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Abstract

To better understand the relationship between lead speciation and bioavailability in natural
freshwaters, the interaction of lead with the freshwater alga Chlorella kesslerii was studied in
the presence of the Suwannee River fulvic acid (SRFA). Special attention was paid to direct
interactions of the fulvic acid on the algae, as well as potential physiological (membrane
permeability and algal metabolism) influences. Lead-free ion concentration measurements
were carried out using a novel ion-selective electrode. Pb uptake decreased in the presence
of SRFA with respect to noncomplexed Pb, but uptake fluxes, cellular Pb, Pb bound to the
transport sites, and total adsorbed Pb were all higher than predicted from Pb2+ activities, in
accordance with the free ion activity model (FIAM). The discrepancies between the observed
values and those predicted by the FIAM in the presence and absence of synthetic ligands
increased with increasing concentration of SRFA. Several hypotheses were examined to
explain the observed differences. No contributions of labile and/ or hydrophobic Pb-SRFA
complexes were found. Furthermore, direct [...]
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To better understand the relationship betw een lead
speciation and bioavailability in natural freshw aters, the
interaction of lead w ith the freshw ater alga Chlorella kesslerii
w as studied in the presence of the Suw annee River
fulvic ac id (SRFA). Special attention w as paid to direct
interactions of the fulvic ac id on the algae, as w ell as
potential physiological (membrane permeability and algal
metabolism) influences. Lead-free ion concentration
measurements w ere carried out using a novel ion-selective
electrode. Pb uptake decreased in the presence of SRFA
w ith respect to noncomplexed Pb, but uptake fluxes, cellular
Pb, Pb bound to the transport sites, and total adsorbed
Pb w ere all higher than predic ted from Pb2+ activities, in
accordance w ith the free ion activity model (FIAM ).
The discrepancies betw een the observed values and
those predic ted by the FIAM in the presence and absence
of synthetic ligands increased w ith increasing concentration
of SRFA. Several hypotheses w ere examined to explain
the observed differences. No contributions of labile and/
or hydrophobic Pb-SRFA complexes w ere found.
Furthermore, direct biological effects, inc luding variations
in membrane permeability or algal metabolism, could
not account for the observations. On the other hand, changes
in the algal surface charge due to SRFA adsorption
seemed to account, at least partially, for the observed
increase in lead uptake in the presence of SRFA as compared
to that corresponding to the same Pb2+ concentration in
the presence of synthetic ligands.

Introduction

According to the free ion activity m odel [FIAM (1)], the role

of ligands in solution is assum ed to be lim ited to their

participation in com plexation reactions in the bulk solution .

In this case, the com plexation of a m etal is predicted to reduce

bioaccum ulation (and the resulting biological effects) in direct

proportion to the concen tration (activity) of free ions, Mz+,

for concentrations below the saturation ofbiological transport

sites. Indeed, in the presence of sm all syn thetic ligands, Pb

uptake (Pb bound to transport sites and Pb uptake fluxes)

by the un icellu lar green alga Chlorella kesslerii was shown

to be directly proportional to the free lead ion concen tration ,

[Pb 2+], in accordance with the FIAM (2).

On the other hand, there is curren tly no consensus in the

literature as to whether the role of hum ic substances (HS)

is lim ited to trace m etal com plexation in the bulk solution

(3). Deviations from the FIAM and the closely related biotic

ligand m odel [BLM (4)] m ight be expected because of the

polyfunctionality and polydispersity of the HS. Furtherm ore,

HS could indirectly affect trace m etal bioavailability (i) by

adsorbing to the surfaces of the plankton (5-10); (ii) by

providing nutrien t C (11, 12), N (13-15), or P (8, 16); (iii) by

com plexing exoenzym es (17); (iv) by m odifying the m em -

brane perm eability (5, 8, 18); or (v) by m odifying the algal

surface activity (19).

Nonetheless, because of the absence of trace m etal

speciation m easurem en ts in the vast m ajority of published

reports, on ly qualitative data are generally available to

exam ine the effect of HS on trace m etal bioavailablity. Am ong

the exceptions are recen t studies on Al toxicity to Chlorella

pyrenoidosa in the presence of a soil fulvic acid (8); Hg uptake

by Chaoborus (20); and several studies of Cu 2+ toxicity (e.g.,

ref 21), in which a Cu 2+-selective electrode was used to

m onitor free copper in the presence of HS (for a review, see

ref 22). Of the papers that have m easured both trace m etal

bioavailability and speciation in the presence of HS, no

consensus has em erged as to whether the data conform to

the FIAM (22). Although Hg uptake was directly correlated

to the concen tration of Hg2+ (20), exam ples of enhanced

toxicity (20, 22) and enhanced protection (22) have also been

docum ented. In con trast, the com plexation of trace m etals

by aquatic hum ic substances has been widely studied from

the poin t of view of m etal speciation . For exam ple, fairly

com plete com pilations of conditional stability constan ts and

effective ligand concen trations can be found in som e recen t

reviews (23, 24) for trace m etals in natural waters. The

com petitive effects of Ca(II) (25) and Al(III) (26) on Pb(II)

binding by hum ic substances have also been studied.

The aim of the presen t work was to investigate the nature

of the in teractions in a system con tain ing algae, fu lvic acid,

and lead. In itial efforts were focused on a determ ination of

the relationship between Pb(II) speciation and biological

uptake fluxes in the presence of fulvic acid to verify the

applicability of the FIAM and BLM. Pb2+ concen trations were

quan tified using a recen tly developed polym eric m em brane

electrode with low detection lim its (27, 28). Special atten tion

was also paid to the in teractions between the algae and the

fulvic acid, as well as the direct m etabolic and physiological

in fluences of the HS on the algae.

Experimental Section

Choice of Humic Substance and Microorganism. Astandard

fulvic acid isolated from the Suwannee River, Georgia

[Suwannee River fulvic acid (SRFA)], having well-character-

ized properties, com position of m ajor and m inor constitu-

en ts, m olecular weight, size, density, etc., was obtained from

the International Hum ic Substances Society (Colorado School

of Mines, Golden , CO) (29). Stock solutions of 1 g L-1 were

prepared from the freeze-dried SRFAin Milli-Q water adjusted

to pH 9.0 with dilu te NaOH. Solutions were stored at 4 °C

in the dark for at least 24 h to ensure equilibration before

further dilution . Fluorescence correlation spectroscopy (FCS)

was used to estim ate the hydrodynam ic sizes of the fulvic

acid m olecules from their diffusion coefficients (30). Calibra-

tion of the confocal volum e of the FCS instrum en t was

perform ed using Rhodam ine 6G (R6G), which has a known

diffusion coefficien t, D, of 2.8 × 10-6 cm 2 s-1 (31).

Chlorella kesslerii (previously Chlorella vu lgaris) was

obtained from the University of Toron to culture collection
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(UTCC 266) and cultured in OECD (32) m edium at 20 °C,

with rotary shaking (100 rpm ) and a 12/ 12-h light/ dark regim e

(50 m m ol of photons m -2 s-1 provided by fluorescen t tubes).

Each tim e the cells were sam pled for an experim en tal

m easurem en t, cell densities, sizes, and surface distributions

were determ ined by a Coulter Multisizer II particle coun ter

(50-µm orifice, Coulter Electron ics). To reduce or elim inate

con tam ination (bacterial or chem ical), all solu tions and

experim en tal con tainers were autoclaved, and experim en ts

were perform ed under lam inar flow conditions. Chlorella is

particularly suitable for use in biouptake experim ents because

the cells are spherical, with little variation in cell size or

m orphology am ong the differen t experim en ts.

Pb(II) Speciation Measurements. A Pb 2+-selective elec-

trode with an optim ized m em brane based on the ionophore

4-tert-butylcalix[4]arenetetrakis th ioacetic acid dim ethyla-

m ide was em ployed to m easure Pb 2+ activities. The detailed

m em brane com position and the m em brane and electrode

preparation procedures are described in detail elsewhere

(33). An inner electrolyte com position of 10-6 M Pb(NO3)2

and 20 m g L-1 SRFA in 10-2 M MES [2-(N-m orpholino)

ethanesulfon ic acid], nearly m atching that of the m easured

sam ple, was em ployed to m in im ize zero-curren t ion fluxes.

Poten tials were m easured with a 16-channel electrode

m onitor (Lawson Labs Inc., Malvern , PA) at room tem perature

in stirred solutions by sim ultaneously recording data from

three electrodes. An in ternal filling solution of 10-3 M NaCl

was used in con tact with the reference half-cell Ag|AgCl. The

electrodes were preconditioned for 12 h in a m ixture of 10-6

M Pb(NO3)2 and 20 m g L-1 SRFA and used to m easure

standards and sam ples. Experim en tal selectivity coefficien ts

for Pb 2+ over a num ber of poten tially in terfering ions are

given in ref 33. The polym eric m em brane electrodes were

calibrated with a series of Pb solutions in the concen tration

range of 10-7 to 5 × 10-5 M. The slope of the response curve

was 29.6 m V, as predicted by the Nernst equation . The drift

during m easurem en ts was less than 1 m V h-1. All activity

m easurem ents obtained with the ion-selective electrode (ISE)

were perform ed at a constan t ion ic strength of 5 × 10-3 M.

The results that follow are presen ted as concen trations.

In addition to the experim en tal m easurem en ts with the

ISE, the Pb 2+ concen tration was predicted by two chem ical

speciation m odels. WinHum ic V (34) incorporates a hum ic

ion binding m odel (35, 36) that uses a bim odal distribution

of discrete binding sites. The ECOSAT program (37) uses a

NICA-Donnan approach with a bim odal con tinuous dis-

tribution of sites. Both m odels take nonspecific electrostatic

in teractions in to accoun t. In both cases, m odel calculations

were m ade using the default database sets (38, 39): (i) For

the WinHum icV m odel, the density of carboxylic sites, n A, is

4.73 m ol kg-1; the density of phenolic sites, n B, is n A/ 2; the

in trinsic proton binding constan ts are pKA ) 3.26, with a

range (∆pKA) of 3.34, and pKB ) 9.64, with ∆ pKB ) 5.52; the

in trinsic exchange constant, pKPb-HA, is 0.9; and the param eter

P that determ ines the electrostatic in teraction factor is

-103. (ii) For the ECOSAT m odel, the density of carboxylic

sites, Q1m ax, is 5.88 m ol kg-1, with a distribution width

(heterogeneity), m H1, of 0.59; the density of phenolic sites,

Q2m ax, is 1.86 m ol kg-1, with m H2 ) 0.70; the m edian in trinsic

proton / Pb binding constan ts are log KH1 ) 2.34, log KH2 )

8.6, log KPb1 ) -1.22, and log KPb2 ) 6.87 for the carboxylic

and phenolic groups, respectively; and a param eter b )-0.57

was used for determ ination of the Donnan volum e of the

fulvic acid.

The hydrophobicity of the Pb-fu lvic acid com plex was

estim ated by flux m easurem en ts across a hydrophobic

perm eation liquid m em brane (PLM) system contain ing lauric

acid in a 1:1 m ixture of toluene and phenylhexane. The PLM

system was prepared as described in detail in ref 40, with the

exception that no ion carrier was added to the liquid

m em brane.

Bioaccumulation Studies. Cells in their m id-exponential-

growth phase were harvested by gen tle filtration , washed,

and then resuspended in a defined experim en tal m edium to

a final algal cell density of ca. 107 cell m L-1. The experim en tal

m edium consisted of 10-2 M MES [2-(N-m orpholino] ethane-

sulfonic acid, Sigm a] buffered to pH 6.0 and containing known

quan tities of Pb and/ or SRFA. Fifty-m illiliter aliquots of the

algal solu tion were filtered (3.0-µm nitrocellu lose filters,

Millipore) 1, 10, 20, 30, 40, 50, and 60 m in after resuspension

in the experim en tal m edium . Cells were rinsed twice with

the experim en tal m edium . Surface-bound Pb was distin -

guished from cellu lar (in ternalized) Pb using a 1-m in

extraction in 10-2 M EDTA (2, 41, 42). This wash procedure

has been optim ized with respect to the nature of the

com plexing ligands NTA(n itrilotriacetic acid), CDTA(trans-

1,2-diaminocyclohexane-N,N,N ′,N ′-tetracetic acid), and EDTA

(ethylenediam inetetraacetic acid) and the con tact tim e with

the cells (2). In sum m ary, the concen tration of cellu lar (post-

washing) Pb was independen t of the ligand used for the wash

and stable following brief con tact tim es (<1 m in .). Cellu lar

Pb was determ ined following digestion of the filtered, EDTA-

washed algae with 1 m L of concen trated, u ltrapure HNO3

(Baker Instra-Analyzed Reagen ts). The dissolved, adsorbed,

and cellu lar Pb fractions were m easured by inductively

coupled plasm a m ass spectrom etry (Hewlett-Packard 4500

series).

Fulvic Acid Adsorption onto the Cell Surface. In parallel

with the bioaccum ulation experim en ts, fu lvic acid adsorbed

on to the algal surface was determ ined from the difference

between bulk SRFA concen trations before and after algal

addition (5). SRFA concen trations in solution were deter-

m ined by UV-vis absorbance m easurem en ts at 280 and 324

nm (Lam bda 4 UV-vis spectrophotom eter, Perkin -Elm er).

The concen tration of SRFA was varied from 2 to 30 m g L-1,

and experim en ts were carried out in the presence and

absence of 10-6 M Pb. Two types of con trols were run in each

experim en t. The first con trol con tained SRFA and/ or Pb in

the absence of algae and was used to estim ate poten tial

adsorptive losses to the filters. The second set of con trols

con tained algae and Pb and was used to determ ine the

possible influence of extracellular products on the absorbance

signal.

To estim ate m odifications of the surface charge of

Chlorella kesslerii in the presence of fulvic acid and/ or Pb,

electrophoretic m obilities (EPMs) were m easured by laser

Doppler velocim etry (Zetasizer 2000, Malvern ). EPMs of the

cells were m easured following a 30-m in exposure to differen t

concen trations of SRFA. ú-Poten tial latex particle standards

(Malvern ) were used for calibration .

Algal Metabolic Activity and Membrane Permeability.

The in fluence of Pb and fulvic acid on C assim ilation was

determ ined by [14C]NaHCO3 short-term uptake experim ents.

The bicarbonate salt (specific activity 7.5 m Ci m m ol-1, Perkin-

Elm er life science products) was dilu ted in Milli-Q water,

and the pH was adjusted to 9.0. Algae were collected in their

m id-exponen tial-growth phase, filtered, rinsed, and resus-

pended in 10-2 M MES at pH 6.0 con tain ing [14C]NaHCO3,

10-6 M Pb(II) as Pb(NO3)2, 30 m g L-1 SRFA, or their m ixtures.

Twen ty-m illiliter aliquots were filtered following con tact

tim es of 5, 10, 20, 30, and 40 m in . A solution of 10-2 M

nonlabeled NaHCO3 was used to rinse the algae and filters.

To study the effects of SRFA and Pb on m em brane

perm eability, cells were incubated in the presence of [14C]-

D-sorbitol, which has previously been shown to be taken up

by Chlorella pyrenoidosa by passive diffusion without being

m etabolized (41). Radiolabeled [14C]D-sorbitol with a specific

activity of 370 m Ci m m ol-1 was obtained from ANAWA

Biom edical Services & Products and was dilu ted with 10-2
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M nonlabeled D-sorbitol. As in the bioaccum ulation experi-

m en ts, algae were collected in their m id-exponen tial-growth

phase, filtered, rinsed and resuspended in the experim en tal

m edia con tain ing [14C]D-sorbitol. Twen ty-m illiliter portions

were filtered after con tact tim es of 5, 10, 20, 30, 40, 50, and

60 m in . Subsequen tly, 10-2 M of non labeled D-sorbitol was

used to rinse the algae on the filters. 14C activity in the filtrates

was em ployed to quan tify the dissolved sorbitol, whereas

rinsed, digested filters and algae were used to determ ine

cellu lar [14C]D-sorbitol. For both [14C]D-sorbitol and [14C]-

NaHCO3 uptake experim en ts, the m easured signal of 14C was

norm alized to its in itial concen tration in solution . Data were

rejected if the 14C m ass balance in the in itial, dissolved,

adsorbed, and cellu lar fractions was not recovered to with in

(10%.

General Treatment of the Results. Short-term uptake of

Pb was quan tified using a linear regression of cellu lar Pb

versus accum ulation tim e. The slopes were used to obtain

in ternalization fluxes, Jin t. Jin t values were fitted by a nonlinear

regression of the Michaelis-Menten flux equation (1)

where Jm ax is the m axim al uptake flux and KM is the Michaelis-

Menten half-saturation constan t, corresponding to the Pb 2+

concentration for Jin t )
1/ 2Jm ax. Under steady-state conditions,

the reciprocal value of KM provides the stability constan t for

com plexation of the m etal by the transport sites. The

in tercepts in the cellu lar Pb versus accum ulation tim e plots

were used as a surrogate of the concen tration of the m etal

bound to transport sites { Pb-Ltr} . It has been shown

previously (2) that, at low lead concen trations, the in tercepts

are directly related to the concen tration of Pb2+ in solution

with a plateau occurring above 10-5 M Pb, in agreem en t with

the obtained saturation of the m axim um uptake flux. Indeed,

the apparen t stability constan t obtained from a Langm uir-

type treatm en t of the in tercepts (versus [Pb2+]) gave a value

(105.54 M-1) that was alm ost iden tical to the reciprocal value

of Michaelis-Menten constan t, 105.52 M-1. This in tercept-

based techn ique for determ in ing the m etal-bound carrier

concen trations has also been tested for Zn uptake by C.

kesslerii, where it was shown to reflect the physiological state

of the algae (i.e., carrier num ber), a distinction that is not

seen with nonspecific Zn adsorption (42).

All experim en ts were repeated at least three tim es. Mean

values and standard deviations are given throughout the text.

All results were norm alized by m easured values of algal

surface areas.

Results and Discussion

Determination of Pb Speciation. Experim en ts with the

polym eric m em brane Pb 2+-selective electrode showed that

the proportion of com plexed lead increased with increasing

SRFAand decreasing total Pb concen trations. Indeed, under

the experim ental conditions em ployed a total Pb concentra-

tion of 10-6 M and a SRFA concen tration of between 2 and

30 m g L-1, [Pb]tot/ [Pb2+] increased from 3 to 55. Furtherm ore,

for a constan t SRFA concen tration of 20 m g L-1 and a total

Pb concen tration ranging from 1 × 10-7 to 1 × 10-5 M, [Pb]tot/

[Pb 2+] ranged from 90 to 5, corresponding to Pb 2+ concen-

trations in the range of 1.1 × 10-9 to 2 × 10-6 M. In this case,

the experim en tally obtained conditional stability constan ts

varied between log K ) 6.0 and log K ) 5.2 for a degree of

site occupation , θ ) [PbFA]/ [SRFA], ranging from 10-3 to

10-1.6, assum ing 6.1 m m ol g-1 of carboxyl groups (29, 44) and

82% deprotonation at pH 6.0 (44). Although it is very difficult

to com pare stability constan ts obtained under variable

experim ental conditions (pH, ionic strength, m etal/ fulvic acid

ratio, source of HS, experim en tal techn ique), the values

appear consisten t with the literature. For exam ple, a con-

ditional logarithm ic stability constan t of 6.0 (pH 6.7) was

determ ined using a Pb 2+-selective electrode for the com -

plexation of Pb with a fulvic acid isolated from a bog (45).

Reverse pulse polarography for [Pb]tot ) 2.8 × 10-5 M, I ) 0.1

M, and pH 4.8 gave a log K value between 4.79 and 5.05 for

32 m g L-1 SRFA and between 5.39 and 5.6 for 92 m g L-1

SRFA(46).

To ensure that no aggregation of the fulvic acid was

occurring in the presence of Pb, FCS m easurem en ts were

perform ed under experim en tal conditions iden tical to those

applied above. The m ean values of the diffusion coefficien t

for the Pb-SRFA com plex was estim ated to be (2.4 ( 0.1) ×

10-6 cm 2 s-1, independen t of the m etal-to-ligand ratio and

in agreem en t with previous m easurem en ts of the fulvic acid

alone (30). No aggregation of SRFA was observed following

a 1-day equilibration of the Pb-fu lvic acid m ixtures.

Pb Bioaccumulation in the Presence of Fulvic Acid. Three

differen t kinds of biouptake experim en ts were perform ed in

parallel with m easurem en ts of Pb 2+ activities. First, to avoid

any influence of the fulvic acid on the algae, the concentration

of Pb 2+ was varied by m odification of the total lead

concen tration for a constan t SRFA concen tration of 20 m g

L-1. In the second set of experim en ts, the concen tration of

Pb 2+ was varied by varying the total SRFA concen tration

between 2 and 30 m g L-1 for a constan t total Pb concentration

of 10-6 M. In a final set of experim ents, the Pb2+ concentration

was kept constan t at 5 × 10-8 M by increasing the concen-

trations of total Pb and SRFAin parallel. The results presen ted

below for Pb biouptake by Chlorella kesslerii in the presence

of fulvic acid are com pared to the biouptake of Pb in the

absence of ligand and in the presence of syn thetic ligands,

work that has previously been studied in detail in our

laboratory (2) and is noted below as the reference system .

(i) Lead Bioaccumulation in the Presence of 20 mg L-1

Fulvic Acid. Pb in ternalization fluxes were reduced sign ifi-

can tly by the addition of 20 m g L-1 fu lvic acid with respect

to a system without fu lvic acid. Nonetheless at low Pb 2+

concentrations ([Pb2+]<KM), Pb biouptake fluxes were higher

in the presence the fulvic acid than those observed for

equivalent concentrations of free Pb 2+ in the reference system

(Figure 1). Although both cellu lar lead, Pb cell, and uptake

fluxes, Jin t, were proportional to the concen tration of Pb 2+ in

solution (slope of 1 on the log Jin t vs log [Pb 2+] p lot in Figure

Jin t ) Jm ax

[Pb
2+

]

KM + [Pb
2+

]
(1)

FIGURE 1. Dependence of the Pb internalization fluxes on the free
lead ion concentration, [Pb2+], in the presence of 20 mg L-1 SRFA
at pH 6.0. The dotted line represents a M ichaelis-M enten plot for
KM ) 4.8 × 10-7 M and Jmax ) 1.1 × 10 -14 mol cm-2 s-1. Standard
deviations are given w hen larger than the symbol size. For
comparison, uptake fluxes corresponding to the [Pb2+] in a reference
system in the presence of synthetic ligands (2) are given by the
open points and solid line (M ichaelis-M enten plot).
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1), values in the presence of SRFAwere about 7 tim es higher

than those observed for the sam e Pb2+ concen tration in the

presence or in the absence of syn thetic ligands.

In the presence of 20 m g L-1 SRFA, the best fit of the Jin t

versus [Pb2+] plot using the Michaelis-Menten equation gave

a value of KM of (4.8 ( 0.5) × 10-7 M as com pared to (3.0 (

0.5) × 10-6 M for the reference system . On the other hand,

m axim um biouptake fluxes, Jm ax, were equal in the absence

[Jm ax ) (1.0 ( 0.2) × 10-14 m ol cm -2 s-1] and presence

[Jm ax ) (1.1 ( 0.2) ×10-14 m ol cm -2 s-1] of SRFA. Under the

assum ption that KM is equal to the reciprocal of the

therm odynam ic binding constan t to the transport sites, th is

result suggested that the fulvic acid increased the apparen t

stability constan t for the binding of Pb to transport sites,

KPb-tr. In other words, for low Pb 2+ concen trations ([Pb 2+] <

KM), the m em brane perm eability of Chlorella kesslerii to Pb2+,

PPb ) Jin t/ [Pb 2+], increased by a factor of ca. 7 from (3.3 ( 0.5)

× 10-6 cm s-1 to (2.3 ( 0.5) × 10-5 cm s-1 in the presence

of 20 m g L-1 SRFA.

A sim ilar tendency of enhanced response with respect to

the values obtained in the presence of syn thetic ligands was

also observed for adsorbed (i.e., EDTA-extractible) Pb (Figure

2a) and Pb bound to transport sites, Pb-Ltr (Figure 2b). Below

transporter saturation , concen trations of adsorbed Pb and

Pb bound to transport sites were proportional to the Pb 2+

concen tration but higher than values observed in the

reference system , in agreem en t with the results obtained for

the biouptake fluxes.

(ii) Lead Bioaccumulation in the Presence of Increasing

Amounts of Fulvic Acid. The addition of 2-30 m g L-1 SRFA

to 10-6 M Pb decreased Pb uptake by Chlorella. As can be

seen in Figure 3, in the presence of increasing am oun ts of

fulvic acid (from right to left in Figure 3), the cellu lar Pb

concen tration was lower than expected on the basis of the

total Pb concen tration (dashed line) but higher than that

corresponding to the Pb 2+ concen tration in solution (solid

line). Moreover, the difference between the cellu lar Pb

concen tration predicted on the basis of the solution Pb 2+

concen tration and the observed cellu lar Pb concen tration

increased with increasing concen tration of fulvic acid.

(iii) Lead Bioaccumulation at Constant Pb2+ Concen-

tration. In the th ird set of experim en ts, the total Pb and

fulvic acid concen trations were varied in a m anner that kept

the concen tration of Pb 2+ constan t. Under these conditions,

the FIAM predicts a constan t cellu lar Pb concen tration .

Con trary to th is expectation , an increasing concen tration of

SRFA resulted in a sign ifican t increase in cellu lar Pb with

respect to solutions of 5 × 10-8 M Pb 2+ con tain ing either no

ligand or NTA as the com plexing ligand (Figure 4).

Possible Explanations for the Enhanced Bioaccumu-

lation of Pb in the Presence of Fulvic Acid. To explain the

higher than expected bioaccum ulation of Pb in the presence

of fulvic acid with respect to Pb in the presence of syn thetic

FIGURE 2. Dependence of the (a) adsorbed (“EDTA-extractible”)
Pb and (b) Pb bound to transport sites { Pb-Ltr} (obtained from the
intercept of a cellular Pb vs time plot) on the Pb2+ concentration
in the presence of 20 mg L-1 SRFA at pH 6.0 (solid points). For
comparison, adsorbed Pb and Pb bound to transport sites corre-
sponding to the Pb2+ concentration in a reference system in the
presence of synthetic ligands (2) are given by the open points and
solid line.

FIGURE3. Cellular Pb after a 20-min accumulation time as a function
of the Pb2+ concentration. The Pb2+ concentrations w ere measured
by ISE (b) and predicted by W inHumicV (2) and ECOSAT (9) model
calculations. The total Pb concentration w as maintained at 10-6 M
w hile the concentration of SRFA w as varied among the values 0,
2, 5, 10, 20, and 30 mg L-1 (pH 6.0). Standard deviations are given
w hen larger than the symbol size. For comparative purposes, cellular
Pb corresponding to the same Pb2+ concentration in the presence
of synthetic ligands (2) and to the total Pb concentration are given
by full and dashed lines, respectively.

FIGURE 4. Effect of Pb and SRFA concentrations on cellular Pb at
pH 6.0 for a 50-min accumulation time. Total concentrations of Pb
and SRFA w ere increased in parallel to maintain a constant Pb2+

concentration of 5 × 10-8 M . For comparison, cellular Pb
concentrations corresponding to the same Pb2+ concentration in
the absence and in the presence of NTA are also given. All values
are given as mean ( standard deviation, n ) 3.
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ligands, several hypotheses were exam ined: (i) underesti-

m ation of the Pb 2+ concen tration by the ISE, (ii) con tribution

of labile hydrophilic Pb-SRFAcom plexes to the uptake, (iii)

uptake of lipophilic Pb-SRFA com plexes, (iv) adsorption of

SRFA on the algae with resulting m odifications to the (v)

algal physiology (m em brane perm eability, algal m etabolism )

and/ or (vi) surface charge (so as to m odify the effective affin ity

of the transport sites with respect to Pb).

(i) Underestimation of the ISE-Determined Pb2+ Con-

centration. The larger than expected in ternalization fluxes

observed in Figure 3 could be explained by a system atic

underestim ation of the Pb 2+ concen tration by the ISE. The

m ost obvious in terference, i.e., that of the fulvic acid, was

un likely to be a problem because a sym m etrical electrode

setup was em ployed in which the concen tration of the fulvic

acid was the sam e on both sides of the ion-selective

m em brane. Furtherm ore, the accuracy of the Pb2+ m easure-

m en ts was evaluated by com paring the ISE-determ ined Pb 2+

concen tration with values predicted by the WinHum ic Vand

ECOSAT m odels. For both m odels, the calculated Pb2+

concen tration was sm aller than that m easured by the ISE,

further accen tuating the difference between the predicted

line (based on the Pb 2+ concen tration ) and the experim en tal

poin ts (Figure 3). Sim ilar results were also obtained using a

perm eation liquid m em brane (47) as the Pb speciation

techn ique. For all four determ inations of the Pb 2+ concen-

tration (ISE, PLM, WinHum icV, and ECOSAT), cellu lar Pb

was sign ifican tly higher than would be predicted on the basis

of the FIAM alone.

(ii) Lability of the Pb-Fulvic Acid Complex. Over the

past few years, greater atten tion has been paid to the role of

the dynam ics of m ass transport and the kinetics of associa-

tion / dissociation reactions in attem pts to understand m etal

bioavailability in com plexing m edia (21, 48, 49). With respect

to m etal bioavailability, a com plex is considered to be labile

when it can dissociate and re-form m any tim es during its

transport through the steady-state diffusion layer of the

organ ism . In th is case, the resulting m etal supply to the

biological surface can be determ ined by a coupled flux of the

free m etal and labile species (48, 49). For radial diffusion and

first-order association-dissociation kinetics, as can be as-

sum ed to be the case here, com plexes can be considered

labile if the value of the lability criterion , L, is m uch greater

than 1 (50, 51)

The m ean ing and values of the differen t param eters

applied to calculate L are com piled in Table 1. The validity

of th is equation , the basic assum ptions for its derivation ,

and its applicability to m icroorgan ism s have been discussed

elsewhere (49).

The value of L for Pb-SRFA com plexes was calculated to

be 16 for a SRFA concen tration of 2 m g L-1 and 4 for 30 m g

L-1 SRFA. Nonetheless, such a calculation of the lability

criterion is strictly valid on ly for chem ically hom ogeneous

system s. For heterogeneous system s, such as for fulvic and

hum ic acids, the lability of the m etal com plexes can also be

in fluenced by the degree of heterogeneity and the degree of

occupation of the com plexing sites. In th is case, com plex

lability is predicted to decrease for an increasing degree of

heterogeneity and for increasing concen trations of HS (for

a given total m etal concen tration ) (53). The heterogeneity of

the Pb-SRFA com plexes can also be described by a corre-

sponding distribution of the dissociation rate constan ts. For

exam ple, for a fixed SRFAconcen tration of 20 m g L-1, L varies

from 4 to 13 for an increasing site occupation of Pb

corresponding to total Pb concen trations from 1.0 × 10-8 to

2.5 × 10-6 M, respectively. In sum m ary, in all cases, the

estim ated lability criterion was higher than 1, indicating that,

for the studied conditions, the Pb-SRFA com plexes can all

be considered labile.

Although the lability criterion calculated above suggested

that the com plexes were able to dissociate during their

transport through the diffusion layer, their con tribution to

the biouptake flux also depends on the capacity of the

organ ism to in ternalize the m etal (48, 49). In th is case,

observed in ternalization fluxes were m uch sm aller than the

theoretical lim iting diffusive fluxes corresponding to Pb 2+

alone (i.e., Jdiff ) 5.2 × 10-14 m ol cm -2 s-1 for [Pb 2+] ) 10-9

M), strongly suggesting that the supply of Pb2+ alone was

sufficien t to satisfy the algal dem and (in a chem ical sense)

and that no con tribution of the com plexes was necessary

because of the already sign ifican t concen tration gradien t of

Pb 2+ in the diffusion layer. Under the conditions exam ined

here, com plex lability cannot explain the increase in Jin t in

the presence of SRFA. Asim ilar theoretical analysis has shown

that diffusion could not be lim iting for Cd uptake by carp

(Cyprinus caprio) (54), whereas uptake fluxes for Zn(II) by

m ussels (Mytilu s edu lis) and freshwater algae (Chlorella

kesslerii) appeared to be diffusion-lim ited at low concentra-

tions (42, 54).

(iii) Contribution of a Hydrophobic Fraction of Pb-

Fulvic Acid Complexes. HS are a chem ically heterogeneous

m ixture of m olecules with a continuum of chem ical proper-

ties. Because the transport of hydrophobic Pb com plexes by

passive diffusion is likely to be faster by several orders of

m agnitude than carrier-m ediated transport (55), even a sm all

proportion of hydrophobic Pb-SRFAcom plexes could result

in a sign ifican t increase in the observed uptake flux. The

presence of hydrophobic com plexes was thus verified by the

PLM techn ique in the absence of a carrier. In the case of a

sign ifican t hydrophobicity of the Pb-fu lvic acid com plex, a

flux of Pb should have occurred across the hydrophobic PLM

m em brane. In contrast to such an expectation , no PLM fluxes

were detected in the concen tration range of 2-30 m g L-1

fu lvic acid for a total Pb concen tration of 10-6 M. This

TABLE 1. Parameters Used To Calculate the Lability, L, of the Pb-SRFA Complexes for a Total Pb Concentration of 10-6 M and a
SRFA Concentration of 2-30 mg L-1

parameter, meaning (units) values

ka, formation rate constant (M-1 s-1) 1 × 1010

K, conditional stability constant of Pb-SRFA complex (determined using
polymeric membrane ISE measurements) (M-1)

105.67

kd, dissociation rate constant, kd ) ka/K (s-1) 2.14 × 104

r, radius of the microorganism (measured by particle counter) (cm) 1.8 × 10-4

DPb, diffusion coefficient of Pb2+(cm2 s-1) 9.5 × 10-6 a

DPb-SRFA, diffusion coefficient of Pb-SRFA complex (measured by FCS) (cm2 s-1) 2.4 × 10-6

cFA
/ , bulk concentration of SRFA (M) varied

a Ref 52.

L )
kd

1/ 2
rDPb

1/ 2

K
1/ 2

DPbFAcFA
/ 1/ 2

(2)
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result strongly suggests that no hydrophobic Pb species

con tribute to Pb bioaccum ulation in the presence of SRFA.

(iv) Adsorption of Fulvic Acid on the Algal Surface.

Adsorption of SRFAto the surface of Chlorella increased with

its concen tration in solution up to 30 m g L-1 (Figure 5). This

tendency is in reasonable agreem en t with observations for

other algal species. Although it is difficult to com pare HS

adsorption data because of strong dependences on the pH

and ion ic strength of the experim en tal m edia and the algal

species, the obtained values of adsorbed SRFA were higher

than those observed for Chlam ydom onas reinhardtii (10) but

lower than those obtained for the m ore hydrophobic soil (8)

and Arm adale (5) fu lvic acids. The addition of 10-6 M Pb did

not sign ifican tly in fluence the adsorption of SRFA, possibly

because the adsorbed fulvic acid was always in m olar excess

to both the quan tity of Pb bound to transport sites and the

total quan tity of adsorbed Pb (ca. 10-fold m olar excess at 10

m g L-1 SRFA and 10-6 M Pb). Using the greatly sim plified

assum ption that each fulvic m olecule covers 1 nm 2 of a

sm ooth algal surface (54), the am oun ts of adsorbed SRFA

correspond to a m onolayer surface coverage for bulk solution

concen trations of 10 m g L-1 SRFA.

(v) Influence of Adsorbed Fulvic Acid on Membrane

Permeability and Carbon Assimilation. Experim en ts with
14C-labeled D-sorbitol were perform ed to estim ate the influ-

ence of Pb and fulvic acid on m em brane perm eability.

Chlorella pyrenoidosa accum ulates D-sorbitol by passive

diffusion without m etabolizing the substrate (43). If th is is

also the case for C. kesslerii, then changes in sorbitol uptake

should reflect overall m em brane perm eability. Indeed, the

presence of 10-6 M Pb increased m em brane perm eability

from the con trol value of (2.4 ( 0.3) × 10-7 to (2.8 ( 0.1) ×

10-7 cm -1 s-1, whereas the presence of fulvic acid alone had

no observable effect. When fulvic acid was added to solutions

contain ing 10-6 M Pb, perm eability was restored to the values

observed in the con trol (absence of both Pb and fulvic acid).

A sim ilar restoration of m em brane perm eability due to the

addition of a soil fu lvic acid has previously been observed

by Paren t et al. (8); however, in that case, Al3+ decreased the

m em brane perm eability, whereas the addition of fulvic acid

restored (increased) it to con trol values. In another related

study, the addition of fulvic acid increased the passive

diffusion of the lipophilic fluorescein diacetate at pH 5.0,

although no effect was observed at pH 7.0 (9).

The in fluence of Pb and fulvic acid on nutritive carbon

assim ilation was studied using 14C-labeled NaHCO3. At pH

6.0, the addition of 30 m g L-1 SRFA did not sign ifican tly

(Studen t t-test, P < 0.05, data not shown) in fluence carbon

assim ilation . This observation is in agreem en t with data for

S. subspicatus, where, at pH 6.0 and 7.0, no enhancem en t of

carbon assim ilation was observed in the presence of 10 m g

L-1 SRFA (10). In con trast, enhanced carbon assim ilation

was observed in response to high concen trations (10-6 M)

of Pb. This effect could be related to the increase in m em brane

perm eability observed in the D-sorbitol uptake experim en ts.

Moreover, the addition of 30 m g L-1 SRFA to solutions

contain ing 10-6 M Pb significantly decreased the C assim ila-

tion rate with respect to that in Pb solutions con tain ing no

SRFA (Figure 6). The decrease in C assim ilation could be

related to a decrease of the Pb 2+ activity as a result of either

com plexation with the fulvic acid or direct in teraction of

SRFA with the algae.

(vi) Modifications of Algal Electrophoretic Mobilities in

the Presence of SRFA. Modifications of the algal surface

charge due to the presence of SRFAwere estim ated from the

electrophoretic m obilities (EPMs). An increase in the SRFA

concen tration , in the presence or absence of Pb, resulted in

m ore negative values of EPM (Figure 7) sim ilar to previous

observations (5, 10). Given that the experim en ts were per-

form ed at constant ionic strength and pH, it could be assum ed

that the EPM was directly related to the cell surface poten tial

and thus the surface charge. As a first approxim ation , it was

assum ed that the algae behaved as rigid spheres with

FIGURE 5. SRFA adsorbed to the surface of Chlorella kesslerii as
a function of fulvic acid solution concentration (pH 6.0, contact
time of 30 min) in the absence of Pb (b) and in the presence of 10-6

M total Pb (0). Standard deviations are given w hen larger than the
symbol size.

FIGURE 6. Influence of Pb and SRFA on uptake of [14C]NaHCO3

expressed in terms of membrane permeability, P, w ith P defined
by P ) J/c. In this case, J is the flux of 14C determined for the first
20 min, and c is the solution concentration of NaH14CO3.

FIGURE7. Variation of the electrophoretic mobility (EPM ) of Chlorella
kesslerii as a function of the SRFA concentration (pH 6.0, contact
time of 30 min) in the absence of Pb (b) and in the presence of 10-6

M total Pb concentration (0). Standard deviations are given w hen
larger than the symbol size.
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hom ogeneously distributed charges on the cell wall and a

cellular diam eter that was m uch larger than the Debye length

(57). In such a case, Sm oluchowski’s equations can be used

to estim ate the ú-poten tial (58). By assum ing that the distance

between the algal surface and the shear plane is known, it

is possible to estim ate the surface poten tial of the algae. For

exam ple, for a shear plane that is 0.2 nm (1-2 water layers)

from the algal surface, it is possible to estim ate an algal surface

poten tial of -39.0 m Vin the absence of SRFA and -39.5 m V

in the presence of 2 m g L-1 SRFA. On the other hand, if the

shear plane is assum ed to be 2.0 nm from the algal surface,

the estim ated values of surface poten tial would be sign ifi-

can tly m ore negative. This sign ifican t negative surface

poten tial would result in surface concen trations of Pb2+ that

are sign ifican tly higher than those in the bulk solution . Note

that th is m echan ism would also be expected to apply to

other cations.

Although the adsorption of SRFA increased the negative

surface poten tial with a resulting increase of surface-bound

Pb, the surface poten tials estim ated above are not sufficien t

to explain the 5-10-fold increase of surface-bound Pb or Pb

in ternalization fluxes observed in the presence of the fulvic

acid (cf. Figures 1 and 2). To explain a 7-fold increase of the

in ternalization flux by a surface charge effect, it would be

necessary for the fulvic acid to increase the surface poten tial

by a factor of 1.7 or to disp lace the shear plane from 0.2 to

2 nm from the algal surface. The second possibility is not as

unrealistic if it is taken in to accoun t that the hydrodynam ic

diam eter of SRFAis about 2 nm and that, for 30 m g L-1 SRFA

in the bulk solution , m ass balance calculations indicate that

two m olecules of fulvic acid are available for adsorption for

each square nanom eter of algal surface. On the other hand,

given the curren t lack of theory relating electrophoretic

m obilities to surface poten tials (especially for m icroorgan-

ism s), any further calculations would be speculative on ly.

The results from the bioaccum ulation experim en ts re-

vealed that the fulvic acid decreased Pb bioaccum ulation

but less than would be predicted on the basis of Pb2+

m easurem ents in relation to previous biouptake experim ents

in the absence and presence of syn thetic ligands. The

difference between predicted values of the Pb2+ in ternaliza-

tion flux and the observed values increased with increasing

concen trations of SRFA. Furtherm ore, increases in trans-

porter-bound Pb and total adsorbed lead (Figure 3) paralleled

the observed increase in in ternalization flux, rein forcing the

im portance of an explanation based on the surface chem istry

of the algae as opposed to Pb solution chem istry. Such results

would suggest that a BLM-type m odel relating adsorption

rather than bulk solution chem istry to biological effects m ight

be better adapted to bioavailability determ inations in

com plex natural environm ents. Indeed, the BLM approach

assum es that the biological response (i.e., m etal uptake)

depends on the concentration of m etal bound to transporters

at the biological “in terphase”. Unlike the observations for

Pb 2+ (Figure 1), uptake fluxes in both the presence and

absence of SRFA were directly related to transport-site-

bound Pb (Figure 8), in accordance with a such an

approach.

Environmental Implications. Although it was im possible

to quan titatively explain the role of SRFA with respect to Pb

uptake, a chem ical change to the biological m em brane due

to SRFA adsorption (cf. Figures 5 and 7) was the m ost

reasonable hypothesis considered. Other explanations, es-

pecially those exam in ing physiological changes of the

m icroorgan ism (overall m em brane perm eability, nutrien t

accessibility) did not appear to be responsible for the observed

results. In any case, the effect of the adsorbed SRFA is

im portan t and differen t from that of the typical syn thetic

ligands that are m ost often em ployed in laboratory bio-

accum ulation experim en ts. Such fundam ental differences

will need to be taken in to accoun t as new m odels are

developed for understanding the uptake process and pre-

dicting the effects of trace m etals in the natural environm ent.

The im portan t discrepancy between Pb bioaccum ulation in

the presence of SRFA and that predicted for sim ilar con-

cen trations of Pb 2+ in the presence of syn thetic ligands raises

im portan t questions about the predictive capacity and

environm ental relevance of the sim plified m odels, especially

when applied to determ ine m etal bioavailability in natural

waters. Indeed, such results suggest that, whereas the

in troduction of speciation-based regulations govern ing trace

m etal concen trations will be an im provem ent over the use

of total m etal concen trations, further investigations are still

required prior to their im plem en tation . For instance, in the

specific exam ple exam ined here, the concen tration of Pb

bound to transport sites better reflected Pb uptake than did

free ion concen trations, suggesting that the BLM would be

a m ore suitable scien tific fram ework for regulations than the

FIAM. On the other hand, several recen t exam ples have been

docum ented for which neither of the steady-state m odels

(FIAM, BLM) could predict uptake or biological effects (e.g.,

refs 22, 42, 59). It is clear that the com plex relationships

between trace m etal speciation and bioavailability and the

com plex nature of the heterogeneous m etal com plexing

ligands will need to be addressed further if we are to

understand the effects of m etals on biota in natural waters.
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