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Introduction

Introduction

Around 1995 - 1996, treatment options for patients infected with the human immu-
nodefiency virus (HIV), the causative agent of acquired immunodeficiency syndrome
(AIDS) 2, improved dramatically. Therapy with a combination of several classes of
antiretroviral drugs resulted in a sustained suppression of HIV replication, and changed
HIV infection from a fatal disease to a chronic disease. This cocktail of drugs, which is still
widely used today, normally includes one non-nucleoside reverse transcriptase inhibitor
(NNRTI) or one HIV protease inhibitor with two nucleoside reverse transcriptase inhibi-
tors (NRTIs). This therapy, however, does not cure HIV infection and life-long treatment
is needed to suppress the virus. Although this therapy resulted in a significant decrease
in HIV-related morbidity and mortality **, drug-toxicity and emerge of drug-resistant
HIV strains were and remain significant problems associated with antiretroviral therapy.

For NNRTIs and protease inhibitors, relationships have been found between plasma
exposure and drug efficacy as well as drug toxicity ¢°. Therapeutic drug monitoring
(TDM) has been explored as a mean to optimize pharmacotherapy of HIV infected
patients >>'%17_ Some studies have shown that this approach improves outcome in HIV
infected adults, but there is still debate whether this approach should be applied as stan-
dard of care to all patients or only to a selected group of patients such as children "6,
HIV infected children represent a group of patients that may particularly benefit from
therapeutic drug monitoring because the pharmacokinetics of antiretroviral drugs
change significantly during development and maturation of the child 3>,

Although the plasma levels of protease inhibitors and NNRTIs are used for therapeutic
drug monitoring, it is thought that NRTIs, NNRTIs, and protease inhibitors exert their
action inside cells that are susceptible for infection with HIV. Therefore, studies have
been performed to investigate the intracellular pharmacokinetics of antiretroviral
drugs and its relation to the plasma pharmacokinetics '*?”. The data currently present
on the intracellular concentrations of antiretroviral drugs have almost exclusively been
obtained using peripheral blood mononuclear cells (PBMCs) of patients, because these
cells can be relatively easy obtained from patients, and because part of the PBMCs, i.e.
CD4* T-cells and monocytes, are cellular targets for HIV. Interestingly, plasma concentra-
tions correlate poorly to the intracellular concentrations of HIV protease inhibitors and
NNRTIs in HIV infected adults. Studies in HIV infected children have not been performed
yet, which is probably in part due to the large volumes of blood needed for intracellular
measurements.

NRTIs are prodrugs and are phosphorylated inside cells to their active triphosphate
form. In general the intracellular half-life of the active NRTI-triphosphate is much longer
than that of the NRTI prodrug in plasma, and correlations between plasma concentra-
tions of NRTIs and intracellular concentrations of NRTI-triphosphates is absent or poor.

1
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For these reasons, therapeutic drug monitoring of NRTIs using the plasma levels of the
prodrug is normally not performed.

Aim of this thesis

The aim of the thesis was to develop assays for quantitative analysis of drugs in cells,
and to apply these assays to determine the intracellular concentrations of antiretroviral
drugs in HIV-1 infected children.

(riteria set for the assays

One of the criteria that we set for our assays was that the measurements could be ap-
plied to HIV-1 infected children. A volume of maximal two milliliter of peripheral blood
was found to be acceptable to conduct pharmacokinetic studies, considering that blood
samples are also obtained from these patients to determine e.g. CD4* T-cell count and
viral load. Roughly one million PBMCs can be obtained from a sample of one - two mil-
liliter of peripheral blood. We therefore chose to develop assays that could determine
clinically relevant intracellular concentrations of antiretroviral drugs using one million
PBMCs.

We used the report of the FDA for bioanalytical method validation ?® as guideline to
develop our assays. The two most important parameters described in this report are pre-
cision and accuracy. Precision is a parameter which described the variation in instrument
response when replicates of the same sample are measured. Precision can be calculated
in the following way: (mean instrument response / standard deviation in the instrument
response) x 100%. The precisions are in this case expressed as % coefficient of variation
(CV), which is also know as % relative standard deviation (RSD). According to the FDA
criteria, precisions should be < 15 %CV for the quality control samples tested except for
the lower limit of quantification which should have a precision of < 20 %CV. Accuracy is a
parameter to determine whether the measured concentration corresponds to the actual
concentration in a sample. Accuracy can be calculated in the following way: ((measured
concentration - spiked concentration) / spiked concentration) x 100%. The accuracies
are in this case expressed as % deviation from the spiked concentration. According
to the FDA criteria, accuracies should be < 15% for the quality control samples tested
except for the lower limit of quantification which should have an accuracy of < 20%. For
our assays, we used these so-called + 20/15% criteria for precision and accuracy.

To allow measurements of a relatively large number of samples, it is highly desirable
that the assays developed allow for high throughput analysis. We therefore set that mea-
surements should be performed within a few minutes and, preferably, by automation.
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Techniques used & rationale
The volume of plasma that can be obtained from a patient’s blood sample is far greater
than the volume represented by the amount of PBMCs that can be obtained from that
same blood sample. From a volume of two mL peripheral blood, approximately 1,000
pL of plasma can be obtained and one million PBMCs which represent an intracellular
volume of only 0.4 pL. To determine the intracellular concentrations of antiretroviral
drugs using 1 x 10° PBMC, an assay is needed which has a high absolute sensitivity.
Therefore, we explored the use of electrospray ionization (ESI) mass spectrometry and
matrix-assisted laser desorption/ionization (MALDI) mass spectrometry for this purpose.
ESI mass spectrometry is the most widely used mass spectrometric technique for quan-
titative analysis of non-volatile and labile small molecules, i.e. molecules with molecular
masses below 1,000 Dalton, which encompass most of the pharmaceutical compounds
currently used. Normally, for quantitative analysis of small molecule drugs, high perfor-
mance liquid chromatography (HPLC) is coupled to an ESI mass spectrometry equipped
with a triple quadrupole mass analyzer. The various compounds in a sample are first
separated by HPLC, then ionized using ESI, and finally analyzed in the triple quadrupole
mass analyzer. In most of the studies presented in this thesis, however, we explored the
use of MALDI. For MALDI mass spectrometry, separation of compounds by HPLC is not
obligatory, because this technique suffers less from signal suppression when complex
samples are measured compared to ESI mass spectrometry. This results in much faster
analyses, because the HPLC step is omitted, which is advantageous when relatively large
numbers of samples need to be measured. Yet, poor precisions are frequently reported
when MALDI mass spectrometry is used. When protocols are developed specifically for
quantitative analysis using MALDI mass spectrometry, the precisions can be improved to
values that fall within the criterion set, i.e. CVs of 15% and less. Furthermore, interfering
signals derived from the matrix itself complicate small molecule analysis by MALDI mass
spectrometry. Again, protocols developed specifically for small molecule analysis using
MALDI mass spectrometry can alleviate this problem. The common denominator in this
thesis is the development of protocols specifically designed for quantitative analysis of
antiretroviral drugs in biological samples by MALDI mass spectrometry.

Outline of the thesis

In Chapter 2, we describe an assay for analysis of triphosphate forms of NRTIs and
endogenous (deoxy)nucleosides using MALDI-TOF mass spectrometry. In Chapter 3, we
show the analysis of (deoxy)nucleosides, NRTIs, and mono-, di-, and triphosphorylated
forms thereof by ion-pair LC-MS/MS. In Chapter 4, we used MALDI-TOF mass spectrom-
etry for qualitative and quantitative analysis of pharmaceutical compounds including
NRTIs, NNRTIs, and HIV protease inhibitors. The high molecular weight matrix meso-
tetrakis(pentafluorophenyl)porphyrin was used to eliminate matrix-derived interfering

13
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signals in the low m/z range, and lithium iodide was added to the matrix solution to
induce strong signals for lithiated drugs. In Chapter 5, we explore the mechanism of
cationization by porphyrin matrices in MALDI-MS and why lithium produces such
strong signals for analytes compared to other alkali metals. In Chapter 6, we show the
validation of a mass spectrometry compatible protocol for simultaneous inactivation
of infectious HIV-1 and extraction of antiretroviral drugs from cells. In Chapter 7, we
used MALDI mass spectrometry to image antiretroviral drugs present in cytocentri-
fuged cells in an effort to simplify sample preparation and measurements. In Chapter
8, we used MALDI-FTICR mass spectrometry for quantitative analysis of HIV protease
inhibitors in lysates of 1 x 106 PBMCs. In Chapter 9, we used MALDI-triple quadrupole
mass spectrometry for quantitative analysis of antiretroviral drugs in lysates of 1 x 10°
PBMCs. DHB was used as matrix. In addition, we report on the novel matrix 7-hydroxy-4-
(trifluoromethyl)coumarin and on the use of target plates coated with a strongly hydro-
phobic fluoropolymer to improve sensitivity, precisions, and accuracies. In Chapter 10,
we show the validation of a MALDI-triple quadrupole MS assay for quantitative analysis
of five HIV protease inhibitors in plasma and two HIV protease inhibitors in lysates of 1
X 10° PBMCs. For quantification in plasma, we show a cross-validation with HPLC-UV. We
used the assay to determine the intracellular concentrations of lopinavir and ritonavir
in 1 x 10° PBMC obtained from HIV-1 infected children treated with Kaletra. In Chapter
11, we review the current literature on analysis of small molecules by MALDI-MS, and
present our thoughts on the use of MALDI-MS for qualitative and quantitative analysis of
small molecules in biomedical research. The results of our studies are summarized and
discussed in Chapter 12.
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Abstract

We have developed a new method based on matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry (MS) for analysis of zidovudine-triphos-
phate and (deoxy)nucleotide-triphosphates, which ultimately can be used for nucleoside
reverse transcriptase inhibitor (NRTI) treatment monitoring in HIV-1 infected children
and adults. Four different matrices were compared for sensitivity and reproducibility of
zidovudine-triphosphate detection and anthranilic acid mixed with nicotinic acid (AA/
NA) was selected as most suitable matrix. Solutions of zidovudine-triphosphate, ATP,
and dGTP were detected up to 0.5 fmol per sample. Furthermore, intracellular zidovu-
dine-triphosphate, ATP, and dGTP were detected in peripheral blood mononuclear cells
(PBMCs). Zidovudine-triphosphate, ATP, and dGTP yield identical mass spectra, however
MALDI-TOF post source decay analysis can be used for discrimination between these
compounds. We conclude that this method based on MALDI-TOF MS can be used for
analysis of intracellular zidovudine-triphosphate and (deoxy)nucleotide-triphosphates
in PBMCs.
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Introduction

Institution of optimal treatment of HIV-1 infected patients poses a major challenge.
Treatment normally consists of a combination of three classes of antiretroviral drugs: the
protease inhibitors (Pls), the non-nucleoside reverse transcriptase inhibitors (NNRTIs),
and the nucleoside reverse transcriptase inhibitors (NRTIs). A major feature of these
three drug classes is that large inter-individual and intra-individual differences are
observed in their pharmacokinetics . This is even more important when one considers
the relation between viral suppression and plasma concentration of Pls and NNRTIs 262,
Therefore, we routinely perform pharmacokinetic analyses of Pls and NNRTIs in HIV-1
infected children and adjust the dose of Pls and NNRTIs to maintain optimal plasma
concentrations. This approach has resulted in favorable results with 69% viral response
after 2 years of treatment ™.

However, such an approach is not possible for NRTls. NRTI plasma concentrations
correlate poorly with HIV-1 activity, since NRTIs are prodrugs that are intracellularly
converted to active NRTI-triphosphates (NRTI-TPs) using the kinases from the host cell .
Intracellularly, the NRTI-TP competes with its corresponding endogenous deoxynucle-
otide-triphosphate (dNTP) for incorporation into viral DNA by HIV reverse transcriptase.
Incorporation of NRTI-TP terminates elongation of viral DNA, thus preventing viral repli-
cation. In vitro studies with peripheral blood mononuclear cells (PBMCs) show that HIV-1
activity of NRTIs correlates more closely to the ratio of the intracellular NRTI-TP concen-
tration and the corresponding intracellular dNTP concentration than to the intracellular
NRTI-TP concentration alone >4 In addition, a clinical study with HIV-1 infected adults
shows that the intracellular NRTI-TP concentration alone correlates to HIV-1 activity .

Current methods for quantification of NRTI-TPs, such as radio immunoassays, require
large blood samples and do not allow high throughput analysis '®'". This complicates
patient related studies, which require analysis of multiple blood samples of a large
group of HIV-1 infected patients. Methods have been developed, such as HPLC coupled
to electrospray ionization (ESI) MS, which allow for high throughput analysis of NRTI-
TPs 822, These methods still require at least 7 mL of blood to obtain sufficient material
for analysis. This amount of blood allows for patient related studies in HIV-1 infected
adults, but still complicates NRTI-TP studies in HIV-1 infected children, since such studies
require multiple blood samples from one individual on a single day.

We aimed to develop a relatively easy method for analysis of intracellular NRTI-TPs,
which ultimately can be used for studies in HIV-1 infected children and adults. We
studied the usability of matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (MS) for this method, since: (1) MALDI-TOF MS methods
have been developed for quantification of drugs, such as antibiotics and intracellular
tetraphenylphosphonium 22, (2) MALDI-TOF MS is able to detect compounds at very
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low concentrations, which allows for analysis when only small amounts of material
can be obtained . (3) MALDI-TOF MS is more tolerant to salts and other contaminants
compared to other forms of MS 2, This allows for reduction in sample preparation steps,
which reduces sample loss and sample preparation time. (4) MALDI-TOF MS allows for
rapid and fully automated analysis of large amounts of samples, which allows for high
throughput use 27/,

We studied the use of MALDI-TOF MS for analysis of the triphosphate form of the most
widely used NRTI zidovudine (AZT-TP). We also examined if MALDI-TOF MS is capable of
detecting dNTPs (dGTP), since in vitro studies show that HIV-1 activity correlates better
to the ratio of intracellular NRTI-TP and dNTP concentration than to the intracellular
NRTI-TP concentration alone 2% In addition, we studied the analysis of NTPs (ATP, CTP,
GTP, and UTP) by MALDI-TOF MS, since these compounds share many features (e.g.,
size, triphosphate group) with dNTPs and NRTI-TPs and could cause interferences. To
our knowledge, this is the first time MALDI-TOF MS is used for analysis of NRTI-TP and
endogenous (d)NTPs. Therefore, no suitable matrices are known for MALDI-TOF analysis
of these compounds. We studied the usability of four different matrices, which are
currently used in MALDI-TOF analysis of related compounds such as oligonucleotides.
Subsequently, the most suitable matrix was used for analysis of intracellular AZT-TP in
PBMCs. Finally, we studied the use of MALDI-TOF post-source decay (MALDI-PSD) analy-
sis for discrimination of AZT-TP from ATP and dGTP, since these three compounds have
the same molecular weight, which can cause interferences when using a method based
on mass spectrometry.

Experimental Section

Standard nucleotide solutions

ATP (molecular weight 507.2 Da), CTP (483.1 Da), GTP (523.3 Da), dGTP (507.2 Da), UTP
(484.1 Da) (Amersham, Sweden), and AZT-TP (507.2 Da) (Calbiochem, Germany) were
diluted with HPLC-grade water and stored at - 80°C until analysis.

Preparation of matrix solutions

Solution I: 45 mM anthranilic acid (AA) (Fluka, Switzerland) was mixed with 45 mM
nicotinic acid (NA) (Fluka, Switzerland) and 55 mM diammoniumhydrogencitrate (DAHC)
(Fluka, Switzerland) in 45% acetonitrile (Aldrich, Germany). Solution II: 3-hydroxypico-
linic acid (3-HPA) (Aldrich, Germany) was mixed with DAHC and HPLC-grade water, until
the solution had a concentration of 3 mg/mL 3-HPA and 9 mg/mL DAHC. Solution llI:
5-methoxysalicylic acid (5-MSA) was saturated in one part acetonitrile and one part
DAHC mixed with HPLC-grade water (50 mM). Subsequently, saturated 5-MSA solution
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was 10 times diluted with DAHC mixed with HPLC-grade water (50 mM). Solution 1V:
2,5-dihydroxybenzoic acid (2,5-DHB) was mixed with DAHC and HPLC-grade water, until
the solution had a concentration of 3 mg/mL 2,5-DHB and 9 mg/mL DAHC. Fresh matrix
solutions were prepared in Teflon tubes on the day of analysis.

Comparison of matrix solutions
Matrix solutions -1V were compared for reproducibility and limit of detection of AZT-TP
analysis in standard solution.

Relation between AZT-TP concentration and signal-to-noise ratio

Different AZT-TP dilutions were analyzed to assess the effect of the AZT-TP concentra-
tion on the signal-to-noise ratio. The signal-to-noise ratio (S/N) was calculated by divid-
ing the maximal signal height to the local noise level. Samples were only measured if
sample crystallization was observed by light microscopy (needle crystallization).

PBMCisolation

Venous blood from healthy volunteers was collected in Vacutainer CPT tubes (Becton-
Dickinson). PBMCs were separated by centrifugation at 2,000 rpm for 20 min and washed
twice with PBS (1,500 rpm for 10 min and 1,200 rpm for 15 min, respectively). PBS was
discarded and 3 mL growth media (RPMI supplemented with 10% heat-inactivated fetal
calf serum, 10,000 IU/mL penicillin, 10,000 IU/mL streptomycin, and 20% DMSO) were
added.

PBMCincubation with AZT

Growth media were added until a final concentration of 1 x 10° PBMCs/mL was reached.
One microliter AZT solution (Fluka, Switzerland) was added to reach a final concentration
of 10 uM. An equal amount of deionized water was added for the creation of “negative
control” samples. Cultures were incubated at 37°C for 3 h. After incubation, cells were
centrifuged at 3,800 rpm for 5 min and washed with PBS (3,800 rpm for 5 min). “Posi-
tive controls” were created by adding 200 fmol AZT-TP to the PBMC pellet just before
extraction.

Nucleotide extraction from PBMCs
To the PBMC pellet 500 L cold MeOH (60%) was added and nucleotides were extracted
at 4°C overnight. After extraction, samples were centrifuged (10,000 rpm for 5min),
supernatants were collected and lyophilized with a SpeedVac (Savant, USA) for 45 min.
Residues were stored at -80°C until analysis. Per sample 0.85 x 10° PBMCs were used for
intracellular AZT-TP analysis.
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MALDI-TOF analysis

Matrix solution (0.5 pL) was pipetted onto an Anchor Chip target plate (Bruker Daltonics,
Germany) and dried at room temperature. Subsequently 0.5 uL sample was pipetted
onto the crystallized matrix and dried at room temperature. Analysis was performed
by a BIFLEX Ill MALDI-TOF mass spectrometer (Bruker Daltonics, Germany) using the
negative reflectron mode. Laser attenuation was set at 40 (UNIX operating system).
Hundred shots were used for each mass spectrum. Post-source decay (PSD) analysis was
performed on PBMC samples and on standard solutions of AZT-TP, ATP, and dGTP by the
BIFLEX Il MALDI-TOF mass spectrometer in the negative mode.

Prediction of fragmentation pattern of AZT-TP, ATP, and dGTP
MS Fragmenter software from ACD/Labs was used for prediction of the fragmentation
pattern of AZT-TP, ATP, and dGTP.

Results and Discussion

Comparison of different matrices for AZT-TP analysis

We tested four different matrices on their sensitivity and reproducibility of AZT-TP
detection. Both the AA/NA (solution I) and 3-HPA (solution Il) matrices were able to
detect the expected mass signal of AZT-TP up to 0.5 fmol per sample (Figs. 1 and 2).
The reproducibility of the mass spectra, however, is much better when AA/NA is used
compared to the use of 3-HPA. The expected mass signal of AZT-TP was not detected
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control sample (B) yielded no signal at m/z 506.2. AA/NA was used as matrix. a.i., absolute intensity. m/z,

mass-to-charge ratio.
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Figure 2. Measurement of 5.0 fmol (A), 2.5 fmol (B), and 0.5 fmol (C) AZT-TP. An expected signal was found
at m/z 506.2 when AZT-TP was diluted up to 0.5 fmol per sample. The negative control sample (D) yielded
no signal at m/z 506.2. AA/NA was used for matrix.

when 25 fmol AZT-TP was analyzed with the 5-MSA matrix (solution Ill). The 2,5-DHB
matrix (solution 1V) itself yielded a signal at m/z of 505.3, which can interfere with the
detection of AZT-TP. AA/NA is therefore the most suitable matrix for analysis of AZT-TP.

The effect of the AZT-TP concentration on the signal-to-noise ratio

Known quantities of AZT-TP were measured to analyze the relation with the signal-to-
noise ratio. Fig. 3 shows a clear linear relation between the signal-to-noise ratio and
AZT-TP concentration. This allows for rough estimation of the AZT-TP concentration.
However, more exact values of the intracellular AZT-TP concentration are required for
patient related research, which cannot be obtained by estimation based on the AZT-TP
concentration versus signal-to-noise ratio curve. There are more accurate ways for quan-
tification by MALDI-TOF MS. By adding a known concentration of a compound (internal
standard) to the sample, one can compare signal-to-noise ratio of the analyte of interest
with the signal-to-noise ratio of the internal standard. This method has resulted in an
accurate quantification of different compounds, as published earlier 182325,
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Figure 3. A linear relation was found between AZT-TP concentration and signal-to-noise ratio. AA/NA was
used as matrix.

Detection of (d)NTPs in standard solution

dGTP was used for exploring the usability of MALDI-TOF MS for dNTP analysis. The
expected mass signal of dGTP (m/z 506.2) was detected up to a dilution of 0.5 fmol per
sample when using the AA/NA matrix. This shows that MALDI-TOF MS is able to detect
dNTPs, which is necessary for exploring its ability of measuring the ratio of intracellular
NRTI-TP and corresponding dNTP in PBMCs. It is likely that other dNTPs, such as dTTP,
can be detected by MALDI-TOF MS, since related compounds (NTPs, dGTP, and AZT-TP)
can be detected up to 0.5 fmol per sample. ATP, CTP, GTP, and UTP were used for explor-
ing the usability of MALDI-TOF MS for NTP analysis. The expected mass signal of ATP
(m/z 506.2) was detected up to a dilution of 0.5 fmol per sample when using the AA/
NA matrix. Samples of 500 and 50 pmol of ATP, CTP, GTP, and UTP were analyzed using
the 3-HPA matrix. All mass signals were detected at the expected mass-to-charge ratios
(m/z 506.2, m/z 482.1, m/z 522.3, and m/z 483.1, respectively). This shows that MALDI-
TOF MS is able to detect NTP, which is necessary for predicting possible interference of
such compounds when analyzing AZT-TP. ATP, dGTP, and AZT-TP yield a mass signal at
the same mass-to-charge ratio (m/z 506.2) in standard nucleotide solutions. This com-
plicates future experiments for AZT-TP quantification. Therefore, we studied if ATP and
dGTP also interfered with the detection of AZT-TP in PBMCs.

Intracellular AZT-TP in PBMCs

The analysis of the extract of PBMCs incubated with AZT revealed a mass signal at the
expected m/z of 506.2 (Fig. 4). This expected mass signal was again detected when 200
fmol AZT-TP was added to the pellet of PBMCs not incubated with AZT (positive control).
The extract of PBMCs not incubated with AZT (negative control) also yielded a mass
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Figure 4. Mass signals of intracellular ATP, dGTP, and AZT-TP were detected at the expected m/z 506.2 in
PBMCs incubated with AZT (A). Mass signals of intracellular ATP and dGTP were detected at the expected
m/z 506.2 in PBMCs not incubated with AZT (negative control) (B). Mass signals of intracellular ATP, dGTP,
and AZT-TP are found at the expected m/z 506.2 in PBMCs not incubated with AZT and spiked with 200
fmol AZT-TP (positive control) (C). Per sample 0.85 x 10° PBMCs were used. AA/NA was used for matrix.

signal at m/z of 506.2. This shows that AZT-TP, ATP, and dGTP can be detected in PBMCs
by MALDI-TOF. However, ATP and dGTP interfere with AZT-TP detection in PBMCs. It is
not possible to estimate the AZT-TP concentration by comparing signal-to-noise ratio of
the mass signal at m/z 506.2 in negative controls and in PBMCs incubated with AZT. AZT
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Figure 5. MALDI-PSD analysis of 0.5 nmol AZT-TP revealed a unique mass signal at m/z 380.2 (A). This
mass signal was not found by MALDI-PSD analysis of 5.0 nmol ATP (B) and dGTP (C). AA/NA was used for
matrix.

affects the nucleotide pool size, thus we cannot assume that ATP and dGTP are present
in the same concentrations in negative controls and in PBMCs incubated with AZT %°.
Therefore, we have searched for a method to discriminate AZT-TP from ATP and dGTP.
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Software prediction of AZT-TP, ATP, and dGTP fragmentation

Molecules can be fragmented and the mass of these fragments can be measured by
MALDI-PSD analysis. The software prediction of the fragmentation pattern of AZT-TP,
ATP, and dGTP revealed a unique fragment for AZT-TP. This fragment has a m/z of 382
(381 Da + 1 Da), when measuring in the positive mode. Since we measure in the negative
mode, a proton is lost and the fragment should be detected at m/z 380 (381 Da - 1 Da).

Fragmentation of AZT-TP, ATP, and dGTP in standard nucleotide solutions

MALDI-PSD analysis was used for detection of the unique AZT-TP fragment. As predicted
by software, the MALDI-PSD analysis of AZT-TP, ATP, and dGTP in standard solution re-
vealed a unique mass signal for AZT-TP at m/z 380.2 (Fig. 5). This signal was not observed
when analyzing ATP and dGTP by MALDI-PSD. Subsequently, we explored the ability of
MALDI-PSD analysis for detecting the AZT-TP fragment in PBMCs.

Fragmentation of AZT-TP present in PBMCs

Fig. 6 depicts the detection of the mass signal at the expected m/z 380.2 in PBMCs in-
cubated with AZT. This signal was not observed in the analysis of PBMCs not incubated
with AZT. Thus, MALDI-PSD analysis is able to discriminate AZT-TP from ATP and dGTP in
standard nucleotide solutions and in PBMCs.
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Figure 6. The MALDI-PSD analysis of PBMCs incubated with AZT (A) revealed the expected signal of the
unique fragment of AZT-TP at m/z 380.2. This signal was not detected in the MALDI-PSD analysis of PBMCs
not incubated with AZT (B).
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The development of a method for quantification of NRTI-TPs in HIV-1 infected children
requires that the analysis can be performed on small amounts of PBMCs. Approximately
one million PBMCs can be derived from one mL blood, which is an acceptable blood
sample size for studies in HIV-1 infected children. Font et al. 2° showed that the intracellu-
lar AZT-TP concentration ranges from 38 to 193 fmol per million PBMCs in HIV-1 infected
adults. The signal-to-noise ratio of AZT-TP detection in standard solution obtained by our
method is larger than 10 in this range of measurement. However, the limit of detection
of the unique AZT-TP fragment in PBMCs is probably higher than the limit of detection of
AZT-TP in standard solutions. Furthermore, we have to explore if MALDI-PSD analysis can
be used for accurate quantification of AZT-TP by using an internal standard.

We conclude that: (1) AA/NA is a suitable matrix for MALDI-TOF analysis of NRTI-TPs,
NTPs, and dNTPs. (2) AZT-TP, ATP, and dGTP can be detected up to 0.5 femtomole per
sample by MALDI-TOF MS. (3) CTP, GTP, and UTP can be detected by MALDI-TOF MS.
(4) Intracellular AZT-TP, ATP, and dGTP can be detected in PBMCs by MALDI-TOF MS. (5)
Discrimination of AZT-TP from ATP and dGTP can be obtained by MALDI-PSD analysis in
standard nucleotide solutions and in PBMCs. (6) Our developed method could be useful
for NRTI-TP studies in HIV-1 infected children and adults.
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Abstract

Nucleoside reverse transcriptase inhibitors (NRTIs) are activated intracellularly to their
triphosphate (TP) form, which compete with endogenous deoxynucleotide-triphos-
phates (dNTP) as substrate for HIV reverse transcriptase. The activity of NRTIs is thus
described by the NRTI-TP-to-dNTP ratio in relevant cell types. Therefore, we developed
an ion-pair (IP) LC-MS method for the simultaneous analysis of the mono-, di-, and TP
forms of NRTIs and endogenous deoxynucleosides in peripheral blood mononuclear
cells (PBMCs). The IP-LC method was applied on an ion trap mass spectrometer using
the MS-mode as well as on a triple quadrupole mass spectrometer using the MS/MS
mode. The MS/MS approach on the triple quadrupole mass spectrometer demonstrated
the best clinical applicability due to its higher sensitivity. The LODs (minimum amount
on column) were 25 fmol for the TP forms of zidovudine, lamivudine, and stavudine,
as well as for their endogenous dNTP counterparts. The linearity (r?) of the calibration
curves were > 0.99. The obtained LODs readily allow for clinical applications using just
one million PBMCs obtained from HIV-infected patients under therapy.
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Introduction

HIV infection is currently treated with a combination of antiretroviral drugs. Notably,
two nucleoside reverse transcriptase inhibitors (NRTIs) are combined with one non-NRTI
(NNRTI) or one protease inhibitor. These antiretroviral drugs must penetrate into HIV
susceptible cells to exert its action. In many cases, the plasma pharmacokinetics corre-
lates poorly to the intracellular pharmacokinetics . Furthermore, in contrast to NNRTIs
and protease inhibitors, NRTIs are prodrugs and need cellular enzymes for activation to
its triphosphate (TP) form. These NRTI-TPs compete with endogenous deoxynucleotide-
triphosphates (dNTPs) for incorporation into the viral DNA by HIV reverse transcriptase.
The reverse transcriptase process ends prematurely after incorporation of an NRTI-TP,
because NRTIs lack the 3'-hydroxyl group necessary for further elongation of the viral
DNA. The efficacy of the NRTIs thus depends on the intracellular concentration of NRTI-
TPs as well as on the intracellular dNTP concentration “. On the other hand, NRTI-TPs
can inhibit the replication of human mitochondrial DNA, which causes drug toxicity °.
Furthermore, there is considerable overlap in the cellular enzymes used for phosphory-
lation of various NRTIs and endogenous nucleosides, and combination therapy with two
or more NRTIs can result in intracellular interactions. For example, the combination of
the NRTIs stavudine (d4T) and zidovudine (AZT) leads to a reduced concentration of
d4T-TP while the AZT-TP concentration remains unaffected ¢. Above considerations show
that knowledge of the intracellular pharmacology of NRTIs is needed to understand how
efficient suppression of HIV replication can be achieved and maintained, and how drug
toxicity can be avoided.

However, understanding of the intracellular pharmacology of NRTIs in vivo is ham-
pered by difficulties in detecting the phosphorylated forms of NRTIs and endogenous
nucleosides at clinical relevant levels. Ideally, a single analytical method should be able
to simultaneously determine the intracellular concentrations of NRTIs, endogenous de-
oxynucleosides, and all phosphorylated forms thereof. In this study, we investigated the
use of an ion-pair (IP) LC-MS approach for quantitative analysis of endogenous deoxy-
nucleotides and phosphorylated NRTIs in peripheral blood mononuclear cells (PBMCs).

Experimental Section

Materials

Reference standards of phosphorylated NRTIs were obtained from Moravek (Brea, CA,
USA) or Jena Bioscience (Jena, Germany). Reference standards of the various endog-
enous nucleotides, N5-(6-aminohexyl)-ADP (internal standard), hexylamine, ammonium
acetate, ammonia, were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands).
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The internal standards GMP ('*C10, '°N5) and GTP (*C10, '>N5) were obtained from
Cambridge Isotope Laboratories (Andover, MA, USA). Acetic acid and ammonia were
obtained from Merck (Amsterdam, The Netherlands). Heparin was obtained from Leo
Pharma BV (Weesp, The Netherlands), and Lymphoprep from Axis-Shield PoC AS (Oslo,
Norway).

Apparatus

Experiments were carried out on two different LC-MS systems: A) Thermo Finnigan LTQ
linear IT system consisting of a Surveyor AS autosampler, Surveyor MS pump, LTQ LT-
10000 mass detector with an Opton ESI probe (Thermo Electron, San Jose, CA, USA). All
system control, data acquisition and MSD data evaluation were performed using XCali-
bur software version 1.4. B) Applied Biosystems Sciex AP14000 triple quadrupole mass
spectrometer equipped with a Turbo lonspray interface (PE Sciex, Toronto, Canada), a
Shimadzu LC-10AD LC pump (Shimadzu, Manchester, UK), a Shimadzu SIL-HTC autosam-
pler, and a Shimadzu CTO-10AS column oven.

LC parameters

An Inertsil 5 um ODS-3 cartridge column (100 x 3 mm) was used in combination with
an Inertsil 5 pm ODS-3 guard column (Chrompack, Middelburg, The Netherlands). A
mobile phase gradient was used with a flow rate of 0.4 mL/min in which mobile phase A
consisted of 5 mM hexylamine in nanopure water adjusted to pH 6.3 with acetic acid and
mobile phase B consisted of 90% methanol/10% 10 mM ammoniumacetate adjusted
to pH 8.5 with ammonia. A step gradient was used consisting of 80% A in 4 min, 69% A
in 11 min, 40% A in 19 min, and 100% B for 5 min. The flow was reduced to 100 puL/min
prior to MS detection using a T-split and a restriction column. The column temperature
was maintained at 30°C and the injection volume was 10 uL. LC-MS/MS provided better
selectivity, and allowed optimization of the gradient in order to increase the sample
throughput. A linear gradient was used starting from 100% A to 50% A in 12 min, fol-
lowed by a linear gradient from 50% A to 0% A in 3 min. The injection volume was 25 pL.

MS parameters

Both mass spectrometers were operated in the negative ionization mode. The follow-
ing settings were used for the IT mass spectrometer: ESI spray voltage 3-4 kV, heated
capillary 250°C, sheath gas 20, auxiliary gas 0, scan range m/z 150-1,200, number of
microscans 3, maximum injection time 300 ms. The IT mass spectrometer was operated
in the full scan mode. For the triple quadrupole mass spectrometer, nebulizer, turbo, and
curtain gas used nitrogen delivered at settings of 50, 50, and 40 psi, respectively. The
Turbo lon spray temperature was maintained at 450°C. The nebuliser potential was set at
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-4500 V. The triple quadrupole mass spectrometer was operated in the selected reaction
monitoring (SRM) mode.

Preparation of PBMC extracts

Hundred milliliter of PBS supplemented with 0.1% heparin was added to 50 mL buffy
coat (Sanquin, Rotterdam, The Netherlands), and the solution was subsequently divided
into six 50 mL tubes (25 mL per tube). Fourteen milliliter Lymphoprep was gently pi-
petted under the buffy coat solution, and the tubes were centrifuged at 823 x g for 30
min. The layers containing the PBMCs were carefully collected in six 50 mL tubes, and
subsequently a wash solution of PBS + 0.1% heparin was added until the total volume
was 50 mL per tube. PBMC suspensions were centrifuged at 420 x g for 10 min, the
supernatants were discarded, and the PBMC pellets were subsequently washed twice
with PBS (316 x g for 10 min). Next, the PBMC pellets were suspended in PBS, and were
directly aliquoted in 1.5 mL reaction vials at a density of 1.0 x 10° cells per vial. PBMCs
were spun down, and the supernatants were discarded. Subsequently, 100 uL methanol/
water (7:3 v/v) were added to each vial, and the PBMCs were extracted overnight at 5°C.
Finally, cell debris was spun down, analytes were added to the PBMC lysates, and were
analyzed using LC-MS.

Results and Discussion

Conventional RP chromatography is normally used for the separation of nonphos-
phorylated NRTIs and nucleosides ’. However, irreversible adsorption and peak tailing
are frequently observed when this type of chromatography is used for separation of
phosphorylated nucleotides due to the strong polarity of the phosphate groups. IP
reagents, which act as counter-ions for the acidic nucleotides, facilitate the elution
of the nucleotides from the column and improve the peak shape #'". Recently, an IP
LC-ESI-IT-MS method was developed and validated for the analysis of a variety of polar
metabolites in microbial extracts such as nucleotides, coenzyme A (CoA) esters, and
sugar nucleotides '2. Best chromatographic separation and peak shapes were observed
when a solvent gradient was used that compromised both an IP gradient from 5 to 0
mM hexylamine as well as a pH gradient from pH 6.3 to 8.5. The combination of these
two gradients leads to separation of very polar and acidic metabolites like nucleotides
via an IP mechanism while less polar compounds like CoA esters are separated via a RP
mechanism.

In this study, we investigated the IP LC-MS approach for quantitative analysis of vari-
ous NRTIs, endogenous deoxynucleosides, as well as their mono-, di-, and triphosphates
forms in lysates of human-derived PBMCs. Figure 1 demonstrates that, based on m/z of
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Figure 1. Extracted ion chromatograms of standard solutions of phosphorylated NRTIs and their
endogenous counterparts (~ T mg/mL) using the IP LC approach in combination with ESI-IT-MS in the full
scan MS mode.

the molecular ions and retention times, the phosphorylated NRTIs lamivudine-triphos-
phate (3TC-TP), zidovudine-triphosphate (AZT-TP), and carbovir-triphosphate (CBV-TP;
the active metabolite of abacavir (ABC)) could be distinguished from each other as well
as from their endogenous counterparts dCTP, dTTP, and dGTP, respectively.

The mass spectra of these compounds using the negative ionization mode were
dominated by m/z values corresponding to [M - HI;, and no significant adduct forma-
tion was observed. We were also able to detect the nonphosphorylated nucleosides
and NRTIs using this IP LC-MS method. However, better sensitivity is obtained when
these nonphosphorylated compounds are analyzed using conventional RP methods ”.
Repeated analysis of PBMC lysates (total analysis time ~24 h) showed an RSD in the peak
areas of AMP, ADP, and ATP of 3% and an SD in the retention time of ~3 s. This is in
agreement with the previously reported rugged analytical performance of the IP LC-MS
method when used for the analysis of nucleotides in microbial extracts. In conclusion,
the IP LC-MS method is capable of separating various endogenous deoxynucleotides
and phosphorylated NRTIs with significant retention and good peak shapes.
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To understand the intracellular pharmacology of NRTIs in HIV-infected patients, it is
necessary to simultaneously determine the intracellular concentration of endogenous
deoxynucleotides and phosphorylated NRTIs at clinical relevant levels *. The intracel-
lular concentrations of NRTI-TPs in one million PBMCs are in the order of 107 =102 mol
(one million PBMCs corresponds with a blood sample of 1-2 mL). These low intracellular
concentrations hamper in particular studies in HIV-1-infected children due to the limited
volume of blood that can be obtained from these patients. In addition, the intracellular
concentrations of endogenous deoxynucleotides, e.g., dGTP, are significantly lower than
the intracellular levels of endogenous nucleotides like GTP. Indeed, we were able to de-
tect various endogenous nucleotides in a lysate of 1 x 10 PBMC using the IP LC approach
on an ESI-IT mass spectrometer. However, endogenous deoxynucleotides could not be
detected by this type of MS. The IP LC-MS approach was therefore further investigated
using a triple quadrupole mass spectrometer that operated in the SRM mode, which
should result in significantly lower LOQs and increased selectivity compared to using
an IT mass spectrometer in the full scan mode. As internal standards for quantitative
analysis, we used GMP (3C, *N) for the analysis of the monophosphate (MP) forms of the
NRTIs and deoxynucleosides, Né-(6-aminohexyl)-ADP for the diphosphate (DP) forms,
and GTP ('3C, "*N) for the triphosphate forms. Table 1 shows that we were able to quanti-
tatively detect in PBMC lysates the mono-, di-, and triphosphate forms of the NRTIs AZT,

Table 1. MS parameters, LOD, and linearity (r?) obtained from calibration solutions of various endogenous
deoxynucleotides and phosphorylated NTRIs in lysates of PBMCs using the SRM on a triple quadrupole
mass spectrometer.

@ R‘eaction Decltlstering Collision energy  LOD (fmol on 2 (n=6)
monitored (m/z) potential (DP) (V) (CE) (V) column)?
dTMP 321.0 > 79.1 -30 -50 50 0.9773
dTDP 401.1 > 275.1 -70 -26 25 0.9941
dTTP 481.0 > 159.0 -90 -36 25 0.9952
AZT-MP 346.0 > 78.9 -70 -46 50 0.9869
AZT-DP 426.0 > 159.1 -85 -36 250 0.9908
AZT-TP 506.2 — 159.1 -85 -36 25 0.9956
d4T-MP 303.1 > 176.9 -60 -18 50 0.9916
d4T-DP 383.0 > 256.8 -55 -24 250 0.9746
d4T-TP 463.0 > 158.9 -90 -30 25 0.9934
dCMP 306.0 » 78.8 -60 -54 50 0.9854
dCDP 385.9->79.0 -55 -78 25 0.9978
dCTP 466.0 — 158.9 -90 -40 25 0.9910
3TC-MP 308.0 » 78.9 -50 -52 50 0.9835
3TC-DP 387.9 788 -50 -52 250 0.9815
3TC-TP 468.0 » 158.8 -80 -28 25 0.9919

a) Lowest point in the calibration curve (~ 1-1000 nM) with an S/N > 3.
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d4T, and 3TC, as well as all phosphorylated forms of their endogenous deoxynucleoside
counterparts deoxythymidine (dT) and deoxycytidine (dC). Figure 2 shows the SRM ion
chromatograms of the phosphorylated forms of AZT and its endogenous counterpart dT.
In general, the best sensitivity and linearity was obtained for the triphosphate forms of
the NRTIs and deoxynucleosides. The LOD for the triphosphate forms of AZT, d4T, 3TC, dT,
and dC were 25 fmol on column corresponding to 100 fmol per sample, and the linearity
(r*) of the calibration curves were > 0.99. Previous studies showed that the intracellular
concentrations of NRTI-TPs in PBMC obtained from HIV-infected patients were 30-100
fmol/1 x 106 PBMCs for AZT-TP and d4T-TP and 7-50 pmol/1 x 106 PBMCs for 3TC-TP 376,

] O YENI | . 5304 .
50, % 0 g
s s
s 50
a0 !
50 250
z W AZT-MP: 346.0 > 78.9 s AZT-DP: 426.0 > 159.1
: ow g
0 w
s 15
s 0
ru 5
0 (] P 8%
ol P h
AR TR TR T R R AR B T A R A T R A R I R R R A R A A R R R
T, min Tine min
T x| Ve 1504 s
5326, i 1504 2
. 1t
130t
450
120
) 1o
1004
a5
0000
5 w0 AZT-TP: 506.2 > 159.1 £ oo dTMP: 321.0 > 79.1
2 0 Z 70000
= < o000
2!
000
1500 4000.0-
- 30000
2000
E
10000
., W
IR R A I N A R A N R R T T 3§ 5 6 7 & & mon ® B m k%W
Time,min Tine,min
Ll Toeeay 8216365
1600- ‘ 000 "
50 0
100 .
10 w0
120 e
1o 0
s 0
g w 2
Bl dTDP: 401.1 - 275.1 E dTTP: 481.0 > 159.1
g £ w0
a0 o
st poss
a0 pross
a0 1500
0 . 100
1o sl
hasg s s,
T35 435 b5 7 % IR R A N R R A R R R
Tine,min

Figure 2. SRM ion chromatograms of the mono-, di-, and triphosphate forms of AZT and its endogenous
counterpart dT spiked in a lysate of PBMCs using the IP LC approach on an ESI-triple quadrupole mass
spectrometer.
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Comparison of these values with the LOD presented in Table 1 shows that the sensitivity
of the method developed in this study is sufficient for the analysis of phosphorylated
NRTIs in clinical PBMC samples. Preliminary tests showed that the method is also suit-
able for the analysis of the endogenous deoxynucleotides dAMP, dADP, dATP en dGMP,
dGDP, and dGTP and other phosphorylated NRTIs like dideoxyadenosine-triphosphate
(ddATP), tenofovir, tenofovir-MP, and tenofovir-DP.

Concluding Remarks

In this study, we investigated an IP LC-MS approach for quantitative analysis of NRTIs,
endogenous deoxynucleosides, and phosphorylated forms thereof. This approach is
suitable for the simultaneous analysis of the mono-, di-, and triphosphate forms of NRTIs
and endogenous deoxynucleosides in human PBMCs at clinical relevant levels, which
shows that a single analytical method can be used to study the intracellular metabolism
of NRTIs in vivo.
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Abstract

In this report, we discuss key issues for the successful application of MALDI-TOF mass
spectrometry to quantify drugs. These include choice and preparation of matrix, nature
of cationization agent, automation, and data analysis procedures. The high molecular
weight matrix meso-tetrakis(pentafluorophenyl)porphyrin eliminates chemical noise in
the low-mass range, a “brushing” spotting technique in combination with prestructured
target plates enables fast preparation of homogeneous matrix crystals, and addition of
Li* leads to intense cationized drug species. Complex biological samples were cleaned
up using a 96-well solid-phase extraction plate, and the purified samples were automati-
cally spotted by a pipetting robot. To obtain a suitable data analysis procedure for the
quantitative analysis of drugs by MALDI-TOF mass spectrometry, various data processing
parameters were evaluated on our two model drugs lopinavir and ritonavir. Finally, and
most importantly, it is shown that the above described procedure can be successfully
applied to quantify clinically relevant concentrations of lopinavir, an HIV protease inhibi-
tor, in extracts of small numbers of peripheral blood mononuclear cells (1 x 109).
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Introduction

In our pediatrics departments, we need a fast, reliable, and sensitive method to quantify
antiretroviral drugs in various biological samples, such as extracts from peripheral blood
mononuclear cells (PBMCs). To this end, we have initiated a study to test the suitability of
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrom-
etry for such clinical applications.

MALDI and electrospray ionization (ESI) are the two most extensively used ionization
techniques for the mass spectrometric analysis of biological and biomedical com-
pounds. However, only ESI is commonly used for qualitative and quantitative analysis
of low molecular weight compounds (< 1,000 Da) such as drugs. This is because, in
contrast to MALDI, ESI does not require the addition of matrix molecules; such matrix
molecules may undergo association reactions leading to interference peaks in the low-
mass range. Nevertheless, MALDI offers some specific advantages over ESI. Perhaps the
most important distinction of MALDI is that it is capable of very high sample throughput
with minimum instrument maintenance. In addition, MALDI is less susceptible to ion
suppression. It is for these reasons that in recent years MALDI has seen its emergence in
the field of small-molecule analysis .

Two major phenomena hamper the application of the MALDI technique to the analy-
sis of small molecules. As mentioned above, MALDI suffers from matrix-derived chemical
interference in the low-mass range 2 From a quantitative perspective, MALDI suffers
from poor reproducibility of the signal abundance .

The molecular masses of conventional MALDI matrixes range from 100 to 300 Da.
Due to ion/molecule reactions in the matrix plume, a large number of matrix-derived
peaks are usually observed in the low-mass range 2. For example, the often used matrix
2,5-dihydroxybenzoic acid (DHB; C,H O,) produces, after laser irradiation, the series of

764
(C,H,O,Na) Na* ions in admixture with other adducts, even in the presence of residual

7 574
sodium ions 3. These abundant matrix-related peaks seriously hamper the qualitative
and quantitative analysis of small molecules. One way to avoid such interference signals
is to choose a matrix whose molecular weight is in excess of that of the analyte mol-
ecule *°. Meso-tetrakis(pentafluorophenyl)porphyrin (F20TPP) is such a high molecular
MALDI matrix (MW 974.6 Da) and has successfully been used for the analysis of various
small molecules, for example, poly(ethylene glycol)s, fatty acids, and sugars ¢2.

A variety of approaches have been reported to enhance the signal reproducibility of
MALDI mass spectrometers, and they can be divided into two main groups: (1) enhance-
ment of homogeneous matrix crystallization, enhancement of homogeneous analyte
incorporation into the matrix crystals, or both. This can be achieved, for example, by
preparing matrix crystals using a fast evaporation protocol or by using prestructured
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target plates ®'°. (2) averaging out variations in instrument response by employing an
internal standard and by averaging out multiple spectra of one sample "3,

In this study, a strategy is presented to overcome the two main limitations of MALDI-
TOF mass spectrometry for the qualitative and quantitative analysis of small molecules.
To reduce the number of matrix-derived peaks in the low-mass range, we have used
a high molecular weight matrix, viz. F20TPP. To increase reproducibility (precision), we
have developed, using prestructured target plates, a fast evaporation protocol for the
matrix F20TPP. To increase reproducibility further, instrument response variation was
minimized by using an internal standard, by averaging out 1,000 spectra per sample,
and by measuring each sample 4-fold. In addition, the effects of various data analysis
procedures on the precision and accuracy of analyte abundances was investigated.
Finally, we demonstrate that MALDI-TOF mass spectrometry can be successfully used
for the quantitative analysis of lopinavir, an HIV protease inhibitor, in extracts of PBMCs.

Experimental Section

Pharmaceutical compounds

Lopinavir and ritonavir were kindly provided by Abbott Laboratories. Indinavir was
kindly supplied by Merck Sharp & Dohme. Saquinavir was kindly provided by F. Hoff-
mann-La Roche. Nelfinavir was kindly provided by Pfizer Inc. Zidovudine, lamivudine,
abacavir, and amprenavir were kindly provided by GlaxoSmithKline. Nevirapine and
tipranavir were kindly provided by Boehringer Ingelheim. Erythromycin, omeprazole,
carbamazepine, sulfamethoxazole, levofloxacin, primaquine, metoprolol, acetylsalicylic
acid, amikacin, tobramycin, ampicillin, acetaminophen, trimethoprim, penicillin G, and
rifampicin were purchased from Sigma-Aldrich.

Chemicals

Lithium iodide, sodium iodide, potassium iodide, rubidium iodide, cesium iodide, HPLC
grade water, and 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin were obtained from
Sigma-Aldrich. All organic solvents were obtained from J. T. Baker. All chemicals were
purchased at the highest purity grade available and were used without further purifica-
tion.

Standards for qualitative analysis

Dilution series for each pharmaceutical compound were prepared in ethanol/water
(1:1). Dilution series A contained pharmaceutical compounds at a concentration of
8,000, 4,000, 2,000, 1,000, and 500 fmol/uL. Dilution series B contained pharmaceutical
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compounds at a concentration of 80, 40, 20, 10, and 5 fmol/pL. Samples were stored at
-200°C.

Standards for quantitative analysis of pure lopinavir and ritonavir

Calibrators were prepared of pure lopinavir and ritonavir at concentrations of 1,000, 900,
800, 700, 500, 400, 300, 200, 100, 80, 40, 20, 15, 10, 5, and 1 fmol/uL. Each calibrator
was spiked with 50 fmol/pL indinavir (internal standard). All calibrators were prepared in
ethanol/water (1:1) and stored at - 80°C.

Standards for quantitative analysis of lopinavir in PBMC extracts

PBMCs were isolated from a buffy coat (Sanquin) using a Ficoll density gradient. Calibra-
tors were prepared of pure lopinavir in ethanol/water (1:1) at concentrations of 4,000,
3,000, 2,000, 1,000, 400, 200, 100, 50, and 25 fmol/pL spiked with 500 fmol/uL saquinavir
(internal standard). A 100-pL aliquot of each calibrator was added to a dry pellet of 1
x 106 PBMCs, and PBMCs were extracted overnight in these calibrator solutions at 5°C.
Subsequently, cell debris was spun down and supernatants were loaded onto a 96-well
solid-phase extraction plate (Oasis HLB pelution plate, Waters). The loaded samples were
washed twice with 200 pL of methanol/water (1:19) and 200 pL of methanol/water (1:1),
respectively. Samples were eluted from the solid-phase extraction plate using 100 pL
of methanol/water (3:1). The eluted samples were dried using a SpeedVac (Savant) and
were stored at -20°C. On the day of analysis, the dried samples were reconstituted in 100
uL of ethanol/water (1:1).

Matrix and matrix spotting technique

Four parts of 25 mg/mL F20TPP, dissolved in 100% acetone, were mixed with one part of
100 mM Lil, Nal, KI, Rbl, or Csl. Lil, and Nal, dissolved in 100% acetone, and Kl, Rbl, and Csl
were dissolved in 100% methanol. Thus, the final matrix solutions contained 20 mg/mL
F20TPP and 20 mM alkali iodide. Matrix crystals were prepared on an AnchorChip target
plate with 800-um sized hydrophilic anchors (Bruker Daltonics) by the following “brush-
ing” technique: A 10-uL pipette tip was filled with matrix solution. Next, the pipette was
positioned such that the tip just touched the target plate above the first spot. Next,
the plunger was slightly pressed and at the same time the pipette was quickly dragged
downward over the target spots.

Sample spotting

All samples were spotted in 4-fold (1 pL/replicate) on top of the matrix crystals using a
ClinProtRobot pipetting robot, which was controlled by ClinProtRobot Workflow, Editor
version 1.0 software (Bruker Daltonics, Germany).
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Sample measurement

All experiments were performed on an Ultraflex-l MALDI-TOF/TOF mass spectrometer
(Bruker Daltonics) equipped with a 50-Hz nitrogen laser (337 nm). Mass spectra were
recorded in the positive ion reflectron mode. FlexControl version 2.4 software was used
to operate the mass spectrometer. A sample spot containing matrix only was used
to manually set the laser power ~5% above the threshold for ionization. The samples
containing the analytes were measured automatically using the AutoXecute part of
the FlexControl software. Mass spectra were recorded by accumulating 50 shots on 20
different positions on each sample spot. No spectra were rejected (i.e., fuzzy control for
spectra accumulation was not used). Four replicates of each sample were measured, and
each experiment was repeated three times.

Data analysis

A FlexAnalysis script, kindly provided by Bruker Daltonics, was used to process the
raw mass spectra in batch and to pick all peaks for a specified m/z range. Each mass
spectrum was processed with and without baseline subtraction, and peak picking was
performed using the “centroid” peak picking algorithm (monoisotope only) as well as
the “SNAP” peak picking algorithm (all isotopes). Baseline subtraction was performed
using the “median” baseline subtraction algorithm with 0.8 flatness. For the centroid
peak picking algorithm, the signal-to-noise ratio (S/N) threshold was set at 3 times above
the standard deviation of the noise. The S/N threshold was set at 5 for the SNAP peak
picking algorithm. Subsequently, a “search for masses” macro, kindly provided by Bruker
Daltonics, was used to automatically extract in batch peak parameters (peak intensity,
peak S/N, and peak area) for specific masses (analyte and internal standard) from the
peak lists generated by the above-described FlexAnalysis script.

Precision and accuracy calculations

Full analysis was performed when the analyte and internal standard were present at S/N
>3 or > 5 (vide supra) in at least two out of the four replicates. Of each experiment, the
consecutive series of concentration calibrators that fulfilled the FDA + 20/15% criteria
for precision '* was used for accuracy calculations, using the mean analyte-to-internal
standard response ratios of the replicates of each calibrator. The consecutive series
of calibrators was chosen in such way that it contained the calibrator with the lowest
analyte concentration. Unweighed, 1/x weighed, and 1/x*> weighed linear, and quadratic
curve fitting methods were applied to construct the calibration curves. Calibrators with
the highest analyte concentration of a consecutive series were removed one by one
until that calibrator series fulfilled the FDA + 20/15% criteria for accuracy . Outliers
were not removed unless otherwise stated.
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Results and Discussion

Meso-tetrakis(pentafluorophenyl)porphyrin matrix

The use of MALDI mass spectrometry for the quantitative analysis of drugs is normally
hampered by interfering matrix peaks in the low-mass range and poor precision of
signal abundances '. meso-Tetrakis(pentafluorophenyl)porphyrin (F20TPP) has a high
molecular weight (MW 974.6 Da) compared to other more commonly used matrixes such
as DHB (MW 154.1 Da) and a-cyano-4-hydroxycinnamic acid (MW 189.2 Da). Ayorinde et
al. have shown that only a few interfering matrix peaks are observed in the low mass
range of F20TPP, which is prerequisite for the analysis of small molecules ’. To perform
high-throughput quantitative analysis of drugs, we have developed a protocol for the
rapid preparation of homogeneous F20TPP matrix crystals using prestructured target
plates. F20TPP was dissolved in acetone and spotted on a hydrophobic target plate with
hydrophilic anchors (AnchorChip) using a simple brushing. Each anchor absorbed ~0.2
pL of matrix solution, and homogeneous matrix crystals formed within 1 s. The matrix
can be spotted on all 384 anchors of a single target plate within 5 min. Samples were
spotted on top of the matrix crystals, and since F20TPP is not soluble in water, ethanol,
or methanol, the sample solvent simply evaporates without perturbing matrix crystal
homogeneity. Considering the good precision we can achieve (vide infra), we conclude
that the analyte is indeed homogeneously incorporated into the matrix.

Upon laser irradiation, F20TPP forms radical cations and it also undergoes self-
protonation. These protonated molecules may serve as proton donors for the analyte
molecules. Our model compounds lopinavir and ritonavir contain peptide bonds, which
have high proton affinities (PA) . Thus, we expected that lopinavir and ritonavir would
become protonated within the MALDI plume. However, no signals were observed for the
protonated analytes when F20TPP was used as matrix (see Figure 1). Thus, F20TPP does
not transfer a proton to the analyte, presumably because the PA of F20TPP is higher than
that of lopinavir and ritonavir.

Another way to ionize molecules by MALDI is to add an alkali salt leading to alkali ion
attachment. Indeed, for molecules lacking basic sites, such as sugars, cationization can
be accomplished by the addition of alkali ions 3. This is also true when using the matrix
F20TPP, which is usually mixed with sodium or potassium salts to ionize the analytes of
interest 8¢, We investigated the effect of lithium, sodium, potassium, rubidium, and
cesium iodide on the detection limits of lopinavir and ritonavir. lodide was chosen as
counter-anion, because the lower lattice energy of alkali iodides compared to other
alkali halides results in more free gaseous alkaliions and, thus, higher signal abundances
of the cationized analytes '7. Considering the above argument based on lattice energies,
it might reasonably be expected that for the alkali iodides the concentration of gaseous
alkaliions will be in the order Li* < Na* < K* < Rb* < Cs*. This is indeed observed. In Figure
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Figure 1. Analysis of lopinavir using F20TPP as matrix. a.i.,, absolute intensity. The molecular weight of
lopinavir (LPV) is 628.8 Da. Panel A: An intense signal for lithiated lopinavir was observed when 1 pmol of
lopinavir was analyzed with 20 mg/mL F20TPP + 20 mM Lil. No protonated lopinavir was observed. Panel
B: A signal was observed for lopinavir cationized by residual sodium ions when 1 pmol of lopinavir was
analyzed with 20 mg/mL F20TPP. No protonated lopinavir was observed.

2 are shown the MALDI-TOF mass spectra of equimolar amounts of the alkali iodides
using F20TPP (Figure 2A) and DHB (Figure 2B) as matrix. As can be seen, the amount of
gas-phase ions available for cationization is highest for Cs*, whereas virtually no lithium
ions are liberated. On the other hand, the alkali affinity of substrates will be in the op-
posite order, viz. Lit > Na* > K* > Rb* > Cs*, because the smaller the ionic radius, the more
stable the association of the alkali ion with the substrate will be (ion-dipole stabilization
energies are inversely proportional to the square of the distance between the charge and
substrate binding location). Thus, there are two opposing effects, to wit bare alkali ion
availability and substrate alkali ion affinity. That there are indeed two opposing effects is
borne out by cationization experiments using poly(ethylene glycol)s (PEGs) cationized
by equimolar amounts of alkali iodides using DHB as matrix (see Figure 3B). An optimum
for alkali attachment to the PEG chain was obtained for potassium in agreement with
the operation of the two opposing effects discussed above. However, cationization
experiments with PEGs and F20TPP showed a completely different distribution of the
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Figure 2. Abundances of free cations from equimolar alkali iodide salts. a.i., absolute intensity. Panel A: mass
spectrum of 20 mg/mL F20TPP + 4 mM Lil, Nal, KI, Rbl, and Csl. No free lithium ions were observed. Panel B:
mass spectrum of 10 mg/mL DHB + 4 mM Lil, Nal, Kl, Rbl, and Csl. No free lithium ions were observed.

cationized PEG (see Figure 3A): An optimum alkali attachment to the PEG chain was
obtained for lithium.

Our two model compounds lopinavir and ritonavir showed a similar cation distribu-
tion when analyzed with F20TPP (Figure 4). The highest signal abundances for cation-
ized lopinavir and ritonavir were observed when F20TPP was mixed with lithium iodide.
We therefore conclude that alkali cationization using the F20TPP matrix does not occur
by attachment of free lithium ions in the gas phase. This is in sharp contrast to results ob-
tained with low molecular weight matrixes, such as DHB, where free cation attachment
is the predominant process 8. The mechanism of alkali attachment to pharmaceutical
compounds using the matrix F20TPP is currently under investigation in our laboratories.
For now, we will exploit the observation that lithium attachment produces the most
intense signals. The combination of F20TPP and lithium iodide was therefore used as

matrix for all other experiments.

Qualitative analysis of pharmaceutical compounds
We obtained the detection limits (S/N > 3) for the lithiated monoisotopic peaks of 26
drugs using the F20TPP matrix. Most of the drugs tested in this experiment are used to
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Figure 3. Distribution of cationized PEG600 using equimolar alkali iodide salts. a.i., absolute intensity.
Panel A: mass spectrum of PEG600 analyzed with 20 mg/mL F20TPP + 4 mM Lil, Nal, KI, Rbl, and Csl. The
most abundant signals were observed for lithiated PEG600, followed by sodiated PEG600. PEG600 did not
form adducts with potassium, rubidium, or cesium. Panel B: mass spectrum of PEG600 analyzed with 10
mg/mL DHB + 4 mM Lil, Nal, KI, Rbl, and Csl. The abundance of cationized PEG600 signals was as follows:
K> Na > Li > Rb = Cs. The solid line represents the cation distribution for PEG600 with a chain length of 13
CH,CH,O units.

treat HIV or other infectious diseases. In addition, we tested drugs that are frequently
prescribed or used to treat neurological diseases. The best detection limits were obtained
for the HIV protease inhibitors lopinavir, ritonavir, saquinavir, indinavir, and nelfinavir (5
fmol). The HIV protease inhibitors amprenavir and tipranavir were detected up to 10 and
40 fmol, respectively. Erythromycin (10 fmol), omeprazole (10 fmol), carbamazepine (40
fmol), sulfamethoxazole (40 fmol), and levofloxacin (40 fmol) were detected at levels
comparable to that of the HIV protease inhibitors. The detection limits for the HIV re-
verse transcriptase inhibitors lamivudine, nevirapine, zidovudine, and abacavir ranged
from 500 to 1,000 fmol. Comparable detection limits were obtained for primaquine (500
fmol), metoprolol (500 fmol), acetylsalicylic acid (500 fmol), amikacin (1,000 fmol), and
tobramycin (1,000 fmol). Ampicillin could be detected up to 4,000 fmol, and acetamino-
phen, trimethoprim, penicillin G, and rifampicin could not be detected using the F20TPP
matrix.
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Figure 4. Effects of equimolar alkali iodide salts on the signal abundances of lopinavir and ritonavir (n = 12).

Quantitative analysis of pure lopinavir and ritonavir

In the life sciences, MALDI-TOF mass spectrometry is mostly used for qualitative analysis
of compounds such as peptides and proteins. As a consequence, little is known as to how
data should be treated for quantitative analysis of small molecules. Therefore, we tested
the effect of baseline subtraction, choice of peak parameter (intensity, S/N, area), and
choice of analyte signal (monoisotope, all isotopes) on the precision of the lopinavir and
ritonavir abundances. The results are shown in Table 1. For each entry, 16 concentrations
of lopinavir and ritonavir were measured in 4-fold using indinavir as internal standard,
and the average precision was calculated together with the standard deviation. The
above procedure was performed three times, and from these three experiments, the
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Table 1. Effects of twelve data analysis procedures on the mean precisions (% CV) of all calibrators of
lopinavir and ritonavir®

Procedures LPV RTV
monoisotope no intensity 11 10
monoisotope yes intensity 12 10

monoisotope no S/N 1" 10
monoisotope yes S/N 12 10
monoisotope no area 8 9
monoisotope yes area 9 9
all isotopes no intensity 19 9
all isotopes yes intensity 15 9
all isotopes no S/N 19 9
all isotopes yes S/N 18 9
all isotopes no area 13 9
all isotopes yes area 1 9

2LPV, lopinavir. RTV, ritonavir. The left column shows which analyte signal was used (monoisotope, all
isotopes), whether a baseline subtraction was used or not (yes/no), and which peak parameter was used
(intensity, S/N, area).

average precision and standard deviation was extracted. Thus, the entries in Table 1 are
the result of 192 measurements. The peak parameter “area” resulted in slightly better
precisions of the lopinavir and ritonavir abundance compared to the peak parameter
“intensity” or “S/N". Baseline subtraction did not have an effect on the precision. It can
be seen that for lopinavir the precision deteriorates significantly when all isotopes are
used. By contrast, for ritonavir no significant changes were observed. The poor preci-
sion of lopinavir when signal abundances of all isotopes were used may well be due to
contamination of other compounds leading to interferences under the isotopic peaks
of lopinavir.

Subsequently, we investigated whether drugs could be quantified by MALDI-TOF
mass spectrometry according to the = 20/15% criteria of the FDA for precision and ac-
curacy: Precision (expressed as % relative standard deviation) and accuracy (expressed
as % deviation from the theoretical concentration) should be < 15% for all calibrators
except for the lower limit of quantification (LLOQ), which should be < 20% ™. Table 2
shows the effects of baseline subtraction, choice of peak parameter (intensity, S/N,
area), and choice of analyte signal (monoisotope, all isotopes) on the dynamic range of
the lopinavir and ritonavir calibration curves that fulfilled the FDA £ 20/15% criteria for
precision and accuracy. In general the best, i.e., largest, dynamic ranges were obtained
by applying no baseline subtraction and by using the monoisotopic peak area. The ap-
plication of baseline subtraction when the monoisotopic peak abundance of lopinavir
was used resulted in a marked decrease in dynamic range. This effect was attributed to
the increase in LLOQ from 1 (no baseline subtraction) to 5 fmol (baseline subtraction).
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Table 2. Effects of twelve data analysis procedures on the mean dynamic range of lopinavir and ritonavir®

Procedures LPV RTV
monoisotope no intensity 86 33
monoisotope yes intensity 24 53

monoisotope no S/N 78 56
monoisotope yes S/N 21 53
monoisotope no area 186 74
monoisotope yes area 35 74
all isotopes no intensity 21 33
all isotopes yes intensity 19 32
all isotopes no S/N 19 50
all isotopes yes S/N 21 53
all isotopes no area 35 53
all isotopes yes area 10 50

2RTV, ritonavir. LPV, lopinavir. The left column shows which analyte signal was used (monoisotope, all
isotopes), whether a baseline subtraction was used or not (yes/no), and which peak parameter was used
(intensity, S/N, area). Calibrator series of lopinavir and ritonavir were analyzed in 4-fold, and experiments
were repeated three times. Subsequently, data were analyzed using 12 data analysis procedures

(left column of the table), and precisions were calculated for the lopinavir and ritonavir calibrators.
Calibrators that fulfilled the FDA + 20/15% criteria for precision were used to construct calibration curves
in the following way: six curve fitting methods were applied and calibrators with the highest analyte
concentration were removed one by one until the calibration curve fulfilled the FDA + 20/15% criteria for
accuracy. Reported here is the mean of the all dynamic ranges obtained by applying various curve fitting
methods for each of the 12 data analysis procedures.

This effect was not observed for ritonavir. In general, the LLOQ increased when the
signal abundances of all isotopes were used compared to the use of the monoisotopic
peak abundance.

Table 3 shows the effects of the six curve fitting methods on the mean dynamic range
of lopinavir and ritonavir. Quadratic curve fitting resulted in a larger dynamic range
compared to linear curve fitting. Furthermore, the effect of weighing on the dynamic
range, ordered from best to worst, was 1/x*> weighing > 1/x weighing > unweighed
curve fitting. The FDA states that the simplest model that accurately describes the

Table 3. Effects of six curve fitting methods on the mean dynamic range lopinavir and ritonavir®

linear quadratic

compound unweighed  1/xweighed  1/x*weighed  unweighed  1/xweighed 1/x*weighed
ritonavir 25 50 54 41 69 69
lopinavir 16 41 54 30 59 76

2 Linear unweighed, linear 1/x weighed, linear 1/x? weighed, quadratic unweighed, quadratic 1/x weighed,
and quadratic 1/x? weighed curve fitting methods were used to construct lopinavir and ritonavir
calibration curves. Here we report the mean dynamic range of all 12 data analysis procedures (see Table 2)
for each curve fitting method.
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Figure 5. Concentration-response relationship of lopinavir using MALDI-TOF mass spectrometry. LPV,
lopinavir; IDV, indinavir. Vertical bars represent plus and minus one standard deviation.

concentration-response relationship should be used to construct a calibration curve ™.
In addition, the selection of weighing and use of complex regression equation should
be justified '°, which we do here. MALDI-TOF mass spectrometers are typically equipped
with 8-bit analog-to-digital converters (ADC). These ADCs convert the intensity of the
detector output into a numerical value of 0-255 2. Therefore, the dynamic range of
MALDI-TOF mass spectrometers is generally limited to 2 orders of magnitude. Indeed,
for our MALDI-TOF mass spectrometer, the concentration-response relationship was
approximately linear when relative low concentrations of lopinavir were analyzed (up to
100 fmol), while the concentration-response relationship was more quadratic for higher
lopinavir concentrations (see Figure 5). Furthermore, weighing functions were applied
to reduce the influence of the higher concentrations on the fitted line, since the variance
of the instrument response increases with the analyte concentration ™. In conclusion,
the best dynamic ranges were obtained using the following data analysis procedure:
No baseline subtraction, the use of the monoisotopic peak area, and construction of a
calibration curve using a 1/x* weighed quadratic curve fitting method. Table 4 shows
the precisions and accuracies of lopinavir and ritonavir when using this data analysis
procedure.
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Table 4. Quantitative analysis of pure lopinavir and ritonavir®

lopinavir ritonavir
exp 1 exp 2 exp 3 exp 1 exp 2 exp 3
LLOQ (fmol) 1 1 1 5 5 5
ULOQ (fmol) 200 300 500 900 500 700
mean precision 6320 6.8+3.6 6.1+3.9 70+3.7 7.7+3.1 73+46
Mean accuracy 59+42 6.7+43 51+£3.1 49+34 51+£35 3.7+£30

2 LLOQ, lower limit of quantification. ULOQ, upper limit of quantification. exp, experiment. Calibrator series
of pure lopinavir and ritonavir were measured in 4-fold, and experiments were repeated three times.
Precisions of the mean analyte-to-internal standard response ratios for each calibrator were calculated
using the monoisotopic peak areas. Calibrators that fulfilled the FDA +£20/15 criteria for precision were
used to construct calibration curves in the following way: A 1/x* quadratic curve fitting method was
applied, and calibrators with the highest analyte concentration were removed one by one until the
calibration curve fulfilled the FDA £20/15 criteria for accuracy. The reported precisions and accuracies are
the mean values for all calibrators that fulfilled the +20/15 criteria for precision and accuracy.

Quantitative analysis of lopinavir in cell extracts

Next, we investigated whether MALDI-TOF mass spectrometry could be used to quantify
clinically relevant concentrations of lopinavir in PBMC extracts according to the FDA +
20/15% criteria for precision and accuracy. Crommentuyn et al. reported a mean intra-
cellular lopinavir concentration in 11 HIV-1 infected adults of 6.4 pmol/1 x 10° PBMCs
just before drug intake, and the peak concentration was 8.5 pmol/1 x 10° PBMCs . The
results of our experiments are shown in Table 5. As can be seen, our procedure allows
the quantification of lopinavir down to 25 fmol in extracts of 1 x 10° PBMCs according
to the FDA + 20/15% criteria for precision and accuracy. This is well below the clinically
relevant concentrations mentioned above. These results clearly show that MALDI-TOF
mass spectrometry can be successfully used for clinical studies on the intracellular phar-
macology of lopinavir. In Figure 6 are shown the mass spectra of PBMC extracts. It can
be seen that after solid-phase extraction the spectra are remarkably clean. Considering

Table 5. Quantitative analysis of lopinavir in PBMC extracts®

exp 1 exp 2 exp 3
LLOQ (fmol) 25 25 25
ULOQ (fmol) 4000 3000 2000
mean precision 74+3.7 84+48 6.2+34
mean accuracy 55+£53 57+46 49+44

2 LLOQ, lower limit of quantification. ULOQ, upper limit of quantification. exp, experiment. Processed
calibrator series were measured in 4-fold, and experiments were repeated three times. The mean analyte-
to-internal standard responses were calculated for each calibrator using the monoisotopic peak areas.
Calibration curves were constructed using a 1/x? weighed quadratic curve fitting. The reported precisions
and accuracies are the mean values for all calibrators that fulfilled the FDA +20/15 criteria for precision
and accuracy. In experiment 3, one outlier was removed.



56 | Chapter4

a.i.
8 x104 blank A

4 x104

8x104 zero

4 x104]
saquinavir

0 e . A l L A L ‘
lopinavir c

8 x104 lopinavir

4 x10%,
l saquinavir

oba b o 0 T L
0 100 200 300 400 500 600 700 800 m/z

Figure 6. Mass spectra of PBMC extracts analyzed by MALDI-TOF mass spectrometry. a.i., absolute
intensity. Panel A: mass spectrum of 1 x 10° PBMCs that were extracted using ethanol/water without
adding drugs. Panel B: mass spectrum of 1 x 10° PBMCs that were extracted using ethanol/water spiked
with internal standard only (500 fmol/uL saquinavir). Panel C: mass spectrum of 1 x 10° PBMCs that were
extracted using ethanol/water spiked with internal standard (500 fmol/uL saquinavir) and analyte (2000
fmol/pL lopinavir).

that the mean signal-to-noise ratio (n=12) obtained at the LLOQ was 9 (sd 2.3), better
quantification limits seem possible.

In clinical studies on the intracellular pharmacology of antiretroviral drugs, aqueous
mixtures containing a high percentage of organic solvent are used to extract the anti-
retroviral drugs from the PBMCs. We therefore prepared calibrator series of lopinavir
in ethanol/water (1:1), and these calibrators were used to extract 1 x 10° PBMCs. One
million PBMCs were used for these experiments, since this amount of PBMCs can be
obtained from a blood sample of 1-2 mL, a prerequisite for clinical studies in HIV-1
infected children.

A time-of-flight mass analyzer is normally not the first choice for quantitative analysis of
drugs. As described above, the dynamic range is relatively small due to the use of analog-
to-digital converters with an 8-bit size. Furthermore, most time-of-flight analyzers are not
designed to perform tandem mass experiments (MS/MS) on small molecules in contrast
to, for example, triple quadrupole mass analyzers. Tandem mass experiments are used to
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increase signal-to-noise ratios and selectivity of drug measurements. Therefore, the de-
velopment of new types of MALDI mass spectrometers, such as MALDI-triple quadrupole
mass spectrometers, is of special interest for the quantitative analysis of drugs 22224,

Sample volumes typically used in MALDI mass spectrometry are in the order of 1 pL.
The challenge for the successful application of MALDI mass spectrometry for quantita-
tive analysis of drugs is to concentrate analytes in such a small volume in a reproducible
manner. In our experiment, we reconstituted the processed calibrators in 100 pL of
ethanol/water, but only 1 pL was spotted on to the target plate. Thus, a factor 100 in
sensitivity was lost. Nevertheless, the obtained quantification limit of at least 25 fmol
for lopinavir in cell extracts allows reliable and clinical applications of our procedure.
However, loss in sensitivity of a factor 100 could complicate the quantitative analysis
of other drugs that have lower intracellular concentrations than lopinavir. To circum-
vent this problem, smaller solvent volumes could be used to reconstitute calibrators
after vacuum-drying. Another way is to elute calibrators in a smaller volume from the
solid-phase extraction plate and to directly spot the eluents onto the target plate. For
example, Gobey et al. eluted calibrators in volumes of 25 pL and spotted the eluents di-
rectly onto a target plate prior to quantitative analysis using a MALDI-triple quadrupole
mass spectrometer 22,

One of the hallmarks of MALDI mass spectrometry is the speed of analysis. On our
MALDI-TOF mass spectrometer, a typical time to analyze a sample in 4-fold in an
automated way was 2 min and 20 s. Our MALDI-TOF mass spectrometer is equipped
with a 50-Hz nitrogen laser, and the use of higher repetition rate lasers could further
decrease analysis time to a few seconds as described by Volmer and co-workers '2. Fast
sample preparation techniques are needed to exploit the high-throughput capacity of
MALDI mass spectrometers. To this end, we have used 96-well solid-phase extraction
plates allowing fast sample preparation. In addition, our pipetting robot is compatible
with the 96-well format, allowing fast, automated, and reproducible sample spotting.
Furthermore, using the described brushing, the matrix can be spotted onto the target
plate in 5 min.

Conclusions

We have constructed a protocol by which pharmaceutical drugs, especially HIV protease
inhibitors, can be successfully quantified in peripheral blood mononuclear cells using
MALDI-TOF mass spectrometry. We have examined various acquisition procedures and
post-acquisition processing parameters. Crucial for acquiring reliable data is the use of
a high molecular weight matrix, thereby virtually eliminating chemical noise, and the
use of Li* to achieve efficient cationization of the drug. The choice of post-acquisition
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data analysis procedures has a profound effect on the quantitative performance of
the MALDI-TOF mass spectrometry technique. The best results were obtained using
the monoisotopic peak areas of the analyte and internal standard, weighed quadratic
curve fitting to construct the calibration curves, and no baseline subtraction. Using our
protocol, we were able to quantify clinically relevant concentrations of lopinavir in cell
extracts according to the + 20/15% criteria of the FDA for precision and accuracy.

Acknowledgements

We gratefully acknowledge Aids Fonds, The Netherlands (project 2004051) and VIRGO
for their financial support. Antiretroviral drugs were kindly provided by Abbott Labora-
tories, Merck Sharp & Dohme, F. Hoffmann-La Roche, Pfizer Inc., GlaxoSmithKline, and
Boehringer Ingelheim. We thank Arndt Asperger (Bruker Daltonik) for showing us the
how to prepare thin matrix layers on an AnchorChip target plate, and Séren-Oliver
Deininger (Bruker Daltonik) for providing the FlexAnalysis scripts. Conflicts of interest:
The authors have a patent pending on the use of meso-tetrakis(pentafluorophenyl)
porphyrin in combination with lithium compounds for MALDI mass spectrometry.



Analysis of pharmaceutical compounds using MALDI-TOF | 59

References

1. Cohen LH, Gusev Al. Small molecule analysis by MALDI mass spectrometry. Anal Bioanal Chem
2002;373(7):571-86.

2. Krutchinsky AN, Chait BT. On the nature of the chemical noise in MALDI mass spectra. J Am Soc
Mass Spectrom 2002;13(2):129-34.

3. Gouw JW, Burgers PC, Trikoupis MA, Terlouw JK. Derivatization of small oligosaccharides prior
to analysis by matrix-assisted laser desorption/ionization using glycidyltrimethylammonium
chloride and Girard’s reagent T. Rapid Commun Mass Spectrom 2002;16(10):905-12.

4.  ChenYT, Ling YC. Detection of water-soluble vitamins by matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry using porphyrin matrices. J Mass Spectrom 2002;37(7):
716-30.

5. Ling YC, Lin L, Chen YT. Quantitative analysis of antibiotics by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry. Rapid Commun Mass Spectrom 1998;12(6):317-27.

6. Ayorinde FO, Bezabeh DZ, Delves IG. Preliminary investigation of the simultaneous detection
of sugars, ascorbic acid, citric acid, and sodium benzoate in non-alcoholic beverages by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry. Rapid Commun Mass
Spectrom 2003;17(15):1735-42.

7. Ayorinde FO, Hambright P, Porter TN, Keith QL, Jr. Use of meso- tetrakis(pentafluorophenyl)
porphyrin as a matrix for low molecular weight alkylphenol ethoxylates in laser desorption/
ionization time-of-flight mass spectrometry. Rapid Commun Mass Spectrom 1999;13(24):2474-9.

8. Hlongwane C, Delves IG, Wan LW, Ayorinde FO. Comparative quantitative fatty acid analysis of
triacylglycerols using matrix-assisted laser desorption/ionization time-of-flight mass spectrom-
etry and gas chromatography. Rapid Commun Mass Spectrom 2001;15(21):2027-34.

9. Schuerenberg M, Luebbert C, Eickhoff H, Kalkum M, Lehrach H, Nordhoff E. Prestructured MALDI-
MS sample supports. Anal Chem 2000;72(15):3436-42.

10.  Vorm O, Roepstorff P, Mann M. Improved resolution and very high sensitivity in MALDI TOF of
matrix surfaces made by fast evaporation. Anal Chem 1994;66(19):3281-7.

11.  Duncan MW, Matanovic G, Cerpa-Poljak A. Quantitative analysis of low molecular weight com-
pounds of biological interest by matrix-assisted laser desorption ionization. Rapid Commun Mass
Spectrom 1993;7(12):1090-4.

12.  Hatsis P, Brombacher S, Corr J, Kovarik P, Volmer DA. Quantitative analysis of small pharmaceutical
drugs using a high repetition rate laser matrix-assisted laser/desorption ionization source. Rapid
Commun Mass Spectrom 2003;17(20):2303-9.

13. Rideout D, Bustamante A, Siuzdak G. Cationic drug analysis using matrix-assisted laser desorp-
tion/ionization mass spectrometry: application to influx kinetics, multidrug resistance, and
intracellular chemical change. Proc Natl Acad Sci U S A 1993;90(21):10226-9.

14.  Guidance for industry: bioanalytical method validation. FDA 2001 available at http://www.fda.
gov/cder/guidance/4252fnl.pdf.

15. Lias SG, Bartmess JE, Liebman JF, Holmes JL, Levin RO, Maillard WG. J Phys Chem Ref Data
1988(17).

16.  Ayorinde FO, Garvin K, Saeed K. Determination of the fatty acid composition of saponified veg-
etable oils using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry.
Rapid Commun Mass Spectrom 2000;14(7):608-15.



60 | Chapter4

17.

18.

19.

20.

21.

22.

23.

24.

Hoberg AM, Haddleton DM, Derrick PJ, Jackon AT, Scrivens JH. The effect of counter ions in matrix-
assisted laser desorption/ionization of poly(methyl methacrylate). Eur Mass Spectrom 1998;4:
435-40.

Zhang J, Zenobi R. Matrix-dependent cationization in MALDI mass spectrometry. J Mass Spec-
trom 2004;39(7):808-16.

Garofolo F. Bioanalytical method validation. In: Chan CC, Lam H, Lee YC, Zhang XM, eds. Analytical
method validation and intstrument performance verification: John Wiley & Sons; 2004:105-38.
Time-of-Flight Instruments. In: Gross JH, ed. Mass spectrometry: A textbook: Springer; 2004:113-
30.

Crommentuyn KM, Mulder JW, Mairuhu AT, et al. The plasma and intracellular steady-state phar-
macokinetics of lopinavir/ritonavir in HIV-1-infected patients. Antivir Ther 2004;9(5):779-85.
Gobey J, Cole M, Janiszewski J, et al. Characterization and performance of MALDI on a triple
quadrupole mass spectrometer for analysis and quantification of small molecules. Anal Chem
2005;77(17):5643-54.

Sleno L, Volmer DA. Some fundamental and technical aspects of the quantitative analysis of
pharmaceutical drugs by matrix-assisted laser desorption/ionization mass spectrometry. Rapid
Commun Mass Spectrom 2005;19(14):1928-36.

Sleno L, Volmer DA. Toxin screening in phytoplankton: detection and quantitation using MALDI
triple quadrupole mass spectrometry. Anal Chem 2005;77(5):1509-17.



m{ \\ Chapter 5

P e o

Metal ion attachment to the matrix
meso-tetrakis(pentafluorophenyl)
porphyrin, related matrices

and analytes: an experimental

and theoretical study

Jeroen J.A. van Kampen, Theo M. Luider, Paul J.A. Ruttink, Peter C. Burgers

Journal of Mass Spectrometry 2009, in press




62 | Chapter5
Abstract

In a previous study (van Kampen et al. Anal. Chem., 2006; 78: 5403) we found that
meso-tetrakis(pentafluorophenyl)porphyrin (F20TPP), in combination with lithium salts,
provides an efficient matrix to cationize small molecules by Li* attachment and that this
combination can be successfully applied to the quantitative analysis of drugs, such as
antiretroviral compounds using MALDI-TOF mass spectrometry. In the present study
we further explore the mechanism of metal ion attachment to F20TPP and analytes by
MALDI-FTMS(/MS). To this end, we have studied the interaction of F20TPP and analytes
with various mono-, di-, and trivalent metal ions (Li*, Na*, K*, Rb*, Cs*, Co?+, Cu?*, Zn?*,
Fe?, Fe3*, Ga*). For the alkali cations, we find that F20TPP forms complexes only with
Li* and Na*; in addition, model analyte molecules such as poly(ethyleneglycol)s, mixed
with F20TPP and the alkali cations, also only form Li* and Na* adducts. This contrasts
sharply with the commonly used matrix 2,5-dihydroxybenzoic acid, where analytes are
most efficiently cationized by Na* or K*. Reasons for this difference are delineated. Ab
initio calculations on porphyrin itself reveal that even the smallest alkali cation, Li*, does
not fit in the porphyrin cavity, but lies on top of it, pushing the 21H and 23H hydrogen
atoms out of and below the plane with concomitant bending of the porphyrin skeleton
in the opposite direction, i.e. towards the cation. Thus, the Li* ion is not effectively se-
questered and is in fact exposed and thus accessible for donation to analyte molecules.
Interaction of F20TPP with di- and trivalent metal ions leads to protoporphyrin-metal
ions, where the metal ion is captured within the protoporphyrin dianion cavity. The most
intense signal is obtained when F20TPP is reacted with CuCl, and then subjected to
laser ablation. This method presents an easy general route to study metal containing
protoporphyrin molecules, which could all acts as potential MALDI matrices.
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Introduction

In a recent review Josef Chmelik wrote: “Sample preparation and protein separation
are important prerequisites for successful proteomic analysis” . This may be stating
the obvious, but it cannot be overemphasized that any successful chemical analysis
stands or falls with proper or ill-conceived sample preparation procedures. A case in
point concerns our efforts to quantify antiretroviral drugs in various biological samples,
such as extracts from peripheral blood mononuclear cells, by mass spectrometry based
methods #°. One of our approaches includes a fast, reliable and sensitive label-free
method by MALDI-TOF using “look-alike” internal standards 2. Strategies were delineated
to overcome the two main limitations of MALDI-TOF for quantitative analyses, viz. matrix
interference in the low mass range when employing commonly used low molecular
weight (LMW) matrices, and poor reproducibility of the signal abundance. This paper
deals with the first limitation.

The molecular masses of conventional MALDI matrices range from 100 to 300 Da
and due to ion/molecule reactions taking place in the matrix plume, a large number
of matrix-derived signals including salt adducts are observed in the low mass range ¢,
even in the absence of extraneous salts. Such interference signals seriously hamper the
analysis of small molecules using MALDI-TOF. One way to avoid such interferences is
to use a matrix whose molecular weight is in excess of that of the analyte molecules.
Meso-tetrakis(pentafluorophenyl)porphyrin (F20TPP, MW = 974.6 Da) represents such a
matrix and, from its introduction in 19997, has been used successfully for the analysis of
a variety of small molecules, including fatty acids and sugars &°.

Unfortunately, F20TPP has a very large proton affinity (according to our calculations,
vide infra, 245 kcal/mol) and so many analytes cannot be charged by protonation using
this matrix. This is also true for the studied antiretroviral drugs, although we can not ex-
clude prompt in-source fragmentation of the protonated compounds. In this respect, it
is noteworthy that protonated forms of doping agents have been observed when using
F20TPP matrix in MALDI-ion trap experiments '°. As an alternative means for ionization
we employed cationization by alkali metal ions by adding alkali iodides as is commonly
done for the MALDI analysis of molecules lacking basic sites, such as sugars &', For the
alkali cations Li*, Na*, K*, Rb* and Cs* and by using F20TPP, we found that the analyte
molecules, as well as F20TPP itself, show a strong preference for the attachment of Li*.
This is in sharp contrast to the matrix DHB, where invariably Na* or K* give the most
intense analyte signals.

To more fully understand how analytes are cationized by a mixture of F20TPP and
alkali metal ions, and also how these metal ions become attached to F20TPP, we have
performed a series of experiments on various mixtures of F20TPP, alkali metal ions and
analyte. We have also extended our experiments to include divalent and trivalent metal
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ions (Fe?*, Fe3*, Co?*, Cu?*, Zn*, Ga*) and to include compounds similar to F20TPP, such
as porphyrin itself and phthalocyanine, which are expected to act as matrices too. We
have also performed ab initio calculations on alkali-porphyrin complexes to establish
the metal ions’ binding sites and binding energies.

Experimental Section

Experiments

Samples were measured on an APEX IV Qe 9.4 Tesla FTICR mass spectrometer (Bruker
Daltonics, USA) equipped with the first version of the vacuum Combisource, and a 20
Hz nitrogen laser with irradiation area of ~200 pm '%. Xmass version 7.0.8 was used to
operate the mass spectrometer, and DataAnalysis version 3.4 was used for data analysis
(both from Bruker Daltonics). A multishot accumulation was used as recommended by
O’Connor et al., Mize et al., and Moyer et al. '*'°. lons produced by ten laser shots were
accumulated in the storage hexapole, transferred to the FTICR cell, and scanned for 0.78
seconds (TD size 512 Kb). Fifty scans were summed for each mass spectrum. The acquisi-
tion mass range was m/z 800 to 4,000 (fight time 2 ms) or 400 - 2,000 (flight time 1.25
ms). The mass spectra were subsequently apodized and zerofilled twice. An external
mass calibration was applied using a quadratic equation.

MS/MS spectra were obtained by mass selection in the quadrupole and by setting the
quadrupole to either a negative potential (for positive ions) or positive potential (for
negative ions). The required collision energies are given in the legends for the Figures.

MALDI-TOF mass spectra were obtained using a Bruker Ultraflex Ill instrument oper-
ated in the reflectron mode. lons were generated by a Nd:YAG laser (355 nm) and were
accelerated to 25 keV. 2,000 laser shots per sample were averaged to generate the mass
spectra.

All salt solutions were prepared in Milli-Q water at concentrations of 0.01 M. F20TPP
and other porphyrin matrices were prepared in acetone at a concentration of 2 x 10* M.
This concentration is lower than standard matrix concentrations (2 x 102 M) allowing
metal ion interactions to be studied as follows. In mixing experiments equal volumes (20
pL) of a salt and the F20TPP solutions were mixed and allowed to stand for 5 min. Thus,
the porphyrin : salt ratio is 1: 50, and this ratio gives abundant signals for the metal ion
adducts. Next 1 pL of this mixture was pipetted onto a stainless steel target and allowed
to dry. Copper(ll) phthalocyanine was dissolved to a saturated solution in chloroform.

The matrix 2,5-dihydroxybenzoic acid (DHB) was prepared at 10 mg/mL in Milli-Q wa-
ter. PEGs were purchased from Polymer Laboratories Ltd, Essex Road, Church Stretton,
Shropshire, UK. All other chemicals were obtaind from Sigma-Aldrich.
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Theoretical methods

The calculations on the metal-porphyrin complexes were performed at the RHF/6-
31G(d) ® level of theory including ZPVE corrections scaled at 0.95 7. The results are given
inTable 1.

Table 1. Stabilization energies of Porphyrin + M* (M* = H*, Li*, Na*, K*) by RHF/6-31G(d)

Stabilization  toDhization
HF energy (H) ZPE/scaling (H) Total energy (H) T energy? (kcal/
mol)
H* 0
Li* -7.23548
Na* -161.65928
K* -598.97167
Porphyrin -983.25417 0.31918/0.95 -982.95095
H* + porphyrin -982.95095
Li* + Porphyrin -990.18643
Na* + Porphyrin -1144.61023
K* + Porphyrin -1581.92262
Porphyrin-H* -983.65556 0.33153/0.95 -983.34061 0.38966 245
Porphyrin-Li* -990.61761 0.32272/0.95 -990.31103 0.12460 78
Porphyrin-Na* -1145.00418 0.32125/0.95 -1144.69990 0.08877 56
Porphyrin-K* -1582.28643 0.32045/0.95 -1581.98200 0.05938 37

21H = 627.5 kcal/mol

The calculations on mono- and 1,2-difluorobenzene were performed with the CBS-QB3
model chemistry '®'? and the results are given in Table 2. All calculations were run with
the Gaussian 2003, Rev D.01 suite of programs 2. In the CBS-QB3 model chemistry the
geometries of minima are obtained from B3LYP density functional theory in combination
with the 6-311G(2d,d,p) basis set (also denoted as the CBSB7 basis set). The complete set
of computational results is available from the authors upon request.

Results and Discussion

Relative alkali cation affinities of PEGs using the matrix DHB

Interaction between metal ions and neutral polyethers plays a fundamental role in the
selective transport of metal ions through synthetic polymer membranes 2?2, and linear
PEGs have become the standards for investigating ion-polymer interactions. From an
early viscometric study %, it appeared that inorganic salts lower the PEG crystalline melt-
ing point and it was tentatively postulated that the species which directly associates
with the polymer is the anion. Subsequent NMR experiments % revealed that it is the
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Table 2. Lithium ion affinities for benzene, mono- and 1,2-difluorobenzene?

B3LYP/CBSB7 6-31G(d)
Benzene -232.20838 -230.59546
Lit -7.28491 -7.23554
Benzene-Li* -239.55355 -237.89307
Lithium ion affinity (kcal/mol)® 37.8 39.0
Monofluorobenzene -331.48103
Monofluorobenzene-Li* (CS)° -338.81673
Lithium ion affinity (kcal/mol)® 319
Monofluorobenzene-Li* (C1)¢ -338.81771
Lithium ion affinity (kcal/mol)< 325
1,2-difluorobenzene -430.74608 -428.30754
1,2-difluorobenzene-Li* (CS) -438.09510 -435.60738
Lithium ion affinity (kcal/mol)< 40.2 403
1,2-difluorobenzene-Li* (C1)° -438.07534 -435.58572
Lithium ion affinity (kcal/mol)® 27.8 26.7

2 Electronic energies in Hartrees
® Lithium ion affinity of the benzene ring
¢ Lithium ion affinity at fluorine

positive metal ion which interacts directly with the polymer. In the past, many different
experimental techniques have been used to assess the relative affinities of alkali cations
to PEGs having a wide variety of lengths. The tendency of larger PEGs to preferentially
sequester larger cations is well known %727, For example, solvent extraction experiments
7 revealed the order K* > Cs* > Na* > Li* for PEG 1,000, and conductometry measure-
ments 2° on PEG 20,000 revealed the order Rb* > Cs* > K* > Na* > Li*. However, for solu-
tion experiments, competitive solvation of the alkali cation is always a matter of concern
%, Indeed, the efficiency for the uptake of an alkali metal ion by PEG appears to be a
balance between the solvation of the ion and the capability of the PEG to displace the
solvent and coordinate with the cation . Dissociation of PEG 1,000, doubly cationized
by different alkali metal cations using electrospray ionization, has permitted the in situ
measurement of the relative binding strengths when a single PEG molecule coordinates
to two different alkali cations *°. From such experiments, which constitute a form of
Cooks' kinetic method 3'-32, the relative intrinsic cation affinities towards PEG appear to
follow the order Na* > K* > Rb* > Cs*. In the same vein, the gas-phase affinity order of
the alkali cations towards 18-crown-6 was found to be Na* > K* > Rb* > Cs* ¢, but in
solution K* has the highest affinity ** and it was argued that hydration of Na* plays an
important competitive role in solution 2534, Thus for both PEG 1,000 and 18-crown-6 the
intrinsic metal ion affinity appears to be determined primarily by the charge density of
the cation.
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In recent years, MALDI-TOF has been used to study metal ion interactions with poly-
mers 34, including PEGs. For example, Rashidzadeh et al. #' investigated the selectivity
of Li* and Na* for PEG 1,450 using different matrices and concluded that the matrix itself
may play an important role in the cationization of PEG polymers. For small PEG dodecyl
ethers (number of ethylene oxide units, n = 1 - 8) the observed alkali ion adduct intensi-
ties (Li* < Na* > K*) were subjected to a random walk model and from this analysis it was
concluded *° that despite the above observed selectivities, the binding energy between
a metal ion and an oxygen atom in the ethylene glycol chain decreases in the order Li* >
Na* > K*, again following the charge density of the alkali cation. However, a MALDI study
“0on larger PEGs revealed the selectivity order K* > Rb* > Cs* > Na* > Li* for PEG 4,000, but
this need not be the intrinsic affinity order for the following reason. Hoberg et al. “* have
shown that because of different lattice energies for different salts, different amounts of
cations can be made available for gas-phase cationization and it was predicted that this
could lead to severe discrimination effects in metal cation affinity studies using MALDI.
Indeed, we have shown 2 that an equimolar mixture of the alkali iodides produce in
MALDI, using DHB or F20TPP as matrix, alkali cations whose intensities follow the order
Li* < Na* < K* < Rb* < Cs*, following the decreasing lattice energies of the alkali iodides.
For small PEGs, and using DHB as matrix, the alkali intensity distribution shown in Figure
1ais obtained (n = 13). Qualitatively, this distribution can be rationalized on the basis of
a trade-off between two opposing effects, to wit, the gas-phase availability of the alkali
cations (Li* < Na* < K* < Rb* < Cs*) and the intrinsic alkali affinity of PEG (Li* > Na* > K* >
Rb* > Cs*), leading to an observed optimum affinity for K*. The MALDI-FTMS distribution
in Figure T1a is very similar to that obtained by MALDI-TOF 2. Again, the intrinsic metal
affinity appears to be governed primarily by the charge density of the cation.

Relative alkali cation affinities of PEGs using the matrix F20TPP
The PEG-alkali intensity distribution using F20TPP as matrix is completely different
compared to the matrix DHB, see Figure 1b and the observed distribution now does
follow the order of intrinsic cation affinity. Thus, the PEG + Li* signal is the most intense,
but hardly any free Li* are available, vide supra, and so the PEG + Li* signals cannot
have arisen from cationization by free Li* ions. In our quantitative analysis of protease
inhibitors using F20TPP, we have successfully exploited this finding by doping the matrix
solution with Li* (lithium iodide) to achieve maximum signal strength. We noticed, see
Figure 1c¢, that F20TPP itself shows virtually the same alkali affinity order as PEG and
other analytes and so the lithiated matrix ions, being present in excess, may well be the
cation donator to the anayte and this prompted us to further investigate attachment of
alkali and other metal ions to the matrix F20TPP.

For smaller PEG molecules the preference for Li* attachment using F20TPP as matrix,
becomes even more extreme. This is demonstrated by the MALDI-TOF mass spectrum of
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Figure 1. MALDI-FTMS mass spectra of PEG600 in the presence of an equimolar mixture of Lil, Nal, KI, Rbl
and Csl using matrix F20TPP (a) and DHB (b). In item (c), the mass spectrum of F20TPP in the presence of
the equimolar salt mixture is shown.

an equimolar mixture of ethylene glycols (HO-(CH,-CH,-0) -H,n =1 to n = 6), see Figure
2, using F20TPP as matrix. In this experiment an equimolar amount of alkali ions were
added. It can be seen that, although there is an intense signal for free Cs*, no peaks could
be detected for the ethylene glycols + Cs* adducts. Instead, and following our results
above, only Li* adducts are observed despite the fact that hardly any free Li* ions are ob-
served. The above experiment also shows that the binding efficiency of Li* towards PEG
molecules depends strongly on the number of sites with which the Li*ion can interact as
has been concluded earlier *°. Thus the signals for ethylene and diethylene glycol are very
weak (two and three interaction sites), whereas the peak for hexaethylene glycol (seven
interaction sites) is strongest. Studies on the matrix properties of other porphyrins such
as porphyrin itself and dilithium phthalocyanine (a porphyrazin, vide infra) in combina-
tion with equimolar alkalihalides mixtures also showed that the strongest signals for the
cationized matrix and model analytes are observed for the lithium adduct, followed by
adduct formation with sodium, potassium, rubidium and cesium. Thus, the preference
for alkali cationization with lithium may well be a general phenomenon for porphyrin
matrices in MALDI.
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Figure 2. MALDI-TOF mass spectrum of equimolar mixture of mono-, di-, tri-, tetra-, penta- and
hexaethyleneglycol in the presence of an equimolar mixture of Lil, Nal, KI, Rbl and Csl.

Interaction of F20TPP with metal ions. Site of attachment of alkali cations (Li*, Na*)

To probe the structure of the F20TPP + Li* (Na*) cations we recorded their MALDI-FTMS/
MS spectra and compared these with the MS/MS spectrum of the protonated species
F20TPP + H*. The latter ions, upon collisional activation, dissociate by sequential losses
of HF, see Figure 3a. By contrast, for F20TPP + Li* only one major fragmentation is ob-
served, viz loss of 26.0144 Da, corresponding, surprisingly, to the loss of LiF, see Figure
3b. This could indicate either that Li* is bound to the cavity and that upon activation
it can migrate towards one of the CF, groups where it picks up a fluorine anion, or it
could be taken as evidence that the Li* ion is already attached to a C,F, group prior to
activation. To distinguish between these two possibilities we carried out appropriate ab
initio calculations. Unfortunately, F20TPP itself is too large to allow such calculations in a
realistic way and so we decomposed the calculations into: (1) Calculations on porphyrin
itself to establish the affinity of Li* towards the cavity, see Table 1, and (2) Calculations
on 1,2- difluorobenzene to obtain the affinity of Li* towards the C_F_ groups, see Table
2.The Li* affinity towards the cavity was found to be 78 kcal/mol (Table 1) whereas the
Li* affinity of 1,2-difluorobenzene was found to be much smaller, 40.2 kcal/mol (for Li*
between two F atoms; the Li* affinity of the benzene ring of 1,2-difluorobenzene is even
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Figure 3. MALDI-FTMS/MS mass spectra of protonated F20TPP (a), of F20TPP + Li* (b), of the negative ion
[F20TPP - 2H* + Li*] (c) and of the F20TPP radical anion (d). Collision energies are indicated.

smaller, 27.8 kcal/mol, see Table 2). Hence we conclude that in F20TPP, the Li* is attached
to the porphyrin cavity and not to the F atoms of the CF, groups.

Structure of the F20TPP alkali cation complexes
Our ab initio calculations also show how the Li* is attached to the cavity. In Figure 4 are
shown the equilibrium structures for porphyrin + Li* from a bird’s eye view and from
a side view. From the side view it can be seen that the Li* is situated on, but not in the
porphyrin cavity and that the whole porphyrin chain becomes bent. The observation
that the lithiumion is not in but outside the cavity means that the lithium ion is exposed
and is therefore accessible for transfer to analyte molecules. In Figure 5 are shown the
side views of porphyrin + H*, porphyrin + Li*, porphyrin + Na* and porphyrin + K*. It can
be seen that the larger the cation becomes, the more exposed the cation will be (and
the lesser the porphyrin skeleton will be bent) but at the same time the cation affinities
become less. This is in agreement with our experimental finding that only lithium ions
produce intense signals for attachment to F20TPP, see Figure 1c and that such F20TPP +
Li* ions can act as cation donator.

We also tried to obtain the MALDI-FTMS/MS mass spectrum of the F20TPP + Na* ad-
duct, but only very weak signals were observed. However, in the MS/MS mode our FT
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Figure 4. RHF/6-31G(d) structure of the porphyrin + Li* complex. (a) bird’s eye view and (b) side view.

apparatus cannot detect ions having very low masses. We therefore recorded the MS/
MS spectrum of the F20TPP + Li* and F20TPP + Na* on our MALDI-TOF/TOF apparatus.
The TOF/TOF spectrum of F20TPP + Li* was found to be similar to the FTMS/MS spec-
trum, but the TOF/TOF spectrum of F20TPP + Na* is dominated by a peak at m/z 23,
corresponding to the loss of Na*. In addition, the corresponding peak at m/z 7 for Li* in
the TOF/TOF spectrum of F20TPP + Li* is almost undetectable. These findings indicate
that the F20TPP + Na* ion preferentially loses Na* rather than NaF, on accord of the lower
stabilization energy associated with F20TPP + Na*, 56 kcal/mol, compared to that of
F20TPP + Li*, 78 kcal/mol, see Table 1.

Interaction of F20TPP with divalent and trivalent cations

We have also briefly studied the interaction of F20TPP with other metal ions. It is well
known that divalent and trivalent metal ions such as Cu?, Fe** and Fe?** can be incorpo-
rated into the protoporphyrin cavity, leading to very stable inner complexes “3. We have
investigated the interaction of a variety of divalent and trivalent metal ions (Fe?*, Fe3,
Co%, Cu?t, Zn*, Ga**) by MALDI-FTMS with F20TPP and also with porphyrin itself.



72 | Chapter5

" e R SRR o < B . Y gl I A R R .
= — i L o — %_Jq == (a)
I A T )

(b)

(d)

Figure 5. Side views of porphyrin + H* (a), porphyrin + Li* (b), porphyrin + Na* (c), and porphyrin + K* (d).

Incorporation of the metal ion could be achieved by mixing a water solution of the
corresponding metal chloride with a solution of F20TPP in acetone, see Experimental
Section. For example, mixing a solution of CuCl, with F20TPP leads to an intense peak at
m/z 1034.9687, i.e. 60.9141 Da higher than F20TPP, see Figure 6a. This peak corresponds
to displacement of two H* by one Cu?" in F20TPP, i.e. [F20TPP — 2H* + Cu?*]*. The MS/MS
spectrum of this species shows peaks for the sequential losses of HF, see Figure 6b, very
similar to the behaviour observed for the radical cation of F20TPP. When CuSO, is used
instead of CuCl,, much weaker signals are observed for the F20TPP-copper species and
in this case the copper containing ions are mostly [F20TPP - H* + Cu?*] (or [F20TPP - H* +
Cu'l*, the charge outside the bracket indicates ionization not by oxidation of Cu*, but by
ionization of another part of the molecule) at m/z 1035.9784. Comparative experiments,
whereby binary metal ion mixtures were allowed to interact with F20TPP revealed the
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Figure 6. (a) MALDI-FTMS spectrum of F20TPP in the presence of a 50-fold excess of Cu®* (from CuCl, see
text). (b) MALDI-FTMS/MS spectrum of the ion [F20TPP - 2H* + Cu?']*.

following intensity order (ionic radius in A): Ga** (1%, 0.62) < Zn?* (3%, 0.74) < Fe3* (8%,
0.64) < Co** (14%, 0.72) << Cu?* (100%, 0.72) and so F20TPP would appear to have the
highest affinity for Cu?". Also, the ionic radius would appear not to be the sole factor
governing the observed intensity ratios.

It is noteworthy that in the above experiments we could not find any evidence for the
formation of F20TPP + Cu*, although there is ample evidence from the literature that in
MALDI the original Cu?* ions can be reduced to Cu* 6,

The MALDI-FTMS mass spectrum of commercially available tetrakis(pentafluorophenyl)
porphyrin iron(lll) chloride contains an intense peak for [F20TPP - 2H* + Fe**] whose MS/
MS mass spectrum is identical to that of the [F20TPP - 2H* + Fe®'] ion generated from
a mixture of FeCl, and F20TPP and this indicates that in our exchange experiments the
Fe3* is indeed incorporated into the porphyrin cavity.

Interaction of F20TPP with metal ions as studied by negative ion MALDI-FTMS

For the alkali cations we could, in the negative ion mode, observe incorporation only of
Li* within F20TPP to generate the species [F20TPP - 2H* + Li*]". This is not so surprising
as only Li* has the correct ionic radius (0.68 A) to fit in the porphyrin cavity. Indeed,
according to our ab initio calculations, and in sharp contrast to the positive F20TPP + Li*
ions, the lithium ion in [F20TPP - 2H* + Li*]" lies within the cavity and the [F20TPP - 2H*
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+ Li*]" is correspondingly planar. The MALDI-FTMS/MS spectrum of this species is shown
in Figure 3c. In contrast to the ion F20TPP + Li*, see Figure 3b, the ion [F20TPP - 2H*
+ Li*]" does not eliminate LiF. The observation that the [F20TPP - 2H* + Li*]" ion does
not eliminate LiF indeed indicates that in the negative ions the Li* ion is securely se-
questered. Instead four successive losses of HF are observed, very similar to the F20TPP
radical anion, where the Li* ion is absent, see Figure 3d. This could indicate that the
losses of HF occur by condensation of the phenyl rings with the porphyrin skeleton with
concomitant losses of HF. We also observed that for [F20TPP - 2H* + Cu?*] we could not
detect any signal in the negative ion mode, i.e. we could not observe [F20TPP - 2H* +
Cu?T.This is remarkable, because for F20TPP itself, intense signals could be observed for
the radical anion, see above. Possibly this indicates that in our experiments, generation
of [F20TPP - 2H* + Cu?*] and other metal containing porphyrin ions, occurs after laser
ablation, i.e. in the MALDI plume and not during the mixing of the components in an
eppendorf tube. In this case the Cu?* ions cannot escape the negatively charged MALDI
plate. In this respect it is of interest to note that if the copper-F20TPP reaction mixture
(which contains a 50-fold excess of Cu?*) is left standing at room temperature for 60 hrs
instead of 5 min., no increase in the signal intensity for [F20TPP — 2H* + Cu?*]* relative
to F20TPP* is observed. Also, when sandwich layers are prepared in which first F20TPP
is allowed to dry and then a solution of CuCl, is pipetted on top (or vice versa), intense
signals for of [F20TPP - 2H* + Cu?']* are observed. In these cases no mixing of F20TPP
and the copper ions occur prior to laser ablation. We could not find a commercial source
for tetrakis(pentafluorophenyl)porphyrin copper(ll), but the well known copper(ll)
phthalocyanine is available. In this case, we observed intense signals at m/z 575 in both
the positive and negative ion mode at the same laser power. Clearly, [phthalocyanine
- 2H* 4+ Cu*] present as crystals on the MALDI plate can produce intense signals also in
the negative ion mode.

Dilithium phthalocyanine

This compound is commercially available and produces intense signals in both the
positive and negative ion mode, and we found that it can serve as both matrix and
(controlled) lithium donor. In the positive ion mode the most intense signal is for the
protonated species and for the negative ions only [M - Li*]  ions are seen. In the latter
case the remaining Li* is tightly bound in the protoporphyrazin cavity, similar to the
lithium ion in the protoporphyrin cavity of F20TPP, the [F20TPP — 2H* + Li*] ion discussed
above. We also observed that the two lithium ions in dilithium phthalocyanine can be
easily exchanged by di- and trivalent metal ions, in the order Zn?* (9%) < Co?" (12%) <
Fe3* (15%) << Cu?* similar to the ordering observed for F20TPP.
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Summary

Combination of the matrix meso-tetrakis(pentafluorophenyl)porphyrin (F20TPP) and
excess lithium ions is an excellent way to cationize low MW drugs, such as antiretroviral
drugs prior to MALDI analysis. According to our ab initio calculations the Li* ion lies not
in the porphyrin cavity, but on top of it, pushing the 21H and 23H out of the plane and
bending the whole porphyrin skeleton. We propose that this structure acts as lithium
donor in MALDI experiments leading to intense lithium adducts of the analytes. For
both F20TPP and analyte molecules, Na* produces weaker adducts, whereas those for
K*, Rb* and Cs* are not detectable at all. This seems to be a more general phenomenon
for porphyrin matrices in MALDI. Interaction of F20TPP with divalent and trivalent metal
ions leads to protoporphyrin-metal ions, where the metal ion is situated within the
protoporphyrin cavity. The most intense signal is obtained when F20TPP is reacted with
CuCl, and then subjected to laser ablation. This presents an easy general route to study
metal containing porphyrin molecules, which could all acts as potential MALDI matrices.
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Abstract

Mass spectrometry is a powerful tool for studying the intracellular pharmacokinetics of
antiretroviral drugs. However, the biohazard of HIV-1 calls for a safety protocol for such
analyses.To this end, we extracted HIV-1 producing cells with methanol or ethanol at 4°C.
After extraction, no viral infectivity was detected, as shown by a reduction in infectious
titers of more than 6 log. In addition, this protocol is compatible with the quantitative
analysis of antiretroviral drugs in cell extracts using matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) MS. Thus, using this protocol, infectious HIV-1 is
inactivated and antiretroviral drugs are extracted from cells in a single step.
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Introduction

The majority of antiretroviral drugs exert their action in target cells for HIV infection, i.e.
cells that express CD4 in combination with CXCR4 and/or CCR5. The field of intracellular
pharmacokinetics of antiretroviral drugs is therefore an active area of research, which
is often approached through mass spectrometry 7. HIV-1 represents a biohazard, so
preparation of HIV-1 infected samples must be carried out in laboratories with biosafety
level (BSL) 2 or 3. Since BSL 2 or 3 laboratories require specific staff training and since the
necessary safety procedures involve more laborious sample preparation, it is highly de-
sirable to minimize the sample preparation steps in such laboratories. A procedure that
inactivates infectious HIV-1 in freshly isolated cells, but which does not affect drug levels,
is thus warranted. Such a safety procedure should not interfere with sample analysis,
which is normally performed by an HPLC system coupled online to an electrospray ion-
ization triple quadrupole mass spectrometer. The antiretroviral drugs can be extracted
from the intracellular compartment by lysing the cells with solutions containing a high
percentage of organic solvents. For this purpose, methanol and ethanol are suitable can-
didates, which can also be used to inactivate a variety of viruses. Therefore, procedures
to extract antiretroviral drugs from cells could simultaneously inactivate infectious HIV-1.

Here, we describe a dual-purpose procedure whereby antiretroviral drugs can be
extracted from cells and by which infectious HIV-1 is simultaneously inactivated. To
achieve this, we treated HIV-1 infected cells using phosphate buffered solution contain-
ing 40-100% methanol or ethanol. The supernatants of the extracted cells were diluted
in culture medium and tested for infectious virus on susceptible cells. Finally, we show
that this drug extraction/HIV-1 inactivation procedure is compatible with accurate and
precise quantification of ritonavir in extracts of peripheral blood mononuclear cells
(PBMCs) using a recently developed method based on matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry .

Experimental Section

Virus
HIV-I1IB was obtained through the NIH AIDS Research and Reference Reagent Program
(Division of AIDS, NIAID, NIH) &1°.

H9 cells

H9 cells were obtained through the NIH AIDS Research and Reference Reagent Program
(Division of AIDS, NIAID, NIH) &2, H9 cells were cultured in RPMI-1640 (Cambrex Biosci-
ence, Belgium) supplemented with 10% heat inactivated fetal bovine serum (FBS; Hy-
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Clone, USA), 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mmol/mL I-glutamine
(all from Cambrex Bioscience, Belgium) (R10F). Cells were cultured at 37°C and 5% co,.
Pellets of 4 x 10° uninfected H9 cells were resuspended in 15 mL tubes with 3 mL virus
dilution, methanol/ethanol solution, or reconstituted inactivated supernatants, and were
incubated for 2 h (see specific sections). Subsequently, cells were washed three times with
R10F, resuspended in 5mL R10F, and cultured for 10 days for the sensitivity experiments
and validation experiments, or 4 days for the methanol/ethanol titration experiments.

GHOST cells

GHOST (3) CXCR4 cells (GHOST cells) were obtained through the NIH AIDS Research and
Reference Reagent Program (Division of AIDS, NIAID, NIH) 2. GHOST cells were cultured
in 24-well plates with TmL R10F supplemented with 500 pg/mL geneticin (GIBCO, USA), 2
pg/mL puromycin (Cayla, France), and 100 ug/mL hygromycin (Cayla). GHOST cells were
cultured at a density of 3.6 x 10* per well for 24 h. The next day, wells were washed with
phosphate buffered saline (PBS). To each well, 500 pL virus dilution, or methanol/ethanol
solution, or reconstituted inactivated supernatants was added, and cells were incubated
for 4 h (see specific sections). Next, the incubation solutions were discarded, and cells
were cultured with 1 mL culture medium supplemented with 4 pug/mL polybrene
(Sigma-Aldrich, Germany) for 4 days. At day 4, cells were harvested with trypsin (trypsin-
EDTA 1x, GIBCO, USA), and cell pellets were resuspended in an appropriate medium (see
specific sections) for analysis by flow cytometry. Cells were cultured at 37°C and 5% CO,,

Flow cytometry

Measurements were carried out on a FACSCalibur flow cytometer (Becton Dickinson, USA).
For quantitative comparison of samples, running mode and measure time were kept con-
stant from sample to sample. Flow cytometric data were analyzed using WinMDI version 2.8.

p24 ELISA

Quialitative and quantitative p24 determinations were obtained with the enzyme-linked
immuno-sorbent assay (ELISA) using a Genetic Systems HIV-1 Ag EIA (Bio-Rad, France)
and an HIV-1 antigen standard (Bio-Rad). All experiments were performed and inter-
preted according to the manufacturer’s guidelines.

Sensitivity of HIV-1 detection assays

(A) Virus dilutions

The supernatant of an HIV-1 infected H9 culture (p24 concentration 200 ng/mL) was
diluted 102 to 10® times (in steps of 10) in R10F supplemented with 4 ug/mL polybrene.
R10F with 4 pg/mL polybrene but without supernatant was used as negative control.
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(B) GHOST assay

GHOST cell pellets were resuspended in 300 pL PBS with 10% FBS and analyzed with flow
cytometry. Side scatter (SSC) was plotted against the forward scatter (FSC), and debris
and dead cells were gated out. Subsequently, fluorescent channel 1 (FL1) was plotted
against the FSC and the percentage of green fluorescent protein (GFP)-positive cells
was determined. The cut-off value for a HIV-1 positive GHOST culture was calculated as
follows: mean percentage of positive cells in the negative control samples + 3 times the
standard deviation. Experiments were performed in triplicate.

(C) p24 ELISA assay

After 10 days, culture media were collected and cell-free supernatants were frozen at
-20°C until analysis by p24 ELISA. Three replicate inoculations were performed for each
virus dilution. One p24 determination was assessed per inoculation.

(D) Statistics

The virus dilution that results in infection in 50% of the replicate inoculations, i.e. 50%
tissue culture infectious dose (TCID, ), was calculated according to the Reed-Muench
method 3.

Methanol/ethanol titration on H9 and GHOST cells

(A) Methanol and ethanol solutions

R10F was supplemented with 1% methanol (MeOH; Sigma-Aldrich, Germany) or 1%
ethanol (EtOH; Sigma-Aldrich) and 4 pg/mL polybrene. R10F supplemented with 4 pg/
mL polybrene but without methanol or ethanol was used as negative control.

(B) GHOST cells

GHOST cell pellets were resuspended in 300 uL PBS with 2% FBS, 25 nM TO-PRO-3 iodide
(Molecular Probes, USA), and 2.5 mM EDTA. Cell suspensions were incubated for 20 min
and subsequently analyzed with flow cytometry. FSC was plotted against the FL4 and
viable cells were counted. Experiments were performed in triplicate.

(C) H9 cells

After 4 days, cell pellets were resuspended in 300 pL PBS with 2% FBS, 25 nM TO-PRO-3
iodide and 2.5 mM EDTA and incubated for 20 min. Subsequently, cell suspensions were
diluted 10 times in PBS with 2% FBS, 25 nM TO-PRO-3 iodide and 2.5 mM EDTA, and ana-
lyzed with flow cytometry as described above. Experiments were performed in triplicate.



84 | Chapter6

(D) Statistics

Two-tailed two-sample t-tests assuming equal variances were performed to test whether
the viable cell count differed significantly between titrated and non-titrated cells. The
results were considered to be significant if the p-value was < 0.05.

Validation of HIV-1 inactivation protocols

(A) Virus culture

Ten pellets of 10 x 10° uninfected H9 cells were resuspended in 15 mL tubes with 300
WL virus supernatant supplemented with 4 ug/mL polybrene, and incubated for 1 h.
Subsequently, cells were washed with R10F, pooled in one 162 cm? cell culture flask,
and cultured for 6 days. At day 6, 5 mL virus culture was transferred to a 25 cm? cell
culture flask and cultured for another day to assess whether p24 was still being actively
produced. The 95 mL virus culture remaining at day 6 was washed four times with R10F,
counted using trypan blue dye exclusion, and used to test the inactivation protocols.

(B) Percentage of HIV-1 infected cells

Pellets of 1 x 10° infected H9 cells and 1 x 10° uninfected H9 cells were fixed with Cytofix/
Cytoperm (BD Biosciences, USA) and colored with KC57-RD1 (BD Biosciences) according
to the manufacturer’s protocol. Fixed cells were resuspended in 300 yL PBS with 2%
FBS, and analyzed with flow cytometry. FSC was plotted against the SSC, and non-viable
cells were gated out. Subsequently, FL2 was plotted against FSC and the percentage of
KC57-RD1 positive cells was determined.

(C) Inactivation solutions
Solutions were made of 40, 60, 80 and 100% EtOH or MeOH in PBS. Deionized water was
used as positive control.

(D) Inactivation protocols

Pellets of 1.6 x 10% infected H9 cells and 1.6 x 10° uninfected H9 cells (negative control)
were resuspended in 1.5 mL tubes (Biopur; Eppendorf, Germany) with 100 pL inactiva-
tion solution, and incubated at 4°C for 1 h. Subsequently, samples were centrifuged and
supernatants were collected. Experiments were performed in triplicate.

(E) p24 ELISA read-out

Supernatants (30 pL) were mixed with 2,967 uL R10F and 3 uL polybrene (4 mg/mL).
Pellets of uninfected H9 cells were resuspended with reconstituted inactivated super-
natants as described above. Supernatant of a virus culture on which no inactivation
protocol had been performed was used as absolute positive control. At day 10, culture
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media were collected and cell-free supernatants of each cell culture were stored at -20°C
until analysis by p24 ELISA.

(F) GHOST assay read-out

Supernatants (5 pL) were mixed with 490 uL R10F and 5 uL polybrene (400 pg/mL).
GHOST cells were incubated with the reconstituted inactivated supernatant as described
above. At day 4, GHOST cells were harvested, resuspended in 300 uL PBS with 2% FBS,
and analyzed with flow cytometry. SSC was plotted against the FSC and non-viable
cells were gated out. Subsequently, FLT was plotted against FSC and the percentage
of GFP-positive cells was determined. Two-tailed two-sample t-tests assuming equal
variances were performed to test whether the percentage of GFP-positive cells differed
significantly between the negative controls and inactivated samples. The results were
considered to be significant if the p-value was < 0.01.

Mass spectrometry

(A) Matrix preparation and spotting

The matrix solution contained 20 mg/mL meso-Tetrakis(pentafluorophenyl)porphyrin
(F20TPP; TCI Europe, Belgium) and 20 mM lithium iodide (Sigma-Aldrich, Germany) in
100% acetone. The matrix solution was spotted onto an 800 um AnchorChip™ (Bruker
Daltonics) using the brushing spotting technique, whereby a 10 uL pipette tip was filled
with matrix solution, and the pipette was positioned such that the tip just touched the
target plate above the first spot. Next, the plunger was slightly pressed and at the same
time the pipette was quickly dragged downwards over the target spots.

(B) Sample preparation

Standards of ritonavir (kindly provided by Abbott Laboratories) were prepared in
methanol/water (1:1); nelfinavir (kindly provided by Pfizer Inc.) was used as internal
standard. Peripheral blood mononuclear cells were isolated from a buffy coat (Sanquin,
The Netherlands) using a Ficoll density gradient. PBMCs were extracted overnight in
methanol/water (1:1) (100 uL per 10® PBMCs) at 4°C. Subsequently, cell debris was
spun down and the supernatants of 1 x 10° PBMCs (100 L) were supplemented with
100 L ritonavir standard, 100 uL methanol/water (1:1), and 300 uL HPLC grade water
(Sigma-Aldrich, Germany). Subsequently, extracts were cleaned up using a 96-well solid
phase extraction plate (Oasis HLB pelution plate, Waters, USA). The loaded samples were
washed twice with 200 uL methanol/water (1:19) and once with 200 uL methanol/water
(1:1). Samples were eluted from the solid phase extraction plate using 100 uL acetone.
Eluents were dried using a SpeedVac (Savant, USA), and reconstituted in 25 pL ethanol/
water (1:1). The reconstituted eluents were spotted in 4-fold on top of the matrix crys-
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tals. The theoretical concentrations of ritonavir in the reconstituted eluents were 1,000,
500, 250, 125, 62.5,31.25, 15.625 femtomole per pL, and the theoretical concentration of
nelfinavir was 500 femtomole per pL.

(C) Sample measurement

All experiments were performed on an Ultraflex-™ MALDI-TOF/TOF mass spectrom-
eter (Bruker Daltonics, Germany) equipped with a 50 Hz nitrogen laser (337 nm). Mass
spectra were recorded in the positive ion reflectron mode. FlexControl™ version 2.4
software (Bruker Daltonics) was used to operate the mass spectrometer. A sample spot
containing matrix only was used to manually set the laser power approximately 5%
above the threshold for ionization. The samples containing the analytes were measured
automatically using the AutoXecute part of the FlexControl™ software. Mass spectra
were recorded by accumulating 50 shots on 20 different positions on each sample spot.
No spectra were rejected (i.e., fuzzy control for spectra accumulation was not used).

(D) Data analysis

The areas under the monoisotopic peaks of the lithiated ritonavir and nelfinavir were
calculated using FlexAnalysis™ software (version 2.4, Bruker Daltonics). Precisions (ex-
pressed as percent relative standard deviation) of the ratio of the ritonavir-to-nelfinavir
peak area (RTV/NFV) were calculated for the four replicate analyses of each calibrator.
Subsequently, the mean RTV/NFV of each calibrator was plotted against the ritonavir
concentrations, and accuracies (expressed as percent deviation from the theoretical
concentration) were calculated using a 1/x* weighed quadratic curve fitting method.

Results and Discussion

van Bueren et al. have reviewed the literature on alcohol inactivation of HIV in suspen-
sions in addition to presenting their own data ™. They showed that, depending on the
procedure followed, reductions of infectious virus titers varied from 102 to 10’. Our
procedure differs in that we inactivate HIV at 4°C, whereas published protocols were
executed at room temperature or at 37°C. Antiretroviral drugs are normally extracted
from cells at 4°C. In addition, our inactivation protocol is compatible with intracellular
drug analysis by MALDI mass spectrometry (vide infra).

To validate our HIV-1 inactivation protocol, we first tested two assays to quantify
the infectious titers of HIV-1. For this, we used (1) A rapid direct assay (GHOST assay),
which detects HIV replication in susceptible GHOST cells via a GFP reporter gene that
is transcribed only in the presence of the HIV protein Tat. GFP-positive GHOST cells are
distinguished from GFP-negative GHOST cells by flow cytometry; (2) a time-consuming
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indirect assay (H9/p24 assay), which detects the viral core protein p24 by ELISA after the
virus has been amplified in H9 cells.

First, we tested which of the two assays provided the best sensitivity for detecting
infectious HIV-1. Supernatant of an HIV-1 infected H9 culture (p24 concentration 200 ng/
mL) was diluted 10>-102 times and used to inoculate non-infected GHOST cells and H9
cells. The TCID, was calculated for both assays according to the Reed-Muench method
(see Table 1): The TCID, , per milliliter was 7.9 x 107 for the H9/p24 assay and 1.6 x 10 for
the GHOST assay. Thus, for safety reasons the H9/p24 assay is preferred to validate the
HIV-1 inactivation protocol, given its superior sensitivity.

The extraction of antiretroviral drugs from the intracellular compartment is normally
performed by lysing the cells in 40-100% methanol or ethanol. To test whether infec-
tious virus was still present in the supernatant, we inoculated non-infected cells with the
supernatants of such lysates (vide infra).

To avoid the cytotoxicity caused by the organic solvents, the supernatants of the
lysates were diluted in culture medium to an organic solvent concentration of < 1%. We
verified whether 1% methanol or ethanol had affected the viability of GHOST cells or
H9 cells, and found no significant difference in the total number of viable H9 or GHOST

Table 1. Calculation of TCID,  of the H9/p24 assay and the GHOST assay.

log virus HIV (R Cumulative HIV .Percent
dilution pos.ltlve .H.IV negative (B) A/(A +B) |nfe.cted
replicates  positive (A) replicates
-2 3/3 15 0 15/15 100
-3 3/3 12 0 12/12 100
-4 3/3 9 0 9/9 100
p24 ELISA assay -5 2/3 6 1 6/7 85.7
-6 2/3 4 2 4/6 66.7
-7 2/3 2 3 2/5 40
-8 0/3 0 6 0/6 0
-2 3/3 6 0 6/6 100
-3 3/3 3 0 3/3 100
-4 0/3 0 3 0/3 0
GHOST assay -5 0/3 0 6 0/6 0
-6 0/3 0 9 0/9 0
-7 0/3 0 12 0/12 0
-8 0/3 0 15 0/15 0

Proportionate distance = (% positive above 50% - 50%)/(% positive above 50% - % positive below 50%).
TCID,,, = log dilution above 50% + (proportionate distance X log dilution factor). For the H9/p24 assay, the
proportionate distance = 0.6, the TCID_, = -6.6 log, the TCID,  per mL is —6.1 log = 7.9x107. For the GHOST
assay, the proportionate distance = 0.5, the TCID, = -3.5 log, the TCID,  per mL is —3.8 log = 1.6x10*.
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cells between the negative controls and the cultures containing 1% methanol or ethanol
(data not shown).

The percentage of HIV infected cells and the number of infectious HIV particles in in
vitro cultures are much greater than those in clinical samples of HIV-1 infected patients.
We therefore chose to validate the HIV-1 inactivation protocols on in vitro cultures of
HIV-1 infected H9 cells. Immediately before the start of the inactivation protocols, the
p24 concentration of the HIV-1 infected H9 culture was 440 ng/mL, and 12% of the cells
expressed HIV-1 proteins. Part of the HIV-1 infected H9 cells were cultured for another
day, in which the p24 concentration rose to 620 ng/mL, showing active viral replication
on the day the inactivation protocols were tested. The inactivation solutions were pre-
pared in phosphate buffered solution to ensure that the inactivation of infectious HIV-1
was caused only by the methanol or ethanol and not by the handling of the sample.
Whereas no infectious HIV-1 was detected by either assay after HIV-1 infected H9 cells
had been incubated with 40, 60, 80 or 100% methanol or ethanol at 4°C for 1 h, infec-
tious virus was recovered after cell extraction with de-ionized water (see Table 2). This
indicates that the organic solvent was indeed the inactivating factor in the protocol.

Table 2. Validation of the HIV-1 inactivation protocol.

Loss of infectivity

No extraction procedure -
Deionized water -
40-100% methanol +
40-100% ethanol +

To eliminate spillover of p24 from the inoculum, HIV-1 infected cells were washed four
times as to remove p24 that might contaminate the H9 read-out culture of the H9/
p24 assay. Despite these wash steps, some p24 was still present in the positive control

samples before start of the HIV-1 amplification. The OD,_  of the positive control samples

450
ranged between 0.067 and 0.144 after washing and before start of the HIV-1 amplifica-
tion. These titers rose to >3.5 after the amplification in H9 cells, indicating that active
virus replication was only ongoing in the positive control and in the H,O extracted cells.

Finally, we tested whether this inactivation protocol was compatible with quantitative
analysis of antiretroviral drugs by mass spectrometry. To this end, we used a recently
developed method for quantitative analysis of lopinavir in PBMC extracts by MALDI-
TOF mass spectrometry ©. Normally, quantitative analysis of drugs by MALDI-TOF mass
spectrometry is hampered by matrix-derived chemical interference in the low mass
range and poor reproducibility of signal abundances. Our experimental method was
specifically designed to enhance the precision of the MALDI-TOF response and to de-
crease matrix-derived chemical noise in the low mass range. The use of a high molecular
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Figure 1. Structures of nelfinavir and ritonavir. The left hand shows the structure of nelfinavir (internal
standard; C,,H,,N,O,S; MW 567.3). The right hand shows the structure of ritonavir (C, H,,N,O,S ; MW
720.3).

weight matrix, i.e. meso-Tetrakis(pentafluorophenyl)porphyrin (F20TPP), significantly
decreased the matrix-derived chemical noise in the low mass range. To increase repro-
ducibility (precision), we developed a fast evaporation protocol for the matrix F20TPP
using prestructured target plates (AnchorChip™). To further increase reproducibility,
instrument response variation was minimized by using an internal standard, by averag-
ing out 1,000 spectra per sample, and by measuring each sample in 4-fold. An interest-
ing observation for F20TPP is that this matrix is a poor proton donor and so analyte
molecules do not become protonated. However, mixing the F20TPP with alkali salts, in
particular with lithium salts, results in intense signals for the cationized drugs. In this
study, we have extracted PBMCs in methanol/water (1:1) and spiked the supernatants
with various concentrations of ritonavir and nelfinavir (see Fig. 1). The supernatants of
the extracted PBMCs were cleaned up using a solid-phase extraction plate. The eluents
(100 pL) were dried and subsequently reconstituted in a smaller volume of 25 L to con-
centrate the sample. Acetone was used as eluents to enhance the drying speed of the
samples. Fig. 2 shows the mass spectra of the F20TPP matrix, PBMC extract, and PBMC
extracts spiked with nelfinavir and/or ritonavir. The mass spectrum of the F20TPP matrix
shows that there are only a few matrix-derived interferences in the low mass range (see
Fig. 2 panel A). The mass spectrum of the PBMC extract spiked with nelfinavir shows a
peak at m/z 574 for nelfinavir cationized by Li* (see Fig. 2 panel C). In addition, there is
a peak at m/z 467, which does not contain lithium (no SLi* adduct is present). This peak
at m/z 467 is not observed in the mass spectrum of the non-spiked PBMC extract. This
peak was not used for the quantitative analysis of ritonavir. The concentration-response
relationship showed nonetheless a good linearity with an r? of 0.99992 (see Fig. 3). Mean
precision was 5.6% (sd 3.7) and mean accuracy was 2.4% (sd 2.2). Table 3 shows the
precisions and accuracies for each ritonavir standard. All values meet the FDA + 20/15%
criteria for precision and accuracy ™.

We have previously shown that pure lopinavir, ritonavir, nelfinavir, indinavir, saquinavir,
amprenavir, and tipranavir could be detected between 5 femtomole and 40 femtomole
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Figure 2. Mass spectra of the F20TPP matrix, PBMC extract, and PBMC extract spiked with nelfinavir and/
or ritonavir. NFV= nelfinavir; RTV=ritonavir. Panel A, mass spectrum of the F20TPP matrix (20 mg/mL
F20TPP + 20 mM Lil); Panel B, mass spectrum of PBMC extract cleaned with solid phase extraction; Panel
C, mass spectrum of PBMC extract spiked with 500 femtomole nelfinavir; Panel D, mass spectrum of PBMC
extract spiked with 500 femtomole nelfinavir and 500 femtomole ritonavir.

per puL using MALDI-TOF mass spectrometry . In addition, the limit of quantification for
lopinavir in PBMC extracts was 25 femtomole per yL. In the present study, we show that
the limit of quantification for ritonavir in PBMC extracts is 15 femtomole per pL. Notari
et al. used the tandem mass spectrometry mode (MS/MS) on a MALDI-TOF/TOF mass
spectrometer for quantitative analysis of anti-HIV drugs in human plasma °. The limit of
quantification for lopinavir and ritonavir was 2.5 femtomole per pL. These better limits of
quantification can be attributed to the use of MS/MS, which leads to an increased selec-
tivity and higher signal-to-noise ratios. Time-of-flight mass analyzers are normally not
the first choice for quantitative analysis of drugs; the dynamic range is relatively small
and most time-of-flight mass analyzers are not designed for tandem mass experiments.
The development of new types of MALDI mass spectrometers, such as MALDI-triple
quadrupole mass spectrometers, is therefore of special interest for quantitative analysis
of drugs 6%,

Consideration of MALDI for quantitative analysis of antiretroviral drugs leads to ques-
tions on how this technique performs compared to HPLC-ESI-triple quadrupole mass
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Figure 3. Concentration-response relationship for ritonavir in PBMC extracts. Concentration-response
relationship for ritonavir in extracts of 1 x 10° PBMCs using nelfinavir as internal standard. Each ritonavir
calibrator was analyzed in 4-fold. Error bars indicate the standard deviation of plus one and minus one (4
replicates per calibrator). The lower limit of quantification was 15.625 femtomole.

spectrometry (LC-MS/MS). LC-MS/MS is currently the gold standard for quantitative
analysis of drugs due to its selectivity, sensitivity and robustness. To our best knowledge,
three studies have been published that give an in-depth description of the development
and validation of an LC-MS/MS method for quantitative analysis of protease inhibitors
in PBMCs 2222, Jemal et al. developed an LC-MS/MS method for quantitative analysis
of atazanavir in PBMCs 2'. The limit of quantification was 5 femtomole per 10° PBMCs.
Rouzes et al. obtained a limit of quantification of 3 picomole per 3 x 10¢ PBMC for lopina-
virand 1 picomole per 3 x 10° PBMC for ritonavir using an LC-MS/MS method for quanti-
tative analysis of four protease inhibitors and one non-nucleoside reverse transcriptase
inhibitor (NNRTI) 22. Colombo et al. developed an LC-MS/MS method for quantitative
analysis of seven protease inhibitors and two NNRTIs in PBMCs 2. They obtained limits
of quantification of 5 femtomole for ritonavir and 6 femtomole for lopinavir (minimum
quantifiable drug on column). Our obtained limits of quantification for lopinavir and
ritonavir in PBMC extracts using MALDI-TOF mass spectrometry are comparable to those
obtained by LC-MS/MS. One further aspect concerns the sample analysis time, which is
considerably shorter for MALDI than for LC-MS/MS. Sample analysis time of the LC-MS/
MS methods discussed above range from 4 to 20 min. Time to analyze one sample in
4-fold using our MALDI-TOF method takes 2 min and 20 s. Following the development of
high repetition rate lasers (1,000 Hz), sample analysis times have decreased to 15 s and
less using a MALDI-triple quadrupole mass spectrometer '8, More studies are needed
to delineate the future role of MALDI mass spectrometry for bioanalysis of drugs. How-
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Table 3. Precision and accuracy of quantitative analysis of ritonavir in PBMC extracts using MALDI-TOF
mass spectrometry.

Femtomole ritonavir Precision Accuracy
1000 4.6 -0.7
500 4.2 0.2
250 2.1 3.0
125 7.2 -0.8
62.5 12.0 2.4
31.25 13 -6.8
15.625 8.0 2.7

Precision is expressed as relative standard deviations. Accuracy is expressed as the percent deviation of
the measured concentration from the theoretical concentrations. The calibration curve was constructed
using a 1/x? quadratic curve fitting method. Each calibrator was measured in 4-fold.

ever, it already appears that the quantitative analysis of drugs is a new and promising
application of MALDI mass spectrometry.

In conclusion, we have shown that extraction of HIV-1 infected cells with 40-100%
methanol or ethanol for 1 h at 4 °C results in a loss of HIV infectivity of at least 6.1 log.
Because this level of reduction shows that, under physiological conditions, all infectious
virus particles are destroyed, it guarantees that samples can be handled safely outside
special facilities. The validated HIV-1 inactivation procedure provides an opportunity to
optimize the drug extraction process by adjusting extraction time and/or the percent-
age of methanol or ethanol without the need to re-test whether the drug extraction
procedure inactivates infectious HIV-1. Furthermore, the protocol is compatible with ac-
curate and precise quantitative analysis of ritonavir in PBMC extracts using MALDI-TOF
mass spectrometry.
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Abstract

Mass spectrometry imaging is a promising technique for the measurement of drugs
and drug metabolites in cells and tissues. Using high resolution mass spectrometry it is
possible to localize and quantify in a relative way compounds of interest on a glass slide.
In this manuscript we describe a method for the imaging of HIV protease inhibitors. As
a model system we used Mono Mac 6 cells cultured with the HIV protease inhibitors
saquinavir and nelfinavir that were deposited on glass slides using a cytocentrifuge.
This model system was used to optimize and test our sample preparation and mass
spectrometry imaging method. We have developed a new method for matrix deposition
using an in-house-built sublimation system that is suited for imaging of HIV protease
inhibitors at clinically relevant concentrations. In addition, we showed that the glass
slides containing the cytocentrifuged cells could be measured and analyzed with two
types of mass spectrometry; MALDI-TOF and MALDI-FTICR. The combination of the two
types of mass spectrometers makes it possible to perform imaging rapidly (MALDI-TOF)
and with a very high selectivity (MALDI-FTICR).
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Introduction

Mass spectrometry (MS) based imaging techniques have greatly improved over recent
years in terms of sensitivity, spatial resolution and speed, making them more amenable
to clinical applications '. The unique ability of this imaging technique is that it can detect
numerous different compounds at the same time in tissue without losing spatial distri-
bution. Thus, with this technique it possible not only to detect differences in concentra-
tion of certain molecules between tissue and cell types, but also to determine the exact
location (spatial resolution < 10 um) of these differences 2 The bottleneck of currently
available MS imaging methods is that it is relatively difficult to identify the compounds
observed, and that it is biased towards the detection of higher abundant compounds.
The rapid progress in the use of high resolution mass spectrometry, combined with
its online MS/MS capability, may alleviate this problem to a certain extent. However,
identification is not required for (high resolution) mass spectrometry imaging of known
drugs or drug metabolites in cells and tissues, because the masses of the compounds
of interest are known 3, and can be discriminated from background noise. Thus, this
technique can be used to gain a better understanding of pharmacology *, for example
by studying the distribution of antiretroviral drug in the various cell types and tissues
that play a role in HIV infection.

A prerequisite for the successful quantitative imaging of drugs in various tissues
or cells by matrix-assisted laser desorption/ionization (MALDI) is the preparation of a
homogeneous layer of matrix crystals on top of the tissue or cells of interest without
perturbing their spatial localization. As described by Hankin et al. and Yoo et al. ¢,
matrix deposition by sublimation is an ideal technique to obtain a homogeneous layer
of matrix crystals. The deposition of matrix and the variation thereof has a large effect
on signal intensities and background, and, for this reason, matrix deposition should be
performed in an optimal way.

In this report we describe a MALDI-MS imaging technique specifically designed for the
relative quantification of small molecules in cells and tissue. We used an in-house devel-
oped sublimation device for matrix deposition on top of the cells or tissues of interest.
The matrix layer was subsequently recrystallized with water vapor. The combination of
matrix sublimation/deposition and recrystallization resulted in maximum reproducibil-
ity and sensitivity without perturbing the spatial localization of the compounds. Imag-
ing was performed with high resolution mass spectrometry equipment (TOF and FTICR)
to obtain the best selectivity and sensitivity. For testing of our developed approach,
we used a model system of Mono Mac 6 cells cultured in the presence of HIV protease
inhibitors that were cytocentrifuged on glass slides.
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Experimental Section

Cell culture and cytocentrifugation

Mono Mac 6 cells were cultured in a medium (RPMI with 10% FBS) and divided over a
24 well plate in order to obtain in each well 2 mL of cells in medium with a concentra-
tion of 1 x 10° cells/mL. We cultured these cells for 24 hours in the presence of differ-
ent concentrations (0, 0.1, 1, and 10 uM) of the HIV protease inhibitors saquinavir and
nelfinavir which were kindly provided by F. Hoffmann-La Roche and Pfizer, respectively.
After 24 hours the cells were transferred to an Eppendorf tube, and centrifuged in a
cooled centrifuge 4 °C for five minutes at 500 x g. Subsequently, the supernatant was
removed and the cells were resuspended into 1 mL ice-cold PBS and centrifuged again.
This wash step was repeated three times. The PBS from each wash step was stored at -20
°C for mass spectrometry analyses. After the last wash step the cells were counted and
resuspended in PBS to obtain a final concentration of 1 x 106 cells/mL. Two hundred mi-
croliters of each cell suspension was cytocentrifuged onto a conductive ITO (indium tin
oxide) coated glass slide (Bruker Daltonics, Bremen, Germany). In addition, one million
cells of each sample were stored at -20 °C as a dried pellet for subsequent quantitative
mass spectrometry analyses.

Sublimation

Five milliliters of a solution of 10 mg/mL 2,5-dihydroxybenzoic acid (DHB; Bruker
Daltonics, Bremen, Germany) in acetone was pipetted onto the matrix table of the
sublimation/deposition device which is then completely covered by the matrix solu-
tion. The temperature of the matrix table is increased to 50 °C to speed up evaporation
without boiling. After the acetone is vaporized, small DHB crystals were observed over
the complete matrix table. Next the ITO glass slides were mounted to the sample plate
and the sublimation/deposition device is closed. The distance between the matrix table
and sample plate was set at 5 cm, and the temperature of the sample plate is set at 4
°C. Vacuum was applied to the device, and, after the vacuum has reached 1 x 102 mbar,
the matrix table was further heated to 120 °C. After approximately 10 minutes at 120 °C
all matrix crystal were disappeared from the matrix table and a homogeneous layer of
matrix can be observed on the ITO glass slides. Subsequently, the heating of the table
was turned off, and the device was vented to atmospheric pressure. The ITO glass slides
are removed from the device after which water vapor produced by a humidifier (Fakir,
Vaihingen, Germany) was used to cover the glass slides with a film of small water drop-
lets allowing recrystallization. The glass slides were then dried at ambient conditions
and placed in a target holder (Bruker Daltonics, Bremen, Germany) compatible with the
mass spectrometer.
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Mass spectrometry equipment

An Ultraflex-lll (Bruker Daltonics, Bremen, Germany) mass spectrometer was used for
imaging of the glass slides. The mass spectrometer was controlled by FlexControl 3.0
and Flexlmaging 2.0 software (Bruker Daltonics, Bremen, Germany). Selected regions
of the slides are measured with a raster size varying from 500-200 pum. The results were
visualized and analyzed using Fleximaging 2.0. For high resolution measurements,
selected areas were measured with a MALDI-FTICR mass spectrometer (Apex IV Qe 9.4 T
equipped with a combi-source, Bruker Daltonics, USA). For each scan, ions generated by
10 laser shots were accumulated in the storage hexapole. For each spectrum, 50 scans
were summed to obtain one mass spectrum. MALDI-FTICR MS spectra were analyzed
with the DataAnalysis software package (Bruker Daltonics, USA, version 3.4 build 184).

MALDI triple quadrupole analyses

The wash fluids and the pellets of all the samples were analyzed and measured with
a MALDI-triple quadrupole mass spectrometer (FlashQuant, Applied Biosystems/MDS
SCIEX, Toronto, Canada) to determine the concentration of saquinavir and nelfinavir in
the samples. Sample preparation and analyses was performed as described previously .

Results and Discussion

The in-house built sublimation/deposition device is shown in Figure 1. A key consid-
eration in its design was that the sublimation/deposition experiment should be per-
formed under well-defined conditions. Thus, the temperature of the matrix table and
sample plate can be precisely controlled. In addition, the pressure in the device can be
monitored in such a way that the sublimation/deposition process can be started at a
fixed pressure. Also, the distance between the matrix plate and sample plate can be
adjusted, see Figure 2. The device can be used for matrix sublimation/deposition of
complete 96-well format target plates or of up to 5 microscopic glass slides in one run.
The sublimation/deposition process was optimized with respect to temperature,
amount of matrix and distance between target plate and matrix table. For DHB, the ef-
fect of temperature on the sublimation process was minimal; a minimum temperature of
110 °C was necessary for sublimation, and reproducible matrix deposition occurred be-
tween 120 “Cand 150 °C (maximum tested temperature). The temperature of the sample
plate and the distance between sample plate and matrix table had only an effect on the
amount of matrix deposited on the wall and on other parts of the sublimation/deposi-
tion device, but not on the amount deposited on the sample plate. The lowest amount
of a-specific sublimation/deposition (deposition to glass cylinder and other parts of the
device) was observed when using a distance of 5 cm between matrix table and sample
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Figure 1. Photograph and schematic drawing of sublimation deposition system.

Figure 2. Close up of the sample and matrix table of the sublimation device. The distance between both
plates can be varied.
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plate at a temperature of the sample plate of 4 °C. Homogeneous application of the
matrix on the matrix plate appears to be crucial to obtain a homogenous deposited
layer on the glass slide; an inhomogeneous layer of matrix on the matrix table resulted
in variations in the thickness of matrix layer on the glass slide. The best way to apply
the matrix was to pipette a solution of the matrix in acetone on the matrix table and
subsequent evaporation of the acetone at ambient or slightly increased temperatures
of maximal 50 °C. Using MALDI-TOF MS, we found that maximum signal intensities with
minimum laser power were obtained when a total amount of 10 mg DHB was deposited
on the target slides. A photo of a glass slide and microscopic enlargement of the DHB
crystals are shown in Figure 3.

First, we spotted 150 fmol and 500 fmol of HIV protease inhibitors saquinavir and
nelfinavir onto an ITO glass slide, and matrix was subsequently deposited onto these
slides using the optimized matrix sublimation/deposition protocol described above.
However, this resulted in very weak signals for both protease inhibitors (not shown). The
low signal intensities are probably due to poor and inhomogeneous co-crystallization
of analyte and matrix. Recrystallization of the matrix resulted in the incorporation of
the analyte molecule within the crystals of the matrix. Applying a droplet of water for
recrystallization of the matrix on the position at the glass slide where the protease
inhibitors were spotted did not compromise the homogeneity of the matrix layer. This

recrystallization step resulted in increased signal intensities. However, recrystallization

Sublimated area

Figure 3. Right panel a photo of a sublimated ITO object glass. In the left panel a microscopic photo of
the deposited matrix crystals on the ITO glass is displayed.
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Figure 4. Left panel shows the complete mass spectra of two cytocentrifuged slides of cells cultured with
1 UM protease saquinavir and nelfinavir (upper) and of untreated cells (lower). The two right panels show
close-up section of these two mass spectra for the masses of saquinavir and nelfinavir. The lower panel
shows a scanned image of the cyto centrifuged cells overlayed with an intensity image of the masses of
saquinavir (red) and nelfinavir (green).

as described above resulted in partial loss of the spatial information, as the signals of the
analytes were observed at positions where they were not originally spotted. Recrystal-
lization using water vapor produced by a humidifier resulted in highly increased signal
intensities but without observable loss in spatial localization of the analytes as shown
in Figure 4.

In a subsequent experiment, Mono Mac 6 cells were cultured in the presence of 0.1,
1 and 10 uM saquinavir and nelfinavir. These cells were cytocentrifuged onto ITO glass
slides and matrix was applied using the above described protocol. MALDI-TOF MS mea-
surements of the glass slides showed that the expected masses of both HIV protease
inhibitors (m/z 671.4 saquinavir and m/z 568.3 nelfinavir) were observed at the locations
were the cells were cytocentrifuged (Figure 4). No signals of saquinavir or nelfinavir were
observed outside the regions were cells are present indicating co-localization of the
cells and the protease inhibitors.

A difference in signal intensity was observed between the different concentrations
of saquinavir and nelfinavir as indicated by the color intensity in Figure 4, showing that
relative quantification is possible. Cell-specific signals were also observed in addition
to the signals of the protease inhibitors (Figure 4). The signal of nelfinavir probably
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overlaps with a background signal of the cells, because we also observe a peak at this
mass in the negative control slide. These background signals make it almost impossible
to determine whether nelfinavir is present or not in a sample. Therefore, we performed
high resolution MALDI-FTICR measurements on the same slides, to confirm the presence
of both protease inhibitors and to ascertain that the signal observed at m/z 568 in the
negative control slide is indeed a background signal. As can be observed from Figure
5, the MALDI-FTICR spectra contains no chemical noise and this, in combination with
the high resolution and mass accuracy of the FTICR measurements, makes it easier to
interpret the results.

From the matching accurate masses for both saquinavir (m/z671.3915, mass deviation
0.1 ppm) and nelfinavir (m/z 568.3198, mass deviation 0.9 ppm) we conclude that both
compounds are present in the treated cells. In addition, the mass spectra show that the
signal present in the negative control slide is indeed a background signal, because the
accurate mass (m/z 568.3395) of the noise signal differs from the mass of nelfinavir (m/z
568.3198). As can be seen in Figure 5C the protease inhibitors are co-localized with the
treated cells, because in the spectrum taken just outside the region where cells were
cytocentrifuged no signal for any of the protease inhibitors can be observed.

The intracellular levels of nelfinavir and saquinavir were determined by MALDI-triple
quadruple mass spectrometry. The intracellular concentrations in 2 x 10° cells were 1.5,
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Figure 5. Zoomed in regions of high resolution MALDI-FTICR mass spectra of the cyto centrifuged slide
of Mono Mac 6 cells (a) and of Mono Mac 6 cells cultured with 1 uM saquinavir and nelfinavir (b). Panel c
display the spectrum of the slide with Mono Mac 6 cells treated with 1 uM saquinavir and nelfinavir this
spectrum is acquired just outside the region were the cells are cytocentrifuged.
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12.4 and 96 pmol for nelfinavir and 1.3, 12.4 and 82 pmol for saquinavir in the cells incu-
bated with 0.1 uM, 1 uM and 10 uM protease inhibitor, respectively. We also measured
the concentration of the HIV protease inhibitors in the final wash fluid step to ensure
that the influence of remaining wash fluid is limited on the determined intracellular con-
centration. We estimate that 10 pL of wash fluid remained present on the cell pellet after
the final wash step. In 10 pL of the wash fluid the amount of both protease inhibitors
was lower than 10% of the quantity measured intracellularly. This results in a maximum
contribution of 10% to the intracellular determined concentrations.

For a fair comparison of intracellular concentrations between various cell types, the
concentration has to be expressed per cell volume instead of per number of cells to
compensate for differences in cell size. Mono Mac 6 cells are larger (20 um) than PBMCs
(10 um) on which most intracellular clinical assays are performed. This results in an eight
times larger intracellular volume. The average volume of one PBMC cell is estimated at
0.4 pL & and so for a Mono Mac 6 cell this would results in a volume of approximately 3.2
pL. With our imaging assay, the lowest absolute amount per 2 x 10° cells that was still
detectable is < 1.5 pmol for both protease inhibitors. This would imply an intracellular
concentration of 2.3 nmol/mL of intracellular volume. The total concentration of most
protease inhibitors in PBMC of HIV patients is in the range of 2-20 nmol 2 per mL of
intracellular volume. This concentration range is within the sensitivity of our imaging
technique showing that it is sufficiently sensitive to measure clinically relevant concen-
trations of these two protease inhibitors in cytocentrifuged samples. In addition, this
technique can also be applied for imaging of tissue for this type of drugs. The quantita-
tive aspect of this technique will be further investigated. The technique described can
be exploited in the future to measure drugs and metabolites in specific populations of
leukocytes or tissue obtained from patients treated with antiretroviral drugs.
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Abstract

In this report we explore the use of MALDI-FTICR mass spectrometry for the quantitative
analysis of five HIV-1 protease inhibitors in cell lysates. 2,5-Dihydroxybenzoic acid (DHB)
was used as the matrix. From a quantitative perspective, DHB is usually a poor matrix
due to its poor shot-to-shot and poor spot-to-spot reproducibilities. We found that the
quantitative precisions improved significantly when DMSO (dimethylsulfoxide) was
added to the matrix solution. For lopinavir and ritonavir, currently the most frequently
prescribed HIV-1 protease inhibitors, the signal-to-noise ratios improved significantly
when potassium iodide was added to the matrix solution. The mean quantitative pre-
cisions, expressed as % relative standard deviation, were 6.4% for saquinavir, 7.3%
for lopinavir, 8.5% for ritonavir, 11.1% for indinavir, and 7.2% for nelfinavir. The mean
quantitative accuracies, expressed as % deviation, were 4.5% for saquinavir, 6.0% for
lopinavir, 5.9% for ritonavir, 6.6% for indinavir, and 8.0% for nelfinavir. The concentra-
tions measured for the individual quality control samples were all within 85-117% of
the theoretical concentrations. The lower limits of quantification in cell lysates were 4
fmol/uL for saquinavir, 16 fmol/uL for lopinavir, 31 fmol/pL for ritonavir, and 100 fmol/pL
for indinavir and nelfinavir. The mean mass accuracies for the protease inhibitors were <
0.28 ppm using external calibration. Our results show that MALDI-FTICR mass spectrom-
etry can be successfully used for precise, accurate, and selective quantitative analyses
of HIV-1 protease inhibitors in cell lysates. In addition, the lower limits of quantification
obtained allow clinical applications of the technique.
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Introduction

Quantitative drug analysis using matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry is normally hampered by poor reproducibility of the signal intensi-
ties and by the presence of matrix-derived signals (leading to the so-called chemical
noise) in the low mass range, i.e,, below 1,000 Da. As a consequence, electrospray
ionization (ESI), in particular in combination with a triple quadrupole mass analyzer, is
normally preferred. When operated in the selected reaction monitoring mode (SRM), the
triple quadrupole mass analyzer selectively measures unique fragments of the analyte(s)
and internal standard(s). The ESI ion source can be coupled to a high pressure liquid
chromatograph (HPLC), which further increases the assay’s selectivity with concomitant
decrease of ion suppression effects.

However, MALDI offers certain advantages over ESI for the quantitative analysis of
drugs as well as for the analysis of other compounds; it is capable of a higher sample
throughput ', samples can be conveniently stored on the target plate for future reanaly-
sis 2, and MALDI is less susceptible to ion suppression 3.

Various approaches have been developed to improve the performance of MALDI for
the quantitative analysis of drugs, which aim to eliminate the disadvantages normally as-
sociated with MALDI, viz., the poor reproducibility of signal intensities and the presence
of matrix-derived chemical noise * Thus, high molecular weight matrices *°, additives ',
and matrix-less target plates "2 have been used to decrease and even to eliminate
the matrix-derived chemical noise in the low mass range. The reproducibility can be
significantly increased by using ionic liquid matrixes '3, internal standards, sophisticated
sample/matrix spotting devices ™, and prestructured target plates %, or by averaging
out many spectra of a single sample. These approaches have led to the successful devel-
opment of various quantitative drug assays using MALDI-TOF &°'6'7 MALDI-g-TOF &1,
and MALDI-triple quadrupole 8202 mass spectrometry.

Currently, no assays have been described which use MALDI-FTICR for the quantitative
analysis of drugs. The advantage of MALDI-FTICR over other types of MALDI mass spec-
trometers results from its high resolving power and mass accuracy, which significantly
increase the selectivity of the assay; in particular this will be the case when the molecular
ions of the analyte and internal standard are used for quantitative analysis, i.e., from a
full mass spectrum (MS mode).

In this study, we assess the quantitative performance of MALDI-FTICR mass spectrom-
etry for the analysis of HIV-1 protease inhibitors in lysates of peripheral blood mono-
nuclear cells (PBMCs).
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Experimental Section

Chemicals
Lopinavir (LPV; C_H,N,O;
(RTV; C,,H,,N,O.S_; monoisotopic molecular mass 720.31276 Da) were kindly donated by

Abbott Laboratories (lllinois). Saquinavir (SQV; C,;H. N, O.; monoisotopic molecular mass

670.38427 Da) was kindly donated by F. Hoffmann-La Roche (Basel, Switzerland). Nelfinavir
(NFV; C,H,,N.O,S; monoisotopic molecular mass 567.31308 Da) was kindly donated by

32" 45

Pfizer (Groton, CT), and indinavir (IDV; C_. H,_N_O

36 47 54/

monoisotopic molecular mass 628.36247 Da) and ritonavir

monoisotopic molecular mass 613.36281
Da) was kindly donated by Merck (Rahway, NJ). Potassium iodide was obtained from Sigma-
Aldrich. 2,5-Dihydroxybenzoic acid (DHB) was obtained from Bruker Daltonics (Germany).

Peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were obtained from a buffy coat (Sanquin,
Rotterdam, The Netherlands) using a standard Ficoll density gradient. The PBMCs were
extracted overnight in methanol at 5°C. The next day, the PBMC lysates were collected,
water was added to the samples until the water-to-methanol ratio was 3:1, and the PBMC
lysates were loaded onto a 96-well solid-phase extraction plate (Oasis HLB pelution plate,
Waters). Subsequently, the samples were washed twice with 200 pL of methanol/water
(1:3 v/v). Next, the samples were eluted from the column with 100 pL of methanol. The
samples were dried in a SpeedVac (Savant) and stored at -80°C until the day of analysis.

Mass spectrometry

To study the effect of various DHB preparations on the signal intensities and % CV of the
analyte-to-internal standard ratios, a mixture of five pure HIV protease inhibitors was
analyzed with four different DHB preparations: DHB = 10 mg/mL DHB in MeCN/water
(1/1); DHB + DMSO = 10 mg/mL DHB in MeCN/water/DMSO (9/9/2); DHB + Kl = 10 mg/
mL DHB + 10 mM Kl in MeCN/water (1/1); DHB + Kl + DMSO = 10 mg/mL DHB + 10 mM
Klin MeCN/water/DMSO (9/9/2). For each DHB preparation, four technical replicates, i.e.,
four spots on the target plate, were measured (1 pL per spot).

For quantitative analysis of HIV protease inhibitors in cell lysates, the samples were
prepared by reconstituting the dried PBMC lysates in 10 pL of water/MeCN/DMSO
(9/9/2, v/v/v) containing 10 mg/mL DHB, 10 mM KiI, analyte at various concentrations,
and 1 pmol/uL internal standard. Technical replicates of each calibrator were spotted on
different positions on a 400 um AnchorChip target plate (Bruker Daltonics, Germany) (1
ML per spot). Drying of the samples was assisted with a heat blower.

Samples were measured on an APEX IV Qe 9.4 T FTICR mass spectrometer (Bruker Dal-
tonics) equipped with the first version of the vacuum Combisource and a 20 Hz nitrogen
laser with irradiation area of ~200 um 2. Xmass version 7.0.8 was used to operate the
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mass spectrometer, and DataAnalysis version 3.4 was used for data analysis (both from
Bruker Daltonics). A multishot accumulation was used as recommended by O’Connor et
al., Mize et al., and Moyer et al 22>, lons produced by 10 laser shots were accumulated in
the storage hexapole, transferred to the FTICR cell, and scanned for 0.78 s (TD size 512
Kb). Fifty scans were summed for each mass spectrum. The acquisition mass range was
m/z 500-1,000. The mass spectra were subsequently apodized and zerofilled twice. An
external mass calibration was applied using a quadratic equation.

Quantitative analysis of HIV protease inhibitors in cell lysates

Two data sets (A and B) were used to assess the quantitative performance of the MALDI-
FTICR assay. Data set A was used to construct the calibration curve while data set B was
used as quality controls and vice versa. For each sample in a data set, three spots on the
target plate, i.e., three technical replicates, were measured. The quantitative precisions
were obtained by calculating the % relative standard deviation of the analyte-to-internal
standard ratio of the three replicate analyses of each sample. The mean analyte-to-inter-
nal standard ratios of the three replicate analyses were used to construct the calibration
curve (calibrators) or to check the quantitative accuracies (quality controls). The mean
analyte-to-internal standard ratios and analyte concentrations were log 10-transformed,
and a linear unweighed curve was fitted through the data points.

Results and Discussion

Choice of matrix

Small molecule analysis by MALDI mass spectrometry is normally hampered by the pres-
ence of matrix-derived chemical noise in the low mass range, i.e., below 1,000 Da %, the
bane of any MALDI practitioner. The use of a high molecular weight matrix is one way to
overcome this phenomenon °. We have recently developed a quantitative assay for HIV
protease inhibitors on a MALDI-TOF mass spectrometer using the high molecular weight
matrix meso-tetrakis(pentafluorophenyl)porphyrin (F20TPP) &°. The molecular weight
of F20TPP is 974.6 Da, and so the only matrix-derived peaks which can be observed
in the low mass range result from dissociation of the matrix or from matrix impurities.
Thus, using a TOF analyzer, we observed, as expected, only a few peaks in the low mass
range, making F20TPP eminently suitable as a matrix in TOF analyses. We also attempted
to use the F20TPP matrix on our MALDI-FTICR mass spectrometer. In contrast to our
previous MALDI-TOF experiments, extensive fragmentation of the F20TPP matrix was
observed in our FTICR experiments which resulted in matrix-derived interfering signals
in the low mass range. Long-lived metastable decay of ions formed in the MALDI source
has been extensively reported in the literature 34 The metastable fragmentations in
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FTICR are the result of the relatively long ion lifetime (1 s) of the ions prior to detection
in FTICR, compared to the much shorter lifetimes associated with more conventional
MS techniques, such as TOF (10* s), and thus they are a direct consequence of RRKM
theory *. For example, ions with a rate constant (k) of 10° s’ fragment on average in
10 seconds 3. These ions formed in the MALDI process could thus easily survive the
TOF time frame but would generate extensive fragmentation in FTICR ?°. In the same
vein, non-covalent matrix adduct ions are expected to be metastable on the FTICR time
frame, and dissociation is thus expected. This indeed appears to be the case; using our
FTICR instrument, the matrix DHB hardly shows any chemical noise. Therefore, DHB was
tested as a matrix for the FTICR analysis of the HIV-1 protease inhibitors.

Matrix preparation

We evaluated four different matrix solutions: DHB only, DHB with DMSO, DHB with KiI,
and DHB with both DMSO and K, see Table 1. As can be seen from this table, the highest
S/N ratios were obtained for the protonated forms of nelfinavir, indinavir, and saquinavir,
i.e., when DHB was used without the addition of KI. In contrast, the highest S/N ratios for
lopinavir and ritonavir were observed when DHB was used with the addition of KI. DHB
crystallizes in an inhomogeneous way when it is spotted according to the widely used
dried droplet protocol (at ambient temperature). Because of this inhomogeneous crys-
tallization, one needs to search for so-called sweet spots in the sample/matrix crystals.
In general, better quantitative precisions are obtained when the sample/matrix crystals
have a homogeneous appearance. Therefore, we added DMSO to the matrix solution.
With the use of DMSO, the samples dry at a much slower rate and dense homogeneous
DHB crystals are formed, even when dried using a heat blower. As shown in Table 2, the
quantitative precisions improved significantly when DMSO was added to the DHB solu-
tion. In addition, as shown in Table 1, the S/N of the potassiated HIV-1 protease inhibitors
also improved by adding DMSO to the matrix solution.

Table 1. Mean signal-to-noise ratios for the simultaneous analysis of five HIV-1 protease inhibitors with DHB?

amount DHB DHB + DMSO DHB + Kl DHB + KI + DMSO
(femtomole) [analyte + HI* [analyte + H]* [analyte + KI* [analyte + K]*
nelfinavir 1000 5179 2151 552 745
indinavir 1000 1363 1820 212 627
lopinavir 1000 284 149 1680 2283
saquinavir 250 5476 5924 1125 1597
ritonavir 1000 479 632 845 2933

2 mixture of five pure HIV-1 protease inhibitors was analyzed using four different DHB preparations (see
Experimental Section). The concentration per spot on the target plate was 1 pmol for nelfinavir, indinavir,
lopinavir, and ritonavir and 250 fmol for saquinavir. Four technical replicates, i.e., four different spots on
the target plate, were measured for each sample.
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Quantitative analysis of HIV protease inhibitors in cell lysates

Our goal was to develop one assay for the quantitative analysis of five HIV-1 protease
inhibitors. As shown above, the highest S/N values were obtained for the protonated
forms of nelfinavir, indinavir, and saquinavir, while lopinavir and ritonavir were best
detected as potassiated ions. Thus a trade-off was needed in the preparation of the
DHB solution, i.e., preparation with or without potassium iodide. Currently, Kaletra is
the most widely used HIV-1 protease inhibitor. Kaletra is a preparation of lopinavir to-
gether with ritonavir which serves as a pharmacokinetic booster. Because of the clinical
importance of lopinavir and ritonavir, we added potassium iodide to the matrix solution
for the quantitative analysis of HIV-1 protease inhibitors in lysates of peripheral blood
mononuclear cells. In addition, DMSO was added to the matrix solution to enhance the
quantitative precisions.

Stable isotope labelled internal standards would serve as the best internal standards
for quantitative MALDI experiments. However, these were not commercially available for
the tested HIV-1 protease inhibitors. Therefore, we chose to use nelfinavir as the internal
standard for the quantitative analysis of indinavir, lopinavir, saquinavir, and ritonavir. For
the quantitative analysis of nelfinavir, we used indinavir as the internal standard. Figure
1 shows the mass spectrum of lopinavir and nelfinavir (internal standard) in a lysate of
1 x 10° PBMC (125 fmol lopinavir and 1 pmol nelfinavir per spot on the target plate). It
can be seen from this figure that the ionization efficiency of lopinavir is approximately
a factor of 4 larger than that for nelfinavir. This factor remains constant over the entire
concentration range, and accurate and precise quantitative analysis of the HIV protease
inhibitors is thus possible using a chemical analogue as the internal standard.

Table 3 shows the quantitative performance of the MALDI-FTICR assay for the five
HIV-1 protease inhibitors. The mean quantitative precisions, expressed as % relative
standard deviation, were 6.4% for saquinavir, 7.3% for lopinavir, 8.5% for ritonavir, 11.1%
for indinavir, and 7.2% for nelfinavir. The mean analyte-to-internal standard ratios of the
analysis of three technical replicates were used to calculate the drug concentrations
in the samples. The mean quantitative accuracies for the quality control (QC) samples,
expressed as % deviation from the theoretical concentration, were 4.5% for saquinavir,
6.0% for lopinavir, 5.9% for ritonavir, 6.6% for indinavir, and 8.0% for nelfinavir. The
measured drug concentrations for the individual quality control samples were all within
85-117% of the theoretical concentrations. The above shows that MALDI-FTICR can be
used for accurate quantitative analysis of HIV-1 protease inhibitors in cell lysates.

Selectivity

FTICR mass spectrometry provides currently the highest mass accuracy and resolution
among mass analyzers. Higher mass accuracy and resolution result in a better selectivity
of the assay. We typically obtain resolutions of 100,000 (FWHM). The mean mass errors
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Figure 1. Analysis of lopinavir in a lysate of PBMC. Lopinavir and nelfinavir were spiked in a lysate of 1

x 10° PBMC. The monoisotopic peak of potassiated lopinavir had a S/N of 66 (125 fmol per spot on the
target plate). The monoisotopic peak of nelfinavir had a S/N 119 (1 pmol per spot on the target plate).
The inset shows a magnification of the lopinavir signal. The measured mass of the monoisotopic peak of
potassiated lopinavir was 667.325 75 Da. The theoretical mass is 667.325 63 Da corresponding to a mass
deviation of +0.18 ppm. An external mass calibration was used. The y-axis is in arbitrary units.

Table 3. The performance of MALDI-FTICR mass spectrometry to quantify five HIV-1 protease inhibitors in
PBMC lysates?

LLOQ uLoQ quantitative quantitative mass deviation
(fmol) (fmol) precision (% RSD) accuracy (% dev) (ppm)
saquinavir 4 4096 6.4 (5.1) 4.5 (3.0) -0.05 (0.26)
lopinavir 16 2000 73(4.2) 6.0(5.2) +0.11 (0.30)
ritonavir 31 2000 8.5(3.8) 5.9(3.6) -0.21 (0.46)
indinavir 100 6400 11.1 (4.7) 6.6 (4.2) +0.07 (0.14)
nelfinavir 100 6400 7.2(5.1) 8.0 (4.0) -0.28(0.19)

2 LLOQ = lower limit of quantification. ULOQ = upper limit of quantification. fmol = femtomole. % RSD =
relative standard deviation of the mean analyte-to-IS ratio for each calibrator in %. % dev = mean absolute
deviation of the measured concentration from the real concentration in %. ppm = mean deviation of

the measured mass from the real mass in parts-per-million. The precisions and accuracies are based on
three measurements of each calibrator of each sample set (total of two sample sets). The reported mass
deviations are the mean mass accuracies for all measured samples of sample sets 1 and 2 combined. The
mean standard deviations are reported between parentheses.
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Figure 2. Histogram of mass errors. The histogram shows the mass errors in ppm for the five protease
inhibitors (total of 208 measurements) using an external mass calibration. A quadratic mass calibration
equation was used. The line shows the Gaussian distribution of the data.

for the HIV-1 protease inhibitors in the QC samples were -0.05 ppm for saquinavir, 0.11
ppm for lopinavir, -0.21 ppm for ritonavir, 0.07 ppm for indinavir, and -0.28 ppm for
nelfinavir. Figure 2 shows the histogram of all mass errors for the HIV protease inhibitors
in the QC samples. The average mass error for all measurements was -0.05 ppm, the
standard deviation was 0.34 ppm, and the root-mean-square was 0.34 ppm. These mass
errors were obtained using an external mass calibration. Internal calibration could result
in even smaller mass errors.

Conclusions

We have shown that MALDI-FTICR can be used for precise and accurate quantitative
analysis of HIV-1 protease inhibitors in PBMC lysates. This assay was developed for fu-
ture studies on the intracellular pharmacokinetics of HIV protease inhibitors in PBMCs
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obtained from HIV-infected adults and children receiving therapy. The lower limits of
quantification needed for such studies are thus a direct consequence of the amount of
material that can be obtained from these patients. One million PBMCs can be obtained
from a blood sample of 1-2 mL, which is a suitable volume of blood to draw from HIV-1
infected adults and children. The lower limits of quantification (LLOQ) for HIV-1 protease
inhibitors in PBMC lysates using the MALDI-FTICR assay were 4 fmol for saquinavir, 16
fmol for lopinavir, 31 fmol for ritonavir, and 100 fmol for indinavir and nelfinavir. These
are however the “technical” LLOQs, i.e., the amount of drug in a single spot on the
target plate. We dissolved the dried lysates of 1 x 10 PBMCs in 10 pL of solvent and
subsequently deposited 1 pL of this solution on different spots on the target plate. The
minimum amount of drug present in the dried lysates should thus be a factor of 10
higher in order for this assay to quantify the drugs. The “biological” LLOQs are thus 40
fmol for saquinavir, 160 fmol for lopinavir, 310 fmol for ritonavir, and 1 pmol for indinavir
and nelfinavir per million PBMCs. The reported minimum intracellular concentrations
(Coin OF € eose) of HIV-1 protease inhibitors in HIV-1 infected adults are 6.4 pmol/1 x 10°
PBMCs for lopinavir %7, 850 fmol/1 x 10° PBMCs for ritonavir ¥, 450 fmol/1 x 10° PBMCs
for saquinavir %, 87 fmol/1 x 10° PBMCs for indinavir 3 and 2.1 pmol/1 x 10° PBMCs for
nelfinavir “. Except for indinavir, the MALDI-FTICR assay can thus be used for quantita-
tive analysis of HIV-1 protease inhibitors in 1,000,000 PBMCs.

The LLOQs obtained by our MALDI-FTICR assay are comparable to those obtained us-
ing the MS-mode of a MALDI-TOF mass spectrometer &°. The resolving power and mass
accuracy of the MALDI-FTICR assay is superior compared to that of a MALDI-TOF. Thus,
using the MS-mode, the MALDI-FTICR assay is more selective than the MALDI-TOF assay.
In addition, we found that MALDI-FTICR has a larger dynamic range than MALDI-TOF &4,
Notari et al. used tandem mass spectrometry (MS/MS) on a MALDI-TOF/TOF for quantita-
tive analysis of antiretroviral drugs in human plasma and obtained a LLOQ of 2.5 fmol/uL
for lopinavir and ritonavir ' To the best of our knowledge, three LC-MS/MS methods for
quantitative analysis of antiretroviral drugs in PBMC have been described in detail “>*4.
Jemal et al. obtained a LLOQ of 5 fmol/1 x 106 PBMCs for atazanavir *. Rouzes et al. ob-
tained a LLOQ of 3 pmol/3 x 106 PBMCs for lopinavir, T pmol/3 x 106 PBMCs for ritonavir,
and 2 pmol/3 x 10° PBMCs for saquinavir *. Colombo et al. obtained LLOQ of 5 fmol for
ritonavir, 6 fmol for lopinavir, 6 fmol for saquinavir, 7 fmol for indinavir, and 9 fmol for
nelfinavir (minimum amount of quantifiable drug on column) *2. Our LLOQs obtained for
the HIV protease inhibitors in PBMC lysates using MALDI-FTICR are roughly comparable
to those obtained by LC-MS/MS. The sample analysis time of the above-described LC-
MS/MS methods range from 4 to 20 min. The measurement of one technical replicate
takes 3 min using the MALDI-FTICR assay. In this study, we have measured three techni-
cal replicates of each sample; the analysis time for one sample is thus 9 min. This is much
slower compared to MALDI-TOF and MALDI-QqQ measurements "8, Sophisticated spot-
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ting devices, such as electrospray sample deposition and inkjet printer technologies,
may improve the quantitative precisions of the measurements.

Sample volumes typically used in MALDI mass spectrometry are in the order of 1 pL.
The challenge for successful application of MALDI mass spectrometry for quantitative
analysis of drugs is to concentrate analytes in such a small volume in a reproducible
manner. In previous studies, we dissolved the dried PBMC lysates in 100 and 25 pL and
subsequently spotted 1 pL &°. In the present study, we dissolved the dried PBMC lysates
in 10 pL of solvent. We found that dissolving the dried lysates in less than 10 pL in a re-
producible way is difficult. Spotting larger volumes than 1 uL may be used to overcome
this problem.

Currently, LC-ESI-MS/MS is the standard for the quantitative analysis of drugs. In this
study we have developed a strategy for the quantitative assessment of drugs in biological
materials by MALDI-FTICR. Our results demonstrate that MALDI-FTICR mass spectrom-
etry can be successfully used for the precise, accurate, selective, and rapid quantitative
analysis of drugs in biological materials. In particular the lower limits obtained for the
quantification of HIV-1 protease inhibitors in cell lysates allow clinical application of the
MALDI-FTICR technique.
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Abstract

We report here on the use of a prototype matrix-assisted laser desorption/ionization
(MALDI)-triple quadrupole mass spectrometer for quantitative analysis of six anti-
retroviral drugs in lysates of peripheral blood mononuclear cells (PBMCs). Of the five
investigated MALDI matrixes, 2,5-dihydroxybenzoic acid (DHB) and the novel 7-hydroxy-
4-(trifluoromethyl)coumarin (HFMC) showed the broadest application ranges for the
antiretroviral drugs. For DHB, the mean relative errors ranged from 8.3% (ritonavir) to
4.3% (saquinavir). The mean precisions (CV) ranged from 17.3% (nevirapine) to 10.8%
(saquinavir). The obtained lower limits of quantitation (LLOQ) readily allow clinical ap-
plications using just T million PBMCs from HIV-infected patients under therapy. The new
matrix HFMC was used for quantitative analysis of the HIV protease inhibitor indinavir
using a stainless steel target plate as well as a target plate with a novel, strongly hydro-
phobic fluoropolymer coating. Using the coated target plate, the mean relative error
improved from 10.1% to 4.6%, the mean precision from 33.9% to 9.9% CV, and the LLOQ
from 16 fmol to 1 fmol. In addition, the measurement time for one spot went down from
6stoonly2.5s.
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Introduction

Matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) are
extensively used as ionization techniques for mass spectrometric analysis of biological
samples. For qualitative and quantitative analysis of compounds, such as pharmaceu-
tical drugs, with molecular masses below 1,000 Da, ESI mass spectrometry is usually
preferred over MALDI, because analysis of small molecules with MALDI is often ham-
pered by matrix-derived chemical noise in the low m/z range. MALDI, however, does
offer important advantages over ESI, namely, the much higher sample throughput and
its insensitivity to ion suppression 2. In addition, samples can be conveniently stored on
the target plates for future (re)analysis 3.

Various approaches have been described to overcome the problem of matrix-derived
chemical noise, including carefully optimized matrix-to-analyte ratios *#, the use of spe-
cialized additives °, the use of ionic liquid matrixes ® or inorganic matrixes ”-® or the appli-
cation of high molecular weight matrixes °'3. The interfering noise can also conveniently
be circumvented by using tandem mass spectrometry (MS/MS). In the selected reaction
monitoring mode (SRM) of a triple quadrupole mass spectrometer, interfering isobaric
matrix ions are removed by monitoring only compound-specific precursor/product ion
transitions .

Quantitative analysis of small molecules using MALDI mass spectrometry is further
complicated by poor reproducibilities of ion signals from heterogeneous crystal lay-
ers. The precisions can be improved, however, by using optimized co-crystallization
techniques for sample and matrix, for example, with prestructured target plates %, fast
evaporation protocols '*, and sophisticated sample spotting devices . In addition,
well-matched analytes and internal standards as well as a sufficient number of repeat
measurements for signal averaging lead to significantly better precision values, result-
ing in the successful development of several quantitative drug assays using MALDI-
TOF 127131718 MALDI-gTOF "%, MALDI-FTICR, and MALDI-triple quadrupole 22" mass
spectrometry.

In this study, we have explored the feasibility of using a prototype MALDI-triple
quadrupole mass spectrometer for rapid quantitative analysis of HIV protease inhibi-
tors and a non-nucleoside reverse transcriptase inhibitor in lysates of peripheral blood
mononuclear cells (PBMCs).
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Experimental Section

Chemicals

7-Hydroxy-4-(trifluoromethyl)coumarin  (HFMC), 2,5-dihydroxybenzoic acid (DHB),
3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid; SA), 3-hydroxypicolinic acid
(HPA), and a-cyano-4-hydroxycinnamic acid (CHCA) were obtained from Sigma-Aldrich.
The investigated drug compounds were kindly donated by the following companies:
lopinavir and ritonavir, Abbott Laboratories (lllinois, IL); saquinavir, F. Hoffmann-La
Roche (Basel, Switzerland); nelfinavir, Pfizer (Groton, CT); indinavir, Merck (Rahway, NJ);
nevirapine and tipranavir, Boehringer Ingelheim (Ingelheim am Rhein, Germany); am-
prenavir, GlaxoSmithKline (Middlesex, United Kingdom). Carbamazepine was purchased
from Sigma-Aldrich. The proprietary PFC1601V fluoropolymer solution was obtained
from Cytonix Corp. (Beltsville, MD). Eye protection and gloves should be worn when han-
dling the fluoropolymer solution; there are no acute and chronic hazards to be expected
for this product and no carcinogenic properties are known to be present (material safety
data sheet, Cytonix Corp.).

Mass spectrometry

An API 3000 MALDI-triple quadrupole mass spectrometer (MDS Analytical Technolo-
gies, Concord, ON, Canada) equipped with a prototype 1000-Hz Nd:YAG laser (355 nm)
(PowerChip NanoLaser, JDS Uniphase, San José, CA) MALDI source was operated in the
positive ion mode. The pressure in the MALDI source was ~5 mTorr. During laser firing,
the target plate was moved horizontally at a constant speed (~0.06 cm/s) and the SRM
traces of the analyte(s) and internal standard(s) were recorded (dwell time, 10 ms each).
Analyst software version 1.1 (MDS Analytical Technologies) was used for data acquisition.

Sample preparation

Peripheral blood mononuclear cells (PBMCs) were isolated from a buffy coat (Sanquin,
Rotterdam, The Netherlands) using a standard Ficoll density gradient. PBMC pellets were
lysed in 100% methanol overnight at 5°C (100 pL of MeOH per 1 x 10° PBMCs). The lysed
PBMCs were spun down at 14,000 rpm for 5 min. Supernatants of 1 x 10° PBMCs were
collected in 1.5-mL vials, and 400 pL of water was added to each vial. Subsequently, the
supernatants were cleaned using 96-well solid-phase extraction (SPE) plates (Oasis HLB
pelution plate, Waters). Methanol and water (200 pL each) were drawn through each
well using a vacuum manifold according to the manufacturer’s protocol. Subsequently,
the samples were loaded onto the SPE plate and washed twice with methanol/water
(1:4 v/v). Finally, the samples were eluted from the plate with 100 uL of methanol. Drug
standards were added to the eluates and were subsequently dried using a SpeedVac
(Savant).
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On the day of analysis, the dried samples were reconstituted in 10 pL of matrix
solution and replicates of 1 yL were spotted onto 10 x 10 stainless steel target plates
(Perseptive Biosystems, Framingham, MA). For hydrophobically coated target plates, the
dried samples were reconstituted in 100 pL of matrix solution and replicates of 10 pL
were applied.

The following matrixes were used: 4 mg/mL CHCA, 50 mg/mL DHB, 10 mg/mL HFMC,
50 mg/mL HPA, and 4 mg/mL SA. All matrixes were dissolved in acetonitrile/water/for-
mic acid (500:500:1; v/v/v). For the HFMC matrix in combination with the hydrophobic
target plate, 1 mg/mL HFMC in acetonitrile/formic acid (200:1; v/v) was used.

Scanning electron microscope (SEM)

SEM photos were obtained on a Hitachi S-3000N SEM (Hitachi Science Systems, Hitachi-
naka, Japan). Various levels of magnification were used at 2.00-kV electron energy. Spot
areas were determined using SimplePCl software (version 4.0.0, Compix Inc. Imaging
Systems, Cranberry Township, PA).

Preparation of target plate with hydrophobic coating

The target plates were spin-coated with a hydrophobic coating using a modified cen-
trifuge with a small hole in the top lid and a custom-fitted Teflon rotor for the MALDI
plates. During spinning of the target plate at 1,000 rpm, 500 pL of PFC 1601V coating
solution was slowly applied through the hole to the center of the target plate. Subse-
quently, the target plate was spun for 1 min to evenly distribute the coating solution.
The coated plate was then heated for 20 min at ~200°C. The coating material can also
be applied onto the target plate by simply using a brush, with a slight compromise in
coating homogeneity.

Quantitative analysis

The following transitions were monitored for SRM: lopinavir, 630.5 — 183 (collision en-
ergy, 30 eV); ritonavir, 722 — 296 (30 eV); saquinavir, 671.5 — 570.5 (40 eV); amprenavir,
506.5 — 245.5 (30 eV); indinavir, 614.5 — 421.5 (40 eV); nelfinavir, 569 — 331 (40 eV);
tipranavir, 603.5 — 411 (30 eV); nevirapine, 267 — 226 (30 eV); carbamazepine, 237 —
194 (30 eV). As internal standard, carbamazepine for nevirapine, indinavir for amprena-
vir, lopinavir for tipranavir, indinavir for nelfinavir, saquinavir for ritonavir, nelfinavir for
indinavir, and tipranavir for lopinavir were used.

Two data sets, A and B, were measured, each containing five replicate spots per ana-
lyte. Data set A was used to construct the calibration curve while data set B served as
quality control, and vice versa. For each spot, the peak area ratios of analyte to internal
standard were measured. Subsequently, the average analyte/internal standard ratios
for the replicate analyses were calculated, and used for the calibration curves and for
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quality control purposes. Linear 1/x-weighed curves were used for calibration, unless
otherwise stated.

Results and Discussion

In MALDI experiments, the nature of the matrix compound has a crucial influence on the
ionization efficiencies and the signal intensities of the analytes of interest 2. For example,
DHB and CHCA are commonly used for analysis of peptides and small proteins, while SA
is preferred for larger proteins. When a small molecule is used as matrix, many of the
abundant peaks observed in the low-mass range of the MALDI mass spectrum arise from
the matrix itself. Upon laser irradiation, matrix molecules undergo a variety of different
processes such as ionization and subsequent fragmentation, photodissociation, and
ion-molecule reactions, leading to matrix-derived chemical noise in the low m/z range.
These interfering signals seriously hamper the analysis of small molecules with m/z val-
ues below 1,000. Various approaches have been described to overcome this limitation,
for example, by carefully choosing the matrix-to-analyte ratio 4, the use of additives >,
jonic liquids ¢ or inorganic matrixes 78 The use of high molecular weight porphyrin ma-
trixes can also decrease the matrix-derived chemical noise in the low m/z range *'". We
have previously shown that using the high molecular weight porphyrin matrix meso-
tetrakis(pentafluorophenyl)porphyrin (F20TPP) results in a significant decrease of the
matrix-related peaks in the low m/z range in MALDI-TOF analyses and that this matrix
can be used for quantitative analysis of HIV protease inhibitors in cell lysates '>'3. By
contrast, in MALDI-FTICR mass spectrometry, the high molecular weight matrix F20TPP
undergoes extensive dissociation on the time scale of the FTICR experiment (~1 s) and
intense fragment ions are observed in the low mass range, which leads to interfering
chemical noise. Significantly less fragmentation of such ions is observed in MALDI-TOF
mass spectrometers (10*s). Thus, for the quantitative analysis of small molecules, a high
molecular weight matrix was used for TOF analyses and a low molecular weight matrix
for the FTICR experiments, showing that the type of mass analyzer can have a significant
influence on the choice of matrix for small-molecule analysis by MALDI. Another effi-
cient way for eliminating the chemical noise is the application of MS/MS, by monitoring
only analyte-specific ion transitions. This technique is particularly useful when a triple
quadrupole MS is used for MS/MS. In the SRM mode of the QqQ instrument, a nearly
100% duty cycle is obtained, and this makes it extremely efficient for small molecule
target analysis. Using this technique, a wide variety of matrices, such as CHCA and DHB,
have been used for small-molecule analysis. Sleno and Volmer compared CHCA, DHB,
and SA for analysis of spirolide toxins, quinidine, danofloxacin, ramipril, and nadolol and
found that CHCA yielded the strongest signal intensities and the best precision for these
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drugs 2#%, In addition, Gobey et al. showed that CHCA resulted in successful detection
of 175 out of the 208 tested compounds .

Comparison of matrices

In the present study, we have compared the use of the CHCA, DHB, SA, 3-hydroxypicolinic
acid (HPA), and a new matrix, 7-hydroxy-4-(trifluoromethyl)coumarin (HFMC), for the
analysis of seven HIV protease inhibitors by MALDI-QqQ (Figure 1). SA and HPA yielded
very poor signal intensities in comparison to CHCA, DHB, and HFMC. CHCA exhibited
intense signals only for nelfinavir, indinavir, and saquinavir, but relatively weak signals
for lopinavir, ritonavir, amprenavir, and tipranavir. DHB and the new matrix HFMC on
the other hand generated very strong signals for all seven protease inhibitors tested.
Using MALDI-TOF and MALDI-FTICR, we have previously shown that abundant signals
for antiretroviral drugs can be obtained by using a cationization approach with alkali
halides >3, Using MS/MS on the MALDI-QqQ instrument, however, we found that the
cationized drugs showed poor fragmentation efficiencies and thus low SRM sensitivities
compared to the protonated precursor molecules. In general, we found that higher col-
lision energies were needed for fragmentation of the cationized drugs as compared to
the protonated forms.
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Figure 1. Comparison of signal intensities for HIV-1 protease inhibitors using various MALDI matrixes

in combination with stainless steel target plates. Seven protease inhibitors were spiked in a lysate of 1 x
10° PBMC and analyzed using various matrixes. The amount of protease inhibitor per spot was 5 pmol.
Reported are the mean areas and standard deviations of the SRM traces for a single spot (the areas for
saquinavir were divided by 10).
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Quantitative analysis of antiretroviral drugs in cell lysates using DHB matrix

We explored DHB as matrix for quantitative analysis of the protonated forms of the HIV
protease inhibitors nelfinavir, saquinavir, indinavir, lopinavir, and ritonavir and the non-
nucleoside reverse transcriptase inhibitor nevirapine in lysates of PBMCs (Table 1). The
measurement precisions were relatively high compared to LC-MS/MS methods for anti-
retroviral drugs in PBMC lysates %°. Sleno and Volmer showed that using CHCA resulted in
significantly better precisions as compared to DHB, because of the more homogeneous
crystal layers formed from CHCA solutions 2*%. In our experiments, however, the signal
intensities for antiretroviral drugs were much better for DHB as matrix as compared to
CHCA (vide supra), necessitating DHB as matrix. Unfortunately, no stable isotope stan-
dards were commercially available for the analytes investigated here, to compensate
for the heterogeneous crystallization. Alternatively, we used chemically similar protease
inhibitors as internal standard for analysis of the protease inhibitors of interest (see
Experimental Section) and carbamazepine as a chemically related internal standard for
the non-nucleoside reverse transcriptase inhibitor nevirapine. Applying stable isotope
standards generally results in significantly better precisions, since the chemical proper-
ties of internal standard and analyte are virtually identical. This is particularly important
for MALDI, as well-matched analyte and internal standard pairs result in homogeneous
co-crystallizations, as recently shown by Sleno and Volmer 24 It was also shown in
that study, however, that structural analogues of the analyte could be successfully
used, as long as important solution-phase properties were appropriately matched. To
compensate for the relatively high fluctuations mentioned above, we measured and
averaged five replicates of each sample and used the mean analyte-to-internal standard
ratio to calculate the concentration in the sample. The resulting average relative errors
ranged between 5.0% for indinavir to 8.3% for ritonavir. The lower limits of quantitation,

Table 1. Quantitative analysis of antiretroviral drugs in PBMC lysate using MALDI-QqQ?

precision (%  accuracy, RE (%

LLOQ (pmol) ULOQ (pmol) ) deviation) r
nelfinavir 0.064 16 11.9(3.2) 7.4 (4.4) 0.9998
indinavir 0.004 16 12.0 (6.8) 5.0(3.6) 0.9999
saquinavir 0.016 4 10.8 (3.2) 43(3.4) 0.9985
ritonavir 0.064 16 14.1 (8.3) 8.3(6.2) 0.9975
lopinavir 0.064 16 12.9 (4.6) 6.7 (4.4) 0.9953
nevirapine 0.016 16 17.3(3.8) 7.4 (4.5) 0.9999

2LLOQ, lower limit of quantitation in picomole per spot on the target plate. ULOQ, upper limit of
quantification in picomole per spot on the target plate. Reported are the average precisions and
accuracies (% relative error, RE) for data sets A and B. r* = regression coefficient of the 1/x weighed linear
curve when data sets A and B were combined. Standard deviations are reported in parentheses. All
experimental data in the table were obtained using DHB as maxtrix compound on an uncoated stainless
steel target.
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expressed as amount of drug per spot on the target plate, was 64 fmol for nelfinavir,
4 fmol for indinavir, 16 fmol for saquinavir, 64 fmol for lopinavir, 64 fmol for ritonavir,
and 16 fmol for nevirapine. These numbers readily allow the clinical application of the
technique.

Coumarin matrix and fluoropolymer-coated target plates

We also explored the use of the new matrix compound HFMC (Figure 2) for quantitative
analysis of indinavir in PBMC lysates. HFMC is a photoluminescent molecule with a mo-
lecular mass of 230.02 Da. HFMC exhibits maximum light absorption at 355 nm, which
ideally matches the wavelength of the frequency-tripled, solid-state Nd:YAG laser of the
MALDI-QqQ system (A = 355 nm). Upon excitation, HFMC emits fluorescent light at A =
498 nm. In acidic solutions, HFMC is colorless, while it is bright yellow in basic solutions.
When the HFMC matrix was spotted on a stainless steel target plate using the dried
droplet technique, the quantitative precisions and quantitative accuracies were poor.
Inspection of the SRM traces showed differential incorporation of analyte and internal
standard in the HFMC crystals. A fast evaporation approach ', i.e., spotting from 100%
organic solvents, was used to obtain a more homogeneous distribution of analyte and

CF,

N

HO o~ 70

Figure 2. 7-Hydroxy-4-(trifluoromethyl)coumarin (HFMC).

Figure 3. Droplets of 10 pL of DHB solution in various solvents spotted on a fluoropolymer-coated MALDI
target. Upper row: left, DHB in water; middle, DHB in ACN/water (1:1, v/v); right, DHB in MeOH/water (1:1,
v/v). Lower row: left, DHB in ACN; middle, DHB in MeOH; right, DHB in acetone.
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Figure 4. HFMC matrix spotted on to a stainless steel target plate and a fluoropolymer-coated target
plate. Left: 1 L of HFMC matrix spotted on to a stainless steel target plate (10 mg/mL in ACN/H,O (1:1,
v/v)). Right: 10 pL of HFMC matrix spotted on to a fluoropolymer-coated target plate (1 mg/mL in 100%
acetonitrile). The dashed line represents the actual width of the laser beam (diameter, ~110 um). The
etched circle is ~3.5 mm wide.

WD 8. lom Vx50 W8, 3mm 2, 00kV x50

Figure 5. SEM analysis of dried sample spots. Spot size reduction for dispensed DHB solutions (25/75
acetonitrile/water): (a) 1 uL on an uncoated stainless target; (b) 1 uL on a coated plate. The diameter of the
dried spot on the coated plate is ~200 pm.

6x103 2x105

intensity
intensity
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—> >
6 seconds 2.5 seconds

Figure 6. SRM traces of 4 pmol of indinavir (blue) and 1 pmol of saquinavir (red) in a single spot using the
novel matrix HFMC on a stainless steel target plate (left) and on a fluoropolymer-coated target plate (right).
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internal standard in the HFMC crystals. However, extensive spreading of the sample was
observed when the fast evaporation protocol was applied in combination with stainless
steel target plates. It has been previously shown that hydrophobic coatings can sig-
nificantly improve crystallization behavior on MALDI plates . In this study, we coated
the target plate with an inexpensive strongly hydrophobic fluoropolymer (~0.20 US $/
plate). The coated target plates allowed spotting of large volumes of sample, even for
100% organic solutions of up to 10 pL (Figure 3). Furthermore, even these large volumes
of sample dried to very small crystal areas on the target plates, due to the remarkable
focusing abilities of the coating material (Figure 4).

The reduction factor in the area of the crystal layers was further investigated by spot-
ting droplets of 1-uL DHB solutions in acetonitrile/water mixtures of varying composition
on coated as well as uncoated target plates (Figure 5). Using the coated target plates, the
area of the dried spots reduced by a factor 18.2 (acetonitrile content of 75%), 23.3 (50%
ACN), and 31.5 (25% ACN), which is significantly larger than previously reported coating
materials 334 Figure 6 illustrates that the coated target plates significantly improve the
co-crystallization of analyte and internal standard for indinavir when HFMC is used as
matrix. In addition, the measurement times for one spot were reduced from 6 s to 2.5
s. Another feature of the coating is a significant reduction in background signals from

400 a
> 300
@
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2 200
£ SS uncoated
100}
SS coated
50 250 450 650 850
m/z —»
30 b
? 20
> not heated
= 101
heated I |

50 250 450 650 850
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Figure 7. Comparison of background signals in the full-scan mode on uncoated and coated stainless steel
(SS) plates (panel a). Panel b shows the further improvements by heat curing the coated plates for 20 min
at 200°C.
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Figure 8. Quantitative analysis of indinavir in PBMC lysates using the novel matrix HFMC on a stainless
steel target plate and on a fluoropolymer coated plate.

contaminants on the target plate (Figure 7). Figure 8 illustrates the improvement in the
concentration-response curve for indinavir in PBMC lysates as well as improvement in
precision when the fluoropolymer-coated plate was used in combination with the HFMC
matrix. Using the fluoropolymer-coated plate, the average precision improved from 34%
CV (sd 17.6) to 9.9% CV (sd 5.7) and the relative error went down from 10.1% (sd 4.8) to
4.6% (sd 3.6). In addition, the lower limit of quantitation improved from 16 fmol to 1 fmol
per spot on the target plate using a 1/x>-weighed linear curve.

Conclusions

There is an increasing interest in the use of MALDI mass spectrometry for quantitative
analysis of small molecules, due to its very high sample throughput capability, its in-
sensitivity to ion suppression, and the possibility of storing samples on target plates
for future use or reanalysis. Using a prototype MALDI-QqQ mass spectrometer, we have
shown here that this technique can be used for accurate quantitative analysis of HIV
protease inhibitors and a non-nucleoside reverse transcriptase inhibitor in lysates of 1
million peripheral blood mononuclear cells. The limits of quantitation readily allow clini-
cal applications of the technique. In this study, we had to resort to chemical analogues as
internal standards, because stable isotope internal standards were not available. Stable
isotopes are often very expensive and are frequently not commercially available, and
the custom synthesis of these compounds is laborious. While using chemical analogues
as internal standards may not at first appear to be the best choice, it is frequently the
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only practical option for quantitative analysis using LC-MS or MALDI-MS. In our study, we
demonstrated that chemically similar compounds as standards and replicate analyses
yielded excellent precision and accuracy. We have also shown that the optimum matrix
for specific analytes can be highly compound dependent. By using a novel matrix and a
fluoropolymer surface coating, we were able to achieve improved co-crystallization of
analyte and internal standard, thus further improving precisions and accuracies.
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Abstract

Intracellular drug monitoring is important to understand pharmacotherapy. We dem-
onstrate that the novel technique of MALDI-triple quadrupole mass spectrometry
is significantly faster for quantitative analysis of drugs compared to traditional liquid
chromatography (LC) based assays. In MALDI-triple quadrupole MS the LC-step is omit-
ted resulting in sample analysis of seconds. Using HIV protease inhibitors as model
compounds, we validated and applied MALDI-triple quadrupole MS assays for their
quantitative analysis intracellularly and in plasma. These assays are directly applicable
to pharmacokinetic studies when limited amounts of sample are available. Sample
preparation is straightforward and easy to automate. Plasma is diluted in methanol and
cells are processed with solid phase extraction. To show the applicability of this novel
approach, assays were used to determine the plasma and intracellular concentrations
of lopinavir and ritonavir in HIV infected children. This is the first time that intracellular
concentrations of HIV protease inhibitors are reported for children.
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Introduction

Assays to determine drug concentrations are used in many areas of life sciences, ranging
from preclinical pharmacokinetic studies in drug discovery to therapeutic drug monitor-
ing in a clinical setting. Liquid chromatography (LC) - based assays are currently the
standard for such analyses, in particular assays that combine LC with UV detection or
detection by electrospray ionization (ESI) mass spectrometry (MS). The LC-step, which is
the most time-consuming part of the analysis, takes at least several minutes, and high
throughput quantitative analysis is therefore difficult to achieve. In contrast, matrix-
assisted laser desorption/ionization (MALDI) MS is a technique that is able to detect
trace amounts of a compound in complex biological samples without using a LC-step,
and analyses times of < 5 seconds can be obtained using the recently developed MALDI-
triple quadrupole mass spectrometer.'”’

However, interfering signals and poor precisions limit the application of MALDI-MS for
quantitative analyses of small molecule drugs, i.e. drugs with molecular masses below
1,000 Da. The matrix, which is needed for efficient ionization of the analytes present in
the sample, is itself a small molecule and produces a series signals that interfere with the
analysis of other small molecules. Drug signals can be distinguished from these interfer-
ing matrix signals by their fragmentation pattern which is highly structure-specific. A
MALDI - triple quadrupole mass spectrometer operating in the selected reaction moni-
toring (SRM) mode detects only the drug-specific precursor/product ion transitions, and
matrix-derived interfering signals are significantly decreased or eliminated.? In addition,
strategies that focus on homogenous crystallization of the matrix, use of an internal
standard, and average multiple measurements ', improve the precisions of MALDI-MS
to values required for drug analysis '2.

We show that MALDI-triple quadrupole MS is a valuable tool for high throughput
quantitative analysis of drugs, and compounds as diverse as methotrexate, amino acids,
and antibiotics can be analyzed by this approach. HIV protease inhibitors were used as
model compounds in this study and assays were developed, validated, and applied for
quantitative analysis of these compounds in plasma and in cells. To show the clinical
applicability of the approach, assays were used to monitor the plasma and intracellular
concentrations of lopinavir and ritonavir in a cohort of HIV infected children.

Experimental Section

Chemicals and solvents
Methotrexate (Emthexate PF for parenteral administration, PharmaChemie BV, Haarlem,
the Netherlands), saquinavir (donated by F. Hoffmann La-Roche, Basel, Switzerland),
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indinavir (donated by Merck, Rahway, NJ, USA), nelfinavir (donated by Pfizer, Groton, CT,
USA), lopinavir and ritonavir (donated by Abbott Laboratories, lllinois, IL, USA), Kaletra
oral solution (80 mg/mL lopinavir and 20 mg/mL ritonavir; Abbott; obtained from dept.
Pharmacy, Erasmus MC, Rotterdam, the Netherlands), nevirapine and tipranavir (donated
by Boehringer Ingelheim, Ingelheim am Rhein, Germany), efavirenz (Moravek, Brea, CA,
USA), metronidazole, metoprolol, piroxicam, amoxicillin, and carbamazepine (all from
Sigma-Aldrich, Zwijndrecht, the Netherlands). a-cyano-4-hydroxycinnamic acid solution
(Agilent Technologies; 6.2 mg/mL in methanol/acetonitrile/water 36/56/8 v/v/v, pH =
2.5 ). Sodium iodide (purity > 99.99%, Sigma-Aldrich, Zwijndrecht, the Netherlands).
Methanol (ULC/MS grade, Biosolve, Valkenswaard, the Netherlands). Phosphate-Buffered
Saline (PBS; 1x; pH = 7.4; CaCl, and MgCl,; product number 10010) was obtained from
Invitrogen. Red blood cell lysis buffer was obtained from Roche Diagnostics (Mannheim,
Germany, Cat. No. 11814389001).

Stock solutions

All stock solutions for MALDI-triple quadrupole MS analysis were prepared in methanol
by serial dilution. As internal standards we used: 20 uM nelfinavir (quantitation of lopi-
navir and ritonavir in plasma), 5 uM methotrexate (quantitation of saquinavir, nelfinavir,
and indinavir in plasma), 2 uM nelfinavir (quantitation of lopinavir and ritonavir in 1 x
10° PBMCs). To investigate the effect of co-medication on the quantitation performance,
the following drug mixtures were added to the quality control samples: drug mixture A:
10 uM carbamazepine, metoprolol, metronidazole, amoxicillin, piroxicam, nevirapine,
saquinavir, efavirenz, indinavir, and tipranavir (quantitation of lopinavir and ritonavir in
plasma). Drug mixture B: 10 uM carbamazepine, metoprolol, metronidazole, amoxicil-
lin, piroxicam, nevirapine, lopinavir, efavirenz, ritonavir, and tipranavir (quantitation of
saquinavir, indinavir, and nelfinavir in plasma).

Matrix preparation

For simultaneous quantitation of lopinavir and ritonavir, 10 uL 100 mM Nal in MeOH was
added to 990 uL matrix solution. For simultaneous quantitation of saquinavir, indinavir,
and nelfinavir, the matrix solution was diluted 1:1 v/v in nanopure water.

MALDI-triple quadrupole mass spectrometry

A FlashQuant Workstation equipped with a 4000 QTRAP mass analyzer (MDS Analytical
Technologies, Concord, Ontario, Canada) was used for automated measurements of the
samples in the selected reaction monitoring mode at unit resolution. For specific setting
see Table 1. Analyst 1.4.2. and FlashQuant 1.0 software (MDS Analytical Technologies,
Concord, Ontario, Canada) were used to operate the instrument and for automated data
analysis. A calibration curve was constructed by plotting the analyte-to-internal stan-
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Table 1. Instrument settings for quantitative analysis of HIV protease inhibitors.

compound form ion transition CE (V) CXP (V) plate (V) laser power (%)
lopinavir sodiated 651.4 —439.3 52 10 60 40
ritonavir sodiated 7433 — 5733 50 10 60 40
nelfinavir sodiated 590.4 — 338.2 50 10 60 40
saquinavir protonated 6714 — 5704 44 8 65 35
indinavir protonated 614.4 — 421.2 44 12 50 35
nelfinavir protonated 568.4 — 330.2 45 8 50 35
methotrexate protonated 455.2 — 308.2 30 8 50 35

The skimmer was set at 0V, CAD gas at 6, source gas at 10. CE = collision energy. CXP = collision cell exit
potential. Plate = target plate containing the samples. Dwell time for each ion transition was 10 ms.

dard area ratios against the concentrations spiked using a 1/concentration? weighed
linear curve. Quality controls were used to check the validity of the calibration curves.
The absolute lower limit of quantification was set at the mean analyte area in the zero
samples + 10 times the standard deviation. Samples were spotted onto Opti-TOF 384
well stainless steel target plates (123 x 81 mm; MDS Analytical Technologies, Concord,
Ontario, Canada).

Plasma sample preparation for MALDI-triple quadrupole MS

Plasma samples were prepared in 1.5 mL Eppendorf safe-lock tubes: 10 uL plasma were
added to methanol, mixed using a pipette, and spiked with internal standard, analytes,
and additional drugs, depending on the type of sample. Calibrators: 70 uL MeOH + 10 pL
plasma + 10 pL internal standard + 10 pL analytes. Quality controls: 60 uL MeOH + 10 pL
plasma + 10 pL internal standard + 10 pL analytes + 10 pL drug mixture. Unknowns: 80
pL MeOH + 10 pL plasma + 10 pL internal standard. Blank: 90 uL MeOH + 10 pL plasma.
Zero: 70 yL MeOH + 10 pL plasma + 10 pL internal standard + 10 pL drug mixture. For
quantitation of lopinavir and ritonavir, nelfinavir (20 uM solution) was used. For quanti-
tation of saquinavir, indinavir, and nelfinavir, methotrexate (5 uM solution) was used. To
the quality control samples for lopinavir and ritonavir quantitation, drug mixture “A” was
spiked containing carbamazepine, metoprolol, metronidazole, amoxicillin, piroxicam,
nevirapine, saquinavir, efavirenz, indinavir, and tipranavir (10 uM each). To the quality
control samples for saquinavir, indinavir, and nelfinavir, drug mixture “B” was spiked con-
taining carbamazepine, metoprolol, metronidazole, amoxicillin, piroxicam, nevirapine,
lopinavir, efavirenz, ritonavir, and tipranavir (10 uM each). Samples were extracted for at
least one hour at 5°C and were then centrifuged at 14,000 rpm at room temperature for
5 minutes. Subsequently, supernatants were mixed with matrix solution (1:2, v/v), 0.75
ML matrix/sample mixture was deposited on three positions on the target plate and was
dried at room temperature. MALDI-triple quadrupole MS measurements were carried
out at the dept. Neurology (Erasmus MC, Rotterdam, the Netherlands).
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HPLC-UV

Lopinavir and ritonavir concentrations in plasma were determined using a validated
HPLC-UV assay as described previously . HPLC-UV measurements were performed at
the dept. Clinical Pharmacy (UMC St. Radboud, Nijmegen, the Netherlands). For the
cross-validation, the samples were prepared independently at the two sites, and ana-
lytes and internal standards were not exchanged between the laboratories.

Patients and sampling

HIV-1 infected children included were from the outpatient clinic of the Erasmus MC
- Sophia, Rotterdam, the Netherlands. All children were treated with Kaletra and two
nucleoside reverse transcriptase inhibitors. Venous blood was drawn at a single time
point during their routine visits at the outpatient clinical. For quantitation of lopinavir
and ritonavir in plasma, blood was collected in lithium-heparinised tubes. Single time
point plasma concentrations of lopinavir and ritonavir were determined during each visit
at our outpatient clinic, which is part of our routine clinical care (HPLC-UV assay, dept
Clinical Pharmacy UMC St. Radboud). Samples used for cross validation were obtained
from an HIV-1 infected child who was admitted to our pediatric ward for determina-
tion of lopinavir and ritonavir plasma concentrations over a 12 hour time interval after
observed intake of Kaletra. For quantitation of lopinavir and ritonavir in PBMC, venous
blood was collected in one or two Vacutainer CPT tubes (BD, NJ, USA). The Vacutainer
CPT tubes were transported to the laboratory immediately after drawing of the blood
sample.

Isolation of PBMC from HIV infected patients

The Vacutainer CPT tubes were processed immediately upon arrival in the laboratory.
Tubes were centrifuged at 1,750 x g, brake 5, at room temperature for 15 minutes. The
plasma layer containing the PBMCs was transferred to 15 mL polypropylene tubes (Fal-
con conical tubes; BD, NJ, USA) and ice-cold PBS was added until a volume of 12 mL was
reached. Samples were centrifuged at 350 x g with brake 9, at 4 °C for 6 minutes. The
supernatant was discarded and the cell pellet was loosened by gently ticking against
the tube. Two mL of red blood cell lysis buffer (room temperature) was added, and cells
were incubated for 1 — 2 minutes while gently swirling the cells. Ice-cold PBS was added
until a volume of 12 mL was reached. For part of the samples, the red blood cell lysis
buffer was not used. In that case, ice-cold PBS was directly added after loosening of
the cell pellet. Samples were centrifuged at 350 x g with brake 9, at 4°C for 6 minutes.
The supernatant was discarded and ice-cold PBS was added until a volume of 12 mL
was reached. Samples were centrifuged at 350 x g, brake 9, at 4°C for 6 minutes. For
part of the samples, 1 mL of supernatant was collected to investigate the amount of
drugs present in the final wash step, and the remaining supernatants were discarded.
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We estimated that ~ 20 yL washing fluid remained on top of the cell pellet after discard-
ing the supernatant. Cells were then suspended in a small volume of ice-cold PBS, typi-
cally 200 - 400 pL depending on the estimated amount of cells isolated. Nucleated cells
were counted by trypan blue dye exclusion and/or Tiirks using a Burker-Tlrk counting
chamber and a light microscope. Cell viability was over 95%. Subsequently, ice-cold PBS
was added until a concentration was reached of one million PBMCs per 100 uL PBS. Cell
suspensions were aliquoted as one million nucleated cells, i.e. PBMCs, in 100 pL per 1.5
mL polypropylene tube, and were stored at —-80°C.

Isolation of PBMC from buffy coat

For preparation of the calibrators, quality controls, blanks, and zeros, PBMCs were iso-
lated from a buffy coat (Sanquin, Rotterdam, the Netherlands) using a standard Ficoll
density gradient. Nucleated cells were counted by trypan blue dye exclusion using a
Burker-Turk cell chamber and a light microscope. Cell viability was over 95%. PBMCs
were aliquoted in 1.5 mL polypropylene tubes at a concentration of 10 million cells in
500 pL PBS, and were subsequently stored at —80°C.

Preparation of PBMC from HIV infected patients

PBMC samples were thawed to room temperature. Subsequently, 300 yL MeOH was
added and 20 pL internal standard (2 uM nelfinavir in MeOH). Samples were extracted
for at least one hour at 5°C. Samples were then sonicated at 70% amplitude at -7°C for
10 seconds (Branson Digital Sonifier), and then further extracted at 5°C overnight. The
next day, samples were centrifuged at 14,000 rpm at room temperature for 5 minutes,
supernatants were collected and transferred to a 96-wells polypropylene plate. Nano-
pure water (800 pL) was added to each sample and the samples were processed using
a 96-wells solid phase extraction (SPE) plate (Oasis HLB pelution plate, Waters Corpora-
tion, Milford, Massachusetts, USA). SPE wells were conditioned with 200 uL MeOH, and
equilibrated with 200 pL nanopure water. Subsequently, the samples were loaded on to
the SPE wells (600 uL twice). The wells were washed twice with 600 uL MeOH/nanopure
water (1:3, v/v), and the samples were eluted from SPE wells with 50 uL MeOH twice. The
eluates were collected in a polypropylene microtiter plate, and dried using a SpeedVac
(~ 1 hour using a heated mantle at 45°C). Samples were then reconstituted in 10 pL
matrix solution, 0.75 pL matrix/sample mixture was deposited on three positions on the
target plate and dried at room temperature.

Preparation of PBMC obtained from buffy coat

PBMC samples (10 million PBMC in 500 uL PBS per vial) were thawed to room tem-
perature, and 500 pL MeOH was added to each vial. Subsequently, samples were spiked
with 20 pL internal standard (20 uM nelfinavir) and 20 pL analytes (Kaletra oral solution
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diluted in MeOH). Samples were then sonicated at 70% amplitude at -7°C for 10 seconds
(Branson Digital Sonifier). The equivalent of one million PBMC (104 pL) was transferred to
a clean 1.5 mL polypropylene vial and 300 uL MeOH/PBS (5/1, v/v) was added. Samples
were extracted at 5°C overnight and further processed as described above for the PBMC
samples of HIV infected patients.

Safety statement

Blood samples of HIV infected patients were transported in closed containers and were
processed in a biosafety level 2 laboratory. Extraction of the plasma and PBMC samples
in methanol for one hour inactivated infectious HIV as reported previously ™. Further
sample preparation steps and measurements were performed under less stringent
safety conditions.

Results

Plasma

First we tested the MALDI-triple quadrupole MS approach on plasma samples, which is
currently the standard sample type for drug monitoring. A protein precipitation with
methanol was used to prepare the plasma samples prior to MALDI-triple quadrupole
MS analysis: Ten uL of plasma were diluted in 90 L methanol. After mixing of the super-
natants with matrix solution (a-cyano-hydroxycinnamic acid; CHCA; 1:2 v/v), samples
were spotted in triplicate on to a 384-wells stainless steel target plate (0.75 pL per spot).
The spots were measured in the selected reaction monitoring mode by moving the
target plate in a straight horizontal line at a speed of 1 mm per second while firing of
the laser at 1,000 Hz, which corresponds to an analysis time of 4.5 seconds per spot.
Simultaneous quantification of lopinavir and ritonavir was achieved using nelfinavir as
internal standard, and SRMs were performed on the sodium adducts of these drugs.
For these analyses, sodium iodide (Nal) was added to the matrix solution to increase
the intensity of the sodium adducts of the drugs. For the simultaneous quantification
of saquinavir, indinavir, and nelfinavir, we used methotrexate as internal standard and
SRMs were performed on the protonated forms of the drugs (for instrument settings
see Table 1). The lower limits of quantification (LLOQ) obtained in plasma were 167 nM
for lopinavir, 14.5 nM for ritonavir, 16 nM for nelfinavir, 16 nM for indinavir, and 3.2 nM
for saquinavir, and the precisions and accuracies were within the criteria set by the FDA
for bioanalysis 2. Co-medication did not affect the performance of the assays, as shown
by spiking of the quality control samples with an additional ten drugs at a plasma con-
centration of 10 uM each (see Table 2). The MALDI-triple quadrupole MS assay was used
to determine a pharmacokinetic curve of lopinavir and ritonavir in an HIV-1 infected



Intracellular concentrations of HIV protease inhibitors in children

Table 2. Quantitative analysis of HIV protease inhibitors in plasma.

calibrators quality controls
compound MM in plasma fmol per spot % deviation (%CV) % deviation (%CV)
lopinavir 40.71 1017.8 1.1(1.3) 4.6 (1.0)
lopinavir 16.28 407 1.2(2.3) -1.1(2.2)
lopinavir 6.51 162.8 -1.7 (2.8) -0.5(1.8)
lopinavir 261 65.3 -2.2(1.9) 0.0 (2.7)
lopinavir 1.04 26 2.0(5.2) 3.9(34)
lopinavir 0.417 104 -0.4 (9.2) 6.0 (6.9)
lopinavir 0.167 4.2 0.0 (9.0) -4.3 (8.6)
ritonavir 8.88 222 -0.2(2.2) 57(1.3)
ritonavir 3.55 88.8 2.0(2.1) 0.2(1.6)
ritonavir 1.42 355 -0.6 (1.7) 0.5(1.5)
ritonavir 0.568 14.2 -1.3(2.4) 1.3(3.0)
ritonavir 0.227 57 -0.3(3.4) 5.9 (4.5
ritonavir 0.0909 23 1.6 (2.5) 4.6 (3.1)
ritonavir 0.0364 0.91 -1.7.(8.1) 5.2(8.0)
ritonavir 0.0145 0.36 0.5(12.2) 7.3(11.0)
nelfinavir 10 250 -6.8 (4.3) -13.3(2.7)
nelfinavir 2 50 -4.4(2.5) -7.9 (2.6)
nelfinavir 0.4 10 4.8 (4.1) -4.7 (2.4)
nelfinavir 0.08 2 8.1(4.2) -3.1(4.1)
nelfinavir 0.016 0.4 -1.8(4.4) -10.1(11.0)
indinavir 10 250 -4.4(3.7) -6.9 (2.4)
indinavir 2 50 -2.2(1.8) -5.0 (2.6)
indinavir 0.4 10 2.6 (3.6) -24(3.8)
indinavir 0.08 2 5.2(4.7) 2.1(4.2)
indinavir 0.016 0.4 -1.1(7.4) -1.9(12.0)
saquinavir 10 250 -5.2(5.1) -9.9 (3.9)
saquinavir 2 50 -5.3(2.1) -8.8(2.8)
saquinavir 0.4 10 1.2(2.8) -6.3(2.4)
saquinavir 0.08 2 52(3.7) -6.9 (3.3)
saquinavir 0.016 04 55(7.4) 24(6.2)
saquinavir 0.0032 0.08 -1.3(10.5) -8.8 (14.9)

The first column shows the specific drug and the second column shows the concentration of the drug spiked in
plasma in uM. The third column shows the actual amount of drug in femtomoles (fmol) in a single spot on the
target plate. The fourth column shows the accuracies, expressed as % deviation, for samples used to construct the
calibration curve (calibrators), and the fifth column show the accuracies for samples used to test the validity of
the calibration curve (quality controls). Precisions, expressed as %CV, are reported between brackets (n=9 spots
on the target plate). For the analysis of lopinavir and ritonavir, quality controls were spiked with carbamazepine,
metoprolol, metronidazol, amoxicillin, piroxicam, nevirapine, saquinavir, efavirenz, indinavir, and tipranavir at

a plasma concentration of 10 uM each. For analysis of nelfinavir, saquinavir, and indinavir, quality controls were
spiked with efavirenz, tipranavir, lopinavir, ritonavir, carbamazepine, metoprolol, metronidazol, amoxicillin,
prioxicam, and nevirapine at a plasma concentration of 10 uM each. These drugs were not added to the
calibrators. The calibrators were prepared in plasma from a different healthy donor than the quality controls were.
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Figure 1. Lopinavir and ritonavir concentrations in an HIV infected child determined by HPLC-UV and by
MALDI-triple quadrupole MS. Pharmacokinetic curve of lopinavir (above) and ritonavir (below) in one
HIV infected child determined by HPLC-UV (squares), MALDI-triple quadrupole MS (circles), and MALDI-
triple quadrupole MS when ten additional drugs (10 uM per drug) were spiked to the patient’s samples
(crosses).

child receiving Kaletra and two nucleoside reverse transcriptase inhibitors (NRTI) twice
daily per os. Samples were also measured using a validated HPLC-UV assay (International
Quiality Control Program for Therapeutic Drug Monitoring in HIV infection, Department
of Clinical Pharmacy, University Medical Center Nijmegen, the Netherlands) 3. The two
assays yielded similar results. For the MALDI-triple quadrupole MS assay, spiking of the
patient’s samples with an additional ten drugs (10 uM each) did not affect the results
(see Figure 1 and Table 3).

PBMCs

We developed a MALDI-triple quadrupole MS assay for simultaneous quantification
of lopinavir and ritonavir in one million peripheral blood mononuclear cells (PBMC).
Internal standard (nelfinavir), matrix (CHCA), cationization agent (Nal), and instrument
settings were the same as for the plasma analysis of these drugs. Following a methanol
extraction of one million PBMC, samples were processed using solid phase extraction.
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Table 3. Lopinavir and ritonavir concentrations in plasma in an HIV-1 infected child.

n: dezgs drugs added n: :;:35 drugs added

time (h) compound HPLC-UV MALDI (%CV) MALDI (%CV) % deviation % deviation
lopinavir 12.5 13.2(1.5) 13.5(2.7) 5.7 8.4
0 ritonavir 0.47 0.47(3.2) 0.47 (4.1) -1.1 0.2
lopinavir 1.3 11.6(1.4) 12.1(3.8) 3.0 6.8
! ritonavir 0.35 0.33(2.2) 0.33(3.6) -6.6 -5.1
, lopinavir 153 16.2(2.2) 16.3(2.7) 58 6.8
ritonavir 0.48 0.49 (3.7) 0.49 (2.1) 1.6 26
lopinavir 18.1 18.9 (2.6) 19.0 (2.7) 43 5.2
4 ritonavir 0.67 0.66 (2.9) 0.67 (2.9) -1.0 -0.4
lopinavir 18.1 17.9 (1.4) 19.2 (2.5) -1.2 6.2
6 ritonavir 0.63 0.59(1.7) 0.64 (1.8) -6.6 1.4
lopinavir 15.5 16.0 (1.8) 16.3 (3.1) 33 5.0
8 ritonavir 0.47 0.45 (2.3) 0.45(3.2) -34 -4.1
lopinavir 12.2 12.8(2.0) 13.0(3.3) 5.2 6.8
° ritonavir 0.34 0.31 (2.0) 0.31 (4.0 -7.6 -7.5
lopinavir 11.5 12.0(1.7) 12.4(1.8) 4.2 8.2
" ritonavir 0.32 0.29 (2.5) 0.30 (5.4) -10.1 -5.8

The first column shows the time points in hours at which blood samples were collected from one HIV-1
infected child after observed intake of Kaletra. The second column shows the components of Kaletra, i.e.
lopinavir and ritonavir. The third column shows the concentration of the compounds in uM determined
by HPLC-UV. The fourth and fifth columns show the concentration of the compounds in uM determined
by MALDI-triple quadrupole MS. Three technical replicates were measured for each sample, i.e. three
spots on the target plate. The precisions (%CV) are reported between brackets. The sixth and seventh
columns show the deviations in percentage between the concentration of the compounds determined
by MALDI-triple quadrupole MS and by HPLC-UV. For the MALDI-triple quadrupole MS analyses, one set of
samples was spiked with an additional ten drugs (“drugs added”) and one set was not (“no drugs added”).
The additional ten drugs spiked were carbamazepine, metoprolol, metronidazol, amoxicillin, piroxicam,
nevirapine, saquinavir, efavirenz, indinavir, and tipranavir at a plasma concentration of 10 uM each.

After drying, the samples were reconstituted in 10 pL matrix solution and were spotted
in triplicate on to a 384-wells target plate (0.75 pL per spot). The LLOQ was 834 nM for
lopinavir and 73 nM for ritonavir, and the precisions and accuracies were within the
criteria set by the FDA for bioanalysis (see Table 4). Storage of the sample on the target
plate in a closed container at ambient conditions for up to one month analyzed did not
affect the precisions, accuracies, or LLOQs (data not shown).

The intracellular concentrations were determined by taking into account that one
PBMC corresponds to an intracellular volume of 4 x 102 L. To assess the effect of solid
phase extraction on the precisions and accuracies, we processed one set of plasma
samples that were used for cross-validation with HPLC-UV using the solid phase extrac-
tion protocol for PBMCs, and we found that this step did not affect the precisions or
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Table 4. Quantitative analysis of lopinavir and ritonavir in 1x10° PBMC.

calibrators (n=3) quality controls

(n=33)
compound MM in PBMC pm:;,:n)g o fmsc;lopt'er % deviation (%CV) % deviation (%CV)
lopinavir 203.5 81.4 6105 -4.7 (4.0) -73(7.2)
lopinavir 81.4 326 2442 -1.1(0.9) -0.9(7.3)
lopinavir 326 13.0 977 -1.0(1.2) 1(8.1)
lopinavir 13.0 5.2 391 5.4(2.7) 4(8.1)
lopinavir 5.2 2.1 156 0.8(2.4) .2 (6.9)
lopinavir 2.1 0.834 63 1.6 (2.4) -24(11.5)
lopinavir 0.834 0.334 25 -1.1(9.6) -25(17.5)
ritonavir 444 17.8 1335 -6.6 (4.2) -84 (6.8)
ritonavir 17.8 71 534 -1.1(0.2) -23(5.6)
ritonavir 7.1 2.8 214 -0.8(1.4) 1.1(5.8)
ritonavir 2.8 1.1 85 29(1.7) 2.0 (4.9)
ritonavir 1.1 0.455 34 0.3(1.2) 1.1(5.3)
ritonavir 0.455 0.182 14 52(2.7) .6 (7.4)
ritonavir 0.182 0.073 5.5 1.5(2.2) -2.1(7.2)
ritonavir 0.073 0.029 2.2 -1.5(6.2) -13.4(13.7)
The regression coefficient were > 0.998
Table 5. Repeat analysis of PBMC aliquots obtained from HIV-1 infected children.
aliquot 1 aliquot 2 aliquot 3 mean %CV

patient drug spot1 spot2 spot3 spot1 spot2 spot3 spotl spot2 spot3
1 LPV 2.61 2.70 2.70 2.71 2.84 2.73 2.80 3.14 2.90 2.79 5.6

2 LPV 4.66 5.34 5.01 3.97 4.22 4.01 4.48 4.00 4.88 4.51 1.1
3 LPV 2.11 2.05 2.08 243 248 2.47 213 2.24 2.65 2.29 9.5
1 RTV 0299 0279 0322 029 0278 0.277 0340 0313 0309 0301 7.3
2 RTV 0495 0478 0469 0401 0427 039 0427 0443 0459 0444 77
3 RTV 0336 0351 0346 0336 0347 0359 0375 0354 0369 0.352 3.8

For three HIV-1 infected children receiving Kaletra once daily, three aliquots of one million PBMC each
were processed as described in the text (solid phase extraction followed by methanol extraction,

and spotting in triplicate) to determine the overall precisions (%CV) of PBMC processing and sample
measurements. Shown are the concentrations of lopinavir (LPV) and ritonavir (RTV) in uM as determined
in a single spot on the target plate.

the accuracies for lopinavir and ritonavir (data not shown). Shown in Table 5 are the
precisions for biological replicates, i.e. analysis of multiple PBMC aliquots from HIV
infected children (three aliquots per child). The protocol for isolation of PBMCs is shown
in Figure 2.
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Draw venous blood in one or two Vacutainer CPT tubes
Transport immediately to laboratory

Centrifugation: 15 minutes, 1750g, brake 5, room temperature

Collect the plasma layer containing the PBMC in one 15 mL tube
Add ice-cold PBS up to 12 mL

1
Centrifugation: 6 minutes, 3509, brake 9, 4 °C

Discard supernatant and loosen cell pellet
OPTIONAL: Incubate with 2 mL red blood cell lysis buffer for 1 — 2 minutes at
room temperature
Add ice-cold PBS up to 12 mL

|
Centrifugation: 6 minlies, 350g, brake 9, 4 °C

Discard supernatant
Add ice-cold PBS up to 12 mL

Centrifugation: 6 minu!es, 350g, brake 9, 4 °C

Discard supernatant
Add 200 — 400 pL ice-cold PBS and count PBMC using Turks or Trypan Blue
Prepare PBMC suspension of 1x10° PBMC per 100 pL PBS
Aliquot homogenized cell suspension as 100 pL per 1.5 mL tube
Store at— 80 °C

Figure 2. PBMC isolation protocol.

Assessment of the purity of the cells aliquoted showed that 4.6 x 10° erythrocytes
(sd 3.4 x 10°, n=5) were present per aliquot of 1 x 10° PBMCs. Treatment of the cells
isolated with red blood cell lysis buffer (2 minutes, room temperature) during the
washing procedure resulted in > 2 Log reduction in the number of erythrocytes per
million PBMCs (mean 3.8 x 10% erythrocytes, sd 5.9 x 103, n=5). For eight HIV-1 infected
children receiving Kaletra and 2 NRTIs once daily, we determined the concentrations of
lopinavir and ritonavir in the final wash step and found that these constitute less than
4.5% (lopinavir) and less than 8.7% (ritonavir) of the amount measured in one aliquot of
one million PBMCs.

Application

The MALDI-triple quadrupole MS assay was used to determine the intracellular con-
centrations of lopinavir and ritonavir in PBMC obtained from HIV-1 infected children
receiving Kaletra (lopinavir + ritonavir) and two NRTIs once daily. Part of the samples
was processed with red blood cell lysis buffer and part without to further investigate the
effect of using this buffer on the concentrations determined. Plasma concentrations of
lopinavir and ritonavir were determined by HPLC-UV, which is part of the routine clinical
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Table 6. Plasma and intracellular concentrations of lopinavir and ritonavir in HIV-1 infected children.

RBCLB+ (n=17) RBCLB- (n=8) p-value
UM lopinavir plasma 16.1 (9.8 -21.2) 15.7(10.3-19.7) 0.930
UM lopinavir PBMC 44(2.8-6.0) 33(3.0-7.1) 0.975
PBMC / plasma ratio lopinavir 0.34(0.19-0.39) 0.26 (0.18 - 0.36) 0.634
UM ritonavir plasma 0.62 (0.36-1.17) 0.72(0.42 -0.90) 0.884
UM ritonavir PBMC 0.32(0.28 - 0.35) 0.89(0.49 - 1.23) 0.001
PBMC / plasma ratio ritonavir 0.46 (0.31-0.70) 1.53(0.85-2.36) 0.004
Hours after intake 16.0 (14.8-17.3) 14.5(13.3-16.5) 0.243
Age 10.5 (8.6 - 13.7) 10.5(8.9-13.0) 0.861
PBMC processing time (minutes) 80 (75 -90) 78 (72 -83) 0.188

Values between brackets are expressed as medians (25" percentile - 75" percentile). P values were
determined using a Mann Whitney U test. All patients administered Kaletra (lopinavir + ritonavir) + 2
NRTIs once daily. RBCLB+ = PBMCs treated with red blood cell lysis buffer. RBCLB- = PBMCs not treated
with red blood cell lysis buffer. The RBCLB+ group consisted of 16 HIV-1 infected children. For one child,
concentrations were determined during two separate visits at the outpatient clinic. RBCLB- group
consisted of 8 HIV-1 infected children. Three children were included in both the RBCLB+ group and RBCLB-
group as for these patients samples were processed with and without RBCLB. Plasma concentrations were
determined by HPLC-UV and intracellular concentrations by MALDI-triple quadrupole MS. For one patient
in the RBCLB- group, intracellular concentration of lopinavir was below the LLOQ while the intracellular
concentration of ritonavir was above the LLOQ. Hours after intake = time difference in hours between
medication intake and drawing of the blood sample. PBMC processing time = time difference between
drawing of the blood sample and aliquoting of the PBMC.

Table 7. Correlations between plasma and intracellular levels, and correlations between the
concentrations of the two drugs in HIV-1 infected children.

RBCLB+ (n=17) RBCLB- (n=8)
lopinavir and ritonavir in plasma 0.973(0.01) 0.952 (0.01)
lopinavir and ritonavir in PBMC 0.613(0.01) 0.757 (0.05)
lopinavir in plasma and in PBMC 0.475 (NS) 0.613 (NS)
Ritonavir in plasma and in PBMC 0.510 (0.05) 0.500 (NS)
PBMC/plasma ratio lopinavir and PBMC/ 0,604 (0.05) 0.464 (NS)

plasma ratio ritonavir
lopinavir in plasma and in PBMC 0.531 (0.01) (RBCLB+ and RBCLB- combined)

lopinavir and ritonavir in plasma 0.965 (0.01) (RBCLB+ and RBCLB- combined)

Correlations were calculated using a Spearman correlation. Significance levels are reported between
brackets. NS = not significant.

care in our setting. Blood samples were drawn at a single time point after medication
intake. Plasma and intracellular concentrations of lopinavir and ritonavir are shown in
Table 6, and the correlations are shown in Table 7. Scatter plots are shown in Figure 3.
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Figure 3. Scatter plots of lopinavir and ritonavir concentrations in plasma and in PBMC obtained from
HIV-1 infected children.

Discussion

In this paper, we show a MALDI-triple quadrupole MS approach for ultra-fast determina-
tion of plasma and intracellular concentrations of drugs. This approach offers several
advantages over the traditionally used LC-based assays such as HPLC-UV and LC-MS/MS.
Most importantly, the analysis time is considerably shorter; in this case samples were
measured at a speed of 13.5 seconds per sample (triplicate analysis). For the traditional
approach, typical analysis times for HIV protease inhibitors, the model compounds
used in this study, are 23 minutes when HPLC-UV is used, and 6 minutes (plasma) or 20
minutes (PBMCs) when LC-MS/MS is used '*'¢". Furthermore, the sample preparation
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techniques used prior to MALDI-triple quadrupole MS analysis allow for fast and auto-
mated processing of large numbers of samples, e.g. in 96-wells plate format. Normally,
these sample preparation techniques are also used for subsequent analysis by LC-based
assays. Plasma and cells were extracted in methanol, which simultaneously inactivates
infectious HIV '*'5, For plasma, no further sample preparation steps were needed, i.e.
the lysates were mixed with matrix solution and deposited on a target plate. Drying of
the plasma lysates after protein precipitation and subsequent reconstitution in a small
volume of matrix solution resulted in poor crystallization of the samples and severe loss
in sensitivity, which is in agreement with two previous reports >'”. In our approach, the
plasma samples are simply diluted 30 times, which results in good crystallization and
highly sensitive measurements. In this study we used HIV protease inhibitors as model
compounds, but the approach is also applicable to other drugs. For example, we were
able to quantify methotrexate down to 5 nM in plasma (data not shown).

The MALDI-triple quadrupole MS approach allows for multi-target quantitation us-
ing a chemical analogue as internal standard. Although chemical analogue internal
standards are considered to be inferior compared to stable isotope labelled internal
standards, accuracies and precisions were within the criteria of the FDA for bioanalysis,
and co-medication did not affect the performance of the assays.

Only a small amount of material was needed for analyses, 10 pL plasma or one million
cells, which allowed application of the MALDI-triple quadrupole MS assay for clinical
pharmacokinetic research in children. The amount of sample consumed in MALDI-MS
is very low; at the LLOQ for saquinavir, a total amount of only 80 attomoles is present
in each spot. It should be noted that only 2% - 4% of a spot is consumed during the
measurement procedure * Furthermore, samples co-crystallized with matrix are stable
at ambient conditions for up to a month. Thus, samples can be stored and measured
multiple times with the same or a different type of MALDI mass spectrometer.

The MALDI-triple quadrupole MS assay was used to investigate the intracellular con-
centrations of lopinavir and ritonavir in relation to their plasma concentrations in HIV-1
infected children receiving Kaletra, a co-formulation of the HIV protease inhibitors
lopinavir and ritonavir (4:1, w/w), once daily. Both drugs are metabolized in the liver
by CYP3A4 isoenzymes. Ritonavir inhibits the CYP3A4-mediated metabolism, thereby
enhancing the pharmacokinetic properties of lopinavir 8. This is in agreement with the
strong correlation (r = 0.97, p = 0.01) that we found between the plasma concentra-
tions of lopinavir and the plasma concentrations of ritonavir in HIV-1 infected children.
Ribera et al. also found a correlation between the plasma AUC of lopinavir and ritonavir
in HIV-1 infected adults, although this correlation was less pronounced (r = 0.63, p <
0.001) ™.

Whether lopinavir and ritonavir enter the cellular compartment in blood by passive
diffusion, active transport, or a combination of both, is currently unknown. Passive
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diffusion is likely to occur as lopinavir and ritonavir are both lipophilic drugs with an
octanol/saline partition coefficient of 214 and 22.2, respectively, and are thus able to
cross the plasma membrane and enter the cells. Active transport into cells has not been
reported yet. On the other hand, lopinavir and ritonavir are substrates for drug efflux
pumps, although there is no correlation between drug efflux pumps and intracellular
concentrations of HIV protease inhibitors in HIV infected patients 22", It should be noted
that only free, unbound, and non-ionized drugs can cross the cell membrane by passive
diffusion. In vivo, the unbound concentrations of lopinavir and ritonavir are only 1 - 2%
of the total amount in plasma. In vitro studies have already shown that this significantly
affects the accumulation of protease inhibitors 222, It is expected that lopinavir and
ritonavir are also highly bound to proteins within cells. To which proteins and to what
extent is currently unknown.

Disposition studies of lopinavir and ritonavir in rats showed that both HIV protease in-
hibitors penetrate poorly into the cellular fraction of blood. Literature indicates a whole
blood / plasma ratio of 0.5 for lopinavir and a whole blood / plasma ratio of 0.26 to 0.68
for ritonavir #%°, Koal et al. also reported lower concentrations of HIV protease inhibitors
in whole blood compared to plasma in HIV infected patients 2. For one HIV-1 infected
child, we found that the analyte-to-internal standard ratio were ~ 20% lower in whole
blood compared to plasma. This shows that lopinavir and ritonavir penetrate poorly into
the cellular fraction of blood. It should be noted that the cellular fraction of whole blood
consists for > 99% of erythrocytes, and that differences may exist between penetration
in erythrocytes and in PBMC.

Accumulation of lopinavir 28 and ritonavir 2 in PBMC has been reported in HIV-1
infected adults receiving Kaletra BID: Breilh et al. reported a PBMC / plasma ratio of
lopinavir of 3.2 (month 1) and 2.4 (month 6) in patients who responded to therapy, and
2.3 (month 1) and 1.4 (month 6) in patients who failed on therapy #’. Ritonavir concentra-
tions were not determined in this study. Crommentuyn et al. reported a PBMC / plasma
ratio of 1.18 for lopinavir and 4.59 for ritonavir in HIV-1 infected adults receiving Kaletra
BID 2. Ritonavir accumulation was also reported by Khoo et al. They observed a PBMC
/ plasma ratio of 1 when ritonavir is administered as sole protease inhibitor, 1.25 using
ritonavir-boosted saquinavir, and 1.8 using ritonavir-boosted indinavir %. On the other
hand, Colombo et al. reported a PBMC / plasma ratio of 0.55 for lopinavir in HIV infected
adults '*%, Ehrhardt et al. showed in one healthy volunteer that, after a single dose of
Kaletra, lopinavir concentrations were lower in PBMCs than in plasma, but ritonavir
concentrations were higher in PBMCs than in plasma *'.

In this study, we found lower lopinavir concentrations in PBMCs than in plasmain HIV-1
infected children receiving Kaletra once daily. For ritonavir, accumulation in PBMCs was
highly dependent on the sample preparation used. When erythrocytes were removed
by RBCLB no accumulation was found, while accumulation was found when not using
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RBCLB. This shows that sample preparation can have a major influence on the concentra-
tions measured. This step was included in the sample preparation protocol because of
the erythrocytes present in cell suspensions after Ficoll density gradient centrifugation
and subsequent thorough washing of the cells. Although cells were incubated for only
two minutes in this buffer, we cannot exclude efflux of ritonavir because this incubation
occurred at room temperature. However, this does not explain the lower PBMC concen-
trations compared to plasma for lopinavir as there were no significant differences in the
PBMC / plasma ratio when PBMC were prepared with RBCLB or without RBCLB.

In our opinion, the higher PBMC / plasma ratios when RBCLB is not used is not due
to high intracellular concentrations of ritonavir in erythrocytes. Previous studies have
already shown poor penetration of this drug in blood cells (see above). In addition,
when RBCLB was not used, the erythrocyte / PBMC ratio in the cell preparation was ~ 1:2
(count/count), and the intracellular volume of an erythrocyte is lower (~ 80 fL) compared
to that of an average PBMC (~ 400 fL). An explanation might be that, due to erythrocyte
lysis, proteins are released into the lysis buffer and that ritonavir bound to proteins on the
outside of the plasma membrane now bind to the erythrocyte-derived proteins in the
buffer. Ritonavir but also lopinavir are highly bound in plasma to albumin and al-acid
glycoprotein '8 In vitro studies have already shown that higher protein concentrations in
cell cultures result in significantly lower intracellular concentrations 223,

We found a correlation between the intracellular concentrations of lopinavir and the
intracellular concentrations of ritonavir (r=0.61, p =0.01 and r = 0.76, p = 0.05; RBCLB+
and RBCLB-, respectively). This is in agreement with previous reports on ritonavir-boost-
ed saquinavir and ritonavir-boosted indinavir 2%2°32, To our best knowledge this is the
first time such correlation is shown for Kaletra. We found that the correlation between
the plasma concentrations and intracellular concentrations of lopinavir (r = 0.53, p =
0.01) or ritonavir (r=0.51, p=0.05 and r = 0.5, NS; RBCLB+ and RBCLB- respectively) were
less pronounced. Breilh et al. showed for HIV-1 infected adults receiving Kaletra BID that
the plasma concentrations of lopinavir correlated with the intracellular concentrations
of lopinavir after one month of treatment (r* = 0.72, p < 109). Yet, this correlation was not
found after six months of treatment (r>=0.17, p = 0.3) #. For ritonavir, this correlation was
not assessed. For ritonavir-boosted saquinavir, the plasma concentrations of ritonavir
correlated poorly to the intracellular concentrations: r* = 0.33; p = 0.053 and r> = 0.31,
p = 0.06) 232, Above shows that lopinavir levels and ritonavir levels correlate to each
other within the same compartment, i.e. plasma or PBMC, but also that for each drug the
correlation between these compartments is poor.

In conclusion, we have developed a novel assay for the fast and sensitive quantifica-
tion of compounds that can be applied to monitor drugs in plasma and intracellularly in
treatment of various illnesses including antiviral treatment.
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Abstract

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry is an emerging
analytical tool for the analysis of molecules with molar masses below 1,000 Daltons;
i.e., small molecules. This technique offers rapid analysis, high sensitivity, low sample
consumption, a relative high tolerance towards salts and buffers, and the possibility to
store samples on the target plate. The successful application of the technique is, how-
ever, hampered by low molecular weight (LMW) matrix-derived interference signals and
by poor reproducibility of signal intensities during quantitative analyses. In this review,
we focus on the biomedical application of MALDI mass spectrometry for the analysis
of small molecules, and discuss its favorable properties and its challenges as well as
strategies to improve the performance of the technique. Furthermore, practical aspects
and applications are presented.
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I. Introduction

MALDImass spectrometry (MS) has gained a prominentrolein the analysis of biopolymers
such as proteins, peptides, oligonucleotides, and oligosaccharides. Yet, this technique
is not commonly applied to the analysis of molecules with molar masses below 1,000
Da, which are called small molecules or LMW molecules. For this application, MALDI-MS
has found strong competition from the combination of liquid chromatography (LC) with
atmospheric pressure ionization MS (LC-MS), in particular from the combination of LC
and electrospray ionization (ESI) MS. Unambiguous annotation of MALDI mass spectra
of LMW compounds can be complicated due to the presence of matrix-derived peaks in
the low mass range; i.e., below m/z 1,000. The poor reproducibilities of signal intensities
that have frequently been reported for MALDI-MS hampered its application to quantita-
tive analysis.

Notwithstanding the above, MALDI-MS has some intrinsic properties that favor its use
for the analysis of LMW molecules such as its high tolerance towards salts and buffers,
rapid analyses, its high absolute sensitivity, the small amount of sample consumed dur-
ing analysis, and the possibility to store samples on a target plate for longer periods
of time. These intrinsic properties of MALDI-MS have inspired scientists to find ways
to improve the performance of this technique for the analysis of LMW compounds. A
variety of approaches have been described to decrease or circumvent matrix-related
peaks, such as the use of high molecular weight matrices, alternative sample prepara-
tion procedures, and application of tandem mass spectrometry. Reproducibility of signal
intensities can be improved, for example, with internal standards, and by procedures to
enhance homogeneous crystallization of matrix and sample. Recently, a MALDI-triple
quadrupole mass spectrometer has been introduced, which is the first MALDI mass
spectrometer developed specifically for the quantitative analysis of LMW compounds.
Although MALDI-MS is gaining acceptance as an analytical tool for the analysis of LMW
compounds, application of the technique to this field is still limited.

In this review, we discuss the biomedical application of MALDI-MS to the analysis of
LMW compounds. The review published in 2002 also deals with the analysis of small
molecules by MALDI-MS, and serves as an excellent background to the present report .
We first discuss the properties of MALDI-MS that favor its application to the analysis
of LMW molecules, which are the high-throughput analysis, its relative insensitivity
for ion suppression in complex and clinical samples, the high absolute sensitivity, the
low sample consumption, and the storage of samples on target plates. The two main
challenges of MALDI-MS for small molecule analysis are discussed, which are the in-
terfering signals derived from the MALDI matrix and the poor reproducibility of signal
intensities. Strategies are presented to overcome these challenges. Practical aspects of
small-molecule analysis are discussed, which are cationization agents, MS and MS/MS
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strategies, and preparation of biological samples. We focus on the application of MALDI-
MS to the quantitative analysis of drugs, metabolomics, and monitoring of enzymatic
conversion of small molecules. Finally, we present our thoughts on the future directions
of MALDI-MS to the analysis of LMW compounds.

Il. Choice of MALDI for Small-molecule Analysis

A. High-throughput analysis

For MALDI-MS, offline sample preparation techniques such as solid-phase extraction
(SPE), liquid-liquid extraction (LLE), and protein precipitation (PP) provide sufficiently
clean extracts of biological samples for direct analysis. These sample preparation
techniques are performed offline (i.e., sample preparation and MALDI measurements
are completely decoupled), and are highly suited for the simultaneous preparation
of relatively large sets of samples. To increase the throughput of sample preparation
prior to MALDI-MS, these relatively easy sample extraction methods as well as spotting
of samples onto target plates can readily be automated with 96- or 384-well formats.
MALDI-MS is less susceptible to ion suppression compared to ESI-MS 2, and a LC step is
normally not needed to prepare samples of biological origin.

The major contributor to the total analysis time in LC-MS is the LC step. For quantita-
tive analysis of pharmaceutical compounds in biological samples, the LC step still takes
several minutes, even with new LC developments such as monolithic columns and ultra-
pressure liquid chromatography. In MALDI-MS, however, the sample analysis time is
primarily determined by the number of laser shots needed to generate an average mass
spectrum of high quality and the repetition rate of the laser used. Dwell time of the ions
does not contribute significantly to the analysis time, although the detection time of ions
can take second(s) per scan in Fourier-transform ion cyclotron resonance (FTICR) MS and
Orbitrap MS. With a high repetition rate laser that fires at 1,000 - 2,000 Hz, an averaged
mass spectrum of high quality can be obtained in a few seconds with MALDI-TOF MS or
MALDI-triple quadrupole MS 3. For quantitative analysis of, for instance, HIV protease
inhibitors, analysis times for a single spot on the target plate have been reported of ~
3 minutes for MALDI-FTICR MS (20-Hz laser), ~ 30 seconds for MALDI-TOF MS (50-Hz
laser), and ~ 5 seconds for MALDI-triple quadrupole MS (1,000-Hz laser) ”'°. Recently,
an analysis time of 1.75 minutes for an entire 384-well target plate was reported for an
assay to screen for small-molecule inhibitors of enzymes with MALDI-triple quadrupole
MS 6. When the time required for vacuum pump down was included, the total analysis
time for a single target plate was still just under 3.5 minutes.
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B. lon suppression

In MALDI-MS, strong signals can be obtained for analytes that are present in complex
biological samples and in samples that contain salts and buffers that are frequently used
in biomedical research. Various studies report in detail on the effect of various buffers
and salts on the MALDI MS analysis of biopolymers such as proteins, peptides, and
DNA "6, Such studies have not yet been performed for pharmaceutical compounds.
Some general statements on contaminants and tolerance limits can be made: (1) Con-
taminants can affect analyte signals by inducing extensive, concentration-dependent
adduct formation such as salts. Also, crystallization of the sample might be impaired
when contaminants such as Tris and urea are present '. (2) The tolerance limits for a
contaminant can depend on the type of analyte under investigation. For example, the
tolerance limit for alkali metal salt impurities in protein and peptide analysis is ~ 1 M,
whereas it is 102 M for DNA '. On the other hand, the tolerance limit for the buffer
Tris is comparable for proteins, peptides, and DNA (~ 0.5 M) >'>1¢_(3) The tolerance
limit depends on the type of contaminant. In particular, phosphate buffers are known
to quench analyte signals >4, (4) The effect of buffers on the sample crystallization is
matrix-dependent. For example, Kallweit et al., showed that crystallization of 2,5-dihy-
droxybenzoic acid (2,5-DHB) and in particular of 2,6-dihydroxyacetophenone is more
affected by commonly used buffers compared to sinapinic acid (SA) . (5) Sample prepa-
ration might influence tolerance limits. For example, buffer tolerances are increased
significantly when higher matrix-to-analyte ratios are used '¢, and additives such as
diammoniumhydrogencitrate (DAHC) can improve the tolerance of the matrices against
the buffers and salt adduct formation '3. Recently, a comprehensive database has been
compiled of known interferences and background-ions in modern mass spectrometry .

C. Sample consumption and sensitivity

Sample volumes used for bioanalysis are lower for MALDI-MS than for LC-MS. Typically,
0.5 - 1 pL of sample/matrix mixture is deposited on a target plate for MALDI-MS analysis.
For LC-MS, sample volumes of typically 25 - 50 yL are injected into the LC, which sepa-
rates and concentrates the compounds before ionization. Thus, in LC-MS, larger sample
volumes can be used and the whole sample is consumed during analysis. In MALDI-MS,
only a small portion of the spotted sample is consumed during analysis. Approximately
4% of a sample is ablated during MALDI-triple quadrupole MS analysis with a 1,000-Hz
laser that fires 3,000 - 4,000 shots per sample '8, However, the smaller sample volumes
that can be used in MALDI-MS, and the low sample consumption during measurements,
are compensated for by the high sensitivity of MALDI-MS. Sleno and Volmer calculated
that, at the limit of detection of ramipril (0.5 nM), an average of 6.5 zeptomole of this
compound was ablated per laser shot '8 Direct comparison of analyte signal in rela-
tion to sample consumption between MALDI-triple quadrupole MS and LC-ESI-triple
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quadrupole MS showed that MALDI-MS is approximately 100-times more efficient than
ESI-MS ™. Thus, in MALDI-MS, smaller volumes of samples can be used for analysis,
smaller amounts of the samples are consumed during analysis, but higher efficiencies
are obtained. Application of MALDI-triple quadrupole MS has shown that the intrinsic
differences between MALDI-MS and LC-MS described above approximately cancel, and
in practice therefore, the limits of quantification obtained by MALDI-MS and ESI-MS are
approximately comparable %.

D. Storage of samples on target plates

The low sample consumption during MALDI-MS measurements allows storage and
reanalysis of the samples. Reanalysis of a tryptic digest after one month storage on a
target plate in a closed container showed that peak intensities were not affected ?'. For
HIV protease inhibitors, we have shown that neither precision, accuracy, nor the limit of
quantification (LOQ) were affected when calibrators and quality control samples for HIV
protease inhibitors in plasma were stored in a closed container for a month under ambi-
ent conditions '°. Target plates that contain the co-crystallized sample/matrix mixtures
should be stored in the dark, because MALDI matrices are photoactive. Furthermore,
storage under an inert gas can prevent sample degradation over time; for example, oxi-
dation of the analyte might occur under ambient conditions. Sample storage on a target
plate also allows researchers to obtain mass spectra of the same sample with different
types of MALDI mass spectrometers. Dekker et al. showed that protein identification of
a tryptic digest improved when accurate mass measurements of the precursor ions ob-
tained by MALDI-FTICR were combined with the MS/MS data obtained by MALDI-TOF 2'.

lll. Challenges of MALDI-MS for small-molecule analysis: chemical noise

A. Origin of chemical noise in MALDI

MALDI-MS spectra are characterized by various strong signals that derive from the
matrix such as signals from the protonated matrix ([matrix + H]* for positive ion MALDI),
fragment ions (e.g., [matrix - H,O + H]*, and clusters thereof (e.g., [matrix_- HI*, [matrix_
- alkali]*, and [matrix - H,O_ + HI"). For example, 2,5-DHB (C,H.,0,) produces, after laser

irradiation, the series of (C,H,O,Na) Na* ions in admixture with other adducts, even in

7 574
the absence of extraneous sodium ions 2. Typically, these intense matrix signals are
observed up to m/z 500. At higher m/z values, the number of these matrix signals, as
well as their intensity, is generally less. In addition to the various intense matrix signals,
a“bumpy” baseline is observed over the entire m/z range. Krutchinsky and Chait further
investigated the nature of this baseline by performing MALDI-ion trap MS/MS experi-

ments and found that essentially every m/z value of the baseline is derived from matrix
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ions %; see Figure 1. Furthermore, they found that these matrix ions have lower activa-
tion energies for fragmentation than the analyte ions. Thus, by performing broadband
collisional activation below the threshold for analyte fragmentation, the chemical noise
levels were decreased to thereby improve the signal-to-noise ratio (S/N) of the analyte
signal. An important consequence of the lower activation energies for matrix-derived
signals is that they will have decomposed after very long ion life-times. This important
property, which is a direct consequence of RRKM theory, can be exploited in vacuum
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Figure 1. Origin of chemical noise in MALDI. MALDI-MS/MS mass spectra obtained from a selection of
m/z values where no analyte signals are expected (a-c), as well as one m/z value (1955) where a peptide
signal is expected (d). Characteristic losses of intact molecules of DHB (154 Da) and molecules of DHB with
eliminated water (136 Da) from the precursor are indicated. The asterisk indicates unexplained ion peaks.
Reprinted with permission from Krutchinsky and Chait (2002), copyright 2002 Elsevier Science B.V.
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MALDI-FTICR, where matrix-derived signals are correspondingly absent, or greatly
reduced (see section Il C).

B. High molecular weight matrices

One way to avoid the interfering matrix signals in the low m/z range is to choose a
matrix whose molar mass exceeds that of the analyte. In this way, the matrix-derived
peaks in the low mass range result only from dissociation of the matrix or from matrix
impurities, but not from the molecular ion of the matrix, matrix adducts, and matrix
clusters. Srinivasan et al. reported that some porphyrins could act as auto-matrices ,
and various porphyrins have been tested as matrix in MALDI-MS 2>25, In particular, meso-
tetrakis(pentafluorophenyl)porphyrin (F20TPP; MW 974) appears to be a useful matrix
for the analysis of small molecules with MALDI-TOF mass spectrometry 72733, Ayorinde
compared the use of a-cyano-hydroxycinnamic acid (CHCA) and F20TPP for analysis of
alkylphenol ethoxylates, and found that F20TPP generated spectra with significantly
less matrix interference in the low mass range %; see Figure 2. Further studies showed
that F20TPP is a suitable matrix for determination and quantification of fatty acids 23°3,
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Figure 2. High molecular weight porphyrin matrix. MALDI-TOF mass spectra of the matrix a-cyano-
hydroxycinnamic acid (a) and the matrix meso-tetrakis(pentafluorophenyl)porphyrin (b) without the
addition of analytes. Reprinted with permission from Ayorinde, Hambright, Porter, Keith jr. (1999),
copyright 2009 John Wiley & Sons, Ltd.
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and to determine the constituents of non-alcoholic beverages such as sugars, ascorbic
acid, and citric acid #. F20TPP is also a useful matrix for MALDI-TOF analysis of several
pharmaceutical compounds such as HIV protease inhibitors, reverse transcriptase inhibi-
tors, and antibiotics 7. In addition, the matrix can be used for the quantitative analysis
of lopinavir and ritonavir in cell lysates 732, Limits of quantification were 25 femtomole
for lopinavir and 16 femtomole for ritonavir, and precisions and accuracies were within
the + 20/15% FDA criteria (i.e., precision and accuracy below 20% CV and 20% deviation,
respectively, at the LOQ, and below 15% CV and 15% deviation, respectively, at higher
concentrations). F20TPP has also been used for the quantitative analysis of doping
agents in urine with a MALDI-ion trap mass spectrometer *'. Testosterone, nandrolone,
betametasone, boldenone, and trenbolone were quantified down to 0.1 ng/mL. Preci-
sions and accuracies fulfilled the + 20/15% criteria. The light-absorbing, electrically
conductive polymer polythiophene has been used as a high molecular weight matrix
« MW 720) has also been used
as a high molecular weight matrix for the analysis of small molecules. This approach

for negative ion MALDI-MS 3% Buckminsterfullerene (C

was used to screen for diuretics in urine *, and detection limits of 0.1 - 1 ug/mL were
obtained. C, is insoluble in many solvents, including water, and this property might
complicate sample preparation. Derivatives of fullerene such as hexa(sulfonbutyl)fuller-
ene are water-soluble, and can be used to selectively precipitate analytes in aqueous
solutions, which are then analyzed with MALDI-MS without the addition of a matrix 3.

C. MALDI-FTICR

When MALDI-FTICR is used for small-molecule analysis, a LMW matrix might be pre-
ferred over a high molecular weight matrix & Attempts to use the high molecular weight
matrix F20TPP for MALDI-FTICR analysis showed extensive fragmentation of F20TPP,
which resulted in matrix-derived peaks in the low mass range. In contrast, the use of
2,5-DHB for MALDI-FTICR analysis gives spectra that are relatively free of matrix adducts.
The opposite is observed when these matrices are used for MALDI-TOF analysis. These
seemingly contrasting results can be explained by the quasi-equilibrium theory, which
is a model to describe the unimolecular decomposition of ions. In this model, the rate
constant for dissociation of ions is a function of excess energy . The rate constants have
the dimension of s7; i.e., the process can happen that often per second. For example, if
we postulate a rate constant of 10° s for F20TPP, then F20TPP ions dissociate on average
in 10 seconds. The time between ionization and detection of ions varies among mass
analyzers. Typically, it takes 10* seconds to detect ions in a TOF or a quadrupole, and 1
second in FTICR. Thus, with the postulated rate constant, the F20TPP ions formed in the
MALDI process easily survive the TOF and quadrupole time scale, but not the FTICR time
scale. In the same vein, noncovalent matrix adducts of a LMW matrix such as 2,5-DHB
have lower activation energies for dissociation compared to analyte ions 2, therefore
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these matrix-derived ions dissociate on the FTICR time scale to produce a mass spec-
trum free of interfering matrix peaks even in the low mass range.

D. Matrix-free approaches

Matrix-free laser desorption/ionization (LDI) is an approach in which a sample is placed
on a photoactive but non-desorbable support, and analyzed without any matrix. For the
purpose of this review, we consider this approach as a form of MALDI-MS, although no
matrix is used and some differences exist in the mechanism of ion formation. The main
advantage of this approach is that little or no signals from the modified surfaces are
observed in the mass spectrum. In addition, sample preparation is simplified because
the analyte does not need to be mixed and/or co-crystallized with a matrix. The first
matrix-free MALDI method was introduced by Wei et al., who used porous silicon sur-
faces (desorption ionization on porous silicon; DIOS) . The porous silicon surfaces are
easily oxidized to allow for chemical modification of the surfaces. Silylation of oxidized
porous silicon has been shown to improve sensitivity, shelf-life, ease of modification,
and analyte specificity 3°. Furthermore, these modified surfaces can be used to selec-
tively capture analytes from a complex mixture . Silicon nanowires have also been
used for matrix-free LDI #'. Chemical modification of silicon nanowires can also improve
performance. Other types of nanostructures such as carbon nanotubes and mesoporous
tungsten titanium oxide surfaces have been used for matrix-free LDI. Reviews of matrix-
free MALDI approaches can be found in the literature 4424,

E. Additives

Additives such as the cationic surfactant cetyltrimethylammonium bromide (CTAB) can
significantly decrease, or even eliminate, matrix-derived signals of CHCA #. High-quality
spectra were obtained with a CHCA-to-CTAB molar ratio of 1,000:1. However, detection
limits of the analytes were approximately one order of magnitude worse. Su et al. used the
CHCA/CTAB matrix to screen for the drugs amphetamine, metamphetamine, 3,4-methy-
lenedioxyamphetamine, 3,4-methylenedioxymethamphetamine, caffeine, ketamine,
and tramadol in clandestine tablets *. Limits of detection ranged from 2 ng/mL to 10
ng/mL. Results were comparable to GC-MS. GC-MS, however, required derivatization of
the analytes and additional sample handling. For MALDI-TOF MS, tablet powder was
simply dissolved in methanol and directly used for analysis. Grant et al. showed that
CTAB can also be used to suppress matrix-derived signals of 2,4,6-trihydroxyacetophe-
none (THAP), 2,5-DHB, SA, and dithranol “. The THAP/CTAB matrix was used to analyze
flavonoids in berry extracts 6, and the CHCA/CTAB matrix was used to analyze vitamins
and caffeine in energy drinks . In addition to suppression of matrix-derived signals,
CTAB also improved the resolution and the quantitative performance; i.e., the %CV de-
creased and the linearity improved. Other surfactants can also be used to decrease the
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number of matrix-derived signals of CHCA “¢; various cationic surfactants were tested,
and CTAB showed in general the best performance in terms of strong analyte signals
and suppressed matrix signals. The anionic surfactant sodium dodecyl sulphate was
useful to analyze small peptides, and the neutral surfactant Brij 30 was useful to analyze
caffeine. Cyclodextrin has been used to suppress alkali metal ion adducts, cluster forma-
tion, and fragmentation of matrix and analyte *. Washing CHCA crystallized samples
with ammonium-containing buffers eliminated the alkali-metal matrix cluster signals
and improved intensities of peptides. Ammonium salts can also be used as an additive
in the matrix solution, although a weaker effect is observed *°.

Suppression of matrix-related peaks can also be achieved by mixing two conventional
MALDI matrices *'. A mixture of the acidic matrix CHCA and the basic matrix 9-amino-
acridine (9-AA) resulted predominantly in the formation of [CHCA - H] and [9-AA + HI*,
and an overall reduction in matrix clusters. The binary matrix improved the S/N of the
analytes; however, this improvement was only observed when the pKa values of the
analytes were substantially different than those of the matrices; analyte protonation was
not affected by 9-AA when compounds were tested with more basic pKa values than
9-AA. In that case, 9-AA reduced the amount of CHCA-related peaks to thereby improve
the S/N of the analytes. For the negative-ion mode, the reverse was observed; analyte
deprotonation was not affected when compounds were used that were better proton
donors than CHCA.

F. Matrix-suppression effect

The matrix-suppression effect (MSE) is attributed to a depletion of primary matrix ions
by neutral analytes via a secondary ion-molecule reaction in the plume; i.e., suppression
of matrix peaks is observed when sufficient analyte is present to react with all matrix
ions. The MSE is observed for the disappearance of all types of matrix ions; e.g., [M + H]*
and [M + Na]* ****. McCombie and Knochenmuss tested the utility of MSE for routine
MALDI analysis of small molecules **. The most important and easy adjustable factors in
MSE were the molar ratio of analyte and matrix in the sample, and the laser intensity .
The highest MSE was achieved at low laser intensities and high analyte concentrations.
Analyte/matrix ratios of 1:10 or less were needed to induce MSE for small-molecule
analysis. The extent of MSE was related to the type of analyte under investigation. For
proton transfer to the analyte, the MSE was greater for analytes with higher gas-phase
basicity than for analytes with lower gas-phase basicity. The utility of MSE has been in-
vestigated for metabolome analysis by MALDI-MS . MSE was obtained for a cocktail of
30 metabolites that included amino acids, organic acids, and other metabolites. Further-
more, it was possible to detect the metabolites spiked in a microbial extract. However,
suppression of analytes was also observed when the concentration of the analyte was
increased in relation to the other metabolites.
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G. Tandem mass spectrometry

An elegant way to circumvent the problem of the intense matrix-related peaks as
well as the noisy baseline is to perform tandem mass spectrometry (MS/MS). In this
way, commonly employed matrices such as CHCA and 2,5-DHB can be used without
further sample preparation adaptations to decrease matrix-related noise. Tandem mass
spectrometry is widely used for bioanalysis with LC-MS/MS, and triple quadrupoles are
regarded as the cornerstone mass analyzer for targeted quantitative analysis of small
molecules. Recently, a MALDI-triple quadrupole mass spectrometer was developed *%’.
In the selected reaction monitoring (SRM) mode of a triple quadrupole instrument, iso-
baric matrix ion interferences can be removed by monitoring only compound-specific
precursor/product ion transitions. Other mass analyzers such as ion traps and quadru-
pole TOFs (QqTOFs) have been used for tandem mass spectrometry of small molecules.
A triple quadrupole instrument, however, reaches a higher duty cycle of almost 100%,
which results in highly sensitive measurements. Direct comparison of MALDI-QqTOF and
MALDI- triple quadrupole showed indeed that MALDI- triple quadrupole offers ~ 10-fold
better detection limits than MALDI-QQTOF 3. Furthermore, the dynamic ranges of the
calibration curves obtained with MALDI- triple quadrupole were ~ 1 order of magnitude
larger than those obtained with MALDI-QQTOF. This improvement in dynamic range was
attributed to the higher sensitivity of the triple quadrupole that thereby extended the
linearity of the calibration curves at the low end.

IV. Reproducibility in MALDI

A. Origin of poor precision in MALDI

Quantitative analysis of small molecules with MALDI-MS is complicated by the poor
reproducibility of the absolute intensities of the analyte signals. Reproducibility of the
signal intensities depends to a large extent on the type of matrix used '®, and on the
sample preparation ®°. For example, when the widely applied dried droplet protocol is
used, CHCA forms small round crystals that are relatively evenly deposited throughout
the spot, whereas 2,5-DHB tends to forms different types of crystals with large needle-
like crystals in the outer rim and smaller denser crystals in the center of the spot. As a
rule of thumb, better reproducibilities are obtained when sample/matrix crystals have a
homogeneous appearance and when they evenly cover the spot. The reproducibilities
of the absolute signal intensities of quinidine and danofloxacin were compared with the
three commonly employed matrices CHCA, 2,5-DHB, and SA that were spotted accord-
ing to the dried-droplet protocol '®. The use of CHCA resulted in acceptable precisions of
15% CV and less, whereas the precisions ranged between 23% - 41% CV for SA and from
42% - 90% for 2,5-DHB. Better precisions were obtained when higher matrix concentra-
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tions were used, because of a better coverage of the spot with crystals. It has also been
noted that strong analyte signals are observed in certain locations of the crystals (the
so-called sweet spots), whereas less-intense or even no signals are obtained in other
parts of the crystals. The commonly held notion to explain this phenomenon is that the
analyte is inhomogeneously distributed in the crystals *%. Matrix and analytes tend to
partition during slow crystallization of the sample when solubilities of the components
in the sample are not matched *°. Segregation is of particular concern when solvent
mixtures are used, and one of the solvent components evaporates more easily than
the other ¢!, The use of azeotropic mixtures can avoid fractional precipitation of the
analytes during sample evaporation °'. The sweet spot phenomenon has also been at-
tributed to a different ionization state of the analyte in different parts of the crystals %,
and to a heterogeneous orientation of the crystals relative to the mass spectrometer
axis 8 Matching analyte and matrix in terms of relative polarity is also important for
homogenous incorporation of the analyte in the matrix crystals .

B. Increasing homogeneous sample / matrix crystallization

Practice has shown that precision can be improved by forcing a homogeneous distribu-
tion of the analytes in the crystals, and/or by forcing homogeneous sample/matrix crys-
tals that are evenly distributed throughout the spot. Improved homogeneity of matrix
crystals can be obtained when matrix surfaces are prepared by fast evaporation . First, a
thin matrix layer of microcrystals is obtained by spotting a matrix solution that contains
a high percentage of volatile organic solvent; e.g., acetone. Samples dissolved in any
solution that does not redissolve the matrix are deposited on top of the thin layer. This
approach is widely used for cinnamic acid-derived matrices such a CHCA and SA, which
do not dissolve or poorly dissolve in solutions with a high water content. For water-
soluble matrices such as 2,5-DHB, this approach is complicated. Mixtures of analyte and
matrix in a solution that contains a high percentage of volatile organic solvent can also
be used to create sample/matrix crystals with a more homogeneous appearance that
are more evenly distributed throughout the spot.

In the seed-layer approach %, a diluted matrix solution that contains a high percent-
age of organic solvent is spotted on the target plate, and is allowed to dry. An aqueous
solution of sample and matrix is deposited on the dried matrix crystals, which acts as
seeds for crystallization, to produce homogeneous sample surfaces.

In the crushed-crystal method ¢, matrix solution is allowed to crystallize on the
target plate in a standard dried-droplet protocol; crystals are crushed, and the sample/
matrix mixture is spotted onto the crushed crystals.

We have shown an improved precision for analysis of HIV protease inhibitors with
2,5-DHB as matrix by adding a small amount of dimethylsulfoxide to the sample/matrix
mixture &. Although the deposited sample/matrix solutions dry at a much slower rate,
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homogeneous sample surfaces are obtained. Additives such as fucose ® also improve
the homogeneity of the crystal structures.

Hydrophobic target plates can also be used to improve the homogeneous sample/
matrix crystallization as well as to achieve a concentration of the sample/matrix crystals
onto a smaller area #%7°. In the AnchorChip technology 7°, hydrophilic anchors of 200 -
800 pum in diameter are placed onto a hydrophobic surface to allow more control over
the size of the area onto which the sample/matrix crystals are deposited compared to
hydrophobic target plates without anchors. Hydrophobic target plates can be prepared
relatively easily by applying hydrophobic coating such as Scotch Gard ¢ or fluoropoly-
mers ° onto normal stainless steel target plates. For the novel matrix 7-hydroxy-4-
(trifluoromethyl)coumarin (HFMC), we have shown that precision improves when
sample/matrix mixtures with a high percentage organic solvent are deposited onto a
target plate that is coated with a strongly hydrophobic fluoropolymer °. Furthermore,
improved LOQs and accuracies were obtained, and the sample/matrix crystals were
concentrated onto a small area, even with sample volumes < 10 pL.

Homogeneous thin microcrystal layers can be obtained by a thermal vapor deposi-
tion of matrix 773, Dekker et al. use an in-house built sublimation/deposition device to
deposit 2,5-DHB onto cytocentrifuged cells that were cultured in the presence of HIV

Saquinavir

Nelfinavir

10uM IuM 0.1 pM neg. control

Figure 3. Sublimation deposition of matrix. The picture above shows the sublimation / deposition of
2,5-DHB onto a glass slide. The picture below shows the application of this technique to the analysis

of cytocentrifuged Mono Mac 6 cells that were cultured in the presence of the HIV protease inhibitors
saquinavir and nelfinavir. Color intensities represent the signal intensities of saquinavir (red) and nelfinavir
(green) in the cytocentrifuged cells. Reprinted with permission from Dekker, van Kampen, Reedijk,
Burgers, Gruters, Osterhaus, Luider (2009), copyright 2009 John Wiley & Sons, Ltd.
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protease inhibitors 7'; see Figure 3. Prespotted target plates that contain, e.g.,, CHCA
spots, can also be prepared in this way.

Sophisticated spotting devices such as electrospray deposition instruments %747
or piezo-electric droplet dispensers 7578 can be used to obtain a highly homogeneous
layer of co-crystallized sample and matrix to thereby improve the precisions compared
to dried-droplet sample preparation. These sophisticated spotting devices might be
particularly useful when matrices are used that are known for their heterogeneous crys-
tallization behavior such as 2,5-DHB. Furthermore, these spotting devices might be used
to force homogeneous co-crystallization of analyte and internal standard even when
segregation occurs under dried-droplet sample preparation conditions 7.

C. lonic liquid matrices

Armstrong et al. showed that some room-temperature ionic liquids (RTIL) can be used
as effective matrices in UV-MALDI ®. The RTIL that possess matrix properties are often
called ionic liquid matrices (ILM), although ionic matrices or class Il RTIL are also used to
describe these matrices. RTIL are a class of compounds that consist of ions, have melting
points < 100°C and are often liquid at room temperature, and have negligible vapor
pressure &, Most ILM form smooth viscous films on the target plate, and retain this prop-
erty under vacuum. ILM can be obtained by mixing a commonly used crystalline MALDI
matrix such 2,5-DHB, CHCA, or SA with an equimolar amount of organic base such as
tributylamine, pyridine or 1-methylimidazole 2. As a rule of thumb, the preference of
the crystalline matrix for a certain class of analytes is retained when these matrices are
converted into ILM. An interesting property of several ILM for analysis of small molecules
is that the amount and intensity of matrix-derived peaks is decreased ®. The greatest
advantage of ILM is that these matrices allow for homogeneous sample preparation,
which significantly improves the reproducibility of MALDI. ILM have been tested for the
analysis of various small molecules 8, metabolome analysis ¢, oligodeoxynucleotides #,
oligosaccharides ®, peptides and proteins 8, and even for tissue imaging ®. Zabet
Moghaddam et al. reported that peak intensities of small molecules in solid matrices
varied by more than 60%, whereas variations of less than 10% were observed for their
ionic liquid forms 2. The correlation coefficients for the calibration curves also improved
when an ILM was used. Other properties of ILM compared to their solid counterparts
are that slightly increased laser fluences are needed for ionization, and that ILM favor
formation of sodium and potassium adducts 8%, those properties can be exploited for
analytes with poor protonation 7#'%22, For further information on ILM, see the review of
Tholey and Heinzle &,
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D. Internal standards

The use of an internal standard is indispensable for the robust and reproducible
quantitative analysis of small molecules with MALDI mass spectrometry. Ideally, the
internal standard compensates for all variations in analyte recovery during the sample
preparation process, and yields identical mass spectrometric behavior as the analyte. In
MALDI mass spectrometry, the internal standard should compensate for crystallization
irregularities and for desorption and gas-phase effects. In particular, the crystallization
irregularities might present a problem in quantitative MALDI mass spectrometry. Matrix,
analyte, and internal standard tend to partition during the crystallization process 596272,
In mixed solvents such as acetonitrile/water and methanol/water where one component
evaporates faster than another, such segregation effects might be of particular concern.
The use of azeotropic mixtures avoids segregation of components during crystalliza-
tion. The stable isotope-labeled version of an analyte is regarded as the ideal internal
standard, because solvent, desorption, and gas-phase properties are nearly identical
to that of the analyte #8, The stable isotope-labeled internal standard and analyte are
incorporated into the matrix crystals in the same extent and in the same locations, and
therefore heterogeneous sample / matrix crystallization might not cause a detrimental
effect on precision and accuracy. However, such stable isotope-labeled internal stan-
dards are expensive, and might not be commercially available, and, in practice, other
pharmaceutical compounds are frequently used as internal standards. Precise and ac-
curate quantification can be obtained using “look-alike” pharmaceutical compounds
as internal standards. Sleno and Volmer investigated the influence of solution-phase
ionization equilibria and hydrophobicity on the relative response of analyte and internal
standard 7°. The predicted apparent octanol/water partition coefficient D was a good
parameter to search for an appropriate internal standard; precise and accurate quan-
titation was obtained only when analyte and internal standard had a similar log D; see
Figure 4. Furthermore, when analyte and internal standard had matching log Ds and
thus a good co-crystallization, precise and accurate quantification could be obtained
even when the analyte and internal standard were not homogeneously distributed
throughout the whole crystallized sample.

E. Averaging

A common method to improve reproducibility is to average a large number of individual
data points. In this respect, firing the laser at a higher frequency is advantageous to
obtain a good precision without compromising sample analysis times. Comparison
between laser firing at 20-Hz and 1,000-Hz for analysis of clonazepam and nordiazepam
showed that the higher laser frequency improved the within spot and spot-to-spot
precisions by at least a factor of five 3.
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Figure 4. Octanol/water partition coefficients of analyte and internal standards. Quantitation of
ciprofloxacin with thirteen different 4-quinolones as internal standard. The y-axis shows %RSD or r? for
quantitation of ciprofloxacin. The x-axis shows the difference in log D between ciprofloxacin and the
internal standard. CHCA dissolved in acetonitrile / water (1:1; v/v) and 0.2% TFA was used as matrix. Log

D values were predicted for pH = 2.0. Reprinted with permission from Sleno and Volmer (2006), copyright
2009 John Wiley & Sons, Ltd.

F. Algorithms for data collection and analysis

Nicola et al. developed a correlative analysis algorithm for automated data collection to
improve the quality of the average mass spectrum by compensating for shifts along the
mass axis of the single-shot MALDI-TOF spectra ®. This method resulted in an improved
mass resolution (3x), better reproducibility of signal intensities (4x), and better quantita-
tive accuracy (1.3x). Horak et al. compared data acquisition at constant laser power with
data acquisition at constant ion abundance for quantitative analysis of chlormequat *°.
Data acquisition at constant ion abundance resulted in a better sample-to-sample
reproducibility compared to data acquisition at a constant laser power. We tested the
effect of baseline subtraction, peak parameter (intensity, S/N or area), and analyte signal
(monoisotope versus all isotopes) on the precision of lopinavir and ritonavir analysed by
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MALDI-TOF, and found that the best %CVs were obtained when the monoisotopic peak
area without baseline subtraction was used ’.

V. Practical aspects of small-molecule analysis with MALDI

A. Protonation versus cationization
For biopolymers such as proteins, peptides, and nucleic acids, a (de)protonation strategy
is usually pursued, and the formation of salt adducts is regarded as disadvantageous. It
is well-known that additives can significantly decrease these salt adduct formations. We
have used DAHC as an additive in the binary matrix nicotinic acid / anthranilic acid (55
mM /45 mM / 45 mM, respectively) to decrease the amount of salt adducts for analysis
of (deoxy)nucleotide-triphosphates and the triphosphorylated form of the nucleoside
reverse transcriptase inhibitor zidovudine in negative ion MALDI-TOF experiments °'. An
advantageous additional effect of DAHC and other additives is that they result in a more
homogeneous crystallization of matrix and analyte to thereby improve the precision.
Cationization strategies are, however, preferred for analytes that lack basic sites such
as oligosaccharides and synthetic polymers. We have successfully pursued a cationiza-
tion strategy to quantify drugs with MALDI-TOF 732, MALDI-FTICTR &, and MALDI-triple
quadrupole MS 1, For the high molecular weight porphyrin matrix F20TPP, we tested
which alkali metal, i.e. Li, Na, K, Rb or Cs, produced the strongest signal for cationized
drugs 7, and we found that analytes were most efficiently ionized by Li* attachment.
This result was surprising, because analysis of mixtures of the F20TPP matrix with equi-
molar amounts of Lil, Nal, KI, Rbl, and Csl revealed that hardly any free Li* is detected.
The intensities of the free alkali-metal ions showed the distribution of Li* (=0) < Na* < K*
< Rb* < Cs*, that result can be explained by the inverse relationship of the alkali iodide
lattice energies and size of the alkali metal. Thus, with the same halide as counter ion,
the larger alkali metal the lower the lattice energy, to liberate more alkali metal ions
during the desorption/ionization process. This distribution is also observed when 2,5-
DHB is used as matrix. On the other hand, studies with LMW poly(ethyleneglycols) (PEG)
showed that the intrinsic affinity of analyte for the alkali metal ions follows the order of
Li* > Na* > K* > Rb* > Cs*. Thus, the intrinsic metal ion affinity appears to be governed
primarily by the charge density of the cation. In practice, the quantitative distribution
of PEG ionized with alkali metals can be rationalized on the basis of a trade-off between
these two opposing effects; namely, the gas-phase availability of the alkali cation (Li*
< Na* < K* < Rb* < Cs*) and the intrinsic alkali affinity of PEG (Li* > Na* > K* > Rb* > Cs*)
leading to an observed optimum affinity for K* 892, The optimum affinity for K*is indeed
the case when 2,5-DHB is used as matrix. With F20TPP, the most abundant signals are
observed for PEG cationized by Li*, followed by Na*, hardly any kaliated signals are
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Figure 5. Porphyrin matrix and alkali cation distribution of analyte. Alkali-metal distribution of PEG with
an equimolar mixture of Lil, Nal, Kl, Rbl, and Csl in combination with the matrix 2,5-DHB (a) and F20TPP
(b). Alkali metal of the matrix F20TPP itself (c). Reprinted with permission from van Kampen, Luider,
Ruttink, Burgers (2009), copyright 2009 John Wiley & Sons, Ltd.

observed, and virtually no adducts are formed with rubidium or cesium (see Figure 5).
Furthermore, the binding efficiencies of Li* towards LMW PEGs strongly depend on the
number of sites where the Li* ion can interact °>°3. The intensity order of F20TPP itself
cationized by various alkali metals is very similar to that of the LMW PEGs; i.e., Li* > Na*
> K* > Rb* > Cs*. We propose that, for porphyrins, the cationized matrix might well be
the cation donator to the analytes, whereas analyte cationization with other matrices
seems to occur predominantly through attachment of free cations in the gas-phase **.
Ab initio calculations showed that Li* is attached to the porphyrin cavity and not to
the F atoms of the C F, groups. Equilibrium structures for porphyrin + Li* showed that
the Li* is situated on, but not in, the porphyrin cavity, and that the whole porphyrin
chain becomes bent. The observation that the lithium ion is not in, but outside, the
cavity means that the lithium ion is exposed and is therefore accessible for transfer to
analyte molecules. The larger the cation, the more exposed the cation is (and the lesser
the porphyrin skeleton will be bent); however, at the same time, the cation affinities
become less; see Figure 6. Our experiments showed that only lithium ions produce
intense signals for attachment to F20TPP, and that such F20TPP + Li* ions might act as
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Figure 6. Interaction of porphyrin with alkali metals. Side views of porphyrin + H* (a), porphyrin + Li* (b),
porphyrin + Na* (c), and porphyrin + K* (d). Reprinted with permission from van Kampen, Luider, Ruttink,
Burgers (2009), copyright 2009 John Wiley & Sons, Ltd.

cation donator. The preference for Li* attachment to matrix and analyte was also found
for other porphyrin matrices.

Hoberg et al. showed that, when an alkali metal cationization strategy is pursued with
alkali halide salts, a halide counter anion should be chosen that results in the lowest
lattice energy of the alkali halide salt *. For example, when cationization with sodium
is pursued, more abundant sodiated signals for the analyte are observed when sodium
iodide is used as cationizing agent compared to sodium chloride. The proton affinity of
porphyrin is large (245 kcal/mol), and thus many analytes cannot be charged by pro-
tonation with this matrix. Indeed, for various drugs we found no protonated molecules
with F20TPP. We have, however, found evidence for protonated fragments of protease
inhibitors (van Kampen, unpublished experiments), and it might be that, for proton-
ation, F20TPP should be regarded as a hot matrix that can result in prompt in-source
fragmentation of protonated analytes. On the other hand, Kosanam et al. successfully
applied the F20TPP matrix for the quantitative analysis of doping agents in urine with
MS/MS on the protonated analytes in MALDI-ion trap experiments 3'.
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Preference for certain cations also depends on the nature of the analyte. For example,
Burgers and co-workers showed that tryptic peptides that contain the calcium-binding
domain of calcium-binding proteins retain their preference for calcium in MALDI experi-
ments, and that intense signals are observed for the calciated peptides *. SRM experi-
ments on a MALDI-triple quadrupole MS showed that protonated precursor molecules
produce product ions of higher intensity than cationized precursor ions °. Furthermore,
for analytes cationized with the larger alkali cations (K*, Rb*, Cs*), MS/MS results in loss
of the analyte as a neutral. This fragmentation pattern is due to the low affinity of the
larger cation towards the analyte ?7. With CHCA as matrix to quantify five HIV protease
inhibitors on a MALDI-triple quadrupole MS, we found weak signals for the protonated
molecules of lopinavir and ritonavir; SRMs on the sodiated forms of lopinavir and ritona-
vir, however, resulted in sensitive, precise, and accurate quantification '°. An interesting
matrix for cationization of various small molecules is lead pencil. Black et al. showed that
pencil lead, which contains graphite, clay, and “gliding” agents such as wax, acts as a
matrix for MALDI-MS °&°°, With this matrix, the success rate (S/N > 5; ~ 10 ng spotted) was
88% for a library of 50 small molecules that contained tripeptides, steroids, drugs, her-
bicides, dyes, and polyethylene glycols (PEGs). Examples of drugs included in the library
are haloperidol, carbamazepine, tamoxifen and 4-hydroxytamoxifen, erythromycin,
cefuroxime, and mebendazole. In particular, intense signals for the sodiated or kaliated
analytes were observed. Indeed, with lead pencil as matrix to analyze the HIV protease
inhibitor saquinavir in MALDI-TOF and MALDI-FTICR experiments, strong signals were
found for the sodium and potassium adducts, but not for protonated saquinavir (van
Kampen, unpublished experiments). Those data contrast sharply with matrices such as
2,5-DHB and CHCA, which yield intense signals for the protonated molecule *74, Adding
either a sodium salt or a potassium salt to the sample enhances analyte cationization,
and thereby improves the sensitivity (van Kampen, unpublished experiments). Charcoal
behaves in a similar way as pencil lead, although this matrix needs to be applied on to a
target plate with a rough surface; e.g., a groundsteel target plate (Burgers, unpublished
experiments).

B. MS versus MS/MS

For quantitative analysis of drugs in the MS mode, high resolution and high mass accura-
cy are advantageous because higher mass accuracy results in a higher certainty that the
peak in the mass spectrum is actually the drug of interest, and high resolution increases
the selectivity to discriminate between the analyte and isobaric matrix interferences. An
additional advantage of high mass accuracy MS measurements over a targeted MS/MS
approach for quantitative analysis of drugsis that the accurate masses of other peaks than
the drug itself present in the mass spectrum could be used to establish whether these
peaks are (unexpected) drug metabolites or not. We propose that MALDI instruments
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such as TOF, Orbitrap, and FTICR are suitable for discovery-type applications. Neutral-
loss scans and precursor-ion scans on a triple quadrupole instrument can also be used
to search for drug metabolites. For targeted quantitative analysis of drugs, we propose
an MS/MS approach. Using this approach, conventional small-molecule matrices can be
used without any problems that are associated with matrix-derived interfering signals.
Furthermore, MS/MS approaches normally result in higher sensitivities. In this respect,
the triple quadrupole mass spectrometer would be the instrument of choice because
such an instrument allows for SRM with a nearly 100% duty cycle.

C. Preparation of biological samples

Relatively simple, fast, and easy-to-automate procedures that allow batch preparation
of biological samples are needed to truly benefit from the high-throughput measure-
ments of MALDI mass spectrometry. Sample-preparation procedures in 96-well plates or
384-well plates are highly suited for MALDI, because these formats are widely used for
MALDI target plates, and allow a relatively easy spotting of the processed samples with
a pipetting robot %7410,

Preparation of samples with SPE, LLE, and PP have been tested for quantitative
analysis of small molecules by MALDI mass spectrometry. The processed samples are
normally dried after these procedures, and are reconstituted in a smaller volume of an
appropriate solvent or matrix solution. This drying-step is frequently needed to maintain
the required sensitivity because sample volumes of only 0.5 - 1 pL are deposited onto
the target plate for measurement. We have shown that SPE-processed samples can be
reconstituted in volumes as low as 10 uL for sensitive, precise, and accurate quantitation
of HIV protease inhibitors in cell lysates ®°. Gobey et al. showed that the drying-step
can be omitted for SPE-processed plasma by eluting the samples from the SPE columns
with 25 pL matrix solution . Wagner et al. used LLE to process plasma samples from
HIV-infected patients who were treated with the protease inhibitor saquinavir 7*. When
protein precipitation is used, however, the drying-step has a detrimental effect on the
crystallization of the sample with a concordant severe loss of sensitivity '7+'%". For quan-
titative analysis of HIV protease inhibitors in plasma of HIV-infected children, we found
that good crystallization and high sensitivity can be obtained for protein-precipitated
samples when the drying-step is omitted '°. Ten pL of plasma was “diluted” in 90 pL
methanol that contained the internal standard, the supernatant was diluted in matrix
solution (1:2, v/v), and 0.75 pL matrix/sample solution was deposited onto a target plate;
i.e., the plasma sample was diluted 30-times in an organic solvent. Detrimental effects
on crystallization were observed only when the solvent that was used for the protein
precipitation consisted of a high percentage of water, or when lower dilution was used.

Analytes can also be captured from biological samples with target plates with func-
tionalized surfaces “°. Functionalized magnetic nanoparticles and water-soluble fuller-
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ene derivatives, which serve also as a MALDI matrix, have been used to capture analytes
from complex biological samples %2,

VI. Biomedical applications of MALDI

A. Quantitative analysis of drugs

Although many studies have shown promising results for MALDI-MS quantitative
analysis of small molecules, real-life applications of MALDI-MS for analysis of drugs in
biological samples are still limited. Below, we discuss some of the studies that have
shown successful application for MALDI-MS for quantitative analysis of drugs.

MALDI-triple quadrupole MS has been used for analysis of several spirolide toxins in
phytoplankton "%, Samples were extracted in methanol, and LC-fractionated. For some
samples, an additional SPE procedure was used. Cross-validation showed good agree-
ment for the quantitation obtained with MALDI-MS and ESI-MS. Furthermore, MALDI-
MS precursor-ion scans and neutral-loss scans were successfully applied to discover
unknown spirolide analogues in the phytoplankton samples.

Gobey et al. have applied MALDI-triple quadrupole mass spectrometry to the rapid
analysis of human liver microsome half-lives of 53 pharmaceutical compounds . Com-
parison with ESI-MS showed good agreement among the assays.

Rideout applied MALDI-TOF MS for quantitative analysis of the cationic drug tetra-
phenylphosphonium (TPP) in carcinoma cell lines ™. Methyltriphenylphosphonium
was used as the internal standard. The cells incubated with the drug were prepared by
simple lysis with a freeze-thaw cycle. Subpicomole amounts of the drug were quantified,
and scintillation counting showed good agreement with the MALDI-TOF assay. Further-
more, the assay was used to monitor the formation of hydrazones from aldehydes and
hydrazine derivates inside cells. MALDI-TOF mass spectrometry has also been used to
study the uptake of TPP and other phosphonium cations in cell lines > and the uptake
of cell-penetrating peptides '%.

We used MALDI-TOF and MALDI-FTICR mass spectrometry to image HIV protease
inhibitors in Mono Mac 6 cells cultured in the presence of 0.1 - 10 uM saquinavir and
nelfinavir 7. Cells (2 x 10°) were cytocentrifuged on electrically conductive glass-slides,
and matrix was applied with an in-house build sublimation/deposition device. To obtain
good sensitivities, the deposited matrix was recrystallized with water vapor; this recrys-
tallization procedure did not result in loss of spatial information.

Volmer et al. compared MALDI-triple quadrupole mass spectrometry and LC-MS for
the plasma pharmacokinetic analysis of two drug candidates that were administered to
rats 2°. Chemical analogues were used as internal standards, and plasma samples (125
pL) were prepared with SPE. The LOQs were 536 nM (osteoporosis candidate drug) and
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426 nM (asthma candidate drug) for the LC-MS assay and the MALDI-MS assay. There was
excellent agreement between the pharmacokinetic parameters obtained with MALDI-
MS and with LC-MS.

Muddiman et al. applied MALDI-TOF and SIMS-TOF to quantify cyclosporine A in the
whole blood of transplant patients '°”. Cyclosporin D was used as internal standard, and
whole blood samples were prepared with LLE. The LOQ was 19 nM for SIMS-TOF and 33
nM for MALDI-TOF. It was also demonstrated that these techniques can provide informa-
tion on cyclosporine metabolites. Wu et al. used an automated MALDI-TOF platform
to quantify this drug '®. Tacrolimus and its hepatic metabolites were quantified with
MALDI-TOF and SIMS-TOF mass spectrometry ',

Wagner et al. used MALDI-triple quadrupole mass spectrometry to quantify the HIV
protease inhibitor saquinavir in plasma from HIV-infected patients 7*. LLE was used to
prepare the plasma samples (250 uL), and deuterated saquinavir was used as internal
standard. The LOQ was 7.5 nM. Cross-validation between MALDI-MS and LC-MS of
clinical samples showed an excellent agreement between the assays. To investigate the
effect of co-medication, which is frequently encountered in clinical applications, on the
performance of the assay, eight antiretroviral drugs were spiked to human plasma that
contained saquinavir. Selectivity and accuracy were not compromised by the presence
of these other antiretroviral drugs. Further experiments showed that reserpine could
also be used as an appropriate internal standard.

Notari et al. used MALDI-TOF/TOF MS to quantify the antiretroviral drugs abacavir,
stavudine, didanosine, efavirenz, nevirapine, and amprenavir in the plasma of HIV-
infected patients ', 4-Hydroxybenzoic acid was used as matrix. A plasma sample (600
ML) was used, and sample preparation consisted of a SPE. The limits of quantification
were 10 nM. Cross-validation between MALDI-TOF/TOF and high-pressure liquid chro-
matography with UV detection (HPLC-UV) showed an excellent agreement.

Antiretroviral drugs have been quantified with MALDI-TOF 732, MALDI-FTICR &, and
MALDI-triple quadrupole MS °'. A MALDI-triple quadrupole yielded the best appli-
cability for clinical studies, and was used to investigate the plasma and intracellular
pharmacokinetics of the HIV protease inhibitors lopinavir and ritonavir in HIV-infected
children. Plasma samples were processed with protein precipitation with methanol, and
cell samples were processed with a methanol extraction followed by SPE. The methanol-
extraction step simultaneously inactivated HIV, and further sample handling after this
step can be performed under less-stringent biosafety conditions 2. The assays were
specifically developed for application in children and care was taken that quantifica-
tion could be performed on a small amount of patient sample. Accurate and precise
quantification was obtained from only 10 yL plasma or one million peripheral blood
mononuclear cells (PBMCs; ~ 0.4 uL intracellular volume). Furthermore, an assay was de-
veloped for multiplexed quantitative analysis of saquinavir, nelfinavir, and indinavir with
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methotrexate as internal standard. Nelfinavir was used as internal standard to quantify
lopinavir and ritonavir in plasma and in cells. The LOQs obtained in plasma were 167 nM
(lopinavir), 16 nM (indinavir, nelfinavir), 15 nM (ritonavir), and 3.2 nM (saquinavir). The
LOQs in PBMCs were 834 nM for lopinavir and 73 nM for ritonavir. To investigate the ef-
fect of co-medication on the assays, a mixture of ten drugs was added to plasma samples
from an HIV-infected child treated with Kaletra (lopinavir/ritonavir). The added drugs did
not affect precision or accuracy for lopinavir and ritonavir as shown by an analysis of the
same samples without the drug mixture, and a cross-validation with HPLC-UV.

B. Metabolomics

The suitability of MALDI mass spectrometry for metabolome analysis has been investi-
gated """ These studies aimed to simultaneously identify and quantify a cocktail of
metabolites with a few internal standards. It was shown that MALDI mass spectrometry
can be used for the simultaneous analysis of a cocktail of metabolites. However, ana-
lyte suppression was observed for some metabolites when the relative portion of one
analyte dominated the others in the mixture. Furthermore, the isomeric interferences
encountered in metabolomics applications show the need for tandem mass spectrom-
etry and / or appropriate sample-preparation procedures. For example, ATP and dGTP
have the same elemental composition, but can be separated from each other in MALDI
post-source decay experiments °'. Offline spotting of LC fractions on target plates is
frequently used for MALDI in proteomics to increase the number of identified peptides.
Such approaches might also proof useful for MALDI-MS metabolomics. LC-MALDI and
LC-ESI of the same set of samples showed that only one-third of all identified peptides
were found by both techniques, and that the techniques can thus be regarded as
complementary "'>'3. Nordstrom et al. showed that a multiple ionization strategy con-
sisting of ESI, atmospheric pressure chemical ionization, and DIOS mass spectrometry
significantly increased the number of ions detected in metabolome analysis ™. Another
approach to increase the success rate in metabolome analysis, which is also suitable for
pharmaceutical compounds, is charge-derivatization of small molecules or derivatiza-
tion of analyte molecules with a matrix 'S

C. Monitoring the conversion of small molecule substrates by enzymes

An interesting application of MALDI mass spectrometry is to monitor enzymatic
reactions with small-molecule substrates. In this approach, substrate and product are
simultaneously detected, and the substrate-to-product ratio is calculated to quantita-
tively monitor the enzymatic reactions without an internal standard ¢''7'2, For example,
MALDI-triple quadrupole MS was also used to screen for kinase inhibitors of cyclic
AMP-dependent protein kinase . The substrate in this assay was the peptide kemptide
(Leu-Arg-Arg-Ala-Ser-Leu-Gly), which is phosphorylated by the protein kinase.
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VII. Future directions

Currently, there is still no comprehensive model that accurately predicts the MALDI mass
spectrain a qualitative and quantitative way given a certain sample, matrix, sample prep-
aration, and instrument, even though much progress has been made in this area >% 121122,
We propose that a better mechanistic understanding of the relative response of analyte
and internal standard in biological samples greatly benefits the application of MALDI for
targeted quantitation of small molecules, and for metabolomics applications. Such an
understanding could be used to correct for differential suppression effects (i.e., unequal
suppression of analyte and internal standard), and improves MALDI quantification and
reliability. The apparent octanol / water partition coefficients have already been shown
to be useful to predict which internal standard should be used for precise and accurate
quantitation 7. A better understanding of the MALDI mechanism can also be used to
discover or even synthesize new matrices for MALDI. Sometimes, we test for matrix
properties of molecules when they have favorable UV-light absorption profiles; that
process led to the discovery of the novel matrix HFMC °. Ab initio calculations were used
to create new hypotheses of how matrices act in MALDI such as in the case of porphyrin
matrices °2. A breakthrough in finding matrices for MALDI was the rational design of
the new matrix 4-chloro-a-cyanocinnamic acid '2. This matrix showed a much more
uniform response to analytes of different basicities than the commonly used CHCA. This
approach might also be used to produce new matrices for improved analysis of small
molecule, or to produce matrices that work particularly well for a certain interesting class
of molecules. The position of MALDI as an analytical tool for small-molecule analysis will
be strengthened by further improvements of matrix-free approaches #4243,

Real-life applications of MALDI for small molecule analysis in biomedical research,
diagnostics, and clinical medicine are still limited. We expect that MALDI will be applied
in particular when large numbers of samples must be measured (e.g., in epidemiological
studies), or when fast results are needed, such as in diagnosis of infectious diseases.
Small-molecule markers and conversions of small molecules by enzymes are routinely
used to diagnose pathogens in medical microbiology laboratories, and we expect that
MALDI mass spectrometry can play an important role in this area. For some drugs,
therapeutic drug monitoring is routinely applied in a clinical setting; MALDI can also
play a significant role in this area. We propose that MALDI should not be seen as an
analytical tool that makes tested-and-proven methods such as LC-MS/MS or HPLC-UV
obsolete, but that MALDI should be regarded as an addition to the analytical armory. For
example, one MALDI mass spectrometer can be used as a work-horse in the setting of
university medical center to answer many research questions in a relatively short time.
Other analytical tools can be used to translate the positive results to a clinical setting;
e.g., the finding that the concentration of a certain drug correlates with clinical outcome.
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We propose that, at this moment, MALDI is not yet ready for routine use in clinical labo-
ratories, and, first, long-term head-to-head comparison with proven analytical assays
must be performed and standard operating procedures must be developed that deal
specifically with the nature of MALDI; e.g., life-time of the laser.

Currently, the use of different types of MALDI mass spectrometers is not fully exploited;
not the least, concerted measurements are often hampered by practical problems such
as variations in the dimensions of the target plates used by different mass spectrometry
vendors. Studies have shown that samples can be stored on target plates in their matrix
co-crystallized form, and that sample consumption during measurements is low. The
low sample consumption and storage of samples on target plates allow researchers to
combine the specific strengths of mass analyzers like FTICR, TOF, Orbitrap, and triple
quadrupole to obtain answers to the research questions. For example, the high resolu-
tion and high mass accuracy of MALDI-FTICR can be used to search for (unexpected)
drug metabolites in a selected group of samples; a MALDI-triple quadrupole can be used
for a fast, relatively quantitative analysis of the drug metabolites in a large number of
samples. Storage of samples on a target plate also allows researchers to send samples
to other laboratories that have a particular expertise or a particular type of MALDI mass
spectrometer that is not present in the original laboratory.

We expect further improvements in the biomedical application of MALDI mass
spectrometry for small-molecule analysis by the specific development of techniques for
clinical samples that range from biofluids, lysates of tissues, and frozen-tissue sections
that can be screened with MALDI-MS for specific small molecules.

VIIl. Concluding remarks

MALDI-MS offers some intrinsic properties that favor its use for small-molecule analysis
such as its high tolerance towards salts and buffers, the rapid analyses, its high absolute
sensitivity, the small amount of sample consumed during analysis, and the possibility
to store samples on a target plate. For this application, however, approaches should
be used that are specifically developed for this application to overcome or circumvent
matrix-related noise in the low-mass range and the poor reproducibilities of signal
intensities. A variety of such approaches have been developed and allow unambiguous
qualitative annotation of small molecules as well as precise and accurate quantitation.
These approaches are now ready to be tested in a clinical environment.
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Summary & discussion

In this thesis we show various approaches to determine clinically relevant intracellular
concentrations of antiretroviral drugs. The assays were developed to study the intracel-
lular pharmacokinetics of antiretroviral drugs in HIV infected children, and therefore we
set the criterion that the measurements could be performed using 1 x 10° PBMCs which
corresponds to a blood sample of 1-2 mL. We mainly explored the applicability of MALDI
mass spectrometry for this purpose. By MALDI mass spectrometry, (sub)femtomole
amounts of compounds can be detected, which should allow one to determine anti-
retroviral drug concentrations in 1 x 10¢ PBMCs. Furthermore, in MALDI mass spectrom-
etry, measurements can be performed in a high throughput manner, which is highly
desirable when analysis of relative large numbers of samples is foreseen. The assays
should also fulfil the = 20/15% criteria for precision and accuracy. In this respect, MALDI
mass spectrometry is normally not the first choice of mass spectrometric techniques.
Poor reproducibilities of signal intensities have frequently been reported for MALDI
mass spectrometry. The heterogeneous crystallization of matrix and sample as well as
position-dependent variations in the amount of compound incorporated in the crystals,
result in poor shot-to-shot reproducibility and poor spot-to-spot reproducibility. An ad-
ditional drawback of MALDI for measurements of small molecules (< 1,000 Da) such as
drugs is that commonly employed matrices produce interfering signals in the low mass
range. Yet, when strategies are employed that focus on reproducible analysis of small
molecules, precise and accurate quantitative analysis of drugs can be obtained within
the set £ 20/15% criteria, and matrix-derived interfering signals can be eliminated or
circumvented.

We have tested three forms of MALDI mass spectrometry for the quantitative analysis
of NNRTIs and HIV protease inhibitors; MALDI time-of-flight (TOF), MALDI Fourier-
transform ion cyclotron resonance (FTICR), and MALDI triple quadrupole (QqQ).

The high molecular weigh matrix meso-tetrakis(pentafluorophenyl)porphyrin
(F20TPP; MW 974) was used for the analyses of various pharmaceutical compounds by
MALDI-TOF mass spectrometry. Because the molecular mass of this matrix is in excess of
that of the compounds investigated, the only matrix-derived interfering signals that are
observed in the low mass range originate from matrix impurities or matrix dissociation,
but not from matrix adduct formation. This matrix results in mass spectra that are virtu-
ally free of matrix-derived interfering peaks in the low mass range. We could however
not detect protonated forms of the drugs tested when F20TPP was used as matrix. Due
to the relative high proton affinity of 245 kcal/mol for F20TPP many compounds may
not be protonated by this matrix. Another possibility is that the analytes show prompt
in-source fragmentation when F20TPP does transfer a proton to the analyte. Strong
signals were however observed for the drugs ionized by alkali metal ions. Surprisingly,
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compounds were most efficiently cationized by Li* attachment instead of K* which is
found with commonly employed matrices such as 2,5-dihydroxybenzoic acid (DHB). This
feature was exploited by adding lithium iodide to the matrix solution. To improve the
reproducibility of the measurements, the matrix solution was applied on prestructured
target plates using a brushing spotting technique, which resulted in a homogeneous
crystal layer. Samples dissolved in methanol/water (1:1) were deposited on to the ho-
mogeneous crystal layer without perturbing the crystal homogeneity, because F20TPP
does not dissolve in this solution. To further improve precisions, an internal standard
was employed, many laser shots were used to obtain an averaged mass spectrum, and
multiple spots were measured. This combination resulted in accurate, precise, and sensi-
tive quantitative analysis of lopinavir spiked in extracts of 1 x 10° PBMCs. The combina-
tion of internal standard, averaging out, and focussing on homogeneous crystallization
of sample and matrix showed to be the key for precise and accurate quantitative analysis
of small molecules by the various forms of MALDI mass spectrometry tested. The prefer-
ence for lithium cationization of F20TPP and other porphyrin matrices was investigated.
Ab initio calculations showed that lithium is attached to the cavity of porphyrin. Li* is
situated on but not in the porphyrin cavity and the whole porphyrin molecule becomes
bent. The lithium ion is thus still exposed and therefore accessible for transfer to the
analyte. Other alkali metal ions such as sodium and potassium are also situated on the
porphyrin and are more exposed than Li* but at the same time the cation affinity be-
comes less. Experimental data showed that only lithium ions produce intense signals for
attachment to F20TPP, and, since model analytes show the same quantitative distribu-
tion of alkali metal attachment as the F20TPP matrix, we propose that such F20TPP + Li*
ions are the cation donators to the analytes.

Attempts to use F20TPP as matrix in MALDI-FTICR mass spectrometry showed exten-
sive matrix-derived fragment ions in the low mass range in contrast to the MALDI-TOF
experiments. This is due to the relatively long time needed before ions are detected (~ 1
s) in FTICR compared to TOF (~ 10*5s). When the time needed for detection is longer than
the averaged life-time of the matrix ions, intense matrix fragmentation will be observed,
which seems to be the case for F20TPP. In the same vein, it is expected that matrix
clusters of small molecules matrices such as DHB (MW 154) also dissociate on the FTICR
time scale resulting mass spectra with little or no matrix-derived signals. This appeared
to be the case when DHB was used for analysis of antiretroviral drugs. The HIV protease
inhibitors indinavir, nelfinavir and saquinavir showed strong signals for their protonated
forms. However, for lopinavir and ritonavir such signals were weak. Again a cationization
approach with alkali metals resulted in signals of good intensity for all HIV protease
inhibitors tested. To improve the precisions, dimethylsulfoxide (DMSO) was added to the
matrix solutions and samples were spotted on to prestructered target plates. Using this
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approach, clinically relevant amounts of antiretroviral drugs were determined in lysates
of 1 x 10° PBMCs in a precise and accurate manner.

Isobaric matrix interferences, i.e. ions with the same nominal mass as the analyte,
are expected to show product ions of different masses upon fragmentation. Thus, by
performing tandem mass spectrometry measurements, one is able to distinguish matrix
from analyte. For this approach, we used the MALDI-QqQ mass spectrometer. This ap-
paratus is equipped with a high repetition rate laser (1,000 Hz) and a sample can be
measured within seconds. In the selected reaction monitoring (SRM) mode of the QqQ
instrument, only compound specific precursor/product ion transition are monitored
and interfering matrix ions are removed, which means that commonly employed small
molecule matrices can be used in this approach. DHB showed to be a good matrix for pro-
tonation of antiretroviral drugs although this matrix resulted in relatively high %CVs.The
novel matrix 7-hydroxy-4-(trifluoromethyl)coumarin (HFMC) also proved to be a good
matrix for protonation of antiretroviral drugs. To improve the sensitivity, accuracy, and
precisions when using HFMC, samples were spotted on target plates that were coated
with a strongly hydrophobic fluoropolymer. The matrix a-cyano-4-hydroxycinnamic acid
(CHCA) showed the best precisions and was therefore used for the MALDI-QqQ assay
that was applied to determine the intracellular concentrations of lopinavir and ritonavir
in HIV infected children. Again, for lopinavir and ritonavir a cationization strategy with
alkali metals was pursued, while other antiretroviral drugs were best detected in their
protonated forms.

Of the three forms of MALDI mass spectrometry tested, we found that MALDI-QgQ
has the best applicability for quantitative analysis of small molecule drugs. Precisions,
accuracies, dynamic range and sensitivity are superior to that obtained by FTICR or
TOF, and there is no restriction in the type of matrix used. Furthermore, sample analysis
time is only a few seconds and measurements and data analysis are performed in an
automated way. This holds true when MALDI-QqQ is used in the SRM mode, i.e. in this
mode you only find what you are looking for, and this approach should thus be used for
targeted quantification. What may then be the role of MALDI-TOF and MALDI-FTICR in
small molecule analysis? We used MALDI-TOF and MALDI-FTICR in the MS-mode, i.e. a
broadband mass spectrum is recorded, and, besides the compounds of interest, other
analytes are detected which may include endogenous components or drug metabolites.
We propose that these techniques should be used for discovery type applications, for
example when quantitative analysis of compounds as well as finding drug metabolites
is pursued. For such applications, MALDI-FTICR would be the first choice of MALDI mass
spectrometer due to its superior resolution and mass accuracy.

NRTI-triphosphates proved to be a more difficult class of compounds to quantify using
MALDI mass spectrometry due to isomeric interferences. ATP, dGTP, and zidovudine-
triphosphate have the same composition in elements, i.e. they are isomeric, and can not
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be distinguished on mass alone. We used MALDI-TOF post-source decay experiments, a
form of tandem mass spectrometry, to distinguish zidovudine-triphosphate from ATP
and dGTP. Sensitivity obtained on that particular instrument may not be enough for
clinical application. Therefore, we investigated the use of LC-MS for this purpose. We
used ion-pair LC-MS for proper separation of NRTIs, endogenous (deoxy)nucleosides
and mono-, di-, and triphosphate forms thereof. Sensitivity, precision, and accuracies
allow for clinical application of this assay. Sample analysis time with this assay is much
longer compared to the use of MALDI mass spectrometry. On the other hand, many
compounds are quantified in a single run.

For our MALDI assays, we used 96-well solid phase extraction plates to clean and
to concentrate lysates of 1 x 106 PBMCs. An entire SPE plate can be processed in ~ 30
minutes which is desirable when large numbers of samples need to be measured. We
also succeeded in the semi-quantitative analysis of HIV protease inhibitors in cytocen-
trifuged cells in vitro. In this approach, the SPE step is omitted. For quantitative analysis
of HIV protease inhibitors in plasma, we showed that a simple protein precipitation with
methanol is sufficient to prepare samples prior to MALDI analysis. Safety issues are a
concern when working with HIV infected samples. We therefore validated a protocol for
inactivation of infectious HIV. Incubation of HIV infected cells for one hour in solutions
containing = 40% methanol or ethanol resulted in reduction of infectious titers of more
than 6 log. Solutions containing = 40% methanol or ethanol are also used to extract
antiretroviral drugs from cells. Thus, a dual purpose protocol was developed.

Application of the assays in HIV infected children treated with Kaletra (lopinavir/
ritonavir) and two NRTIs showed a poor correlation between plasma and intracellular
concentrations of lopinavir as well as for ritonavir. Furthermore, we found lower concen-
trations of lopinavir in PBMCs than in plasma. For ritonavir, this was dependent on the
isolation procedure of the PBMCs. Further research in this area at a larger scale is how-
ever limited by the PBMC isolation protocol, which is laborious and time-consuming,
and requires extensive planning between clinic and laboratory. The challenge is now to
develop a straight forward and simple cell isolation protocol. One approach would be
to isolate CD4* T-cells and CD14* monocytes directly from whole blood using magnetic
beads labelled with the appropriate antibodies. An additional advantage would be that
the intracellular concentrations are now measured in the for HIV relevant subsets of
PBMCs. We have shown that MALDI mass spectrometry can be used for semi-quantitative
analysis of antiretroviral drugs in cytocentrifuged cells in vitro. Further optimization of
this approach may allow one to determine drug concentrations in patients’ samples in
a more easy way. Notwithstanding the above, our studies show that MALDI mass spec-
trometry is excellent tool for fast, sensitive, and reproducible analysis of small molecules
such as antiretroviral drugs in clinical samples.



) m/ & -\Appendices

Samenvatting
Dankwoord
PhD Portfolio







Samenvatting

In dit proefschrift beschrijven wij verschillende methoden om klinisch relevante concen-
traties van antiretrovirale geneesmiddelen te meten in plasma en in cellen. De meeste an-
tiretrovirale geneesmiddelen zoals nucleoside reverse transcriptase remmers (NRTIs), non-
NRTIs en protease remmers zijn werkzaam in bepaalde witte bloedcellen die geinfecteerd
kunnen worden door HIV. Het feit dat antiretrovirale medicatie bij sommige patiénten HIV
niet optimaal onderdrukt, zou verklaard kunnen worden door afwijkende intracellulaire
concentraties van deze geneesmiddelen. We hebben ervoor gekozen om de intracellulaire
concentraties te bepalen in mononucleaire cellen uit perifeer bloed (PBMCs), omdat een
deel van deze cellen - namelijk de CD4* T-cellen en monocyten - geinfecteerd kan worden
door HIV. Eén van de criteria voor ontwikkeling van de nieuwe meetmethoden is dat de
methoden toegepast kunnen worden om de intracellulaire farmacokinetiek van antiretro-
virale geneesmiddelen bij HIV-1 geinfecteerde kinderen te bepalen. We hebben daarom
gesteld dat de metingen verricht kunnen worden met een bloedmonster van twee mL. Uit
twee mL bloed kan ongeveer 1 x 10 PBMCs worden geisoleerd. Het intracellulaire volume
van 1 x 10° PBMCs is ongeveer 0,4 uL. Om de intracellulaire concentraties van antiretrovi-
rale geneesmiddelen te kunnen meten is dus een zeer gevoelige methode nodig. Daartoe
hebben we massaspectrometrie gebruikt voor de nieuw ontwikkelde meetmethoden, met
name matrix-assisted laser desorption/ionization (MALDI) massaspectrometrie. MALDI
massaspectrometrie wordt echter weinig toegepast voor het meten van geneesmiddelen,
omdat deze techniek geassocieerd wordt met een slechte reproduceerbaarheid van de
intensiteit van signalen en omdat de matrix die gebruikt wordt bij MALDI massaspec-
trometrie vaak achtergrondsignalen geeft hetgeen de analyse van geneesmiddelen
bemoeilijkt. MALDI massaspectrometrie is echter wel een zeer gevoelige, specifieke en
snelle methode om stoffen te analyseren. Het verbeteren van de reproduceerbaarheid en
het onderdrukken van de matrixsignalen bij het gebruik van MALDI massaspectrometrie is
de rode draad in dit proefschrift. Daarnaast is vloeistofchromatografie, gekoppeld aan een
electrospray ionization massaspectrometer (LC-MS), gebruikt voor één van de methoden.

In Hoofdstuk 2 beschrijven we een methode om met MALDI-time-of-flight (TOF) mas-
saspectrometrie NRTI-trifosfaten en endogene (deoxy)nucleotide-trifosfaten te meten.
Adenosine-trifosfaat (ATP), deoxyguanosine-trifosfaat (dGTP) en zidovudine-trifosfaat
(AZT-TP) zijn echter isomeren en kunnen dus niet op basis van massa van elkaar onder-
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scheiden worden. Door deze isomeren te fragmenteren met MALDI-post-source decay
(PSD) is het echter wel mogelijk om AZT-TP van ATP en dGTP te onderscheiden. Echter,
de gevoeligheid van MALDI-PSD bleek niet toereikend om klinisch relevante concen-
traties van NRTI-trifosfaten te bepalen in 1 x 10° PBMCs. In Hoofdstuk 3 beschrijven wij
een LC-MS methode om NRTIs, (deoxy)nucleosiden en de gefosforyleerde vormen te
bepalen in één enkele meting. Met deze methode is het mogelijk om klinisch relevante
concentraties van de gefosforyleerde NRTIs en endogene (deoxy)nucleosiden gevoelig
en reproduceerbaar te bepalen in 1 x 10 PBMCs.

In Hoofdstuk 4 beschrijven wij dat MALDI-TOF massaspectrometrie een snelle en
gevoelige manier is om geneesmiddelen aan te tonen en de concentraties daarvan
te bepalen. Wij gebruikten hiervoor de matrix meso-tetrakis(pentafluorofenyl)porfy-
rine (F20TPP; MW 974 Da). F20TPP heeft een hogere moleculaire massa dan de meeste
geneesmiddelen en matrixadducten interfereren daarom niet met de analyse van het
geneesmiddel. Dit in tegenstelling tot de veel toegepaste matrices 2,5-dihydroxy-
benzoézuur (2,5-DHB) en a-cyano-4-hydroxykaneelzuur (CHCA) die veelal een lagere
moleculaire massa hebben dan geneesmiddelen. We vonden echter geen signaal voor
de geprotoneerde vormen van geneesmiddelen wanneer F20TPP werd gebruikt, maar
wel intensieve signalen voor de zoutadducten van de geneesmiddelen. Verschillende
alkalizouten werden daarom toegevoegd aan de F20TPP-matrix en het lithiumadduct
van de geneesmiddelen bleek het meest intensieve signaal te geven. Wij brachten de
F20TPP-matrix aan met de “brushing-spotting”-methode om zo de concentratie van
de geneesmiddelen nauwkeuriger te kunnen bepalen. Daarnaast gebruikten wij een
“look-alike” interne standaard en werden de massaspectra van meerdere laserschoten
uitgemiddeld. De snelheid van de meetmethode is 2 minuten en 20 seconden per mon-
ster en klinisch relevante concentraties van lopinavir en ritonavir (Hoofdstuk 6) kunnen
reproduceerbaar bepaald worden in 1 x 105 PBMCs.

In Hoofdstuk 5 onderzoeken wij waarom F20TPP en andere porfyrinematrices een
sterker signaal geven voor de lithiumadducten van geneesmiddelen vergeleken met an-
dere alkali-adducten. Bij kationisatie met de veel gebruikte matrices 2,5-DHB en CHCA
geeft het kaliumadduct van een geneesmiddel normaliter het meest intensieve signaal.
Uit de literatuur blijkt dat bij gebruik van die matrices de geneesmiddelen geioniseerd
worden met de alkali-ionen die vrijkomen in de gasfase. Hierbij spelen twee processen
een rol: (1) De intrinsieke affiniteit van geneesmiddelen voor alkali-ionen: Li* > Na* >
K* > Rb* > Cs*. (2) De hoeveelheid alkali-ionen die voorkomen in de gasfase: Cs* > Rb*
> K* > Na* > Li*. Deze twee tegen elkaar inwerkende processen leiden ertoe dat het
kaliumadduct van een geneesmiddel het meest intensieve signaal geeft. Onze experi-
menten laten ook zien dat geen vrij Li* detecteerbaar is met MALDI massaspectrometrie.
Dit verklaart waarom de intensiteit van lithiumadducten van geneesmiddelen zo laag
is bij gebruik van de frequent toegepaste matrices 2,5-DHB en CHCA. Geneesmiddelen



Samenvatting

die gekationiseerd worden met een porfyrinematrix laten echter een andere distributie
in intensiteit zien, namelijk Li* > Na* > K* > Rb* > Cs*. De porfyrinematrix wordt zelf ook
gekationiseerd en laat dezelfde kwantitatieve distributie zien van de alkali-adducten.
Voor porfyrine matrices stellen wij daarom voor dat kationisatie van geneesmidde-
len niet plaatsvindt door binding met vrije alkali-ionen in de gasfase, maar door het
alkali-adduct van de porfyrine zelf dat in overmaat aanwezig is. Ab initio berekeningen
laten zien dat een porfyrinematrix zich om het Li* heenbuigt en dat Li* niet geheel in
de porfineholte past, maar er boven op ligt. Het Li* is dus nog steeds toegankelijk om
overgedragen te worden aan het geneesmiddel. Andere alkali-ionen zoals Na* en K* zijn
nog meer blootgesteld, maar de affiniteit van deze ionen voor het geneesmiddel en
voor de porfyrine is daarentegen minder. Dit heeft als gevolg dat bij gebruik van een
porfyrinematrix, lithium het meest intensieve signaal geeft voor de alkali-adducten van
een geneesmiddel.

In Hoofdstuk 7 beschrijven wij dat F20TPP fragmenteert als MALDI-Fourier-transform
ion cyclotron resonance (FTICR) massaspectrometrie wordt gebruikt en daarom minder
geschikt is als matrix voor metingen van HIV protease remmers bij dit type massaspectro-
meter. Het gebruik van de matrix 2,5-DHB, dat juist een lagere moleculaire massa heeft
dan de HIV protease remmers, leidde tot massaspectra met vrijwel geen interfererende
signalen van de matrixadducten. Dit kan worden verklaard door de langere levensduur
van de ionen bij MALDI-FTICR massaspectrometrie (~1 s) in vergelijking met MALDI-TOF
massaspectrometrie (~10* s). Voor een matrix met een hoge moleculaire massa zoals
F20TPP, leidt dit tot fragmentatie van F20TPP zelf en resulteert dit in interferentie in het
lage massagebied bij MALDI-FTICR. Voor matrices met lage moleculaire massa’s zoals
2,5-DHB, resulteert de langere levensduur van de ionen in vrijwel volledige dissociatie
van de ongewenste matrixclusters en is er dus nu juist geen interferentie. Het toevoegen
van een kaliumzout aan de matrix 2,5-DHB resulteerde in gevoeligere metingen van lo-
pinavir en ritonavir en het gebruik van dimethylsulfoxide verbeterde de kristallisatie van
de matrix hetgeen leidde tot nauwkeurigere bepalingen van concentraties van de HIV
protease remmers. Ook bij deze meetmethode maakten we gebruik van een “look-alike”
interne standaard en werden de massaspectra van meerdere laserschoten uitgemid-
deld. De snelheid van de meetmethode is 9 minuten per monster en klinisch relevante
concentraties van HIV protease remmers kunnen bepaald worden in 1 x 106 PBMCs.

In Hoofdstuk 9 en 10 beschrijven we het gebruik van MALDI-triple quadrupole mas-
saspectrometrie om de concentraties van geneesmiddelen te bepalen in plasma en in
cellen. Dit type apparaat is zeer geschikt om isobare matrixionen te scheiden van de
geneesmiddelionen door middel van specifieke fragmentatie. Hierdoor kunnen de veel
gebruikte matrices 2,5-DHB en CHCA goed worden toegepast. Ook beschrijven we een
nieuwe matrix, namelijk 7-hydroxy-4-(trifluoromethyl)coumarine (HFMC). Met MALDI-
triple quadrupole massaspectrometrie is het mogelijk om de concentraties van HIV
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protease remmers zeer gevoelig en reproduceerbaar te bepalen in 1 x 10 PBMCs of 10
pL plasma met een snelheid van 13.5 seconde per monster. Ook bij deze methode maak-
ten we gebruik van een “look-alike” interne standaard en werden de massaspectra van
meerdere laserschoten uitgemiddeld. We hebben de MALDI-triple quadrupole methode
gebruikt om de concentraties van de HIV protease remmers lopinavir en ritonavir te be-
palen in plasma en in PBMCs van HIV-1 geinfecteerde kinderen. De bloedmonsters wer-
den direct na afname getransporteerd naar het laboratorium en opgewerkt. We wasten
de geisoleerde PBMCs met gekoelde fosfaatbuffer om zo het overgebleven plasma met
daarin de geneesmiddelen te verwijderen, maar ook om te voorkomen dat de PBMCs
de HIV protease remmers de cel uitpompen. Bij een deel van de PBMC monsters werden
de overgebleven rode bloedcellen verwijderd met een lysis buffer. De antiretrovirale
geneesmiddelen werden geéxtraheerd uit de PBMCs en tegelijkertijd werd HIV geinac-
tiveerd volgens het protocol beschreven in Hoofdstuk 6. De extractie van PBMCs met
> 40% methanol of ethanol gedurende 1 uur is voldoende om de infectiviteit van HIV
met meer dan 6 log te reduceren. Verdere verwerking van de monsters en de metingen
kunnen hierdoor plaats vinden in laboratoria met minder strenge veiligheidseisen.
PBMCs werden vervolgens opgewerkt met een solid-phase extractie. Voor plasma bleek
een extractie met methanol voldoende om de monsters op te werken. Onze metingen
bij HIV-1 geinfecteerde kinderen lieten zien dat er een slechte correlatie is tussen de
plasmaspiegels van lopinavir en ritonavir en de intracellulaire spiegels van deze twee
geneesmiddelen. Verder vonden we dat de intracellulaire spiegels van lopinavir lager
waren dan die in plasma. Voor ritonavir was dit echter afhankelijk van het gebruik van
de buffer om rode bloedcellen te lyseren. Ook vonden we een goede correlatie tussen
de plasmaspiegels van lopinavir en die van ritonavir en vonden we een correlatie tussen
de intracellulaire spiegels van lopinavir en die van ritonavir.

Uit dit proefschrift blijkt dat MALDI massaspectrometrie een geschikte methode is om
snel, reproduceerbaar en gevoelig de concentratie van geneesmiddelen te bepalen in
kleine hoeveelheden plasma en cellen. De ontwikkeling van eenvoudige manieren om
PBMCs en andere relevante cellen te isoleren uit bloed zal de toepassing op grotere
schaal bevorderen en zal de methoden toegankelijk maken voor klinisch-chemische
toepassingen. In Hoofdstuk 7 laten we zien dat het afdraaien van cellen op objectglaas-
jes wellicht een eenvoudige manier is van opwerking om intracellulaire geneesmid-
delconcentraties te bepalen. Andere methoden kunnen wellicht ook het opwerken van
de monsters vereenvoudigen, bijvoorbeeld door CD4* T-cellen en monocyten direct uit
bloed te isoleren met magnetische beads die zijn gecoat met antilichamen. Naast anti-
retrovirale geneesmiddelen hebben we laten zien dat ook andere geneesmiddelen en
metabolieten snel, gevoelig en reproduceerbaar gemeten kunnen worden met MALDI
massaspectrometrie. MALDI massaspectrometrie is daarom breed toepasbaar voor de
bepaling van concentraties van geneesmiddelen en metabolieten.
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