) was applied onto the
MegaBond Elute cartridge (Varian, Darmsdtadt, Germany), which was pre-
viously conditioned by 2 mL water and 2 mL of methanol sequentially. The
loaded column was washed with 15/85 (v/v) methanol/water and the
analytes were eluted with 25/75 (v/v) hexane/iso-propanol. The eluate
was dried under a nitrogen stream at room temperature, resolved with 3/7
(v/v) ACN/water, and was filtered by a 13 mm PTFE Syringe Filter
(VWR, Darmstadt, Germany).

RESULTS AND DISCUSSION

The effect of column temperature, gradient duration, and the flow rate of the
mobile phase on peak width were taken into consideration to study the
behaviour of the separation efficiency when high pressure is used for LSS.
Under these conditions, the peak width turned out to be a better chromato-
graphic parameter to show the separating efficiency because the plate
number depends on the chromatographic condition.

To get the highest speed of analysis the temperature must be as high as
possible. A difference of about 30°C in the temperature results in around
40% decrease in viscosity and the flow rate can be increased by the same
rate. The instrument had no extra device to increase the temperature above
the lower boiling points of the component in the mobile phase. In this
situation, the highest allowed temperature must be around 20°C less than
that of the lowest boiling point of the components. In the acetonitrile-water
mixture, the boiling point of acetonitrile is 80°C and the one of water is
100°C, therefore, the highest allowed temperature in this separating system
was set to 60°C. The effect of column temperature on peak width is shown
in Figure 2. Generally, the peak width decreased by elevating the temperature.
Nevertheless, at 60°C some increase can be observed (the last points on
Figure 2), which indicates that there were some abnormalities when this
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Figure 2. Dependency of the peak width of the column temperature. Separating
conditions: gradient = 30% ACN/H,O to 100% ACN/H,0 in 1.0 min, flow rate = 0.8
mL/min, concentration of C4~ Cl4-AHLs = 10 mg/L. Abbreviation: tw = peak
width, temp. = temperature, Cn = Cn-AHL.

relatively high temperature was applied. These results will be referred to later
when the temperature effect on the signal to noise ratio is discussed.

Influence of the temperature in the studied range (AT = 30°C) on
retention time showed little variation. There is an empirical equation for
temperature dependency on the retention time (tg): tr = A + BT,*?! where
A and B are constant, T is the temperature in °C. The change of tg in
relation to temperature is given in Figure 3. Increasing the temperature
within 30°C results in a maximum difference of the retention time of only
0.2 to 0.4 min. This small difference in retention time is unusual for
compounds which have no ionisable group.

The peak width turned broader with the increase of gradient duration,
especially when gradient times were more than 1.0 min (Figure 4). The
advantage of using a short gradient was two fold: analysis time decreased
and peak compression was higher, which led to a lower limit of detection.
But, when the gradient time kept on decreasing, the influence of the
isocratic part became more pronounced when combined with the resulting
decreased peak compression; the separation efficiency was thus reduced. It
was shown previously in the literature'®! and proven here that the fastest
gradient can be run during the breakthrough curve (data not shown), but
this is a special case when a sophisticated optimization procedure has to be
applied. Technically, this is a stepwise gradient, but the change in solvent
composition in the pores results in an S-shaped curve. Most of the gradient
run can be conducted by LSS and the isocratic part is closely connected to
the dwell time. Even in this low dispersion system, the application of a
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Figure 3. Dependency of the retention time of the column temperature. Separating
conditions: gradient = 30% ACN/H,O to 100% ACN/H,0 in 1.0 min, flow rate = 0.8
mL/min, concentration of C4 ~C14-AHLs = 10 mg/L, respectively. Abbreviation:
tr = peak width, Temp. = temperature, Cn = Cn-AHL.

gradient elution results in the dwell volume being an obstacle to reduce the
analysis time below dwell time and dead time of the column. More
generally, the dwell volume and the dead volume are parameters that are
more critical for a fast separation with UPLC.

0.05 -
0.04 4
—+— C4
— CB
z 0.03 | e C7
E —»— C8
2z
< 002 —— C10
— 12
—— C14
0.01 A
0.00 T v T T T 1
0 0.2 0.4 08 0.8 1 1.2

gradient time {min)

Figure 4. Dependency of the peak with of the gradient time. Separating conditions:
column temperature = 60°C, flow rate = 0.8 mL/min, concentration of C4 ~ Cl4-
AHLs = 10 mg/L, respectively. Abbreviation: tw = peak width, Cn = Cn-AHL.
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The effect on the retention was observed by changing the flow rate
(Figure 5). The pressure drop increased linearly with the flow rate. The
results can be seen in Figure 6. In isocratic conditions, the equilibrium con-
stantly depends on the change of the solute’s partial molar volume change
during the sorption. The dependence of the apparent retention (k*) is given
by the folowing equation: Ln k* /p = —VV /tg_ where p is the pressure, VV
is the change of the partial molar volume of the solute, and tg is the retention
time. The inlet pressure during the gradient elution varies from time to time
and from one to another length of the column. As it was shown in the litera-
ture,***>! the change of partial molar volume of the solute depends on the
solute’s size. For insulin, the partial molar volume change was in the order of
—100 mL/mol at 350 bar and the retention factor was increased by a factor
2, for n-decane and n-eicosane the retention factor changed only 9% and
24%, respectively, when the pressure was increased from 100 to 350 bar.
Tanaka et al.”®! showed another example and they found that the retention
factor of nitrophenol was increased by 13% when increasing the pressure by
150 bar. This trend was observed below 400 bar, due to the linear retention
behaviour of 4-methyl cathecol up to 680 bar. In our measurements, the separ-
ations were carried out above 400 bar. In the earlier examples, the pressure was
bellow 400 bars where the mobile phase compressibility is negligible. Martin
and Guiochon stated that above this pressure limit the dependency of the
retention factor was more complex.'37' However, Sandra et al.'"3! found there
was only a slight decrease for small molecules, such as benzene and toluene.

5.00 -
4.00
—__cs
3,00 —=—C6
——C7
. VEY,T
—x— C10
2001 I/*itkd—zf—‘f"{ e CI2
r———‘—/"'——t—__t—__t —— C14
1.00 -
0.00 : , . . . .

0.2 0.3 0.4 0.5 08 0.7 0.8 0.9

flowrate {mL/min)

Figure 5. Dependency of the apparent retention factor of the flow rate of the mobile
phase. Separating conditions: column temperature = 60°C, gradient = 30% ACN/
H,O to 100% ACN/H,O in 1.0 min, concentration of C4 ~C14-AHLs = 10 mg/L,
respectively. Abbreviation: k™ = apparent retention factor, Cn = Cn-AHL.
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Figure 6. Relation of the column inlet pressure and the flow rate of the mobile phase.
Separating conditions: column temperature = 60°C, gradient = 30% ACN/H,O to
100% ACN/H,O in 1.0 min, flow rate = 0.8 mL/min, concentration of C4~C14-
AHLs = 10 mg/L, respectively.

In our case, the AHLs can be considered as small molecules and, thus, the
retention factors depended only on their molecular weight. The apparent
retention factor increased with the flow rate (Figure 7); a possible explanation
could be the applied higher pressure on the structure of AHLs. Namely, by
elevating the flow rate, the column inlet pressure was rising, and, therefore,
the k* of AHLs with a higher molecular weight increased more than those
with a smaller one. It is shown in Figure 7 that C4 was an exception where
Ak* was decreased with the increase of the inlet pressure. The main reason
for this is its lower retention on the column. The relative ratio of the increase
of k* values was dependent on the molecular weight of the targets.

An optimized high speed separation was shown in Figure 8. The retention
followed the Martine-rule.*® Using a LSS, the retention time difference
between two homologue solutes were almost equal (shown in Figure 8),
namely, that the difference of tg between C4 and C6, C6, and C8, C8, and
C10, etc., were always similar. AHLs do not have a good chromophore
group; therefore a detector with a lower limit of detection (LOD) was
demanded when applying a conventional HPLC system. Alternatively, using
a small diameter column with high pressure can help to reach a better LOD
for the determination of a substance with poor chromophore groups. To get
a low detection limit the column must be large and some loss in efficiency
must be sacrificed. In the applied overload condition, the retention time and
peak widths were repeatable since the relative standard deviations (RSDs)



17: 25 23 January 2011

Downl oaded At:

Ultra High Resolution Mass Spectrometry 2525

80 -

60 -

40 -

AK*Fro.8-0.3y 0.3 [%]

c10 c12 C14

_20
AHLs

Figure 7. Influence of an increasing flow rate on the apparent retention factor.
Separation column temperature = 60°C, gradient procedure = from 30% (v/v)
ACN/H,0 to 100% (v/v) ACN/H,0 in 1.0 min, concentration of C4~Cl4-
AHLs = 10 mg/L, respectively, values for different bar = the change of k* from Cn
in flow rate 0.8 to 0.3 (mL/min)/k* of Cn in flow rate 0.3 (mL/min), respectively.
Abbreviation: k* = apparent retention factor; Cn = Cn-AHL.
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Figure 8. Chromatogram of optimized high speed separation. Separating conditions:
Column temp. = 50°C, gradient = 30% ACN/H,O to 100% ACN/H,O in 1.0 min,
flow rate = 0.8 mL/min, concentration of C4 ~ C14-AHLs = 10 mg/L, respectively.
Abbreviation: Cn = Cn-AHL.
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were less than 0.3%. For later eluting compounds the concentration and peak
compression effects were higher, which could be explained by the dwell
volume (V4) which causes an isocratic part in the beginning of every
gradient elution separation. In our system the dwell volume was 0.208 mL,
and thus the dwell time was performed according to the following equation:
ty = V4/F, where F is the flow rate in mL/min, ty is the dwell time in min,
and Vg is the dwell volume in mL which is 0.23 min when F is set to 0.9.
By applying the gradient procedure the dwell time, which causes delay in
the actual flow rate, also had to be taken into account. The LODs were in
the 0.1 pg/L range and the technique was therefore attractive for the determi-
nation of AHLs in biological systems. Details of the sample preparation
applied were given in other publications.!**"

From a practical point of view the signal to noise ratio is a basic parameter
for the evaluation of analytical performance of a chromatographic system. At
60°C the signal to noise ratio decreased for all the compounds. It was
discussed earlier by Sandra that a thermal!'? disequlibrium problem might
exist in a UPLC system. The temperature of the mobile phase at its outlet
of the column was 60°C and the detector cell was not thermostated;
therefore some temperature gradient may exist causing extra noise. This
effect might be more pronounced at low wavelength (around 190 nm).
Every disturbance in liquid density will change the light scattering and
cause some noise. This might be the same phenomenon observed for the
flow rate by changing the signal to noise ratio.

In this case the highest flow rate was 0.9 mL/min and the pressure drop
was more than 900 bars. After two weeks the pressure drop exceeded 1000
bars and the system stopped. Although the online filter was changed and the
system was run at a lower flow rate without injecting any sample, the
pressure drop increased again gradually. After that, a new column was used
and the system worked perfectly. Two possible reasons were speculated to
cause this phenomenon. The first one was that even though the mobile
phase was filtered by a 0.2 wm membrane filter, some fines reached the
column bed, which resulted in the blocking of the channels between column
particles; the second one was that some of the particles in the column were
destroyed under the high pressure run and caused the blockage in the
channels in the column. Guiochon®*! proved earlier that during the packing
process some particles were destroyed even though the column was packed
for normal use in HPLC (400 bar). When pressure is applied, the injured
particles would produce fines sooner or later.

Finally, one practical application is shown for the determination of AHLs
from culture supernantant of Burkholderia ubonensis, AB030584, a rhizo-
sphere colonisating bacteria. In Figure 9A, the chromatogram of the sample
can be seen. In the growth medium of the bacteria a small amount of
n-AHLs was found when focusing on the retention time. The result in this
complex mixture was uncertain. Therefore, this was confirmed by FTICR-
MS. In Figure 9B, the complex spectra in scan mode can be seen, the
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Figure 9. UPLC chromatogram (A) of 10 mL extracted culture supernatant of the
Burkholderia ubonensis, AB030584 culture grown in NB medium, where C8 was
found. The treatment of the sample based on solid phase extraction (see experimental
part real sample section.). The extract was separated as in Figure 2. Overview scans
(B), details of the FTICR-MS spectra (C), and the comparison with calculated spectrum
(D) of the same extracted elution. C8 was thereby confirmed.
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extracted spectra and the exact mass is displayed in Figure 8C, and the last step
was the comparison of the theoretically calculated mass for Cg-AHL and the
measured one. The difference between the two values (0.07 ppm) is negligible
and practically the two masses can be considered to be equal. Based on the
retention time in the UPLC experiment and the exact measured mass, the
Cg-AHL was identified in the sample of a mixture of different species of
bacteria.

CONCLUSIONS

UPLC is an appropriate method for the separation of poor UV light absorbing
AHLs. Using gradient elution, 20 L of samples can be injected because pre-
concentration at the inlet of the column took place, except for C4-AHL, which
has a low retention. The retention factors were pressure dependent and the
dead volume was also highly affected by changes in pressure. The peak
width, as a parameter for characterizing the system efficiency, was hardly
influenced by temperature. Surprisingly, a slight dependence of the
retention times of the temperature was observed. It was shown that the
effective dwell volume of this highly sophisticated system was 0.208 mL
and must be taken into consideration when the gradient time is planned. In
our case using the highest possible flow rate (0.9 mL/min), this effect
caused a delay time of 0.231 min (0.208/0.9). Unfortunately, at this high
flow rate the pressure drop was higher than 900 bar and a systematic
increase in the pressure drop was observed, and after two weeks the
pressure exceeded 1000 bar. There are two possible explanations: first, it is
impossible to remove all fines from the samples and the solvents used for
the mobile phases, the second one is that some of the particles in the
column will be destroyed and block the channels. Setting the system
pressure near to the upper limit may not be advisable. At lower flow rates
the solvent dwell or delay time will be increased and must be taken into con-
sideration by applying the gradient. By increasing the temperature, the signal
to noise ratio decreased to some extent. In spite of this phenomenon, the
possible maximum temperature (60°C) was suggested to run with the
highest flow rate, and the fastest analysis can be reached.
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