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Some cases of occurrence of matrix effects (mostly ion suppression) in protein-precipitated plasma

samples, and their influence on the validity of plasma concentrations and pharmacokinetic para-

meters, are discussed. The comparison of matrix effects using either electrospray (TurboIonspray,

TISP) or atmospheric pressure chemical ionization (APCI) indicated that APCI is less prone to

matrix effects. Nevertheless, TISP is usually the first choice of ionization technique since unknown

thermally labile metabolites might be present in the plasma samples causing erroneous results. A

high impact of ion suppression on the plasma concentrations after intravenous (i.v.) administration

was found, depending on the drug formulation (vehicle). Since ion suppression caused signifi-

cantly lower plasma concentrations (by a factor of up to 5.5) after i.v. dosing, the area under the

curve (AUC) was underestimated and the plasma clearance was consequently erroneously high,

with an impact on drug candidate selection. By simple stepwise dilution (e.g. 10-fold and

50-fold) of the supernatant of protein-precipitated plasma samples, including all calibration and

quality control samples, the matrix effects were recognized and eliminated. Copyright # 2003

John Wiley & Sons, Ltd.

Liquid chromatography, coupled via electrospray ionization

(ESI) or atmospheric pressure chemical ionization (APCI) to

quadrupole tandem mass spectrometry (LC/MS/MS), has

become a robust and well-established standard analytical

technique in the pharmaceutical industries, and in crop and

environmental science and other areas dealing with (ultra)

trace amounts of analytes in complex matrix samples.

Analyses have become very rapid considering all steps

from sample preparation, through chromatographic separa-

tion, to detection and data evaluation, due to the high selec-

tivity and sensitivity of modern MS/MS instruments leading

to a high throughput of samples for a variety of analytes.

Huge amounts of data are produced, e.g., in pharmacoki-

netics laboratories supporting drug discovery or develop-

ment. In the euphoric pioneering years of LC/MS/MS in the

early 1990s (and much more today), both sample preparation

and chromatography were speeded up to their technical

limits and the validity of the data was often not critically

evaluated. However, experience has demonstrated that

matrix effects are the scourge of LC/MS(MS) and can lead

to the generation of completely invalid data, leading in worst

cases to the selection of the wrong drug candidate. Therefore,

in the late 1990s, the issue of matrix effects started to be

adressed in the literature,1–3 and attracts increasing interest

today.4–11 For bioanalytical assays used in the drug devel-

opment stage, mostly the stable-isotope-labeled analytes

(parent drug and/or metabolites) are available as internal

standards (ISTDs), and the assays are fully validated

according to recent guidelines.12 However, in early drug

discovery support (DDS) work, stable-isotope-labeled ISTDs

are not available, and structural analogues are often used as

ISTDs thus matching the ionization properties of the analytes

to a greater or less extent. Moreover, assay development

needs to be very fast in DDS, and assays work mostly in a

‘quick and dirty’ manner. Hence there is generally no time to

evaluate the possible occurence of matrix effects and the

compensation effect (if any) of the chosen ISTD in DDS

laboratories, while it must be adressed in GLP-conforming

bioanalytical laboratories.

In most cases it can be shown that, with the use of a stable-

isotope-labeled analyte as ISTD, a full compensation of

matrix effects is achieved, i.e., the ion currents due to the

analyte and ISTD are influenced by the matrix effect in a

similar manner. This often holds true for coeluting analyte

analogues as well, as long as their ionization properties are

similar to those of the analyte since matrix effects mostly

occur in finite windows within the chromatogram. It seems
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that the analyte and its ISTD must be subject to the same

ionization conditions and also the same matrix effects, in

order to achieve a compensation of the matrix effect on the

analyte by the ISTD.

According to the recent FDA guideline12 on bioanalytics:

‘‘In the case of LC/MS/MS based procedures, appropriate steps

should be taken to ensure the lack of matrix effects throughout the

application of themethod’’. An approach to evaluation of matrix

effects is the method of post-column infusion of the analyte

and ISTD while processed blank matrix is injected into the

LC/MS apparatus as in a normal chromatographic run.3,5,10

The advantage of this method is that it locates the region in

the chromatogram influenced by matrix effects on the analyte

(and ISTD), but it gives only a semiquantitative indication of

the extent of matrix effects. An approach that is a little more

time-consuming involves the comparison of peak areas of the

analyte and ISTD in processed blank matrix samples spiked

after sample preparation (no loss of analyte and ISTD during

sample processing, but matrix effects may occur) with the

corresponding peak areas for analyte and ISTD in pure

solvent (free of matrix effects), thus yielding values for extent

of matrix effect.8,11 This latter experiment is part of the

method validation package in this laboratory, and is detailed

in our SOPs for the GLP bioanalytical laboratories supporting

drug development; however, it is not applicable to the DDS

laboratories.

A simple and fast approach for the DDS laboratories was

needed to evaluate the presence of matrix effects since

evidence was found that, especially in the distribution phase

of intravenous kinetics, the vehicle used in the drug

formulation causes frequent and strong ion suppression.10

Change of the chromatographic conditions and/or sample

preparation method, and use of APCI instead of ESI, are the

commonly used techniques to reduce matrix effects, requir-

ing additional (re)validation of the assay. We have found that

dilution post-sample processing is very suitable for recogniz-

ing the occurrence of matrix effects and to eliminate them. In

this paper the extent of matrix effects before and after dilution

of protein-precipitated plasma samples, and their impact on

the validity of data, are shown for three drug candidates

(referred to as A, B and C for reasons of confidentiality) in a

direct comparison of ESI and APCI used for sample

ionization. In the case of drug B, in addition to protein

precipitation, on-line extraction on a large-particle column

(dp 30mm and more) by injection of crude plasma was also

performed using turbulent flow chromatography (TFC),13

which also involves a size-exclusion separatory mechanism.

The first published analytical application of TFC, or high flow

on-line extraction, appeared in 199714 and since then the

technique has attracted more and more attention,15–18

especially in early ADME studies using generic meth-

ods,16–18 since throughput is increased by omission of sample

preparation.

Drugs A and C are targeted at the same indication, and

therefore are structurally very similar, while drug B is

structurally different from drugs A and C. Log P values

determined at pH 7.5 are 2.9, 2.0 and 2.6 for drugs A, B and C,

respectively. The structures of these compounds and of the

corresponding ISTDs cannot be disclosed for commercial

reasons.

EXPERIMENTAL

Chemicals and materials
Acetonitrile, formic acid and methanol were obtained from

Riedel-de Haen (Germany), and ammonium acetate was obtai-

ned from Merck (Germany). All chemicals were of gradient

grade. Pure water was purified with a Milli-Q system. The

drugs and ISTDs were supplied by Bayer AG (Leverkusen,

Germany). The following HPLC columns were used: Cyclo-

neTM P (Cohesive Technologies, Franklin, MA, USA), Chromo-

lith Performance and Lichrospher 60 RP select B (Merck,

Germany), and Prontosil C18-ace-EPS (Bischoff, Germany).

Animals and preexperimental procedures
Male Wistar rats with body weights of 210–250 g were used

for the studies. All animals were purchased from Harlan

Winkelmann (Borchen, Germany). One day before the

administration of the test substance, a catheter was implanted

into a jugular vein under pentobarbital anaesthesia. To avoid

any thrombosis the catheter was filled with a solution con-

taining 1000 units of heparin/mL NaCl. Prior to the adminis-

tration of the test compound the catheter was rinsed with

0.3 mL physiological saline containing heparin (100 units/

mL). After each blood sampling the catheter was rinsed

with 0.3 mL physiological saline with heparin (100 units/

mL). Blood samples were taken from catherized rats (Vena

jugularis) at 2 min to 6 h after administration and collected

into heparinized syringes. Plasma was prepared by centrifu-

gation and stored below �158C until bioanalysis.

Dosage form and administration of the drugs
All drugs were administered by intravenous (i.v.) bolus injec-

tion to Wistar rats, and drug B was additionally administered

via the oral route. Drugs A and B were administered at a dose

of 1 mg/kg body weight (b.w.) as a solution in PEG 400/etha-

nol/water (40:10:50% v/v) with an application volume of 1

mL/kg b.w. Drug B was additionally administered in a

more physiological vehicle which is known to not cause

relevant matrix effects, hence serving as a benchmark for

data not affected by matrix effects; the vehicle was physiolo-

gical saline (0.9% NaCl)/ethanol (98:2% v/v). Drug C was

administered i.v. at a dose of 0.3 mg/kg b.w. as solution in

ethanol/Solutol HS 15/water (12.5:12.5:75% v/v), with an

application volume of 2 mL/kg body weight, and addition-

ally orally at a dose of 1 mg/kg as solution in ethanol/Solutol

HS 15/water (20:20:60% v/v) with 5 mL/kg b.w. application

volume.

HPLC instrumentation and conditions
A 2300 HTLC system (Cohesive Technologies, Franklin, MA,

USA) was used for HPLC, operated in the laminar flow mode.

Chromatography was performed using gradient elution; the

key parameters are given in Table 1 for the three drug candi-

dates used in this study. A CTC HTC PAL autosampler (CTC

Analytics AG, Zingen, Switzerland) was used with a 100 mL

injection loop. The injection volume was 25mL in each

case. Different LC columns were used for APCI and for

TurboIonspray (TISP) due to different chemical background

and interference peaks which needed to be chromatographi-

cally separated from the analytes and ISTDs.
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On-line extraction by TFC
On-line extraction and separation by turbulent flow chroma-

tography (TFC)14–18 was performed using two columns: as

extraction column, a CycloneTM P (1� 50 mm, 60 mm) column

was used to separate the analytes from the plasma matrix by

size exclusion and other mechanisms while analytes

remained retained on the extraction column (wash step). In

the elution step the analytes were transferred to a monolithic

Chromolith Performance analytical column (100� 4.6 mm).

This was followed by re-equilibration of both columns for

the next injection. The crude plasma was 10-fold diluted

and centrifuged prior to injection to increase the life time of

the extraction column. Study samples, calibration and quality

control samples were all treated in an identical manner. The

internal standard was dissolved in the dilution solvent, and

therefore the internal standard concentration was identical in

all samples. The mass spectrometer was operated as

described below.

MS instrumentation and conditions
An API 3000 (MDS Sciex, Ontario, Canada) triple-quadru-

pole mass spectrometer was used, operated in positive ion

multiple reaction monitoring (MRM) mode. The first quadru-

pole (Q1) was set to transmit the [MþH]þ ions of the analytes

and ISTDs which were fragmented in the Q2 collision cell

using 5.0 grade nitrogen as collision gas. Q3 was set to trans-

mit selected fragment ions of the analytes and ISTDs. For each

of the analytes two fragment ions were selected; the one

giving the higher signal-to-noise ratio in matrix samples

was used for quantitation (quantifier ion), and the other

(qualifier ion) provided additional positive confirmation of

the analyte (if needed) by monitoring the intensity ratio of

the two fragment ions. For the ISTD only one fragment

ion was selected. The LC system was interfaced either via

the TurboIonspray or the heated nebulizer (APCI) source to

the API 3000; no split of the LC flow was applied. The

key parameters for the three drug candidates are given in

Table 1.

Sample preparation and dilution
Sample preparation was performed by simple protein precipi-

tation using acetonitrile. Typically, 0.1 mL of plasma was pre-

cipitated with 1.0 mL of acetonitrile containing the internal

standard. In the case of i.v. administration the 2 and 5 min sam-

ples were 2-fold diluted, using the plasma used to produce the

calibration curve, prior to precipitation. The supernatant was

evaporated to dryness under a gentle stream of nitrogen. The

residue was dissolved in 0.2 mL mobile phase, and either

injected directly (undiluted) or diluted 10-fold and further

10-fold (total 100-fold) with mobile phase (see below). Sample

preparation and dilution were applied identically to all sam-

ples, i.e., unknown (study) samples, calibration, and quality

control samples. The internal standard concentration was

identical in all samples before and after dilution.

Determination of recovery
The recovery was determined by comparison of the peak

areas of the analyte and the ISTD in spiked blank plasma sam-

ples (plasma standards) versus pure solvent standards at the

same concentration level. The recovery determined in this

manner reflects both extraction losses and matrix effects

(ion suppression) due to the plasma matrix.

Concentration calculation
Concentrations were back-calculated based on the peak area

ratios of analyte/ISTD from a calibration curve constructed

using calibration samples spiked in blank plasma. The blank

plasma was obtained from untreated (not dosed) animals;

therefore, no matrix effects from vehicles occur in the calibra-

tion samples, but nevertheless matrix effects from endogenu-

ous plasma components may occur. For each analyte a

separate ISTD (structural analogue) was chosen.

RESULTS AND DISCUSSION

Sample preparation: protein precipitation
In this section three cases are described in which protein pre-

cipitation was used for sample preparation; the reconstituted

Table 1. Parameters used for LC/MS/MS analyses. Analyte-Quan. and Analyte-Qual. denote quantifier and qualifier reaction,

respectively (see text)

Drug A Drug B Drug C

LC column
For APCI Prontosil 120� 3 mm C18-ace-EPS, 3mm APCI was not applied
For TISP Lichrospher 60 RP select B 75� 4 mm, 5mm Purospher Star 50� 4 mm, 3mm
Solvent A 10 mM ammonium acetate with

formic acid (pH 3)
10 mM ammonium acetate
with formic acid (pH 3)

10 mM ammonium acetate with
formic acid (pH 3)

Solvent B Methanol Methanol Methanol
Gradient 0.0 min: 10% B 0.0 min: 20% B

1.0 min: 10% B 1.0 min: 20% B
2.5 min: 90% B 1.5 min: 80% B
4.0 min: 90% B 3.8 min: 80% B
4.1 min: 10% B 4.0 min: 20% B
5.0 min: end of run 5.0 min: end of run

Flow rate 1.0 mL/min 0.8 mL/min
Ionization APCI & TISP positive TISP positive
MRM m/z Q1/Q3, dwell time m/z Q1/Q3, dwell time m/z Q1/Q3, dwell time
Analyte-Quan. 332.3/301.1, 500 ms 362.2/301.1, 250 ms 331.1/127.2, 400 ms
Analyte-Qual. 332.7/183.1, 300 ms 362.2/183.1, 250 ms 331.1/250.1, 200 ms
ISTD 307.2/261.0, 200 ms 307.2/261.0, 200 ms 313.1/233.1, 200 ms

1952 J. Schuhmacher et al.
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residue, after evaporation, was injected undiluted or diluted

to different degrees (up to 100-fold) with mobile phase onto a

reversed-phase column interfaced either by TISP or APCI to

the mass spectrometer. In addition to analysis of the whole set

of study samples, some study samples, e.g., at 2 and 5 min

after i.v. administration, were analyzed again after dilution

in order to estimate the influence of matrix effects on the con-

centrations. Recoveries of the analyte and ISTD were deter-

mined by comparison of peak areas for spiked blank

plasma (not containing vehicle) with those for pure stan-

dards. Recoveries of the analytes were 51 (TISP) to 83%

(APCI), 50–56% and 85% for drugs A, B and C, respectively.

These are typical values for protein precipitation, indicating

that the vehicle-free blank plasma did not cause relevant

matrix effects in the cases described here.

Case 1: drug A with vehicle PEG 400/ethanol/ water
In TurboIonspray mode after 10-fold dilution, the peak areas

for drug A decreased by a factor of only 3.1 to 3.6 in the plas-

ma samples taken at 2 min after i.v. bolus injection (contain-

ing the highest concentration of the dosing vehicle at 2 min

after injection), while the peak areas of the ISTD decreased

by a factor of 5.6 to 6.5 (Table 2, Figs. 1(A) and 1(B)), indicating

that the ISTD is subject to less ion suppression than the ana-

lyte in this particular example. The differences in peak area

response after dilution, among the individual samples, reflect

inter-individual differences in the plasma samples of the

three animals. On the other hand, the expected 10-fold

decrease in peak areas for drug A (and for the ISTD) was

observed in the 10-fold diluted calibration samples

(Figs. 1(C) and 1(D)) which demonstrates that no relevant

matrix effect occurred in the calibration samples prepared

from blank plasma of untreated animals (no dosing vehicle

present in plasma), and that the matrix effect in the i.v. study

samples is caused by the dosing vehicle and not by the plas-

ma. The plasma concentrations calculated from the peak area

ratios analyte/ISTD were about 2-fold higher after 10-fold

dilution than in undiluted i.v. study samples, since the

ISTD peak areas decreased by a factor of 2 more than those

of the analyte upon dilution. After further 10-fold dilution

(total dilution factor 100) of the i.v. study samples, the peak

areas of the analyte decreased by a factor of 4.3 to 5.3 and

those of the ISTD by a factor of 8 to 14.7, which indicates

that ion suppression is still affecting the analyte but not the

ISTD anymore. Calculated concentrations increased by an

additional factor of 2–3 as a result of this second 10-fold dilu-

tion; thus, the concentrations at 2 min post-dose were 316–

541 mg/L in the 100-fold diluted samples compared with

83.6–107 mg/L in the undiluted samples.

Further dilution to elmininate the matrix effects was not

possible for sensitivity reasons, and therefore APCI was used

to analyze the samples. Samples were diluted 5-fold and 50-

fold, and the APCI results (Table 3, Fig. 2) and the comparison

of the data show that, in the 5-fold diluted samples, matrix

effects still persisted but to similar extents for the analyte and

ISTD (i.e., compensation). Therefore, concentrations mea-

sured in the 5-fold and 50-fold diluted samples differed by

only 7–12%. Consequently, all study samples were diluted

5-fold and analyzed by APCI.

Case 2: drug B with vehicle PEG 400/ethanol/
water compared with reference vehicle
In cases 1 and 2 the ISTD ions were less suppressed by the

PEG 400 vehicle than those of the analyte. In TurboIonspray

mode the peak areas of drug B decreased by a factor of 3.6–4.2

after 10-fold dilution, and those of the ISTD by 5.4–6.3

(Table 4). After the second 10-fold dilution step the analyte

peak area decreased by a factor of 5.4 (one sample,

R1_0.033 h, even descreased by a factor of 9, close to the dilu-

tion factor), and for the ISTD no suppression was found, as

reflected by a peak area decrease by a factor of 10 (factor of

15 for sample R1_0.033 h). Calculated concentrations after

100-fold dilution increased by nearly 100% compared with

10-fold dilution since analyte and ISTD were affected to dif-

ferent extents by matrix effects. Use of APCI for the same

samples indicated strong suppression of analyte ions for

the undiluted samples but not after the 10-fold dilution

(Table 5, Fig. 3). Calculated concentrations after 10-fold and

100-fold dilution were similar, indicating that 10-fold dilu-

tion yielded valid results (except for the 40% deviation for

sample R1_0.033 h).

Case 3: drug C with vehicle ethanol/Solutol
HS15/water (TFC)
The two examples discussed above display huge differences

in calculated plasma concentrations before and after dilution

Table 2. Determination of ion suppression after i.v. administration of 1mg/kg to male Wistar rats using TurboIonspray (drug A).

Vehicle: solution in PEG 400/ethanol/water (40:10:50), volume:1mL/kg

Animal number
time point

Peak area Ratio _ud/_10
_10/_100
Drug A

Ratio _ud/_10
_10/_100

ISTD
Conc. [mg/L]

Drug A
Conc.

deviation* %Drug A ISTD

R1_0.033h_ud 16 100 57 400 93.4
R2_0.033h_ud 18 100 56 600 107
R3_0.033h_ud 13 800 54 900 83.6

R1_0.033h_10 4480 8900 3.59 6.45 169 80.9
R2_0.033h_10 5880 10 200 3.08 5.55 193 80.4
R3_0.033h_10 4180 9800 3.30 5.60 143 71.1

R1_0.033h_100 1040 1110 4.31 8.02 316 87.0
R2_0.033h_100 1110 693 5.30 14.7 541 180
R3_0.033h_100 863 765 4.84 12.8 381 166

_ud¼undiluted sample, _10¼ 10-fold diluted sample, _100¼ 100-fold diluted sample.
*The deviation is relative to the undiluted or 10-fold diluted sample, respectively.

Elimination of matrix effects in ESI and APCI 1953
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Figure 1. MRM chromatograms (m/z 332/301) of drug A. (A) Undiluted sample 2 min after i.v.

bolus injection of 1mg/kg to rats, peak area 16100; (B) same sample as in (A) but after a 10-fold

dilution as described in text, peak area 4480; (C) undiluted calibration sample with 1000mg/L of

drug A spiked in rat plasma, peak area 4.04� 105; (D) same sample as in (B) but after a 10-fold

dilution as described in text, peak area 3.60� 104.

Table 3. Determination of ion suppression after i.v. administration of 1mg/kg to male Wistar rats using APCI (drug A). Vehicle:

solution in PEG 400/ethanol/water (40:10:50), volume: 1mL/kg

Animal number
time point

Peak area

Ratio _5/_50
Drug A

Ratio _5/_50
ISTD

Conc. [mg/L]
Drug A

Conc.
deviation* %Drug A ISTD

R1_0.033h_5 29 800 38 600 460
R2_0.033h_5 37 800 39 000 578
R3_0.033h_5 26 000 38 100 407

R1_0.033h_50 17 000 20 500 1.75 1.88 494 7.39
R2_0.033h_50 21 800 20 500 1.73 1.90 634 9.69
R3_0.033h_50 14 300 18 700 1.82 2.04 456 12.0

_5¼ 5-fold diluted sample, _50¼ 50-fold diluted sample.
*The deviation is relative to the 5-fold diluted sample.
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of the plasma. Consequently, pharmacokinetic (PK) para-

meters derived from the different measurements differ by a

factor of up to �4.3 (see Table 6). In case 3 the plasma concen-

trations in diluted and undiluted samples differed by factors

of only 1.5–2 (Fig. 4). In this example study samples were

finally measured by on-line extraction (TFC) after 10-fold

dilution of the crude plasma. Besides the dilution of the sam-

ple, the extensive washing during on-line extraction (about

400 column volumes) reduced the plasma debris and contrib-

uted to the overall reduction of ion suppression. Differences

in plasma concentrations were observed only after i.v.

administration of the drug. After oral administration, plasma

concentrations, measured either conventionally in undiluted

plasma or by on-line extraction of 10-fold diluted plasma,

were similar although the amount of organic solvent used

was four times higher compared with the i.v. experiment

(Fig. 4). This clearly indicates that the vehicle used (Solutol

HS 15) was not absorbed (or to only a negligible extent)

from the gastrointestinal tract.

DISCUSSION

Keeping in mind the tremendous increase in measured con-

centrations after the dilutions, the question must arise as to

which are the correct data. Physiological saline (0.9% NaCl)

was therefore used for i.v. dosing of 1 mg/kg of drug B, since

this vehicle does not cause any matrix effects in plasma sam-

ples and serves therefore as a reference; samples from this

experiment were also subjected to the same dilution proce-

dure, and concentrations calculated from the diluted

Figure 2. Comparison of plasma concentrations after i.v.

administration of 1mg/kg to male Wistar rats as determined

in diluted or undiluted samples (drug A). Vehicle: solution in

PEG 400/ethanol/water (40:10:50), 1mL/kg.

Table 4. Determination of ion suppression after i.v. administration of 1mg/kg to male Wistar rats using TurboIonspray (drug B).

Vehicle: solution in PEG400/ethanol/water (40:10:50), volume: 1mL/kg

Animal number
time point

Peak area

Ratio _ud/_10
_10/_100 Drug B

Ratio _ud/_10
_10/_100

ISTD
Conc. [mg/L]

Drug B
Conc.

deviation* %Drug B ISTD

R1_0.033h_ud 28 700 41 000 345
R2_0.033h_ud 29 200 43 400 331
R3_0.033h_ud 35 900 42 300 418

R1_0.033h_10 7880 7610 3.64 5.39 510 47.8
R2_0.033h_10 7560 6900 3.86 6.29 540 63.1
R3_0.033h_10 8620 6890 4.16 6.14 617 47.6

R1_0.033h_100 864 496 9.12 15.34 859 68.4
R2_0.033h_100 1410 670 5.36 10.3 1038 92.2
R3_0.033h_100 1610 692 5.35 10.0 1184 91.9

_ud¼undiluted sample, _10¼ 10-fold diluted sample, _100¼ 100-fold diluted sample.
*The deviation is relative to the undiluted or 10-fold diluted sample, respectively.

Table 5. Determination of ion suppression after i.v. administration of 1mg/kg to male Wistar rats using APCI (drug B). Vehicle:

solution in PEG400/ethanol/water (40:10:50), volume: 1mL/kg

Animal number
time point

Peak height Ratio _ud/_10
_10/_100
Drug B

Ratio _ud/_10
_10/_100

ISTD
Conc. [mg/L]

Drug B
Conc.

deviation* %Drug B ISTD

R1_0.033h_ud 126 000 98 700 648
R2_0.033h_ud 140 000 93 400 761
R3_0.033h_ud 130 000 110 000 600

R1_0.033h_10 48 500 19 600 2.60 5.04 1256 93.8
R2_0.033h_10 51 800 18 100 2.70 5.16 1452 90.8
R3_0.033h_10 53 900 18 500 2.41 5.95 1478 146

R1_0.033h_100 2310 667 21.0 29.4 1757 39.9
R2_0.033h_100 3770 1260 13.7 14.4 1518 4.55
R3_0.033h_100 4700 1680 11.5 11.0 1420 �3.92

_ud¼undiluted sample, _10¼ 10-fold diluted sample, _100¼ 100-fold diluted sample.
*The deviation is relative to the undiluted or 10-fold diluted sample, respectively.
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samples and the undiluted samples were identical. The plas-

ma concentration versus time curve measured in samples

after i.v. administration with this reference vehicle are

plotted in Fig. 3 and compared with those obtained for the

PEG 400 vehicle (measured in TISP mode) and after 10-fold

dilution (measured in APCI mode). As seen from the compar-

ison of the three curves and the PK parameters in Table 6,

after the 10-fold dilution (APCI) the PK parameters AUC,

CL and Vss differed by only 10% from those obtained with

the reference saline solution, which clearly demonstrates

that there was no relevant suppression in the 10-fold diluted

samples obtained from the experiment using PEG 400 as

vehicle.

The clearance (CL) is one of the key PK parameters used in

drug candidate selection. In the case of the undiluted

samples, the CL value of drug B was 11.7 L/(kg �h) which is

about 3-fold higher than the hepatic blood flow in the rat (4 L/

(kg �h)), which could be erroneously interpreted as an

indication of extrahepatic pathways of elimination. Similar

differences in CL have been reported previously,10 also

caused by PEG 400 as vehicle. After 10-fold dilution of these

samples the CL determined was more reasonable

[CL¼ 3.8 L/(kg �h)] and similar to the data obtained with

the reference vehicle, indicating that the drug candidate

belongs to the high clearance class of drug. In the case of drug

A (vehicle PEG 400), the CL reduces from the highly

implausible value of 27.5 L/(kg �h) determined by TISP for

undiluted samples to 6.4 L/(kg �h) upon 5-fold dilution and

analysis by APCI. In the case of drug C (vehicle Solutol HS 15)

the CL reduces from 4.8 L/(kg �h), determined for undiluted

samples, to 3.0 L/(kg �h) upon 10-fold dilution, in both cases

analyzed by TISP.

Similarly, the volume of distribution at steady state (Vss) is

strongly influenced by the matrix effects (Table 6), being

erroneously high in undiluted samples. As shown in Figs. 2–

4 for drugs A, B and C, the slopes of the concentration vs. time

curves for undiluted and diluted plasma were similar for at

least 2–3 h, indicating a similar extent of matrix effects during

this time period. However, a decrease in ion suppression

with time was expected since the concentration of the vehicle

decreases due to distribution and elimination. Hence it must

be assumed that there is no linear correlation between the

concentration of the vehicle in the sample and the extent of

ion suppression, consistent with the finding19 that significant

amounts of PEG 400 still survived 4 h after both i.v. and oral

administration. This assumption is supported by the obser-

vation that the increase in plasma concentrations in the 100-

fold diluted samples as compared with the 10-fold diluted

samples is comparable to or even bigger than the increase of

concentrations in the 10-fold diluted samples in comparison

with the undiluted samples for drugs A and B, respectively

(see Tables 2 and 4). To fully understand this observation, it is

planned to perform experiments with spiked plasma samples

containing the vehicle that are subjected to the same dilution

procedure.

As a consequence of these observations, the use of organic

solvents (e.g. PEG 400, Solutol HS 15) for i.v. administration

to rodents should be avoided whenever possible. Alterna-

tively, the drugs are administered in our laboratories in a

Table 6. Comparison of pharmacokinetic parameters after

i.v. administration to male Wistar rats as calculated either

from concentrations determined in undiluted or diluted

samples

Analyte Vehicle
Ionization_

Dilution
AUC

[mg �h/L]
CL

[L/(kg �h)]
Vss

[L/kg]

Drug A a TISP_ud 36.4 27.5 24.3
a APCI_5 158 6.35 5.90

Drug B a TISP_ud 85.7 11.7 6.94
a APCI_10 265 3.78 2.04
b TISP_ud 294 3.40 3.38

Drug C c TISP_ud 63.0 4.76 2.96
c TISP_10* 99.4 3.02 2.01

_ud¼undiluted sample, _5¼ 5-fold dilution, _10¼ 10-fold dilution.
*Analysis by TFC, otherwise by laminar flow chromatography.
aPEG 400/ethanol/water (40:10:50), 1 mL/kg.
bSaline/ethanol (98:2), 2 mL/kg.
cSolutol HS15/ethanol/water (12.5:12.5:75), 2 mL/kg.

Figure 3. Comparison of plasma concentrations after i.v.

administration of 1mg/kg to male Wistar rats as determined

in diluted or undiluted samples (drug B). Vehicle: (a) PEG

400/ethanol/water (40:10:50), 1mL/kg, (b) saline/ethanol

(98:2), 2mL/kg.

Figure 4. Comparison of plasma concentrations after i.v. or

oral administration of 0.3 or 1mg/kg to male Wistar rats

measured either conventionally or by TFC (drug C); ionization

TISP in all cases, i.v. vehicle: solution in Solutol HS15/

ethanol/water (12.5:12.5:75), 2mL/kg, oral vehicle: solution

in Solutol HS15/ethanol/water (20:20:60), 5mL/kg.
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plasma formulation using plasma of the respective species.

(A stock solution in ethanol or dimethyl sulfoxide (DMSO) is

prepared. An aliquot of this stock solution is diluted with

plasma resulting in a final concentration of the organic

solvent in the plasma of 2% or less.)

The following procedure is in place in our laboratories to

recognize and avoid matrix effects. The described dilution is

applied to all samples of a batch, i.e., unknown (study)

samples, calibration, and quality control samples. (a) Plasma

of the first two sampling timepoints is 10-fold diluted in cases

of intravenous and intraperitoneal studies; the minimum

number of samples that are diluted is six, independent of the

administration route. (b) In cases of oral and portal studies,

samples at 0.5, 1 and 2 h after administration are 10-fold

diluted; in the case of portal studies plasma from the portal

vein and the vena cava is diluted. (c) Batch acceptance criteria

(with respect to matrix effects and not to QC acceptance) are:

(i) if the concentration deviation of more than 66% of the

diluted samples as compared with undiluted samples is

<25% and if not all samples from the same sampling time

point have more than 25% deviation, the analytical batch is

accepted. Otherwise the already 10-fold diluted samples

(including calibration and quality control samples) are

further 5-fold diluted; (ii) if the concentration deviation of

the 50-fold diluted samples fulfills the criterion, the whole

sample batch (including calibration and QC samples) is 10-

fold diluted and reanalyzed; and (iii) if the concentration

deviation of the 50-fold diluted samples as compared with

the 10-fold diluted samples is not acceptable, then APCI is

used as an alternative ionization technique.

CONCLUSIONS

The data presented here show that different extents of matrix

effects were observed for analytes and structural analogues

chosen as ISTDs; the differences were more pronounced in

cases where chromatographic separation of analyte from

ISTD occurred. In the presented examples the ISTDs were

less prone to ion suppression, and therefore the ISTDs did

not compensate the suppression effects on the analytes and

hence the analyte concentrations and AUC were significantly

underestimated even after 10-fold dilution. The comparison

with the plasma concentrations achieved with the reference

vehicle saline (not causing any matrix effects) demonstrated

that the concentrations measured in undiluted samples

obtained after administration of PEG 400 and Solutol HS 15

vehicles were underestimated by up to 3-fold, resulting in

overestimation of the total plasma clearance by a factor of 3

(drug B). Since the clearance is a key parameter in drug can-

didate selection, wrong decisions would be made based on

these data. Therefore, care must be taken to eliminate matrix

effects especially in case of intravenous or other parenteral

application routes; however, after oral administration, matrix

effects might also occur in plasma samples depending on the

absorption properties of the chosen vehicle in the gastroin-

testinal tract.

Dilution offers a simple and effective way to recognize and

overcome matrix effects since there are no other obvious

solutions to solve the issue of matrix effects at the moment.

An additional way to identify dosing vehicle effects (e.g., in

regulated, GLP-conforming studies), recommended in a

previous report,10 involves fortifying QC samples with the

vehicle used and monitoring the calculated QC concentra-

tions of fortified QC versus regular QC samples. Significant

differences between the two results indicate a potential bias

caused by the vehicle that are not compensated for by the

ISTD.10

APCI is less prone to matrix effects at least in diluted

samples, but on the other hand can cause decomposition of

thermolabile compounds, e.g., conjugate metabolites, which

needs to be taken into account. After the 10-fold dilution the

lower limit of quantification (LLOQ) was increased but only

by factors of 3–5, not 10 as expected, due to the suppression

effect. Typical LLOQs achieved even after 10-fold dilution

were 1–5mg/L using 0.2 mL plasma and protein precipitation,

which was sufficient to meet the DDS demands in most cases.

Also, in cases of direct injection of plasma (without clean-

up) onto suitable on-line (SPE) extraction columns, e.g.,

Turboflow columns, matrix effects were observed (data not

shown here) which could be eliminated by dilution with

buffer. Besides elimination of matrix effects, the dilution

helps to extend the column life. LLOQs were increased upon

dilution but by less than what the dilution factor would

predict.
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