
Residual Platinum Concentrations in Post-
Cancer Chemotherapy and Healthy Control
Populations Using an Automated, 96-Well Plate
Method and Inductively Coupled Plasma Mass
Spectrometry

Frederick G. Strathmann,1,2* Lois B. Travis,3 Shirin Ardeshirrouhanifard,3 Sophie D. Fossa,4

Steve Moody,5 David Clarke,5 and Christian L. Law6

Background: Platinating agents are among the most commonly used cytotoxic drugs worldwide. It is
recognized that Pt concentration can remain significantly increased in serum up to 20 years after
completion of chemotherapy, with levels related to late treatment effects.
Methods:AFreedomEVO®Tecan liquid handlerwasused for aliquoting 50μL serumat 10-fold dilution
into 96-well plates. The TeledyneMVX-7100 low-volumeautosamplerwas used for sample introduction
into an Agilent 7900 inductively coupled plasma mass spectrometry. There was <1.2 min needed
between injections. Time to completion for a maximum batch size using two 96-well plates was ap-
proximately 3.5 h, including preparation and analysis.
Results: Imprecision was <15%, and the limit of quantification was set at 5 ng/L based on imprecision
of 18.3%. Bias based on fortified samples ranged from 0% to −4.3%within the analytical measurement
range of 5–10 000 ng/L. The nonparametric reference interval for platinum in serumusing 147 residual
clinical samples was determined to be 8–47 ng/L. Serum platinum concentrations in 675 enrolled
patients having an average time since chemotherapy completion of 6.4 (± 5.5 years) ranged from 20.1
to 8252.4 ng/L. Among all patients, 633 (94%) had serum concentrations exceeding 47 ng/L, and 42 (6%)
had serum platinum concentrations between 8 and 47 ng/L.
Conclusions: This method used an automated liquid handler, a novel 96-well autosampler and 50 μL
patient serum to quantify platinum levels. Themethod was successfully validated according to current
clinical guidelines for laboratory developed tests.
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IMPACT STATEMENT
Patients undergoing platinum-based chemotherapy will benefit from the information presented

here. Evidence presented on residual serum platinum measured by inductively coupled plasma
mass spectrometry (ICPMS) will allow better characterization of platinum-associated outcomes.
Knowledge in the field of ICPMS as well as cancer chemotherapy will be advanced by the informa-
tion presented here.

Platinating agents are among the most com-
monly used cytotoxic drugs worldwide. Platinum-
based chemotherapy, however, is associated with
a number of acute and long-term adverse effects
such as bilateral hearing loss, tinnitus, peripheral
neuropathy, Raynaud syndrome, infertility, and re-
nal insufficiency, as well as late-onset sequelae
such as hypertension, metabolic syndrome, dyslip-
idemia, diabetes, cardiovascular disease, subclini-
cal hypogonadism, and secondary cancers (1).
Although it is well established that a cumulative

dose of platinum administered intravenously is as-
sociated with a number of these adverse effects, it
is also recognized that in European populations,
platinum concentrations remain significantly in-
creased in serum years after chemotherapy com-
pletion (2–4). Moreover, Brouwers et al. (5) showed
that these circulating platinating agents remain
partly reactive. Thus, an important question is the
extent to which residual platinum in the serum
might influence the risk of developing late effects
(1). Sprauten et al. (3) recently documented a sig-
nificant relationship between increasing concen-
tration of residual serumplatinum and the severity
of neurotoxicity after adjusting for cumulative
dose. Thus, it becomes increasingly apparent that
quantification of long-term serum platinum con-
centrations in patients treated with platinum-
based chemotherapy may help identify individuals
at highest risk of late effects as well as elucidate
possible mechanisms (4). Additionally, the extent
to which persistent serum platinum concentra-

tions might affect the actions of essential trace el-
ements (e.g., calcium, magnesium) or result in
chronic endothelial activation and vascular dam-
age has also not been systematically or compre-
hensively addressed (1).
Previously published methods for high-sensitiv-

ity Ptmeasurements have used lengthy integration
times or manual preparation using conventional
autosamplers (5, 6). Here, we report the develop-
ment and application of a robust inductively cou-
pled plasma–based method using an automatic
liquid handler for sample preparation and a low
volume autosampler for sample introduction.

MATERIALS AND METHODS

Human samples

This project for development and measuring of
Pt determinations in serum and its protocols was
approved by the University of Utah Institutional
Review Board (IRB #00007275). For the establish-
ment of the reference intervals (RIs),7 all samples
had been submitted in metal-free tubes for rou-
tine testing of trace elements and were deter-
mined to be within the established RI for Zn and
Cu.
Residual Pt in serum of cancer survivors was

measured in patients enrolled in the ongoing Plat-
inum Study, which includes 8 cancer centers in the
US and Canada (7–10). Eligibility criteria include
men with a diagnosis of histologically or serologi-
cally confirmed germ cell tumor, age <50 years at
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diagnosis and 18+ years at study consent, treat-
ment with cisplatin-based chemotherapy, and no
subsequent salvage chemotherapy. Study proce-
dures were approved by the Human Subjects Re-
view Board at each institution. Serum platinum
concentrations were measured in the first 675 en-
rolled patients, whose average age at clinical eval-
uation was 38.5 years (± 9.6 years). Cumulative
cisplatin dose ranged from 198 to 800 mg/m2

[mean 362 (69) mg/m2]. Average time since che-
motherapy completion was 6.4 years (± 5.5 years)
(range 0.4–29.9 years).

Reference interval study

To establish the RI, 147 available clinical samples
were selected based on the following criteria: (a)
submitted for Zn or Cu serum testing in a certified
trace element free tube, (b) results within the es-
tablished RIs for Zn or Cu where applicable, (c) age
≥18 years, and (d) no previous cisplatin-based che-
motherapy. A total of 63 females and 84 males
were included with a nonparametric RI for both
males and females age ≥18 years set at 8–47 ng/L.

Sample preparation

A maximum batch size of 177 patient samples
included 5 matrix-matched standards and 5 ma-
trix-matched QC samples (run in duplicate, 1 set
per plate) for a total of 192 injections from 2 ×
96-well plates. Standards were prepared in syn-
thetic serum (UTAK Laboratories) to reduce the
contribution of endogenous Pt in the assay. For
calibration standards, synthetic serum was forti-
fied with 20, 100, 500, 2500, and 10 000 ng/L (to
convert to nmol/L divide by 195.084) using a 1000
μg/mL stock [certified value 995 (5) μg/mL, purity
99.9952%] using 1% HNO3 for intermediate stock
preparation. For QC materials, residual human se-
rumwas fortified to equal 75, 200, 1750, 4000, and
9500 ng/L using a certified stock of Pt (Inorganic
Ventures). About 50μL of samplewas diluted in 1%
HNO3 containing 1 μg/L Ir as the internal standard

used for normalization. To equate cps of the inter-
nal standard to the 500 ng/L Pt calibrator, a 1 μg/L
concentration of the internal standard solution
was used.

Instrumentation

An Agilent 7700x was used for analysis of the
prepared samples. The peristaltic pump was oper-
ated at a flow rate of 0.3mL/min for spray chamber
evacuation only. A daily custom lens semi-auto-
tune was conducted in addition to the initial hard-
ware tune. Nickel sample and skimmer cones were
used to reduce Pt background from conventional
Pt-containing cones. Background Pt was verified as
<25 cps each day of operation and was compara-
ble to the cps ofm/z 220. A one point peak pattern
with 25 sweeps, 3 replicates, and 6 s of integration
for 195Pt in standard and He mode were used. An
integration time of 0.1s was used for Ir in both
modes. Initially, a comparison of the ratio of 194Pt
to 195Pt to the theoretical ratio for each sample
was used to monitor for polyatomic and isobaric
interferences of which none were noted. No fur-
ther interference studies were performed, since it
is well established and in our experience that he-
moglobin, lipemia, and icterus do not significantly
interfere with inductively coupled plasma mass
spectrometry (ICPMS)-based methods due to the
hard ionization of the plasma and the dilution of
the sample for preparation (11). Further, it is highly
unlikely that any of these classic indices would
cause false measurements of Pt itself, but rather
potential redistribution is the cited concern for
trace element analysis with indices such as hemo-
lysis (12). Quantitative data were based on
standard mode measurement of 195Pt due to con-
sistently lower relative standard deviations (CVs)
when compared to He mode. Instrument parame-
ters for a representative analytical run are pro-
vided in Table 1 in the Data Supplement that
accompanies the online version of this article at
http://www.jalm.org/content/vol1/issue2.
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The MVX-7100 low-volume autosampler was
used for sample introduction into the ICPMS
equipped with a 1.5-mL sample syringe and
2.0-mL injection syringe. Before each batch, the
sample loop and injection loopwere rinsed using a
sequence of 1.25 mL isopropyl alcohol, 1.25 mL
1% NH4OH, and 1.25 mL 1% HNO3 before 3 full
syringe primes of a makeup fluid containing 0.5%
HNO3 with 0.05% Triton X-100. A 500-μL sample
loop was used to inject 450 μL of sample with air-
gaps at the front and the back to isolate the sample
from themakeup solution and preventmixing. The
injection syringe was operated at 6.6 μL/s to pro-
duce an approximately 1-min integration time. The
inclusion of He mode analysis with a 5-s stabiliza-
tion time and the need to have a constant signal for
spectrum mode analysis reduced the effective in-
tegration time to 45 s. Injection to injection time
was <1.5 min.
A Freedom EVO® Tecan liquid handler (Tecan

Group) was used for sample aliquoting and dilu-
tion into 96-well plates. Permanent tips were used
to reduce the possibility of contamination from
disposable tips with liquid sensing to ensure
proper sample aspiration. Prepared 96-well plates
were agitated for 60 s using the onboard plate
shaker.

Data analysis

A standard addition calibration method was
used with the origin ignored (not forced through
zero) and 1/x weighting. No reagent blank or
calibrator blank was used for standard curve
generation. Data were analyzed and tabulated in
Microsoft Excel (Microsoft Corporation), with fig-
ures and tables prepared using Excel and/or
Adobe Illustrator (Adobe).

Evaluation of assay performance

We evaluated intraassay imprecision by running
20 replicates of 350 and 2000 ng/L in a single an-
alytical run and interassay imprecision at the same

concentrations using 4 separate analytical runs
with 5 replicates over a span of 2months for a total
of 20 replicates. The limit of quantification (LOQ)
was determined using a 5 ng/L serum pool across
4 separate analytical runs with 5 replicates for run
over a span of 1 month. Because no alternative
clinical assays existed for the determination of Pt in
serum at low ng/L concentrations, verification of
accuracy was conducted using fortification of se-
rum pools from a certified Pt standard and deter-
mination of bias compared to the nonfortified
pool. Carryover was assessed using a sequence of
high, high, low1, and low2 samples with the per-
cent carryover estimated to be [(low1 – low2)/high]
* 100. Run stability was assessed by determining
cps percent recovery of Ir for each sample in com-
parison to the cps for Ir in the lowest calibrator.
Linearity was assessed using fortified serum pools
from 20 000 to 1 ng/L with the analytical measure-
ment range (AMR) set at 5–10 000 ng/L. Because
this assay was developed for low-concentration Pt
assessment, no dilution protocol was explored to
extend the reportable range above 10 000 ng/L. A
nonparametric RI was established using 147 resi-
dual serum samples submitted for Zn or Cu testing
in trace element–free transport tubes. Samples for
the RI establishment were from patients 18 years
of age or older and having Zn and/or Cu results
within the respective RIs (60–120 μg/dL, Zn; 70–
140 μg/dL, Cu). Stability was assessed by repeat
measurements of patient samples stored refriger-
ated for 6 months between replicate measures.

RESULTS

Assay performance

Method validation results are presented in Table
1, Table 2, Table 3 and Table 4. Intra- and interas-
say imprecision were <15% at 350 and 1950 ng/L.
The LOQwas set at 5 ng/L based on an imprecision
of 18.3% with a maximum tolerable imprecision
limit of 20% equal to the functional sensitivity of
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the assay (13). Percent bias using fortified serum
samples ranged from 0.6% to 5.4% for concentra-
tions within the AMR of 5–10 000 ng/L. Carryover
was determined to be 0.8% andwasmonitored for
each analytical batch using the theoretical carry-
over to determine potential impact on any
sampling immediately following an increased con-
centration ≥625 ng/L (i.e., the concentrationwhere
0.8% carryover into a negative sample would equal
5 ng/L). Monitoring of the Ir cps for each injection
of themaximumbatch size analyzed during valida-
tion of 177 samples (5 calibration standards, 5 QC,
and 86 samples plate 1; 5 QC and 91 patient sam-
ples plate 2) demonstrated acceptable variation of
±15% from themedian with amaximumbatch size
using two 96-well plates of 192 samples in approx-
imately 3.5 h including preparation and analysis.
The RI for Pt, defined as the central 95% using the
2.5 and 97.5 percentiles, was established using
147 residual clinical samples anddetermined to be
8–47 ng/L (median, 12.4 ng/L; Q1, 9.6 ng/L; Q3,
14.6 ng/L) consistent with previous reports of low-
concentration Pt detectable in healthy controls (5).

Residual serum Pt after cisplatin-based
chemotherapy in cancer patients

Serum Pt concentrations ranged from 20.1 to
8252.4 ng/L [mean 601.2 (764.5) ng/L]. A total of 42
patients (6%) had serum Pt concentrations be-
tween 8 and 47 ng/L, and 633 patients (94%) had
serum concentrations >47 ng/L (Fig. 1). Because
neither the time since completion of chemother-
apy nor serum platinum concentration was nor-
mally distributed (Kolmogorov–Smirnov test P
value < 0.01), the Spearman correlation was used
to assess the correlation between serum platinum
concentration and time since completion of che-
motherapy (correlation coefficient = −0.93, P <
0.0001). Time interval since completion of chemo-
therapy was further divided into <5 years, 5–10
years, 10–15 years, and >15 years (Table 5). As
expected, with increasing time since completion of
chemotherapy, the number of patients with serum
platinum concentrations above the reference
range decreased. Nonetheless, even 15 years after
completion of chemotherapy, almost half of the
patients (44%) had serum platinum concentra-

Table 1. Intraassay and interassay imprecision
with LOQ.a

Intraassay (n = 20) Interassay (n = 20)

Mean SD CV, % Mean SD CV, %
— — — 5.2 0.95 18.3
377.4 13.2 3.5 324.6 36.8 11.3
1964.1 45.3 2.3 1750.8 103.7 5.9

a Concentrations are in ng/L (divide by 195.084 for nmol/L).

Table 2. Target concentrations and results from triplicate measurements for each target.a

Target Rep 1 Rep 2 Rep 3 Average Bias, % CV, %
20 20.0 19.4 20.5 20.0 0.0 2.7
100 90.3 100.7 96.1 95.7 −4.3 5.4
500 533.5 512.2 499.7 515.1 3.0 3.3
2500 2604.0 2493.3 2543.1 2546.8 1.9 2.2
10 000 9872.3 9994.4 9960.6 9942.4 −0.6 0.6

a Samples were fortified representative patient pools (Rep). Percent bias was calculated as ([average − target]/target) * 100.

Table 3. QC performance for all 5 concentra-
tions across 10 independent analytical runs
spanning 4months.

QC target Measured SD CV, %
75 76.5 7.6 9.9
200 197.5 15.2 7.7
1750 1786.5 118.1 6.6
3850 3857 234.8 6.1
9500 9477 333.7 3.5
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tions that exceeded the reference range. The AMR
was determined to be 5–10 000 ng/L. Ten samples
that spanned the established AMR were analyzed
before and after storage at 4 °C for 6 months and
repeated within 10% of the original value (range
3.2–9.7%).

DISCUSSION

Previously published methods for quantifying low
Pt concentrations in serum represented high-quality
research assays but were difficult to implement for
routineuse in theclinical laboratory (4–6,14).Original
methods were based on the measurement of Pt in
plasma ultrafiltrates and used lengthy integration
times to achieve the needed sensitivity (6). Subse-
quentmethods for serumalso required lengthy inte-
gration times and did not include specific details
regarding assay performance characteristics in a
substantially more complicated matrix (5). A more
recent method used magnetic sector mass spec-
trometry, which is not readily applicable to high-
volume testing in a routine clinical laboratory envi-
ronment (15). These assays are not easily imple-
mented in the clinical laboratory or amenable for
high-throughput clinical studies due to lengthy
integration times, high complexity platforms,
complicated dilution protocols, or validation of
performance differing from current CLIA require-
ments and recommendations. The current assay
demonstrated acceptable performance for all mea-

sured parameters, used automated liquid handling
for sample preparation, and used a low-volume au-
tosampler in a 96-well format. Useof the low-volume
autosampler allowed for reduced clinical sample re-
quirements (50 μL for a single analysis) and a total
prepared sample volume of 500 μL, making the pre-
sented method ideal for biobank studies using lim-
ited samples and routine use in a clinical laboratory.
The established RI in healthy controls identified Pt in
all samples using the LOQof 5 ng/L and is consistent
with previous reports (5).
To our knowledge, to date only Sprauten et al.

(3) and Boer et al. (4) have addressed the extent
to which serum Pt concentrations are correlated
with cisplatin-associated toxicities. Both studies
documented a significant relationship between
increasing concentrations of residual serum Pt
and the severity of neurotoxicity in testicular
cancer survivors treated with cisplatin-based
chemotherapy, even when analyses were ad-
justed for initial cumulative cisplatin dose (3, 4).
The long-term persistence of increased serum Pt
concentrations has been known for several
decades, with investigations documenting
amounts up to 1000-fold greater than in unex-
posed controls (2, 5, 16, 17). Because circulating
Pt remains partly reactive (5), one of the key re-
search recommendations at an international
consensus conference (1) involved elucidating
the relationship between decades-long expo-
sure to low serum Pt concentrations and the
development of biological effects. Moreover, ad-
ditional study of the extent to which serum Pt
might affect the actions of essential trace ele-
ments (e.g., calcium, copper, magnesium, iron,
and zinc) was also recommended. It is well estab-
lished that cisplatin administration can be
acutely associated with hypomagnesemia (18),
although data describing its long-term persis-
tence are conflicting (19–22). Hypomagnesemia
has been reported for more than 6 years after
chemotherapy in some series (21, 22), but not
others (19, 20, 22).

Table 4. Representative data of cps, relative
SD, and calibration accuracy (average of 3
representative calibration sets) for the
calibration standards.

Target
concentration

cps
195Pt

Relative
SD

Average
concentration

%
bias

20 136 5.2 20.3 1
100 288 4.2 93.6 −6
500 1118 0.6 471.7 −6
2500 5391 0.5 2627.0 5
10 000 21 178 1.6 10 551.0 6
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The results of Sprauten et al. (3) and Boer et al. (4)
suggest that total serum Pt concentrationmay serve
as a useful biomarker of late toxicity and body bur-
den. Long-term serumPt concentrationsmay repre-

sent its release from various body reservoirs during
tissue remodeling [reviewed in (1)]. Pt-DNA adducts
have been measured in numerous tissues (e.g., kid-
ney, brain) after Pt-basedchemotherapy (17,23), and
further study of the long-term deposition of Pt (sites
and reactivity), serum concentrations, and correla-
tion with late effects has also been recommended
(1). The biokinetic properties of Pt mimic those of
other toxic metals (e.g., mercury and chromium) in
whichserumandurineconcentrationsalso correlate
with adverse outcomes (24). Four patients in our
present data set had visibly increased Pt results >5
years posttreatment in comparison to the majority
Fig. 1. In a study by Boer et al. (4), the pharmacoki-
neticmodel for Pt elimination was found to vary with
renal function and renal impairment significantly de-
creasing elimination. In addition, our data set does

Fig. 1. Decrease in serum platinum concentration (ng/L) according to times since completion of cispla-
tin-based chemotherapy.

Table 5. Number of patients with serum Pt
concentration within or greater than the
reference interval (8–47 ng/L) by time interval
since completion of chemotherapy.

Time since
completion of
chemotherapy,

years
Number of
patients

Serum platinum
concentration,

ng/L
Number of
patients (%)

8–47 >47

<5 370 1 (0.3) 369 (99.7)
5–10 158 1 (0.6) 157 (99.4)
10–15 81 3 (3.7) 78 (96.3)
≥15 66 37 (56.1) 29 (43.9)
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not ruleout thepossibility of anenvironmental expo-
sure to Pt through routes such as Pt salts used in the
preparation of sulfuric acid and petroleum or plati-
num used in automobile catalytic converters (25).
The acute cardiovascular effects of cisplatin, in-

cluding its thrombogenicity, have recently been
reviewed (26) and may result in significantly in-
creased risk of death due to cardiovascular dis-
ease (CVD) including stroke. However, a growing
body of literature summarized by Fung et al. (26)
also points to the significantly increased incidence
of CVD in long-term testicular cancer survivors
(TCS). The extent to which circulating Pt concentra-
tions may contribute to this outcome has not yet
been addressed to our knowledge, but would also
have to take into account general CVD risk factors,
such as tobacco use, level of physical activity, obe-
sity, and smoking [reviewed in (1)].
Fung et al. also recently reported a significantly

increased risk of solid tumors after chemother-
apy, most likely containing cisplatin, among 6013
TCS in the population-based Surveillance, Epide-

miology, and End Results (SEER) Program of the
National Cancer Institute (8). Prior studies have
established strong dose–response relationships
between cumulative cisplatin dose and second-
ary leukemia, and analytic investigations of solid
tumor risk are needed (27, 28). Fung et al.
showed that 3-fold increased risks of kidney can-
cer follow chemotherapy for testicular cancer
(29), and in this regard, it is noteworthy that in-
creased urine concentrations of Pt have also
been observed for several decades after plati-
num administration [reviewed in (1)].
Although much of the work to date with regard to

the long-term effect of increased serum Pt concen-
trations have been restricted to TCS, it is likely that in
the future, other patient populations will also be
studied, since the Pt compounds remain the most
commonly used group of cytotoxic drugsworldwide.
Inparticular, cisplatin isused toeffectively treatmany
types of childhood cancer, with survivors remaining
at risk for a lifetime for the late effects of these and
other types of successful treatments.
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