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Abstract: A nanopore-based Cu'-sensing system is report-
ed that allows for an ultrasensitive and selective detection
of Cu" with the possibility for a broad range of applica-
tions, for example in medical diagnostics. A fluorescent
ATCUN-like peptide 5/6-FAM-Dap-f3-Ala-His is employed to
selectively bind Cu" ions in the presence of Ni" and zn"
and was crafted into ion track-etched nanopores. Upon
Cu" binding the fluorescence of the peptide sensor is
quenched, permitting the detection of Cu" in solution.
The ion transport characteristics of peptide-modified
nanopore are shown to be extremely sensitive and selec-
tive towards Cu" allowing to sense femtomolar Cu" con-
centrations in human urine mimics. Washing with EDTA
fully restores the Cu'-binding properties of the sensor, en-
abling multiple repetitive measurements. The robustness
of the system clearly has the potential to be further devel-
oped into an easy-to-use, lab-on-chip Cu'-sensing device,
which will be of great importance for bedside diagnosis
and monitor of Cu" levels in patients with copper-dysfunc-
tional homeostasis.

/

Copper is an essential trace element that is inevitable in bio-
logical systems and can be found in many enzymes such as
amine oxidases and ferroxidases but is also required for infant
growth, the iron metabolism and brain development in human
organisms.!" It is also widely used in agricultural systems, and
therefore belongs to a major metal pollutant in our environ-
ment.”” There are also diseases linked to a toxic copper con-

centration and/or dysregulated copper metabolism in humans
such as Wilson’s disease, Menke’s and Alzheimer's disease
(AD).B]

During the last two decades studies have been performed in
order to confirm the involvement of copper in [-amyloid
plaques procession.”) During a meta-analysis performed by
Squitti et al. the concentration of free copper in the serum of
AD patients is determined to be higher compared to that of
healthy patients.”’ These results are generated by studying the
fraction of copper that is not bound to ceruloplasmin (non-CP
Cu) and include all studies from 1996 until early 2013. Recent
studies of Squitti et al. show the extraordinary medical interest
of “free copper” detection in urine as an eligible marker for pa-
tients in early stages of Alzheimer’s disease.”” Thus, determina-
tion of non-bound Cu" in urine and serum can be used as a
basis for a screening method for the early diagnosis and/or
monitoring of diseases linked to abnormal copper concentra-
tions, for example AD or Wilson’s disease.”! However, fast and
reliable quantification of non-CP Cu in body fluids is still a
major challenge (e.g. see Ref. [7] and references cited therein)
urging for the need of fast screening methods and sensors for
selective and sensitive detection of copper(ll) ions. As a recent
example, Squitti et al. designed a fluorescent method to detect
non-CP Cu" ions.”’ Nonetheless, this method is performed in a
two-step experimental set-up comprising a size exclusion
solid-phase extraction separating non-CP Cu from protein-
bound copper followed by a direct fluorescent method and
thus being rather time consuming. It is a well-known fact that
peptides and proteins can display extraordinary and ultra-sen-
sitive key-lock behavior towards targets. Natural copper-bind-
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ing proteins and peptides are albumins (bovine serum albumin
(BSA), human serum albumin (HSA), rabbit serum albumin
(RSA)), neuromedin C and K, human sperm protamine P2a and
histatins.” Based on the natural occurring Cu" binding motifs,
Imperiali etal. reported a set of polypeptide motifs for the
design of selective Cu" ion chemosensors.” In their work, they
expanded the Cu" binding motif by incorporating unnatural
amino acids into the widely used Cu" complexing tripeptide
(Gly-Gly-His), leaving only His at its mandatory position. Fur-
ther, they incorporated a linker unit and an amine-containing
sidechain for the attachment of a fluorescence group.” The
combination of this peptide-based Cu" binding motif with a
fluorescent probe, which fluorescent properties are modulated
(turned “on” or “off") upon Cu" binding are among the most
promising chemosensors.”'™ Based on the natural occurring
Cu" binding motif, Papp et al. covalently attached the amino
terminal Cu'- and Ni'-binding motif (ATCUN motif) (Gly-Gly-His)
to gold-plated track-etched polycarbonate membranes result-
ing in a nanopore-based Cu" sensor."” This demonstrates an
example of a robust hybrid system with a limit of detection
(LOD) in the submicromolar range and a good linearity be-
tween 1073-10"° m.'" Another copper-sensing systems that
can be evaluated by naked eye detection with a detection
limit of 0.5 um using a “turn-on” fluorescence strategy was re-
ported by Situ et al., however, with the disadvantage that the
detection method involves several reaction steps."” Further,
naked eye sensor systems were constructed by Ding et al. de-
veloping a colorimetric detection of copper using sensor strips
at a detection limit of 5 nm.™ Aiming for surface-crafted sen-
sors Zheng et al. integrated a fluorescent Cu-sensing moiety
into a PEG hydrogel resulting into a reversible fluorescence
quenching of 73.6% upon Cu'-binding making the sensor re-
usable. However, the decrease of fluorescence takes about
18 hours, leaving room for improvement."¥ Due to the above-
mentioned disadvantages of the known copper sensing meth-
ods and the need for highly sensitive and selective detection
methods for Cu" ions it is an objective of current work to pro-
vide a sensor allowing a fast and easy-to-handle, but highly se-
lective and ultra-sensitive qualitative and quantitative detec-
tion of Cu" ions in solutions.

ion-track etched
conical nanopores
—_—>

UNILAC@GS!
etching (M NaOH)

R

Thus, the following study reports a robust nanopore-based
Cu" sensing system which allows for an ultrasensitive and se-
lective detection of Cu", which will allow for the development
of stand-alone Cu'-sensing device. A fluorescent ATCUN-like
peptide 5/6-FAM-Dap-B-Ala-His was crafted into track-etched
nanopores to selectively bind Cu" ions in the presence of Ni"
and Zn" (Figure 1). The concentration of Cu" in an analyte solu-
tion is determined by current-voltage (/-V) characteristics of
the nanopore, and fluorescence microscopy by detection of
concentration-dependent fluorescence quenching.

Inspired by the ATCUN-like metal binding motif we designed
a peptide-like sequence possessing a fluorophore, using 5,6-
carboxyfluorescein (5/6-FAM) as a response group. A polyethy-
lene glycol (PEG) moiety, attached to the C-terminus of the
functional peptide was used to ensure a spatial separation of
the peptide from the solid support (Figure 1) resulting in an
overall sequence of 5/6-FAM-Dap-3-Ala-His-PEG4 (referred to
as peptide 1 hereafter, Figure 2). Thereby, the metal-binding
motif is composed of the three residues Dap-f-Ala-His
(Figure 2), remaining only one natural amino acid at C-terminal
position, which was reported to be mandatory for Cu-bind-
ing.”

We additionally generated a non-fluorescent version of pep-
tide 1 which lacks the 5/6-FAM moiety (referred to as peptide
2 hereafter) (Figure 2, Figure S1 and S2). Before the ATCUN-like
peptides 1 and 2 are crafted to the nanopores their binding
and selectivity properties towards Cu", Ni' and zn", which are
naturally present in human fluids at low concentrations™ and
in environmental samples as trace elements, are studied in
detail in solution. Therefore, metal binding is studied through
metal titration experiments utilizing fluorescence and UV/Vis
spectroscopy. First of all, the addition of increasing concentra-
tions of Zn" sulfate to peptide 1 and 2 has no impact on the
fluorescence or UV/Vis spectra (Figure S3), indicating that no
peptide-Zn" complex is formed.” In contrast, the characteristic
d—d transition bands at 537 nm and 438 nm are observed for
peptide 2 with Cu" or Ni, which unveils the formation of
square planar Cu" and Ni' complexes with peptide 2 (Fig-
ure 3a).%' Furthermore, UV/Vis-based Cu" and Ni" titration ex-
periments (Figure 3b, Figures S8-511) with peptide 2 indicate

nanopore
functionalization
_/
100mM EDC, 200 mM PFP,

200mM ethane-1,2-diamine peptide coupling

0.5 mM 5/6-FAM-DAP-bAla-His-PEG4

ON ) 4 eq HATU, 8 eq. base

Figure 1. Cu-sensor design and composition based on ion-track etched polyethylene terephthalate (PET) membranes.
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Figure 2. Representation of the ATCUN-like Cu" and Ni" binding motif. Structure of the Dap-B-Ala-His motif and proposed metal coordination (FAM-Dap-B-Ala-
His—peptide 1, Ac-Dap-B-Ala-His—peptide 2, FAM —5/6 carboxyfluorescein, Ac-acetylated N-terminus).

a 50 b ;i
. [ ) o9
2 0.10
L 20 , 008
2 S
15 0.064
0.03 +
1.0 350 400 450 500 550 600 650 0.04
0.5 0.02-
0 = = 0.00 ; . : . )
200 300 400 500 600 700 800 20 40 6.0 8.0 10.0 120
c % [nm] d pH
1000 4
5 800 4 3 800
= S X
1 -} X
2 @ b
% 600 § 600 x X
2 £ X
E 3 »
g 400 § 400 x
5 S
2 200+ < 200 x
1 X
0 0
450 650 0 5 10 15 20.0
e A [nm] f Cu?/peptide mole ratio
1000
5 40 X
g 800 S L ox
‘a
£ § 30 . -
§ 600 £
E 8 X
3 8 20
§ 400 2 X
3 =3
§ &
2 200 Z 10 x
0 0
450 650 0 200 400 600 800 1000 1200 1400

X [nm]

Ni*/peptide mole ratio

Figure 3. Spectroscopic characterization of metal complex formation. a) UV/Vis spectra of Cu" (black) and Ni" (grey) complex with peptide 2 (1 mm, 100 mm
Tris buffer, 25°C) at pH 8 (Cu") and pH 10.5 (Ni"). b) UV/Vis spectroscopic determination of pH dependency of Cu" (black) and Ni" (grey) complex formation

with peptide 2 (1 mm, water, 25 °C) followed at 537 nm (Cu") and 438 nm (Ni"). ¢

—f) fluorescence spectroscopic characterization of peptide 1 with CuSO, and

NiSO, (excitation at Ag, 494 nm, emission at A, 518, 25°C). c) decrease of fluorescence intensity of peptide 1 (1 um, 100 mm MES buffer pH 6.5) upon addition
of CuSO, (0-25 pMm, in water). d) change of fluorescence intensity as a function of the molar ratio of Cu" to peptide 1. e) decrease of fluorescence intensity of
peptide 1 (1 pum, 100 mm MES buffer® pH 6.5) upon addition of NiSO, (0-1.3 mwm, in water). f change of fluorescence intensity as a function of the molar

ratio of Ni' to peptide 1.

a 1:1 metal-peptide complex with Cu" at pH 6.5 and with Ni
at pH 10.5, whereas peptide 2 most likely distally coordinates
an additional Cu" ion at pH 8.0 through some of the remaining
free amide or amine nitrogen atoms. ESI mass spectrometry
(MS) (Figure S4-S7) and the experimental isotope patterns de-

Chem. Eur. J. 2020, 26, 8511 -8517 www.chemeurj.org

8513

rived thereof, further support the formation of a 1:1 complex
of peptide 1 and 2 with either Cu" or Ni" ions and are in a
good agreement with simulated isotopic patterns and litera-
ture data for these kind of systems (Figures 54-57).°'%"" Inter-
estingly, peptide to metal complex formation for both peptides
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1 and 2 is observed to be highly pH-dependent. With respect
to our UV/Vis data, the complexation of Cu" by peptide 2
occurs in a pH range from 5 to 8, while Ni'" complexation falls
in the pH range between 6.5 to 10 (Figure 3b) concluding,
that Cu" ions can be selectively detected in the presence of Ni"
at a pH of 6.5 (Figure 3b, Figures S10, S11). As we realized that
metal complex formation with peptide 1 is accompanied with
a significant quench of its fluorescence, Cu" and Ni" titration
experiments were studied in detail by fluorescence spectrosco-
py (Figure 3 c—f, Figures S12, S13). This also circumvent tedious
analysis of the UV/Vis data of the fluorescent peptide due to
the strong overlap of the absorption band of the fluorescent
moiety with the ligand-to-metal transition at 438 and 537 nm,
respectively. Therefore, fluorescence at the emission maximum
of 518 nm was first studied at a pH, which was determined to
be optimal for the complex formation with Cu" or Ni" by UV/
Vis spectroscopy. When one equivalent of Cu" is added to pep-
tide 1 at pH 8.0 fluorescence intensity quickly decreases by
89% (11 % remaining intensity) (Figure S12). Similarly, upon ad-
dition of one equivalent of Ni" to peptide 1 at pH 10.5 a re-
maining fluorescence of 29% is observed (Figure S13). In con-
trast, Cu" addition to peptide 1 at pH 6.5, at which a selective
Cu" detection can be achieved results in a decrease of fluores-
cence intensity by 88% (12% remaining fluorescence intensi-
ty), when 20 equivalents of Cu" are added (Figure 3¢,d). In
comparison a much larger excess of Ni' (> 1300 equivalents) is
necessary at this pH in order to observe a decrease of fluores-
cence intensity by approx. 43% (57% remaining fluorescence
intensity, Figure 3¢,f). In turn, almost no change of the fluores-
cence intensity is observable when only 20 equivalents of Ni'
are added, which corresponds to the amount of Cu" yielding
an almost complete fluorescence quench. According to our
UV/Vis data of peptide 2, this observation can be explained by
the insufficient formation of the peptide 1-Ni' complex at
pH 6.5. Instead, UV/Vis spectra of peptide 2 show, that upon
Ni" addition a low intensity absorption band is formed at
394 nm indicating the formation of non-specific octahedral
peptide 2-Ni" complex (Figure S11).® Additionally, we further
determined the binding constants (K,) at pH 8.0 (Cu") and
pH 10.5 (Ni") as well as at pH of 6.5 (Table S1).

For Cu" binding to peptide 2 the constant is derived from
our UV/Vis data using the Benesi-Hildebrand method and ap-
peared to be 1.0x10°m (3.8x10°m at pH6.5) (Figure S14).
Under the same conditions but utilizing the fluorescence data
the Cu" binding constant of peptide 1 is derived from the
Stern-Volmer plot yielding a somewhat higher value of 2.1x
10°m (6.27x10°m at pH6.5) (Figure S15, Equations S1-S3),
which agree well with literature values of analogue pep-
tides.'7*P "8 Although the Ni' binding constants at pH 10.5 of
peptide 1 (6.15x10"m) and 2 (2.5x10’m) are higher com-
pared to Cu", they are much lower at pH 6.5 (1.80x 10°M pep-
tide 1, 5.80x10°m peptide 2) demonstrating again the out-
standing selectivity towards Cu" ions (Table S1). Also, we deter-
mined the quenching rate constant (K,) for peptide 1 by study-
ing the fluorescence quenching behavior. The value of quench-
ing rate constant towards copper is 2.75x 10" IxM and the
quenching behavior can be described by static quenching
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with the formation of a non-fluorescent complex in the
ground state (Equation S2), thus allowing to monitor Cu" bind-
ing by fluorescence microscopy. In summary, by choosing the
optimal pH the DAP-BAla-His motif is selective towards cop-
per(ll) in presence of nickel(ll) and zinc(ll) ions, which has not
been reported for any other ATCUN-like motifs before."” Inter-
estingly, the limit of detection (LOD) of Cu" ions in solution
with peptide 1 using fluorescence spectroscopy is 13.5 nm
(Figure S16) being of great importance giving any possible ap-
plications, that is, for detection of trace amounts of Cu" in
food/water control/environmental samples or as a diagnostic
tool for diseases, which are connected to a copper dyshomeo-
stasis, such as Wilson or even Alzheimer's diseases.” Having
determined the selectivity and sensitivity of peptides 1 and 2
towards Cu", Ni' and Zn" ions in solution and observing no dif-
ferences in binding behavior of both peptides we crafted our
peptide 1, containing the fluorophore, to an ion-track etched
nanopore (Figure 1).

By crafting peptide 1 into nanopores, we are aiming to ach-
ieve a sensor for example, environmental or medical applica-
tions. For that purpose, polymer membranes containing coni-
cal nanopores (10* pores/cm?) were fabricated via asymmetric
chemical etching of the latent track of energetic heavy ions re-
sulting in nanopores with tip opening of 30+£5 nm and base
opening of 500+ 10 nm in diameter (Figure 1).2Y As a result of
heavy ion irradiation and subsequent chemical etching, car-
boxylic acid groups are generated on the pore surface, which
are then employed for the covalent attachment of ethylenedia-
mine providing a primary amine for consequent coupling of
peptide 1 at its C-terminal PEG-linker (Figure 2). To monitor the
chemical functionalization process on the nanopore surface,
we carried out /-V measurements after each surface modifica-
tion steps. After successful peptide immobilization we studied
the Cu" sensing capabilities of the nanopore exposing it to an
electrolyte solution containing different concentration of CuCl,
(Figure 4a). Our I-V measurements show that before Cu" com-
plexation the modified nanopore is rectifying, not allowing
anions to pass being in the so-called “off” state (Figure S17).
The complexation of Cu" by peptide 1 at pH 6.5 crafted to a
nanopore generates positive charges on the pore surface,
which concomitantly changes the ion transport behavior of
the nanopore. The pore becomes anion selective as evidenced
from the successive increase in positive current by increasing
Cu" concentration starting in the femtomolar range (Fig-
ure 4a,b). After a nanomolar Cu" concentration is reached, no
further increase of the positive current is observed, suggesting
that the peptide is entirely folded and complexed with Cu". In
contrast, even micromolar Cu" ion concentration (<10 um)
could not alter the transport characteristics of the as-prepared
pore.

This clearly demonstrates that the presence of peptide-Cu"
complexes on the pore walls and surface switches the pore
transport behavior from nonconducting “off” state to conduct-
ing “on” state. The copper cation acts as a chemical trigger to
control the electrostatic behavior of the modified pore due to
host-guest recognition process taking place in this confined
environment (Figure 4a). Finally, our data show that the pep-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Cu-sensor [-V characteristics of peptide 1 in nanopore in MES buffer (a,b) and urine mimic (c,d). a,c) /-V titration response of peptide 1 nanopore on
different concentration of CuSO,. b,d) Conductance of the peptide-modified pore at different Cu" concentrations in the electrolyte solution.

tide-modified nanopore is able to recognize Cu" ions even at
very low concentrations, and this recognition process can be
transduced in an electronic signal originating from the trans-
port behavior of the nanopore (Figure 4b). Similar to these -V
measurements in 0.1 M KCl solution in MES puffer, the peptide-
modified nanopore system can even selectively bind Cu" in
Sigmatrix urine diluent, which mimics human urine (Figure 4c).
A linear response to the Cu" concentrations in the urine mimic
was achieved in the range of 1x107"* to 1x 107 moll™" (Fig-
ure 4d). Moreover, our |-V measurements suggest a fully rever-
sible Cu" binding to the nanopore as Cu" can be extracted
from the peptide by washing with EDTA (Figure S17b, Fig-
ure 5a,b). Aside from metal detection through |-V measure-
ments the fluorescent properties of the peptide-modified
nanopore system can also be utilized according to our metal
binding experiments with peptide 2 in solution utilizing confo-
cal laser scanning microscopy (CLSM). Indeed, after successful
binding of the peptide on the PET material the modified nano-
pore is clearly visible in the CLSM image (Figure 5) and ap-
peared as green spots on the PET surface when excited by a
laser at 488 nm (Figure 5b).

To investigate the behavior towards copper(ll), nickel(ll) and
zinc(ll) ions, we set up titration experiments similar to our ex-
periments in solution and determined the modified PET foil’s
re-usability as well as the shelf-life (Figure 5¢,d, Figure S18).
Fluorescence quenching experiments at pH 6.5 indicate a de-
crease in fluorescence intensity of the nanopore-bound fluo-
rescent peptide after addition of Cu" (0-100 pm, in MES
pH 6.50) with a linear dependency up to 60 um (Figure 5¢)
whereas no changes of the fluorescence intensity is observed
when similar Ni' or Zn" concentrations were used (Figure S18).
However, a millimolar NiSO, solution is needed in order to
induce some fluorescence quenching (Figure S18a,c), while the
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addition of high concentrations of ZnSO, (up to 100 mm) does
not affect the fluorescence intensity (Figure S18b,d). Further-
more, once Cu" is bound to the peptide-modified nanopore, it
can be removed by washing the PET foil with EDTA (Figure 5d)
and the foil can be re-used for Cu" detection. So far, we were
able to re-use the foil seven times for Cu" sensing without
losing its Cu" sensing capabilities or detection performance
even though the modified PET foil was stored for more than
six months.

We have found that the fluorescent and non-fluorescent ver-
sions of an ATCUN-like peptide which is based on the metal
binding motif Dap-f3-Ala-His can be employed to specifically
bind Cu" ions in the presence of Ni" and Zn".

As the Cu" and Ni" complex formation of the ATCUN-like
peptide is pH dependent Cu" selectivity can be controlled via
the pH of the solution. Fluorescence quenching occurred
when the peptide-metal complex is formed achieving a selec-
tive and highly sensitive Cu" detection with an LOD of 13.5 nm.
|-V measurements and CLCM data show, that Cu" selectivity
and metal-binding induced fluorescence quenching properties
are preserved when the peptide is bound to the nanopore.
The I-V characteristics of the peptide-nanopore system are
highly sensitive towards Cu" allowing for the detection of fem-
tomolar Cu" concentrations in buffer but also in human urine
mimics. Moreover, Cu"-complex formation inside the nanopore
can also be tracked by the subsequent loss in fluorescence in-
tensity, thus, allowing for a selective Cu" detection in the range
of 1 to 100 pm. Lastly, Cu" ions can be removed from the nano-
pore system by washing with EDTA which fully restores the
Cu"-binding properties, enabling repetitive measurements up
to six times.

Moreover, this concept is significantly more robust and sen-
sitive than other current Cu" sensor systems, such as systems

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Confocal laser scanning microscopy (CLSM) images of fluorescently labelled peptide 1 coupled to nanopores of a PET foil. a) reflected light and

b) fluorescence emission image. Area without fluorescence in (b) representing pores that were not etched and thus not modified. c) decrease in fluorescence
intensity (median) after addition of CuSO, (0-60 pum, in MES buffer). d) CLSM of “on-off” characteristics showing re-usability after regenerating with 1 mm
EDTA and washing with water and MES buffer pH 6.5 (fluorescence excitation at A, 488 nm, emission detected at A¢,, 515-530 nm).

employing p-cyclodextrin functionalized o-hemolysin pores in
planar lipid bilayers®” or PU membrane-based nanopores
using Cu-binding nanoparticles, whose translocation speed
through the nanopore allows for Cu" detection after 24 h of in-
cubation.”!

The robustness of the system clearly has the potential to be
further developed into an easy-to-use, lab-on-chip Cu"-sensing
device, which is currently under development in our lab. Such
device, of which the current nanopore system will be the key
component, will be of great importance for on-bed diagnosis
and monitor of Cu" levels in patients with copper dyshomeo-
stasis, such as in Wilson and Alzheimer’s disease.”?¥

Consequently, this nanopore system enables a selective, sen-
sitive and fast Cu" detection by either -V measurements or
fluorescence quenching opening up numerous possible appli-
cations.
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