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Application of Peptide Synthesis in Metal Ion Detection

Metal ions play a critical role in environmental monitoring,
biomedical diagnostics, and industrial quality control. For instance, heavy
metal ions such as mercury, lead, and cadmium exhibit high toxicity, while
ions like zinc, copper, and iron perform vital functions in physiological
processes, with imbalances linked to various diseases. Consequently,
developing highly selective and sensitive metal ion detection methods is
paramount. Traditional detection methods like atomic absorption
spectroscopy, while precise, are hindered by expensive equipment and
complex operation, making rapid on-site detection difficult. Synthetic
peptides, with their precisely designable structures, ease of modification,
and high selectivity and affinity for metal ions, have emerged as ideal
molecular recognition elements for constructing next-generation high-
performance metal ion sensors. This review summarizes the design
principles, application progress, and future challenges of metal ion
detection strategies based on synthetic peptides.
I. Core Advantages of Peptides as Detection Elements

Synthetic peptides demonstrate unique advantages in metal ion
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sensing, primarily due to their customizable chemical structures and
diverse signal transduction mechanisms.

Structural Programmability: Through solid-phase peptide synthesis,
amino acid sequences can be precisely controlled to rationally design
binding pocket geometry, charge distribution, and coordinating atoms (e.g.,
imidazole nitrogen from histidine, sulthydryl from cysteine, carboxyl
oxygen from glutamic/aspartic acid), enabling highly selective binding to
specific metal ions.

High Affinity and Selectivity: Peptides can mimic binding domains of
natural metalloproteins (e.g., metallothioneins, zinc finger proteins),
leveraging multidentate coordination and pre-organization effects to
exhibit nanomolar or even picomolar affinities for target ions. They
effectively distinguish oxidation states (e.g., Fe**/Fe**) or similar ions (e.g.,
Cd?* vs. Zn?").

Ease of Signal Transduction: Peptide chains facilitate covalent linkage
to diverse signal reporting groups—including fluorophores, electroactive
molecules, or nanoparticles—translating metal ion binding events into
measurable optical, electrochemical, or colorimetric signals.

Excellent Biocompatibility: Peptide sensors enable intracellular metal
ion imaging and detection with minimal interference in biological samples.
I1. Design Strategies for Peptide Sensors

Based on the target metal ions and detection requirements, the design
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of peptide probes primarily follows these strategies:
1. Design based on natural metal-binding domains

This is the most direct and effective approach. It involves directly
synthesizing or mimicking known metal ion-binding sequences found in
natural proteins.

Example: Designing short peptides containing multiple cysteine
residues to mimic metallothionein for detecting soft metal ions like Hg?*
and Cd**; synthesizing histidine-rich peptide segments for chelating
transition metal ions such as Ni?*, Cu?*, and Zn?*.

2. De Novo Rational Design

Design binding sequences from scratch based on the coordination
geometry and chemical properties of target metal ions. This requires deep
understanding of amino acid side-chain coordination capabilities.

Example: To detect tetrahedrally coordinated Zn?*, design a peptide
containing two histidine and two cysteine residues to form an ideal
tetrahedral coordination environment.

3. Combinatorial Library Screening and Optimization

When explicit design templates are unavailable, synthetic chemistry
can generate random peptide libraries. Screening against immobilized
metal ions identifies high-affinity sequences, which are then optimized via
site-directed mutagenesis.

4. Conformation Change-Induced Signal Output
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This constitutes the core detection mechanism. Designing peptides to
undergo significant conformational shifts upon metal ion binding alters
their physicochemical properties and generates detectable signals.

Primary Conformational Changes:

Disordered to Ordered: The peptide chain remains flexible and
disordered in the unbound state but folds into stable a-helix or B-sheet
structures upon binding.

Aggregate State Changes: Ion binding induces peptide self-assembly
or disassembly, such as forming nanofibers or aggregates.

III. Detection Modes and Specific Applications

Based on signal output methods, metal ion detection using peptides
can be primarily categorized as follows:
1. Fluorescence Detection

This is the most commonly used mode, offering high sensitivity and
ease of operation.

Fluorescence  Enhancement/Quenching Type: Donor-acceptor
fluorescent pairs are attached to opposite ends of the peptide. Metal ion
binding induces peptide chain folding or aggregation, altering the distance
between the two fluorophores. This changes the fluorescence intensity or
wavelength via fluorescence resonance energy transfer (FRET). For
example, probes for Cu*" detection often exhibit fluorescence quenching
upon binding.
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Environment-Sensitive Fluorophores: Utilize fluorophores whose
emission properties are sensitive to local microenvironments (e.g., polarity,
viscosity). When metal ion binding induces peptide conformational
changes, altering the fluorophore's environment, the fluorescence signal
shifts.

Intracellular imaging: Transfection or delivery of engineered
fluorescent peptide probes into living cells enables dynamic monitoring of
intracellular free metal ion concentration changes and distribution.

2. Electrochemical Detection

Peptides immobilized on electrode surfaces detect metal ion binding
events by altering the electrode interface's electron transfer impedance or
current signals.

Impedance Spectroscopy: Metal ions bind to peptides on the electrode
surface, hindering electron transfer and increasing charge transfer
resistance. The change in resistance correlates with ion concentration.

Voltammetry: Detection relies on changes in redox currents before
and after ion binding, utilizing electroactive molecules (e.g., methylene
blue) coupled to the peptide. This method is easily miniaturized and
suitable for portable device development.

3. Colorimetric Detection
Typically combined with nanomaterials. For example, modifying

peptides onto gold nanoparticles. In the presence of specific metal ions,
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induced peptide conformational changes cause nanoparticle aggregation or
dispersion, resulting in visible color shifts in the solution (e.g., red turning
blue). This method requires no complex instrumentation and is suitable for
rapid on-site screening.

4. Other Detection Modes

Includes surface plasmon resonance and quartz crystal microbalance,
enabling highly sensitive detection by monitoring real-time changes in
mass or refractive index caused by metal ion binding.

I'V. Challenges and Future Outlook

Despite its clear advantages, this field still faces several challenges.
Future development should focus on the following directions:

Enhancing selectivity and interference resistance: Complex real-
world samples (e.g., serum, wastewater) contain numerous competing ions
and organic compounds that may interfere with detection. Future efforts
should improve probe reliability in complex matrices through more precise
sequence design combined with pocket engineering, or by introducing
multiple recognition logic gates.

Enhancing sensitivity and detection limits: For ultra-low
concentration metal ion detection, signal amplification strategies must be
developed. This includes integrating enzyme-linked reactions or nucleic
acid amplification techniques to construct cascade amplification sensors.

Achieving quantitative and multi-target detection: Currently, many

DilunBio Peptide Synthesizer :www.peptidescientific.com. — 6 —



https://www.peptidescientific.com./

probes are primarily used for qualitative or semi-quantitative analysis. Key
trends include developing peptide sensors with broad linear ranges for
precise quantification, and creating “array sensors” capable of
simultaneously distinguishing and detecting multiple metal ions.

Advancing Practical Application and Device Integration: Integrating
high-performance peptide probes with portable readout devices (e.g.,
smartphone-compatible detection modules) to develop low-cost, user-
friendly point-of-care testing equipment is key to transitioning these
technologies from the laboratory to real-world applications.

Deepening Understanding of Binding Mechanisms: Leveraging
computational chemistry and molecular dynamics simulations to more
accurately predict and optimize peptide-metal ion interactions, thereby
guiding rational design.

V.Conclusion

Chemically synthesized peptides provide a highly flexible and
powerful molecular engineering platform for metal ion detection. By
precisely designing amino acid sequences, recognition elements with
“lock-and-key” selectivity for specific metal ions can be tailored,
converting binding events into diverse optical and electrical signals. From
highly sensitive laboratory fluorescence detection to instrument-free on-
site colorimetric screening, peptide-based sensors demonstrate broad

application prospects. Although challenges remain in adapting to complex
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samples, achieving quantitative accuracy, and integrating devices, the
convergence of peptide chemistry, analytical chemistry, and
microfabrication technologies positions these bio-inspired smart sensors to
play an increasingly vital role in future environmental monitoring, food
safety control, and disease diagnosis. They offer innovative solutions for

precise, convenient, and real-time analysis of metal ions.
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