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Abstract: Platinum-based cytostatics, such as cisplatin, carboplatin or oxaliplatin are 

widely used agents in the treatment of various types of tumors. Large amounts of these 

drugs are excreted through the urine of patients into wastewaters in unmetabolised forms. 

This phenomenon leads to increased amounts of platinum ions in the water environment. 

The impacts of these pollutants on the water ecosystem are not sufficiently investigated as 

well as their content in water sources. In order to facilitate the detection of various types of 

platinum, we have developed a new, rapid, screening flow injection analysis method with 

electrochemical detection (FIA-ED). Our method, based on monitoring of the changes in 

electrochemical behavior of analytes, maintained by various pH buffers (Britton-Robinson 
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and phosphate buffer) and potential changes (1,000, 1,100 and 1,200 mV) offers rapid and 

cheap selective determination of platinum-based cytostatics and platinum chlorides, which 

can also be present as contaminants in water environments.  

Keywords: platinum-based cytostatics; platinum chlorides; flow injection analysis with 

electrochemical detection; hydrodynamic voltammograms 

 

1. Introduction 

The platinum group elements (PGEs)—platinum, palladium, rhodium, ruthenium, and the relatively 

rare iridium and osmium—are among the less abundant elements in the environment. Their extreme 

resistance to other chemicals and great mechanical properties make them ideally suited for a large 

number of applications. In particular, platinum has been found to be very useful in a broad range of 

sectors [1]. Platinum metals are used in jewelry and in catalytic converters in the automotive industry, 

and currently also in medicine, where this metal is increasingly being used as material for production 

of stents, spinal fixations, hip or knee implants and as a component of antineoplastic agents a [2]. Due 

to the steady increase in their use, PGEs are also potential environmental contaminants, which tend to 

bioaccumulate in various plant and animal tissues representing a serious threat to organisms [3]. The 

largest toxicological problems are caused by platinum chlorides and coordination complexes used in 

chemotherapy [4–9].  

Due to their negative effects on organisms it is necessary to properly identify the presence of PGEs 

and especially cytostatics in the water environment which serves as distribution route [10]. The most 

widely used platinum-based cytostatic, cisplatin, is applied in concentrations of 75–100 mg.m−2 of 

body surface area, oxaliplatin in concentrations of 150 mg.m−2 and carboplatin in concentrations of 

400 mg.m−2. Some 75% of the applied amounts may be excreted through urine into wastewaters [11]. 

These values indicate the potential seriousness of wastewater contamination with platinum-based 

cytostatics and highlight the importance of determination of their content. For this purpose a wide 

range of methods, such as atomic absorption spectrometry (AAS), the most commonly applied 

analytical method for PGE detection, inductively coupled plasma (ICP), optical emission spectrometry 

(OES) or mass spectrometry (MS) can be utilized [12,13]. Liquid chromatography (LC) in tandem 

with mass spectrometry can also be applied for the determination of platinum-based cytostatics [14]. 

Electrochemical methods based on the catalytic properties of specific platinum compounds are 

characterized by high sensitivity to the presence of other platinum based compounds [15–17]. All of 

these methods require various sample pre-treatments, long analysis times and expensive 

instrumentation.  

It is important to explore new ways and methods to simplify, accelerate and reduce the costs of 

PGE analyses. One possibility is offered by flow injection analysis with electrochemical detection  

(FIA-ED), based on which now we suggest a procedure providing rapid detection of PGEs and 

recognition of the presence of platinum-based cytostatics in contaminated wastewaters. 
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2. Experimental Section 

2.1. Chemicals and pH Measurement 

Standards of PtCl2, PtCl4, RhCl3 and PdCl2 were obtained from Sigma-Aldrich (St. Louis, MO, 

USA). Oxaliplatin was purchased from Merck & Co (Whitehouse Station, NJ, USA), carboplatin was 

obtained from Teva UK (Castleford, UK), and cisplatin was from EBEWE Pharma (Unterach am 

Attersee, Austria). Other chemicals were purchased from Sigma-Aldrich in ACS purity unless noted 

otherwise. Stock standard solutions of platinum species (1 mg·mL−1) were prepared in ACS water with 

1% HCl (v/v) added to the increase solubility of the metal ions. Working standard solutions of the 

analyzed platinum species were prepared daily immediately prior to the use by the dilution of the stock 

solutions to the final concentration of 10 µg·mL−1. All solutions were prepared in deionized water 

obtained by the use of Aqual 25 reverse osmosis equipment (Aqual s.r.o., Brno, Czech Republic). 

Deionized water was further purified by using a Direct-Q 3 UV Water Purification System apparatus 

equipped with a UV lamp (Millipore, Billerica, MA, USA). The output resistance was set to 18 

MΩ·cm−1. The value of pH was measured using a WTW inoLab pH meter (Weilheim, Germany) 

equipped with a terminal Level 3, controlled by the WTW MultiLab Pilot software. 

2.2. River Water Sample  

A sample of river water (Ponavka stream from the city of Brno, Czech Republic) was filtered 

through a 0.45 μm nylon filter disc (Millipore) prior to FIA-ED analysis. 

2.3. FIA-ED System 

The instrument for flow injection analysis with electrochemical detection (FIA-ED) consisted of a 

solvent delivery pump operating within the range of 0.001–9.999 mL.min−1 (Model 582 ESA Inc., 

Chelmsford, MA, USA) and an electrochemical detector. The electrochemical detector includes a  

low-volume flow-through analytical cell (Model 5040, ESA), which consists of a glassy carbon 

electrode as a working electrode, a hydrogen-palladium electrode as a reference electrode and an 

auxiliary electrode, and a Coulochem III unit as a control potentiostat module. The sample (20 μL) was 

injected using an autosampler (Model 542, ESA). Buffers with different pH, chosen for the ability to 

maintain constant conditions (pH) during the measurements (phosphate buffer with pH 5.5, 6.5, 7.5, 

and Britton-Robinson buffer with pH 2, 3, 3.5, 4, 5 and 6, respectively) were used as mobile phases 

(for optimized conditions see the Results and Discussion section). Detection was carried out at 

different potentials (100, 200, 300, 400, 500, 600, 700, 800, 900, 1,000, 1,100, and 1,200 mV) which 

were applied to obtain hydrodynamic voltammograms (HDVs) of the individual platinum species. The 

data obtained were analyzed with the Clarity software (Version 1.2.4, Data Apex, Prague, Czech 

Republic). The experiments were carried out at a temperature of 25 °C. A glassy carbon electrode was 

polished mechanically with alumina (0.1 μm, ESA Inc.) and sonicated at room temperature for 5 min 

using a Sonorex Digital 10 P Sonicator (Bandelin, Berlin, Germany) at 40 W [18].  
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2.4. Descriptive Statistics 

Mathematical analysis of the experimental data and their graphical interpretation were carried out 

by the Microsoft Office tools (MS Excel®, MS Word®, and MS PowerPoint®). All results were 

expressed as mean ± standard deviation (SD) unless noted otherwise. The detection limits  

(3  signal/noise, S/N) were calculated according to Long and Winefordner [19], where N was 

expressed as a standard deviation of noise determined in the signal domain unless stated otherwise. 

3. Results and Discussion 

Widely used platinum-based cytostatics are released in unmetabolised forms through the urine of 

patients and thus they may be found in large amounts in hospital wastewaters [20]. The presence of 

these pollutants can be proved using a variety of analytical methods, usually requiring large 

operational costs and complicated sample pre-treatments. Flow injection analysis (FIA), allowing 

automation and high throughput analysis, is not characterized by these issues and can be easily used 

for rapid detection of various types of analytes. FIA is based on the injection of a acurate volume of 

the sample into a flowing mobile phase and its subsequent physical and chemical transformation, 

which allows the use of different types of detectors [21,22]. A typical FIA configuration consists of a 

pump, an injection valve, a flow-through detector, and a signal output device. Our FIA configuration, 

shown in Figure 1, utilized electrochemical detection, particularly amperometric detection using a 

working glassy carbon electrode (GCE). Similar configurations were used for detection of thiol 

compounds and for studying their interaction with cisplatin [18]. 

Figure 1. Scheme of FIA-ED system used for determination of platinum-based cytostatics 

and platinum chlorides. 

 

Besides, the response of the analytes depends on the pH of the mobile phase and the potential 

applied for the electrochemical detection. Conditions for the detection of oxaliplatin, cisplatin, 

carboplatin, PtCl2 and PtCl4, (in concentrations of 10 μg·mL−1) were evaluated using Britton-Robinson 

buffer at pH 2, 3, 3.5, 4, 5 and 6, and phosphate buffer at pH 5.5, 6.5 and 7.5. For individual analytes, 

including the blank sample (detector response after injection of the solution used for sample dilution), 

Autosampler Analytical cell

Chromatographic
pump
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hydrodynamic voltammograms (HDVs) were constructed showing the electrochemical behavior of 

each analyte in all the mentioned buffers. For accurate recognition of qualitative changes of analyte 

behavior during the electrochemical measurements, subtraction of a blank HDV from each analytes’ 

HDV was carried out. This step was performed in order to improve the selectivity of detection, and to 

eliminate false positive results. The resulting curves can be seen in Figure 2.  

Figure 2. Hydrodynamic voltammograms (HDVs). All HDVs were measured with 

concentration of 10 µg.mL−1 of PGEs using (A) phosphate buffer (PB) for (Aa) oxaliplatin; 

(Ab) cisplatin; (Ac), carboplatin; (Ad) PtCl2; (Ae) PtCl4; and (B) Britton-Robinson buffer  

(B-R) for (Ba) oxaliplatin; (Bb) cisplatin; (Bc) carboplatin; (Bd) PtCl2; (Be) PtCl4. 

 
 

According to these measurements, three potentials were selected (1000, 1100 and 1200 mV) as the 

ones with the highest detector responses. Signal values are shown in Figure 3 for better clarity. On the 

basis of these obtained values, an overview of the different electrochemical behavior of platinum-

based cytostatics and platinum chlorides was obtained. Inclusion of this procedure eliminates 

irregularities caused by the presence of signal when analyzing solutions in the absence of an analyte, 

because the solvent used for sample dissolution causes physical and chemical changes on the electrode 

surface, and thereby also a detector response. In Figure 2(Aa–Ae), the HDVs of analytes after 

subtraction of blank solution in the environment, maintained by phosphate buffer, can be seen. It 

clearly follows from the results obtained that analytes did not show linearity and produced 

significantly lower signals when compared to values measured in the presence of Britton-Robinson 

-10

-8

-6

-4

-2

0

2

4

700 900 1100

PB 5.5

PB 6.5

PB 7.5

-10

-8

-6

-4

-2

0

2

4

700 900 1100

PB 5.5

PB 6.5

PB 7.5

-10

-8

-6

-4

-2

0

2

4

700 900 1100

PB 5.5

PB 6.5

PB 7.5

-10

-8

-6

-4

-2

0

2

4

700 900 1100

PB 5.5

PB 6.5

PB 7.5

-10

-8

-6

-4

-2

0

2

4

700 900 1100

PB 5.5

PB 6.5

PB 7.5

-5

5

15

25

35

45

55

65

700 900 1100

B-R 2

B-R 3

B-R 3.5

B-R 4

B-R 5

B-R 6

-5

5

15

25

35

45

55

65

700 900 1100

B-R 2

B-R 3

B-R 3.5

B-R 4

B-R 5

B-R 6

-5

5

15

25

35

45

55

65

700 900 1100

B-R 2

B-R 3

B-R 3.5

B-R 4

B-R 5

B-R 6

-5

5

15

25

35

45

55

65

700 900 1100

B-R 2

B-R 3

B-R 3.5

B-R 4

B-R 5

B-R 6

-5

5

15

25

35

45

55

65

700 900 1100

B-R 2

B-R 3

B-R 3.5

B-R 4

B-R 5

B-R 6

Aa Ab Ac Ad Ae

Ba Bb Bc Bd Be

Potential [mV] Potential [mV] Potential [mV] Potential [mV] Potential [mV]

Potential [mV] Potential [mV] Potential [mV] Potential [mV] Potential [mV]

P
ea

k
he

ig
ht

(µ
A

)

P
ea

k
he

ig
ht

(µ
A

)

P
ea

k
he

ig
ht

(µ
A

)

P
ea

k
he

ig
ht

(µ
A

)

P
ea

k
he

ig
ht

(µ
A

)

P
ea

k
he

ig
ht

(µ
A

)

P
ea

k
he

ig
ht

(µ
A

)

P
ea

k
he

ig
ht

(µ
A

)

P
ea

k
he

ig
ht

(µ
A

)

P
ea

k
he

ig
ht

(µ
A

)



Int. J. Environ. Res. Public Health 2014, 11 1720 

 

 

buffer (Figure 2(Ba–Be)). Therefore, it appeared that phosphate buffer is not suitable for the detection 

of the studied platinum compounds. When comparing the values of the analyte signals measured in the 

presence of Britton-Robinson buffer with potentials of 1000, 1100, and 1200 mV (Figure 3) noticeable 

differences between detection of platinum-based cytostatics and platinum chlorides can be observed. 

Figure 3. Expression of ideal potentials (range 1000–1200 mV) in buffers Britton-Robinson 

buffer (B-R) with pH 2–6 for each of PGEs obtained from HDVs. All maximums were 

carried out with PGEs concentration of 10 µg.mL−1. Ideal potentials for  

(A) oxaliplatin; (B) cisplatin; (C) carboplatin; (D) PtCl2; (E) PtCl4 are shown. Optimal 

potential and pH buffer for determination of platinum-based cytostatics from platinum 

chlorides is highlighted with red color. Potential and pH buffer, characterizing 

concentration of platinum in sample is highlighted with orange. 

 
 

This distinction is most obvious when using Britton-Robinson buffer of pH 2 and an applied 

potential of 1200 mV (Figure 3, highlighted with red rectangle). On the other hand when using a 

Britton-Robinson buffer of pH 5 and an applied potential of 1200 mV (Figure 3 highlighted with an 

orange rectangle), the signals of all the tested platinum compounds only showed negligible differences. 

Under the conditions maintained by pH 5 Britton-Robinson buffer, the detector response reached  

24–32 µA for platinum-based cytostatics (31–32 µA for oxaliplatin and carboplatin and 24 µA for 

cisplatin), while the platinum chlorides’ detector responses reached currents within a range from 4.5 to 
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7.2 µA. In contrast, the utilization of Britton-Robinson buffer of pH 5 showed partial compensation of 

all platinum compounds currents (4.1–4.2 µA for platinum-based cytostatics and 3.1 µA for platinum 

chlorides).  

Differing signal strength of platinum-based cytostatics and platinum chlorides, determined using 

FIA-ED, was confirmed also by the calibration curves of the individual platinum compounds measured 

in the presence of Britton-Robinson buffer of pH 2 (Figure 4(A–E)) and pH 5 (Figure 4(F–J)), where 

the formulas of the individual tested platinum compounds can be seen too. Besides the confirmation of 

lower signal provided by platinum chlorides (approximately 4–7 times) compared to platinum-based 

cytostatics, and there was also a slight decrease of the cisplatin signal versus the signals of carboplatin 

and oxaliplatin. This phenomenon can be explained by the presence of chlorine in the cisplatin 

molecule, nevertheless impact on the recognition between the presences of platinum-based cytostatics 

and platinum chlorides was not affected significantly by the presence of chlorine in the cisplatin 

structure. 

Figure 4. Calibration curves for individual platinum analytes measured at applied potential 

of 1200 mV, using Britton-Robinson buffer at pH 2: (A) oxaliplatin; (B) cisplatin;  

(C) carboplatin; (D) PtCl2; (E) PtCl4 and using Britton-Robinson buffer at pH 5:  

(F) oxaliplatin; (G) cisplatin; (H) carboplatin; (I) PtCl2; (J) PtCl4. 

 

From the calibration curves, the mechanism of the method that could serve as a tool for 

distinguishing of platinum-based cytostatics from platinum chlorides can be derived. In the case of the 

positive signal seen when using Britton-Robinson buffer of pH 2 and the subsequent positive signal 

when using the same buffer of pH 5, another evaluation follows. If the peak height of platinum 

measured in Britton-Robinson of pH 2 shows an approximately 1.5–2.5 × higher value that in the same 

buffer with pH 5, the result points to platinum chlorides. In the case that the peak height of platinum 

analyzed in the Britton-Robinson buffer of pH 2 is 5–9 × higher than in the same buffer of pH 5, 

platinum drugs are present in the water sample. Our method is based only on changing two buffers 

forming the mobile phases of the FIA-ED system. This approach is rapid, cheap and it can be 
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miniaturized and thus used for biosensor applications. The analysis cost ranges from approximately  

1–2 Euros, whereas the instrumentation cost includes only a low-pressure pump, an injection valve and 

an electrochemical detector. 

The functionality of this method was verified by analyzing a sample of water from the Ponavka 

stream. Platinum cytostatics and platinum chloride were added to this water in concentrations of 10 

and 40 μg·mL−1. The samples were analyzed and calculated using the proposed method shown above. 

The data obtained from the analysis are shown in Figure 5. The accompanying results show that the 

proposed method is useful for analyzing water samples contaminated with platinum species. 

Figure 5. Results of analyzes of water from the stream after the addition of each variant of 

platinum. Samples in the B-R buffer, pH 2 are shown in a red column, and pH 5 as an 

orange column. Green marks show the ratio of buffers used, and concurrently also 

determine the variations of platinum. 

 

4. Conclusions  

Based on the obtained results, we suggest a rapid and inexpensive method with the potential to be 

miniaturized. The FIA-ED method, based on the comparison of the responses of an amperometric 

detector using a glassy carbon working electrode, can be used to distinguish the presence of platinum-

based cytostatics from platinum chlorides. This method could be applicable for hospital wastewater 

evaluation or for rapid, screening analyses in places where the manipulation with these cytostatics is 

performed and there is an increased threat of environment contamination.  

Acknowledgments 

Financial support from CEITEC CZ.1.05/1.1.00/02.0068 is highly acknowledged. We would like to 

express our thanks to Amitava Moulick for English corrections. 

Conflicts of Interest 

The authors declare no conflict of interest.  

 

0

1

2

3

4

5

6

7

8

9

0

20

40

60

80

100

120

140

160

10 40 10 40 10 40 10 40 10 40

(µg.mL-1) (µg.mL-1) (µg.mL-1) (µg.mL-1) (µg.mL-1)

Oxaliplatin Cisplatin Carboxiplatin PtCl4 PtCl2

B-R 2
B-R 5
Differing signal

P
ea

k
he

ig
ht

(µ
A

) D
iffering

signal



Int. J. Environ. Res. Public Health 2014, 11 1723 

 

 

References 

1. Seriani, N.; Mittendorfer, F. Platinum-group and noble metals under oxidizing conditions.  

J. Phys. Condens. Matter 2008, 20, 1–6. 

2. Sobrova, P.; Zehnalek, J.; Adam, V.; Beklova, M.; Kizek, R. The effects on soil/water/plant/animal 

systems by platinum group elements. Cent. Eur. J. Chem. 2012, 10, 1369–1382. 

3. Iavicoli, I.; Bocca, B.; Carelli, G.; Caroli, S.; Caimi, S.; Alimonti, A.; Fontana, L. Biomonitoring 

of tram drivers exposed to airborne platinum, rhodium and palladium. Int. Arch. Occup. Environ. 

Health 2007, 81, 109–114. 

4. Sato, K.; Kusaka, Y.; Zhang, Q.W.; Zhu, X.Q.; Okada, K. Effect of platinum coordination 

complex (PtCx) on citrate uptake by rat renal brush border membrane vesicles (BBMV): Direct 

effect of cisplatin. Ind. Health 2000, 38, 327–329. 

5. Ravindra, K.; Bencs, L.; van Grieken, R. Platinum group elements in the environment and their 

health risk. Sci. Total Environ. 2004, 318, 1–43. 

6. Ek, K.H.; Morrison, G.M.; Rauch, S. Environmental routes for platinum group elements to 

biological materials—A review. Sci. Total Environ. 2004, 334, 21–38. 

7. Pan, S.H.; Zhang, G.; Sun, Y.L.; Chakraborty, P. Accumulating characteristics of platinum group 

elements (PGE) in urban environments, China. Sci. Total Environ. 2009, 407, 4248–4252. 

8. Easton, C.; Turner, A.; Sewell, G. An evaluation of the toxicity and bioaccumulation of cisplatin 

in the marine environment using the macroalga, Ulva lactuca. Environ. Pollut. 2011, 159, 3504–3508. 

9. Johnson, A.C.; Oldenkamp, R.; Dumont, E.; Sumpter, J.P. Predicting concentrations of the 

cytostatic drugs cyclophosphamide, carboplatin, 5-fluorouracil, and capecitabine throughout the 

sewage effluents and surface waters of europe. Environ. Toxicol. Chem. 2013, 32, 1954–1961. 

10. Supalkova, V.; Beklova, M.; Baloun, J.; Singer, C.; Sures, B.; Adam, V.; Huska, D.; Pikula, J.; 

Rauscherova, L.; Havel, L.; et al. Affecting of aquatic vascular plant Lemna minor by cisplatin 

revealed by voltammetry. Bioelectrochemistry 2008, 72, 59–65. 

11. Lenz, K.; Hann, S.; Koellensperger, G.; Stefanka, Z.; Stingeder, G.; Weissenbacher, N.; Mahnik, S.N.; 

Fuerhacker, M. Presence of cancerostatic platinum compounds in hospital wastewater and 

possible elimination by adsorption to activated sludge. Sci. Total Environ. 2005, 345, 141–152. 

12. Yoon, H.; Yoon, C.; Park, C.S.; Ko, T.; Kim, N.S.; Han, K.N. Quantitative determination of PGM 

using ICP-MS, ICP-AES, AAS and XRF. Miner. Metall. Process. 2005, 22, 59–64. 

13. Herincs, E.; Puschenreiter, M.; Wenzel, W.; Limbeck, A. A novel flow-injection method for 

simultaneous measurement of platinum (Pt), palladium (Pd) and rhodium (Rh) in aqueous soil 

extracts of contaminated soil by ICP-OES. J. Anal. At. Spectrom. 2013, 28, 354–363. 

14. Hann, S.; Stefanka, Z.; Lenz, K.; Stingeder, G. Novel separation method for highly sensitive 

speciation of cancerostatic platinum compounds by HPLC-ICP-MS. Anal. Bioanal. Chem. 2005, 

381, 405–412. 

15. Svancara, I.; Galik, M.; Vytras, K. Stripping voltammetric determination of platinum metals at a 

carbon paste electrode modified with cationic surfactants. Talanta 2007, 72, 512–518. 

16. Locatelli, C. Ultratrace osmium, ruthenium and lead in airborne particulate matter: Peak area as 

instrumental datum to improve their simultaneous voltammetric determination. Electroanalysis 

2012, 24, 2273–2282. 



Int. J. Environ. Res. Public Health 2014, 11 1724 

 

 

17. Van der Horst, C.; Silwana, B.; Iwuoha, E.; Somerset, V. Stripping voltammetric determination of 

palladium, platinum and rhodium in freshwater and sediment samples from South African water 

resources. J. Environ. Sci. Health Part A Toxic/Hazard. Subst. Environ. Eng. 2012, 47, 2084–2093. 

18. Zitka, O.; Huska, D.; Krizkova, S.; Adam, V.; Chavis, G.J.; Trnkova, L.; Horna, A.; Hubalek, J.; 

Kizek, R. An investigation of glutathione-platinum(II) interactions by means of the flow injection 

analysis using glassy carbon electrode. Sensors 2007, 7, 1256–1270. 

19. Long, G.L.; Winefordner, J.D. Limit of detection. Anal. Chem. 1983, 55, A712–A724. 

20. Allard, B. A comparative study on the chemical composition of humic acids from forest soil, 

agricultural soil and lignite deposit—Bound lipid, carbohydrate and amino acid distributions. 

Geoderma 2006, 130, 77–96. 

21. Felix, F.S.; Angnes, L. Fast and accurate analysis of drugs using amperometry associated with 

flow injection analysis. J. Pharm. Sci. 2010, 99, 4784–4804. 

22. Van Staden, J.F.; van Staden, R.I. S. Flow-injection analysis systems with different detection 

devices and other related techniques for the in vitro and in vivo determination of dopamine as 

neurotransmitter. A review. Talanta 2012, 102, 34–43. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


