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ABSTRACT: Studies of biosorption and bioaccumulation of
heavy metals deal mostly with challenging, inhomogeneous, and
complex materials. Therefore, most reports describe only
application studies, while fundamental research is limited to
indirect methods and speculations on the binding mechanisms. In
this study, we describe a method for detecting and isolating heavy
metal-binding biomolecules directly from crude extracts. The
underlying principle is terbium sensitization and fluorescence
excitation spectroscopy used offline after a chromatographic run.
Compounds interacting with metal ions inevitably change the
coordination sphere of terbium, which is reflected in the excitation
spectrum leading to metal-specific luminescence. Main advantages
of our approach include simple, fast, and inexpensive experiment
design, nondestructive measurements, and detection limits far below 1 mg. Here, we have applied our method for three promising
biosorbents (green algae, moss, and cyanobacterium) and obtained first information on the character of active compounds isolated
from each species.

■ INTRODUCTION

The phenomena of biosorption introduced many decades ago
is a promising environmentally friendly approach for the
removal of water contaminants. Until recently, many studies
describing the application of this process have been published.1

Parallel to screening and process development, much efforts
have been put into fundamental research. In the 1960s, the
ion-exchange properties of the brown algae-derived sugar
polymeralginatehave been elucidated by nuclear magnetic
resonance (NMR) and X-ray diffraction for the first time.2,3

Since then numerous reports have tried to shed light on the
biosorption mechanisms using methods such as potentiometric
titrations, scanning electron microscope with energy-dispersive
X-ray spectroscopy,4,5 Fourier transformed infrared spectros-
copy,6 X-ray photoelectron spectroscopy,7 or atomic force
microscopy.8 Currently, cumulative data suggest that carbox-
ylic, sulfonic, or hydroxyl functional groups are involved in the
binding of metals on biomass components.9 However, only few
new metal-binding components have been actually isolated and
characterizedthose encompass fucoidan,10 carrageenan,11

pectines,12 or mannans.13 More recently, bacterial-derived
extracellular polymeric substances14 have been identified to
enable metal binding. In general, research has focused more on
the chemical mechanisms facilitating metal binding, than on
isolating and identifying particular molecular components
contained in a specific cellular matrix.1 One main obstacle in
these studies has been the lack of reliable tools for

simultaneous detection and isolation of such components
from biomass.
Much more has been achieved in the field of bioaccumu-

lation, probably due to the smaller size of involved molecules.
In contrast to biosorption, which is a rapid passive uptake of
metals on the biomass surface, bioaccumulation represents a
slower and active process, mediated by cross-membrane ion
transporters.15 A particular breakthrough discovery has been
the phytochelatins,16 which are required for the survival of
organisms in heavy metal-contaminated environments by
complexing and thus detoxifying them. In subsequent decades,
further metal binding or transporting molecules have been
identified through genomic and proteomic approaches
including P-type ATPases,17 CDF-proteins,18 MFS-type
importers,19 and nicotinamine20 to name just a few. These
methods are very laborious and limited only to small
molecules, rendering them useless for biosorption studies.
More recently, liquid chromatographic methods suitable for
separation of metal-binding molecules, including simple
organic acids from hyperaccumulator plants21,22 and
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algae,23−25 have been reported. The detection of bound metals
was performed with inductively coupled plasma−mass
spectrometry (ICP−MS), being a state of the art method for
elemental analysis.
General Method Description. In this study, we describe a

new, preparative chromatographic method that allows rapid
detection and fractionation of heavy metal-binding cellular
components. This method is nondestructive and allows
separation and isolation of metal-binding molecules in
untreated extracts making it superior to the previously
published separation methods employing ICP for detection.
In contrast to approaches employing ICP, samples do not need

to be spiked with the target metal prior to the chromatographic
run. As our methodology relies on the capture of terbium-
binding cell components in their native state, it facilitates
further structural characterization, for example, via X-ray
diffraction and NMR. Moreover, the method presented here
is simple, inexpensive, and reliable.
The main feature of our method is the application of

terbium(III) as a model ion. The extraordinary properties of
lanthanide ions are rooted in their electron configuration.
Throughout the series from La to Lu, the 4f valence shell is
being filled prior to the 5s and 5p, which are responsible for
the actual chemical properties of these elements due to their

Figure 1. General workflow of the method.
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greater spatial spread. Hence, f-electrons are shielded and
practically do not engage in chemical reactions but may on the
other hand perform 4f−4f transitions between partially
forbidden states. In effect, narrow and characteristic excitation
and emission bands as well as extended luminescent radiation
lifetimes can be observed.26 Although luminescence can be
readily achieved through direct excitation, the use of ligands
increases the quantum yield dramatically by ligand-to-metal
energy transfer (called sensitization), and provides shielding
from solvent-induced nonradiative relaxation.26

While sensitization or solvent effects may easily alter the
excitation wavelengths, the emission wavelengths are usually
distinct and undergo only subtle changes. These properties
have been recorded for interactions of Tb27,28 and europium
(Eu)28 with ethylenediaminetetraacetic acid (EDTA) and
calmodulin and even allowed to distinguish between metal-
binding sites of the examined protein. Such behavior originates
in the strict energy levels separating allowed electron states and
is best depicted with a Jablonski diagram.29 Energy necessary
for excitation can be delivered via a variety of routes, thus
yielding broad bands; conversely, an emission of photon is
coupled to strict quantum states. In our case, the visible 545
nm band can be attributed to photons released during 5D4 →
7F5 transition.
The excitation spectrum leading to the metal-specific

emission at 545 nm may be altered in different ways. Changes
can originate from sensitization, when the unknown molecule
absorbs UV light, leading to a dramatic increase of
luminescence quantum yield by ligand-to-metal energy trans-
fer. However, also opaque compounds binding to lanthanides
can increase quantum yields by shielding from solvent-induced
nonradiative relaxation.30 In such case, enhancements in the
spectral region of direct metal excitation can be observed.
Some molecules can also enhance such relaxation, which is
leading to a reduced intensity of the excitation bands
(luminescence quenching). All of these effects can be
recognized in the sample-specific excitation spectrum.
As depicted in Figure 1, our method initially employs

fractionation of a sample extract using a suitable size exclusion
chromatography (SEC) column. Each fraction is then
transferred onto a microplate to record the blank absorption
and excitation spectra (for 545 nm emission) in the absence of
terbium (background spectra). Subsequently, terbium is added
to each fraction and the excitation spectra is recorded. The
resulting spectral readings are then subtracted from the blank
to yield metal-induced fluorescence data. The resulting spectra
can be compared to the control spectrum of terbium in water
(or buffer)any differences suggest that the given fraction
interacts with the metal.

■ RESULTS AND DISCUSSION
Metal-Binding Fractions Form Calothrix brevissima

and Physcomitrella patens. A graphical overview of all
collected data is presented for Calothrix brevissima in Figure 2.
In this case, only fractions 3, 4, and 5 showed a significant
change in luminescence after Tb addition. As these fractions
were below or close to the exclusion limit of the column (30−
70 kDa), the resolution is quite low as it represented a mixture
of many cellular components. Due to relatively strong UV
absorption at selected wavelengths, it can be presumed that
these fractions contain proteins. At this point, it was unclear
whether they also contained non-UV-absorbing molecules like
polysaccharides, which are usually responsible for biosorption.

A slightly different result was obtained in the case of the
extract of the mossP. patens (complete data in the
Supporting Information). Interestingly, fraction 2 exhibits
high UV absorption but no Tb interaction. In contrast,
fractions 3, 4, and 5 interact with Tb but do not show intense
UV absorption. This suggests that metal ions are selectively
bound by cellular components, which do not exhibit a strong
UV absorption, indicating that Tb does not interact with
proteins. Furthermore, the direct comparison of the
luminescence spectra of fractions 3 and 5 (see Figure 3)
suggests the existence of at least two distinct compounds.
Some more caution is required when analyzing fraction 10,
which shows minor changes in the luminescence excitation
spectra but is already luminescent prior to terbium addition.
Nevertheless, the subtraction of endogenous luminescence
excitation spectrum suggests that luminescence signal
increased upon Tb addition. This could be verified by a
luminescence emission scan with the excitation wavelength set

Figure 2. Chromatogram from raw extract of C. brevissima with
fractional spectroscopy separated on the SEC column (Superdex-75
10/300 GL). Injection volume: 500 μL, F = 0.5 mL/min, 10 °C. UV
detectionabsorbance at 190, 230, 270, and 400 nm. Spectra from
left: absorbance in the UV region, background excitation (1) without
terbium, excitation (2) with added terbium, background subtracted
excitation with terbium. All excitation spectra collected at 545 nm
emission using the dual monochromator with xenon arc lamp source.
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to the excitation peak found in the sample (264 nm for fraction
10). This measurement (dashed line in Figure 3) revealed only
a luminescence peak with very small metal influence around
545 nm suggesting that no metal-sample interaction occurred.
Comparison with Model Substances. Luminescence

excitation spectra of Tb with some known metal chelators such
as bovine serum albumin (BSA), EDTA, alginate, and fucoidan
using the same procedure as for fractions of biomass extracts
(Figure 3) have been recorded. In order to confirm that
registered excitation maxima correspond to metal-specific
emission, emission spectra at those excitation maxima have
been recorded, showing no relevant luminescence interferences
present (see the Supporting Information).
Depending on the complexed metal, it is reported that the

corresponding metal−EDTA complexes absorb UV light at
wavelengths between 220 and 240 nm.31 However, when
terbium is the central atom, the energy absorbed from UV light
can be transferred to the metal and dissipated by luminescence
at 545 nm. In our study, the endogenous Tb luminescence
feature showed the highest emission upon excitation at 240
nm. Furthermore, due to the EDTA excess in our experiments,
luminescence was observed only when the sample was excited
between 230 and 250 nm, which indicated that no energy
transfer, other than UV → EDTA → Tb, occurred. This UV-
induced luminescence is equivalent to the luminescence
measured for Tb−BSA complexes in our study.
In previous studies, only one absorption peak attributed to

tyrosine in the range of 275−280 nm, and a low signal at 300
nm have been reported for BSA.32,33 These data are in
accordance with our absorption measurements. As expected,
the recorded excitation spectrum of Tb−BSA contains the
previously reported tyrosine signal, without the shift caused
under the previously reported denaturating conditions.33

However unexpectedly, the highest signal was generated at
300 nm, where BSA itself exhibits only a low absorption.
Although relatively low amounts of light are absorbed at this
wavelength, far more of its energy induces the emissive state
suggesting tighter coordination. Our findings indicate that the
signal intensity correlates with increasing BSA concentrations
and is nearly absent at very low protein levels, where excitation
at 275 nm is dominant. This indicates that a different complex
geometry is formed when BSA is supplied in excess. It is
feasible that multiple proteins chelate the metal, thus forming
sandwich complexes.

The respective Tb complexes with EDTA and BSA show a
luminescence signal reduction upon excitation at 230 nm, with
respect to signal intensity of Tb in water. It is feasible that both
EDTA and BSA absorb the excitation energy at 230 nm before
it is accessible for Tb. Therefore, no directly induced emission
can occur.
Fucoidan and alginate solutions in the absence of Tb

displayed very low or no absorption in the UV region, which
corresponds well with their properties previously reported in
the literature.34,35 As sugar polymers do not absorb energy in
this spectral region, they cannot transfer energy to the metal to
induce luminescence. In fucoidan and alginate solutions,
excitation spectra were similar to those recorded in water,
which suggests that solvent-induced nonradiative relaxation is
the most probable mechanism for the observed phenomena. In
that context, the energy can be absorbed by the metal at a
typical wavelength of 219 nm.36

In all three extracts of phototrophic species, active fractions
showed excitation patterns, similar to water or polysaccharides.
Two maxima were present: one at 230 nm or less (outside
fluorimeter range) and one at about 264 nm. While protein
complexes exhibit excitation according to their UV spectra but
no Tb-specific excitation patterns, the reverse holds true for
polysaccharide-containing samples. Our data indicate that
carbohydrates are the active substances that can bind metals
such as Tb.

Comparison with Other Methods. Most of the methods
that have been described for separation and detection of metal-
binding species apply ICP−atomic emission spectroscopy or
ICP−MS,37 which can be successfully coupled to a chromato-
graphic system.38−40 The advantages, including instant
determination of multiple elements, very low detection limit,
and independence of the sample matrix, render these methods
a perfect choice for quantitative analysis of metal species. It is
however necessary to add metals to the sample prior to
chromatography. This in turn limits the selection of buffers to
those not interacting with metals as well as the useable pH
range. Furthermore, the sample fractions contain the metal
already and cannot be used nor analyzed in their native form. It
is also hard to purify the metal-binding species in a subsequent
run without metal spiking because the retention times would
vary and, as mentioned earlier, UV detection will not work for
polysaccharides. Prior to the emergence of ICP-based
detection, atomic absorption spectroscopy (AAS) was
employed for the analysis of biomass fractions after a
chromatographic run. Hence, the extracts of the cyanobacteria
Nostoc linckia and Nierembergia rivularis loaded with Cd and
Zn have been analyzed with AAS after fractioning by SEC.41

Results obtained share similar advantages and limitations with
previously mentioned studies using ICP; however, this
methods suffers from low resolution and is associated with
laborious sample handling.
Similarly, sensitized lanthanide luminescence has been used

for detecting metal interactions with humic substances.
Quenching of intrinsic fluorescence of those compounds as
well as antenna effects were observed.42 Using time-resolved
luminescence spectroscopy, the same group managed to
characterize competitive ion exchange by observing the
decrease of sensitization upon addition of other metals.43

While this is a remarkable solution for characterization of
isolated compounds, it needs to be stressed out that without
examination of the excitation spectra, some fractions of a
chromatogram might be assigned as false negatives. The

Figure 3. Luminescence excitation for 545 nm (solid line) and
emission spectra for 264 nm (dashed line). Fraction 17 refers to
deionized water used as a reference for the Tb signal.
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dependence of emission spectra on the chosen excitation
wavelength is best depicted in Figure 4 (with corresponding

emissionssee the Supporting Information). Using for
example excitation of 300 nm, the analyst would miss the
response from Tb−EDTA completely and almost all from Tb−
alginate.

■ CONCLUSIONS
The herein presented method provides a chromatographic
detection method for metal-binding molecules, which is
compatible with previously published and very insightful
chemical and enzymatically methods of biomass character-
ization. A cleavage at specific sites and subsequent sorption
experiments, as shown for Saccharomyces cerevisiae,13 would not
be possible with other procedures because the fractions would
contain the metal already.
One must be however aware of the limitations, which

include a detection limit of approx. 0.1 mg (estimated
gravimetrically by air drying of the active fractions), depending
on the chelator. Although the method relies on terbium,
lanthanides often substitute other metals in biological samples
(e.g., Ca2+ or Mg2+ domains in proteins44−46) and occupy
similar binding sites as other heavy metals.47 This makes them
suitable for probing many molecules; however, for absolute
clarity, a direct complexation with the metal in question (and
ICP−MS detection) should be applied as well.

■ EXPERIMENTAL SECTION
Extraction and Separation of Metal-Binding Compo-

nents. In this particular experiment, a cyanobacterium (C.
brevissima) and a moss (P. patens) were used. The extractions
begun with grinding of 200 mg of dry and frozen biomass
under liquid nitrogen. Next, ground biomass was suspended in
3 mL of deionized water and placed in a sonicator for 3 min
(75% power, 50% time cycle). Disrupted cells were incubated
for 1 h at room temperature and centrifuged for 15 min at
10,000 g at room temperature. The supernatant was filtered
through a 0.45 μm syringe filter prior to the injection into the
chromatography system.
The samples were run on a gel filtration column filled with

Superdex-75, with deionized water as eluent, flowing at 0.5
mL/min. Temperature was set at 10 °C. Injection was
performed manually with a sample volume of 500 μL. After

passing through column, dead volume (5 mL) fractions of 2
mL were collected, regardless of the UV signal. Subsequently,
350 μL of each fraction was transferred into a 96-well
microtiter plate. The absorption spectra as well as
luminescence excitation spectra for 545 nm emission, that is
characteristic for terbium, were recorded in order to assess
background fluorescence of the sample (without Tb). Finally,
the samples were mixed with 30 μL of 5 mM Tb(NO3)3 in
deionized water, and the same luminescence excitation spectra
were recorded again. The protocol consisting of three
measurements and addition of terbium solution was executed
automatically by the multiplate reader.
Additionally, spectra of Tb in the presence of various

chelating agents: EDTA, BSA, fucoidan, and alginate were
recorded, according to the procedure described above for
crude extracts from the green algae Picocystis sp. For these
measurements, the concentration of Tb was 100 μM, and
ligands were in large excess10 mM for BSA and EDTA and
500 mg/L for alginate and fucoidan.
Full list of chemicals and devices are given in the Supporting

Information
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