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Poly-L-cysteine (PLCys,) (n=20) was immobilized onto the surface of commercially available magnetic
v-Fe, 03 nanoparticles, and its use as a selective heavy metal chelator was demonstrated. Magnetic
nanoparticles are an ideal support because they have a large surface area and can easily be retrieved
from an aqueous solution. PLCys, functionalization was confirmed using FTIR and the quantitative Ell-
man'’s test. Metal binding capacities for As(III), Cd(II), Cu(II), Ni(II), Pb(II) and Zn(II) were determined at pH
7.0 and compared to adsorption capacities for unfunctionalized y-Fe,O3; nanoparticles. The effect of pH

Keywon,js" . on the PLCys, functionalized nanoparticles was also investigated. For all of the metals examined, binding
Magnetic nanoparticle . R . .
Iron oxide capacities (pumol metal/g support) were more than an order of magnitude higher than those obtained for

PLCys, on traditional supports. For As(III), Cu(II), Ni(Il) and Zn(II), the binding capacities were also higher
than the metal adsorption capacities of the unfunctionalized particles. Metal uptake was determined to
be rapid (<2.5 min) and metal recoveries of >50% were obtained for all of the metals except As(III). PLCys,,
which has a general metal selectivity towards soft metals acids, was chosen to demonstrate the proof of
concept. Greater metal selectivity may be achievable through the use of combinatorial peptide library

Metal binding peptide
Poly-L-cysteine
Metal remediation

screening or by using peptide fragments based on known metal binding proteins.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Remediation of heavy metal ions from contaminated areas has
become a significant area of research due to the severe risks they
pose for human health and the environment [1]. The development
of novel systems for remediation and preconcentration is required
because unlike organic pollutants, metals can be a recirculating
contaminant [2,3] and cannot be metabolized or decomposed. A
recent advancement in metal remediation and extraction has been
the exploration of peptides immobilized onto solid supports [4]. In
biological systems, the tertiary structure of metal binding proteins
is responsible for the formation of size selective cavities, but this
tertiary structure is frequently lost once the proteins are removed
from their pristine cellular environment [5]. Short chain synthetic
peptides are more durable than natural proteins due to the absence
of a preformed structure, allowing the peptide backbone to “wrap”
around a metal as it binds. This allows for fast binding kinetics,
which is an improvement over some metal chelators such as crown
ethers [6]. Additionally, the metal can be released “on demand” by
simply lowering the pH, which alters the peptide’s structure [7].
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These immobilized peptides have also demonstrated high metal
binding capacities and frequently exhibit metal selectivity, which
is due to the side group functionality of the amino acid(s) [4]. In
particular, the biohomopolymer poly-L-cysteine (PLCys;) (Fig. 1)
has been shown to be an effective metal chelator in aqueous solu-
tion [8-12]. It preferentially and strongly (logK;>12) binds soft
metal acids such as Cd?* and Pb2* through its soft donor ligand
thiol side groups [13]. As a result, PLCys, has successfully been used
as an ion-exchange system for the remediation of soft acid metals
while immobilized on a variety of supports such as glassy carbon
electrodes [14], control pore glass [9-11], membranes [15,16] and
graphite powder [12].

While many functionalized resin materials and support media
with immobilized chelators are used in flow-through column
applications, bulk remediation using chelator-attached support is
another alternative. This approach frequently presents two short
comings: slow binding because of mass transport constraints and
inefficient and/or slow removal of support media from the aqueous
waste stream after metal extraction.

This research considers the incorporation of ferromagnetic,
Fe,03 nanoparticles as the support media for immobilized PLCys.
Filtration or centrifugation is typically used for macroscopic sup-
port removal. However, studies have shown these methods are not
as selective, efficient or rapid as using a magnetic field to collect
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Fig. 1. Structure of poly-L-cysteine.

ferromagnetic particles [17-19]. Furthermore, common supports
such as resin beads, porous glasses and carbon-based powders have
diameters in the wm-mm range. If one considers “nanometer par-
ticles” in the range of 10-100 nm diameter and more conventional
media in the 10-1000 pwm range; for a given mass of media, the par-
ticle density increase with the nanoparticles falling between 106
and 103, For mass transport limited binding kinetics, a propor-
tionate increase in extraction is to be expected. Additional speed
is also gained since slower diffusional transport to the interior of
the macroparticles is needed to access the binding sites within the
particles. In contrast, binding is limited to the surface of nanopar-
ticles. If one ignores interior sites, simply decreasing the size of
the particles from micrometers to nanometers for a given mass of
media increases the amount of available metal binding surface area
by 100-1000 times [20].

Unfunctionalized iron oxide has been used previously as a metal
adsorber [20-23], but control of metal selectivity was limited, and
the interactions between the iron oxide and metal were often irre-
versible [23,24]. Additionally, other species such as phosphates also
adsorb well and can out-compete metals for sorption sites due to
their high concentrations in ground water [25].

In this study, we have immobilized PLCys;, onto the surface of
commercially available magnetic y-Fe,03 nanoparticles. Attaching
PLCysy to the surface of the nanoparticle should allow the metal
chelating system to benefit from the selectivity of the peptide motif.
Also, the PLCys,, surface coverage may also protect the nanoparti-
cles from acid attack and thus permit acid stripping of the loaded
particles so that they can be reused after the target metals are
reclaimed. The binding affinity of the PLCys,-Fe,03 nanoparticles
(PLCys-Nano) to the metals Cu(Il), Cd(II), Ni(II), Pb(Il) and Zn(II)
were tested due to their known affinities for PLCys, from previous
studies [9-11] As(Ill) binding was also investigated because of its
extreme toxicity [26,27] mobility, and its propensity to bind sulfur
groups in essential proteins [28,29].

2. Experimental
2.1. Reagents

All chemicals were reagent grade unless noted, and deionized
distilled water was used to prepare solutions. All glass-
ware and plasticware were soaked overnight in 4molL-!
HNO3; prior to use. Peptide synthesis reagents Wang resin
(100-200mesh, 1.2mmolg-1), cysteine (Fmoc-Cys(Trt)-OH)
and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
hexafluorophosphate (HBTU) were used as received from
Novabiochem. Metal containing solutions were prepared by
dilution from 1000 wgmL~! stock solutions. A 0.05molL-! (N-
[hydroxyethyl|piperazine-N'-[2-ethanesulfonic acid]) (HEPES)
(Sigma-Aldrich) buffer was prepared and adjusted to pH
7.0 with ammonium hydroxide (Fisher Scientific). Other

reagents used include toluene (99.8%) (Acros), (3-amino-
propyl)triethoxysilane (98%), trifluoroacetic acid (99%) (TFA)
(Acros), triisopropylsilane (99%) (TIPS) (Acros), ethyl ether (Fisher
Scientific), dithiothreitol (DTT) (Acros), potassium hydroxide
(KOH) (EM Science), L-cysteine hydrochloride monohydrate (MP
Biomedical), N-methylmorpholine (NMM) (Fisher Scientific),
N-methylpyrrolidone (NMP) (Fisher Scientific), gluteraldehyde
(25%) (Sigma), concentrated HNOs (Sigma), concentrated HCI
(Sigma), Ellman’s reagent (bis(4-nitro-5-carboxylphenyl)disulfide)
(Pierce), tris(hydroxymethyl)aminomethane hydrochloride (Fisher
Scientific) and piperidine (99%) (Fisher Scientific).

2.2. Peptide synthesis

A peptide consisting of PLCys,, (n=20) was synthesized on Wang
resin by Fmoc-solid phase peptide synthesis using a Ranin Sym-
phony Quartet automated peptide synthesizer. Cleavage protocols
have been described earlier [30]. The purity of the sequence was
found to be 87% as determined by reverse phase-HPLC. No other
single component was in excess of 5%.

2.3. Immobilization of PLCysy, onto y-Fe,03 nanoparticles

v-Fe;03 nanoparticles with diameters of 5-25nm (surface
area 50-245 m? g—1) were purchased from Sigma-Aldrich (iron(1II)
oxide nanopowder). Modification of 0.1g <y-Fe,O3 nanoparti-
cles with 3-aminopropyltriethoxysilane (3-APS) was carried out
according to a procedure by lida et al. (I) [31]. After modifica-
tion, the particles were rinsed with copious amounts of water and
dried under N,. PLCys; attachment using a gluteraldehyde linkage
was then carried out following a procedure originally published by
Masoom and Townshend [32]. The 3-APS-modified particles were
allowed to react with 5% gluteraldehyde in a 0.01 M phosphate
buffer (pH 8.0) under N, for 90 min at room temperature (II). The
gluteraldehyde serves as a linker between the amine terminus on
the 3-APS and the amine terminus of the PLCys;,. Once the gluter-
aldehyde was attached, the nanoparticles were rinsed with water.
PLCysy then was dissolved in 0.01 M phosphate buffer (pH 8.5) and
allowed to react with ~10 mg of gluteraldehyde-modified y-Fe; 03
nanoparticles for 2 h at room temperature under N, (III). The fol-
lowing equations show the steps leading to the immobilization of
PLCys; on y-Fe;03 nanoparticles:

OEt OEt
I I
Fe-OH + EtO-Si-(CH,);NH, > Fe-O-Si- (CH2);NH, (I)
I I
OEt OEt (1
OEt H
> | |
(I) + OHC-(CH,);-CHO Fe—O—|Si—(CH2)3N=C—(CH3)3CHO n
OEt
(2)
| | I
(I1) + PLCys - Fe—O-ISi-(CH2)3—N=C-(CHg);—C=N(PLCys) (III)
OEt
(3)

2.4. Instrumentation

The attachment of 3-APS groups to the surface of the y-Fe,03
nanoparticles and the linking of PLCys, were validated using a
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Fourier transform infrared spectrometer (FTIR) (JEOL JIR-WINSPEC
50). A KBr pellet containing the sample was used for the FTIR spec-
troscopic measurements, and the spectra were collected between
400 and 4200cm~1.

A quantitative Ellman’s test [33] using an Agilent 8453 UV-vis
spectrophotometer was used to determine the number of thiol
functionalities on the surface of the y-Fe,03 nanoparticles after
functionalization.

Determinations of metal concentrations were carried out on an
inductively coupled plasma time-of-flight mass spectrometer (ICP-
MS) (Optimass 8000, GBC Scientific, Hampshire, IL). The ICP-MS
was optimized for normal operating conditions of 1.2 kW forward
power, 1 mL/min sample delivery rate and 1L/min nebulizer gas
flow rate.

2.5. Metal binding characteristics of PLCys—Nano and
unfunctionalized y-Fe;03

2.5.1. Binding of metals to PLCys—Nano

Prior to metal binding, the PLCys-Nano were rinsed in
0.02mol L1 DTT in 0.02 mol L~! of HEPES buffer (pH 8.0) in order
to reduce disulfide bonds that may have formed between cysteine
groups. The DTT solution was deaerated with N, prior to use and
the reaction was allowed to proceed under constant mixing for 1 h.
The PLCys-Nano were then collected using a neodymium-boron
(Nd-B) magnet (3 mm x 3 mm x 3 mm) that produced an inhomo-
geneous magnetic field (0.37 T on the surface of the magnet). 0.5 mg
PLCys-Nano were added to 100 mL of a deaerated metal solution
consisting of 1000 wgL~! metal in 0.02 mol L-! HEPES buffer (pH
7.0). The metals examined were As(III), Cd(II), Cu(II), Ni(II), Pb(II)
or Zn(Il). The PLCys-Nano were dispersed in solution using soni-
cation and allowed to react in the metal solution. After collection
using the Nd-B magnet, the final metal concentration of the reac-
tion solution was determined using ICP-MS. All metal standards
were prepared in 0.02 mol L-! HEPES, and all studies were repeated
with the unfunctionalized y-Fe,;03 nanoparticles as a comparison.

The efficiency of metal extraction was also evaluated. After
exposure to metal solution, PLCys-Nano were rinsed with 5mL
0.02mol L-! HEPES to remove any weakly adsorbed metal. This
rinse was also analyzed by ICP-MS. The particles were then dis-
persed ina 0.1 mol L-! HNOs solution and allowed to react for 5 min
while stirring. The extracting solution was then analyzed by ICP-MS
after the nanoparticles were magnetically removed from the solu-
tion. Metal standards for the extraction experiments were prepared
in both 0.02 mol L-! HEPES and 0.1 mol L~! HNOs.

2.5.2. Evaluation of conditional stability constants

Using batch analysis, conditional stability constants were calcu-
lated for each metal at pH 7.0. After thiol reduction by DTT, 1.0 mg
of PLCys-Nano were exposed to a 100 wgL~1 As(Ill), Cd(II), Cu(II),
Ni(II), Pb(II) or Zn(II) solution. After 5 min, the PLCys-Nano were
collected using the Nd-B magnet, and the metal concentration of
the solution was determined using ICP-MS. The concentration was
raised by 100 g L' increments until metal binding had plateaued.
From this data, conditional stability constants were calculated
using Graphpad Prism 5®.

2.5.3. pH studies

The effect of varying pH conditions on PLCys—Nano metal bind-
ing was also determined. 0.5mg of reduced PLCys-Nano were
exposed to 1mgL-1 As(III), Cd(II), Cu(II), Ni(II), Pb(I) and Zn(II)
solutions at pH 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0. After 5min of expo-
sure, the metal concentration of the solution was determined by
ICP-MS.

3. Results and discussion
3.1. Immobilization of PLCys; onto y-Fe,03 nanoparticles

FTIR spectra of unfunctionalized y-Fe, 03 nanoparticles, 3-APS-
modified y-Fe,03 nanoparticles and PLCys-Nano are shown in
Fig. 2. A broad absorption band in the range from 900 to 1100 cm ™!
observed in the FTIR spectrum (b) of the 3-APS-modified y-Fe; 03
nanoparticles can be attributed to Si-O stretching [34]. The 3-APS-
modified y-Fe; O3 nanoparticles also possess absorption bands in
1096.9 and 1010.1 cm~! due to Si-O-Si and Si-O-Fe bonds [35-37],
bands at 2918.6 and 2960.8cm~! due to stretching vibration of
C-H bond and 799.3 cm~! due to the bending vibration of -NH,
group [34]. All these confirm that 3-APS was present and chemi-
cally bound to the surface of the nanoparticles. The immobilization
of PLCys; on the surface of the y-Fe;03 nanoparticles is also sug-
gested in spectrum (c) by the presence of S-H absorption band in
2575cm™! [34].

More convincing evidence of the immobilization of PLCys,, to the
surface of the nanoparticles was provided by the quantitative Ell-
man’s test. Analysis of the PLCys-Nano revealed sulfur content of 53
(+1) pwmol S per g of y-Fe,03 nanoparticles. This corresponds to a
surface coverage of ca. 101 PLCys;, residues/cm? y-Fe, 03 nanopar-
ticles, assuming a surface area of 147.5 m? /g y-Fe,03 nanoparticles
(the median value for the range provided by Sigma-Aldrich). While
this surface coverage is larger than one might expect for a molecule
the size of PLCysy, it is possible that the size of the particle and the
accompanying small radius of curvature permit coverages in excess
of what might be expected with a flatter surface. We did not per-
form BET or similar measurements on these particles, and an exact
explanation for this observation is not known at this time.

Both PLCys-Nano and the unfunctionalized y-Fe, 03 nanoparti-
cles were exposed to a solution of 4 mol L-1 HCl in order to examine
whether the PLCys, coverage was sufficient to protect the base
ferric oxide particle. The solution containing the unfunctionalized y-
Fe, 03 nanoparticles turned bright yellow immediately, indicating
that the nanoparticles had dissolved resulting in the formation of
iron(IIl) chloride. The PLCys—-Nano never dissolved, even after 48 h
of exposure to the acid solution. Thus, the coverage of the immo-
bilized PLCys;, must be sufficient to prevent attack of the acid on
the iron oxide particle, viz., suggestive of near monolayer cover-
age. This experiment also suggests the possible use of the modified
nanoparticles in harsher chemical environments than might have
been possible with the uncoated particle. This would allow the use

% Transmittance

100 T

4000 3000 2000
Wavenumbers cm’
Fig. 2. FTIR spectra for: (a) as-received unfunctionalized y-Fe,; 03 nanoparticles; (b)

3-APS-modified y-Fe, 03 nanoparticles; (c) functionalized PLCys-Nano. Hash marks
on y-axis indicate 100% transmittance for each spectrum.
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Table 1

Metal-binding capacities on PLCys-Nano and unfunctionalized y-Fe, 03 nanoparticles as determined by ICP-MS

Metal ion Capacity (umol metal/g Fe;03) on Capacity (wmol metal/g Fe;03) on Enhancement factor?
PLCys-Nano unfunctionalized y-Fe;03

As(I1I) 341 + 58 164 + 35 2

Cd(Ir) 385 + 36 491 + 15 0.8

Cu(Ir) 681 + 19 522 + 39 13

Ni(1I) 559 + 34 316 + 32 1.8

Pb(II) 71 + 12 90 + 8 0.8

Zn(IT) 368 + 22 317 £ 15 1.2

50 mmol L1 HEPES, pH 7.0, triplicate measurements. Uncertainties expressed as sample standard deviations, reflect measurement uncertainties only.
@ Ratio of metal capacity of PLCys—Nano to metal capacity of unfunctionalized y-Fe,03.

of acid rinse for reclamation of metals from the particles, and fur-
ther suggests longer lifetime and greater cost effectiveness since
the media can be fully recovered.

3.2. Metal binding studies of PLCys—Nano

3.2.1. Determination of reaction time

The length of time PLCys—Nano exposed to metal solution was
varied from 2.5 to 10 min in order to determine appropriate reac-
tion times. The amounts of metal uptake for all exposure times were
found to be statistically similar, indicating that binding occurs in
<2.5min. This result is not unexpected due to the relatively high
particle density alluded to earlier combined with the previous stud-
ies of Stair and Holcombe [38] that suggested rapid metal-peptide
binding kinetics. Additionally, metal diffusion was expected to be
fast as it is only limited by the amount of time it takes to reach
the nanoparticles, which are present in relatively high density (ca.
3 x 107 cm~3). This is an advantage over other common, macro-
scopic porous solid supports such as modified polymer resin beads,
porous glass, etc. where effective particle density in solution is
considerably lower in batch extractions and even after analyte dif-
fuses to the media, slower diffusion to the interior binding sites can
require additional time.

3.2.2. Binding of metals to PLCys-Nano

The PLCys-Nano and unfunctionalized y-Fe,03 nanoparticles
binding/adsorption capacities were obtained for As(Ill), Cu(Il),
Cd(II), Ni(II), Pb(II) and Zn(II) at pH 7.0 and the results are shown in
Table 1. PLCys-Nano displays large binding capacities for all of the
metals tested; and in the case of As(III), Cu(II), Ni(II) and Zn(II), these
capacities are larger than adsorption capacities obtained for the
unfunctionalized y-Fe,03 nanoparticles. Additionally, the uptake
of all the metals tested based on a per gram basis is over an order
of magnitude greater than previous results with PLCys;, immobi-
lized onto control pore glass and glassy carbon electrodes [9-11,14],
probably due to the larger surface area of the y-Fe,03 nanoparti-
cles. Metal adsorption capacities over an order of magnitude greater
than those observed in this study have been obtained for unfunc-
tionalized iron oxide nanoparticles in other studies [24,39-41], but
metal exposure times were longer (up to 24 h) and different iron
oxide forms and crystal structures were used. The exposure times
for both the functionalized and unfunctionalized particles were
kept the same in this study in order to make a fair comparison,
but longer metal exposure times may result in better adsorption to
the unfunctionalized particles for some metals.

Using the PLCys, coverage value determined by Ellman’s
test, metal-to-PLCys, ratios were calculated for each metal.
The ratios were 2.8+0.5 As(Ill)/chain, 3.240.3 Cd(II)/chain,
5.7+0.2 Cu(ll)/chain, 4.7 +0.3 Ni(Il)/chain, 0.6+0.1 Pb(Il)/chain
and 3.1 +£0.2 Zn(Il)/chain. These ratios are very similar to those
obtained in previous studies with PLCys, immobilized onto glass
and glassy carbon electrodes [9-11,14].

The functionalized and unfunctionalized nanoparticles also
exhibit different metal affinities, which is to be expected due
to the metal selectivity of PLCys,. PLCys—-Nano had a bind-
ing trend of Cu(Il)>Ni(II)> Cd(II) ~ Zn(II) ~ As(III) > Pb(Il). This
trend, with the exception of Pb(II) and Ni(ll), closely corre-
sponds with typical soft acid metal binding preferences that are
expected of a soft acid base such as a thiol [13]. The unfunc-
tionalized y-Fe,03; nanoparticles had an adsorption trend of
Cu(I1) > Cd(11) > Ni(II) ~ Zn(II) > As(III) > Pb(II). This trend is surpris-
ing since both As(IIl) and Pb(II) are known to adsorb well to iron
oxide. As was previously mentioned, a longer metal exposure time
may result in better adsorption for some metals and therefore
change the observed trend.

Previous studies conducted with PLCys,, have shown that metals
can be quantitatively recovered by simply lowering the pH, which
induces a tertiary structure change in the peptide. Metal recover-
ies obtained after sonicating PLCys-Nano in 5mL of a 0.1 molL~!
HNOj3 solution for 5 min are shown in Table 2. Good metal recov-
eries were observed for Ni(Il), while poorer recoveries were seen
for the other metals (Cd(Il), Cu(Il), Pb(Il) and Zn(II)). Very poor
recoveries were observed for As(Ill). In a study by Howard et al.,
it was determined that PLCys, contains both strong and weak
sites for Cd(II), Cu(ll) and Pb(Il), while almost no strong sites
were observed for Ni(Il) [11]. It is reasonable to believe that the
Cd(II), Cu(Il) and Pb(II) not recovered are bound to strong binding
sites within the PLCys,. As(Ill) has been shown to bind strongly
(log K>16) and irreversibly to cysteine containing proteins [42,43]
which may explain why very little recovery was observed. Addition-
ally, Compton and co-workers also experienced irreversible As(III)
binding to immobilized PLCys, on glassy carbon microspheres
[44].

3.3. Evaluation of conditional stability constants

Using batch equilibrium analysis, binding information was
obtained for PLCys—Nano based on a one-site binding model. Using
Graphpad Prism 5%, conditional stability constants were calculated
for each metal. From a fit of the data, the estimated logK is 4.5 for
As(111), 4.1 for Cd(II), 5.2 for Cu(ll), 5.2 for Ni(II), 5.9 for Pb(II) and 6.5
for Zn(II). The values obtained for Cd(Il) and Cu(II) are consistent
with the ranges previously reported for PLCys, immobilized onto
CPG [10,11].

Table 2

Metal recovery for PLCys-Nano

Metal ion Recovery (%)
As(Il) 22438
cd(In) 71+9
Cu(In) 60 + 20
Ni(II) 89 + 15
Pb(II) 67 +4
Zn(II) 50 + 10
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Fig. 3. Effect of pH on PLCys-Nano binding. All measurements were made in trip-
licate and uncertainties are reported as standard deviations. As(IIl) values for pH 4
and 5 were not significantly detectable above blank levels and are omitted.

3.4. pH studies

The effect of changing pH on PLCys-Nano binding was also eval-
uated and these results are shown in Fig. 3. As expected, more
metal bound with increasing pH, likely due to the deprotonation of
PLCys;’s thiol moieties. While optimal binding is at pH > 7.0, metal
binding is observed over a wide pH range illustrating the particles’
effectiveness.

4. Conclusions

PLCys, has been successfully immobilized onto magnetic y-
Fe, 03 nanoparticles (PLCys—Nano) and been demonstrated as an
inexpensive and novel heavy metal chelator. The use of magnetic
particles with a chelator “coating” is attractive since such a system
can provide fast and efficient recovery of the metal chelating system
following their use in bulk extractions from solutions. Additionally,
the PLCys-Nano provided metal selectivity over the unfunction-
alized particles. The reported approach is easily adapted to the
attachment of other peptide chelators which may exhibit selectivity
for other groups of targeted metals.

The PLCys-Nano exhibited metal binding capacities over an
order of magnitude larger than traditional supports, perhaps due
to the high density of particles in solution and the larger number
of metal binding sites on the surface of the support. PLCys—Nano
also exhibited rapid metal uptake (<2.5 min) and had larger metal
capacities than unfunctionalized y-Fe, O3 nanoparticles for several
metals. Using a simple acid solution, metal recoveries of >50% were
obtained for all of the metals except As(IIl). Due to the protective
character of the PLCys, monolayer on the y-Fe;03 nanoparticles,
dissolution of the nanoparticles was minimal when exposed to
acidic solutions that typically attacked the iron oxide particles.

PLCysy, which has a general metal selectivity towards soft met-
als acids, was chosen to demonstrate the proof of concept. Greater
metal selectivity may be achievable through the use of combinato-
rial peptide library screening or by using peptide fragments based
on known metal binding proteins.
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