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The adsorption of the cytostatic anticancer drug, cisplatin (cis-
PtCl(NH3),), has been studied after its addition to suspensions

of estuarine sediment in river water and seawater. After a 16 h
reaction period, adsorption was significantly greater in river
water (sediment—water distribution coefficient, Kp, of 400 mL
g~ ")thanthatin seawater (Kp ~ 150 mL g ') because of the ready
aquation of cisplatin to the more reactive monoaquacisplatin (cis-
PtCI(OH2)(NHs);*) atlow chloride ion concentrations. Adsorption

in river water was enhanced (Kp ~ 2000 mL g~') by a 24 h period
of preincubation in the aqueous phase in which aquation
proceeded further. The effects of pH on adsorption were
relatively small, presumably because protonation—deprotonation
of the particle surface was accompanied by near-equivalent
shifts in the charge of hydrolysis products of aquated cisplatin.
Kinetic experiments revealed a period of slow protracted
uptake (up to about 60 h), followed by gradual desorption in
river water and seawater. Results were interpreted in terms of
the formation of monoaquacisplatin, its adsorption to the
particle surface, and the subsequent desorption of undefined,
unreactive species. Kinetic data were modeled with a
sequence of pseudofirst-order reactions and fits were obtained
with forward and reverse rate constants for aquation of 1.79
x 105 and 1.84 x 107% s in river water and 550 x 1075 and
584 x 10°% s~ in seawater, and adsorption and desorption
rate constants of 1.75 x 105 and 0.20 x 1075 s~ in river water
and 0.98 x 105and 2.8 x 1075 s ' in seawater. Environmental
conditions favoring the retention of cisplatin and its degradation
products are low chloride ion concentrations, high turbidities,
and long residence or transit times; dispersion of the drug

is favored in saline, coastal waters.

Introduction

Environmental concentrations of platinum are increasing,
largely because of its use in the catalytic converters of motor
vehicles but also because of the growing demand for Pt-
based chemotherapy drugs (1). Although estimates suggest
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that hospital (and outpatient) waste only constitutes between
about 3% and 12% of anthropogenic Pt inputs to the
environment (2), respectively, this source is of great concern
because of the cytotoxicity of Pt in medical applications (3).

Cisplatin (cis-PtCl,(NHj);) has found widespread use in
chemotherapy because of its affinity for nitrogen donor atoms
in the nucleobases of DNA and resulting interference with
the mechanism of cell division (4). Cisplatin itself is relatively
inert, but in aqueous solutions of low electrolyte concentra-
tion chloro ligands are gradually replaced by water in a
stepwise process to form the more reactive, aquated species,
cis-PtClI(OHz) (NHs).* (monoaquacisplatin) and cis-Pt(OH)-
(NH;),** (diaquacisplatin) (5)

kl -
cis-PtCl,(NH,), =— cis-PtCl(OH,)(NH,), + Cl (1)
k-

cis-PtCI(OH,) (NH,); — cis-Pt(OH,),(NH,2" + CI” (2)
k

-2

Here, ki, k-1, kz, and k-, are the forward and reverse rate
constants for the respective reactions, and K, = k,/k-, and
K; = ky/ k-». On increasing pH, coordinated water molecules
participate in aqua—hydroxo equilibria through deproto-
nation, resulting in the formation of the hydroxo species
cis-PtCI(OH) (NH3), (pK, ~ 6.5), cis-Pt(OH) (OH,) (NH3),* (pKa
~5.5), and cis-Pt(OH)2(NH3)2 (pKa ~7.2) (6—8).

Following administration of the drug, at doses around
100 mg per m? of body surface, sufficient concentrations of
chloride in extracellular fluid (~100 mM) inhibit hydrolysis,
and cisplatin is the principal species. Within cells, however,
concentrations of chloride an order of magnitude lower
ensure that the reactive, aquated forms (but largely
monoaquacisplatin) assume dominance (9). Because aqua
complexes react with molecules other than DNA, they are
also extremely toxic and are classified as carcinogenic to
animals and, likely, humans (5).

Because considerable quantities of the drug are eliminated
via patients’ urine, mainly as cisplatin and monoaquacis-
platin, platinum concentrations up to several hundred ug
L~! have been reported in waste waters of oncology wards
of large hospitals (10). Given the lengthy plasma elimination
half-life of cisplatin (about 130 h (11)), however, itis predicted
that the majority of the drug and its metabolites are excreted
by outpatients into municipal wastewaters (3). Experimental
results suggest that while most cisplatin in aquated form is
likely to be removed by solids and sludges typical of
conventional hospital and municipal treatment plants,
significant quantities of the parent drug are conserved (10).
Clearly, therefore, cisplatin has the propensity to enter the
aquatic environment where its subsequent biogeochemical
behavior and impacts are unknown.

From what is understood about the aqueous chemistry
of cisplatin and its behavior at the cellular level, it is predicted
that in near-neutral fresh water environments the reactive
aquated complexes and deprotonated forms thereof will be
the predominant species of the drug. Interactions with
dissolved and particulate organic matter, and in particular
ligands or surface sites containing N or S (12), are likely to
be important. In saline environments, however, the relatively
inert and electrically neutral chlorinated form is predicted
to be more persistent and, therefore, reactivity with ligands
and sediment is limited. To test these assertions, we
conducted an experimental investigation into the environ-
mental reactivity of cisplatin. Specifically, we examined the
adsorption of the drug added to suspensions of estuarine
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about 0.02 ug L', 0.2 ug L', and 1.0 ug L for river water,
seawater, and sediment digests, respectively. Precision, based
on relative standard deviations resulting from the analysis
of replicate experimental samples, was better than 10% and
5% for filtrates of river water and seawater, respectively, and
better than 20% for sediment digests. Analysis of acid rinses
of used reactor tubes indicated container adsorption of less
than 1.5% of added Pt in river water and seawater.
Although we report most results on a relative basis, an
evaluation of accuracy was ascertained by analysis of aqua
regia digests of recycled catalyst pellets (NIST-SRM 2556).
Measured Pt concentrations of about 75% of the certified
value are consistent with previous, independent measure-
ments gained by this protocol and reflect the inability of
mineral acids to break down the catalytic matrix (15).

Results and Discussion

Because species of cisplatin were not discriminated analyti-
cally, results of the experiments are shown in terms of total
Pt (and on a molar basis) and reflect the net reactivity of a
number of chemical forms. Both aqueous and adsorbed Pt
concentrations have been employed to calculate the per-
centage of metal adsorbed to estuarine sediment or the
sediment—water distribution coefficient, Kp (mL g'); the
latter is defined as the concentration ratio of Pt adsorbed (on
a dry w/w basis) to Pt in solution. Because Pt was detected
on filters used in control experiments conducted in river
water in which cisplatin was added but sediment was absent
(but not in equivalent experiments conducted seawater), it
is important to appreciate that coagulation or flocculation
may have contributed to the transfer of Pt from solution to
the particulate phase in the fresh water end-member.
Although this amounted to less than 10% of the total Pt added,
it is not possible to establish the significance of the effect in
the presence of estuarine sediment.

Adsorption Isotherms. Figure 1 presents isotherms for
the 16 h adsorption of Ptin river water and seawater resulting
from both the simultaneous addition of the reactants and
following a 24 h period of cisplatin preincubation in the
aqueous phase before the addition of sediment. In river water,
isotherms are linear and the gradient (or Kp/10%) is signifi-
cantly greater following the period of preincubation. In
seawater, adsorption is considerably lower than that in river
water. Up to an aqueous Pt concentration of about 15 nM,
seawater isotherms are coincident; however, subsequent
convexity (Freundlich behavior) in the isotherm resulting
from preincubation ensures greater adsorption of Pt when
reactants are added simultaneously.

Given that the net surface charge of estuarine particles
suspended in river water and seawater is negative (16),
adsorption most likely involves interactions between the
particle surface and positively charged, hydrolyzed species
of aquated cisplatin. Electrostatic interactions have been
proposed between aquated cisplatin and phospholipids (17)
and drug delivery minerals such as hydroxyapatite (18), while
surface complexation with specific binding sites is predicted
given the strong interactions between monoaqua cisplatin
and certain N- and S-donor ligands (19). In river water,
adsorption is enhanced by a period of preincubation in which
further, gradual conversion of cisplatin to more reactive,
positively charged species takes place. In seawater, adsorption
to estuarine particles is lower than that in river water because
the hydrolysis equilibrium in eq 1 is shifted to the left and
the greater ionic strength of the matrix reduces the activity
of the reactive complexes. As in river water, a period of
preincubation is predicted to enhance adsorption of Pt in
seawater through the gradual production of the monoaqua
species. Given the curvature of the seawater adsorption
isotherm under these conditions, however, we suspect that
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FIGURE 1. Isotherms for cisplatin adsorption to estuarine
sediment after 16 h incubation in (a) river water at pH 6.8 and
(b) seawater of salinity 33.3 and pH 8.2. Isotherms are shown
where all reactants were added simultaneously (CI) and where
sediment was introduced after cisplatin had been allowed to
interact with the aqueous phase for 24 h (m). Bold lines are
best linear or Freundlich fits to the data whose equations are
annotated.

competition for adsorption sites from seawater cations
occurs, and that this effect is kinetically constrained.

Estuarine Mixing. Figure 2 shows Kps for Ptas a function
of salinity, varied by batch mixing of end-members in different
proportions, and chloride concentration, varied by addition
of different quantities of NaCl to MQW. In both experiments,
areduction in K is observed that was fitted using a simple
power law whose coefficients are annotated. Adsorption of
Pt to estuarine particles is greater in pure water than in river
water and is greater in seawater than in a solution of
equivalent chlorinity such that the magnitude of the reduction
in Kp is greater across the chloride gradient than the
equivalent salinity gradient. Presumably, discrepancies reflect
small differences in pH between the experiments (6.8 to 8.2
from river water to seawater compared with about 6.5 in
NaCl solution) and the effects of additional ions, reactants
(e.g., dissolved organic matter), and reactions (e.g., floc-
culation) on the adsorption process across the salinity
gradient.

An exponential reduction in Kp during estuarine mixing
is characteristic of a variety of trace metals (e.g., Cd, Cr, Ni,
7n) examined under similar experimental conditions (20, 21).
In these cases, the effect arises from a nonlinear reduction
in the abundance and activity of the free ion and competition
for adsorption sites from bivalent seawater cations as salinity
increases. With regard to cisplatin, however, the effect is
largely attributable to a reduction in the rate and extent of
conversion of the electrically neutral parent drug to more
reactive, aquated species with increasing chlorinity, as
described above.
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FIGURE 2. Sediment—water distribution coefficients defining
cisplatin partitioning after 16 h (but without a period of
preincubation) as a function of (a) salinity (pH 6.8—8.2) and (b)
chioride ion concentration (pH 6.5). Bold lines are best power
fits to the data, defined by the equations annotated.

Effects of pH. Results of adsorption experiments in which
the pH of river water and seawater was varied are shown in
Figure 3. In river water, and regardless of the sequence of
reactant addition, adsorption to estuarine particles increases
from the lowest value studied to about pH 5, thereafter
remaining relatively constant. In seawater, Pt adsorption is
lower and displays an increase with increasing pH that is
more pronounced when reactants are introduced simulta-
neously. A quantitative interpretation of our results is not
possible because kinetic constants for cisplatin species (see
below) do not exist for the range of conditions studied and
we did not measure the surface charge of the fractionated
sediment. Qualitatively similar results have, however, been
reported for cisplatin adsorption to an alumina stationary
phase (19) and an activated sludge (3) and attributed to the
net result of two pH-dependent effects, namely, the evolution
of surface charge of the solid phase and shifting speciation
of cisplatin. Thus, with respect to our results, at low pH,
although the hydrolysis equilibria favor the formation of the
monoaqua species, adsorption is inhibited because the
estuarine particle surface assumes a positive charge. As pH
increases, the particle surface becomes more negatively
charged but adsorption is offset by the diminishing abun-
dance of the monoaqua species. Significantly, given the
narrow range of pH encountered in seawater and relatively
uniform adsorption across the pH range typical of most rivers
(6—9), we may conclude that pH is not a particularly
important variable with respect to particle—water interactions
of cisplatin in most surface waters.

Kinetics of Adsorption. Cisplatin reaction kinetics were
studied using two approaches, the results of which are
presented in Figure 4. The first, continuous approach,
conducted in river water and seawater, involved the moni-
toring of Pt uptake by estuarine sediment in a single reactor,
thereby simulating reactions proceeding in a conservative,
turbid parcel of water. The second, batch approach, con-
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FIGURE 3. Percentage of cisplatin adsorbed to estuarine
sediment after 16 h incubation as a function of “equilibrium”
pH in (a) river water and (b) seawater of salinity 33.3.
Results are shown for experiments in which all reactants
were added simultaneously (0J), and sediment was
introduced after cisplatin had been allowed to interact with
the aqueous phase for 24 h (m).
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FIGURE 4. Time-dependent adsorption of cisplatin to estuarine
sediment suspended in river water at pH 6.8 (CJ) and seawater
of salinity 33.3 and pH 8.2 (O). Inset is the 16 h adsorption of
cisplatin to estuarine sediment suspended in river water after
different preincubation periods in the aqueous phase.

ducted in river water only, involved equilibrating Pt for
different periods of time in individual reactors before the
introduction of sediment and a fixed (16 h) period of
adsorption; this approach replicates different transit or
residence times in nonturbid water before the addition (e.g.,
advection or resuspension) of suspended particles. In all
cases, adsorption of Pt gradually increased to a maximum
after areaction time or a preincubation period of about 50—60
h; thereafter, adsorption either decreased (batch approach)
or Pt desorbed (continuous approach).

Kinetic Modeling of Pt Speciation and Adsorption. The
results presented thus far are qualitatively consistent with
observations made on cisplatin speciation and reactivity
under physiological conditions, namely, kinetically con-
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FIGURE 2. Sediment—water distribution coefficients defining
cisplatin partitioning after 16 h (but without a period of
preincubation) as a function of (a) salinity (pH 6.8—8.2) and (b)
chloride ion concentration (pH 6.5). Bold lines are best power
fits to the data, defined by the equations annotated.

Effects of pH. Results of adsorption experiments in which
the pH of river water and seawater was varied are shown in
Figure 3. In river water, and regardless of the sequence of
reactant addition, adsorption to estuarine particles increases
from the lowest value studied to about pH 5, thereafter
remaining relatively constant. In seawater, Pt adsorption is
lower and displays an increase with increasing pH that is
more pronounced when reactants are introduced simulta-
neously. A quantitative interpretation of our results is not
possible because kinetic constants for cisplatin species (see
below) do not exist for the range of conditions studied and
we did not measure the surface charge of the fractionated
sediment. Qualitatively similar results have, however, been
reported for cisplatin adsorption to an alumina stationary
phase (19) and an activated sludge (3) and attributed to the
net result of two pH-dependent effects, namely, the evolution
of surface charge of the solid phase and shifting speciation
of cisplatin. Thus, with respect to our results, at low pH,
although the hydrolysis equilibria favor the formation of the
monoaqua species, adsorption is inhibited because the
estuarine particle surface assumes a positive charge. As pH
increases, the particle surface becomes more negatively
charged but adsorption is offset by the diminishing abun-
dance of the monoaqua species. Significantly, given the
narrow range of pH encountered in seawater and relatively
uniform adsorption across the pH range typical of most rivers
(6—9), we may conclude that pH is not a particularly
important variable with respect to particle—water interactions
of cisplatin in most surface waters.

Kinetics of Adsorption. Cisplatin reaction kinetics were
studied using two approaches, the results of which are
presented in Figure 4. The first, continuous approach,
conducted in river water and seawater, involved the moni-
toring of Pt uptake by estuarine sediment in a single reactor,
thereby simulating reactions proceeding in a conservative,
turbid parcel of water. The second, batch approach, con-
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sediment after 16 h incubation as a function of “equilibrium”
pH in (a) river water and (b) seawater of salinity 33.3.
Results are shown for experiments in which all reactants
were added simultaneously (0), and sediment was
introduced after cisplatin had been allowed to interact with
the aqueous phase for 24 h ().
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FIGURE 4. Time-dependent adsorption of cisplatin to estuarine
sediment suspended in river water at pH 6.8 (CJ) and seawater
of salinity 33.3 and pH 8.2 (O). Inset is the 16 h adsorption of
cisplatin to estuarine sediment suspended in river water after
different preincubation periods in the aqueous phase.

ducted in river water only, involved equilibrating Pt for
different periods of time in individual reactors before the
introduction of sediment and a fixed (16 h) period of
adsorption; this approach replicates different transit or
residence times in nonturbid water before the addition (e.g.,
advection or resuspension) of suspended particles. In all
cases, adsorption of Pt gradually increased to a maximum
after areaction time or a preincubation period of about 50—60
h; thereafter, adsorption either decreased (batch approach)
or Pt desorbed (continuous approach).

Kinetic Modeling of Pt Speciation and Adsorption. The
results presented thus far are qualitatively consistent with
observations made on cisplatin speciation and reactivity
under physiological conditions, namely, kinetically con-
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trolled, nonenzymatic transformations that are dependent
on chloride ion concentration (5). Because physiological pH
and chloride ion concentration are similar to the pH and
chlorinity of the river water employed in the experiments,
we have adopted rate constants reported in the pharma-
cological literature to model Pt speciation and simulate its
adsorption in the fresh water end-member.

Because the diaqua complex is not believed to be
significant in aqueous solutions of cisplatin or under physi-
ological conditions (7, 9, 19), monoaquacisplatin was as-
sumed to be the only form of Pt able to adsorb to the estuarine
sediment surface (the reactivity of the Pt—OH, bond is far
greater than that of the Pt—OH and Pt—Cl bonds; 5). It is
important to appreciate, however, that less reactive, depro-
tonated derivatives of both diaquacisplatin (e.g., cis-
Pt(OH)>(NHs)2) and monoaquacisplatin (cis-PtCI(OH) (NH3))
may exist at the pH of the experiments. The eventual decline
in adsorbed Pt that was persistently observed in the experi-
ments was modeled as desorption of one or more undefined
and unreactive species. Analytically irresolvable species have
been reported in aqueous solution (22), and here we assume
they form by some chemical or biological process at the
estuarine particle surface. Because quantities of Cl~ created
or consumed are small relative to the concentration of Cl~
in river water, all reactions are pseudofirst-order and their
sequence is thus

; ko Kus
¢is-PtCly(NHa),qq) S cis-PtCI(OH,) (NHa) 500 —
1
. P T
cis-PtCI(OH,) (NHy)5 4 — PtX(pq (3)

where k.s and kges are adsorption and desorption rate
constants, respectively, and PtX represents undefined deg-
radation products released from the particle surface.

Aqueous speciation in river water, shown in Figure 5, was
computed using ModelMaker v4 (Cherwell Scientific) and
forward and reverse rate constants for the first aquation step
at25°Cof 1.79 x 107® and 1.84 x 1075s"!, respectively (22).
Adsorption and desorption rate constants of 1.75 x 10~% and
2.00 x 1076 571, respectively, were then estimated by fitting
experimental adsorption data using the Runge—Kutta nu-
merical optimization algorithm in the software. Excellent
agreement between observed and computed adsorption is
attained in the long term (>20 h). However, the model was
not able to reproduce the precise extent of adsorption at the
beginning of the time course, presumably because initial
interactions of Pt with the particle surface are extremely rapid.

Because rate constants for cisplatin conversion do not
exist for seawater or solutions of equivalent chlorinity, we
fitted adsorption data in seawater (salinity = 33.3) iteratively
using ModelMaker and the same sequence of pseudofirst-
order reactions. Modeled results, shown in Figure 5, required
rate constants for kj, k-, kags, and kges of 5.50 x 1076, 5.84
x 107, 0.98 x 1075 and 2.80 x 107° s, respectively. As
above, excellent agreement was attained in the long term,
but the model underestimated the rate of initial adsorption.
Thus, relative to river water, formation of the monoaqua
complex proceeds more slowly in seawater because the
hydrolysis equilibrium is shifted to the left. Adsorption is
also suppressed in seawater because the ion activity of the
monoaqua species is reduced, but desorption appears to be
accelerated, likely due to competition for adsorption sites
from seawater cations.

Environmental Implications. To our knowledge, this is
the first systematic study of the reactivity of any Pt-based
anticancer drug in natural waters. Concentrations of cisplatin
employed in the experiments are sufficiently low relative to
those of other reactants (with the possible exception of
specific, organic ligands; see below) to conclude that the
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FIGURE 5. Speciation of cisplatin in (a) river water at pH 6.8
and (b) seawater of salinity 33.3 and pH 8.2 as a function of
time. Aqueous species were calculated using ModelMaker v4
and the forward and reverse aquation rate constants indicated.
Adsorbed Pt was fitted to experimental data () using
adsorption and desorption constants derived using the Runge—
Kutta numerical optimization algorithm in the software and as
shown.

principal findings are applicable at environmentally realistic
concentrations of the drug (although this itself is unknown).
Our results are, therefore, critical to understanding the
behavior and predicting the fate of this cytostatic chemical
inrivers, estuaries, and coastal waters. Interactions of cisplatin
with sediment in the environment are highly sensitive to
chloride ion concentration and are kinetically constrained;
variations in pH appear to be of less significance because the
accompanying change in the surface charge of particles is
countered by the shift in the proportion of reactive aqueous
species. The role of organic matter is less clear, but theoretical
considerations, differences in results of experiments con-
ducted in MQW and river water, and evidence of cisplatin
flocculation in the latter suggest that complexation with
specific (e.g., N- and S-donor) ligands is likely.

Environmental conditions that favor the retention of
cisplatin are those that favor the formation of the (mono-)
aquated species and its propensity to adsorb, that is, turbid
waters of low chlorinity and long residence or transit time.
Equivalent, low turbidity conditions, however, are predicted
to incur greatest exposure of the cytotoxic species to aquatic
life. Conditions that favor the dispersal of cisplatin are those
that inhibit the formation of the aquated species and its
adsorption, namely, rapidly flushed environments of high
chlorinity and low turbidity. The subsequent biogeochemical
behavior and effects of aqueous and adsorbed cisplatin in
rivers, estuaries, and coastal waters (e.g., response to reducing
conditions, remobilization, bioaccessibility, and toxicity) are
unknown and require investigation.
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