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The reliable determination of the Ag(l) affinity for biomolecules is an essential issue in the fields of structural
analysis and sensor design. However, the urgent problem confronting researchers is lack of a direct and accurate
Ag(I) affinity evaluation as a reference standard for ligand analysis. We communicated here a straightforward
and high-efficiency method of measuring Ag(l) affinity exactly on the basis of the unique calculation algorithm
and the design of a special peptide RFPRDD (P) as Ag(I) binding motif. According to UV-vis competition between
the corresponding complexes (AgP) and biomolecules (peptides, amino acids and ssDNA), the decrease of the
signature at 300 nm characteristic of AgP was obtained for quantitative analysis. The primary advantages of this
strategy were the widespread application, high accuracy and reference significance, which were corroborated by
theoretical calculations. To identify its potential in biosensing, two kinds of testing models for Ag(I) were pro-
posed by AgBP2-decorated and Ag4-decorated gold nanoparticles, the detection limits of which were 2 nM and
75 nM respectively. By contrast of the sensing property of the functional peptides (AgBP2, Ag4), we afforded
evidence that this conception could be regarded as an evaluation criterion for the selection and performance

optimization of sensitive elements, thereby holding a dominant position in the biosensors.

1. Introduction

The coordination interaction between Ag(I) and biomolecules play
key biological roles in different fields, including biosensors, cell toxicity,
chemical treatment and antibacterial materials [1-10]. Such bio-
molecules include amino acids, ssSDNA and peptides, especially the
well-known Ag-binding peptides (e.g. AgBP2, Ag4, AgP35) greatly
involved in biosensing or silver material synthesis [11-20]. Despite the
fact that numerous applications have been made possible [21-23], its
future perspectives in broader application still face challenges from
lacking identification and comparison of Ag(I) affinity to biomolecules.

Determining the affinity of Ag(l) is urgently needed in the field of
sensing technology, first because this is intrinsically a basic parameter
that mirrors the possibility to have the metal ion-biomolecules interac-
tion under biological conditions, and second because it give insights into
the coordination ability of biomolecules to Ag(I), assisting in estimating
the interference of complex systems and selecting the optimum ligands
for targets identification [24]. This information is absolutely vital not
only for seeking out the fitter molecules (i.e., estimating for which
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molecules the method will be effective) but also for the design and po-
tential of any sensor. Yet, this is an intricate task, since the affinity
assessment of metal ions is always plagued by the tedious and ineffective
process of analysis and numerical calculation [25-27].

For the sake of resolving this matter, much more efforts are
concentrated on creating a new pathway to simplify the evaluation
procedure. To this end, there are mainly two means of appraising af-
finity values [24]. The first one relies on potentiometric titrations that
could be extremely tough to implement in the case of biomolecules and
necessitate an important quantity of the biological material [25,28]. The
second one mainly consists in measurements by competition experi-
ments with a ligand of known affinity followed by the truly fitting way.
In the comprehensive consideration, competition experiments appear to
be well-suited to offer a practical research platform for coordination
interaction and affinity calculation. On account of few studies on the Ag
(I) affinity, several reports aiming at copper ions affinity are available as
a methodological reference. In a pioneering work, four peptides labelled
with fluorescent dyes were designed [27]. And the Cu(ll) affinities for
different peptides and proteins were probed by competition monitored
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Scheme 1. Schematic drawing of the competition experiment.

by fluorescence. While Cu(II) quenched the fluorescence of the specific straightforward and accurate determination of the Ag(I) affinity.
ligands, the addition of the targets restored it by removing the Cu(Il) Herein, a novel peptide RFPRDD was engineered as the Ag(l) ligand
from the probes. In spite of good reliability, this program suffered from with moderate affinity (8.19 + 0.4 x 10” M~ at pH 7.4). After their
poor operation and complicated calculation. To combat the situation, a complexation, a UV-vis characteristic peak at 300 nm would appear,
new dye L was synthesized for the study of Cu(Il) affinity by UV-vis which was perfectly appropriate for quantification of Ag(I) affinity. The
competition experiments [24]. And the affinity valuation could be competition could be constituted by addition of targets in the colored Ag
realized by capturing the changes in characteristic signals of the CuL (D-RFPRDD complex solution, thereby leading to the disappearance of
complexes during the competition. On this basis, more than 17 peptides the absorption band (Scheme 1). Using the peptide ligand, an expedient
derived from the human Af peptide were investigated. Obviously, it held and high-efficiency calculation for Ag(l) affinity was established. Aside
overwhelming superiority in practical applications because of the from directly comparing relative Ag-binding peptides in the Ag(I) af-
simplicity and convenience. Enlighten by these evaluation systems, the finity ability, we also made a thorough inquiry about a series of artificial
objective of this protocol is to define a universal tool for rapid, peptides and ssDNA. Moreover, the prominent reliability and validity of
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Fig. 1. (A) UV-vis spectra of different peptides (80 M) treated with 0.9 equivalent of Ag(I). (B) Chemical structure illustrations of the peptide RFPRDD.
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Fig. 2. (A) CD spectral analysis of Ag(I)-RFPRDD coordination. (B) UV-vis spectra of the peptide RFPRDD (80 uM) treated with different concentrations of Ag(l).
MALDI-TOF Mass spectra of the peptide RFPRDD treated with (C) a small quantity of Ag(I), (D) a moderate quantity of Ag(I) or (E) a large quantity of Ag(l). (F) The
absorbance at 300 nm of the mixture solution as a function of incubation time. The mixture solution contained 10 mM PB, 80 pM RFPRDD, and different con-

centrations of Ag(I): (a) 8 uM (b) 28 pM (c) 72 pM.

this strategy were affirmed by examining multiple amino acids with Ag
(1) affinities known. Through two detection systems relying on AgBP2-
capped and Ag4-capped gold nanoparticles (AuNPs), we proved that
the evaluation approach could offer beneficial reference for the opti-
mization of biosensing units, favoring the construction of detecting
Sensors.

2. Material and methods
2.1. Chemicals and materials

Peptides listed in Table S1 and ssDNA listed in Table S2 were ob-
tained from Sangon Biotechnology Inc. (Shanghai, China). Ethyl-

enediaminetetraacetic acid (EDTA), AgNOs; were purchased from
Sinopharm Chemical Reagent (China). Phosphate buffer (PB) was

freshly prepared as the buffer solution. All the solutions and buffers in
the experiments were prepared using sterile water.

2.2. Instrumentations

A Shimadzu UV-2550 was employed to obtain the absorption spectra
of peptide before and after the addition of Ag(I). Mass spectra were
obtained using a MALDI-TOF MS (AB SCIEX TOF/TOF 5800) instru-
ment, using detection by reflection to generate the spectra. And CD
spectra of the Ag(I)-RFPRDD complexes was collected on a Jasco J-815
CD spectrometer using a quartz cuvette with a 0.5 cm pathlength.

2.3. Synthesis of the Ag(I)-RFPRDD complexes

Briefly, the peptides RFPRDD were dissolved in PB (10 mM, pH 7.4).
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Fig. 3. (A) UV-vis spectra of the AgP complexes treated with different concentrations of EDTA. The dotted line comes from the blank RFPRDD. (B) Experimental
absorbance (points) and the best fits (solid lines) of the AgP system upon addition of the competing ligands (Targets): (a) Tryptophan, (b) Histidine, (c) Methionine.
Experimental absorbance (points) and the best fits (dotted lines) of the AgP system upon addition of the competing ligands (Targets): (C): (a) AgBP2, (b) Ag4, (c)
AgP35; (D): (a) NAPC, (b) AgNSB, (c) NAP, (d) IH6. [P] = 80 pM, [Ag(D] = 72 pM, [Target] = 0-800 pM, pH = 7.4, T = 25 °C (where mentioned).

Then, 80 pM peptides were added to AgNOs solution. The reaction
mixture was incubated at room temperature (25 °C) for 80 s. Finally, the
Ag(D)-RFPRDD complexes were obtained.

2.4. Synthesis of AuNPs and peptide-capped AuNPs

According to previously published methods, AuNPs of different sizes
were obtained by the reduction of the HAuCly salt [33]. Typically, 50 mL
of 0.01% (w/w) HAuCl, was heated by boiling under vigorous magnetic
stirring, followed by the addition of 11.4 mg/mL sodium citrate solu-
tion. The mixture was continuously boiled and magnetically stirred for
20 min until it turned red, and then cooled to room temperature. Finally,
AuNPs were obtained and stored at 4 °C.

Briefly, the peptides (CALNN-AgBP2 or CALNN-Ag4) were dissolved
in PB (10 mM, pH 7.4). Then, 50 uM peptides were added to AuNPs
solution. The reaction mixture was incubated at room temperature for
overnight. The free peptides were isolated by centrifugation at 6000 rpm
for 15 min and finally, the peptide-modified AuNPs were prepared.

2.5. Competition experiments between the ligand and the target

The experiments have been monitored by UV-vis in 10 mM PB buffer
(at a resulting pH = 7.4). The peptide ligand (80 uM) and Ag(I) (72 pM)
were mixed, followed by adding different targets (0-800 puM in total).
Each addition of the target is made once the thermodynamic equilibrium
of the previous reaction is reached (this takes about 80 s). To be
reproducible with respect to pH condition, the same stock buffer solu-
tion (pH 7.4) was employed for all the experiments. The competition
experiments were executed at room temperature (25 °C).

2.6. Analysis of the data

The data analysis was performed with the following procedure for
each experiment.

The absorbance of the competition experiments measured at 300 nm
after completion of the reaction was plotted as a function of the number
of peptides equivalents. Absorbance was calculated according to

Abs = €F [P] + %P [AgP] + €T [T] + ¢ [AgT,]

Where P stands for the peptide RFPRDD, T for the target, and AgP and
AgT, for the complex between Ag(I) and peptide and the target,
respectively. And n represents the coordination number of the target to
Ag(D).

The same equation can be expressed as

Abs = ¥ ([Plo-[Aglo+al)+ e ([Aglo-[oD)+ e” ([Tlo-n o)+ €™ [a]

Where o stands for the progression of the following reaction: peptide +
Ag(D) — peptide-Ag(I) and the [ ] correspond to the starting values in
which the dilution due to addition of the peptide has been taken into
account when required.

Ag(I) is supposed to be chelated by the RFPRDD or by targets;

AgT, AgP __ [AgT,) .[AgHP]
K / K = Tag [T [AeP]

with the starting concentrations:
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Table 1
Ag(I) affinity values of the biomolecules studied here.

Biomolecules  Ref. The coordination mode Ka

(Target: Ag(I))

AgBP2 Sedlak et al., 1:1 6.30 £0.5 x
2012 107

Ag4 Naik et al., 2004; 1:1 4.83 +£0.2 x
Jo et al., 2014 107

AgP35 Naik et al., 2004; 1:1 2.48 £0.7 x
Jo et al., 2014 107

NAPC Lupaescu et al., 1:1 9.30+0.3 x
2019 100

AgNSB Jo et al.,, 2014 1:1 5.93 £1.0 x
10°

NAP Lupaescu et al., 1:1 8.14 +0.7 x
2019 10°

TH6 Guo et al., 2019 1:1 7.68 £1.0 x
10°

Peptide VIII - 1:1 2.13 +0.4 x
107

Peptide IX - 1:1 2.07 £0.8 x
106

Peptide X - 1:1 5.09 +0.6 x
10°

Peptide XI - 1:1 3.70 +£0.5 x
10°

Al - 1:2 1.12 £0.5 x
106

A2 - 1:2 2.22 £0.8 x
10°

“” indicates the peptides or ssDNA of de novo design.

AgT, AgP [Ang] ‘[Ag]~[P]
K / K = g T [AgP]

= ([Pl, — [Ag], + [(1} ) {a} /{([Ag},,
= [a] )-(IT)p = n-[a] )" }

The KAgT,, a value means the stability constant of the AgT, complex,
thus indicating the affinity of Ag(I) to the target.

3. Results and discussion
3.1. Design of the peptide ligand

Selecting a suitable ligand of well-defined Ag(I) binding affinity is
the top priority. We leveraged previous works in conducting the inves-
tigation. In view of the designability and biocompatibility of peptides,
our group has put forward an original peptide RFPRGGDD that is
capable of recognizing Ag(I) selectively [7]. The most striking obser-
vation to emerge from the study is the ability of Ag(I) to induce
conformational transitions from the unfolded to the folded state through
interaction with the side chains of appropriately placed amino acid li-
gands within the peptide. It has also been proven that the peptides
containing RRDD sequence possess the combination ability with Ag(D).
This behavior basically benefited from the 4-coordination of Ag(I) with
the carboxyl oxygen and amino nitrogen [7]. In this context, six kinds of
peptides containing Arginine (R) and Aspartic acid (D) were devised to
support an Ag(I) binding motif. Particularly, the amino acids R and D are
respectively arranged at opposite ends of the peptide, conducing to the
conformational transition during the process of Ag(I) composite for-
mation. To some extent, additions and deletions of inner amino acids
contribute to the shape of the typical peak. As shown in Fig. 1A, the best
performance came from the peptide RFPRDD, whose structure and sta-
bility was respectively demonstrated in Fig. 1B and Figure S1. The
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setting of R and D at the terminal served to generate the 4-coordinated
complexes with Ag(I). It was evident that the synergistic effect of
Phenylalanine (F) and Proline (P) could produce a more characteristic
peak. Notably, there appeared to be positional conservation that the
identified positions of F and P were not supposed to vary. For the sake of
clarity RFPRDD will be written P and the Ag(I)-RFPRDD will be noted
AgP.

The conformation of the peptide RFPRDD was characterized in pH
7.4 PB by circular dichroism (CD). There was significant difference in
the mean residue ellipticity after introducing Ag(I) into the system,
consistent with the change of secondary structure in the integrating
process (Fig. 2A). We concluded from the evidence that Ag(I) could
effectively drive the conformation transition of a de novo designed
peptide, consequently resulting in a specific complexing form. To
strengthen the action, the effects of the pH and the PB concentration
were carefully discussed. In the case, the PB concentration shows strong
influence on the absorbance measurements. This is mainly because the
conformation of peptides could be affected by the buffer concentration,
owing to the change of electrostatic effect (Figure S2) [34,35]. The re-
sults revealed that 10 mM of PB at pH 7.4 was the necessary condition to
reach the optimal performance, which was judged according to its
distinct advantages in peak shape. Fig. 2B demonstrated the typical se-
ries of spectra obtained from AgP complexes. With the increase of Ag(I)
concentrations in a certain range, the more specific absorption could be
observed until the saturation of combination, the linear response of
which was shown in Figure S3. Then, MALDI-TOF Mass spectrometer
was employed to describe the coordination mode of RFPRDD and Ag(I)
at different dosages. The coordination ratio 1:1 occurred where a small
or moderate quantity of Ag(l) is involved because of the existence of m/z
= 913 (Fig. 2C and D). Once Ag(I) became excessive, there would be
multiple coordination forms of RFPRDD and Ag(I) at 1:1, 1:2, 1:3, 1:4
and 1:5 (Fig. 2E). To simplify and unify the way in which subsequent
calculation was conducted, the ratio 1:1 was identified as the coordi-
nation behavior by appropriately controlling the Ag(I) concentrations.

Then, the formation time of AgP complexes was investigated by ki-
netics measurements. Fig. 2F gave a view of the representative kinetic
curves of the absorbance at 300 nm with incubation time. The entire
combination could be fulfilled in 80 s, regardless of Ag(I) concentra-
tions. And high selectivity of RFPRDD to Ag(I) was also displayed in
Figure S4. Therefore, the binding process of RFPRDD and Ag(I) was
superior over other coordination methods in rapid complexing [7-10].
This trend reflects the high efficiency and simplicity of our procedure,
avoiding the problems of long-time incubation and multi-step operation
in other strategies.

3.2. Quantification of Ag(l) binding affinity to RFPRDD

It is certain that, the essential parameter of the peptide RFPRDD is its
affinity constant for Ag(I). This assessment was implemented via the
competition of EDTA, who held definite affinity and coordination ratio
with Ag(I) [29]. The competition experiments were constituted by the
chelation of EDTA to remove silver ions from the colored AgP com-
plexes, causing a reduction of the characteristic signature and the color
fading (Figure S5A). These typical absorption peaks were indicative of
the existence of AgP complexes in the system (Fig. 3A). The RFPRDD was
first added (dotted line), then Ag(I) (black solid line), and then succes-
sive additions of the EDTA were performed (colored lines). Blank AgP
complexes had a maximum absorption at Apax = 300 nm. The intro-
duction of EDTA gave rise to a decrease of absorbance values. This is
primarily because of the disintegration of AgP complex under the cir-
cumstances of EDTA competition. In Figure S5B, the determined 1:1
(EDTA: Ag(l)) molar ratio was confirmed by the employment of
MALDI-TOF Mass, consistent with the published information [29].
Through the calculation where the inferential reasoning and analysis
had been described in detail, the affinity value of K*8® , = 8.19 + 0.4 x
107 M~! was obtained and used for further study. And the computational
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Fig. 4. (A) Schematic illustration for the Ag(I) detection using different sensing elements. The selectivity of (B) the AgBP2-mediated assay or (C) the Ag4-mediated
assay for Ag(I). In the measurement, the concentration of other metal ions was 100-fold higher than that of Ag(I). (D) The response linearity of the AgBP2-mediated
assay at the Ag(I) concentration range of 5-1400 nM. (E) The response linearity of the Ag4-mediated assay at the Ag(I) concentration range of 200-1200 nM.

proceeding was clearly stated in the theoretical calculations of Sup- had clear formation constants. When the target was added, there would
porting Information. be a competition for Ag(I). Meanwhile, variations could be apparent in

After taking this affinity value, the peptide was selected to construct the characteristic signals of AgP complexes. And shifts of this coordi-
a competition experiment as a suitable Ag(I) ligand. In Scheme 1, the nation equilibrium also brought with visible changes in color of the

peptide ligand reacted with Ag(I) to yield the 1:1 complexes (AgP) who solution.
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3.3. Reliability of the quantification

As a newly proposed strategy, it is demanded to have a high veracity
of measurement. To show the reliability, the affinities were calibrated
with three amino acids (Histidine, Methionine and Tryptophan) as the
well-documented affinity standards. We respectively discussed their
coordination numbers with Ag(I) by using the MALDI-TOF Mass.
Figure S6 revealed all of them had the same proportions in binding
experiments, two equivalents of who were bound with one equivalent of
Ag(D). Additionally, the corresponding behavior was displayed in
Figure S7. The absorbance at A = 300 nm of the mixture was plotted as a
function of equivalent numbers of the amino acid added (Fig. 3B). Then,
these data were entered into the calculation procedure, which was
explicitly depicted in the theoretical calculations of Supporting Infor-
mation. The affinity values obtained in the proposed platform are
gathered in Table S3. Qualitative analysis indicated that the Ag(I) af-
finities of three amino acids were in conformity to the results from
previous researches [30-32]. This trend gave a reasonable explanation
that our project were equipped with great reliability and feasibility.

3.4. Biomolecules affinities for Ag(I)

The great potential of the approach in application was illustrated by
testing the relevant biomolecules interacting with Ag(I). Silver binding
peptides (e.g. AgBP2, Ag4, AgP35, AgNSB, IH6, NAP, NAPC) have been
identified by phage display technology or a series of practical experi-
ments. These peptides are widely utilized to take part in the silver ma-
terial synthesis or biosensing, owing largely to their specific affinity to
silver ions and the conformational transition during the combination.
The current dilemma lies in the insufficient researches on estimating
their affinity values, although it is highly required to supply direct and
quantifiable data to compare the affinity abilities. In response to this
situation, the proposed strategy was used for computing the Ag(I) af-
finities of silver binding peptides, as well as a series of artificially
designed peptides and the related ssDNA. The coordination modes of Ag
(I) to detection targets were explored first as depicted in Figure S8-S11.
The results indicated that the given peptides had the equivalent per-
formance in binding to Ag(I) at 1:1 while the ssDNA to Ag(I) at 1:2.
Considering the distinctive combination ratio of ssDNA: Ag(l), the cor-
responding composition principle was further interpreted in Figure S12.
Through establishment of the coordination competition, absorbance
values could be monitored and their fits are shown in Figure 3C, D and
S13. In accordance with the individual behaviors in combination, the
specific molar absorption coefficient (¢) and coordination ratio (n) were
identified and put into the calculating equation, which was fully
demonstrated in the theoretical calculations (Supporting Information).
All the Ag(l) affinity values obtained in the present study are gathered in
Table 1. The successful application in different varieties of targets
implied the excellent universality and potential of our project.

3.5. Application and potential for biosensing

Selecting a proper sensitive element occupies an indispensable po-
sition in building a testing platform. Pursuing a convenient method for
characterization, evaluation and optimization of this capture unit,
therefore, becomes the hot research task. With the current protocol, the
goals could be achieved by accurately assessing the affinity values of
biomolecules. To ensure the fundamental role of strategy in biosensing,
peptides AgBP2 and Ag4 were employed respectively as sensitive parts,
who had the definitive Ag(l) affinity constants derived here. As shown in
Fig. 4A, a detecting device was established on the foundation of specific
binding of these two peptides to Ag(I). The entire process was divided
into two steps that were the modification step and the reaction step.
First, the given peptides were stably decorated on AuNPs by the anchor
CALNN [33-36]. Then, the aggregation of peptide-AuNPs was stimu-
lated by adding the target Ag(I), hence triggering distinct colorimetric
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responses (Ayoo/Asso). The behavior owed much to the reduce of elec-
trostatic repulsion and steric hindrance between nanoparticles [7].

In this case, we estimated several parameters, namely, the PB con-
centration, the pH of solution, the AuNPs diameter, and the reaction
time. To boost the sensitivity of the detaction, 10 mM PB at pH 7.4 and
30 nm-sized AuNPs were chosen. The reaction times of AgBP2 and Ag4
were respectively 10 min and 20 min (Figure S14). For the purpose of
conducting a contrastive study, the selectivity and the linear curves of
two systems were given in Fig. 4. By means of the exhaustive analysis,
the estimated limits of detection for each peptide were 2 nM (AgBP2),
75 nM (Ag4). Taken the shorter reacting time, lower determination limit
and wider linear area of AgBP2-mediated sensing into account, the
AgBP2 exhibited higher capability to capture Ag(l), fully in conformity
with the conclusion from our results computed. The validity and avail-
ability of our project was corroborated in sensing selection among
multiple elements. As a consequence, the direct and precise determi-
nation of Ag(l) affinity informed reasonable expectations in choosing the
suitable capture molecules and further planning the biosensor.

4. Conclusion

In summary, a new peptide ligand RFPRDD for Ag(I) was engineered
and their complexes with typical ultraviolet absorption at A = 300 nm
were comprehensively characterized. It was engaged in straightfor-
wardly determining the affinity constants of Ag(I) for biomolecules by
UV-vis competition experiments. The obtained affinities of three amino
acids (Histidine, Methionine and Tryptophan), agreed perfectly with
that of published researches. We take this as evidence that the strategy
was equipped with the high dependability and accuracy. The practical
applicability was also validated by measuring the Ag(l) affinities of a
variety of peptides and ssDNA, like Ag-binding peptides involving
AgBP2, Ag4, AgP35. More, the biosensors were arranged to highlight the
key role of the strategy that could provide easy access to direct acqui-
sition and comparison of Ag(I) combining capacity of recognition ele-
ments. As a calculated reference standard, this determination had the
potential to be of great benefit to the design and optimization of sensing
components, thus facilitating the construction of sensors. Based on the
principle of calculation, we also hypothesize that there is great proba-
bility to generalize the approach to appraise affinities of any other metal
ions to various biomolecules.
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