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a b s t r a c t

A highly sensitive inductively coupled plasma mass spectrometry (ICP-MS) method with microwave-
assisted sample digestion for the determination of total platinum in rat whole and ultrafiltrate plasma
was developed and validated. A first step of this study concerned the optimization of the mineralization
procedure, in order to obtain good extraction recovery (higher than 90%) and repeatability (less than 6%)
and the absence of matrix effect. ICP-MS analysis was then performed using the “hot plasma/protective ion
extraction” mode, achieving high sensitivity and very high signal/noise ratio. Iridium was added as inter-
nal standard. The method was then submitted to validation, performed according to the FDA Bioanalytical
Validation Methods guidelines and to the Eurachem guide. Validation was carried out in terms of limit of
detection (LOD), limit of quantitation (LOQ), linearity, precision, accuracy and stability. An instrumental
LOQ of 1.9 ng L−1, corresponding to a concentration of 955 ng L−1 in matrix under the adopted conditions,
was obtained, allowing the quantitative analysis of Pt ultratraces. Instrumental linearity was verified in the
range 1.9–14,000 ng L−1, corresponding to a concentration range from 955 ng L−1 to 6825 �g L−1 in matrix.
Accuracy was evaluated by analyzing control samples for both matrices at different concentration levels;

a good agreement (<15%) was obtained. Sample stability was tested by analyzing control samples main-
tained for 4 h at room temperature or submitted to three freezing–thawing cycles. Finally, the developed
method was applied to the analysis of plasma and ultrafiltrate plasma of rats treated with oxaliplatin-base
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drug, thus demonstrating

. Introduction

Platinum coordination complexes, such as cisplatin, carboplatin
nd oxaliplatin, are widely used in the treatment of a variety
f tumors. In particular, oxaliplatin, a 1,2-diaminocyclohexane
DACH)–Pt complex, is used in the treatment of testicular, colorec-
al and ovarian cancer [1]. In order to better understand the action
f these drugs, the knowledge of the concentration of the active
rinciple and related metabolites even at trace levels as well as
he way of its elimination plays a key role (basic pharmacokinetic)
2]. To achieve this goal, the development and validation of accu-

ate and sensitive analytical methods is required, allowing to follow
he last part (low concentration range) of the kinetic curve and the
ong-term retention of the drug that can cause unexpected adverse
ffects. Moreover a sensitive method could dramatically reduce the

∗ Corresponding author. Tel.: +39 0521 905133; fax: +39 0521 905556.
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liability in pharmacokinetic studies.
© 2008 Elsevier B.V. All rights reserved.

uantity of biological fluid required, allowing to perform pharma-
okinetic studies in small animals.

The analytical techniques employed for the determination of Pt
n biological fluids have been well documented and reviewed since
he early 1990 [3–5]. In the past, atomic absorption spectrome-
ry (AAS) had been the method of choice for platinum analysis,
ue to its great reliability. However, the major limitation of this
ethod is a lack of the adequate sensitivity required for pharma-

okinetic studies, as reported by a previous study [6]. Presently,
nductively coupled plasma mass spectrometry (ICP-MS) is the

ethod of choice for the determination of Pt in biological fluids
ince it has been demonstrated to be a valuable tool for the detec-
ion of drug containing metals in metabolism studies, due to its
xcellent sensitivity and selectivity [7–12]. Platinum has six iso-

opes (190Pt, 192Pt, 194Pt, 195Pt, 196Pt, 198Pt). Two of these, 194Pt
nd 195Pt, with relative abundances of 32.9% and 33.8%, respec-
ively, are free from the most common interferences and could be
seful for the determination of Pt at low concentration levels. The
ain drawbacks in ICP-MS determination of metals, in particular

http://www.sciencedirect.com/science/journal/07317085
mailto:claudiom@unipr.it
dx.doi.org/10.1016/j.jpba.2008.04.013
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hen biological matrices are involved, are non-spectroscopic inter-
erences from the matrix and the memory effect in the introduction
ystem that can cause a carryover and virtually hamper the deter-
ination of the analyte at very low concentration levels. In order

o minimize these effects usually a high dilution (100- or 1000-
old) is performed, with a substantial degradation of the method
erformance in terms of detection limit and precision.

Moreover, when ultratrace levels of metals should be deter-
ined in complex matrices, a sample treatment method showing

igh recovery and repeatability is requested.
Microwave-assisted mineralization represents a suitable alter-

ative between the time consuming conventional open-vessel
igestion and the dilution methods, enabling relatively fast, com-
lete and reproducible digestions [13]. Most of the microwave
quipments available on the market being designed to treat rela-
ively large sample aliquots, lack of reproducibility when used with
ew microliter samples as the biological ones, due to the inhomo-
eneity of the radiofrequency field. For this reason special vessels
nd a further optimization of the suggested time/power cycle are
equired.

The aim of this work was the development and the validation
f an ICP-MS method with optimized microwave-assisted sample
igestion for the determination of total Pt in plasma and free Pt (the
rug fraction unbound to plasma proteins) in ultrafiltrate plasma.
he reliability of the developed method in pharmacokinetic studies
as evaluated by analyzing plasma and ultrafiltrate plasma of rats

reated with an IV dose (10 mg/kg) of oxaliplatin.

. Materials and methods

.1. Chemicals

Pt stock solution (1000 mg L−1) was purchased from Carlo Erba
Milan, Italy), Ir stock solution (1000 mg L−1) were from Sigma
ldrich (St. Louis, MO, USA). Nitric acid 65.5% (w/w), HCl 37% (w/w)
nd H2O2 30% (w/w) Ultrex II grade from J.T. Baker (Deventer, The
etherlands) were used without further purification. Oxaliplatin

R, R) was kindly provided by Nerviano Medical Science. Deionised
ater was produced with an Element A10 equipment (Millipore,
edford, MA, USA). Intermediate standard solutions were prepared
eekly from the stock solution with diluted hydrochloric acid (10%,
/v) while the working standards were diluted daily.

.2. Samples

Plasma samples were obtained by centrifuging whole blood for
min (3000 rpm, 4 ◦C). Ultrafiltrate plasma samples were obtained
y centrifuging the plasma fraction through a 30-kDa cut-off ultra-
ltrate filter (Centriplus YM-30, Millipore, Bedford, MA, USA) for
5 min (3000 rpm, 20 ◦C). Plasma and ultrafiltrate plasma samples
ere transferred in polyethylene vials and stored at −18 ◦C until

nalysis.
Method development and validation study were performed on

lasma and ultrafiltrate plasma of drug-untreated rats spiked with
ppropriate amount of Pt standard solutions.

In addition, for each matrix, quality control samples at two
ifferent concentration levels, namely Low Quality Control (LQC;
970 ng L−1 for ultrafiltrate plasma and 19,700 ng L−1for plasma)
nd High Quality Control (HQC; 392 mg L−1 for ultrafiltrate

lasma and 3920 mg L−1 for plasma), were prepared and inde-
endently certified by Nerviano Medical Science with a internal
rotocol.

Finally, the reliability of the method was assessed by analyz-
ng different samples of plasma and ultrafiltrate plasma obtained

s

y

y

Biomedical Analysis 48 (2008) 435–439

rom rats treated with an IV dose (10 mg/kg) of oxaliplatin. The in
ivo part of this study was performed in Nerviano Medical Sciences
aboratories.

.3. ICP-MS conditions

Experimental measurements were made on the ICP-MS X
eriesII (ThermoFisher Corporation, Waltham, MA, USA) equipped
ith a AS-500 autosampler (CETAC, Omaha, NE, USA) operating
nder Xi interface standard conditions. The operating parameters
f ICP-MS instrument were as follows: RF power 1400 W; coolant
as flow 15.5 L min−1; auxiliary gas flow 0.98 L min−1; nebulizer
as flow 0.87 L min−1; nickel standard Xi cones; peak jumping data
cquisition mode: dwell time 100 ms; duration time 60 s; standard
esolution. The instrument optimization in hot plasma/protective
on extraction mode was performed daily with the autotune proce-
ure to assure a response of at least 80,000 cps/�g L−1 for indium
nd 100,000 cps/�g L−1 for uranium in the high mass range. Data
cquisition and all the calculations for internal standard correction
ere performed with the software Plasmalab 2.02 (ThermoFisher
orporation, Waltham, MA, USA).

All the platinum and iridium isotopes were acquired, but only
95Pt and 193Ir were used for calculations.

.4. Microwave-assisted mineralization

In order to avoid contamination due to the environmental pres-
nce of ultratrace levels of platinum, all glassware, quartzware and
olyethylene vials were carefully cleaned with deionised water,
hen treated with aqua regia for 10 min and finally rinsed with
igh-purity deionised water.

Mineralization of plasma and ultrafiltrate plasma samples was
erformed in a MLS-1200 MEGA (Milestone, Sorisole, Italia) appa-
atus equipped with a MDR-1000-6 rotor.

Each digestion vessel consisted of a 20 mL quartz sample holder
nserted in a hollow Teflon® container. 0.9 mL of HCl 37% (w/w)
nd 0.3 mL of HNO3 65% (w/w) were added in the quartz vial to
0 �L of appropriately Pt-spiked plasma and ultrafiltrate plasma
amples. Then, 0.2 mL of Ir 5 �g L−1 solution was added as internal
tandard. The Teflon® container was then filled with 8 ml of H2O2
% (w/v) to counterbalance pressure via re-oxidation of nitrogen
xides produced during the mineralization process and sealed.

Several time/power cycles of mineralization were tested in order
o optimize extraction recovery and repeatability, starting from
onditions suggested by the manufacturer:

Initial program (irradiation time @ power): 2 min @ 250 W; 2 min
@ 0 W; 6 min @ 250 W and 5 min @ 650 W.
Final (optimized) program: 1 min @ 250 W; 3 min @ 0 W; 6 min @
250 W; 2 min @ 400 W and 1 min @ 600 W.

After cooling, the solution was transferred in a volumetric flask
nd diluted with deionised water to the final volume of 10 mL.

.5. Validation

Method validation was carried out according to the FDA Bio-
nalytical Method Validation guidelines [14] and to Eurachem
ecommendations [15].

Detection limit (yD) and quantitation limit (yQ) expressed as

ignals were calculated as follows:

D = �B + 2t(˛=0.05;�=n−1)�B

Q = �B + 10�B



l and Biomedical Analysis 48 (2008) 435–439 437

w
s
S

c

t
a

1
9
l
l

C

o
d

w
b
f
c

s

3

3

v
s
t
n

t
a
t
u
k
w
o
t
s

3

l
n
d
e
g
q
i
o

T
C

P
O
t
t

Table 2
Calibration curves obtained by using the different mineralization programs

Standard solution initial y = (20.6 ± 1.5) + (25.71 ± 0.24)x, R2 = 0.995 (n = 54)
Ultrafiltrate plasma initial y = (8.2 ± 1.2) + (24.31 ± 0.19)x, R2 = 0.998 (n = 54)
Plasma initial y = (11.5 ± 1.3) + (16.82 ± 0.21)x, R2 = 0.992 (n = 54)
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here �B is the mean signal of blank analysis (n = 10), �B is the
tandard deviation of blank analysis (n = 10), t(�=0.05; �=n−1) is the
tudent’s t-value at ˛ significance level and � degree of freedom.

The blanks were obtained by applying the full microwave pro-
edure.

A calibration line in the range 1.5–6 ng L−1 was used to calculate
he corresponding concentration values of limit of detection (LOD)
nd limit of quantitation (LOQ).

Instrumental linearity was evaluated in the range
.9–14,000 ng L−1, corresponding to a concentration range from
55 ng L−1 to 6825 �g L−1 in matrix, considering 13 concentration

evels and performing 10 replicated analysis for each concentration
evel.

Homoschedasticity was preliminarily verified by applying the
ochran test [16].

Repeatability and inter-day precision were calculated in terms
f R.S.D.% by analyzing for each matrix the LQC and the HQC in three
ifferent days and with three replicated analysis per day.

The same quality control samples were used to assess accuracy,
hich was calculated in terms of percentage recovery. Sample sta-

ility was tested by analyzing quality control samples maintained
or 4 h at room temperature or submitted to three freezing–thawing
ycles.

All statistical analyses were performed by using the SPSS v. 9
oftware package (SPSS Inc., Chicago, IL, USA).

. Results and discussion

.1. ICP-MS conditions

As preliminary work, the relative sensitivity of the instrument
ersus the different species of Pt was calculated by comparing the
lopes of the calibration curves obtained from mineralized solu-
ions of Pt standards (platinum chloride complex) and oxaliplatin;
o significant differences were found as shown in Table 1.

In addition, the use of the “hot plasma/protective ion extrac-
ion” mode, with a positive voltage on the frontal extraction lens,
llows the achievement of very good detection limits since sput-
ered and matrix-related ions, that are the main responsible of
nspecific noise, could not reach the quadrupole analyzer, due to
inetic discrimination: as a result very low blank counts (few cps)
ere measured regardless of the species used. Finally, the absence

f relevant spectroscopic interferences was verified by comparing
he various isotope ratios for platinum and iridium both in the
tandard solutions and in spiked matrices.

.2. Microwave-assisted mineralization

The ICP-MS determination of metals at very low concentration
evels is seriously hampered by the sticking of the biological matrix,
amely proteins and non-polar compounds, on the system intro-
uction walls. This could cause in turn, long-term unpredictable

ffects on the resulting concentration values, due to the selective
etter of the analytes on the contaminated walls and their subse-
uent release, for instance when the pH of the delivered solution
s changed. This behavior could be not easily corrected by the use
f internal standard since it is strictly dependent on the nature of

able 1
omparison of sensitivity vs. different forms of platinum

t sdt regression y = (99 ± 3) + (28.7 ± 0.5)x, R2 = 0.996 (n = 18)
xaliPt regression y = (107 ± 7) + (26 ± 1)x, R2 = 0.970 (n = 18)

-Value −1.83
-Critical (˛ = 0.05; � = 32) 2.03

b
e
s

o
e
t

3

t

tandard solution final y = (85.91 ± 2.69) + (56.75 ± 0.42)x, R2 = 0.997 (n = 54)
ltrafiltrate plasma final y = (81.5 ± 3.0) + (57.84 ± 0.46)x, R2 = 0.997 (n = 54)
lasma final y = (84.0 ± 2.8) + (57.67 ± 0.44)x, R2 = 0.997 (n = 54)

he element determined. For this reason the simple dilution of the
amples was not performed and the mineralization process was
elected.

The fit-for-purpose of the mineralization process was evaluated
y comparing the results obtained from the treatment of sim-
le standard solutions and spiked plasma and plasma ultrafiltrate
atrices.
Three concentration levels (1, 5, 10 ng L−1) were considered;

ach solution was mineralized in triplicate and 6 instrumental
eplicated analyses were performed for each extract, giving a total
f 18 replicated for each concentration level.

Results obtained by using the initial microwave power program
re shown in the first part of Table 2.

A more than 100% scattering of the replicate data was observed
n both the data from standard solution samples and from the
piked-matrix ones when the above time/power cycle was used.

A mean recovery of 86% was obtained for ultrafiltrate plasma
nd of 62% for plasma.

In order to asses the matrix effect presence, the slopes of the
egression curves were compared by means of a t-test. For both
atrices, the calculated t-value, respectively t = 27.87 for plasma

nd t = 4.57 for ultrafiltrate plasma, resulted higher than the criti-
al t-value (t(˛=0.05; �=104) = 1.98), meaning that an effect due to the
atrix is present.
The ratio between the acid mixture and the sample volumes

uggests that a classical matrix effect, i.e. due to incomplete min-
ralization, is hard to believe, while the data scattering even in
he standard solution suggested that the mineralization process
ould be too strong causing the analyte loss by dissolution in the
urrounding hydrogen peroxide solution.

All the subsequent steps were aimed at trying more mild min-
ralization conditions.

Final results obtained by using the optimized mineralization
rogram are shown in the last part of Table 2.

By using the optimized program a very good reproducibility was
btained (R.S.D.% <5) and the mean recovery rose up to 100% for
ltrafiltrate plasma and to 102% for plasma.

Using the final mineralization program, no effect due to the
ifferent matrices was detected; in fact the calculated t-values,
espectively t = 1.51 for plasma and t = 1.75 for ultrafiltrate plasma,
esulted lower than the critical t-value (t(˛=0.05; �=104) = 1.98).

Since the plasma matrix is considered much heavier than the
ltrafiltrate one, these results indirectly demonstrate also the
bsence of non-spectroscopic interferences, typical of the dilution-
ased methods [12], making unnecessary the verification of the
ffectiveness of the internal standard and probing the absence of
ticking in the sample introduction system.

On the basis of these findings, also considering the low volumes
f plasma and ultrafiltrate plasma available, further validation
xperiments were performed by using mineralized standard solu-
ion for calibration purposes.
.3. Validation

Very low LOD and LOQ values were calculated, being LOD equal
o 0.9 ng L−1 and LOQ equal to 1.9 ng L−1, corresponding, respec-
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Table 4
Stability of quality control samples under different storage conditions

Quality control sample Treatment cps (mean ± S.D.)

Ultrafiltrate-LQC None 10.81 ± 0.35
Ultrafiltrate-LQC 4 h RT 11.08 ± 0.65
Ultrafiltrate-LQC Three freeze–thaw cycles 10.93 ± 0.41

Ultrafiltrate-HQC None 1,950 ± 34
Ultrafiltrate-HQC 4 h RT 1,979 ± 20
Ultrafiltrate-HQC Three freeze–thaw cycles 1,975 ± 55

Plasma-LQC None 87 ± 4
Plasma-LQC 4 h RT 90 ± 4
Plasma-LQC Three freeze–thaw cycles 92 ± 2

Plasma-HQC None 17,085 ± 371
Plasma-HQC 4 h RT 17,134 ± 786
Plasma-HQC Three freeze–thaw cycles 17,163 ± 421
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ig. 1. Calibration curve obtained from mineralized standard solutions in the range
.9–14,000 ng L−1, R2 = 0.999 (n = 130).

ively to a concentration of 452 ng L−1 and of 955 ng L−1 in matrix
nder the adopted conditions.

These findings demonstrate the capability of the developed
ethod of quantifying platinum at ultratrace levels and the benefits

f the “hot plasma/protective ion extraction” mode configuration,
ince the blank counts were very low.

Linearity was evaluated in the range 1.9–14,000 ng L−1 in the
ineralized solution considering 13 concentration levels and per-

orming 10 replicated analysis for each concentration level.
Homoscedasticity was preliminarily verified by applying the

ochran test.
The results of Cochran test showed that the variance signifi-

antly differs among concentration levels at 0.05 significance level;
n particular, it can be observed that variance increases with the
oncentration level, while the relative standard deviation is quite
onstant (about 5%).

When homoscedasticity is not verified, the simple least-squares
rocedure cannot be used without reducing the reliability of the
stimation [16]; nevertheless the problem of the non-constant
ariance can be overcome by using the weighted least-squares
egression [17].

The regression model calculated by mean of the weighted least-
quares procedure was described by the following equation:

= (28.04 ± 2.2) + (36.9 ± 0.1)x, R2 = 0.999 (n = 130)

Calibration curve is shown in Fig. 1.
The wide linearity range allows the analysis of plasma and ultra-

ltrate plasma samples with very different platinum concentration

evels, as requested in pharmacokinetic studies.

Quality control samples were used to verify intra-day preci-
ion (repeatability), inter-day precision (intermediate precision)
nd accuracy. The results, reported in Table 3, confirm the suitability
f the developed method for the intended application.

able 3
recision, recovery and accuracy on quality control samples

uality control sample CV% intra-day CV% inter-day Recovery (%) Bias (%)

ltrafiltrate-LQC 4 8 98 ± 8 −2
ltrafiltrate-HQC 2 3 96 ± 3 −3
lasma-LQC 6 4 89 ± 3 −11
lasma-HQC 3 2 87 ± 1 −13

m
n
p
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b
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p
v

ig. 2. Profile of ultrafiltrate plasma and plasma concentrations vs. time in treated
ats (dose 10 mg kg−1).

Finally, the stability under different storage conditions of the
uality control samples was tested, verifying the presence of sig-
ificant differences by means of a t-test; not significant differences
ere observed, meaning that the considered samples are stable
nder the adopted storage conditions (Table 4).

As a last step, the reliability of the developed method in
harmacokinetic studies was evaluated by analyzing plasma and
ltrafiltrate plasma of rats treated with an IV dose (10 mg kg−1) of
xaliplatin collected at different time after the drug administration
nd obtained from Nerviano Medical Sciences.

As example, Fig. 2 shows the profile of the Pt concentration
ersus time in plasma and ultrafiltrate plasma samples.

. Conclusions

The optimized sample treatment method based on microwave
ineralization showed a very good reproducibility and absence of

on-spectroscopic interferences. The more labor-intense sample
reparation is well counterbalanced by the subsequent very easy

CP-MS determination, due to the absence of sticking on the sample
ntroduction system. The detection limits are comparable to those
eported in the latest papers [10] but with very good long-term sta-
ility. This method is therefore suitable when very large batch of
amples should be determined.
The suitability of the developed method for the intended pur-
ose was demonstrated, taking also into account the very low
olumes of plasma and ultrafiltrate plasma availables.
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