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Abstract
Determination of the toxicity of compounds toward cancer cells is a frequent procedure in drug discovery. For metal com-
plexes, which are often reactive prodrugs, care has to be taken to consider reactions with components of the cell culture 
medium that might change the speciation of the metal complex before it is taken up by the cells. Here, we consider possible 
reactions between the clinical platinum drugs cisplatin and oxaliplatin with penicillin G, an antibiotic added routinely to cell 
culture media to prevent bacterial contamination. Platinum has a high affinity for ligands with sulfur donors. Penicillin G 
is an unstable thioether that degrades in a range of pathways. Nuclear magnetic resonance (NMR) and UV–Vis absorption 
spectroscopic studies show that reactions with cisplatin can occur within minutes to hours at 310 K, but more slowly with 
oxaliplatin. The identities of the Pt- adducts were investigated by mass spectrometry. The marked effect on cytotoxicity of 
co-incubation of cisplatin with penicillin G was demonstrated for the HeLa human cervical cancer cell line. These studies 
highlight the possibility that reactions with penicillin G might influence the cytotoxic activity of metal complexes determined 
in culture media.
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MTT  (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide

NMR  Nuclear magnetic resonance
PBS  Phosphate buffered saline
PB  Phosphate buffer
RPMI-1640  Roswell Park Memorial Institute 1640 

medium
SRB  Sulforhodamine B

Introduction

Modern drug discovery often starts with the choice of a pro-
tein/enzyme target and design of compounds which bind 
strongly to that target. An ideal druggable target is only pre-
sent in cancer cells, or is mutated, and not found in normal 
healthy cells [1]. This strategy can be successful, but relies 
on the subsequent ability of the compound to be taken up by 
cells and reach the target in vivo. An alternative approach 
is phenotypic screening, which does not require much prior 
knowledge of a target, and often begins with cytotoxicity 
assays using cells in culture [2]. This can lead to the dis-
covery of novel targets, and also allows multitargeting, a 
potentially powerful strategy for combatting resistance.

In phenotypic anticancer screening, it is common to 
search for hits by determination of the cytotoxicity of com-
pounds toward cancer cells in culture, either 2D cultures 
or 3D spheroid cultures [3]. This involves dissolving the 
compounds in a suitable solvent and adding them to cells 
in the culture medium, typically for a period of 24 h fol-
lowed by removal of the compound, replacement with fresh 
medium, and allowing cell growth to continue for a further 
72 h. Such protocols vary between laboratories, with some 
using continuous exposure of the cells to the compounds 
over periods as long as 96 h. Cell survival can then be deter-
mined by a variety of methods, usually colorimetric, e.g. 
using yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) which is converted 
to purple formazan crystals by succinate dehydrogenase in 
the mitochondria of metabolically active cells, or sulforho-
damine B (SRB), a dye which indicates the protein content 
in cells [4, 5].

The first step in screening is to dissolve the com-
pound in a suitable solvent. Routinely dimethyl sulfoxide 
(DMSO) is a common solvent for compounds with poor 
aqueous solubility, but care has to be taken since DMSO 
is a good ligand for Pt(II) binding, especially the S atom 
of DMSO, although O-binding can also occur. To avoid 
decomposition, fresh solutions of cisplatin need to be used 
quickly, or preferably DMSO avoided altogether [6], since 
chloride displacement can be followed by  NH3 release due 
to the high trans effect of sulfur [7]. Fortunately cisplatin, 
cis-[PtCl2(NH3)2], and especially oxaliplatin, [Pt(oxalate)

(1R,2R-diaminocyclohexane)] {[Pt(dach)(oxalate)]}, react 
with DMSO only slowly. Chemically defined media, such 
as Roswell Park Memorial Institute 1640 medium (RPMI-
1640), are often used for cells in suspension and Dulbec-
co’s minimum essential medium (DMEM) for adherent 
cells. Also necessary growth factors (e.g. insulin, vascu-
lar endothelial growth factor, and epidermal growth fac-
tor receptor) and other substances (e.g. heparin and non-
essential amino acids) are added to cell culture media to 
maintain proliferation and phenotypes of specific cell lines 
[3]. It is common to supplement these defined media with 
fetal calf serum (typically 5–20%, v/v) and the antibiotics 
penicillin G and streptomycin (Pen/Strep).

Pen/Strep are widely used as antibiotics in cell culture 
to prevent the contamination by Gram-positive and Gram-
negative bacteria. Genomic screening has indicated that 
Pen/Strep can induce changes in gene expression. Several 
pathways including insulin response, fatty acid activation, 
mitochondrial l-carnitine shuttles, and unfolded protein 
response are affected by Pen/Strep in living cells [8]. Also 
they can affect the differentiation of stem cells and can-
cer cell lines, as well as cell cycle regulation [9]. Trace 
metabolites from penicillin degradation can cause hyper-
sensitivity in patients with allergy problems, as the unsta-
ble β-lactam undergoes rapid self-catalytic hydrolysis fol-
lowed by molecular rearrangement and degradation [10]. 
Consequently, it is suggested that commercial or self-pre-
pared Pen/Strep should be stored away from light at 4 ℃ 
before use, or at − 20 ℃ for longer periods. However, this 
degradation in stock solutions or culture media appears to 
be less significant. Several metal ions (e.g.  Zn2+ and  Cd2+) 
have been reported to catalyze penicillin degradation [11]. 
The thioether group in penicillin G (Scheme 1) is a ‘soft’ 
nucleophile that might be expected to bind strongly to the 
‘soft’ metal ion Pt(II), in an analogous manner to the side 
chain of the amino acid methionine [12]. Penicillin G is 
present in growth medium at 100 unit/mL (ca. 170 µM), 
a level which cannot be neglected with respect to Pt drug 
concentration [3]. To the best of our knowledge, interac-
tions between platinum drugs and penicillin G have not 
been studied previously.

For clinical use, cisplatin (1 mg/ml sterile concen-
trate) is diluted with 0.9% saline solution (0.9 g NaCl per 
100 mL  H2O) or a mixture of 0.9% saline solution and 5% 
glucose solution (1:1) before administration, to prevent the 
release of labile chloride. Oxaliplatin for clinical infusion 
is usually diluted in 5% glucose solution, but is unstable 
and needs to be stored less than 48 h at 2–8 ℃ without 
light exposure if not administrated immediately [13]. In 
biological studies, cisplatin solutions (1–2.5 mM) are usu-
ally prepared freshly in phosphate buffered saline (PBS) or 
0.9% saline solution. The final concentration of cisplatin in 



JBIC Journal of Biological Inorganic Chemistry 

1 3

cell culture media is usually in the range 2–100 μM, with 
incubation times from several hours to days.

We estimate that over half of reported screening stud-
ies on metallodrugs use Pen/Strep (1%, v/v) in the culture 
medium, with a final concentration of penicillin G up to ca. 
170 µM. We have borne these concentrations and conditions 
in mind in the present work for studies of reactions between 
cisplatin and penicillin G in solution. Using UV–Vis and 
nuclear magnetic resonance (NMR) spectroscopy, and mass 
spectrometry, we show that cisplatin readily forms adducts 
with hydrolyzed penicillin G in aqueous solution, and that 
the rate of reaction is influenced by the ionic strength of 
buffer solutions. In contrast, oxaliplatin is much less reac-
tive under the same conditions. This study highlights the 
importance of considering possible reactions with common 
components of cell culture media in interpreting cell screen-
ing data.

Materials and methods

Materials

Na2HPO4·2H2O,  NaH2PO4, NaCl and NaOH were pur-
chased from Merck, USA. Cisplatin, oxaliplatin and peni-
cillin G potassium were of USP grade and purchased from 
Merck. Fresh solutions of penicillin G potassium, cisplatin 
and oxaliplatin were prepared just before use.  Na2HPO4 
(10 mM) and  NaH2PO4 (1.8 mM) were dissolved in the 
deionized water (15 MΩ/cm) to prepare the phosphate 
buffer (PB, pH 7.4 adjusted by NaOH). The concentration 
of chloride in PBS was 150 mM. The compositions and con-
ditions for samples a–i studied in this work are summarized 
in Table 1. Deuterated water for NMR was purchased from 
Merck. HeLa cells were obtained from Experimental Ani-
mal Center of Sun Yat-Sen University, China. Dulbecco's 

Modified Eagle Medium (DMEM) and fetal bovine serum 
(FBS) were purchased from Gibco, USA. The MTT assay 
kit was purchased from Beyotime, China.

Methods

UV–Vis absorption spectroscopy

UV–Vis absorption spectra were recorded on a Cary 300 
UV–Vis spectrophotometer fitted with a PTP1 Peltier tem-
perature controller. The sample was freshly prepared and 
placed in a 1 cm quartz cuvette at 310 K. The absorbance 
was recorded from 250 to 500 nm every hour for 72 h.

NMR spectroscopy

1H NMR spectra were acquired in 5 mm NMR tubes at 
298 K on a Bruker Avance III (1H = 600 MHz) or a Bruker 
Avance III HD (1H = 500  MHz). The solvent was 10% 
 D2O/90%  H2O. 1H NMR chemical shifts were referenced 
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Table 1  The composition of samples used in this work

Sample Composition

a Penicillin G (1 mM) in deionized water
b Penicillin G (1 mM) in PB
c Penicillin G (1 mM) in PBS
d Cisplatin (1 mM) and penicillin G (1 mM) in deionized 

water
e Cisplatin (1 mM) and penicillin G (1 mM) in PB
f Cisplatin (1 mM) and penicillin G (1 mM) in PBS
g Oxaliplatin (1 mM) and penicillin G (1 mM) in deionized 

water
h Oxaliplatin (1 mM) and penicillin G (1 mM) in PB
i Oxaliplatin (1 mM) and penicillin G (1 mM) in PBS
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to the residual solvent peak (δ = 4.79 ppm). WATERGATE 
or presaturation water suppression techniques were used. 
13C J-modulated spin-echo NMR spectra were acquired in 
5 mm NMR tubes at 298 K on a Bruker Avance III HD 
(13C = 126 MHz) with 2048 scans. The  [15N-1H] HSQC 
NMR spectrum was recorded on a Bruker Avance II 
(1H = 700 MHz, 15N = 70.95 MHz) at 298 K. The spectrum 
was recorded using 2D HSQC correlation via double INEPT 
transfer optimized for 1J(N,H) = 73 Hz (τ = 1/2 J). 16 tran-
sients were acquired. All data processing was carried out 
using MestReNova software.

Electrospray ionization mass spectrometry (ESI–MS)

Low resolution MS data were acquired on an Agilent 6130B 
single quadrupole instrument. The samples (a, d and g) were 
incubated at 310 K for 24 h, and diluted 100-fold before 
detection. The m/z range from 50 to 2500 was recorded in 
both negative and the positive ion modes. High resolution 
MS data were collected on a Bruker Compact Q-TOF instru-
ment in positive ion mode.

Cell culture and cytotoxicity assay

HeLa cells were incubated at 310 K in DMEM culture 
medium with 10% (v/v) FBS. No Pen/Strep was added to 
the medium during cell proliferation. The cytotoxicity of 
samples (d, f, g and i) toward HeLa cells was evaluated in 
96-well plates by the MTT assay. The sample was prepared 
immediately or incubated at 310 K for 24 h to study degrada-
tion, and then added into each well to a final concentration 
of 20, 50 and 100 μΜ, and incubated with cells for 20 h. 
The culture medium was carefully replaced by fresh DMEM 
culture medium. MTT solution (20 μL, 5 mg/mL) was added 
into each well, and incubated for 4 h. The medium was dis-
carded, and the plate was washed with PBS. Formazan in 
cells was dissolved in DMSO (150 μL per well) for 30 min. 

The absorbance at 595 nm was recorded on an Infinite 
M200pro microplate reader (Switzerland).

Results and discussion

Degradation of penicillin G

Penicillin G is known to undergo complicated degrada-
tion by different pathways in aqueous solution at neutral 
pH (Scheme 1) [14]. Sample a (potassium penicillin G in 
water) shows a major base peak at m/z 333.1([M–K+]–) in 
negative ion mode, with a minor fragmentation peak at 
m/z 192.1 (Fig. S1). As shown in Fig. S2 and Table S1, 
penicillin G transforms to penicilloic acid (m/z 307.1 and 
m/z 351.1) after incubation for 24 h at 310 K, which subse-
quently forms penilloic acid (m/z 307.1 and m/z 229.3) and 
penillic acid (m/z 333.1 and m/z 289.1). Besides, isopenil-
lic acid (m/z 333.1 and m/z 255.2) can arise from penillic 
acid, and both of them can degrade to penilloaldehyde (m/z 
176.1 and m/z 145.1).

Penicillin G (a) quickly degraded to penicillenic acid, 
a chromophore that shows a peak absorption maximum 
at 322  nm in the UV–Vis spectrum [15], after 22  h 
(τ1/2 = 10.5 h) at 310 K (Fig. 1a), and then went through 
complicated further degradation [16]. Only ca. 13% of 
penicillin G (b) degraded to penicillenic acid at 310 K 
over 72 h (Fig. 1b), which is much slower than in water. 
The degradation of penicillin G (c) was further hindered 
by the presence of high concentrations of chloride, with 
ca. 11% penicillin G forming penicillenic acid in PBS over 
72 h (Fig. 1c).

The degradation of penicillin G was also detected by 
NMR spectroscopy. Samples a-c in 90%  H2O/10%  D2O 
(v/v) were incubated for 24 h at 310 K. The 1H NMR spec-
trum (Fig. S3) and 13C J-modulated spin-echo NMR spec-
trum (Fig. S4) of penicillin G for signal assignment, are 
shown in the Supporting information. Penicillin G readily 

Fig. 1  The UV–Vis absorption spectrum of penicillin G (1 mM) in a  H2O (sample a), b PB (sample b), and c PBS (sample c) over a period of 
72 h at 310 K. The insets show the change in absorbance (Δabs) at 322 nm every hour
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degrades in water, however, the amount of decomposi-
tion for sample a over this period was < 10% as judged 
by the minor set of peaks apparent from the overlapping 
methyl peaks for the five-membered thiazolidine ring at 
1.4–1.6 ppm (Fig. 2). Samples b in PB and sample c in 
PBS degraded more slowly and gave rise to only minor 
additional peaks in 1H NMR spectra.

Interaction of cisplatin and penicillin G

The chloride ligands in cisplatin are labile, and mono-aqua 
and di-aqua species, which are more reactive than cisplatin 
itself, form in water (Scheme 2) [17]. Platinum(II) is a ‘soft’ 
metal ion which binds strongly to ‘soft’ ligands [18], and is 

therefore likely to bind to the soft sulfur atom in penicillin 
G and its degradants.

First, we investigated the species in sample d (equimo-
lar cisplatin and penicillin G) in water by low resolution 
MS. After incubation for 24 h at 310 K, a major cluster of 
peaks was detected in positive ion mode with the charac-
teristic platinum isotope pattern shown over m/z 517–522 
[(C15H22N4O2PtS)+] (Fig. S5), in which {Pt(NH3)2}2+ is 
probably coordinated to sulfur or carboxyl group of mono-
decarboxylated penillic acid (Scheme  3). Evidence for 
S-coordination was obtained from  [15N-1H] heteronuclear 
single quantum coherence (HSQC) 2D NMR studies of 
sample d (penicillin G and 15N-enriched cisplatin) (Fig. 3). 
The peaks at 3.83/− 40.4 ppm and 3.72/− 33.2 ppm have 
15N chemical shifts in the expected range for ammonia 
trans to sulfur,  H3

15N–Pt–S [19]. A new peak appeared at 
3.67/− 87.2 ppm, which may indicate the coordination of 
 H3

15N-Pt to O from the carboxylate group in penicillin G 
and its degradants [20].

The interaction between cisplatin and penicillin G was 
also studied by UV–Vis absorption spectroscopy. The 
absorbance of sample d, which contains equimolar cis-
platin and penicillin G, increased rapidly in the range of 
280–400 nm during the first 6 h and reached a maximum at 
26 h at 310 K (Fig. 4a). As the half-life of penicillin G has 
shortened to 4 h, it seems likely that Pt species accelerate 
the degradation of penicillin G through coordination to the 
degradation products. Besides, the changes in the absorption 
spectrum of sample d differ from those of sample a. This 
also confirms that Pt influences the hydrolysis and decar-
boxylation of penicillin G, probably by coordination to car-
boxylate oxygen and sulfur sites. Further degradation of the 
Pt-based adduct was slower than that of penicillin G itself, 
suggesting that Pt stabilizes the adduct(s) from further deg-
radation. Interestingly, samples e in PB and f in PBS show 
intense absorption from 250 to 450 nm (Fig. 4b, c), while 
cisplatin alone has only weak absorption in this region. This 
indicates that cisplatin interacts with penicillin G in phos-
phate buffer solutions, to the extent of Pt- adducts forming 
ca. 74% in PB and ca. 57% in PBS after 72 h.

Fig. 2  500 MHz 1H NMR spectra of samples a (in water), b (in PB), 
and c (in PBS) after incubation for 24 h at 310 K. The solvent was 
90%  H2O/10%  D2O (v/v)
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The instability of sample d (cisplatin and penicillin G in 
water) after incubation at 310 K for 24 h is apparent in 1H 
NMR spectrum (Fig. 5). The β-lactam peaks at δ 5.54 ppm 
(d, J = 3.9 Hz) and 5.46 ppm (d, J = 3.9 Hz), disappeared 
from sample d after 24 h, consistent with hydrolysis of the 
β-lactam. As β-lactam is a key component for antibacte-
rial activity in the cell culture, its degradation in the pres-
ence of cisplatin or related Pt species is likely to deactivate 
penicillin G. The resonances at 7.30–7.45 ppm broaden 
to 7.1–7.6 ppm, indicative of the complexity of penicil-
lin G degradants. The methyl resonances at 0.9–2.0 ppm 
clearly show the presence of broadened peaks, which also 
suggests the hydrolysis and further modifications to the 
thiazolidine ring. For samples e and f, minor proton reso-
nances at 1.2–1.9 ppm were observed, suggesting that ca. 
8% Pt- adducts are formed in the buffer solutions. However, 
assignment of these Pt- adducts is complicated. 13C signals 
of phenyl carbons (δ 127–130 ppm) are present in 13C NMR 
spectra, but other signals of penicillin G have disappeared 
(Fig. S6). This confirms that facile reactions of cisplatin and 
penicillin G can occur in aqueous solution.
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Fig. 3  [15N-1H] 2D HSQC NMR spectrum of sample d after incuba-
tion at 310  K for 24  h. The 15  N NMR shifts are diagnostic of the 
type of ligand X in  H3

15N-Pt-X. Typically X can be O (δ −  75 to 
− 90 ppm), N/Cl (δ − 55 to − 70 ppm) or S (δ − 40 to − 50 ppm) 
[19]

Fig. 4  Changes in the UV–Vis absorption spectrum of cisplatin (1 mM) and penicillin G (1 mM) in a  H2O (sample d), b PB (sample e), and c 
PBS (sample f), over a period of 72 h at 310 K. The insets are plots of the change in absorbance (Δabs) at 322 nm versus time
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Interaction of oxaliplatin and penicillin G

Oxaliplatin is more stable than cisplatin in aqueous media 
on account to the presence of chelated diaminocyclohexane 
(dach) and oxalate ligands. Some reactions can lead to very 
slow oxalate ring opening and formation of aqua complexes 
(Scheme 4), or the mono- and dichlorido species [Pt(dach)Cl2]  
in saline solution.

Sample g containing oxaliplatin (1 mM) and penicillin 
G (1 mM) was studied by low resolution mass spectrom-
etry. After incubation for 24 h at 310 K, no peaks assign-
able to Pt- adducts were observed (Fig. S7), only peaks 
for oxaliplatin (m/z 357, 382, 420, 462) and its dimer (m/z 
792). As expected, this indicates that oxaliplatin is more 
stable than cisplatin in water, and has little influence on 
the hydrolysis of penicillin G.

UV–Vis studies of sample g–i showed that reaction of 
oxaliplatin and penicillin G in deionized water is much 
slower than that of cisplatin, with the absorbance increase 
at 322  nm reaching a maximum at 27  h (τ1/2 = 15  h, 
Fig. 6a). The absorbances of samples h and i decrease at 
265–293 nm, and increase over 293 nm, which probably 
indicates that oxaliplatin forms a monodentate oxalate 
platinum complex [Pt(dach)(oxalate)(H2O)] or aquated 
complex [Pt(dach)(H2O)2]2+ in PB (Fig. 6b). When oxalate 
in oxaliplatin is replaced by chloride, an apparent blue-
shift from 300 to 267 nm occurs [21], and then interactions 
with penicillin G or its degradants can occur more readily 
(Fig. 6c).

1H NMR studies showed that oxaliplatin hydrolyzes 
faster in buffer solutions (samples h and i) than in water 
(sample g), as judged by the decreased intensities of the 
peaks of diaminocyclohexane on oxaliplatin from 1.1 ppm 
to 2.6 ppm (Fig. 7). The intensity of methyl resonances 
in penicillin G at 1.50 ppm and 1.59 ppm also decreased 
for samples h and i, indicating the faster degradation of 
penicillin G in the presence of oxaliplatin in buffer solu-
tions. Oxaliplatin is unstable in high chloride-containing 
solutions, and its aqua species accelerate the degradation 
of penicillin G to some extent. The extent of degradation 
of penicillin G under the various conditions and coordina-
tion to Pt drugs are summarized in Table S2.

Fig. 5  500  MHz 1H NMR spectra of cisplatin and penicillin G in 
water (sample d), in PB (sample e), and in PBS (sample f). Spectra 
were recorded after samples were incubated for 24 h at 310 K in 90% 
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Cytotoxicity and biological activity

Cisplatin and oxaliplatin function as prodrugs in antican-
cer chemotherapy, so potential reactions with penicillin G 
in culture media could influence their in vitro anticancer 
cytotoxicity. Here, we chose commonly used HeLa cells 
derived from human cervical cancer cell line, to study 
the cytotoxicity. Sample d (cisplatin and penicillin G in 
deionized water), f (cisplatin and penicillin G in PBS), 

g (oxaliplatin and penicillin G in deionized water) and i 
(oxaliplatin and penicillin G in PBS) were freshly prepared 
and pre-incubated at 277 K or 310 K for 24 h. HeLa cells 
were treated with diluted samples (20–100 μM cisplatin 
or oxaliplatin with equimolar penicillin G) for 20 h, and 
cell viability was evaluated using the MTT cytotoxicity 
assay. Platinum drugs and penicillin G are stable at low 
temperature and undergo complicated hydrolysis and other 
interactions at normal body temperature. As suggested by 
the cytotoxicity data in Fig. 8a, sample d degrades exten-
sively after incubation at 310 K for 24 h, indicative of 
cisplatin inactivation in the presence of penicillin G. The 
mixture of cisplatin and penicillin G in PBS (sample f) at 
310 K also lost its cytotoxicity, attributable to the reac-
tion of penicillin G with cisplatin even with the presence 
of high chloride concentrations (Condition 2, Fig. 8b). 
As expected, the cytotoxicity of sample f was less attenu-
ated when the mixture was incubated at low temperature 
(277 K, Condition 1, Fig. 8b).

Oxaliplatin is less toxic than cisplatin, with an  IC50 
value of > 50 μM for this cell line. Unlike cisplatin, that 
induces cell death by interfering in DNA synthesis and 
arrests the cell cycle within S and G2/M phases at high 
doses, oxaliplatin mainly induces G1 phase cell cycle and 
ribosome biogenesis stress [22]. The mixture of oxalipl-
atin and penicillin G in water (sample g) shows similar 
cytotoxicity when pre-incubated at 277 K or 310 K for 
24 h (Fig. 8c). When pre-incubated in PBS, the effect of 
drug degradation on cell death was not as evident as for 
cisplatin and penicillin G (Fig. 8d).

Since both cisplatin and oxaliplatin can react with peni-
cillin G and its degradation products, the cytotoxicity of 
these drugs in biological tests might not be solely that 
induced by the intact metallodrugs, but also influenced by 
the Pt-adducts. This possibility needs to be considered in 
future studies of the activation of these prodrugs, as well 
as their anticancer activity and mechanism of action.

Fig. 6  The UV–Vis absorption spectrum of oxaliplatin (1 mM) and penicillin G (1 mM) in a  H2O (sample g), b PB (sample h), and c PBS (sam-
ple i) over a period of 72 h at 310 K. The insets show the increase in absorbance (Δabs) at 322 nm versus incubation time

Fig. 7  500 MHz 1H NMR spectra of oxaliplatin and penicillin G in 
water (sample g), in PB (sample h), and in PBS (sample i). Spectra 
were recorded after incubation of samples for 24 h at 310 K in 90% 
 H2O/10%  D2O (v/v)
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Conclusions

Penicillin G, an antibiotic commonly added to cell culture 
media used for cytotoxicity screening, degrades by several 
pathways forming complicated mixtures of species. Here 
we show that cisplatin and oxaliplatin can interact with 
penicillin G and form a series of Pt-adducts. The cytotox-
icity of Pt drugs toward cancerous HeLa cells decreased 
when pre-incubated with penicillin G in water or buffer 
solution. Many metallodrugs function as prodrugs, which 
undergo activation via different mechanisms (e.g. ligand 
substitution, redox reactions). Besides the stability of 
metallodrugs, attention should be paid to possible reac-
tions with components of the cell culture medium or body 
fluids, as well as to drug co-administration, which may 
inactivate or even activate metallodrugs, and cause unex-
pected side effects in clinic chemotherapy. The possibil-
ity of such reactions occurring will need to be assessed 
in each laboratory for the particular screening conditions 
used, including consideration of cell-type, cell number, 
growth medium, incubation time, and the competitive rate 
of drug uptake into cells by passive or active (transporter-
mediated) mechanisms.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00775- 022- 01958-z.

Acknowledgements We thank the EPSRC (Grant nos EP/F034210/1 
and EP/P030572/1 for PJS), the China Scholarship Council (for FXW), 
and Anglo American Platinum (for HS and PJS) for their support for 
this work.

Declarations 

Conflict of interest There is no conflict of interest to report.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Fig. 8  The cytotoxicity of (a) sample d (cisplain and penicillin G in 
water), (b) sample f (cisplatin and penicillin G in PBS), (c) sample 
g (oxaliplatin and penicillin G in water), and (d) sample i (oxalipl-
atin and penicillin G in PBS) toward HeLa cells for 24 h. Condition 

1: sample was pre-incubated at 4 ℃ for 24 h before drug treatment. 
Condition 2: sample was pre-incubated at 310 K for 24 h before drug 
treatment
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