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A B S T R A C T

Purpose: Oxaliplatin is increasingly becoming the chemotherapeutic drug of choice for the treatment of
peritoneal malignancies using cytoreductive surgery and hyperthermic intraperitoneal chemotherapy
(CRS–HIPEC). Oxaliplatin is unstable in chloride-containing media, resulting in the use of 5% dextrose as
the carrier solution in these procedures. Exposure of the peritoneum to 5% dextrose during perfusion
times varying from 30min to 90min is associated with serious hyperglycemias and electrolyte
disturbances. This can result in significant postoperative morbidity and mortality. In order to find out
whether safer, chloride-containing carrier solutions can be used, we report the results of in-vitro analysis
of oxaliplatin stability in both chloride-containing and choride-deficient carrier solutions and discuss the
implications for oxaliplatin-based CRS–HIPEC procedures.
Methods: 5mg of oxaliplatin was added to 50mL of various carrier solutions at 42 �C: 5% dextrose, 0.9%
sodium chloride, Ringer lactate, Dianeal1 PD4 glucose 1.36% solution for peritoneal dialysis and 0.14M
sterile phosphate buffer pH 7.4. Samples were collected at standardized intervals and oxaliplatin
concentration was determined using a stability indicating high-performance liquid chromatographic
method, coupled to an UV detector (HPLC–UV); oxaliplatin degradation products were identified using
HPLC-mass spectometry.
Results: In 5% dextrose, oxaliplatin concentration remained stable over a 2-hour period. Increasing
chloride concentrations were associated with increasing degradation rates; however, this degradation
was limited to <10% degradation after 30min (the standard peritoneal perfusion time in most clinical
CRS–HIPEC protocols) and <20% degradation after 120min at 42 �C. In addition, oxaliplatin degradation
was associated with the formation of its active drug form [Pt(dach)Cl2].
Conclusions: The use of chloride-containing carrier solutions for oxaliplatin does not relevantly affect its
concentrations under the tested in-vitro conditions. Chloride seems to promote formation of the active
cytotoxic drug form of oxaliplatin and therefore could enhance its cytotoxic effect. These data show that
more physiological, chloride-containing carrier solutions can be used safely and effectively as a medium
for oxaliplatin in CRS–HIPEC procedures.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

The combination of cytoreductive surgery and hyperthermic
intraperitoneal chemotherapy (CRS–HIPEC) has become the main

treatment modality for selected patients with peritoneal surface
malignancies. Perfusion of the peritoneal cavitywith hyperthermic
chemotherapeutic agents to eradicate residualmicroscopic disease
after complete surgical cytoreduction is based on sound pharma-
cological principles, leading to high intraperitoneal concentrations
of the administered agents with only minimal systemic penetra-
tion (Piche et al., 2011; Witkamp et al., 2001).

Various cytotoxic agents are used for CRS–HIPEC in colorectal
peritoneal carcinomatosis. A prospective randomized controlled
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trial demonstrated a significant survival benefit in patients
undergoing CRS–HIPEC with intraperitoneal mitomycin C in
addition to systemic chemotherapy as compared to only systemic
chemotherapy (Verwaal et al., 2003, 2008). Mitomycin C has been
shown to exhibit potentially serious hemotological toxicity (Chua
et al., 2009). Moreover, it currently has virtually no role in the
systemic treatment of advanced stage colorectal cancer. Therefore,
there is increasing interest in alternative agents for intraperitoneal
administration during CRS–HIPEC. A widely used alternative to
mitomycin C is oxaliplatin (Elias et al., 2007a,b, 2009; Quenet et al.,
2011). Oxaliplatin, a third-generation platinum compound, already
has an established role in the systemic treatment of colorectal
cancer, both in an adjuvant setting in case of node-positive tumors
and in a palliative setting (Andre et al., 2004). Its high molecular
weight (397.3Da) limits passage through the peritoneum-plasma
barrier, thereby limiting potential systemic toxicity, while ensuring
high intraperitoneal concentrations (Pestieau et al., 2001). Both in-
vivo and in-vitro studies have demonstrated enhancement of
oxaliplatin-mediated cytotoxicity under hyperthermic conditions
(Piche et al., 2011; Mahteme et al., 2008). This has led to an
increasing number of protocols incorporating oxaliplatin in CRS–
HIPEC procedures.

Unfortunately, oxaliplatin is unstable in chloride-containing
carrier solutions (Curis et al., 2001; Jerremalm et al., 2004).
Therefore, in most clinical protocols for oxaliplatin-based CRS–
HIPEC, 5% dextrose is used as carrier solution. The use of large
intraperitoneal volumes of 5% dextrose is associated with serious
hyperglycemiasandelectrolytedisturbances, resulting in significant
postoperativemorbidityandmortality (Ceelenetal., 2008;DeSomer
et al., 2008; Rueth et al., 2011). These metabolic disturbances have
not been observed in patients treated with mitomycin C, in which
more physiological chloride-containing carrier solutions have been
used (Rueth et al., 2011). It is surmised that the chloride ions in these
solutionscouldpotentially limitoxaliplatinstabilityandtherefore its
oncolytic capacity during CRS–HIPEC. In the presence of chloride
ions, oxaliplatin degrades into two chloro complexes ([Pt(dach)
oxCl]� and [Pt(dach)Cl2]) (Curis et al., 2001; Jerremalm et al., 2004).
Although the degradation of oxaliplatin in chloride-containing
solutions has been reported previously, the actual effect of the
decrease in oxaliplatin concentrations in various environments and
thus the potential clinical relevance of this degradation remains
unclear.

To address this issue, we report the results of in-vitro analysis of
oxaliplatin stability in both chloride-containing and choride-
deficient carrier solutions and discuss the implications for the use
of these solutions in oxaliplatin-based CRS–HIPEC.

2. Materials and methods

2.1. Materials

Oxaliplatin at a concentration of 5mg/mL was purchased from
Accord Healthcare Ltd., Middlesex, United Kingdom. The following
carrier solutions were used in the in-vitro analysis: 5% dextrose,

0.9% sodium chloride (NaCl), Ringer lactate, Dianeal1 PD4 dextrose
1.36% solution for peritoneal dialysis and 0.14M sterile phosphate
buffer (pH 7.4). The 5% dextrose, 0.9% sodium chloride and Ringer
lactate infusion solutions were purchased from B. Braun (Melsun-
gen, Germany) and Dianeal1 PD4 dextrose 1.36% solution for
peritoneal dialysis was obtained from Baxter B.V. (Utrecht, The
Netherlands). The 0.14M sterile phosphate buffer pH 7.4 was
prepared in house. Chloride concentrations in the various carrier
solutions are listed in Table 1.

2.2. In-vitro stability

5mg (1mL) of oxaliplatin was added to a volume of 49mL of
carrier solution at 42 �C in a glass container (Duran, Mainz,
Germany). During the experiment, the solution was stirred at
400 rpm. Starting immediately after addition of oxaliplatin, 75mL
samples were collected every 15min up to two hours. All samples
were analysed immediately and without further processing. All
experiments were performed in threefold.

2.3. Determination of oxaliplatin concentrations

Oxaliplatin concentrations were determined by high-perfor-
mance liquid chromatography (HPLC) with UV detection using an
1100 series HPLC system consisting of a binary pump, Model
G1312A, an autosampler Model G1367A and a UV-detector Model
G1314A (Agilent Technologies, Santa Clara, CA, USA). A Hypersil
ODS analytical column (250� 4.6mm ID, particle size 5mm,
Thermo Scientific, Waltham, WA, USA) was used. Absorbance was
measured at 210nm. Injection of 20mL of sample was followed by
isocratic elutionwith 10% of acetonitril (Biosolve B.V., Amsterdam,
The Netherlands) in water for injections (B. Braun, Melsungen,
Germany) set at pH 3.0 using ortho-phosphoric acid (Merck,
Darmstadt, Germany). The flow rate was 1.2mL/min, with a total
runtime of 12min. Chromatograms were processed using Chro-
meleon software (Thermo Scientific).

2.4. Identification of degradation products

For the identification of oxaliplatin degradation products the
HPLC–UV system was transferred to an QTRAP5500 mass spec-
trometer (AB Sciex, Framingham, MA, USA) coupled to an Acquity
UPLC I-Class System (Waters Corporation, 34Maple Street,Milford,
MA, USA), consisting of a Binary SolventManager (BSM)with Flow-
Through Needle (SM-FTN) and a column heater (CH-A). Injections
of 10mL were performed on the HPLC column and the flow was
split 1:4, v/v. Other settings were the same as described under
“Determination of oxaliplatin concentrations”.

The QTrap 5500 mass spectrometer was equipped with a turbo
ionspray interface (TIS) and operated in both positive and negative
ion modes. Source settings and compound dependant scan
conditions were optimized. The ionspray voltage was kept at
�4500V, while the source temperature was 700 �C. Curtain gas
(nitrogen grade 3.0) was set at 30 arbitrary units. Nebuliser (GS1)

Table 1
Oxaliplatin concentrations in various carrier solutionswith increasing chloride concentrations. The initial oxaliplatin concentrationwas 0.1mg/mL and solutionswere kept at
42 �C.

Carrier solution Chloride concentration
(mM)

Oxaliplatin concentration at 30min
(% of initial concentration)

Oxaliplatin concentration at 120min
(% of initial concentration)

5% dextrose 0 101.2 105.1
Phosphate buffer <30 96.9 90.1
Dianeal PD4 95 91.7 85.3
Ringer lactate 111 90.1 82.0
0.9% NaCl 154 89.3 79.2
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and heater gas (GS2) zero air, were set at 50 arbitrary units. The
declustering and entrance potential were set at �140V and �10V,
respectively. MS spectra were collected from 350 (m/z) until
450 (m/z) at unit resolution. Scan type was Q1 MS, scan rate
2000Da/s, step size 0.1Da and number of scans to sum was set at
10. Data were acquired and processed using Analyst (version 1.5.2)
software (AB Sciex).

3. Results

As shown in Fig. 1, oxaliplatin concentrations did not decrease
in 5% dextrose, whereas degradation could be observed in the
chloride-containing carrier solutions. Relative oxaliplatin concen-
trations at 30min and 120min in the various carrier solutions are
shown in Table 1. As shown, increasing concentrations of chloride
in the different carrier solutions resulted in increased degradation
of oxaliplatin. However, even in 0.9% NaCl, the carrier solutionwith
the highest chloride concentration, oxaliplatin concentrations
were demonstrated to be 89.3% of the initial concentration at
30min and 79.2% of the initial concentration after 120min of

incubation. In Dianeal1 PD4, a more physiological carrier solution
routinely used in mitomycin-based CRS–HIPEC procedures, con-
centrations at 30min and 120min were 91.7% and 85.3%,
respectively.

Oxaliplatin degradation in the chloride-containing media was
associated with the formation of two degradation products as
detected by HPLC–UV (Fig. 2). The concentration of degradation
product 1 remained stable over time after initial formation; the
further decrease in oxaliplatin concentration was reflected by the
formation of degradation product 2. The total concentration of
oxaliplatin and its degradation products over time remained
approximately 100% of the initial platinum concentration,
indicating that these two products were the only products formed
during oxaliplatin degradation.

Subsequent mass spectrometric analysis was performed to
identify these degradation products, as shown in Fig. 3. In negative
ion mode, oxaliplatin showed an isotopic pattern specific for
platinum containing components, as described previously
(Jerremalm et al., 2004). This same typical pattern was seen in
the positive ion mode, in which also the sodium and potassium

[(Fig._1)TD$FIG]

Fig. 1. Oxaliplatin concentration in various carrier solutions solutions over time (error bars represent standard deviations).

[(Fig._2)TD$FIG]

Fig. 2. HPLC–UV chromatogram of a sample of 100mg/mL oxaliplatin in 0.9% NaCl after degradation at 42 �C.
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adducts of oxaliplatin were detected. A platinum/chloride isotopic
patternwas detected in the mass spectra of degradation product 2,
similar to that found previously (Jerremalm et al., 2004). In the
negative ion mode, the detected maximum m/z ratio of this
degradation product was 379, indicating that this product is the
active drug form [Pt(dach)Cl2]. An additional isotope cluster was
found around m/z 415; however, these signals were low and could
not be further explained. In the positive ion mode, additional m/z
masses of m/z 403 and m/z 419 were detected corresponding to
sodium and potassium adducts of [Pt(dach)Cl2]. Identification of
the degradation product 1 was not feasible due to its low occurring
concentrations.

4. Discussion

Though oxaliplatin-based CRS–HIPEC has been shown to be
effective in the treatment of peritoneal malignancies, the assumed
relative instability of oxaliplatin in chloride-containing carrier
solutions has necessitated the use of large intraperitoneal volumes
of5%dextrose insuchprocedures (Curis etal., 2001; Jerremalmetal.,
2004). This has led to documented morbidity and mortality due to
significant electrolyte disturbances and hyperglycemic episodes
(Ceelen et al., 2008; De Somer et al., 2008; Rueth et al., 2011).

However, the actual evidence regarding the extent of oxaliplatin
degradation in chloride-rich environments is scarce; therefore, we
performed an in-vitro analysis of oxaliplatin stability in various
carrier solutions with increasing chloride concentrations.

We show that oxaliplatin concentrations remain stable in
chloride-deficient carrier solutions such as 5% dextrose; the
observed mild increase in these concentrations over time is
probably caused by some evaporation occurring at 42 �C. As shown,
oxaliplatin concentrations do decrease in chloride-containing
media; as described previously, the degradation rate increases
in increasing chloride concentrations (Curis et al., 2001). However,
the observed oxaliplatin degradation in these carrier solutions was
limited: after an incubation time of 30min (the standard perfusion
time in most oxaliplatin-based CRS–HIPEC protocols), 90% of the
initial oxaliplatin concentration remained. Even after 120min,
degradation was limited to less than 20%.

We also show that oxaliplatin degradation leads to formation of
two degradation products, expected to be the monochloro and
dichloro compounds reported previously (Curis et al., 2001;
Jerremalm et al., 2004; Kweekel et al., 2005). Subsequent mass
spectrometric analysis confirmed the formation of the active
dichloro compound [Pt(dach)Cl2]. These findings support the
hypothesis that, after chloride-mediated activation of the prodrug

[(Fig._3)TD$FIG]

Fig. 3. MS spectra collected from a sample of 100mg/mL oxaliplatin in 0.9% NaCl after degradation at 42 �C. (A) Q1 mass spectrum of oxaliplatin (Rt = 7.8min) in negative ion
mode, referring to the deprotonated molecular ions [MH]� of oxaliplatin. (B) Q1 mass spectrum of oxaliplatin (Rt = 7.8min) in positive ion mode, referring to the protonated
molecular ions [MH]+ of oxaliplatin and its Na+ and K+ adducts. (C) Q1 mass spectrum of degradationproduct 2 (Rt = 6.4min) in negative ionmode, showing the deprotonated
molecular ions [MH]� of [Pt(dach)Cl2]. (D) Q1 mass spectrum of degradation product 2 (Rt = 6.4min) in positive ion mode, showing the Na+ and K+ adducts of [Pt(dach)Cl2].
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oxaliplatin, these intermediate products are formed, finally
resulting in DNA-adduct formation, as shown in Fig. 4. Actual
in-vivomeasurement and detection of DNA-adducts is necessary to
substantiate this hypothesis.

In conclusion, our results demonstrate that the use of chloride-
containing carrier solutions in oxaliplatin-based CRS–HIPEC
procedures does not lead to relevant decreases in oxaliplatin
concentration and thus is not expected to reduce the efficacy of the
treatment. Moreover, the small amount of degradationwhich does
occur is associated with formation of the active cytotoxic drug
form of oxaliplatin; the cytotoxic effect of the treatment may
actually be enhanced by using chloride-containing media.
Therefore, we show that more physiological, chloride-containing
carrier solutions can be used and may potentially improve the
efficacy and tolerability of CRS–HIPEC procedures with oxaliplatin.
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Fig. 4. Proposed reaction mechanism of oxaliplatin in the presence of chloride.
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