Waste Management 208 (2025) 115145

FI. SEVIER

Contents lists available at ScienceDirect
Waste Management

journal homepage: www.elsevier.com/locate/wasman

Research Paper

L))

Check for

Phage display screening for highly specific nickel- and cobalt-binding | e

peptides for bio-recovery of metals

Anna Sieber ?, Anastasia Kalampaka "®, Sabine Matys ¢, Franziska Lederer “®,
Klemens Kremser "®, Doris Ribitsch ™" ®, Georg M. Guebitz b.d

2 K1-MET GmbH, Linz, Austria

Y Institute of Environmental Biotechnology, Department of Agricultural Sciences, BOKU University, Tulln an Der Donau, Austria
¢ Biotechnology Department, Helmholtz Institute Freiberg for Resource Technology, Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany

4 Austrian Centre of Industrial Biotechnology, Tulln an Der Donau, Austria

ARTICLE INFO ABSTRACT

Keywords:

Metal-binding peptides

Phage surface display
Biosorption

Isothermal titration calorimetry
Nickel

Cobalt

Electronic waste

Electronic waste is a valuable source of critical metals like nickel and cobalt, but their recovery is challenging.
Current recycling processes use harsh conditions and toxic chemicals, which is why environmentally friendly
alternatives are crucial. Metal-binding peptides offer high selectivity and durability, making them promising for
sustainable metal separation. Here, phage display was successfully applied to screen a combinatorial peptide
library with specific affinities to nickel or cobalt. Identified peptides with the amino acid sequences FWPLHHH,
GPHKHHA, HNYHHRH, and HMNHHHH revealed improved binding affinities of up to 20.000-fold to immobi-
lized metal ions compared to the unspecific binding of the phage backbone. Furthermore, low micromolar

dissociation constants e.g., 6.2 uM for peptide Co_02 (HMNHHHH) to Co?* and 29.0 uM for peptide Ni_01
(GPHKHHA) to Ni2+, determined by Isothermal Titration Calorimetry (ITC) measurements confirmed the
intrinsic metal binding properties. These peptides offer a high potential for future recycling of nickel and cobalt
from mixed metal waste like batteries.

1. Introduction

The enormous electrification of today’s society and the transition to
electricity from renewable energy increases the demand of critical raw
materials. At the same time, e-waste is the highest-growing municipal
waste category worldwide and predicted to increase to 74.7 million tons
by 2030 (Chakankar et al., 2024; Pommeret et al., 2022). Yet, this e-
waste is rich in valuable metals such as Cu, Fe, Ni, Co, Au, Ag, Al, and
various rare earth elements to name only a few and is consequently an
attractive secondary resource. Recycling of e-waste and valorization of
critical and economically important metals is indispensable and will
help closing the gap between supply and demand of critical raw mate-
rials. However, only a small amount of electronic waste is currently
recycled. State-of-the-art recycling approaches rely on pyro- and hy-
drometallurgical processes. Chemical or biological hydrometallurgical
approaches transform the metals into their ionic state either by the
application of chemicals or microbes and their metabolic side products.
Thereby metals become soluble in aqueous solutions. Current metal
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recovery and separation methods from leachates or liquid wastes
include selective precipitation, chemical reduction processes, ion ex-
change, membrane separation or electrolysis (Chakankar et al., 2024; Ye
et al., 2024). Ion exchange provides high selectivity for metal ions and
simple maintenance but also involves high operational costs (e.g.
because of the poor stability of the exchange resin material) and the
generation of a concentrated brine waste solution (Chen et al., 2022).
Membrane separation operations are more cost effective but can suffer
from membrane fouling and poor operational stability e.g. due to solvent
loss. Fouling can also occur at the electrode of an electrochemical pro-
cess, in addition to high energy consumption (Ye et al., 2024). Another
major challenge in the beforementioned processes is the efficient sepa-
ration of transition metal ions such as cobalt, nickel or manganese. Due
to their proximity in the periodic table and their frequent occurrence
together in nature, they share similar chemical properties making their
separation notoriously difficult (Fan et al., 2020; Schaeffer et al., 2020).
The coordination chemistry of nickel and cobalt in solution is highly
influenced by the solvation environment. In a purely aqueous
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environment, both metal ions are stabilized as metal cations forming
octahedral complexes where six water molecules coordinate around the
metal center. The strong ion-dipole interactions between the metal
cations and surrounding water molecules yield Ni(HZO)g+ and Co
(H,0)2" as the primary species (Aberdeen et al., 2025). Hydrolysis of Ni
(Hzo)%+ to Ni(OH), is not expected at a pH below 8. Similarly, the Co
(H20)2" cation can undergo hydrolysis at pH values between 4 and 8 but
the hydrolysis species will be approximately two to six orders of
magnitude lower than the Co(HZO)g+ species (Collins & Kinsela, 2010;
Hummel & Curti, 2003). In an organic phase, the formation of a tetra-
hedrally coordinated cobalt species is more favorable than the octahe-
drally coordinated nickel species (Sole, 2018). Hence, solvent extraction
can be used to separate cobalt from nickel and researchers focus on
optimizing the selective extractants and making the process more
environmentally friendly by switching from highly hazardous organic
solvents to green extractants (Chen et al., 2022; El Ouardi et al., 2023).
In contrast, applying a biotechnological approach to extract metals from
leachates or liquid waste allows for ambient temperatures with lower
energy requirement and environmental impact than current approaches
(Urbina et al., 2019).

Nature offers a broad toolbox of highly specific biomolecules that can
interact with certain metal ions. In fact, 38 % of the entries in the Protein
Data Base PDB (Andreini & Rosato, 2022) contain at least one metal ion
and it has been estimated that no less than 40 % of enzymes require
metal ions for their biological function. The so-called metalloproteins
harbor specific binding sites for their target metal ions (Lin et al., 2024).
The affinity and selectivity are mainly determined by the properties and
sequence of the single amino acids and by the protein/peptide structure.
Proteins and peptides share the same amino acid building blocks.
However, in contrast to proteins, peptides can be easily equipped with a
range of modifications that enable the specific binding to target mole-
cules with high affinity and selectivity. Due to their simpler structure,
peptides can retain their functionality within toxic environments and
withstand changes in pH and temperature. Depending on the complexity
of these peptides they can be produced chemically through solid-phase
peptide synthesis or biologically by heterologous expression at rela-
tively low cost. Additionally, peptides demonstrate fast adsorption ki-
netics with low energy and chemical inputs, therefore offering
promising alternatives to traditional metal recovery technologies (Leone
et al., 2024; Sosnowska et al., 2025; Techert et al., 2025; Ye et al., 2024).

Taking inspiration from nature, the potential of metal-binding pep-
tides in biosorption processes and biomining technologies was increas-
ingly recognized in the last decade. The application of metal-binding
peptides offers effective solutions to extract metals from secondary raw
material waste or wastewaters (Sieber et al., 2024). Promising peptides
have been identified and applied for the recovery of Cu?* (Sosnowska
et al., 2025; Urbina et al., 2019), Lit (Jeong et al., 2024; Selvamani
et al., 2023), Ni’" and Co*" (Matys et al., 2020, 2022), Ga>"
(Schonberger et al., 2021) or rare earth elements (Lederer et al., 2016;
Maass et al., 2024) from secondary resources such as electronic waste,
battery waste solutions or other contaminated wastewater.

Cutting-edge approaches in rational design, homology modeling or
proteomics allow the development of metal-binding peptides, which can
further on be engineered for improved functionality or other desirable
properties. In addition, phage surface display has been shown to be an
effective approach for the identification of metal-binding peptides
(Chakankar et al., 2024; Ye et al., 2024). Since its discovery in 1985,
phage display technology has been implemented in a variety of research
fields such as protein engineering, immunology, drug discovery and
biotechnology and more recently in environmental remediation
including resource recovery (Braun et al., 2018; Sieber et al., 2024;
Sosnowska et al., 2025). Applying this method, a plethora of different
peptides can be easily screened as part of a peptide library in laboratory
conditions to identify promising metal-binding candidates. The most
common peptide libraries used to date are based on the M13 phage with
modified minor (pIll) or major (pVIII) coat proteins. Biopanning is an
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affinity-selection method where those libraries are brought into contact
with the target materials, e.g., mineral particles or immobilized metal
ions. Following several washing steps to remove weak binders, the
binding phages are eluted in an iterative process of up to six rounds
under increasingly stringent conditions (Matys et al., 2020).

Biopanning results are prone to be affected by false positive or target
unrelated peptides (TUPs). Several researchers have identified TUPs in
their enriched peptide sequences not because of their specific binding to
the target but because the phage clones were propagating faster during
amplification or because of background binding to some constituents of
the biopanning setup such as plastic, capturing agents or other con-
taminants. It is important to clean biopanning results from any false
positive results related to TUPs (He et al., 2016; Matochko et al., 2014;
Thota et al., 2024). Hence, the development of specific databases for
phage display data such as the biopanning data bank (BDB, https://i.
uestc.edu.cn/bdb/) and related bioinformatic analysis tools e.g., the
ones collected in the web tool SAROTUP have gained importance
(Huang et al., 2010, Huang et al., 2012).

Using different phage display libraries, various promising peptide
candidates binding to different inorganic materials such as the rare earth
elements lanthanum phosphate (Lederer et al., 2019) or yttrium oxide
(Maass et al., 2024), chromium (Yang et al., 2015) or zinc (Zhang et al.,
2019) to name a few have been identified. One step further, researchers
have applied these peptides in waste-based biorefinery approaches. For
example, Li et al. (2019) displayed nickel-binding peptides on the sur-
face of Saccharomyces cerevisiae and confirmed the enhanced biosorptive
capacity of the organism for nickel by roughly 80 % (Li et al., 2019).
Additionally, gallium-binding peptides were identified in an innovative
chromatopanning approach, immobilized on polystyrene beads, and
used for the recovery of gallium from process water from a wafer
manufacturer (Schonberger et al., 2019, 2021).

For the development of a green recycling technology for lithium-ion
batteries, the separation of the two economically significant and
chemically similar metal ions nickel and cobalt is of particular interest.
Here, specific nickel- and cobalt-binding peptides can play a significant
role. In earlier studies, we have identified promising nickel- and cobalt-
binding peptides from a constrained heptapeptide library, and their
binding strength and selectivity was characterized. The described
nickel-binding peptide showed moderate but selective binding to nickel.
In contrast, the cobalt-binding peptide, albeit displaying high affinity to
cobalt, interacts as well with nickel at nearly identical affinity (Matys
et al., 2020, 2022). These results underline the challenging nature of
developing highly selective metal-binding peptides and there is still a
strong need to improve biopanning procedures to yield more selective
binders. In our previous approach, the defined peptide structure given
by the screened C7C phage peptide library limits the peptide flexibility
due to the formation of disulfide bonds and might thus prevent the
formation of a proper metal-binding scaffold.

In this study, affinity-selection was successfully based on a linear
heptapeptide phage library and immobilized nickel and cobalt-ions on
NTA-agarose beads as target material. Furthermore, the affinity of four
selected peptides to their target metal was assessed in single-clone
binding tests. For future metal recovery applications, the peptides will
be used without the phage backbone. Hence, the four selected peptides
were chemically synthesized, and their metal-binding properties and
specificity of binding were assessed in isothermal titration calorimetry
experiments.

2. Materials and methods
2.1. Materials

Chemicals of analytical grade were purchased from Sigma-Aldrich
(Sigma-Aldrich, Austria) unless otherwise specified. For pH measure-

ments, a Mettler Toledo S220 pH-meter with a combined glass electrode
(Mettler-Toledo GmbH, Austria) was used. TBS buffer (50 mM Tris-HCI,
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150 mM NaCl, pH 7.5) was supplemented with 0.05 % Tween®20
(TBST) for the first two rounds of biopanning. In the third round, the
Tween®20 concentration was elevated to 0.1 % to increase the strin-
gency. Centrifugation was performed with either an Eppendorf centri-
fuge 5417R or 5920R (Eppendorf SE, Germany). Tubes and deep well
plates were incubated at 22 °C and 37 °C in an Eppendorf thermomixer
Comfort (Eppendorf SE, Germany).

The Ph.D.™.-7 Phage Display Peptide Library Kit v2 (lot number:
10163099) was purchased from NEB (New England Biolabs GmbH,
Germany). The heptapeptides from this library are fused via a GGGS
linker sequence to the N-terminus of the minor pIII coat protein of M13
phage. The kit included the Escherichia coli K12 ER2738 host strain from
which a glycerol stock was prepared. This E. coli strain was used for the
amplification of eluted bacteriophages and for the determination of
phage titer. From the glycerol stock, the strain was plated onto LB agar
plates (10 g 17! tryptone, 5 g 17! yeast extract, 5 g1~ NaCl and 15 g 1*
agar supplemented with 20 pg ml~! tetracycline) and maintained during
the experiments. LB media (10 g 17! tryptone, 5 g 1! yeast extract and 5
g 17! NaCl) was autoclaved and used for the cultivation of E. coli.

Peptides with the sequences FWPLHHHGGGS, GPHKHHAGGGS,
HNYHHRHGGGS and HMNHHHHGGGS as well as the hexahistidine
peptide (HHHHHHGGGS) that served as a reference peptide were pur-
chased and obtained as chemically synthesized trifluoroacetic acid
(TFA) salts with a purity of >85 % (PeptideSynthetics, UK and Proteo-
genix, France). Aliquots of 20 mM stock solutions in MiliQ-water were
prepared and stored at —20 °C until use.

2.2. Determination of phage titer

The phage titer was determined in 24-well plates using a modified
titration protocol as described in earlier studies (Matys et al., 2020).
Briefly, 250 ml of LB agar (2.5 g tryptone, 1.25 g yeast extract, 1.25 g
NaCl and 3.75 g agar) was autoclaved and after cooling to 45 °C, 250 pl
of IPTG/Xgal stock solution (0.25 g IPTG (isopropyl-p-D-thio-
galactopyranoside), 0.2 g Xgal (5-bromo-4-chloro-3-indolyl-p-D-gal-
actopyranoside) in 5 ml DMF (N,N-dimethylformamide)) was added.
Afterwards, 1 ml of supplemented agar was pipetted into each well of a
24-well plate and stored at 4 °C until use. Phage dilutions were prepared
in LB media. Once the E. coli reached an optical density of 0.5, 200 ul of
culture were mixed with 10 pl of diluted phage and incubated for 5 min
at room temperature. Afterwards, 10 pl of infected E. coli suspension was
pipetted into one well of a pre-warmed 24-well plate. 200 pl of pre-
warmed top agar (10 g 17! trypone, 5 g 1! yeast extract, 5 g I~} NaCl
and 7 g 17! electrophoresis grade agarose) were distributed on top. The
plates were incubated overnight at 37 °C. The next day, the infected blue
plaques were counted, and the phage concentration was calculated.
Phage titers were determined for all relevant fractions of the biopanning
procedure and for the single-clone binding tests.

2.3. Biopanning

The standard biopanning procedure provided by NEB was modified
as follows. In a first step, 100 ul of plain PureCube 100 NTA agarose
solution (50 % v/v) (Biozym Scientific GmbH, Austria) were washed
three times with TBST to remove excess ethanol from storage. Then, the
phage library was diluted in TBST to reach a final amount of 10*! pfu
(plaque forming units). 10 pl of the diluted library were kept for the
input phage titration, the rest was incubated with blank NTA-beads for
1 h at 22 °C and 950 rpm to remove any non-specific binding phages. A
centrifugation step at 50 x g for 1 min allowed the beads to settle. Af-
terwards, the supernatant containing the non-binding phage was
collected and 10 pl were kept for determination of the input titer for the
target biopanning.

For the first round of target biopanning, 100 pl Ni- or Co-NTA bead
solution (50 % v/v) (MCLAB, USA) were transferred to a 1.5 ml
Eppendorf tube and were washed three times with TBST. Afterwards, the
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remaining supernatant from the negative biopanning was added to the
metal beads and incubated for 1 h at 22 °C at 950 rpm. Following a
centrifugation step at 50 x g for 1 min, the supernatant was removed,
and the beads were washed 10 times with TBST. Binding phages were
eluted by adding 250 pl of 0.2 M glycine-HCl buffer (pH 2.2) and
incubating for 10 min at 22 °C and 950 rpm. After another centrifuga-
tion step (50 x g, 1 min), the eluted phages in the supernatant were
transferred to a separate 1.5 ml Eppendorf tube and 40 ul of 1 M Tris-HCl
buffer (pH 9.1) was added to increase the pH. 10 pl of neutralized phage
were kept for phage titration. In the meantime, 20 ml of LB medium
supplemented with 20 ug m1~! were inoculated with one colony of E. coli
K12 ER2738 and incubated at 37 °C and 200 rpm. Once an optical
density between 0.01 and 0.05 was reached, the remaining neutralized
target binding phages were added to the culture and amplified for 4.5 h
at 37 °C and 200 rpm. After that, the culture was centrifuged for 10 min
at 3153 x g at 4 °C. The supernatant was transferred to a fresh tube and
after a quick re-spin the upper 80 % were transferred again to a fresh
tube. PEG precipitation was performed as described in the standard
protocol provided by NEB. After determination of the phage titer of the
amplified eluate, the second round of target biopanning was performed
as described, keeping the Tween®20 concentration at 0.05 %. For the
third round, the Tween®20 concentration in the TBST buffer was
increased to 0.1 %. The unamplified eluate from round 3 was titrated
onto LB/IPTG/Xgal plates from which plaques could be picked for
sequencing. Intermediate amplified phages were stored in 50 % (v/v)
glycerol at —20 °C.

For the single clone amplification, an E. coli overnight culture was
diluted 1:100 in LB media with tetracycline. 1 ml of the diluted culture
was distributed to separate wells of a 96-deep well plate. Individual blue
plaques were picked from the titration plate and transferred to the
culture in the 96-well plate. The plate was then covered with a semi-
permeable membrane (Sigma Aldrich, Austria) and incubated at 37 °C
for 4.5 h, shaking at 950 rpm. After incubation, the infected cultures
were transferred to separate Eppendorf tubes and centrifuged at 20817
x g. DNA extraction from the phage containing supernatant was per-
formed according to the standard NEB protocol. For sequencing, the
purified phage DNA was sent to Microsynth GmbH, Austria, where they
used the reverse oligonucleotide primer —96 gIII with the sequence 5'-
CCCTCATAGTTAGCGTAACG-3..

2.4. Single phage clone binding assay

To get a first impression about the improved binding properties of
selected phage clones, the binding affinity was assessed by evaluating
the eluted phage titer (output) compared to the amount of phage used
for the metal binding assay (input). The binding ratios of output/input
phage were compared to the wildtype phage without any foreign metal-
binding peptide on the surface. Hence, the relative binding results of this
assay give a first impression on the improved specificity of the binding.

For target binding studies, 300 pl of the corresponding Ni- or Co-NTA
bead solution (50 % v/v) were washed three times with 0.1 % TBST
buffer. 500 pl of phage clone solution and wildtype phage, diluted with
0.1 % TBST to reach a phage concentration of approximately 10° pfu
ml~ !, were added to the effective bed volume of 150 ul of beads each. 10
ul of phage solution were kept for the determination of the input phage
concentration by titration. The phage/bead mixture was incubated for 1
h at 22 °C and 950 rpm. After one hour, the beads were washed 10 times
with 0.1 % TBST buffer followed by elution of the phage particles with
250 pl of glycine-HCI buffer (0.2 M, pH 2.2) for 10 min at 22 °C and 950
rpm. Afterwards, the beads were centrifuged (50 x g for 1 min) to
separate the eluted (output) phage particles from the beads. The su-
pernatant was then transferred to a new Eppendorf tube and 40 pl of
neutralization buffer (1 M Tris-HCl, pH 9.1) were added. Phage titer of
the input and output fraction was determined by titration as previously
described. The calculated output/input ratios were normalized to the
wildtype binding to the corresponding target material. Experiments
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Fig. 1. Screening procedure for nickel- and cobalt-binding peptides by phage surface display with immobilized metal ions. Presented is the phage titer [pfu ml~'] of

relevant fractions after each biopanning round as determined by phage titration.

Negative biopanning with plain NTA beads was performed to remove unspecific

binding phage clones, followed by three rounds of target biopanning using either Ni-NTA beads (turquoise) or Co-NTA beads (pink). Depicted are the input phage
titer, the eluate titer after glycine elution and the titer of eluate after the amplification in E. coli. Titrations were performed in triplicates. Y-axis is in logarithmic scale
for better visualization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

were performed in triplicates.

2.5. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) measurements were per-
formed using both the MicroCal PEAQ-ITC and the MicroCal PEAQ-ITC
Automated (Malvern Panalytical, UK). The measuring cell contained
200 pl of the peptide sample between 76 and 234 uM (see Table 2) and
the syringe was filled with 40 pl either 2 mM NiCl; or CoCly solution. All
solutions were dissolved in TBS buffer (pH 7.5). The experiments were
performed at 25 °C, the reference power was set to 10 pcal sec %, and the
stirring speed to 750 rpm. After an initial delay of 60 s, the first injection
of 0.4 ul was pipetted into the cell within 0.8 s followed by 18 single
injections of 2 pl within 4 s. Before each subsequent injection, the in-
strument waited for 150 s. Control experiments for the titration of metal
solution into buffer without peptide were performed under the same

Table 1

conditions and the measured heat of dilution was subtracted from the
data of the complex formation. Data was processed with the MicroCal
PEAQ-ITC analysis software, version 1.41. Individual titration peaks are
integrated and presented in a Wiseman plot. By fitting the resulting
isotherm to the one-site binding model, the reaction stoichiometry (N),
dissociation constant (Kp) and change in enthalpy (AH) can be directly
measured. Based on this, the change in free energy (AG) and the change
in entropy (AS) can be calculated according to equations (1) and (2):

AG =R x T x InK (@)

AG = AH -TAS (2)

Amino acid sequences of nickel- and cobalt-binding peptides identified by Sanger sequencing from isolated phage clones after three rounds of biopanning. For bio-
informatic analysis the TUPScan, PhD7Faster 2.0 and PSBinder tools provided by the program SAROTUP (accessed on the 05.02.2025).

Peptide Sequence Frequency  Screen Isoelectric ~ Target-unrelated Propagation Polystyrene surface-
D no. point (pI) peptide advantage binding
Ni_01 F w P L H H H 12/60 1and2 7.02 none yes no
Ni_02 G P H K H H A 14/60 1and2 8.77 none no no
Ni 03 T S Y I H H H 2/60 1 6.73 none yes yes
Ni_04 S G F M M R P 1/60 1 9.47 none no yes
Ni_05 R Q Y A% E H F 1/60 1 6.75 none no yes
Ni_06 Y K I P H H H 1/60 1 8.61 none yes no
Ni_07 E H Y M I T N 1/60 1 5.24 none no yes
Ni_08 M R T Q P A% M 1/60 1 9.5 none yes no
Ni_09 I R F P H H H 1/60 1 9.77 none yes yes
Ni_10 1 Y \'A G H H H 1/60 1 7.02 none yes no
Ni_11 \% \% T R P E L 1/60 1 5.79 none no yes
Ni_12 S P R S H H H 1/60 1 9.53 none yes no
Ni_13 S w K S H H H 1/60 1 8.53 none yes no
Ni_14 S L A G A M P 1/60 1 5.24 none yes yes
Ni_15 D W Y H H S \% 1/60 2 5.97 none yes no
Ni_l6 S M G N S H H 1/60 2 6.66 none no no
Ni_17 S G H \% S A K 1/60 2 8.49 none yes no
Ni_18 S E Q H H F H 1/60 2 6.2 none yes yes
Ni_19 T Y H H H H D 1/60 2 6.33 suspected yes no
Ni_20 N w H H \% H H 1/60 2 7.1 none no yes
Co_ 01 H N Y H H R H 17/20 3 8.78 none no no
Co_02 H M N H H H H 1/20 3 7.16 suspected yes no
Co_03 T L W S S S N 1/20 3 5.19 none no no
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3. Results and discussion
3.1. Identification of Ni- and Co-binding peptides

To identify selective nickel- and cobalt-binding peptides, subsequent
affinity selection steps were conducted. Initially, biopanning was per-
formed with blank NTA beads to remove phage clones nonspecifically
binding to the functional groups on the NTA beads other than the metal
ions. The non-binding supernatant of this negative biopanning was
subsequently used as an input for the first round of target biopanning.
Phage titers were determined of all relevant steps from the biopanning
(Fig. 1). To keep the input phage concentration always in the same range
of approximately 2 x 10! pfu/ml, amplified phage fractions were
diluted accordingly. This approach should aid in the increase of phage
clones displaying strong target binding peptides after each round.
Similar phage concentrations were achieved with both biopanning
procedures, using either Ni- or Co-NTA beads as a target material. After
each round of biopanning, the phage titer increased (from 4 x 10° pfu
ml~! in the first nickel biopanning to 2 x 10° pfu ml™! after the third
round and from 1 x 10° pfu ml ™ of the first-round eluate to 3 x 10'° pfu
ml ™! for the third-round eluate for cobalt). By keeping the input phage
concentration constant, this increase in titer of the eluted phage in
subsequent biopanning rounds indicates a successful enrichment of
nickel- and cobalt-binding phage clones (Zhang et al., 2019).

After three rounds of biopanning, the amino acid sequences of the
heptapeptides from several phage clones were analyzed by Sanger
sequencing. For nickel, two independent screening experiments were
performed where the experimental setup differed only in the handling of
the phage library after the initial negative biopanning. In the first set of
experiments, the non-binding supernatant after incubation with plain
NTA-beads was amplified before continuing the target biopanning with
Ni-NTA beads. In the second screening, the non-binding supernatant was
used directly for the incubation with the target material. Hence, an
additional amplification step was avoided to exclude amplification
induced bias due to faster growing phage clones (Matochko et al., 2014).

In total, 40 individual clones were picked from the first screening for
nickel-binding peptides, phage DNA was extracted and sent for
sequencing. From the second nickel-screening, 20 phage clones were
analyzed. Of these 60 sequences, 1 sequence showed the genotype of
M13 KE wildtype and the peptide sequence of 45 positive phage clones
was identified. The identified amino acid sequences, their frequencies
and isoelectric points are depicted in Table 1. In both independent nickel
screenings, 2 phage clones, Ni_01 and Ni_02 with the nickel-binding
motifs FWPLHHH and GPHKHHA, were successfully enriched, appear-
ing 12 and 14 times, respectively out of 45 analyzed sequences. One
more phage clone, Ni_03 with the nickel-binding motif TSYIHHH,
appeared twice in the first screening.

In case of the cobalt biopanning, phage DNA from 20 individual
clones was sequenced. Out of these 20 sequences, one sequence was
identified as M13 KE wildtype while the other 19 sequences were
identified as positive peptide clones. From these 19 sequences, only one
clone, Co_01 with the cobalt-binding motif HNYHHRH, was enriched
and the sequence appeared 17 times. In all enriched phage clones the
most prominent amino acid was histidine. Notably, the histidines
appeared more often at the C-terminus of the peptide where it is fused to
the plIIl phage coat protein. No other common binding motif could be
detected. It is also worth mentioning that when performing a biological
elution in the nickel biopanning, where the beads after target binding
were shortly incubated with E. coli cells, as an alternative to the standard
glycine elution procedure, totally different sequences were observed
after three rounds of biopanning. Additionally, when analyzing the
sequenced clones after biological elution with the tools from the BDP
database, most of the clones turned out to have polystyrene binding
affinities or an increased phage propagation advantage. Hence, glycine
elution was used as a standard elution procedure in further biopanning
experiments.
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From MetalPDB, a database collecting metal-binding sites in bio-
logical macromolecular structure from PDB, 3855 and 3492 sequences
binding to nickel and cobalt, respectively, can be downloaded (htt
ps://metalpdb.cerm.unifi.it/, accessed on 20.01.2025). The most
abundant amino acid in these metal-binding sites is histidine with over
70 % of the nickel-binding sequences and over 40 % of the cobalt-
binding sequences containing at least one histidine. This corresponds
to the findings in this study where histidine was the most observed
amino acid in the newly identified peptide sequences for both metals.
This result is not surprising since the ability of histidine to bind to metal
ions via the imidazole side chain is well described in literature (Bassan &
Marchesan, 2023; Chivers et al., 2024). Hence, this finding proves the
feasibility of the biopanning workflow using nickel- and cobalt-ions
immobilized on NTA agarose beads as target. It is worth noting that
nickel- and cobalt-ions are coordinated by NTA in a tetradentate
manner. To fulfill the most common octahedral coordination, two
additional interactions are required (Barber-Zucker et al., 2017; Knecht
et al., 2009). This means that during the biopanning procedure, the
peptides can bind with two sites simultaneously to the immobilized
metal ions.

According to the metal-binding sites from MetalPDB, aspartic acid
and glutamic acid are also important residues for nickel and cobalt
binding. Aspartic acid appeared in 26 % and 19 % in the downloaded
nickel- and cobalt-sequences, respectively, followed by glutamic acid
with 22 % and 17 % for nickel and cobalt. At physiological conditions,
the amino acids glutamic acid and aspartic acid are negatively charged
and can therefore contribute to the binding of positively charged metal
ions (Matys et al., 2020). Barber-Zucker and coworkers (2017) per-
formed a more detailed binding analysis of different quartets of amino
acids to divalent d-block metal cations and report a preference of nickel
to bind to more His-containing quartets, such as DHHH and DDHH.
Cobalt on the other hand was rather bound to charged quartets with a
higher tendency of binding to DEEH and DDEH (Barber-Zucker et al.,
2017). In the present study, biopanning was performed at pH 7.5, but
both obviously charged amino acids only play a minor role in the newly
identified peptides and do not appear in the enriched sequences at all.
Cysteines are likewise described in literature to bind to nickel ions with
their thiolate groups (Lukacs et al., 2021) and were also occurring more
often in the metal-binding sites from the MetalPDB database (14 % of the
nickel-binding sequences, 4 % of the cobalt-binding sequences). How-
ever, cysteines were not present in any of the peptide sequences iden-
tified in this study. Previous studies report on the underrepresentation of
unpaired cysteine residues in naive phage libraries. There are four
intrinsic cysteine residues in the N1 domain of pIIl that could form
intramolecular disulfide bonds with an unpaired cysteine residue. This
can potentially interfere with the assembly or infection of filamentous
phage (Rodi et al., 2002; Sloth et al., 2022). For instance, ‘T Hoen and
coauthors (2012) sequenced the naive phage library and described a
considerable depletion of cysteine residues to <1 % of all amino acids
(Hoen et al., 2012).

In this study, serine was identified as the second most abundant
amino acid from the phage display experiments with both metals,
however, it did not appear in the significantly enriched sequences
(Ni_01, Ni_02 and Co_01). According to the results in Table 1, asparagine
at position 2 and 3 seems to play an important role in binding to cobalt.
Moreover, valine and proline appeared more often in the nickel-binding
sequences, yet, only proline was found in the enriched nickel-sequences
at positions 2 and 3. The small amino acids proline and glycine are
described in literature as breaking the secondary structure and hence
destabilizing proteins. It was shown that one isolated proline can
introduce compaction at its position in the sequence (Hazra et al., 2023;
Maass et al., 2024). In addition, proline residues can interact with other
aromatic residues such as phenylalanine and tryptophan, which are both
present in Ni_01, and therefore have an impact on the peptide structure
(Imai & Mitaku, 2005).

Compared to earlier biopanning experiments, where sol-gel coated
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Fig. 2. Binding of selected phage clones to Ni-NTA (A) or Co-NTA (B) agarose beads. Binding of M13 KE wildtype (wt) to the corresponding metal beads was set to 1
and binding of phage clones was normalized to the wildtype binding. Error bars present the standard error out of a minimum of 3 independent experiments.

glass fiber fabrics loaded with nickel- or cobalt-ions instead of the metal-
loaded agarose beads were used, totally different peptide sequences
were identified in this study. Previously, threonine, serine and alanine
were reported as most prominent amino acids for nickel- and cobalt-
binding. Besides, histidine was only the fifth most common amino
acid in the identified nickel-binding peptides and did not appear at all in
the cobalt-binding peptides (Matys et al., 2020). One explanation for
that could be that the biopanning was performed at a lower pH of 5.4
compared to pH 7.5 in this study. Histidine, with a pKa of ~6.04 was
reported to be more dominant in structures with basic pH values, when
the side chain is deprotonated (Barber-Zucker et al., 2017). Surprisingly,
although no common peptides were identified, the previously identified
best nickel-binder shares a common motif KHH with Ni_02. A similar
biopanning approach was employed by Li et al. (2019), using Ni-NTA
agarose beads as a target material. In contrast to this study, they used
the Ph.D.™-12 peptide library (E8110S, NEB) and eluted with two
different imidazole concentrations. They report three enriched peptide
clones, but no common motif to the peptides in this study was detected
(Li et al., 2019).

Bioinformatic analysis using the SAROTUP tools TUPScan, TUPredict
and PhD7faster (https://i.uestc.edu.cn/sarotup3/index.html, accessed
on the 05.02.2025) revealed essential information about target-
unrelated or polystyrene binding properties and clone propagation ad-
vantages due to faster growing phages. From the two clones that were
enriched during the nickel biopanning, Ni_01 was predicted to have a
propagation advantage while Ni_02 seems to be a true nickel-binding
peptide. On the other hand, Ni_03 which appeared 2 times in the first
screen was predicted to bind to polystyrene and have a propagation
advantage. Two peptides (Ni_19 and Co_02) were suspected to bear a
known TUP motif, both being confirmed or suspected divalent metal ion
binders. Additionally, both phage clones seem to have an additional
propagation advantage. Similar peptides to Ni_01, Ni_15 and Ni_19 were
identified in the biopanning data bank (BDB) binding to other target
materials, although all of them are molecular species as opposed to
metal ions. According to the bioinformatic analysis, the one enriched
cobalt-clone (Co_01) seems to be a true binder.

Based on this first analysis, two nickel-binding (Ni_01 and Ni_02) and
two cobalt-binding phage clones (Co_01 and Co_02) were chosen for
further characterization of the binding behavior to the corresponding
target metal ion.

3.2. Single-clone characterization

Comparing the output to input ratios in phage binding assays pro-
vides valuable information on the binding affinity of the identified
phage clones to the target metal ion. In this assay, the specific interac-
tion of phages presenting a newly identified binding sequence on the
minor coat protein (plIIl) was compared to the non-specific interactions
of the wildtype M13 bacteriophage without a foreign peptide on the
surface (Winton & Allen, 2023). The binding of the identified phage
clones to the metal-loaded agarose beads needs careful consideration
because the surface of the M13 phage can offer multiple possible metal-
binding sites next to the displayed peptide (Ye et al., 2024). In addition,
the three residues of the major pVIII coat protein, Glu2, Asp4 and Asp5,
are negatively charged at neutral pH (Lamboy et al., 2009). Hence,
unspecific binding from the wildtype M13 phage to the positively
charged metal beads was expected. Thorough washing steps assisted in
removing those unspecific binders but the wildtype binding to the beads
still needed to be accounted for.

Both selected nickel-binding phage clones, Ni_01 and Ni_02, showed
a substantial improvement in binding over the wildtype. Ni_01 exhibited
a 92.3-fold greater affinity and Ni_02 was binding 13.5 times better to
the Ni-NTA beads than the wildtype (Fig. 2). An unpaired t-test revealed
no significant binding difference between the two clones to the Ni-NTA
beads (two-tailed p-value = 0.07) but a significant difference in binding
of each clone to the beads compared to the wildtype binding (two-tailed
p-values < 0.05). More striking, the two selected cobalt-binding clones
showed an even higher improvement of binding to Co-NTA beads by
1847.1- and 19595.1-fold for Co_1 and Co_2 compared to the wildtype.
Here, the difference in binding between the clones to the Co-NTA beads
as well as the binding difference of each clone compared to the wildtype
binding is significant (two-tailed p-values < 0.05). Interestingly, the best
nickel-binding peptide from the constrained library (CNAKHHPRC)
showed a similar binding affinity to Ni-NTA beads as Ni_02 of approxi-
mately 10-fold improvement compared to the wildtype phage (Matys
et al., 2020). As previously mentioned, in the cyclic Ph.D.™.C7C con-
strained library, the heptapeptides are flanked by two cysteines and
therefore represented as a loop on the minor phage coat protein. Ni_02 is
a linear peptide and out of 7 amino acids, although having a different
order, only two amino acids differ between Ni 02 (GPHKHHA) and
NAKHHPR. Since the binding of the two phage clones to Ni-NTA beads is
similar, it is assumed that the KHH binding motif plays an important role
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Table 2
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Thermodynamic parameters for the binding of the two nickel- and two cobalt-binding peptides to their respective target metal ion at 2 mM and vice versa. Experiments
were performed in triplicates at pH 7.5 and 25 °C. Data was fitted using the one-set-of-sites model.

Peptide ID c [M] Metal ion N Kp [M] AH [kJ/mol] AG [kJ/mol] —TAS [kJ/mol]
Ni_01 130 x 107* £ 0 NiZt 0.90 + 0.04 7.29 x 107° £ 9.28 x 107° —41.17 + 3.18 -23.67 + 0.34 17.53 + 3.50
Ni_01 1.92 x 107* + 4.21 x 107° Co?t Set to 1 8.65 x 107% £ 5.14 x 107° —~38.90 + 7.84 -17.53 + 0.17 21.43 +7.78
Ni_02 7.60 x 107° + 1.34 x 107> Ni%' 1.15 + 0.21 2.90 x 107° £ 2.39 x 107 —28.50 + 0.62 —25.93 + 0.21 2.58 + 0.82
Ni_02 2.34 x 1074 +£1.18 x 107° Co*t Set to 1 4.01 x 107 +£5.24 x 107° -22.23 + 2.31 —~19.40 + 0.29 2.80 + 1.97
Co_01 2.16 x 107 £ 2,73 x 107° Co%t 0.57 + 0.08 1.63 x 107° +2.10 x 107 —44.93 + 6.50 —27.40 + 0.29 17.56 + 6.18
Co_01 2.17 x 107* £ 2,69 x 107° Ni%* 0.69 + 0.10 5.37 x 107°°+ 4.21 x 1077 —60.70 + 1.50 —-30.13 + 0.21 30.57 + 1.70
Co_02 211 x 1074 +£1.23 x 107° Co?t 0.72 + 0.06 6.44 x 107 +£3.45 x 1077 —42.37 £ 7.17 —29.67 + 0.12 12.70 + 7.08
Co_02 2.16 x 1074 £ 1.23 x 107° NiZt 0.82 + 0.01 1.37 x 1075 + 1.55 x 107 —67.30 + 1.02 —27.77 + 0.26 39.53 + 0.76

in binding to nickel ions.

Moreover, the four N-terminal residues (Asp-Ala-His-Lys) of human
serum albumin (HSA) were described as a metal binding site for Ni%*t
and Co®" having a histidine at position 3 and a lysine at position 4,
which is the same in Ni_02. Histidine provides an imidazole nitrogen
which together with the N-terminal amino group, two deprotonated
backbone amide nitrogens from histidine and alanine and the carbox-
ylate side chain from aspartic acid are involved in the binding to NiZ*
and Co®* (Cho et al., 2022). Furthermore, Medici and colleagues (2013)
report the importance of histidine in the third position together with
lysine at position 4 in the coordination with Ni(II) albeit this effect was
only observed in the entire HSA protein and not its 24-amino acid
peptide (Medici et al., 2013).

All four selected phage clones showed a superior binding to immo-
bilized metal ions when compared to the wildtype phage. However, in
real world applications, the metal ions are in solution and albeit being a
powerful screening tool, applying phages for metal recovery is imprac-
tical for various reasons. For example, phages might lose their capability
to express the recombinant peptide due to mutations in their genome
(Lederer et al., 2019). Hence, the metal-binding ability of the peptides
themselves without the phage backbone to metal ions in solution was
analyzed using isothermal titration calorimetry.

3.3. Binding behavior of free peptides in solution

Metal to peptide titrations were performed using isothermal titration
calorimetry (ITC) which revealed thermodynamic information about the
metal-peptide interaction. ITC is a powerful technology since it does not
require any modifications of the molecules such as labeling or immo-
bilization on a surface. During ITC measurements, the evolution of heat
during the titration of aliquots of binding partner in the ITC syringe to
the peptide in the sample cell is recorded. From the measured successive
reaction heats and the shape of the saturation curve, changes in molar
enthalpy and Gibbs free energy, the equilibrium dissociation constant
(Kp) and the molar ratio of the reaction can be derived (Brautigam et al.,
2016).

For the ITC measurements, experimental parameters were chosen to
reflect the environment of the phage display experiments and subse-
quent single-clone binding tests. Hence, metal solutions and peptide
dilutions were prepared in TBS buffer, pH 7.5. For peptide synthesis, a
short GGGS-linker was added C-terminal to the peptide sequence to
reassemble the immobilization on the phage surface during biopanning.
There, the peptides are fused with a short GGGS-linker to the N-terminus
of the minor pIlll coat protein. The hexahistidine peptide
(HHHHHHGGGS) served as a reference peptide. The experimental data
was fitted using the MicroCal PEAQ-ITC Software V1.41 (MicroCal-
Malvern Pananalytical, Malvern, UK). For all titration experiments, the
one-site binding model calculated the best fit (Table 2). Overall, the
binding behavior for both metals to all the four peptides was exothermic.
The negative Gibbs free energy indicates spontaneous reactions, which
implies favorable binding of the metals by the peptides. Negative
enthalpy changes as well as positive entropy changes are favorable
suggesting that both, the enthalpic and entropic factors, contribute to

the feasibility of the interaction (Xiao et al., 2020).

The fitted titration isotherm for the interaction of nickel with both
nickel-binding peptides followed an almost ideal sigmoidal shape in the
Wiseman plot (Fig. 3). Hence, the stoichiometry of the metal-peptide
complex could be determined as a 1:1 reaction. The binding affinities
are in the mid- to lower micromolar range (Table 2), with dissociation
constants (Kp) of 72.9 uM for Ni_01 and 29.0 uM for Ni_02. In compar-
ison, previous identified nickel-binding peptide (CNAKHHPRCGGG)
displayed a dissociation constant of 104 uM under similar conditions
(Matys et al., 2022). While in this latest study no interaction between the
nickel-binder and cobalt could be determined, in this study significantly
lower binding affinities of the nickel-peptides to cobalt (Kp values of
865 uM for Ni_01 and 401 uM for Ni_02) were calculated. The entropic
contributions for all binding events are small, especially for the binding
of nickel and cobalt to Ni_02, indicating small conformational changes
or hydrophobic interactions. It is worth mentioning that the binding of
cobalt to both nickel-binding peptides at the present conditions could
only be fitted when the binding stoichiometry (N) was fixed at 1. For
measurements at low C value, where the ratio of cell concentration to
the anticipated dissociation constant is low, fixing the N value may
reduce the experimental error. Studies have shown that under a wide
range of experimental conditions, fixing N at its nominal value decreases
the uncertainty in the binding enthalpy and free energy, especially for
low C experiments (Kantonen et al., 2017). Overall, this data suggests
that the nickel-binding peptides identified by phage display in this
study, Ni_01 and Ni_02, have a 12- and a 14-fold greater affinity to its
target ion compared to the binding affinity to cobalt.

Binding of peptides from the N-terminal binding site of HSA to
transition metal ions was reported with dissociation constants of 0.15
uM and 110 uM for nickel and cobalt at pH 7.4 (Bal et al., 2013). In an
additional study, the binding of a dodecapeptide from the N-terminal
HSA sequence to cobalt was determined with a Kp of 75 uM (Cho et al.,
2022). Albeit the calculated binding affinity for Ni_02 to cobalt in this
study (401 uM) is about 3-5 times lower, this result strengthens previous
findings highlighting the importance of histidine at position 3 and lysine
at position 4 for cobalt binding.

In general, both cobalt-binding peptides display higher affinities for
nickel than the identified nickel-binding peptides. This can be explained
by the higher amount of histidines in both cobalt-binding peptides (4
and 5 histidine residues compared to 3 histidines in Ni_01 and Ni_02)
which are known to bind to divalent metal ions. Interestingly, Co_01
with 4 histidines shows a higher binding affinity to Ni®" than to Co?*
whereas for Co_02 harboring 5 histidines the binding preference is
inversed (Table 2). The distance between the histidines and the impact
of other amino acids on the three-dimensional arrangement seems to
impact the binding to the metal ions. Earlier studies also describe that
the position and surface accessibility of the histidine residues is more
important than their absolute number regarding the binding strength to
metal ions (Mooney et al., 2011). The binding of the reference hex-
ahistidine peptide to Ni2* and Co?* was measured revealing dissociation
constants of 3.9 pM for Ni2* and 22.6 nM for Co?" under the particular
experimental conditions (Table S1 and Fig. S1 in the supplementary
data). There is good agreement with reported dissociation constants of
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Fig. 3. Isothermal titration calorimetry results of titrating 2 mM of Ni%* to the two novel nickel-binding peptides, Ni_01 (A) and Ni_02 (B), and 2 mM Co?* to Ni_01
(C) and Ni_02 (D). Plotted are the integrated heat peaks [kJ mol~'] against the molar ratio in the lower diagram and the raw data where the heat rate [uW] is plotted
against the time [min] in the upper diagram. Data was fitted using the one-set-of-sites model. Measurements were performed in triplicates; one representative

measurement is depicted.
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approximately 1 uM for hexahistidine-tagged proteins to Ni®*-NTA
which is widely used in affinity chromatography. Binding to Co?" is
more specific than to Ni2* but comes at the cost of a weaker binding
(Knecht et al., 2009; Lingg et al., 2020). The highest binding affinities
for the newly identified peptides were measured for the binding of co-
balt to Co_02 and nickel to Co_01 with respective Kp values of 6.4 pM
and 5.4 uM reflecting the binding affinity of the hexahistidine peptide to
NiZt (Fig. 4 and Table 2). These results are interesting since Co_01 was
originally identified in the cobalt biopanning but shows a three-fold
higher affinity to nickel according to the ITC results. Generally, it was
expected that the peptides identified in this biopanning experiments
would bind to both metals to a certain extent since they are quite similar.
This phenomenon was already described in previous studies (Matys
et al., 2017, 2020). Nevertheless, it was clearly shown within the ITC
results that both nickel-binding peptides prefer nickel over cobalt and
Co_02 shows a two-fold higher affinity to cobalt compared to nickel.

The newly identified peptides show similar binding affinities to
nickel compared to the already established hexahistidine peptide which
was used as a reference. These results demonstrate the power of phage
surface display technology to identify novel and highly specific metal-
binding peptides. The different affinities to nickel and cobalt provide a
promising starting point in terms of a potential application for selective
metal recovery. ITC experiments were also performed at a lower pH of 3
but no Kp values could be detected because of the weak heat changes
which could not be distinguished from the control measurements. These
results make sense since for both metal ions, Ni and Co, histidines were
suspected to be the main binding sites. At a pH lower than the pKa of the
histidine sidechain of approximately 6.04, the nitrogen of the imidazole
side chain is protonated. Binding of metal ions is therefore less likely
(Barber-Zucker et al., 2017; Chivers et al., 2024). This clearly indicates
that if the peptides should be used for metal recovery from leachate
solutions, which usually have a very low pH below 2, further experi-
ments need to focus onto optimization of reaction parameters. Future
studies will involve the immobilization of the peptides on a suitable
matrix and testing the selectivity of the metal recovery under various
conditions. To gain more insights into the binding mechanism of the
peptides with their target metal, molecular dynamics simulations could
be performed. However, the modelling of metal specificity into proteins
or peptides remains challenging due to substantial computational re-
quirements (Urbina et al. 2019).

The potential of peptide-based materials for recovery of metals from
aqueous solutions has already been demonstrated in several studies.
Schonberger et al. (2021) used gallium-binding peptides immobilized on
polystyrene beads in a continuous approach where Ga was removed
from wastewaters of a waver industry, while binding of the peptides to
arsenic was minimal (Schonberger et al., 2021). In a different study by
Urbina et al. 2019, a copper-binding peptide was used to functionalize
fungal mycelia demonstrating the removal of Cu from aqueous metal
solutions e.g., from electronic waste (Urbina et al., 2019). Present results
of this study suggest a multistep process where nickel could be recovered
first by the nickel-binder followed by cobalt recovery from mixed metal
waste streams, e.g. from battery recycling. In such a multistep recycling
process, other metals such as aluminum and copper could be recovered
by selective precipitation in a first step, hence, raising the solution pH to
approximately 5-6. The selective precipitation of nickel and cobalt is
more challenging, here a peptide-based approach could offer a
straightforward and environmentally friendly solution. Peptides can be
implemented in conventional recycling processes such as flotation or
membrane separation by either linking a hydrophobic tail to the
peptidic head or by incorporation the metal-binding peptides into sep-
aration membranes (Lederer & Boelens, 2025). The application of the
newly identified nickel-and cobalt-binding peptides to these metal so-
lutions will be investigated in a further study.
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4. Conclusion

In this study, two novel nickel- (FWPLHHH and GPHKHHA) and two
cobalt-binding peptides (HNYHHRH and HMNHHHH) were identified.
By presenting the metal ions on the surface of NTA-beads it was possible
to thoroughly screen a combinatorial heptapeptide library and select
promising strong binding peptides. All four peptides showed enhanced
target metal-binding properties while still bound to the phage backbone.
Furthermore, when the binding event was analyzed independently from
the phage anchor, both nickel-binding peptides revealed more than 10-
fold better affinities to nickel than to cobalt. Both cobalt-binding pep-
tides displayed high affinities for cobalt and nickel, with Co_02 showing
a two-fold higher affinity to cobalt and Co_01 showing a three-fold
higher affinity to nickel. The results clearly revealed that the peptides
have different preferences for the similar metal ions nickel and cobalt.
Further investigations will focus on the applicability of these peptides
for the selective recovery of nickel and cobalt from mixed metal waste
streams, e.g. from spent lithium-ion batteries. In addition, the developed
methodology could in future also be applied for the identification of
peptides with enhanced binding abilities to different divalent metal ions.
Therefore, the successful identification of specifically metal-binding
peptides presents a promising first step in the development of a more
sustainable and green technology for an efficient separation of highly
similar metals from mixed metal waste streams and secondary resources.
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