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Abstract

Magnetotactic bacteria (MTB) have attracted interest in recent years, mainly due to their
natural ability to form intracellular magnetic nanocrystals with potential for biomedical
and environmental applications. In this study, we focused on the morphological analysis
of the Paramagnetospirillum magnetotacticum MS-1 strain, trying to keep the bacteria as
close to their natural state as possible. An important element of this work is the use of
untreated bacterial cells, without conductive coating or chemical fixation, using a simple
and low-cost support. This choice was made intentionally to avoid changes induced by
metallization and to allow direct observation of characteristics that may be relevant in
applications where the interaction of the bacteria with the environment plays an important
role, such as biosensors. In addition, the analysis was performed on a bacterial suspension
stored for approximately 10 months at 4 °C to assess whether the morphology specific to
the MS-1 strain is maintained over time. The obtained results show that the general cell
morphology and magnetosome organization can be clearly and reproducibly observed
even after long-term storage. Without attempting to replace studies based on conven-
tional sample preparation methods, this work provides a complementary perspective and
suggests that magnetotactic bacteria may represent a natural and effective alternative
to synthetic magnetic nanoparticles, with potential applications in the biomedical and

environmental fields.

Keywords: magnetotactic bacteria; Paramagnetospirillum magnetotacticurn MS-1; magnetosomes;
natural magnetic nanoparticles; drop-casting method; flexible TEM grid; microscopic techniques

Materials Science and Engineering Department, Faculty of Materials and Environmental Engineering,

Eut+ Institute for Nanomaterials & Nanotechnologies EUTINN, European University of Technology,

1. Introduction

Magnetotactic bacteria represent a diverse group of prokaryotic, Gram-negative, and
motile microorganisms found mainly in aquatic environments, particularly at the oxic—
anoxic interface in water columns or sediments. These bacteria move using flagella and
have the ability to orient themselves along the lines of the Earth’s magnetic field, a behavior
known as magnetotaxis. This property gives them an important adaptive advantage,
allowing them to more efficiently locate areas with optimal oxygen conditions in chemically

and redox-stratified environments [1-4].
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A defining feature of MTB is the presence of magnetosomes, biomineralized structures
formed from magnetic nanocrystals of magnetite (Fe304) or greigite (Fe3S4), enclosed in a
phospholipid membrane. The relatively uniform dimensions of these crystals, typically
between 35 and 120 nm, give them magnetic stability and a permanent magnetic moment,
making them single-domain particles. Magnetosomes are usually organized in intracel-
lular chains, which allows bacteria to passively align with magnetic field, similar to a
small magnetic needle [5-9]. Due to their high crystalline quality, natural biocompati-
bility, and magnetic stability, magnetosomes have significant advantages over synthetic
magnetic nanoparticles [5,8,10].

In the context of increased interest in biological materials usable in nanotechnol-
ogy, biomedicine, and environmental applications, MTBs have been proposed as natural
platforms for biosensors, medical imaging, or controlled drug delivery systems [5,11,12].
However, the exploitation of these applications depends directly on a correct structural
characterization of bacteria and magnetosomes. Conventional methods of sample prepara-
tion for microscopy often involve fixation, dehydration, or metallization, procedures that
can alter cell morphology and surface properties, removing samples from their native state
and introducing unwanted artifacts.

Paramagnetospirillum magnetotacticum MS-1 is a Gram-negative, microaerophilic, spiral-
shaped magnetotactic bacterium that synthesizes magnetite with dimensions of approx-
imately 45 nm [13-15]. The aim of this study was to characterize the morphology and
structure of the MS-1 strain using a simple and accessible approach based on the analysis
of untreated cells deposited on a low-cost copper-based TEM grid. Through this strat-
egy, the paper aims to evaluate the feasibility of a rapid microscopic analysis method,
designed to reflect as accurately as possible the natural state of the bacteria and to provide
complementary information to studies based on classical sample preparation methods.

2. Results

2.1. SEM and STEM Analyses of Copper TEM Grid
2.1.1. Untreated with MS-1 Bacterial Cells

Detailed analysis of the morphology, crystal structure, chemical composition, and
organization of magnetosomes requires the use of advanced microscopic techniques that
allow visualization of the bacterial surface and the distribution of magnetosomes, as well
as information regarding the mapping of chemical elements or aspects related to the
topography of the bacterial surface. In this regard, we analyzed the bacteria using SEM and
STEM, with the aim of studying the external cellular morphology, identifying the shape of
the bacteria and their size but also attempting to visualize the magnetosome chain visible
on the cell surface.

In this analysis, a single TEM-grid support was used through several analysis tech-
niques (SEM, STEM, EDX, and later AFM) to understand its characteristics and composition
as a feasible support in MTB analysis.

SEM and STEM investigations, as shown in Figure 1, illustrate the morphology of a
copper-based TEM grid used as a sample support, before the deposition of MS-1 bacterial
cells. The SEM images highlight the surface, free of contaminants or residual particles,
confirming that the grid is untreated and in the absence of artifacts that could interfere
with subsequent bacterial sample analysis.

https:/ /doi.org/10.3390/molecules31020253
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Figure 1. SEM (A) and STEM (B) imaging of an untreated copper-based TEM grid.

2.1.2. Treated with MS-1 Bacterial Cells

The analysis of MS-1 by SEM allowed the detailed characterization of the morphology
of MTB and highlighted variations in their shape and size. The MS-1 bacteria have a small
degree of morphological diversity; they have mainly spiral forms, but some of them are
more elongated (Figure 2): morphology (1) more elongated, compared to morphology
(2) with typical spiral shape. The cell surface appears relatively smooth, and at some of
them it was possible to identify flagella. The dimensions of the cells analyzed by SEM
vary; the length oscillates from a few hundred nanometers up to a few micrometers. As
can be seen in Figure 2, the size of the bacteria varies between 1.62 and 5.39 um, while
their width varies between 250 nm and 3.00 um. The ratio between length and width
indicate the differences between elongated and more spiral-shaped bacteria, highlighting
the morphological plasticity of these microorganisms.

Magnetosomes visualized by SEM also show variations in size and number in the
constitution of the chains. Magnetosomal particles generally fall within the range of
30-120 nm [16-18], considered optimal for magnetotaxis, and the shape is predominantly
cuboctahedral. The present measurements fell within the range between 30 and 76 nm for
the MS-1 strain of MTB.

The distribution of magnetosome particles in chains within the same bacterial popu-
lation indicates a considerable dispersion, both in chain length and in organization and
distribution within the cell (13-34 magnetosome crystals per cell). This aspect can be ex-
plained by adaptation to environmental factors, such as oxygen concentration or nutritional
components in the environment, which have direct implications on the organization of
magnetosome chains, on magnetic coercion, and the cellular magnetic moment.

In this way, the characterization of these bacteria by SEM not only highlights the
morphological and structural diversity of MTB, but also provides essential data for un-
derstanding the relationship between shape, size, and functionality within this group
of microorganisms.

https:/ /doi.org/10.3390/molecules31020253
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Figure 2. SEM morphology of four (1-4) MS-1 bacteria (sizes between 1.62-5.39 um) and their
magnetosome chains (13-34 magnetosome crystals per cell with sizes of crystals between 36 and
76 nm); MTB—magnetotactic bacteria, MS-1 strain; MC—magnetosome chain.

In STEM, images are obtained by focusing a very thin beam of electrons, which is
systematically scanned along an extremely thin sample. The beam interacts with the
sample, and the resulting electrons are collected by detectors, allowing an image to be
formed, and can reflect both the morphological structure and the internal distribution of
the material [19].

In the present context, the copper-based TEM grid was used to assess the feasibility of
this type of support in MTB, MS-1 strain analysis. The substances dissolved in the culture
medium formed a compact matrix in the holes of the TEM grid, allowing STEM analysis.
As can be seen in Figure 3A, several bacteria could be identified, their distribution and most
importantly the dispersed way in which they are located can also be observed. The essential
aspect that can be deduced is that the bacteria are found rather isolated than in clusters. The
bacteria analyzed in STEM (Figure 3B) presents an elongated morphology, with a length of
3.94 um. STEM analysis allows clear visualization of the magnetosome chain, the organized
distribution inside the cell, as well as the appreciation of its length (28 magnetic crystals).
The analyzed nanocrystals have dimensions between 30 and 50 nm. Thus, STEM analysis
of MS5-1 revealed elongated cells with a helical morphology characteristic of the genus. The
images obtained allowed the clear observation of magnetosome chains arranged orderly
along the longitudinal axis of the cell. These structures appeared as nanoparticles with
uniform dimensions and high contrast (Figure 3).

https:/ /doi.org/10.3390/molecules31020253



Molecules 2026, 31, 253

20.0 um

Figure 3. STEM image of MS-1 bacteria; (A)—STEM imaging of TEM grid with bacteria distributed on
it, (B)—STEM imaging of MS-1 (length of 3.94 um) and their magnetosome chain (28 magnetic crystals
with sizes between 30 and 50 nm); bacteria indicated by orange arrows, MC—magnetosome chain.

2.2. EDX Analysis of a Copper TEM Grid
2.2.1. Untreated with MS-1 Bacterial Cells

EDX analysis performed on the untreated copper grid, as shown in Figure 4, revealed a
spectrum dominated by the characteristic signal of copper, confirming the basic composition
of the support used. In the spectrum, moderate intensity signals for sodium and weaker
signals for iron, calcium, and chlorine, as well as for carbon, oxygen, aluminium, and
magnesium were also observed. The presence of carbon and oxygen can be explained by
the existence of the thin carbon film of the grid and by the adsorption of compounds from
the ambient air, while sodium, calcium, and chlorine suggest possible saline residues from
the handling of the grid. Iron, aluminium, and magnesium can be attributed to minor
contamination with metal particles or dust, occurring during the manufacturing process
or handling. The low intensities of these signals indicate that they represent a minimal
background, which does not compromise the subsequent interpretation of the data [20-22].
Establishing this elemental profile is important because it provides a reference standard
for the analysis of biological samples subsequently loaded onto the grid, allowing for the
clear distinction of contributions from bacterial cells and magnetosomes from possible
surface contaminations.

https:/ /doi.org/10.3390/molecules31020253
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Figure 4. SEM image and EDX maps obtained on an untreated copper TEM grid; the square areas
that appear black correspond to the gaps (mesh) in the grid, where no material is present and no EDX
signal is detected. The colored areas in the EDX maps represent the solid edges of the grid, where the

characteristic elements of the support are detected.

2.2.2. Treated with MS-1 Bacterial Cells

EDX analysis of MS-1 allowed the determination of the elemental distribution of
intracellular components, in particular magnetosomes, which contain iron-rich nanocrystals.
By detecting the X-rays emitted by the sample, following electron beam excitation, EDX

https:/ /doi.org/10.3390/molecules31020253
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provided precise information on the chemical composition of intracellular structures,
as shown in Figure 5. In the case of MS-1 magnetosomes, the spectrum obtained by
X-ray point scan highlights the presence of iron and oxygen, confirming the controlled

biomineralization of magnetite.

Element Line Weight % Atem % Element Line Weight % Atom %
CK 8.2 16.7
CK 23 5.6 0K 282 43.0
oK 313 56.8 Na K 18.8 20.0
Na K 0.0 0.0 J'_lf ;f g-g g-g
A . ,
MgK 0.5 0.6 e e -
ALK 49 53 K 0.6 04
CIK 0.0 0.0 Cal 0.0 0.0
Cal 0.0 0.0 Fel 4.1 1.8
Cu L 243 9.3
Fel 61.0 31.7 Znl %0 74
Total 100.0 100.0 Total 100.0 100.0
C
Element Line Weight % Atom %
(i) (ii) (i) (i)
CK 20.6 226 342 395
NK 7.8 3.1 11.1 4.7
OK 28.6 28.1 35.7 36.8
Na K 6.1 25 5.3 2:0
AlK 19 17 14 1.3
PK 1.2 1.4 0.8 0.9
KK 0.9 0.6 0.5 0.3
FeK 17.9 24.2 6.4 9.1
CuK 14.8 15.8 4.6 52
Total 100% 100% 100% 100%

kev

Figure 5. EDX spectra of (A)—iron oxide; (B)—copper-based TEM grid; (C)—MS-1 bacterial cell on
two magnetosome crystals (i) and (ii) along with percentage of each element identified indicated in
the table corresponding to each analyzed section.

For a better understanding, respectively for the systematic evaluation of the composi-
tion and elemental distribution of MTB, we performed a comparative analysis between the
composition of synthetic iron oxide crystals, the TEM grid, and the MS-1 magnetosomes
(Figure 5A, Figure 5B, and Figure 5C, respectively).

https:/ /doi.org/10.3390/molecules31020253
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Typically, the analysis performed on isolated crystals or on magnetite aggregates
shows a ratio of approximately 70 wt% Fe and 30 wt% O, values that approach the the-
oretical composition of Fe3O4, where Fe represents 72.3 wt% and O 27.7 wt% [23]. Our
EDX measurements on magnetite crystals confirm the expected elemental composition
(Fe and O) while also showing signals from the substrate (Figures 4 and 5A). On the TEM
grid (copper with thin carbon film, Figure 5B), the spectra display peaks of Cu and C, as
well as elements from the culture medium (Zn, Mg, P). These background contributions
must be considered, as accurate identification of the sample’s elemental composition relies
on careful correlation and interpretation of all detected signals.

In the points analyzed directly on the MS-1 magnetosomes (points 1 and 2—Figure 5C),
the EDX spectra revealed a preponderance of iron and oxygen, confirming the nature of the
nanoparticles, corresponding to magnetite. The presence of the weak phosphorus signal in
these regions is associated with the magnetosome membrane, composed of phospholipids
and proteins specific to the biomineralization process. In addition, the residual signals
(C, Na, Cu, N, Al, K) can be attributed to the bacterial organic matrix.

EDX analysis of the non-magnetosome regions near magnetotactic bacteria, shown
in Figure 5B, shows that oxygen is present in a fairly high proportion, approximately 43%
atomic, while iron appears only in very small quantities, around 1.8%. In contrast, the
magnetosomal regions analyzed in points 1 and 2 in Figure 5C show a completely different
profile: oxygen remains high, around 36%, but iron is much more concentrated, reaching
6-9% atomic. This contrast clearly highlights that magnetosomes are the place where
iron accumulates, while the surrounding areas contain only traces, supporting the idea
that magnetosome formation involves a localized concentration of Fe and O, specific to
magnetite. Of course, the values are not perfectly uniform (taking into account the presence
of other elements), which probably reflects natural variations within the cell and/or the
limitations of the EDX technique, but the trend is clear and consistent with the literature.

A study by Amor et al. [24] indicates that, although a significant proportion of cellular
iron is concentrated as magnetite crystals within magnetosomes (approx. 30%), a notable
fraction remains diffusely distributed in the cytoplasm or as a mobile pool of (reducible)
Fe(II) and protein-bound complexes. This indicates the existence of intermediate forms or
storage forms of iron involved in the controlled biomineralization process. The constant iron
EDX signal in the measured points on MS-1 magnetosomes emphasizes the strict control of
the biomineralization conducted by the bacteria, and the homogeneous distribution of iron.
All these findings confirm the data in the literature regarding the partial storage of iron in
the composition of magnetosomes and its diffuse presence in the cytoplasm [24].

Overall, the combined SEM/STEM-EDX analysis confirms that the magnetosomes
produced by MS-1 are predominantly composed of iron oxides, their ordered organization
in chains being a consequence of the rigorous biological control exercised during biominer-
alization. The elemental distribution on MS-1 reflects the precise compartmentalization of
the biochemical processes involved in the formation and stabilization of these nanocrystals.
The EDX method thus offers a powerful combination of structural and chemical analy-
sis and contributes to the understanding of how MS-1 magnetotactic bacteria internally
organize their magnetosomes to achieve optimal magnetotactic behavior.

2.3. AFM Analysis of a Copper TEM Grid
2.3.1. Untreated with MS-1 Bacterial Cells

AFM images in height sensor mode obtained on the untreated copper TEM grid, as
shown in Figure 6, at different scan sizes (1 um, 3 um, and 5 pm), highlight the characteristic
surface morphology of the support. The topography shows a rough surface (average RMS
value of 5.09 nm, 4.31 nm, 8.36 nm at 1 um, 3 pum, and 5 um, respectively). Thus, the asperi-

https:/ /doi.org/10.3390/molecules31020253
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ties are relatively homogeneously distributed, associated with the natural microtexture of
the carbon film and the granulation of the copper layer (copper grain diameter of 58.7 nm,
121.6 nm, 203.7 nm at 1 um, 3 pm, and 5 um, respectively). Analysis of the profile sections
(from left side to right side) shows height variations of the order of a few nanometers up to
a few hundred nanometers, which confirms the absence of macroscopic contaminants and
residual deposits (Figure 6).

m 100 20 0 ©0 500 600 700 200 900 am

Figure 6. AFM measurements of untreated copper-based TEM grid in the intersection regions
between meshes, images of the surface measured of the TEM grid at 1.00 um (A), 3.00 pm (B), and
5.00 um (C) (the particle size corresponding to the grid is marked with Arabic numerals, and the
sections corresponding to the RMS are marked by letters). Note: AFM measurements indicate that,
for the 1 um grid, the RMS of the analyzed sections (a—c) varies between 2.069, 4.868, and 8.362 nm
(the colored letters (a—c) correspond to the colored lines in the image below), while the copper grain
particle sizes measured in regions 1-3 are 57.6, 70.1, and 48.6 nm, respectively. In the case of the 3 um
grid, the RMS values (a—d) range from 2.54, 7.69, 2.72, and 7.65 nm across the investigated sections,
whereas the particle sizes (1-3) vary between 83.7, 134.8, and 146.5 nm. For the 5 um grid, a higher
surface heterogeneity is observed, with RMS values (a—d) between 4.92, 6.90, 13.27, and 7.98 nm,
accompanied by significantly larger particle sizes (1-3) of 314.7, 143.8, and 152.8 nm. RMS—Root
Mean Square.

The AFM measurements reveal the topography without prominent foreign parti-
cles, confirming that the grid is untreated and suitable for use as a reference support in
subsequent real sample experiments. These results establish a control profile of surface
roughness and morphology, which can be used for comparison with samples loaded with
MS-1 magnetotactic bacteria and their magnetosomes.

2.3.2. Treated with MS-1 Bacterial Cells

To obtain a detailed insight into the morphology and topography of the surface
of bacteria, AFM analyses were performed on MS-1. The images obtained provided a
faithful representation of the cellular structure and highlight the specific organization of
these magnetotactic microorganisms. In Figure 7, we present the topography (in height
sensor mode—Figure 7A) and peak force error channel images (Figure 7B), both acquired
simultaneously during the scan. The height sensor images provide real height values, but

https:/ /doi.org/10.3390/molecules31020253
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the visual representation may lose clarity in areas where the geometry of the bacteria is
highly distorted. On the other hand, the Peak Force Error signal highlights rapid changes
in relief, producing a light-shadow contrast that highlights fine surface details, difficult to
distinguish from the topography alone. It is important to emphasize that peak force error
has an exclusively illustrative role, not being suitable for morphometric quantifications, for
which only the images obtained in height sensor are used [25-28].

’

Figure 7. AFM images of MS-1 strain of MTB on copper-based TEM grid at different scales (15, 10,
and 5 um, respectively); (A)—height sensor images; (B)—peak force error images.

The AFM image obtained on MS-1 (Figure 8) highlights the specific topography of an
elongated cell, with spiral morphology, characteristic of the genus Magnetospirillum. The
cell presents a continuous, homogeneous surface, without obvious discontinuities, which
indicates good structural preservation during the analysis of the sample. The topographic
analysis allows the estimation of a length of the bacterium of approximately 3.78 pm,
a value consistent with the data obtained by analyzing the bacterium using SEM and
STEM echniques.

The topographic contrast reveals fine variations in the surface relief, attributed to
the internal chain of magnetosomes aligned along the longitudinal axis, which determine
small changes in the locally measured height. Thus, the average roughness values obtained
for the bacterial surface indicate a slightly wavy texture, associated with the internal
distribution of magnetosomes and ultrastructural variations of the cell membrane (values

https:/ /doi.org/10.3390/molecules31020253
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of 11.20 nm and 13.64 nm at the bacterial ends, and 21.15 nm in the central portion,
respectively). In comparison, the RMS values of the background matrix, representing the
solidified medium in which the bacteria are suspended, are smaller and relatively close
(13.53 nm and 11.97 nm), which confirms the clear delimitation between the bacterial
surface and the supporting substrate. This difference between the roughness of the bacteria
and that of the matrix highlights the fidelity of the AFM measurements and allows the
correlation of the observed morphological details with the internal structure specific to
magnetotactic bacteria.

Figure 8. AFM analysis of copper-based TEM grid treated with MS-1 (bacteria size 3.78 um). Note:
For the MS-1 cell section (5 um), the RMS values measured at three points (at the ends and central
portion of the bacteria: (a—c) are 11.20, 21.15, and 13.64 nm, respectively. In the surrounding back-
ground matrix, the RMS measured in regions (d,e) is 13.53 and 11.97 nm. RMS refers to root mean
square roughness.

3. Discussion

In this study, a long-term stored bacterial suspension was used instead of a freshly
isolated one to evaluate how well MS-1 bacteria retain their structural and magnetic
properties over time. This approach provided us with essential information about their
long-term functional stability and potential relevance in practical applications, where
resistance to different environmental conditions is critical.

Sample preparation typically involves fixation, dehydration, and coating with a con-
ductive layer (gold, or carbon), procedures that can alter the native structure of the cells
and modify the surface appearance, generating morphological artifacts that are difficult
to distinguish from real features [29-32]. Also, because MTB are microaerophilic or strict
anaerobic bacteria, their exposure to oxygen during sample preparation can affect cell
viability and the integrity of intracellular compounds, including magnetosomes that are
sensitive to environmental chemical conditions [29,31,33-35]. The authors proposed the
standalone analysis of the MS-1 strain of MTB, without prior coating with a conductive
layer. The reasoning and motivation in this regard stemmed from the observation of the
limited number of publications performing SEM characterization of MTB strains [36-38],
especially on the MS-1 strain [15,39,40].

https:/ /doi.org/10.3390/molecules31020253
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Analysis of the MS-1 strain using advanced microscopy (SEM, STEM, EDX, and AFM)
provided comprehensive insight into the morphology, structure, and chemical composition
of the bacteria. Each method provided complementary information, but most importantly,
it confirmed the feasibility of the low-cost TEM metal substrate used in these experiments.
SEM provided information on the external morphology, shape, and distribution of mag-
netosomes [29,41,42] without using a conductive coating, which allowed the bacteria to
be observed as close to their natural state as possible. STEM complemented these data
by visualizing the internal structure and alignment of the magnetosome chains [43—45].
EDX confirmed the chemical composition of the magnetosomes and highlighted the differ-
ence between the signals coming from the substrate and those from the bacteria [46-52].
AFM was useful for analyzing the topography of the substrate and the deposited bacte-
ria, demonstrating the efficient attachment of the cells and the real differences from the
substrate background [53,54].

The combined results show that copper-based TEM supports can be used for MS-1
characterization, with certain limitations. SEM, STEM, and EDX allow faithful reproduction
of the investigated features, but protocols must be adapted to experimental conditions.
AFM can be used, but the presence of substrate roughness can hinder topographic analysis.

Overall, the study highlighted both the advantages and limitations of using this
type of low-cost substrate in the microscopic analysis of marine magnetotactic bacteria,
emphasizing the novelty of the work: the identification and characterization of bacteria in a
state as close as possible to their natural state, using an accessible and reproducible method.

4. Materials and Methods
4.1. Bacterial Culture

Paramagnetospirillum magnetotacticum MS-1 (DSMZ:DSM 3856) grown in standard
culture medium provided by the supplier contains 100 uM of Fe(Ill) quinate solution,
seven-vitamin solution, and mineral solution [55,56]. We used an aged bacterial suspension
(10 months at 4° C), not a fresh or newly isolated one, in order to investigate and highlight
their stability over time.

4.2. Support and Sample Preparation

A drop of MS-1 bacterial suspension (equivalent to 5 pL) was added to the assay
support, a copper-based TEM grid, 200 mesh grids (pitch 127 um, hole width 90 pm, bar
width 37 um) (Ted Pella. Redding, CA, USA). In order to prevent possible contamination
when handling, the TEM grid was sampled using a sterile loop. Initially, a 10 uL loop
(3 mm diameter) was used. However, due to the larger diameter of the loop, it was adjusted

using a 1 pL loop (diameter of 0.5 mm); see Figure 9.

Copper-based TEM grid 10ul loop (4 = 3mm) 1ul loop (9 = 0.5mm)

Figure 9. Copper-based TEM grid manipulation.
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4.3. Microscopic Characterization

MS-1 bacteria were directly adsorbed onto a copper-based TEM grid for SEM, STEM,
and EDX analyses. Imaging was performed using a Hitachi FEG SU8030 scanning electron
microscope (Hitachi High-Technologies Corporation, Tokyo, Japan) under vacuum condi-
tions ranging from 5 to 25 kV, with a working distance of 10-15 mm. AFM analysis was
performed on bacteria adsorbed on copper-grid TEM. Images were obtained with a Bruker,
Dimension Icon atomic force microscope (Bruker Corporation, Billerica, MA, USA). The
measurements were carried out in air, in ScanAsyst mode, using a silicon tip on a nitride
lever and a cantilever with k of 0.4 N/m, fO of 70 kHz.

5. Conclusions

The integrated application of advanced microscopic techniques (SEM, STEM, EDX, and
AFM) on the strain Paragmnetospirillum magnetotacticum MS-1 allowed obtaining a complex
and complementary picture of the morphology, composition, and organization of bacteria
and their magnetosomes. SEM and STEM provided detailed information on the structure of
the cells and the arrangement of the magnetosomal chains, EDX confirmed the presence of
key elements (especially Fe and O) associated with magnetite crystals, and AFM highlighted
the dimension and contour of the cell at the nanometric scale, completing the structural
data. The results support the idea of a controlled biomineralization process, characteristic
of MTB, and also reveal the existence of intracellular fractions of non-crystallized iron, with
relevance for understanding bacterial metabolism.

The use of low-cost copper-based TEM grid support has proven relatively effective for
cross-analysis by all four techniques, representing an accessible and reproducible solution
for morphological, structural, and elemental studies, with the condition that a rigorous
analysis of the signals coming from the substrate is performed.

Beyond the methodological value, these advanced analyses contribute to the consoli-
dation of the role of MTB as sensitive bioindicators and functional nanostructured materials,
given their sensitivity to variations in the redox environment and their ability to reflect
changes in iron and oxygen concentrations. Thus, the use of several advanced microscopy
techniques for characterizing MS-1 not only expands the understanding of the biological
mechanisms of biomineralization but also provides valuable information for biomedical
and biosensors applications, as well as for ecological surveillance and assessment of the
health of ecosystems.
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Abstract: Interleukin-6 (IL-6) detection and monitoring are of great significance for evaluating the
progression of many diseases and their therapeutic efficacy. Lateral flow immunoassay (LFIA) is one
of the most promising point-of-care testing (POCT) methods, yet suffers from low sensitivity and
poor quantitative ability, which greatly limits its application in IL-6 detection. Hence, in this work,
we integrated Augpe) nanoparticles (NPs) as new LFIA reporters and achieved the colorimetric and
photothermal dual-mode detection of IL-6. Augpe; NPs were conveniently prepared using a galvanic
exchange process. By controlling the shell thickness, their localized surface plasmon resonance (LSPR)
peak was easily tuned to near-infrared (NIR) range, which matched well with the NIR irradiation
light. Thus, the Augpe NPs were endowed with good photothermal effect. Augpe;p NPs were then
modified with IL-6 detection antibody to construct Augpey probes. In the LFIA detection, the Augpep
probes were combined with IL-6, which were further captured by the capture IL-6 antibody on the test
line of the strip, forming a colored band. By observation with naked eyes, the colorimetric qualitative
detection of IL-6 was achieved with limit of 5 ng/mL. By measuring the temperature rise of the
test line with a portable infrared thermal camera, the photothermal quantitative detection of IL-6
was performed from 1~1000 ng/mL. The photothermal detection limit reached 0.3 ng/mL, which
was reduced by nearly 20 times compared with naked-eye detection. Therefore, this Augyj-based
LFIA efficiently improved the sensitivity and quantitative ability of commercial colloidal gold LFIA.
Furthermore, this method showed good specificity, and kept the advantages of convenience, speed,
cost-effectiveness, and portability. Therefore, this Augpe-based LFIA exhibits practical application
potential in IL-6 POCT detection.

Keywords: Augpe) nanoparticles; Interleukin-6; lateral flow immunoassay; colorimetric detection;
photothermal detection

1. Introduction

Interleukin-6 (IL-6) is an important pleiotropic cytokine, which is closely related to im-
mune regulation, inflammation, hematopoiesis, oncogenesis, and so on [1,2]. The IL-6 level
increases in many diseases, such as infectious diseases, immunological diseases, multiple
sclerosis, Alzheimer disease, and various cancers [3-5]. The increase degree is positively
correlated to the severity of disease [6-8]. Now, IL-6 detection and monitoring have been
used to evaluate the progression of many diseases and their therapeutic efficacy. Currently,
clinical detection methods including enzyme linked immunoassay, radioimmunoassay, and
chemiluminescent immunoassay have high sensitivity and accuracy, yet suffer from the
drawbacks of time-consuming and complicated manipulation, sophisticated equipment,
and a high dependence on professional staff and workplaces [9-11]. With the increasing
demand for point-of-care testing (POCT) and home self-testing, it is very necessary to
develop simple, rapid, sensitive, and low-cost methods for detecting IL-6.
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Lateral flow immunoassay (LFIA) possesses the characteristics of convenience, porta-
bility, rapidity, and cost-effectiveness, which does not require complicated instruments or
skilled staff [12-14]. Thus, LFIA shows promising advantages in POCT. As a successful ex-
ample, pregnancy test strips have been applied by numerous people to achieve rapid home
self-test, avoiding the trouble of going to hospital. However, nearly all of the commercial
LFIAs use gold nanoparticles (NPs) as reporters. These colloidal gold strips can only give a
“yes or no” result and cannot achieve accurate quantification. Moreover, due to the limited
localized surface plasmon resonance (LSPR) effect of gold NPs, colloidal gold strips exhibit
low sensitivity [15-17]. These limitations greatly restrict their application to IL-6 detection.

Recently, researchers have made various efforts to improve the performance of tra-
ditional LFIA. On the one hand, researchers have developed various signal amplification
methods to enhance the colorimetric signals on the test zones, such as enzyme-based color
enhancement and in situ noble metal shell growth [18-21]. These methods indeed increase
the sensitivity for naked-eye determination. However, the additional amplification steps
usually make the manipulation more complex and time-consuming. On the other hand,
some researchers have modified the LFIA and developed a vertical flow assay (VFA) [22,23].
VFA can process a greater volume of samples or high-viscosity samples, thus improving
the detection sensitivity. But VFAs usually have complicated operation principles, making
them unable to compete with LFIAs in practice [24]. Compared with the first two attempts,
integrating new nanomaterials with better signals into a LFIA to replace gold NPs may be
a more convenient and effective method to improve the limitations of traditional LFIAs.
Currently, quantum dots, surface-enhanced Raman scattering nanomaterials, magnetic
nanomaterials, photothermal nanomaterials, and so on have been used in LFIAs, achiev-
ing higher sensitivity and accurate quantification [25-29]. Among all these new labels,
photothermal nanomaterials can convert light into heat, producing temperature rises as
signals, which do not need a complex or expensive readout instrument [30-32]. Moreover,
the development of highly sensitive infrared cameras which can distinguish £0.025 °C
makes photothermal sensing usually have a high resolution [33,34]. Furthermore, the tem-
perature signal is hardly interfered by the matrix color, endowing photothermal detection
with a strong anti-interference ability [34,35]. Thus, photothermal nanomaterials have
become one of the most promising LFIA reporters. For example, Zhang et al. constructed
a black phosphorus-Au nanocomposite to function as a LFIA signal probe and achieved
an ultrasensitive detection of 17(3-estradiol and mycotoxin zearalenone with limits of 50
pg/mL and 10 pg/mL, respectively, which was nearly 100-fold more sensitive than a visual
LFIA [36,37]. As another example, Hao et al. prepared ReSe; nanosheets using liquid
exfoliation, and with them a photothermal LFIA detection of human anti-SARS-CoV-2 S
protein antibodies was performed with a detection limit of 0.86 ng/mL, which was 108-fold
lower than that of the colorimetric signal [38]. In recent years, our group also has been
dedicated to developing photothermal LFIAs. For example, we designed dumbbell-like Au-
Fe304 NPs with a seed-mediated growth method, and realized the sensitive photothermal
detection of Salmonella and SARS-CoV-2 [39,40]. The above studies show that integrating
photothermal nanomaterials as new reporters indeed improves the detection sensitivity of
a traditional LFIA. However, most of the photothermal nanomaterials usually comprise
two parts: the colorimetric part such as Au and the photothermal part such as black phos-
phorus. Thus, the preparation procedures of most of the photothermal nanomaterials were
much more complicated than gold NPs, limiting their practical application. Therefore, it is
necessary to develop a photothermal LFIA reporter with a simple and low-cost synthetic
method.

At present, near-infrared (NIR) irradiation light is most commonly used in photother-
mal detection, which can greatly reduce the background signal. Thus, to obtain a good
photothermal effect, it is very necessary to tune the nanomaterials” LSPR absorption peak
to the NIR range. As reported, the gold nanoshells” LSPR peak can be easily tuned from the
visible to the NIR range just by controlling the shell thickness [41,42]. Hence, in this work,
we used a galvanic exchange process to prepare NIR gold nanoshells, and applied them
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to a dual-mode LFIA detection of IL-6. The gold nanoshells possessed a good colorimet-
ric signal and photothermal effect without combining other photothermal nanomaterials.
Furthermore, the synthesis step could be easily performed. Using gold nanoshells as
LFIA reporters, by observation with naked eyes, the colorimetric qualitative detection
of IL-6 was achieved with a limit of 5 ng/mL. By measuring the temperature change in
the test lines (T lines) after laser irradiation, the photothermal quantitative detection of
IL-6 was performed from 1~1000 ng/mL. Under optimal conditions, the photothermal
detection limit reached 0.3 ng/mL, which was reduced by nearly 20 times compared with
that of naked-eye detection. Therefore, this Auge-based LFIA efficiently improved the
sensitivity and quantitative ability of commercial colloidal gold LFIA, showing a practical
application value.

2. Results and Discussion
2.1. Principle of the Auge;-Based LFIA for Detecting IL-6

As illustrated in Scheme 1A, based on the antibody-antigen reaction, the Augpep
probes combine with IL-6 and then are loaded on the strip; these are then captured by the
IL-6 capture antibody on the T line, forming a colored band. Free Augp,) probes migrate
further and bind with the goat anti-mouse secondary antibody on the control line (C line),
forming a second colored band. Thus, positive samples produce two colored bands, while
in negative samples, no Augpep probe-IL-6 complexes can accumulate in the T line, and
only the Augpey probes are captured by the C line. Thus, negative samples only produce
a colored C line. In cases where the C line does not show any color, it means that the
antibodies on the probes or the strips are inactivated, and the results are invalid. By
observing the color bands with naked eyes, the colorimetric qualitative detection of IL-6
is achieved. By measuring the temperature change in the T lines after laser irradiation,
the photothermal quantitative detection of IL-6 is performed. The typical detection results
of the positive and negative samples are illustrated in Scheme 1B. It can be seen that the
positive sample produced two obvious blue-black bands, while the negative sample only
showed one blue-black control band. In the photothermal images, the T line of the positive
sample showed an obvious high temperature, while the T line of negative sample did not
show any obvious high-temperature zones.
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Scheme 1. (A) Schematic diagram for the principle of the Augpey-based LFIA for detecting IL-6.
(B) Typical naked-eye observation and photothermal results of positive and negative samples.
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2.2. Characterization of Augpey and Augpey Probes

To obtain the best photothermal effect, the LSPR absorption peak of the Augpey NPs
should match the 808 nm irradiation laser. With increasing the amount of chloroauric
acid, the etching enhanced, and the Augep absorption peak red shifted. As shown in
Figure 1A, after five additions of chloroauric acid, the absorption peak reached 779 nm.
Further increasing the chloroauric acid amount would make the peak shift further to longer
wavelength. However, excessive chloroauric acid would destroy the Augne structure,
resulting in gold rings, which would decrease the stability [42]. Hence, through the
comprehensive consideration of the photothermal effect and stability, five additions of
chloroauric acid were chosen. The obtained Augye; showed satisfactory dispersibility with
a diameter of 32.8 nm (Figure 1B,C). After modification with IL-6 detection antibody, their
hydrodynamic diameter increased from 46.96 nm to 62.08 nm (Figure 1D). When the Augpep
and Aughe probes were loaded on the IL-6 strips, only the Augpey probes could produce a
colored C line, while Augpe;y NPs could not accumulate on the C line (Figure 1E). The above
results suggested that the IL-6 detection antibody was successfully conjugated with the
Augpe NPs and retained a good bioactivity.
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Figure 1. (A) UV-Vis spectra and corresponding photos of Aug,e;p NPs with different times of
chloroauric acid additions. (B) TEM image of Augne; NPs. (C) Size distribution of Augpe; NPs.
(D) Hydrodynamic diameter distributions of Aughey NPs and Augpe probes. (E) Photos of the IL-6
strips loaded with Augpe; NPs and Augpeyy probes.

2.3. Investigation of the Optimal Detection Conditions

To achieve the best analytical performance, several important detection conditions
were optimized, such as irradiation power density and time, bovine serum albumin (BSA)
concentration for blocking, Augp) probe concentration, amount of Augpey probes, and incu-
bation time. As shown in Figure 2A, with an increase in the irradiation power density, AT
increased. When 1.44 W/cm? was used, AT reached more than 50 °C, and correspondingly,
the temperature attained from the tested strip reached as high as 99.5 °C. In consideration
of protecting the strips, 1.16 W/cm? was chosen as the optimal power density. Similarly,
with increasing irradiation time, the temperature of the tested strip increased. At 100 s,
the temperature reached a stable and maximum value (Figure 2B), which was chosen
as the optimal irradiation time. For other conditions’ optimization, the condition which
could obtain the highest ratio of the positive sample signal to the negative sample signal
(signal-to-noise ratio) was selected. According to the experiment results (Figure 2C-F),
15% BSA, Augpep probes concentrated by five times, 20 pL of Augpe probes, and 10 min
incubation were finally chosen for further detection.
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Figure 2. Photothermal signals obtained at different irradiation power densities (A), irradiation
times (B), BSA concentrations for blocking (C), Augphe probe concentration times (D), Augpey probe
amounts (E), and incubation times (F). The numbers above the columns are the signal-to-noise ratios.
Error bars = +5D (n = 3).

2.4. Colorimetric Qualitative Detection of IL-6 with the Augy.;-Based LFIA

Under optimal detection conditions, we investigated the colorimetric qualitative
detection performance of the Augney-based LFIA. As shown in Figure 3, the negative
sample only produced one colored C line. When the IL-6 concentration reached 5 ng/mlL,
the T line began to exhibit a visible blue-black color, and with the IL-6 concentration further
increasing, the color of the T line became darker. This was because more IL-6 would
produce more IL-6-Augpe complexes, and hence more Augpe would accumulate on the
T line, thus resulting in a darker color. By observing the T line color, the colorimetric
qualitative detection of IL-6 could be achieved with a naked-eye detection limit of 5 ng/mL.

- - C-line
%
——  e— T-line
1000 100 50 10 5 1 0.1 0 ng/mL

Figure 3. Photos of LFIA strips for detection of different concentrations of IL-6. The asterisk represents
the naked-eye limit of detection (LOD).

2.5. Photothermal Quantitative Detection of IL-6 with the Augy.;-Based LFIA

Under optimal detection conditions, we further investigated the photothermal quan-
titative detection performance of the Augpej-based LFIA. As shown in Figure 4, with the
increase in IL-6 concentration, the AT of the T line increased. In the IL-6 concentration
range of 1~1000 ng/mL, the AT was clearly linear with the common logarithm of the IL-6
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concentration. The LOD was calculated to be 0.3 ng/mL with the standard IUPAC method
(LOD signal = ATpjank + 3SDplank, where ATy is the average AT obtained from 11 blank
samples, and SDy, is their standard deviation). It could be seen that the photothermal
detection not only achieved the quantification of IL-6, but it also enhanced the detection
sensitivity. The photothermal LOD was reduced by nearly 20 times compared with that of
naked-eye detection.
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Figure 4. Linear relationship of photothermal signal (AT) versus IL-6 concentration. The correspond-
ing photothermal images are shown in the inset. Error bars = £5D (n = 3).

2.6. Specificity Investigation

To investigate the specificity of the Augey-based LFIA, several common cytokines
with 10 times higher concentrations than IL-6 were detected. As shown in Figure 5A, IL-6
groups showed obvious colored T line and C line, while in other cytokine groups, the T
lines were invisible, and only the C line exhibited color. When measuring the photothermal
signals, the IL-6 groups showed high AT, while the ATs from other cytokine groups were
very low, which were nearly the same as those from the blank groups (Figure 5B). Hence,
this LFIA had good specificity.

A B soec ¢
50

IL-6 SAA CRP PCT Blank S

IL-6 SAA CRP PCT  Blank

Figure 5. Results from detection of different cytokines with the Augpej-based LFIA. (A) Photos of the
test strips. (B) AT histograms and photothermal images of the test strips.
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3. Experimental Section
3.1. Reagents and Instruments

Polyvinylpyrrolidone, trisodium citrate, potassium carbonate, sucrose, sodium boro-
hydride, chloroauric acid, Tween-20, and silver nitrate were purchased from Macklin
Biochemical Co., Ltd. (Shanghai, China). Bovine serum albumin (BSA) was obtained
from Saiguo biotech Co., Ltd. (Guangzhou, China). PBS (pH = 7.4) was purchased from
Labgic Technology Co., Ltd. (Beijing, China). IL-6, IL-6 detection antibody, IL-6 capture
antibody, goat anti-mouse secondary antibody, serum amyloid protein A (SAA), C-reactive
protein (CRP), and procalcitonin (PCT) were supplied by Henderson Biotechnology Co.,
Ltd. (Qingdao, China). Nitrocellulose (NC) membrane (CN95), sample pad, absorbent pad,
and polyvinyl chloride (PVC) substrate were purchased from Joey-biotech Co., Ltd. (Shang-
hai, China). A UV-Vis spectrophotometer (UV-2450, Shimadzu, Kyoto, Japan) was used to
measure absorption spectra. An electron microscope (JEM 1400, JEOL, Tokyo, Japan) was
used to take transmission electron microscopy (TEM) images. A precision sprayer (HGS510,
AUTOKUN, Hangzhou, China) and high-speed guillotine cutter (HGS210, AUTOKUN,
Hangzhou, China) were used to spray and divide test strips. A Zetasizer Nano ZS instru-
ment (Malvern, Britain) was used to measure hydrodynamic diameter. An infrared thermal
imager (FOTRIC 226s, Shanghai, China) and an 808 laser (FUS808AD2000-F34, Shenzhen,
China) were used to measure photothermal signals.

3.2. Preparation of Au Nanoshells

Au nanoshells were prepared via a nanoscale galvanic exchange process according to
the previous work [42]. A total of 20 mL of 1% trisodium citrate and 75 mL of ultra-pure
water were mixed and heated to 70 °C. After 15 min, 1.7 mL of 1% silver nitrate was added
and 2 mL of 1% sodium borohydride was quickly injected for 1 h reaction to obtain Ag
seeds. Then, 20 mL of Ag seeds and 3.4 mL of 1% silver nitrate were added to the boiling
mixture, containing 4 mL of 1% trisodium citrate and 150 mL of ultra-pure water. The
reaction lasted for 1 h. Afterwards, 4 mL of 1% trisodium citrate and 3.4 mL of 1% silver
nitrate were added to the above mixture for another 1 h reaction. Trisodium citrate and
silver nitrate were added and reacted once again. After cooling down to room temperature,
the above solution was irradiated with 254 nm ultraviolet light for 40 min, and Ag NPs
were obtained. Then, 5 mL of Ag NPs and 45 mL of polyvinylpyrrolidone (1 mg/mL) were
mixed and heated to 100 °C. After 15 min, chloroauric acid was added drop by drop at a
rate of 1 mL/min every 2 min. After 5 times, the reaction was terminated by ice water, and
Au nanoshells were obtained.

3.3. Construction of Augye; Probes Targeting IL-6

Au nanoshells were first concentrated by centrifugation. Then, 1 mL of the concen-
trated Au nanoshells was added with 0.1 mol/L potassium carbonate to adjust pH to 8~9,
and 29.4 pL of IL-6 detection antibody (1 mg/mL) was added for 45 min reaction with
shaking. After that, the Augpe probes were centrifuged and resuspended in BSA solution
for 30 min blocking. Finally, the Augpe probes were washed 3 times using centrifugation
and resuspended in 1 mL of pH = 7.4 PBS containing 1% BSA, 0.5% tween-20, and 1%
sucrose for further use.

3.4. Fabrication of IL-6 LFIA Strips

As illustrated in Scheme 1, the strip was composed of PVC substrate, sample pad, NC
membrane, and absorbent pad. For fabrication, NC membrane was first pasted on middle
of the PVC substrate. Then, 1.7 cm width absorbent pad was pasted on the right with ca.
0.3 cm overlap, and 2.2 cm width sample pad was pasted on the left with ca. 0.3 cm overlap.
T line was sprayed with IL-6 capture antibody (1 mg/mL) and C line was sprayed with
goat anti-mouse secondary antibody (1 mg/mL), both at a rate of 1 uL/cm. Finally, the
strips were dried at 37 °C and then cut into 3 mm width for use.
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3.5. Detection of IL-6 with the Augp,;-Based LFIA

Typically, 20 uL of sample solution were added with Augpe); probes, which were further
added with PBS (pH = 7.4, containing 1% BSA, 0.5% tween-20, and 1% sucrose) to make the
total volume reach 50 uL. The above mixture was added to a microplate. After incubation
with gentle shaking, the sample pad of the LFIA strip was immersed in the solution. After
15 min, by observing the T line colors with naked eyes, colorimetric qualitative detection of
IL-6 was achieved. By measuring temperature change (AT) of T lines after 808 nm laser
irradiation, photothermal quantitative detection of IL-6 was performed. To eliminate the
impact of irradiation on the strip temperature, AT was defined as follows:

AT=T; — T, 1)

where T; and Ty are, respectively, the temperature of the highest temperature zone attained
from the tested strip and unused strip after irradiation.

3.6. Optimization of the Detection Conditions

For irradiation power density optimization, the test line of one strip was irradiated,
respectively, at 0.38, 0.9, 1.16, and 1.44 W/ cm?, and the corresponding AT was measured for
comparison. For the irradiation time optimization, the ATs obtained at different irradiation
times were recorded for comparison. For the optimization of BSA concentration for block-
ing, the Augpp probe concentration, the amount of Augpep probes, and the incubation time,
a single factor variable method was performed. This involves only varying one condition
while fixing other conditions, and the corresponding signal-to-noise ratio was calculated
for comparison. Specifically, for BSA concentration optimization, 0%, 5%, 10%, 15%, and
20% BSA were, respectively, used to block the Augpey probes, and applied to the IL-6 LFIA
detection under the other fixed conditions (Aughey probes by 10 times concentration, 10 uL
of Augpe) probes, and 10 min incubation). For Augpey probe concentration optimization,
Augp,) probes with peak absorbance of ca. 0.7 were, respectively, concentrated by 5, 10, 15,
20 times and then used for IL-6 detection under the other fixed conditions (5% BSA, 10 uL
of Augpep probes, and 10 min incubation). For Aug,e) probe amount optimization, 5, 10,
15, and 20 pL of Augpep probes were, respectively, used under the other fixed conditions
(5% BSA, Augpep probes by 5 times concentration, and 10 min incubation). For incubation
time optimization, 0, 10, 20, 30, and 40 min were, respectively, used under the other fixed
conditions (5% BSA, Augpep probes by 5 times concentration, and 10 puL of Augpey probes).

4. Conclusions

In summary, we developed an Au nanoshell-based LFIA for the colorimetric and
photothermal dual-mode detection of IL-6. The Au nanoshells were conveniently prepared
by galvanic exchange process. Its LSPR peak could be easily tuned to the NIR range to
match well with the NIR irradiation light. As a result, the Au nanoshells possessed a
good colorimetric signal and a high photothermal effect without combining with other
photothermal nanomaterials. We integrated the Au nanoshells as LFIA reporters and
systematically optimized the related detection conditions. Under optimal conditions,
the colorimetric qualitative detection of IL-6 could be achieved with a naked-eye LOD
of 5 ng/mL, and the photothermal quantitative detection of IL-6 was performed from
1~1000 ng/mL with a LOD of 0.3 ng/mL, which was reduced by nearly 20 times compared
with naked-eye detection. Therefore, the photothermal detection not only achieved the
quantification of IL-6, but also enhanced the detection sensitivity. Furthermore, this Au
nanoshell-based LFIA had good specificity, could be manipulated conveniently and rapidly,
and did not need sophisticated readout instrument. Thus, this Au nanoshell-based LFIA
efficiently improved the limitations of traditional LFIAs, and showed a practical application
potential in IL-6 POCT detection.
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Abstract: This article reports a simple hydrothermal method for synthesizing nickel disulfide (NiS)
on the surface of fluorine-doped tin oxide (FTO) glass, followed by the deposition of 5 nm Au
nanoparticles on the electrode surface by physical vapor deposition. This process ensures the uniform
distribution of Au nanoparticles on the NiS; surface to enhance its conductivity. Finally, an Au@NiS,-
FTO electrochemical biosensor is obtained for the detection of dopamine (DA). The composite
material is characterized using transmission electron microscopy (TEM), UV-Vis spectroscopy, X-ray
diffraction, and X-ray photoelectron spectroscopy. The electrochemical properties of the sensor are
investigated using cyclic voltammetry (CV), differential pulse voltammetry (DPV), and time current
curves in a 0.1 M PBS solution (pH = 7.3). In the detection of DA, Au@NiS,-FTO exhibits a wide
linear detection range (0.1~1000 uM), low detection limit (1 nM), and fast response time (0.1 s). After
the addition of interfering substances, such as glucose, L-ascorbic acid, uric acid, CaCl,, NaCl, and
KCl, the electrode potential remains relatively unchanged, demonstrating its strong anti-interference
capability. It also demonstrates strong sensitivity and reproducibility. The obtained Au@NiS,-FTO
provides a simple and easy-to-operate example for constructing nanometer catalysts with enzyme-
like properties. These results provide a promising method utilizing Au coating to enhance the
conductivity of transition metal sulfides.

Keywords: dopamine sensor; NiSy; Au decorated; hydrothermal

1. Introduction

DA is a monoamine neurotransmitter found in the human brain and kidneys. It
plays an important role in brain control, the immune system, and the renal system. It is
crucial for human learning, cognition, motor behavior, and hormone production [1-4]. The
DA level adjustment can lead to various neurological disorders, such as schizophrenia,
Parkinson’s disease, epilepsy, increased heart rate, arrhythmia, elevated blood pressure, and
abnormalities in the cardiovascular system [5-8]. Therefore, determining and monitoring
DA levels in real time is quite significant and can be used not only for early diagnosis of
diseases but also for evaluating the effectiveness of various drugs in DA manipulation.
Moreover, it helps to deepen our understanding of the mechanisms of DA function and
better treatment of various diseases [9].

Traditional methods for detecting DA include blood tests and 24 h urine sampling.
Usually, these methods require specialized technical training and laboratory equipment,
including high-performance liquid chromatography, fluorescence spectroscopy, enzyme
analysis, mass spectrometry, and capillary electrophoresis, which are greatly limited due
to the high cost and operationally complex [10-14]. Recently, electrochemical sensing
methods developed fast, offering advantages such as simplicity, low cost, ease of use,
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rapid analysis, and high sensitivity to compensate for the limitations of traditional meth-
ods. Currently, these sensors have been widely used in various fields such as biological
analysis, clinical diagnosis, drug screening, and environmental monitoring. For instance,
they can be utilized to detect biomolecules, like blood glucose, cholesterol, and tumor
markers, enabling diabetes management, cardiovascular disease diagnosis, and early can-
cer detection. Moreover, electrochemical biosensors can also monitor heavy metal ions,
organic pollutants, and microorganisms in the environment, contributing to environmental
protection and food safety control. Ferlazzo et al. developed a yttria-stabilized zirconia
electrochemical sensor for the precise determination of tyrosine [15]; Ahmed et al. prepared
InyO3-ZnO@MC for dopamine detection with a detection limit of 0.024 pM [16]. These
sensors have been widely applied in various electrocatalytic fields, such as supercapaci-
tors and lithium-ion batteries [17,18]. Moreover, they can be integrated into miniaturized
devices for use in medical experiments and procedures [19-21]. Thus, plenty of electrode
materials are developed for the detection of DA. Electrode materials must be able to detect
and differentiate other molecules, providing a distinct peak for DA. Meanwhile, they also
need high anti-interference properties, enabling independent detection of DA amidst the
presence of multiple substances without interference. Additionally, they should have a
wide detection range to meet the medical research needs regarding DA levels [22-26].

Currently, transition metal dichalcogenides (TMDs) are receiving significant atten-
tion due to their distinctive structural features, morphologies, conductivity properties,
and their role in facilitating electron transfer as narrow bandgap semiconductors [27-29].
Among the amount of TMDs, nickel disulfide (NiS,) attracts much attention due to its
high electrochemical activity and relatively low synthesis costs. NiS; is a good electro-
catalytic material, but its poor conductivity largely limits its application [30]. Its intrinsic
conductivity is modest, posing limitations on electron transfer within electrochemical
biosensor systems [31,32]. Therefore, enhancing electrical conductivity is crucial for im-
proving catalytic activity. Referring to previous catalytic materials, Au coating is a very
effective technique. Kim et al. developed a method of Au nanoparticle modification of
MoS;, significantly improving the material’s charge transfer [33]. Atta et al. doped Au
into polyvinyl alcohol/carboxymethylcellulose, greatly enhancing the material’s electrical
conductivity [34]. However, this study presents a novel approach wherein nickel disul-
fide is directly synthesized via a one-step hydrothermal method. We coated Au on the
surface of NiS, using physical vapor deposition in this study, significantly enhancing its
electrical conductivity. A 5 nm Au film is deposited onto the surface using a physical vapor
deposition (PVD) system, resulting in the formation of Au@NiS,. Furthermore, through
tests, such as CV, it was found that the electrocatalytic biosensing performance is greatly
enhanced. The surface-bound Au particles serve to augment the conductivity of NiS,.
This composite system not only exhibits enhanced stability but also facilitates electron
transfer subsequent to DA molecule signal recognition. Thus, the Au@NiS, composite
material offers considerable potential for advancing the development of high-sensitivity
electrochemical biosensors, representing a promising candidate for the next generation of
materials in this field.

2. Results and Discussion
2.1. Electrochemical Characterization

In the experiment, we first compare the electrochemical behavior of Au@NiS,-FTO,
NiS,-FTO, Au-FTO, and pure FTO, respectively. It has already been reported that the
oxidation reduction reaction of DA involves a two-electron transfer process, converting
DA to DA quinone [35,36]. The schematic of the electrochemical setup, as depicted in
Figure 1a, illustrates the foundation for exploring the process of the electrochemical reaction
process. This experiment was conducted employing a sophisticated three-electrode system
integrated into the CHI660E electrochemical workstation. In this study, an FTO substrate
(10 x 6 mm) was selected as the pivotal working electrode (WE). Complementing this, a
platinum plate was designated as the auxiliary electrode (CE), while an Ag/AgCl electrode
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played the indispensable reference electrode (RE). Initially, DA was meticulously dissolved
in 0.1 M PBS (pH = 7.3) to establish a standardized 1 mM DA solution. Subsequently, the
distinct performances of the various electrodes were examined through the application of
cyclic voltammetry. By scrutinizing the cyclic voltammetry outcomes, it became feasible
to gauge the intrinsic electrocatalytic prowess of the DA sensing electrode, primarily by
assessing the DA oxidation peak potential. This pivotal metric served as a cornerstone for
evaluating the efficacy and sensitivity of the electrode in facilitating the electrochemical
detection of DA.
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— Au@NiS,-FTO
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Figure 1. (a) Schematic of the electrochemical testing setup; (b) CVs of bare FTO, Au-FTO, NiS,-FTO,
and Au@NiS,-FTO in 1 mM DA in 0.01 M PBS (pH = 7.3) at a scan rate of 0.1 V s~ L (o) Nyquist plots
of bare FTO, Au-FTO, FTO-NiS,, and FTO-Au@NiS, in 0.1 M KCI containing 0.5 mM Fe(CN)g_ and
Fe(CN)éf ; (d) the UV-Vis absorption spectra of 1 mM DA in 0.1 M PBS (pH = 7.3) before and after
applying a voltage of 0.3 V.

As shown in Figure 1b, the pristine NiS,-FTO exhibits weak catalytic ability for the
detection of DA, with a low peak and almost no reaction with DA observed for the original
FTO and Au-FTO. In contrast, Au@NiS,-FTO shows a significant current response to DA,
with an oxidation potential reaching Epa = 0.3 V. The Au nanoparticles effectively enhance
the electrocatalytic performance of NiS,.

It is found that the Au coating significantly enhances the activity of NiS,, and the
large number of exposed active sites facilitates interaction with DA, thereby improving
electrochemical performance [37,38]. As expected, the oxidation peak current of Au@NiS,-
FTO is 1.5 times higher than that of NiS,-FTO, indicating that Au@NiS,-FTO exhibits
stronger electrocatalytic activity for DA detection. Compared to NiS,-FTO, Au-FTO, and
FTO, the peak separation (AEp) of Au@NiS;-FTO is significantly reduced, suggesting
improved reaction kinetics. Additionally, using a solution containing 5 mM Kj3[Fe(CN)s],
5 mM K4[Fe(CN)g], and 0.1 M KCl as the redox probe solution, the interface performance of
different sensors was tested using electrochemical impedance spectroscopy (EIS). By fitting
the EIS spectra with equivalent circuits (Figure 1c), the test data are shown in Table 1. The
charge transfer resistance of the Au@NiS,-FTO electrode is significantly lower than that of
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NiS,-FTO, Au-FTO, and FTO, with the sequence being FTO > Au-FTO > NiS,-FTO. This is
consistent with the CV results, indicating that Au@NiS,-FTO has a better electron transfer
rate and is, therefore, more suitable for DA detection. To further verify the oxidation
reduction reaction between DA and DA quinone, we conducted tests using UV-visible
absorption spectroscopy. In Figure 1b, it is observed that the oxidation peak of DA is at
0.3 V. Therefore, in this study, chronoamperometry was used to electrolyze 1 mM DA by
different electrodes in three-electrode systems for 10 min, followed by testing the collected
reaction solution, as shown in Figure 1d.

Table 1. The obtained Rt values correspond to the Faradaic process taking place at various modi-
fied electrodes.

Electrode Ret ()
FTO 153
Au-FTO 83
NiS,-FTO 31
Au@NiS,-FTO 20

In Figure 1d, it can be observed that FTO and Au-FTO did not exhibit significant
absorption peaks. However, after electrolyzing for 10 min, a peak corresponding to the
characteristic absorption peak of DA quinone was observed at around 400 nm for NiS,-
FTO and Au@NiS,-FTO. Moreover, the absorption peak intensity of Au@NiS,-FTO was
significantly higher than that of NiS,-FTO, indicating that the catalytic activity of Au@NiS,-
FTO is much higher than that of NiS,-FTO. Additionally, no characteristic absorption peak
of DA quinone was observed in the spectrum after electrolyzing for 10 min using Au-FTO,
indicating that only Au@NiS;-FTO exhibits catalytic activity.

2.2. Structure and Morphology Characterization

The electrocatalytic performance of materials is intricately intertwined with their un-
derlying structure and morphology. In our experiment, we scrutinized the morphology and
structure of the Au@NiS; material through transmission electron microscopy (TEM) and
High-Resolution Transmission Electron Microscopy (HRTEM). Figure 2b vividly illustrates
the characteristics of NiS;, showcasing a remarkable two-dimensional nanosheet-like struc-
ture distribution, with Au nanofilm equably dispersed across the surface of NiS,. Upon
examination through HRTEM, the lattice spacing of 2.35 A was linked to the (111) crystal
plane of NiS,, while the lattice spacing of 2.54 A corresponded to the (210) crystal plane
of Au. This inspection unequivocally demonstrated the seamless integration of Au with
NiS;,, a pivotal aspect of catalytic efficacy. Further insights were gleaned from the Selected
Area Electron Diffraction (SAED) pattern, revealing distinctive rings corresponding to the
face-centered cubic structure reflections of Au, notably the (111), (220), and (311) planes,
alongside the crystal planes of NiS;, such as (121), (220), and (311). Additionally, the Energy-
Dispersive X-ray Spectroscopy (EDX) spectra showcased the elemental distribution, and
Au prominently adhered to the surface of NiS,, showcasing a robust and well-integrated
bond between the two materials. This comprehensive characterization not only elucidated
the structure but also underscored the synergistic relationship between Au and NiS; in the
context of electrocatalytic applications.

Figure 3a shows the X-ray diffraction (XRD) analysis of Au@NiS, into the struc-
ture of the composite material. Notably, the peaks corresponding to the presence of Au
nanoparticles are discernible at 38.18° and 77.56°. By referencing the standard PDF card
(PDF#99-0056), these peaks align precisely with the (111) and (311) crystal planes of Au,
elucidating the crystalline orientation of the Au nanoparticles within the composite. Simul-
taneously, the XRD pattern also reveals characteristic peaks associated with NiS; at 27.25°,
31.59°, and 35.31°. These peaks are in direct correspondence with the (111), (200), and (210)
crystal planes of NiS,, as validated by the reference standard PDF card (PDF#11-0099).
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Figure 2. (a) TEM images of Au@NiS;; (b) HRTEM images of Au@NiSy,; (c) SAED pattern of Au@NiS,;
(d) scanning HAADF-STEM image of Au@NiS; and corresponding elemental mapping of (e) Au,
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Figure 3. (a) XRD patterns of Au@NiS,. (b) XPS survey spectra of Au@NiS, and the high-resolution
spectra of Au@NiS; in the energy range of (c) Ni 2p, (d) S 2p, and (e) Au 4f.
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The comprehensive characterization of the Au@NiS, composite material extended to
the elemental composition and electronic states through X-ray photoelectron spectroscopy
(XPS) analysis. Figure 3b shows the XPS spectrum of Au@NiS,, unveiling distinctive
peaks corresponding to the elemental constituents of Au, Ni, and S. Within the Au 4f
spectrum, a peak emerges at 83.4 eV, indicative of the electronic configuration of Au within
the composite. Transitioning to the Ni 2p spectrum, the presence of two distinct spin—
orbit peaks, 2ps /5 and 2pq /», is prominently observed at 855 and 872 eV. Furthermore, the
corresponding peaks for these spin—orbit orbitals manifest at 162.5 and 163.8 eV, providing
evidence that nickel predominantly exists in the Ni?* oxidation state. This finding aligns
with the structural revelations from the XRD analysis, thereby establishing a coherent
link between the crystallographic characteristics and the electronic states of Ni within the
Au@NjiS, composite material [39].

2.3. Sensor Application

To delve deeper into the intricate dynamics of the electrochemical reaction kinetics
between DA and Au@NiS,-FTO, as depicted in Figure 4a, a meticulous exploration was
undertaken, employing a three-electrode system immersed in a 0.1 M PBS (pH = 7.3)
solution as the electrolyte medium. The experimental investigation entailed the application
of cyclic voltammetry, encompassing a scan rate range spanning from 5mVs~! to 1 Vs~!
and a voltage window extending from —0.2 to 0.6 V. The outcomes of these rigorous cyclic
voltammetry experiments unveiled that the oxidation reduction peaks of DA exhibited a
notable augmentation concomitant with the escalation of the scan rate. Simultaneously, a
discernible shift in the oxidation potential of DA was observed, indicating a quasi-reversible
nature of the electrochemical reaction within this system. These findings collectively
underscore the dynamic interplay between DA and the Au@NiS,-FTO composite electrode,
shedding light on the kinetic intricacies governing the electrochemical processes at play.
The anodic peak current (Ipa) and cathodic peak current (Ipc) are linearly related to the
square root of the scan rate, and the linear regression equations are as follows:

Ipa = 0.022x — 0.04 (R* = 0.99), 1)
Ipc = —0.02x + 0.12 (R? = 0.99), ()
(a) 0.8 (b) 0.8
0.6 - 0.6 1  y=0.022x-0.04
= R2=0.99
—_
é 0.4 - 204 ]
— 021 2]
= -
S 01 = 0
= g o y=2 -0.02x +0.12
S -0.2 02 1 R?=0.99
-0.4 - SmVst~1Vs-! SEYE
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Figure 4. (a) CV curves of the Au@NiS,-FTO-modified electrode in 0.1 M PBS (pH = 7.3) containing
1 mM DA by varying the scan rates from 5mV s~! to 1V s™1; (b) Ipa and Ipc vs. v1/2.

The slope of this regression curve indicates that this electrochemical behavior is mainly
controlled by diffusion, and its reversibility is good [40—42]. In the oxidation reaction, DA
is converted to DA quinone, which is then reduced back to DA in the electrochemical
reaction [43].
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Subsequently, in order to further determine the response of Au@NiS;-FTO to different
concentrations of DA solutions, a standard three-electrode system was used with 0.1 M
PBS (pH = 7.3) as the electrolyte. Cyclic voltammetry was performed within the voltage
range of —0.2 V to 0.6 V at the same scan rate (0.1 V s~ to test the response signal to the
addition of different concentrations of DA, as shown in Figure 5a. The linear regression
equations obtained from cyclic voltammetry are as follows:

Ipa = 0.00025x + 0.0438 (R? = 0.99), 3)

Ipc = —0.00011x — 0.03718 (R? = 0.99), (4)
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Figure 5. (a) CV curves of Au@NiS,-FTO in 0.1 M PBS (pH = 7.3) containing various concentrations
of DA (5-1 mM) at a scan rate of 0.1 V s~1; (b) DPV curves of Au@NiS,-FTO in 0.1 M PBS (pH=7.3)
containing various concentrations of DA (1-0.9 mM); (c) linear relationship between peak potential
and concentration in CV; (d) linear relationship between peak potential and concentration in DPV.

In (3) and (4), it can be seen that Au@NiS,-FTO exhibits a good response signal to DA,
and under the stimulation of different concentrations of DA, the oxidation reduction peak
remains unchanged, indicating that Au@NiS,-FTO owns a stable ability for the detection
of DA. The DA concentration range satisfied by this regression curve is 5 uM to 1 mM,
indicating that Au@NiS,-FTO can achieve broad-range DA detection.

Moreover, differential pulse voltammetry (DPV) is an electrochemical analysis tech-
nique commonly used to measure electrochemically active substances in solution. The
testing method involves applying a series of pulse voltages on an electrochemical electrode
and measuring the current response caused by these pulse voltages. DPV is a widely used
electrochemical measurement method in sensor analysis, known for its high sensitivity and
selectivity [44]. DPV was used to test its sensitivity by adding different concentrations of
DA within the same voltage range. Similarly, in a three-electrode system with 0.1 M PBS
(pH =7.3) as the electrolyte, DPV was performed with a voltage window from —0.2 V to
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0.6V, a step potential of 4 mV, an amplitude of 50 mV, and a pulse period of 0.2 s. The
obtained data are shown in Figure 5d, and the linear regression equation is as follows:

Ipc = —0.000087x + 0.00177 (R? =0.99), (5)

In Figure 5b, it can be seen that the linear detection range of DPV is from 1 uM to
0.9 mM.

Figure 5 shows that the voltage peak value of DA conversion to DA quinone on the
Au@NiS,-FTO electrode is 0.3 V. Therefore, we use 0.3 V as the working potential; the time
current curve of DA on the Au@NiS;-FTO electrode was tested, with a testing range from
0.1 uM to 1 mM. The results are shown in Figure 6a. Regression curves of the current at
different concentrations and at the same time (100 s) are plotted, as shown in Figure 6a.
The linear regression equation is as follows:

1=0.0000342x + 0.00153 (R2 =0.99), (6)
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Figure 6. (a) The curves of Au@NiS,-FTO in 0.1 M PBS (pH = 7.3) containing various concentrations
of DA (0.1-1 mM) at 0.3 V; (b) linear relationship between peak potential and concentration in CV;
(c) amperometric response obtained at Au@NiS,-FTO for the successive addition of 0.5 mM DA,
1 mM glucose, 1 mM AA, 1 mM UA, and 0.5 mM DA into 0.1 mM PBS (pH = 7.3); (d) current density
response columnar diagram of the tested analytes compared with DA; (e) stability of Au@NiS,-FTO
for DA detection; (f) reproducibility of Au@NiS,-FTO biosensors.

In the calibration curve, it can be known that the concentration of DA is directly
proportional to the absolute value of the oxidation current, and its linear detection range is
from 0.1 uM to 1 mM and has a low detection limit (1 nM), indicating high sensitivity of
the Au@NiS,-FTO electrode for DA detection.

Another key aspect of biosensing technology is the selectivity for common interfering
substances. In the extracellular fluid and the serum of the mammalian central nervous
system, there are also some reducing agents with oxidation potentials close to that of DA,
such as glucose, L-ascorbic acid, uric acid, Ca?*,Na*, and K*, which may have a certain
impact on the accurate determination of DA content. It is necessary to distinguish DA from
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these interfering substances and exploring the anti-interference ability of the Au@NiS,-FTO
electrode is extremely important [45-48].

Similarly, we employed a three-electrode system to investigate the interference of
glucose, L-ascorbic acid, uric acid, CaCly, NaCl, and KCI on DA. The results are depicted
in Figure 6¢c. Upon adding 0.5 mM DA to the electrolyte, an instantaneous change in the
current occurred. Subsequently, the addition of 1 mM glucose, 1 mM L-ascorbic acid,
1 mM uric acid, 1 mM CaCl,, 1 mM NaCl, and 1 mM KClI did not result in significant
changes in the curve trend. However, upon further addition of 0.5 mM DA, the current
exhibited significant fluctuations, indicating that glucose, L-ascorbic acid, uric acid, CaCl,,
NaCl, and KCl did not induce changes in the current in this environment. To better
observe the impact of adding interfering substances on DA, the current change at 0.2 s
after adding interfering substances was plotted, as shown in Figure 6d. It is evident in the
figure that the current variation in the system after adding interfering substances can be
negligible, demonstrating the specificity and sensitivity of the Au@NiS,-FTO electrode for
DA detection. To test the stability of the Au@NiS,-FTO electrode, we conducted tests on
five sets of electrodes every 7 days to determine the response signal. The results, as shown
in Figure 6e, indicate that the Au@NiS,-FTO electrode can maintain over 96% of its activity
after 28 days, demonstrating its stability in air. Subsequently, using eight independent
electrodes under the same experimental parameters, we measured 1 mM DA, with the
results shown in Figure 6f. Calculations show a relative standard deviation (RSD) of 3%,
indicating good reproducibility of the biosensor. In conclusion, the proposed Au@NiS,-
FTO electrode exhibits excellent characteristics, such as anti-interference, stability, and
reproducibility, proving its potential for measuring DA in real samples and paving the way
for future in vivo testing of Au@NiS,-FTO electrodes.

Table 2 summarizes the electrochemical detection performance of various biosensing
materials. Compared with other sensing materials, the Au@NiS,-FTO prepared in this
study demonstrates a much wider detection range and lower limit of detection (LOD).

Table 2. A comparison of the analytical performance of the proposed sensor with other DA sensors.

Materials Linear Range (uM) LOD (nM) Reference
Au@NiS,-FTO 0.1-1000 1 This work
SWCNTs-GCE 0.5-100 190 [49]

ZnO@Au 0.1-500 8.5 [50]
K,FesO;/GCE 1-140 22 [51]
Ag/CuO PNBs 0.04-10 7 [52]

Split aptamer sensor 5-50 1000 [53]
pS-BIL MIP PeGE 0.05-250 20 [44]
Gallic acid-RGO/AuNPs 0.01-100.3 2.6 [54]
WO;3; NPs-GCE 0.1-50, 50-600 24 [55]
CuO 5-40 110 [56]

3. Materials and Methods
3.1. Material Preparations

NiCl,-6H,0, CaCly, and NaCl were purchased from Inokai; NayS;O3-5H,0, uric acid
(UA), ascorbic acid (AA), the phosphate buffer solution (PBS, pH = 7.3) were purchased
from Macklin; and KCl, [K3Fe(CN);], [K4Fe(CN)¢] -3H,0, and DA were purchased from
Aladdin. All reagents used in the experiments were at an analytical grade level and required
no further purification. Deionized water was used throughout the whole experiment.

In the experiment, NiS, was first prepared on the FTO substrate using a traditional
hydrothermal method. NiCl,-6H,O (1.188 g, 0.005 mol) and Na;S,03-5H,0 (2.482 g,
0.010 mol) were placed into a 50 mL capacity polytetrafluoroethylene-lined autoclave.
Then, 30 mL of ultrapure water was added and stirred for 30 min until dissolved to form
a transparent green solution. FTO conductive glass was placed below the liquid level
and fixed to the inner wall of the autoclave using heat-resistant tape. The autoclave was
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maintained at 150 °C for 12 h. Cool to room temperature and take out the sample. The
as-prepared NiS, deposited on the FTO was washed repeatedly with distilled water and
dried at 65 °C for 12 h.

3.2. Preparation of Au@NiS,-FTO

A ZHDS400 high-vacuum organic/metal evaporation coating machine (PVD) was
utilized for the preparation of Au nanofilm. Place the Au target in the crucible and place
NiS,-FTO on the sample plate using high-temperature-resistant tape and put it in the
evaporation chamber. Heat the sample plate to 80 °C in a vacuum environment and adjust
the power to 30 W. Evaporate for 2 min at a rate of 0.42 A s~1, depositing 5 nm of Au on
the surface of NiS;-FTO. Then, cool the sample to room temperature, deposit 5 nm of Au
on the NiS,-FTO surface, and obtain Au@NiS;-FTO. As a control experiment, 5 nm Au is
deposited on the FTO without modification of NiS; using the same method on the coating
machine. In this experiment, we chose Au target material with a purity of 99.99%.

3.3. Electrochemical Performance Measurement

All the electrochemical tests mentioned in this article were conducted using the
CHI660E electrochemical workstation produced by Shanghai Chenhua Instrument Co.,
Ltd., Shanghai, China. The platinum electrode and Ag/AgCl electrode were produced by
Wuhan Gaoshiruilian Technology Co., Ltd., Wuhan, China, and the conductive glass FTO
was purchased from Suzhou Shangyang Solar Technology Co., Ltd., Suzhou, China.

Electrochemical tests were conducted using a three-electrode system on a CHI 660E
electrochemical workstation. An FTO substrate (10 x 6 mm) coated with NiS, was used
as the working electrode (WE), a platinum plate served as the auxiliary electrode (CE),
and an Ag/AgCl electrode was used as the reference electrode (RE). Differential pulse
voltammetry (DPV) was performed in a 0.1 M PBS (pH = 7.3) solution as the supporting
electrolyte.

In the experiment, the Au@NiS,-FTO samples prepared by the hydrothermal method
and magnetron sputtering deposition were used as working electrodes (WEs). Electrochem-
ical tests, including CV and DPV, were carried out in a 0.1 M PBS (pH = 7.3) solution as the
electrolyte, with a scan rate of 100 mV s~ ! and a potential range of —0.2 to 0.6 V. EIS was
carried out in a solution containing 5 mM [K3Fe(CN)s], 5 mM [K4Fe(CN)g], and 0.1 M KCl,
with a frequency range of 0.01 to 100,000 Hz. Time current curve testing was performed
with a voltage input of 0.3 V over a range of 100 s.

4. Conclusions

In summary, an Au@NiS,-FTO was synthesized on the FTO substrate by a combining
hydrothermal and PVD method. The structure and morphology of the samples were
characterized by XRD, STEM, TEM, and XPS, which integrally confirmed that Au nanopar-
ticles were uniformly distributed on the surface. The NiS; nanosheets own a large specific
surface area and display a significant improvement in electrocatalytic activity towards
DA. Moreover, the Au@NiS,-FTO electrode showed excellent sensitivity (0.1~1000 uM)
and a detection limit of 1 nM for DA, with an electrochemical response time of 0.1 s and
outstanding stability. Even after the addition of interfering substances, such as glucose,
L-ascorbic acid, uric acid, CaCly, NaCl, and KC], its potential remained largely unaffected.
After 28 days, the Au@NiS,-FTO electrode still retains 96% activity, with high reproducibil-
ity and an RSD of 3%, demonstrating high resistance to interference, reproducibility, and
stability. This work confirms that the Au surface modification is an effective approach to
enhancing the sensing ability of DA. This provides direction for DA detection in real serum
samples in the future.
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Abstract

The rapid and accurate detection of pathogenic bacteria and viruses is essential for con-
trolling infectious disease outbreaks and ensuring food safety. Conventional detection
methods such as microbial culture, immunoassays, and polymerase chain reaction (PCR),
although effective, often suffer from drawbacks including time-consuming procedures,
complex operations, and limited multiplexing capabilities. In recent years, electrochemical
aptasensors have emerged as a promising alternative for rapid detection of pathogenic
bacteria, viruses, and by-products (toxins) due to their high sensitivity, excellent specificity,
low cost, and potential for miniaturization. Aptamers can be applied as biorecognition
elements of the biosensor, remarkably offering advantages such as high binding affinity,
thermal stability, and ease of chemical synthesis. Meanwhile, nanomaterials which provide
large surface area, superior conductivity, and modifiable surfaces are widely employed in
signal amplification and sensor platform construction. This review discusses the cutting-
edge innovations in electrochemical aptasensors in recent years that utilize various types
of nanomaterials to accurately identify and quantify diverse types of pathogens and toxins.
This review focuses on nanomaterials such as metal nanostructures, carbon nanomaterials,
metal, metal oxides, and carbon nanocomposites that can synergistically enhance detection
sensitivity, specificity, and operational stability. This review also highlights the promising
practical application of the proposed electrochemical aptasensors in clinical diagnostics,
environmental monitoring, and food safety.

Keywords: electrochemical aptasensor; aptamer; rapid detection; nanomaterials; pathogen;
toxin; bacteria; virus

1. Introduction

Pathogens such as bacteria and viruses spread at extremely fast speeds, posing un-
precedented challenges to global public health and cross-border epidemic prevention and
control [1,2]. Specifically, bacteria are one of the main sources of epidemics and are mainly
found in contaminated water, food, and other biological samples, making them conta-
gious [3,4]. History has also shown that viruses can easily acquire the ability to initiate and
spread a pandemic due to their rapid spread and high rate of transmission of new muta-
tions, as well as the difficulty faced by humans in obtaining rapid and accurate diagnostics,
specific vaccines, or therapeutic drugs in a short period of time [5,6].
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41



Molecules 2026, 31, 664

While rapid, sensitive, and specific detections of pathogenic bacteria and viruses are
still challenging, techniques involving cell culture, immunological reaction, polymerase
chain reaction (PCR) and mass spectrometry are the current mainstream detection meth-
ods [7-12]. Since cell culture-based methods include selective enrichment, biochemical
screening, and humoral confirmation steps, it takes 24-48 h to obtain preliminary results
of identification, which is time-consuming and labor-intensive [7,13,14]. Inmunoassays
such as enzyme-linked immunosorbent assay (ELISA) have been widely used for pathogen
detection. ELISA has been proven to be the gold standard for detecting Staphylococcus
aureus enterotoxins in food production facilities [8,10]. However, three key limitations
restrict its application. The assay requires labor-intensive steps (e.g., repeated washing,
incubation), which prolongs the processing time by 2—4 h compared to the automated
methods. In addition, obtaining reliable results typically require 50-100 pL of sample,
which is challenging in situations where sample scarcity exists (e.g., neonatal blood). ELISA
has sensitivity limitations in which the detection thresholds are limited to the nanomolar
range (>1 nM), therefore preventing detection of early biomarkers such as interleukin-6 in
sepsis (0.1-0.5 nM) [15-17].

PCR technology can improve sensitivity (attomole detection) and specificity, short-
ening the diagnostic cycle to 1-24 h. Multiplex platforms of PCR enable simultaneous
detection of bacteria such as S. aureus and Staphylococcus epidermidis within 90 min [12].
Real-time reverse-transcriptase PCR (qQRT-PCR) is able to detect 14 respiratory viruses
including SARS-CoV-2 and influenza A virus with clinical consistency up to 95% [18]. De-
spite these advantages, several disadvantages remain. In terms of pretreatment, a 12-24 h
pre-enrichment step is usually required to amplify bacterial DNA and to exclude inactive
pathogens [19]. The other issue is linked to matrix interference. Complex samples (e.g.,
meat homogenates) normally contain PCR inhibitors (e.g., polysaccharides, fats) which
can reduce the amplification efficiency by 30-60% unless the samples are pretreated by
centrifugation or filtration [9,20].

Biosensors have been introduced as another strategy for pathogen detection and
are notably preferred due to several advantages of these instruments: highly sensitive
and selective, rapid, easy sample preparation, are easy to use, allow on-site detection
and are cost-effective [21,22]. The biosensor architecture integrates three core modules:
(1) biorecognition (e.g., engineered antibodies/aptamers), (2) transducer (e.g., nanomaterial-
enhanced electrodes), and (3) signal processor (i.e., microchip-embedded algorithms) to
achieve automated quantitative analysis of pathogens [23]. Biorecognition is the specific
interaction of antibodies or aptamers with target analytes, which improves the sensitivity
and selectivity of biosensors, achieves high-precision detection, and minimizes other
interferences in the sample [21].

In the past 10 years, aptamer has gained enormous attention for use in biosensor de-
velopment. A study revealed that the carbon nanotube (CNT)-based field effect transistor
(FET) biosensor achieved highly sensitive detection of foodborne pathogens Salmonella
enterica and S. aureus through aptamer functionalization. The aptamer biosensor (aptasen-
sor) maintained a stable performance in six complex food matrices, with a detection limit
as low as 3.1 CFU, a response time as short as 200 s, and no cross-reaction with closely
related bacteria such as Listeria [24]. Another study developed an electrochemical aptasen-
sor for the detection of Acinetobacter baumannii with a detection limit of 1 CFU/mL. The
functional groups, namely, hydroxyl and carboxyl groups in the synthetic carbon quantum
dots (CQD), reduced graphene oxide (rGO), multi-walled carbon nanotubes (MWCNTs),
and chitosan (CS) nanocomposite help immobilize a large number of aptamers onto the
electrode which effectively enhanced the stability and activity of the aptasensor. This
nanocomposite material exhibited high conductivity and fast electron-transfer kinetics
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which promote enhanced sensitivity and specificity. In addition, the large surface area
offered by the hemin-graphite oxide (H-GO) attached to the secondary aptamers increased
the aptamer surface density, leading to signal amplification and better sensitivity. This
aptasensor was used to monitor the presence of live A. baumannii cells in human serum
and skimmed milk powder, working as a platform for early detection and diagnosis of this
pathogen-associated infection [25].

2. Electrochemical Biosensors and Aptamers for Bacterial and
Viral Detection

Electrochemical biosensors convert biochemical signals into electrical signals through
electrodes and provide output in qualitative and quantitative information of target analytes
after processing [26]. Compared with traditional methods, the advantage of electrochemical
biosensors is that they can immobilize aptamers to form highly sensitive electrochemical
aptasensors. Aptamers can be fixed to the surface of gold or carbon-based electrodes
through chemical bonds. When combined with nanostructured amplification strategies,
these platforms achieve single-cell-level detection in bacterial detection and exhibit pico-
molar to femtomolar limits of detection in viral detection while maintaining specificity in
complex sample media such as food, water, and serum [27].

Aptamers are synthetic single-stranded oligonucleotides (DNA or RNA) developed
through the systematic evolution of ligands by exponential enrichment (SELEX) process
and are commonly 25-80 nucleotides in length [20,27,28]. Aptamers can fold into a de-
fined three-dimensional structure following intramolecular base-pairing which results in
their high affinity and specificity to bind with targets such as small molecules, toxins,
bacteria, and viruses [27-29]. The aptamers can fold into hairpin, loops, stem, bulges,
and G-quadruplexes for molecular recognition and non-covalent interactions such as hy-
drogen bonding, polar contacts, van der Waals forces, hydrophobic interactions, stacking
of aromatic rings and electrostatic interactions mediate the aptamer—target binding [28].
Since their first report in 1990, aptamers have been widely studied due to their superior
properties compared to antibodies including non-immunogenicity, high specificity, easy
modification, stability, shorter production time, lower cost, and scalable synthesis [29,30].
Interestingly, aptamers have been shown to be capable of differentiating thousands of
proteins and nucleotides within a short time as well as identifying small variations between
proteins with similar structures [29].

SELEX is an aptamer screening strategy which employs a series of selection and
amplification steps. It starts with screening a random library of single-stranded DNA or
RNA against the specific target under specific conditions such as a specific temperature
and salt concentration. The nucleic acid molecules bound with the target of interest are
isolated from the unbound targets, and PCR amplification is used to selectively enrich these
target-specific aptamers, followed by high-throughput sequencing [28,30]. Isolation of
aptamers that bind specifically to the target may require 1 to 20 rounds of SELEX depending
on the nature of target [28]. While the SELEX process has been time-consuming in the past
decade, improvements in SELEX technology through in silico pre-screening have shortened
the aptamer development process and reduced the production costs [30-33]. With high-
efficiency SELEX technology, pathogen-specific aptamers can be rapidly obtained during
new epidemic outbreaks, such as the recent acquisition of specific aptamers for severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [34-36].

Aptamers can identify pathogens by targeting surface antigens such as lipopolysac-
charide or unknown structures. Table 1 lists several aptamers and their targets. At present,
numerous bacterial aptamers are available, primarily target pathogens such as S. aureus,
Listeria monocytogenes, Salmonella spp., Escherichia coli, Streptococcus pyogenes, Mycobac-
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terium tuberculosis, and Pseudomonas aeruginosa. The aptamers of various lengths have
been used [33,37-45]. It was also highlighted in the past study that the MPT64 aptamer
offers more sustainable, stable, and low-cost alternatives to antibodies in the develop-

ment of point-of-care biosensors, allowing shorter detection time of 30 min. In addition,

MPT64-specific aptamers enable sensitive electrochemical impedance detection of secretory

antigens of M. tuberculosis at a limit of detection of 81 pM without the need for fluorescent

or enzyme labeling [38].

Table 1. Aptamers for detection of target bacteria and viruses.

Aptamer Sequence of Aptamers ;l;:;fl:t Bacteria/ Associated Disease  Reference
SARS-CoV-2
5-GCGGCGCGGTATGGAATTAGTGACTTCC . .
AP_7462DNA -0 cGCCCCATTTTTTATAGGGGCCGC-3! virus (spike COVID-19 [33]
protein)
Septicemia, sepsis,

SA43 5-SHTCGGCACGTCAGTAGCGCTCGC S, aureus skin and soft tissue [37]
TGGTCATCCCACAGCTACGTC-3' ’ infections,

endocarditis

Thiolated HS-(CH6)6-OP(0)20-(CH2CH20)6-5'-TTTTT- M. tuberculosis

MTP64 , . . Tuberculosis [38]

aptamer aptamer-3 (MPT64 protein)
5-GCCTGTTGTGAGCCTCCTGTCGAAC éﬁ;&%:;fu‘&?s
AACCACTCATATCTACTACATGACTTG . .

6011 CTCCATTCTGTTCTITCTCTACGCATTG glycoprotein (sGP) Hemorrhagic fever [39]
AGCGTTTATTCTTGTCTCCC-3/ and surface

glycoprotein (GP1,2)
5 -AGTATACGTATTACCTGCAGCTACTC

LMe6-116 GTTATTTCGTAGCACTTTTCCCCACCAC L. monocytogenes Sepsis, meningitis [40]
CTTGGTGCGATATCTCGGAGATCTTGC-3/
5/-SH-AGTAATGCCCGGTAGTTATTCA Salmonella

apt 1; AAGATGAGTAGGAAAAGA-3 (apt1); typhinmurium Gastroenteriti [41]

apt2 5-ROX-AGTAATGCCCGGTAGTTATTCAAA (gfhole ell stroenterttis
GATGAGTAGGAAAAGA-3' (apt2)
5-CACACACGGAACCCCGACAACATA Pharyngitis,

E-CA 20 CATACGGTGAGGGTGG-3/; Streptococcus necrotizing fasciitis,

E-CA ZO,P 5-TTCACGGTAGCACGCATAGGCACAC pyogenes (M-type, sepsis, [42]
ACGGAACCCCGACAACATACATACGG M11 protein) rheumatic fever,
TGAGGGTGGCATCTGACCTCTGTGCTGCT-3’ glomerulonephritis
CCGGAGGTGGGTGAGGTCTGCGGCAGG

P12-21 CTGTGTGGGTGGACCGGAGGGGGGTGAG-

/ GTCTGCGGCAGGCTGTGTGGGTGGA; .

P12-55; Urinary tract

A CCCTCCGGGGGGGGGGGTCATCGGGATA E. coli nfections, )

P12—52l CCTGGTAAGGATACCCTCCGGGGGGG (whole cell) diarrheal di

& — — — —~TCATCGGGATACCTGGTAAGGATA; arnear diseases,

P12-52b sepsis/meningitis

(clone) CCGCCCAGCGGGGGTAGGGCCGGACG
TAGGAGGAGCTGCG
5'-ATGAGAGCGTCGGTGTGGTAACTAGTC Cystic fibrosis,

JN27 TGATTTCTATTTCCTTTAATTAGTCTGCAC P. aeruginosa infections in burn [44]
ACATTGCATTGTAGGAGGGTGCGGAAGTA-3’ wounds
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Table 1. Cont.

Aptamer Sequence of Aptamers ;F]a;:?l:t Bacteria/ Associated Disease Reference
HIVssDNA  5-NH2-GGGGGGCCAAGGCCCAGCCC Human =~ Acquired immune
aptamer TCACACA-3' immunodeficiency deficiency [45]
P virus (HIV)-1 syndrome (AIDS)
HCVcp ssDNA Hepatitis C virus Liver cirrhosis,
(HCV) . [46]
aptamer hepatocarcinoma

(core protein)

5-AGTATACCGTATTACCTGCAGCCATGTTT
Bt-Apt-Fc TGTAGGTGTAATAGGTCATGTTAGGGTTT Norovirus Gastroenteritis [47]
CTGCGATATCTCGGAGATCTTGC-3

Guillain—-Barré
Zika virus (NS1 syndrome
protein) (GBS), meningoen-
cephalitis

5'-GGCTGTTGTTGTTACCTATTGCGTGGCG
10 ATCGGACTTTCGATTCCGATTAACGCCGG
AGG-3

(48]

Viral pathogens including human immunodeficiency virus (HIV-1), hepatitis B virus
(HBV), and SARS-CoV-2 are increasingly being targeted by aptamer-based detection plat-
forms. Cossettini and colleagues [33] has computationally designed 18 high-affinity ap-
tamers (Kd < 1.2 nM) for the SARS-CoV-2 spike receptor binding domain using a deep
learning-accelerated SELEX workflow (AptaNet v2.0) and achieved high specificity in
distinguishing Omicron subtypes (BA.5 vs. XBB.1.5) using electrochemical impedance
spectroscopy. For detection of glycoprotein (GP) and soluble glycoprotein of Ebola virus
(EBOV sGP) (Table 1), a past study revealed that all three studied aptamers, namely, 6011,
6012, and 39SGP1A, exhibited similar affinities to sGP and GP1,2 proteins. One of the
aptamers (6011) was selected as an electrochemical sensor element and the study confirmed
that Ebola GP1,2 proteins on pseudotyped virions can be detected while high sensitivity of
EBOV sGP detection was observed with limit of detection of 150 pM [39].

Pathogenic bacteria such as Salmonella enterica serovar Typhi (typhoid fever), E. coli
0157:H7 (hemolytic uremic syndrome), S. aureus (toxic shock syndrome), and Shigella
dysenteriae (bacillary dysentery) cause more than 1.5 million deaths worldwide each year,
mainly in resource-poor settings [49-53]. These pathogens employ different virulence
mechanisms. Salmonella enterica serovar Typhi invades intestinal epithelial cells via a type III
secretion system, causing systemic infection with a mortality rate of 10-20% if untreated [50].
E. coli O157:H7 produces Shiga toxin, which damages renal endothelial cells and may lead
to acute kidney injury (AKI) progression to renal failure in pediatric cases [51]. S. aureus
secretes various virulence factors including superantigens (e.g., toxic shock syndrome
toxin-1 [TSST-1]) and causes bacteremia which results in shock or sepsis with mortality
rates between 10 and 80% [52]. Shigella species, which is responsible for up to 165 million
infections each year, colonizes the colonic mucosa using actin-based peristalsis and can
cause severe bloody diarrhea [53].

Deadly viruses such as influenza viruses, Ebola virus, human immunodeficiency virus
(HIV), Hantavirus and Dengue virus can affect people in a specific region or from all over
the world and are therefore accounted as significant threats to human health [26,54-58].
SARS-CoV-2, the pathogen of COVID-19, caused nearly 14.83 million excess deaths globally
as estimated by WHO [59]. COVID-19 has been estimated to have caused global economic
losses between US $77 billion and US $2.7 trillion in 2019, and since then has increased the
burden on medical infrastructure worldwide due to the elevated medical costs, healthcare
use, and medications [60,61]. It is worth noting that bacterial coinfection and secondary
bacterial infection are also considered as the key risk factors for the observed severity and

https:/ /doi.org/10.3390/molecules31040664
45



Molecules 2026, 31, 664

mortality of COVID-19 patients [62-64]. The viral infection weakens the host immune
system, paving a way for the development of viral-bacterial coinfections [65,66].

Most importantly, the re-emergence of viral diseases poses a continuous threat to
humans and healthcare settings. Recent reports revealed that over 3000 cases of monkeypox,
a rare zoonotic viral disease transmitted from animals to humans, have been recorded
in more than 50 countries since early May 2022 [67]. Marburg virus (MARV) is a highly
pathogenic virus that causes a filoviral hemorrhagic fever characterized by hemorrhagic
manifestations and multi-organ failure, with a mortality rate of up to 88% among confirmed
cases in the 2022 Marburg outbreak in Equatorial Guinea [6,68,69]. Multiple outbreaks of
MVD have occurred in Africa over the past fifty years, and two outbreaks were also reported
in Europe [70]. Since its discovery near the Ebola River in 1976, more than 30 discrete
outbreaks of Ebola virus disease (EVD) have been documented, with clusters occurring
in Central and West Africa. In 2021, Guinea experienced a new EVD outbreak [71]. The
2014-2016 West African epidemic with 28,646 cases and 11,323 deaths, and 2018-2020 Kivu
outbreak with 3470 cases and 2287 deaths generated over 17,000 survivors with persistent
post-Ebola sequelae (ocular/neurological complications) [57,72].

Oncogenic viruses cause 15-20% of cancer incidence worldwide; for example, human
papillomavirus (HPV) causes hundreds of thousands of cases of cervical cancer each
year [73,74], while HBV and hepatitis C virus (HCV) work together to cause 80% of
hepatocellular carcinoma in endemic areas, and this proportion is even higher in high-
endemic areas such as sub-Saharan Africa and East Asia [75]. Cancer is a significant
threat to human health, causing nearly 10 million deaths globally every year, and viral
infections are responsible for a considerable proportion of these deaths [76]. Therefore,
the use of electrochemical aptamer sensors to continuously monitor the presence and
quantity of tumor viruses has important clinical significance for early cancer diagnosis and
treatment [77].

3. Nanomaterials in Electrochemical Aptasensors for Detection of
Pathogens and By-Products

Electrochemical aptasensors have gained prominence for pathogen detection, con-
sidering the critical needs of rapid detection in clinical and food safety contexts [3,78].
These sensors commonly utilize nanomaterials as dual-functional platforms: immobilizing
aptamers and amplifying electrochemical signals. Nanomaterials, owing to their small
particle size in the nanoscale range (1-100 nm), have been utilized in development of
numerous biosensing tools for a wide range of applications such as biotechnology, medical
diagnostic, environment, agriculture, and food safety [79]. Figure 1 depicts the utilization
of nanomaterials in the electrochemical aptasensor where the nanomaterials are deposited
onto a working electrode such as a glassy carbon electrode (GCE).

Five nanomaterial classes dominate current research: metal/metal oxide nanoparticles
(e.g., gold (Au), silver (Ag), magnetite (Fe30,)), carbon-based materials (e.g., graphene,
carbon nanotubes), quantum dots (QD), polymer nanoparticles, and hybrid compos-
ites [37,78,80]. The performance superiority of the nanomaterials-based electrochemical
aptasensors arises from the nanomaterials contributions such as enhanced surface area,
increased sensitivity and specificity, multiplexing, multi-analyte detection, ease of func-
tionalization, rapid detection, real-time monitoring, reduce false positives and negatives,
and consistent performance [81,82]. Interestingly, nanomaterials can be integrated into the
working electrode of electrochemical sensors via various techniques including electrode-
position, surface modification, layer-by-layer assembly, sol-gel technique, and printing
technologies [82].
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Figure 1. Modification of electrochemical sensor with nanomaterials and aptamers for pathogens and
toxins detection.

As the bioreceptor of aptasensors with stable secondary structure, aptamers are well-
known for their high binding affinity and selectivity for specific target molecules, such as
amino acids, proteins, enzymes, and metal ions [79,81]. These properties are attributed to
the ability of the aptamers to fold via electrostatic interactions, van der Waals forces and
hydrogen bonds, forming thermodynamically stable three-dimensional structures. The
accuracy and sensitivity of the assays can be further improved while the limit of detection
can be reduced by utilizing the combination of aptamers with different nanomaterials [79].
To ensure this, aptamer conjugation with nanomaterials is a crucial step for effective
functionality of aptasensors especially to preserve the short single-stranded DNA (ssDNA)
or RNA biophysical characteristics and binding abilities. Several methods are available for
the conjugation, namely, physical adsorption, covalent and non-covalent attachments [81].
Figure 2a presents the examples of aptamer immobilization strategies on nanomaterials for
electrochemical aptasensors. After successful aptamer immobilization on the nanomaterials,
subsequent binding between the aptamer and target will produce a measurable electrical
signal, and alteration in electrical signals before and after binding can also be observed
(Figure 2b).
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Figure 2. Schematic illustration of (a) strategies of aptamers immobilization on nanomaterials for
electrochemical aptasensors and (b) binding of aptamers with the target to generate electrical signals.

3.1. Metal Nanoparticles

Metallic nanostructures are becoming the key components in the optimization of
aptasensors due to their high surface-area-to-volume ratio, fast electron transfer kinetics, in-
creased loading capacity, mass transport of reactants, and inherent cytocompatibility [79,83].
Gold (Au) and silver (Ag) nanoparticles are widely used in customized sensor design due
to their excellent conductivity, and controllable size and morphology (e.g., nanospheres,
nanorods, nanocages, nanowires, etc.) [79,84]. Gold nanoparticles (AuNPs) have gained
worldwide attention for diverse diagnostic and therapeutic applications due to their inert-
ness, biocompatibility, low toxicity, chemically stable, localized surface plasmon resonance
(LSPR) properties and easy modification [79,85]. The conventional synthesis method of
AuNPs is via reduction of gold (III) derivatives using citrate or other reducing agents such
as gallic acid [86].
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Similarly, silver nanoparticles (AgNPs), which can be synthesized conventionally
through chemical and physical methods, are cost-effective and have demonstrated minimal
cytotoxicity and immunological response. As one of the preferred nanomaterials for
electrochemical sensors, AgNPs enable rapid and sensitive detection, which supports its
utilization in point-of-care devices [87]. In the past years, plant extracts and microbial (i.e.,
bacteria, fungi, yeasts, actinomycetes, and viruses) green synthesis methods of AuNPs
and AgNPs have been developed, which was proven effective for the development of
sustainable production systems [85-88]. These environmentally friendly approaches offer
several advantages including the absence of toxic by-products from the chemical-reducing
agents which could be introduced to the environment and pose health hazards, reduced
energy demands and costs for nanoparticle production, and enhanced scalability by using
non-toxic materials [86,87].

Many studies have reported successful detection of pathogenic bacteria and viruses
using AuNPs-modified electrochemical aptasensors [89-96]. Zarei et al. [90] have success-
fully applied a strategy of thiol-bonded aptamer fixation for the detection of S. dysenteriae.
The aptasensor utilized a glassy carbon electrode (GCE) modified with AuNPs through
electrodeposition technique and the AuNP/GCE was combined with a thiolated aptamer
via self-assembly immobilization to detect S. dysenteriae in milk and water samples. This
study reported that the aptasensor has a detection limit of 100 CFU/mL (Table 2) and a
recovery rate of 93.26-132.95%. The aptasensor also showed higher selectivity, in which the
presence of other bacteria and dead S. dysenteriae did not affect its performance. Another
past study revealed that metallic nanoparticles such as AuNPs can be coupled with rolling
circle amplification (RCA) technology to further increase sensor sensitivity for detection of
live S. typhimurium. The RCA products which are the massive, long DNA molecules with
multiple tandem-repeat sequences can later hybridized with the detection probe on the
aptasensor surface [91].

Table 2. Metal nanoparticles-modified electrochemical aptasensors for detection of pathogens and
by-products in various samples .

Detection Detection

Target Material Method LOD Range Time Sample Reference
: 60.0-6.0 x 107 .

P. aeruginosa AuNPs  Amperometry 60 CFU/mL CFU/mL 10 min Water [89]
Shigella 0 10'-10° . Water, skim
dysenteriae AuNPs EIS 10" CFU/mL CFU/mL 30 min milk [90]
Salmonella 20-2 x 108 Mineral
typhimurium AuNPs DPV 16 CFU/mL CFU/mL >3.5h water [91]
H5NT1 virus Chicken
hemagglutinin pAuNP CcV 1pM 1 pM-100 nM 2h [92]

i serum
(HA) protein
SARS-CoV-2 Artiicial
virus spike AuNPs DPV 91.1 pM 10 pM—6 nM 35 min i [93]
(S) protein

serum
o 0.2 M/ 10-600 fM/

Zika virus AuNPs DPV 33 fM 500 fM-10 pM N/A Serum [94]
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Table 2. Cont.

Target Material Method LOD Range Dettectlon Detection Reference
Time Sample
Microcystin-LR (E&OS?L%I;/I
(MC-LR), Cylin- ’ 0.073-150 nM
drospermopsin 0.0045nM (MC-LR)
(CYL) (CYL), 0.018-200 nM
na ),dn— AuNPs SWV 0.0034 nM ’ (CYL 20 min Tap water [95]
:ajit(;xin zﬁd (anatoxin-o), anatoxiri-cx
Kkadai id 0.0053 nM toxi OA)
E)OaA )alc aci (saxitoxin) and saxitoxin,
0.0048 nM (OA)
. 10%-107 . Human
P. aeruginosa AgNP EIS 33 CFU/mL CFU/mL 50 min serum [96]
S. aureus AgNP DPV 1 CFU/mL 10107 N/A Water [97]
' CFU/mL
Clams,
Saxitoxin (STX) AgNP DPV 1nM 0.04-0.15 uM N/A mantis [98]
shrimp
Salmonella . 102-10° Chicken
typhimurium NiNWs EIS 80 CFU/mL CFU/mL 2h meat [99]

1 AgNPs: silver nanoparticles; AuNp; gold nanoparticles; CV = cyclic voltammetry; DPV = differential pulse
voltammetry; EIS = electrochemical impedance spectroscopy; N/A: not available; NiNWs: nickel nanowires;
PAuUNP: porous gold nanoparticles; SWV: square wave voltammetry.

Different types and/or functionalization have also been performed on AuNP:s for its
utilization in electrochemical aptasensor. Porous AuNPs (pAuNPs) which were synthe-
sized by reducing the agent-assisted excessive galvanic replacement method with diameter
distribution of 60-110 nm has been utilized in the fabrication of multifunctional DNA struc-
ture on pAuNPs/Au electrode for detection of hemagglutinin (HA) protein, an envelope
protein of avian influenza virus (H5N1) [92]. From the cyclic voltammogram (CV) results,
the authors pointed out that binding of HA protein to the bioprobe Alapt/Zyme/SH-DNA
3W]J hampered electron transfer, resulting in increasing redox peaks of Alapt/Zyme/SH-
DNA 3W] with decreasing HA protein concentration. That study also suggested that the
electrode modified with pAuNPs achieve higher coverage and thus enhanced signal due to
the higher surface roughness and active area the pAuNPs provide [92].

A past study revealed that their aptasensor composed of indium tin oxide (ITO) glass
electrode modified with AuNPs-Cysteine—aptamer exhibited increased current intensity
with an increase in SARS-CoV-2 virus spike (S) protein concentration between 10 pM
and 6 nM as detected by differential pulse voltammetry technique (DPV) [93]. Roushani
et al. [96] modified GCE with electrodeposited AgNPs and immobilized aptamers via
covalent bonding between the aptamer amino group and AgNPs. The study successfully
detected P. aeruginosa at the concentrations of 10>~10” CFU/mL with a limit of detection of
33 CFU/mL (Table 2). The study highlighted that the presence of AgNPs on the electrode
surface improved the signal due to its large surface area and fast electron transfer. The
study also reported that 50 min would be suitable for target binding time while 4 h was
required to allow optimal aptamer immobilization [96].

Several strategies have been implemented to further improve the performance of
electrochemical aptasensors. For instance, nonspecific adsorption in complex samples and
electrode biofouling can reduce sensitivity and specific bacterial detection, and these prob-
lems can be alleviated using polymers such as polyethylene glycol (PEG) as an antifouling
agent [100]. In addition, dual aptamer synergistic recognition based on aptamers that target
specific proteins can further optimize the sensitivity of the electrochemical aptasensors.
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For example, utilization of different aptamers that target the same MPT64 protein, which
is the protein secreted in the early and middle period of M. tuberculosis growth, was able
to further improve the sensitivity of the aptasensor supported by a low detection limit of
10 fg/mL [101]. Multiple aptamers have also been used in the development of multiplexed
electrochemical aptasensors, mainly to allow simultaneous determination of substances
such as five harmful marine toxins in tap water [95].

3.2. Metal/Metal Oxide Nanocomposites

Metal/metal oxide nanocomposites have been utilized to modify the working elec-
trode in electrochemical aptasensor research studies. Nanocomposites are hybrid materials
that can be composed of metallic, non-metallic, and polymeric materials. Incorporation of
carbon nanotubes to metal nanoparticles, for example, CNT and AuNP, form AuNP-CNT
nanocomposites which display enhanced performance and properties. The AuNP-CNT
nanocomposites could provide exceptional electrical conductivity, high sensitivity and
selectivity, and easy surface modification, which favors their use in sensor application [102].
Many research studies have utilized metal nanocomposites for development of electrochem-
ical aptasensors [11,103-111]. The AuNPs/SPANI nanocomposite aptasensor developed by
Gao et al. [103] used the anti-biological contamination properties of sulfonated polyaniline
(SPANI) to act as an antifouling agent and combined it with the signal amplification effect
of AuNPs to directly detect S. aureus with detection limit of 2 CFU/mL (Table 3).

Table 3. Metal nanocomposite-modified electrochemical aptasensors for detection of pathogens and
by-products in various samples !.

Target Material Method LOD Range Det.ectlon Detection Reference
Time Sample
Ag-Cs-Gr s
S. aureus QDs/ DPV 33CFU/mL 02 x10 90 min Human [11]
. CFU/mL serum
NT102
S. aureus AuNPs/SPANI EIS 2 CFU/mL 10-10° N/A Water, milk [103]
’ CFU/mL !
1.2 x 10—
S. aureus A“N(I;ZFCNPS/ EIS 1 CFU/mL 1.2 x 108 N/A Human [104]
s CFU/mL serum
M. tuberculosis
(antigen GNP-Cgy-PAn DPV 20 fg/mL 0'02;3380 N/A H‘;m;“ [105]
MPT64) pg serums
. . AuNPs/rGO- 9.34 9.2-9.2 x 108 Tap water,
E. coli O157:H7 PVA EIS CFU/mL CFU/mL N/A milk, meat [106]
Helicobacter . Human
pylori (Hsp 60) Hap-Ag-ZnO SWV 0.429 nM 0.05-300 nM 20 min serum [107]
L Milk
—102 ’
Listeria Pt/HCNs DPV 2 CFU/mL 10-10 N/A Jettuce [108]
monocytogenes CFU/mL h
omogenate
Norovirus 1ng/mL-10 .
(NoV) BP-AuNCs Drv 0.28 ng/mL g /mL 30 min Oyster [109]
MoS,-PANI- Chronoa-
T-2 toxin Chi-Au and 10 fg/mL-100
(mycotoxin) +CO-TEPA- mpfrome- 1.79 fg/mL ng/mL N/A Beer [110]
Au@Pt NRs Y
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Table 3. Cont.

Detection Detection

Target Material Method LOD Range Time Sample Reference
Staphylococcal Milk, meat

Enterotoxin A AuNUs/rGO DPV 7.6 M 25.0-950.0 fM 100 min extract, [111]
(SEA) human serum

1 Ag-Cs-Gr QDs/NTiO;: silver nanoparticles—chitosan-graphene quantum dots/nitrogen-doped TiO, nanoparti-
cles; AuNUs/rGO: gold nano urchins/reduced graphene oxide; AuNPs/CNPs/CNFs: gold nanoparticles/carbon
nanoparticles/cellulose nanofibers nanocomposite; AuNPs/SPANI: gold nanoparticles/sulfonated polyaniline;
BP-AuNCs: phosphorene-gold nanocomposites; GNP-C60-PAn: gold nanoparticles decorated with coil-like
fullerene-doped polyaniline; Hap-Ag-ZnO: hydroxyapatite-silver—zinc oxide; MoS2-PANI-Chi-Au: molybde-
num disulfide-polyaniline-chitosan-gold nanoparticles; N/A: not available; Pt/HCNs: Platinum nanoparti-
cles/hollow carbon nanospheres; rGO-TEPA-Au@Pt NRs: Reduced graphene oxide-tetraethylene pentamine-
gold@platinum nanorods.

Ranjbar and Shahrokhian [104] fabricated an electrochemical aptasensor using gold
nanoparticles/carbon nanoparticles/cellulose nanofibers nanocomposite (AuNPs/CNPs/
CNFs) for sensitive and selective detection of S. aureus. The nanocomposites exhibited
excellent conductivity, good biocompatibility, and high surface area, which contributed
to high sensitivity with a limit of detection of 1 CFU/mL for the aptasensor and precise
detection of S. aureus in the spiked human serum (Table 3). Hydroxyapatite (Hap) has been
used in combination with Ag, zinc oxide (ZnO) and conductive polymer polythiophene
(PP) for detection of H. pylori heat shock protein (HSP 60) [107]. They pointed out that
the multiple functional group sites of Hap-Ag-ZnO-PP composites facilitated the aptamer
immobilization through the aptamer’s NH, group. A prominent decrease in current
and increase in resistance was evident following hybridization of aptamer and Hsp 60,
indicating successful attachment of Hsp 60 with the aptamer that formed a barrier layer
which blocks the transfer of electrons. Their proposed aptasensors showed high sensitivity
with detection limit of 0.429 nM (Table 3).

A 3D electrochemical aptasensor containing phosphorene-gold nanocomposites (BP-
AuNCs) was developed by Jiang et al. [109] for detection of norovirus (Table 3). They
fabricated the aptasensors using pins and fabric cloth which are low cost, and the incor-
poration of multiple layers of BP-AuNCs has resulted in ultrasensitive detection of the
recombinant norovirus-like particles (VLP) with a limit of detection of 0.28 ng/mL. The
sensitivity of the aptasensor could be attributed to the BP-AuNCs which provide a durable
3D support structure for the target-specific aptamer immobilization while enhancing the
electron transfer process at the interface. The study also pointed out that the aptasensor
demonstrated high specificity for norovirus; current responses of interfering astrovirus and
rotavirus were close to blank while the current responses of the virus mixture was compa-
rable to that of only norovirus. It was observed that the recovery from the oyster spiked
samples was 97-106%, supporting its potential use for detection in food samples [109].

Metal oxide nanoparticles such as cerium oxide (CeO,), zinc oxide (Zn0O), iron oxide
(Fe304), manganese dioxide (MnO,) and titanium dioxide (TiO,) are attractive fundamental
building blocks for advanced electrochemical aptasensor architectures. Notably, metal
oxide NPs have a simple preparation process, easy size, shape and porosity modification,
high stability, no swelling variations, easy functionalization which is made possible due to
the negative surface charge, and easy incorporation in both hydrophilic and hydrophobic
systems [112]. On top of that, some metal oxide NPs such as MnO, and Fe3Oy are favored
for diagnostic purposes due to their non-toxicity and strong peroxidase-like activity, as
well as low production cost as compared to natural enzymes production [113]. Specifically,
nanomaterials with intrinsic enzyme-like activities are known as nanozymes. Nanozymes
encompass a large number of nanomaterials which can be synthesized and display excellent
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catalytic activities as they mimic natural enzymes’ structures and functions (e.g., hydrolase,
peroxidase, catalase, oxidase, etc.) [114].

Sharma et al. [115] synthesized ZnO nanorods by thermal method while AuNPs
and AgNPs were prepared chemically. The Ag-Au-ZnO/origami-based electrochemical
paper-based analytical device (0PAD) was used to fix the CHIKV aptamer onto it, form-
ing an aptamer/Ag-Au-ZnO/oPAD. This aptasensor has shown ultrasensitive detection
of Chikungunya virus antigen (CHIKV-Ag) with a linear range of 1 ng/mL-10 ug/mL
(Table 4), and a detection limit of 1 ng/mL using CV. From the field emission scanning
electron microscopy (FESEM) images, the spherical Au-Ag NPs were seen clustering on
the surface of ZnO nanorods, which favorably contribute to a high sensitivity of 1.36 pA
ugmL~'cm~2 as observed for this aptasensor. This improved sensitivity could be attributed
to the enhanced charge-transfer properties provided by the tertiary nanocomposite. The
aptasensor exhibited rapid detection, high stability, high sensitivity to serum sample, good
reproducibility, and provided confidentiality in the form of a closed environment that
protects electrodes from dust and external elements [115].

Table 4. Metal/metal oxide nanocomposite-modified electrochemical aptasensors for detection of
pathogens and by-products in various samples !.

Detection Detection

Target Material Method LOD Range Time Sample Reference
Chikungunya
virus antigen Ag-Au-ZnO Cv 1ng/mL ! ng//rrli}: 10 20s I_SI;IE;H [115]
(CHIKV-Ag) HE
1012107 Milk, conduit
S. aureus AuNPs@Fe304 Drv 1 CFU/mL CFU mL-1 N/A watgr,. apple [116]
juice
: 7.6 x 1078 5.0 x 1077 .
T-2 toxin Au/(Ce-In)Ox DPV ng/mL ng/mL-5.0 ng /mL N/A Maize [117]
Ochratoxin A ZnO-Au DPV 0.05 0.1-30,000 N/A Wine and beer [118]
pg/mL pg/mL

1 Ag-Au-ZnO: silver nanoparticles-gold nanoparticles—zinc oxide nanorods; Au/(Ce-In)Ox: gold nanoparti-
cles/bimetallic oxide (cerium—-indium); AuNPs@Fe30y: gold nanoparticles modified magnetic nanoparticles; CV: cyclic
voltammetry; DPV: differential pulse voltammetry; N/A: not available; ZnO-Au: Zinc oxide-gold nanoparticles.

Another past study by El-Wekil and colleagues [116] developed an aptasensor
by immobilizing aptamer on gold nanoparticles modified magnetic nanoparticles (apt-
AuNPs@Fe3;0y) (Table 4). In the presence of S. aureus as the target bacteria, a molecular
imprinted polymer (MIP) film using o-phenylenediamine was electro-polymerized on the
surface of the as-synthesized nanocomposite to fabricate a MIP-apt-AuNPs@Fe;0, /GCE.
The S. aureus was later removed to allow binding of the S. aureus in complex matrices on
the aptasensor at the imprinted sites. Their study revealed that the MIP-aptasensor demon-
strated an ultrasensitive detection with a low limit of detection of 1 CFU/mL and a wide
linear range of 10'-107 CFU/mL. The specificity studies using CV were conducted in the
presence of organic compounds such as urea, glucose, ascorbic acid, uric acid, methionine,
glycine, alanine, lysine, arginine, and lactic acid (300 uM each), as well as other bacteria
and C. albicans at a concentration of 10° CFU/mL. They found out that reduced current
was only observed in the presence of S. aureus, indicating the good interaction of aptamer
and well-fitted MIP spaces for the S. aureus [116].

3.3. Carbon Nanomaterials and Nanocomposites

Carbon-based nanomaterials, which include carbon nanotubes (CNTs), graphene,
graphene oxide, nanographite, fullerene, etc., are widely used as the core materials of
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electrochemical aptasensors. Their unique properties including high electron mobility,
good electrical conductivity, large specific surface area, high stability, biocompatibility,
hydrophilicity, and flexible interface functionalization capabilities have attracted their use
for various applications such as in the field of medicine, electronics, environmental moni-
toring and food safety [29,79,81]. CNTs are composed of single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs). The SWCNT is a single tube
with a common diameter of 0.4-2 nm. The MWCNTs which consist of several concentric
tubes normally are having a diameter of 2-100 nm and the sizes are directly influenced by
their synthesis method [119]. CNTs are known for their exceptional mechanical, electrical,
and thermal properties, rendering them a suitable platform for the transducer component
in aptasensors. The tensile strengths exceeding 100 GPa allow CNTs to withstand mechani-
cal stresses and harsh environmental conditions while their good electrical conductivity
ranging from 10° to 10* S/cm facilitate sensitive and rapid signal transduction [81].

Graphene can easily be functionalized and exhibits excellent electrical, electrochemical,
and physicochemical properties. It is also highly sensitive to external stimulus and permits
ssDNA binding through non-covalent - interaction or electrostatic interaction with
DNA bases which promotes biomolecule immobilization [120]. Graphene oxide (GO),
a derivative of graphene, is rich in oxygen functional groups such as hydroxyl and carboxyl
groups [83]. Both graphene and GO demonstrate excellent optoelectronic properties and
can detect biomolecules with high sensitivity and selectivity [79,104]. GO is commonly
transformed to reduced graphene oxide (rGO) for use in sensor application, where the
conversion can be achieved by the hydrothermal and chemical reduction of GO [83]. The
higher hydrophilicity, higher current density, superior electrocatalytic property, and easier
functional groups attachments, such as those for aptamer immobilization or for binding
to a transducer or support surface, are the among the advantages offered by rGO [83,119].
However, there are some limitations of rGO where it is prone to aggregating or possibly
restacking to graphite following van der Waals forces and intense layering, which may
limit its application in electrochemical sensing due to a reduction in total surface area [83].

Research studies have been conducted using carbon nanomaterials and aptamers
for electrochemical detection of pathogens. Kaur et al. [121] constructed a hierarchical
nanostructure of 3D bridged rebar graphene (BRG) using MWCNTs which was modified by
the chemical facilitated unscrolling method, followed by bridging with terephthalaldehyde
(TPA). The BRG showed enhanced electrical properties supported by the eleven-fold
increase in the current and facile chemical functionality and was thus functionalized with
polyL-lysine (PLL) and aptamer, forming an aptamer-functionalized BRG (BRG/PLL/Apta)
for detection of E. coli O78:K80:H11. The work has successfully achieved ultrasensitive
detection of E. coli O78:K80:H11 with a limit of detection of 10! CFU/mL and detection
range of 10'-10° CFU/mL in water and other samples (Table 5). It was also pointed
out that there was minimal interference in the presence of other bacterial species such
as L. monocytogenes, Bacillus subtilis, Proteus vulgaris, E. coli DH5«, etc., indicating the
high specificity of the electrochemical aptasensor. The interaction of aptamer and E. coli
078:K80:H11 led to high specificity of the aptasensor, and this result was supported by
their scanning electron microscopy (SEM) and confocal microscopy images. The charge
transfer resistance (Rct) values showed an increasing trend with increase in bacterial
concentration in the range of 10'~10° CFU/mL, highlighting successful E. coli O78:K80:H11
binding with aptamers on the sensor surface. The aptamer-target binding on the electrode
surface prevented electron transfer from the redox probe which was attributed to the steric
hindrance and insulating layer formed by the large bacterial cells.
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Table 5. Carbon nanomaterials-modified electrochemical aptasensors for detection of bacteria in
various samples 1.

Detection Detection

Target Material Method LOD Range Time Sample Reference

E. coli O78:K80:H11 BRG EIS 10' CFU/mL 10'-10° CFU/mL <8 min Water, juice, [121]
and milk

Salmonella enteritidis/ 5.5 x 10! CFU/mL/ 5.5 x 10'-5.5 x 10° CFU/mL/ . Raw chicken

Salmonella typhimurium MWENTs EIS 6.7 x 10' CFU/mL 6.7 x 10'-6.7 x 10° CFU/mL 20 min meat (122]

1 BRG: bridged rebar graphene, EIS: electrochemical impedance spectroscopy; MWCNTs: multi-walled carbon
nanotubes.

Another study utilized an amino-modified aptasensor fabricated using MWCNTs
deposited on ITO electrode (ssDNA/MWCNT/ITO) for detection of pathogenic Salmonella
bacteria [122]. The MWCNTs were electrodeposited onto the ITO electrode at 30 V for
1 min followed by functionalization of MWCNT surface using EDC-NHS chemistry. The
ssDNA/MWCNT/ITO was formed by dropping the amino-modified Salmonella DNA
aptamer onto the activated electrode. Their study revealed that a stable and regular disper-
sion of MWCNTs on the ITO electrode was observed from the electrodeposition process.
The high specific surface area of MWCNTs promoted aptamer immobilization by binding
with the reactive carboxyl groups on the MWCNTs surface and the 7t-7t stacking between
MWCNTs layers and aptamer nucleotide bases allowed binding of the aptamer on the
electrode. This study identified that 5 umol/L was the optimum concentration of DNA
aptamer needed for their aptasensor development. The signal amplification effects were
contributed by the MWCNTs as these nanomaterials have excellent electrical conductivity
and large specific surface area. Decreased peak currents and increased impedance were
evident with increasing concentrations of Salmonella cells. The presence of high concentra-
tion of Salmonella enabled more aptamer—target binding on the aptasensor surface, which
reduced the effective surface area and subsequently inhibited electron transfer. Addition-
ally, this study also compared the sensitivity limit using the PCR technique, in which the
PCR resulted in a limit of detection of 10> CFU/mL for both Salmonella enteritidis and S.
typhimurium while their aptasensor worked exclusively sensitive with a detection limit of
10! CFU/mL (Table 5), suggesting its suitable application for food samples.

Carbon-based nanocomposites emerge as another pivotal material in electrochem-
ical sensing. Pathania et al. [123] synthesized Mo0S,-rGO nanocomposites for the elec-
trochemical aptasensor development which contributed to enhanced conductivity and
easy biomolecular functionalization. The attachment of anti-Vi antigen aptamers on the
MoS,-rGO nanocomposite through thiol linkage enables sensitive and specific detection
of S. Typhi, differentiating it from other Salmonella serovars and enteric pathogens. The
advantages of using MoS, was related to the enhanced electrical, optical, and thermal
properties as well as the tunable band gap. Their study integrated MoS; with rGO to pre-
vent restacking of MoS, and improve the electrical conductivity. The aptasensor achieved
a limit of detection of 100 pg/mL (Table 6) and high specificity was observed through
selective binding of aptamer and Vi-expressing S. Typhi cells in the presence of different
polysaccharides of other bacterial origin as supported by the confocal images. This study
has successfully validated the aptasensor using urine and sera specimens spiked with
Vi antigen. It was suggested that this aptasensor could be useful to track carriers of S.
Typhi and evaluate disease prognosis, providing an easy-to-perform, rapid and reliable
diagnostic test [123].
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Table 6. Carbon nanocomposites-modified electrochemical aptasensors for detection of pathogens

and by-products in various samples !.

Detection

Detection

Target Material Method LOD Range Time Sample Reference
Acinetobacter rGO/MWCNT/ 10-1 x 107 Serum,
baumannii CS/CQD brv 1 CFU/mL CFU/mL N/A Skimmed milk 23]
10'-108 . Human
S. aureus NCNO/AuNPs EIS 3 CFU/mL CFU/mL 15 min serum [37]
-2
M. tuberculosis RGO/PNE/Au LSV 01x107um 1 X101_07 Pﬁ‘l X 55 N/A 83]
Salmonella .
Typhi (Vi antigen) MoS,-tGO SWV 100 pg/mL 0.1-1000 ng/mL N/A Sera and urine [123]
. 1.0 x 107%-
M. tuberculosis P-MOF- 33 x107° ’ Human
(antigen ESAT-6) rGO/Pt@Au v ng/mL 20 x 10 1h serum [124]
ng/mL

Salmonella 1 10'-108 .
Typhimurium rGO-AP DPV 10" CFU/mL CFU/mL N/A Chicken meat [125]
Salmonella 1 10'-10° .
Typhimurium rGO-CHI DPV 10" CFU/mL CFU/mL N/A Chicken meat [126]
Salmonella - 1 10'-108 .
Typhimutium rGO-TiO, DPV 10° CFU/mL CFU/mL 1h Chicken meat [127]
Salmonella " 10'-108 . .
Typhimurium rGO-CNT DPV 10* CFU/mL CFU/mL 10 min Chicken meat [128]

. 30 fg/mL/ . Human
E. coli (LPS) rGO/AuNPs EIS 1fg/mL N/A 35 min serum [129]
Lipopolysaccharide g 4 fg/mL/ 0.1-0.9 pg/mL/ . Human blood
(LPS)/endotoxin MRGO-Au SWV 02fg/mL  001-009pg/mL >oomin serum [130]
Hepatitis B virus
surface antigen rGO-AuNPs cv 0.0014 fg/mL 0%12/51; 20 N/A Human [131]
(HBsAg) &
Hepatitis C virus MWCNTs- 5.0 fg/mL- Human
core antigen (Anti) Chit brv 1.67 fg/mL 1.0 pg/mL N/A serum (132]

- . 3D
Hepatltl.s C virus N-C@NiCo,0; EIS 0.16 fg/mL 0.5 fg/mL N/A Human blood [133]
core antigen -0.12 pg/mL serum
NWs

human Human
papillomavirus prGO-MoS, DPV 0.1 ng/mL 0.2-2ng/mL N/A serum and [134]
(HPV-16 L1 protein) saliva

1cv: cyclic voltammetry; CS/CQD: chitosan/carbon quantum dot; DPV: differential pulse voltammetry; EIS: elec-
trochemical impedance spectroscopy; LPS: lipopolysaccharide; LSV: linear sweep voltammetry; MoS,-rGO:
Molybdenum disulfide-reduced graphene oxide; MRGO-Au: magnetite-reduced graphene oxide with gold
nanoparticles; MWCNTs-Chit: multi-walled carbon nanotubes—chitosan nanocomposite; N/A: not available;
NCNO/AuNPs: nitrogen-doped carbon nano-onions/gold nanoparticles; rGO-AP: rGO-azophloxine; rGO-
AuNPs: reduced graphene oxide—gold nanoparticles; rGO-CHI: reduced graphene oxide—chitosan; rGO-CNT:
reduced graphene oxide—carbon nanotube; RGO/PNE/Au: reduced graphene oxide/polynorepinephrine/gold
nanoparticles; rGO-TiO,: reduced graphene oxide-titanium dioxide; prGO-MoS;: porous reduced graphene
oxide-molybdenum sulfide; Pt@Au: platinum aurum core shell nanoparticles; P-MOF-rGO: poly (diallyldimethy-
lammonium chloride)-metal-organic framework doped reduced graphene oxide; SWV: square wave voltammetry;
3D N-C@NiCo,04 NWs: N-doped carbon@ NiCo,O4 nanowires.

Appaturi et al. [128] hybridized rGO with carbon nanotubes (CNTs) for rapid detec-
tion of S. typhimurium (Table 6). The CNTs acted as one-dimensional spacers that inhibit
the stacking of graphene sheets and provide large surface area, effectively increasing the
loading capacity of the aptamers. The amino-modified aptamers bound covalently with
the carboxyl groups of the rGO-CNT, forming amide bonds. The developed ssDNA /rGO-
CNT/GCE aptasensor exhibited high sensitivity with a detection limit of 10! CFU/mL.
The high specificity of the aptasensor could be attributed to the intermolecular folding
of the aptamers that recognize only the target bacteria and prevent binding with non-
Salmonella bacteria. The rGO-CNT contributed to enhanced electrical properties and de-
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tection of whole bacterial cell without any pretreatment or DNA extraction steps, which
was made possible through the immobilization of amino-modified DNA aptamer to the
nanocomposites. Differential pulse voltammetry (DPV) results revealed a decrease in
oxidation current density at the potential of 0.23 V upon binding of S. typhimurium onto
the ssDNA /rGO-CNT/GCE in a concentration-dependent manner in comparison to the
ssDNA /rGO-CNT/GCE which exhibited a prominent increase in oxidation. This observed
decrease in current density could be related to the bacterial cell having negative charge on
its membrane which interferes and blocks electron transfer to the electrode surface [128].

Several studies have proposed electrochemical aptasensors for rapid and sensitive
detection of viruses including hepatitis B (HBV) and C (HCV) viruses, and human papil-
loma virus (HPV) [131-134]. In a study by Rahmati et al. [133], the amino group of the
aptamer promoted covalent attachment to the 3D N-C@NiCo,0O4 NWs nanocomposite and
the aptasensor has been utilized for HCV detection. The very high surface to volume ratio,
high density of metal sites and porosity of the nanocomposite potentially enable greater
aptamer load onto the GCE surface. This was evident through increase in Rct value upon
aptamer immobilization (Rct = 3.08 k(). The addition of increasing HCV concentration
further increases the Rct value, indicating restricted electron transfer due to successful
formation of HCV /aptamer complex on the aptasensor surface. Their aptasensor showed
high sensitivity with detection limit of 0.16 fg/mL (Table 6) with excellent recovery in real
samples of human blood serum [133].

It can be summarized that diverse types of nanomaterials have been utilized in electro-
chemical aptasensors research, aiming at providing sensitive, specific, and rapid detection
of pathogenic bacteria, viruses, and by-products (toxins). The common detection methods
include CV, DPV and EIS, though other methods have also been mentioned. The detection
times vary depending on factors such as sample complexity, signal amplification, aptamer
stability, etc. An overview of this review is presented in Figure 3.
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Figure 3. Overview of nanomaterials based electrochemical aptasensors that utilize different nano-
materials and methods for detection of pathogens and toxins and the time taken for the analysis.
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4. Challenges and Future Perspectives

The use of nanomaterials on the electrode surface to enhance signal amplification of
electrochemical aptasensors helps to overcome the limitations of inhibitory effects of the
aptamer on electron transfer [135]. However, it is important to note that there are limi-
tations and challenges in using nanomaterials for electrochemical aptasensors. Aptamer
immobilization which is very crucial in aptasensor development may require chemical
modification or functionalization of the nanomaterials or aptamer (e.g., thiol group) for
interaction between aptamer and nanomaterials [102]. In addition, the orientation and
biological activity of the immobilized aptamer must be maintained as inappropriate immo-
bilization may lead to loss of activity, low biocompatibility, and less specificity [102], which
hinder the optimum interaction of target-aptamer and thus may reduce the aptasensor
sensitivity. Though large DNA loading is essential for sensitive detection, it must be kept at
a minimal amount to facilitate correct folding and avoid steric hindrance [136]. Other chal-
lenges would be the production cost in which the metal nanomaterials may impose more
cost compared to the carbon-based nanomaterials [84]. Sensitivity of the aptasensor could
also be affected by the batch-to-batch variation in nanomaterials, for example, the sizes of
metal nanoparticles which result in signal fluctuations [103,137]. These challenges limit
widespread clinical adoption and commercialization of nanomaterial-based biosensors for
diagnostic purposes.

An ideal on-site biosensor monitoring device should meet the required sensitivity,
must be highly reproducible [102], and can withstand different conditions and complexity
of samples. The presence of interfering compounds known as fouling agents in complex
samples such as serum also limits the functionality and effectiveness of the electrochem-
ical aptasensors. These agents can include a wide range of molecules such as proteins,
nucleic acids, amino acids, neurotransmitters, and phenols, as well as whole cells and their
fragments which tend to adhere to the electrode surface through adsorption, precipitation,
or polymerization. The biofouling can lead to false readings or inhibit target binding on
electrode surface, which in turn affect the sensitivity, stability, reproducibility, and overall
reliability of the biosensors [138]. In addition, long-term stability of aptamers remains a
challenge as their activity is highly dependent on the physiological conditions. Denatura-
tion of aptamer could potentially occur during storage, shipping, or long-term monitoring
of analytes, demanding better solutions for commercial use [139]. For practical applications,
electrochemical sensors must attain sensitive and specific detection as well as capability for
long-term and real-time monitoring [140].

Concerns involving biofouling remain despite the existence of several strategies that
are compatible with electrochemical measurements such as utilization of nanoporous gold,
zwitterionic polymers, hydrophilic polymeric membranes, etc. [140,141]. Therefore, to meet
the market demand of having sensitive and robust devices for analytical measurements,
future research could be directed towards designing effective antifouling sensing platforms
that can reduce nonspecific adsorption and increase the signal-to-noise ratio. Recent stud-
ies have also investigated the potential integration of electrochemical aptasensors with
microfluidics for detection of pathogens such as norovirus [47] and Vibrio parahaemolyti-
cus [142], providing advantages of high sensitivity, low cost, rapid detection, and easy
miniaturization. It is noteworthy that portable diagnostic devices with high sensitivity,
specificity and reproducibility are strongly desired as an alternative to the conventional
methods for detection of pathogens and the by-products intended for point-of-care (POC)
diagnostics, food safety, and environmental monitoring. Looking forward, integration of
artificial intelligence (Al) and microfluidic-integrated lab-on-a-chip (LOC) systems in the
development of electrochemical aptasensors may offer advanced analysis with improved
accuracy, encourage precision medicine and personalized clinical tools, permit automation,
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easy operation and real-time monitoring as well as reduce sample volume. Considering the
limitations and challenges, advancement in technology could produce a rapid detection
electrochemical aptasensor diagnostic kit that may potentially help reduce diagnostic time
and lower the global disease burden.

5. Conclusions

Electrochemical aptasensors utilizing nanomaterials are promising cutting-edge so-
lutions for rapid detection of infectious disease and environmental monitoring. Taken
together, through the specific binding ability of aptamer which recognizes the whole
pathogen or prominent surface structures, and the large specific surface areas, stability
and good electrical conductivity of nanomaterials, the high sensitivity and specificity of
electrochemical aptasensors can be achieved. This review revealed that the advancement
in nanomaterials technology has enabled rapid detection of infectious agents and toxins
using electrochemical aptasensors. Despite the limitations and challenges that exist, elec-
trochemical aptasensors can be considered as an alternative to the conventional methods
of culture-based methods, ELISA and PCR for early infection detection, diagnosis, and
monitoring. The future developments may provide better outcomes through integration of
electrochemical aptasensors with Al, microfluidics, and other systems.
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Abstract

DNA nanotechnology offers an unprecedented level of structural programmability for orga-
nizing metallic nanoparticles into precisely defined architectures, providing a powerful plat-
form for plasmonic biosensing. In particular, gold and silver nanoparticles assembled on
DNA nanostructures enable nanometer-scale control over interparticle distance, orientation,
and spatial symmetry, which directly govern collective plasmonic behaviors and optical
signal transduction. This review summarizes recent advances in DNA nanostructure-
mediated assembly of metal nanoparticles, with an emphasis on design principles and
assembly strategies that enable static and dynamic control of nanoparticle organization.
Representative examples are discussed to illustrate how well-defined plasmonic assemblies
give rise to tunable optical responses, including localized surface plasmon resonance mod-
ulation, chiroptical signals, fluorescence enhancement or quenching, and surface-enhanced
Raman scattering. The role of structural programmability and stimulus-responsive recon-
figuration in translating molecular recognition events into amplified optical outputs is
highlighted in the context of biosensing. Finally, current challenges and future perspectives
are outlined, focusing on structural robustness, signal reproducibility, and integration
toward practical and multiplexed biosensing platforms.

Keywords: DNA nanostructures; metal nanoparticles; plasmonic properties; biosensing

1. Introduction

The development of highly sensitive, specific, and multiplexed biosensors has be-
come increasingly important for biomedical diagnostics, environmental monitoring, and
point-of-care applications. Achieving high sensor performance requires not only accurate
molecular recognition but also precise control over signal transduction processes [1,2].
Metallic nanoparticles, particularly gold and silver nanoparticles, have emerged as key
functional nanomaterials due to their unique plasmonic properties. Their size- and shape-
dependent optical responses enable enhanced sensitivity, tunable signal outputs, and
versatile detection modalities, making them widely employed in biosensing platforms [3,4].

To fully exploit these properties, metallic nanoparticles must be organized into well-
defined architectures. The spatial positions, orientations, and interparticle distances criti-
cally influence collective plasmonic effects, electromagnetic field enhancement, and electron
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transfer pathways, all of which directly impact signal amplification and detection sensitiv-
ity [5-7]. Well-controlled assemblies therefore offer improved reproducibility, enhanced
signal output, and opportunities for integrating multiple sensing functions, which are
difficult to achieve with randomly distributed nanoparticles.

However, conventional nanoparticle assembly strategies often suffer from limited
spatial precision, structural heterogeneity, and poor batch-to-batch consistency [8-10].
Random aggregation or nonspecific adsorption can lead to heterogeneous structures, un-
controlled interparticle distances, and variable signal outputs, which significantly hinder
sensor performance. Overcoming these challenges requires scaffolds capable of directing
nanoparticle assembly with nanometer-scale accuracy while offering programmability and
dynamic responsiveness.

DNA nanotechnology provides a versatile solution to these challenges [11,12].
Through the rational design of DNA tiles [13-17], origami [18-22], and wireframe struc-
tures [23,24], nanoparticles can be positioned at defined locations with sub-10 nm precision.
Importantly, DNA nanostructures function not only as passive templates but also as ac-
tive components that regulate nanoparticle spatial organization, plasmonic coupling, and
signal transduction, functioning as integral components of functional biosensors. This
approach enables programmable, reproducible, and multifunctional assemblies that can be
dynamically reconfigured in response to specific molecular inputs.

While numerous excellent reviews have summarized biosensors based on DNA-
functionalized metallic nanoparticles [25,26], this review focuses specifically on gold and
silver nanoparticles assembled through DNA nanostructures, emphasizing design princi-
ples and assembly strategies, with representative examples illustrating signal transduction
mechanisms and biosensing applications. We also discuss current challenges and future di-
rections for integrating DNA nanostructures with gold and silver nanoparticles to construct
high-performance, programmable biosensors.

2. DNA Nanostructures as Programmable Scaffolds

DNA nanotechnology provides an unprecedented platform for constructing highly
precise and programmable nanoscale architectures, enabling the controlled organization
of metallic nanoparticles [27,28]. DNA origami, in particular, has become a cornerstone
technique in this field, offering a versatile and robust scaffold for the assembly of complex
nanostructures. Initially introduced by Rothemund in 2006, the scaffolded DNA origami
technique uses a long single-stranded DNA scaffold, which is folded into well-defined
two-dimensional (2D) shapes through hybridization with hundreds of short staple strands
in a one-pot annealing reaction [18]. This method enables the fabrication of planar structures
up to ~100 nm in size with ~6 nm resolution, facilitating the creation of a wide variety of
shapes, such as rectangles, stars, smiley faces, and triangles (Figure 1a). The simplicity, low
cost, and modularity of this approach quickly spurred more complex designs, including
asymmetric forms like a map of China [29], curved concentric rings [22], and even a Mobius
strip [30].

Building on this 2D foundation, DNA nanostructures have been extended into three di-
mensions through techniques such as multi-layer stacking of DNA helices. Notable ex-
amples include the work by Douglas et al., who created a range of three-dimensional
(3D) objects such as monoliths, square nuts, railed bridges, genie bottles, stacked crosses,
and slotted crosses using a honeycomb-pleated lattice, with tunable dimensions between
10-100 nm (Figure 1b) [21]. Subsequently, Dietz et al. advanced the design by introducing
precise, programmable bending and twisting of 3D nanostructures via base-pair inser-
tions and deletions, resulting in intricate shapes like wireframe beach balls, gears, and
spirals (Figure 1c) [20]. Additionally, Han et al. demonstrated a curvature-centric approach
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to designing 3D structures, coupling longitudinal and latitudinal bending to assemble
smoothly curved geometries such as hemispheres, spheres, and nanoflasks, thus expanding
the structural repertoire beyond angular, raster-based designs (Figure 1d) [22].

e Locked state

444,
i

—h

.
1777
177

Figure 1. DNA origami nanostructures. (a) Symmetric 2D monolayer DNA origami structures:
rectangle, five-pointed star, smiley face, and triangle (left to right) [31]. Copyright 2024, American
Chemical Society. (b) 3D multilayer DNA origami structures with honeycomb packing [32]. Copyright
2016, Wiley. (c) 3D DNA origami structures exhibiting complex curvature [20]. Copyright 2009,
AAAS. (d) DNA nanostructures with gradually varying radii, including hemispheres, spheres, and
ellipsoids [22]. Copyright 2011, AAAS. (e) Conformational transitions of DNA origami mediated by
light-responsive components [33]. Copyright 2016, Springer Nature. (f) Opening and closing of DNA
nanocapsules regulated by pH-responsive modules. Green and orange represent the pH response
module, while yellow represents the cargo inside the nanostructure [34]. Copyright 2019, American
Chemical Society. (g) Global deformation of DNA origami via metal ion-responsive G-quadruplex
motifs [35]. Copyright 2020, Wiley. (h) Tuning of length, curvature, and twist in DNA origami
through toehold-mediated strand displacement [36]. Copyright 2021, American Chemical Society.

https:/ /doi.org/10.3390/molecules31030513
68



Molecules 2026, 31, 513

A significant leap in DNA nanotechnology has been the integration of dynamic
and stimuli-responsive elements into otherwise static structures, transforming them into
adaptive, responsive systems. For instance, Kuzyk et al. developed a light-driven recon-
figurable DNA nanostructure by incorporating azobenzene-modified strands [33]. The
photo-induced switching between trans and cis states triggered a macroscopic conforma-
tional change, which was amplified ~100-fold from the molecular length change (Figure 1e).
Additionally, pH-responsive DNA structures have been realized by Jjés et al., who designed
a nanocapsule that opens at high pH for cargo loading and closes via Hoogsteen triplex
formation at low pH, encapsulating gold nanoparticles in the process (Figure 1f) [34]. Ion-
triggered reconfiguration was demonstrated by Suzuki, who constructed a nanoarm based
on G-quadruplex-containing modules. This nanoarm contracts and relaxes reversibly upon
the addition of K*, toggling between linear and arched states (Figure 1g) [35].

Further enhancing the versatility of DNA scaffolds, modular reconfiguration has also
been explored. Wang et al. introduced a modular expandable origami system wherein
selective strand-displacement reactions allow for the independent adjustment of local
length, curvature, and twist of a 2D sheet, enabling the controlled morphing of the shape
(Figure 1h) [36]. This strategy demonstrates the potential for building more sophisticated,
programmable DNA nanostructures that can dynamically adapt to specific environmental
cues or functional requirements.

These advances in static and dynamic DNA nanostructures illustrate the profound
potential of DNA nanotechnology as a programmable scaffold for organizing nanoparticles
with high precision. By leveraging these DNA scaffolds, researchers can create nanoparticle
assemblies that are not only spatially defined but also able to respond to external stimuli,
enabling new opportunities in biosensing, where dynamic control over the structure and
behavior of nanoparticle assemblies is crucial.

3. DNA Nanostructure-Mediated Assembly of Metal Nanoparticles

Building on the structural programmability of DNA nanostructures, gold and silver
nanoparticles can be assembled into well-defined architectures with precise spatial control.
At the most fundamental level, individual geometric parameters, such as interparticle
distance and angular orientation [37], can be tuned to modulate plasmonic interactions. For
example, silver nanoparticle dimers assembled on triangular DNA origami achieved center-
to-center distances of ~90 nm, ~49 nm, and ~24 nm by adjusting the positions of capture
strands (Figure 2a), illustrating nanometer-scale control over near-field coupling [38].
Angular orientation can also be precisely regulated, as shown by gold nanorod dimers on
DNA origami templates, where 0°, 60°, 90°, and 180° configurations with gaps down to
~5 nm were realized (Figure 2b), enabling directional plasmonic responses [39].

Extending this precise control to multi-particle assemblies allows the creation of hi-
erarchical arrays. One-dimensional arrangements of nanoparticles with uniform spacing
form plasmonic waveguides capable of directing energy to distal reporters, exemplified by
DNA-guided nanowire systems (Figure 2c) [40]. Two-dimensional lattices constructed with
controlled interparticle spacing generate collective interference effects, such as Fano reso-
nances, enhancing surface-enhanced Raman scattering (SERS) sensitivity (Figure 2d) [41].
Further, by positioning multiple DNA origami units in defined orientations on a surface,
these patterned assemblies can form superlattices or metasurfaces, providing a structural
basis for exploring nonlinear optical responses and collective field enhancement in macro-
scopic arrays (Figure 2e) [42].

Beyond planar configurations, three-dimensional assembly strategies expand the
functional repertoire. By arranging nanoparticles into left- or right-handed helices, DNA
scaffolds produce pronounced chiroptical responses, including circular dichroism (CD)
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signals (Figure 2f) [43]. Such 3D architectures not only increase structural diversity but also
directly contribute to biosensing, as molecular recognition events can induce measurable
changes in the chiral configuration.

Collectively, these hierarchical DNA-mediated assembly strategies demonstrate
the versatility of DNA nanostructures in guiding nanoparticles from precise control
of interparticle distance and angle, through one- and two-dimensional patterning, to
three-dimensional helical architectures. This programmability enables the construction of
plasmonic waveguides, Raman-enhancing lattices, and metasurfaces with potential for
nonlinear optical applications, while simultaneously supporting sensitive, tunable, and
multifunctional biosensing platforms.

While static DNA origami architectures provide precise and robust control over
nanoparticle spacing and geometry, thereby maximizing plasmonic coupling and sig-
nal intensity, the incorporation of dynamic, stimuli-responsive elements enables these
assemblies to actively transduce molecular inputs into measurable optical signals. In
biosensing contexts, such reconfigurability is not merely structural but functional, as it
directly translates molecular recognition events into signal amplification, reversibility, and
background suppression.

A representative mechanism for dynamic signal transduction is toehold-mediated
strand displacement, which enables programmable and reversible repositioning of nanopar-
ticles on DNA scaffolds. Zhou et al. demonstrated an active plasmonic “walker” system
in which a gold nanorod moved stepwise along a DNA track with ~7 nm spacing via
strand displacement (Figure 2g) [45]. Importantly, the walker motion induced continu-
ous and reversible changes in circular dichroism, illustrating how molecular inputs can
be converted into real-time plasmonic signal outputs. Such systems exemplify how dy-
namic reconfiguration enables signal switching and temporal control, rather than static
signal readout.

Light-responsive DNA origami further highlights how external stimuli can modu-
late plasmonic responses with high spatiotemporal precision. Kuzyk et al. developed a
reconfigurable DNA origami template in which azobenzene-modified hinges allowed re-
versible switching between locked and relaxed states under UV /Vis illumination [33]. This
molecular-scale actuation was amplified into a ~30 nm structural displacement, resulting in
pronounced changes in chiral plasmonic responses in gold nanorod assemblies (Figure 2h).
The ability to reversibly toggle plasmonic signals without chemical reagents offers clear
advantages for background suppression and repeated sensing cycles.

Chemical stimuli such as pH provide an additional route for dynamic plasmonic modu-
lation. By replacing azobenzene hinges with pH-sensitive DNA locks, Kuzyk et al. achieved
reversible switching of plasmonic chirality in DNA-based metamolecules (Figure 2i) [46].
Similarly, Julin et al. designed pH-responsive DNA origami units whose opening and
closing triggered large-scale reorganization of nanoparticle arrays, altering interparticle
distances and lattice geometry (Figure 2j) [47]. In both cases, environmental changes were
directly translated into distinct plasmonic states, enabling signal gating and condition-
dependent readout.

Collectively, these examples illustrate how static DNA origami structures function
as plasmonic signal amplifiers by defining optimal nanoparticle arrangements, whereas
dynamic DNA nanotechnology enables signal transduction by converting molecular or
environmental stimuli into reversible optical responses. The integration of static amplifica-
tion with dynamic reconfiguration thus provides a powerful framework for biosensing,
allowing high sensitivity, low background, and real-time adaptability within a single
DNA-programmed plasmonic platform.
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Figure 2. DNA Nanostructure-Mediated MNP architectures. (a) Precise control over the position,
number, and spacing of AgNPs using triangular DNA origami [38]. Copyright 2010, Wiley. (b) Angle
regulation of AuNRs based on triangular DNA origami templates [39]. Copyright 2011, American
Chemical Society. (c) DNA-origami-based self-assembly of gold nanoparticle chains for plasmonic
waveguides [40]. Copyright 2018, American Chemical Society. (d) AuNP metamolecules based
on super-origami templates [41]. Copyright 2019, AAAS. (e) Fabrication of chiral metasurface via
microscale DNA origami array [42]. Copyright 2025, American Chemical Society. (f) Construction of
helical AuNP assemblies with optical chirality responses utilizing DNA origami 24-helix bundles [44].
Copyright 2018, American Chemical Society. (g) A DNA origami-based AuNR walker system driven
by toehold-mediated DNA strand displacement reactions [45]. Copyright 2015, Springer Nature.
(h) A light-responsive DNA origami template to construct a plasmonic chiral nanosystem [33].
Copyright 2016, Springer Nature. (i) Reconfigurable chiral plasmonic metamolecules fabricated using
pH-sensitive dynamic DNA origami [46]. Copyright 2017, AAAS. (j) Dynamic modulation of AuNP
lattice configurations through reconfigurable pH-responsive DNA origami lattices [47]. Copyright
2023, American Chemical Society.
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4. Tunable Plasmonic Properties of DNA Nanostructure-Mediated Metal
Nanoparticle Assemblies

The integration of metallic nanoparticles with DNA nanostructures has established
a powerful paradigm for plasmonic material design, in which the structural programma-
bility of DNA scaffolds is directly translated into tunable optical responses. By enabling
nanometer-scale control over interparticle distance, spatial orientation, symmetry, and local
dielectric environment, DNA nanostructures provide a unique platform for engineering
plasmonic coupling phenomena that are difficult to access using conventional top-down
fabrication strategies. This precise control over nanoscale geometry allows collective
plasmonic modes to be deliberately designed and optimized, giving rise to well-defined
optical outputs.

As a result, key plasmonic signal modalities relevant to biosensing, including CD, fluo-
rescence modulation, and SERS can be systematically regulated through rational structural
design. Importantly, DNA nanostructures can function either as static architectural frame-
works that maximize electromagnetic field enhancement or, when combined with reconfig-
urable motifs, as dynamic platforms capable of converting molecular inputs into optical
signals. Together, these DNA nanostructure-based plasmonic systems enable biosensing
architectures that combine strong signal amplification with programmable optical signal
transduction [48-50].

4.1. Chiroptical Modulation

Chiroptical responses are among the most geometry-sensitive plasmonic phenomena,
making them particularly suitable for elucidating how DNA nanostructures mediate plas-
monic mode engineering. DNA nanostructures enable the precise construction of chiral
plasmonic assemblies by offering nanometer-level control over nanoparticle positioning,
relative orientation, and global symmetry. This structural precision allows the realization
of a broad range of geometrically chiral architectures, including helices, asymmetrically
positioned dimers, and cross-stacked oligomers, which collectively give rise to pronounced
plasmonic CD signals in the visible and near-infrared regions.

A representative example is provided by the work of Urban and co-workers, who
arranged gold nanoparticles into well-defined left- or right-handed helices on ring-shaped
DNA origami templates to construct plasmonic toroidal metamolecules. Finite-element
simulations faithfully reproduced the experimentally observed CD spectra and provided
mechanistic insight into their physical origin. Analysis of the induced charge and cur-
rent distributions revealed that, at plasmonic resonance, strong electromagnetic coupling
between adjacent nanoparticles leads to the formation of collective plasmonic modes.
The symmetry and handedness of these modes are dictated by the DNA-encoded chiral
geometry, resulting in distinct interactions with left- and right-circularly polarized light
and, consequently, pronounced CD responses (Figure 3a) [51]. These studies establish a
clear structure—property relationship linking DNA nanostructures programmed geometry,
collective plasmonic coupling, and emergent chiroptical activity.

Beyond purely geometric effects, DNA nanostructure-templated chiral assemblies also
offer opportunities for further tuning chiroptical responses through material and hybridiza-
tion strategies. For example, coating gold nanoparticles with silver shells enables precise
adjustment of plasmonic resonance energies, while incorporation of excitonic components
such as J-aggregate dyes introduce plasmon—exciton coupling (Figure 3b) [52,53]. In such
hybrid systems, the interplay between chiral plasmonic modes and excitonic transitions
leads to enhanced and spectrally tunable CD signals, highlighting how DNA nanostructures
provide a modular framework for engineering complex chiroptical responses.
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While many of these studies focus on static chiral architectures to maximize CD signal
strength, the same design principles can be extended to reconfigurable DNA scaffolds,
in which controlled structural rearrangements translate into switchable chiroptical out-
puts [54,55]. This capability forms the basis for using plasmonic CD as an optical readout
in responsive sensing systems.
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Figure 3. Tunable optical properties of DNA plasmonic nanostructure assemblies. (a) DNA origami-
templated gold nanoparticle helices exhibiting strong CD due to geometry-controlled collective
plasmonic coupling [51]. Copyright 2016, American Chemical Society. (b) Chiral plasmonic-excitonic
hybrids, where gold nanorod dimers on DNA scaffolds interact with excitonic dyes to produce
enhanced, tunable CD responses. The purple and blue lines represent the assembly sites of gold
nanorod [53]. Copyright 2021, American Chemical Society. (¢) DNA origami nanoantennas po-
sitioning fluorophores in nanoparticle dimers, generating strong and reproducible fluorescence
enhancement at electromagnetic hotspots [56]. Copyright 2012, AAAS. (d) Tetrameric gold nanoparti-
cle assemblies on DNA origami forming Fano-resonant SERS hotspots, enabling quantitative Raman
measurements with controlled reporter placement [41]. Copyright 2019, AAAS. (e) SERS optimization
through DNA-directed control of nanoparticle composition and morphology, showing how geomet-
ric precision and material choice enhance local field confinement [57]. Copyright 2023, American
Chemical Society.
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4.2. Fluorescence Enhancement and Enerqy Transfer Control

Fluorescence-based plasmonic readouts offer a complementary perspective by prob-
ing highly localized electromagnetic field enhancement at the single-emitter level. DNA
nanostructures serve as precise scaffolds for positioning fluorophores within plasmonic
nanocavities, enabling systematic regulation of excitation rates, emission intensity, polar-
ization, and directionality through controlled light-matter interactions.

DNA origami-based plasmonic nanoantennas, typically composed of gold nanoparti-
cle or nanorod dimers, have been extensively employed to investigate fluorescence enhance-
ment mechanisms (Figure 3c). By placing fluorophores at predefined docking sites within
nanogaps, local electromagnetic fields can be strongly enhanced, leading to fluorescence
enhancement factors exceeding two orders of magnitude [56]. Such static architectures func-
tion as efficient optical amplifiers, providing reproducible and quantifiable enhancement of
weak fluorescence signals.

Beyond excitation enhancement, plasmonic nanocavities also modify emission dy-
namics by reshaping the local density of optical states [58]. Single-molecule measurements
reveal pronounced reductions in fluorescence lifetime, indicative of Purcell-enhanced ra-
diative decay. Importantly, the balance between radiative enhancement and nonradiative
energy dissipation is critically dependent on emitter—-metal separation. The nanometer-
scale distance control afforded by DNA origami enables fluorophores to be positioned
within an optimal regime where radiative processes dominate over quenching, allowing
predictable and rational design of fluorescence-modulating plasmonic structures.

Although most fluorescence enhancement studies employ static DNA scaffolds to max-
imize signal amplification, incorporation of stimulus-responsive DNA elements enables
reversible modulation of emitter-nanoparticle coupling. In such cases, fluorescence inten-
sity and lifetime can serve as optical reporters of DNA conformational states, providing a
direct link between nanoscale structural changes and measurable optical outputs.

4.3. Surface-Enhanced Raman Scattering

Surface-enhanced Raman scattering represents an extreme manifestation of plasmonic
field confinement, relying on highly localized electromagnetic hotspots to amplify intrinsi-
cally weak molecular vibrational signals. DNA origami provides an exceptional platform
for SERS studies by enabling precise control over hotspot geometry, plasmonic mode
structure, and molecular positioning [49,59,60].

As demonstrated by Fang and co-workers, gold nanoparticles can be programmably
assembled into well-defined tetrameric superstructures using DNA origami super-frame
designs (Figure 3d) [41]. These assemblies support Fano resonances arising from interfer-
ence between super-radiant bright modes and sub-radiant dark modes. Electromagnetic
simulations based on finite-difference time-domain and finite-element methods reveal
that, at the Fano dip wavelength, radiative losses are suppressed and electromagnetic
energy is strongly confined within interparticle gaps, resulting in extremely high local field
enhancements. Crucially, the addressability of DNA origami allows a defined number of
Raman reporter molecules to be positioned precisely within these computationally identi-
fied hotspots. Experimentally, SERS intensities exhibit stepwise, quantized increases with
increasing molecular occupancy, directly linking signal strength to molecular number. This
level of control transforms SERS from a stochastic enhancement phenomenon into a pre-
dictable and quantitative process governed by DNA-programmed plasmonic architecture.

Additional studies further demonstrate that nanoparticle composition and morphol-
ogy play critical roles in determining SERS performance. Systematic comparisons of gold,
silver, and anisotropic nanostructures assembled on DNA origami, supported by large-
scale statistical analyses and electromagnetic simulations, show that plasmonic resonance
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positions and local field enhancements can be optimized through rational material selection
and precise geometric control (Figure 3e) [57]. In this context, DNA nanostructures act as
nanoscale photonic engineering platforms that enable reproducible and high-performance
SERS substrates.

Taken together, these studies demonstrate that DNA nanostructures enable plasmonic
properties to be engineered at a mechanistic level through precise control over nanoscale
geometry and electromagnetic coupling. By enforcing well-defined interparticle spac-
ing, orientation, and symmetry, DNA-guided assemblies improve the reproducibility of
plasmonic architectures and, consequently, the consistency of their optical signal outputs.
While different optical modalities exhibit varying sensitivity to nanoscale precision, a clear
correlation between structural fidelity and signal reproducibility is generally observed.
Collective chiroptical signals are relatively tolerant to minor geometric variations, whereas
SERS readouts impose stricter requirements on hotspot definition.

Within this framework, static DNA-templated plasmonic architectures primarily func-
tion as efficient signal amplifiers by maximizing electromagnetic field enhancement, while
the incorporation of dynamic DNA nanotechnology introduces responsiveness, allowing
plasmonic systems to actively transduce molecular inputs into optical outputs. The integra-
tion of static amplification and dynamic signal transduction provides a versatile foundation
for biosensing, enabling molecular recognition events to be both strongly amplified and
reliably converted into quantitative optical readouts.

5. Biosensing Applications of DNA Nanostructure-Mediated Metal
Nanoparticle Assemblies

The integration of DNA nanostructures with metal nanoparticles provides a versatile
strategy for translating molecular recognition events into highly sensitive optical signals.
Owing to their inherent programmability, DNA nanostructures enable the precise spatial
organization of metal nanoparticles and optical emitters, yielding assemblies with finely
tunable chiroptical, fluorescence, and Raman responses. Importantly, these optical signals
can be dynamically modulated in response to specific biochemical interactions, allowing
DNA nanostructure-based plasmonic systems to function as powerful transducers for
molecular diagnostics and environmental biosensing [61,62].

5.1. Chirality-Based Biosensing

DNA nanostructure-templated chiral plasmonic assemblies are particularly effective
at converting molecular recognition events into measurable variations in CD, providing
a label-free and real-time sensing modality. By arranging AuNPs or AuNRs on DNA
origami scaffolds with well-defined asymmetric, twisted, or crossed geometries, control-
lable chiroptical signals can be generated. Hybridization with complementary nucleic acid
targets or binding of aptamer-ligand pairs induce conformational changes in the DNA
framework, thereby modulating plasmonic coupling and producing distinct CD intensity
or sign variations.

Using this principle, twisted AuNR dimers assembled through DNA hybridization
have been shown to generate CD responses that correlate linearly with target DNA con-
centration, achieving detection limits as low as 3.7 aM [63]. Extending this concept to
intracellular environments, side-by-side AuNR assemblies positioned within living cells
enabled real-time monitoring of microRNA recognition via in situ CD signal changes,
demonstrating the feasibility of chiroptical sensing in complex biological contexts [64].

Beyond static sensing, reconfigurable chiral plasmonic systems based on DNA origami
have demonstrated broad applicability for detecting diverse targets, including nucleic acids,
proteins, and small molecules [65-67]. Upon specific molecular recognition, these archi-
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tectures undergo programmable conformational transitions that alter their chiral configu-
ration, yielding quantifiable CD readouts. For example, cross-arranged AuNR dimers on
DNA origami scaffolds exhibited reversible chirality switching upon viral RNA hybridiza-
tion, enabling quantitative detection with limits of approximately 100 pM [65]. Similarly,
aptamer-integrated chiral origami assemblies have been engineered to recognize ligands
such as adenosine and thrombin, where target binding induces structural reorganization of
the plasmonic framework, with dissociation constants down to 1.4 nM [67].

To further enhance sensitivity toward low-abundance biomarkers, signal amplifica-
tion modules have been integrated upstream of the chiroptical readout. In representative
designs, DNA amplification circuits recycle trace amounts of target molecules to gener-
ate abundant trigger strands, which subsequently induce large-scale reconfiguration of
AuNR-functionalized DNA origami nanotweezers. This strategy effectively amplifies
weak molecular recognition events into macroscopic CD responses, enabling detection
of tumor-related mRNAs, adenosine, and cell-surface proteins at picomolar concentra-
tions or even at the single-cell level (Figure 4a) [68]. Together, these examples highlight
the potential of DNA nanostructure-based chiral plasmonic systems for ultrasensitive,
real-time bioanalysis.
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Figure 4. Chirality- and fluorescence-based biosensing. (a) A DNA amplification circuit converts
the target analyte into a key structure, triggering a conformational transformation of the plasmonic
assembly and generating a corresponding CD signal. The red line segment represents the key
sequence that interacts with the nanotweezers [68]. Copyright 2022, Wiley. (b) Capture strands
immobilized on a nanoantenna recognize and bind target molecules, exposing a hybridization site
for an imaging strand that produces a radiometric fluorescence signal [69]. Copyright 2021, Springer
Nature. (¢) DNA origami-based nanoantennas enable single-molecule investigations of the coupled
folding and binding dynamics of proteins [70]. Copyright 2024, American Chemical Society.
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5.2. Fluorescence-Based Biosensing

The nanometer-scale spatial control afforded by DNA nanostructures provides an
ideal platform for plasmon-enhanced fluorescence biosensing, where the radiative proper-
ties of fluorophores can be precisely modulated. DNA templates enable the construction of
optical nanoantennas that translate molecular recognition events into amplified fluores-
cence signals.

Seminal work by Tinnefeld and co-workers established DNA origami-based optical
nanoantennas as robust systems for plasmon-enhanced fluorescence sensing. By systemati-
cally optimizing nanoparticle size, shape, material composition, and fluorophore position-
ing, these platforms enabled tunable fluorescence enhancement and single-molecule nucleic
acid detection [50,69,71]. In a representative design, single 80 nm Ag nanoparticles were
anchored on DNA origami templates in a molecular beacon-like configuration, resulting in
fluorescence enhancement of several orders of magnitude upon target hybridization. Using
this approach, Zika virus DNA and RNA sequences were sensitively detected directly in
serum samples [71].

Further refinement led to the development of trident-shaped NanoAntennas with
Cleared Hotspots (NACHOS), in which two Ag nanopillars defined a nanoscale junction
containing capture strands. Upon target hybridization, the hotspot became accessible to an
imager strand, yielding fluorescence enhancement factors of approximately 467-fold. Re-
markably, the resulting signal could be visualized using a smartphone-based imaging setup,
enabling portable single-molecule detection [69]. This strategy was subsequently applied
to quantify antibiotic-resistance markers from Klebsiella pneumoniae at attomolar concen-
trations directly in human plasma, achieving polymerase chain reaction-level sensitivity
without enzymatic amplification (Figure 4b). Beyond nucleic acid sensing, DNA-metal
nanoantennas have been adapted for small-molecule detection by incorporating aptamer
recognition elements. For example, ATP-binding aptamers integrated into DNA origami-
templated Au@Ag nanostructures undergo target-induced conformational switching to
form G-quadruplex structures, producing strong fluorescence enhancement and enabling
single-molecule ATP detection [72].

In addition to static sensing, plasmonic DNA nanoantennas have enabled real-time ob-
servation of biomolecular dynamics. By confining fluorophores within plasmonic hotspots,
photon emission rates are significantly increased, allowing acquisition of single-molecule
FRET trajectories with temporal resolution improved by approximately one order of mag-
nitude. This capability has facilitated direct observation of rapid folding transitions in
intrinsically disordered proteins and short DNA duplexes, providing experimental access
to transient states previously accessible mainly through simulations (Figure 4c) [70]. Collec-
tively, these studies underscore the versatility of DNA nanostructure-mediated fluorescence
platforms for both ultrasensitive biosensing and dynamic molecular analysis.

5.3. SERS-Based Biosensing

SERS-based biosensing benefits substantially from DNA-guided assembly strategies,
which enable rational design of plasmonic nanostructures with programmable geometries
and well-defined nanogaps. The structural precision of DNA nanotechnology allows fine
control over gap size, nanoparticle composition, and analyte positioning, resulting in
ultrasensitive, reproducible, and multiplexed Raman-based detection.

For nucleic acid analysis, DNA nanostructure-assembled SERS platforms have incor-
porated enzymatic target-recycling strategies to overcome sensitivity limitations. Duplex-
specific nuclease-assisted SERS probes and exosome-targeted DNA-Au@Ag conjugates
have been applied for the detection of miRNA-10b in serum and exosomal samples, achiev-
ing attomolar to femtomolar detection limits with high sequence specificity [73]. DNA
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nanostructure engineering has further enabled multiplexed miRNA profiling, where tetra-
hedral DNA probes or asymmetric core-shell nanoparticles functionalized with distinct
Raman reporters allow simultaneous detection of multiple miRNA targets within a single
sample [74].

Beyond nucleic acids, DNA origami provides a programmable scaffold for assem-
bling plasmonic nanoantennas responsive to small molecules and proteins. Aptamer-
functionalized origami templates decorated with AuNPs or AgNPs can transduce ligand
binding into structural rearrangement, producing pronounced Raman signal modula-
tion over wide concentration ranges (10~1°-107> M) with sub-nanomolar detection limits
(Figure 5a) [75,76]. Moreover, DNA-templated assembly of sharp-featured nanostructures,
such as bimetallic Au@Ag nanostars, exploits strong tip-enhanced fields to enable sensitive
detection of metabolites like pyocyanin at clinically relevant concentrations [59].
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Figure 5. SERS-based biosensing (a) A DNA origami-assembled nanoantenna-based SERS biosensor
for the ultrasensitive detection of trace amounts of diethylstilbestrol [75]. Copyright 2025, Royal
Society of Chemistry. (b) A single-molecule SERS platform based on DNA origami nanoantennas for
probing the dynamic conformational transitions of cytochrome c. [77]. Copyright 2024, American
Chemical Society. (¢) A programmable DNA origami plasmonic nanoantenna for multiplex SERS
detection of TNF-a and IFN-y relevant to cancer immunotherapy [78]. Copyright 2024, American
Chemical Society.

DNA origami-defined plasmonic hotspots have also enabled label-free single-protein
identification and enzymatic analysis. By precisely positioning proteins such as thrombin
or epidermal growth factor receptor within nanogaps, distinct single-molecule Raman
fingerprints can be acquired [79]. Furthermore, real-time monitoring of enzymatic reac-
tions has been achieved by immobilizing cytochrome C or horseradish peroxidase within
DNA-defined hotspots, allowing catalytic processes to be tracked through Raman spectral
evolution (Figure 5b) [77,80].

The programmability of DNA origami additionally facilitates multiplexed and logjic-
based biosensing. Stimuli-responsive nanoantennas incorporating Au nanorods and
aptamer-functionalized origami sheets have been designed to detect cytokines such as

https:/ /doi.org/10.3390/molecules31030513
78



Molecules 2026, 31, 513

TNF-« and IFN-y, with Raman signal variations serving as Boolean logic outputs for
immune-response profiling (Figure 5c) [78]. Integration of multiple optical modalities
further enhances analytical robustness. For example, Y-DNA-mediated assembly of chiral
AuNP core-satellite structures generate correlated SERS and CD signals, enabling dual-
mode miRNA quantification in living cells [81]. Such multimodal platforms illustrate how
DNA-assembled plasmonic nanostructures combine structural programmability, optical en-
hancement, and biochemical specificity to advance next-generation molecular diagnostics.

6. Conclusions and Future Perspectives

DNA nanostructure-guided assemblies of metal nanoparticles have emerged as a
versatile and powerful platform for biosensing applications. The intrinsic programma-
bility of DNA nanostructures allows precise spatial organization of nanoparticles, while
dynamic scaffolds enable stimulus-responsive reconfiguration. Together, these features
provide highly controlled, multifunctional, and tunable platforms capable of enhancing
signal transduction, enabling multimodal detection, and implementing logic- or condition-
dependent sensing.

Despite these remarkable advances, several challenges remain. The stability of DNA-
nanoparticle assemblies under complex biological conditions, including nucleases, high
ionic strength, or extreme pH, still requires further optimization. Large-scale, reproducible
fabrication of uniform assemblies, particularly for hierarchical or multi-component architec-
tures, remains technically demanding. In addition, integrating multiple signal transduction
modalities within a single platform, while maintaining predictable and non-interfering
outputs, presents both design and experimental challenges.

Looking forward, several opportunities are evident. Advancements in dynamic and
responsive DNA nanostructures may enable more sophisticated control over nanopar-
ticle arrangement, facilitating smart biosensing systems capable of autonomous signal
processing and decision-making. Integration with microfluidic, wearable, or implantable
devices could expand the practical applications of DNA nanostructure-guided nanoparticle
biosensors in point-of-care diagnostics, environmental monitoring, and real-time cellular
sensing. Moreover, combining DNA nanostructure-guided nanoparticle assemblies with
other nanomaterials, such as quantum dots, upconversion nanoparticles, or 2D materials,
may further enhance multimodal detection capabilities and functional versatility.

In summary, DNA nanostructure-assembled metal nanoparticles provide a unique
combination of structural programmability, dynamic reconfigurability, and multifunctional
signal transduction, offering a robust foundation for the next generation of biosensing
technologies. Continued advances in scaffold design, assembly strategies, and integration
with diverse signal modalities are expected to drive the development of highly sensitive,
selective, and programmable biosensors for biomedical and environmental applications.
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Abstract: Aptamers are synthetic nucleic acids or peptides that exhibit high specificity and
affinity for target molecules such as small molecules, proteins, or cells. Due to their ability
to bind precisely to these targets, aptamers have found widespread use in bioanalytical and
diagnostic applications. Rolling circle amplification (RCA) is an amplification technique
that utilizes DNA or RNA templates, where circular primers are extended by polymerases
to generate multiple repeated sequences, enabling highly sensitive detection of target
molecules. The integration of aptamers with RCA offers significant advantages, enhancing
both the specificity and sensitivity of detection while ensuring a fast and straightforward
process. This synergy has already been widely applied across various fields, including fluo-
rescence, microfluidics, visualization, and electrochemical technologies. Examples include
molecular probe development, rapid detection of disease biomarkers, and environmental
monitoring. Looking ahead, the aptamer-RCA platform holds great promise for advancing
early disease diagnosis, precision medicine, and the development of nanosensors, driving
innovation and new applications in these fields.

Keywords: aptamer; rolling circle amplification; biosensor

1. Introduction

Functional nucleic acids (FNAs) are a class of nucleic acid molecules that exhibit a
wide range of biological and chemical functions, including molecular recognition, catalysis,
gene regulation, and signal amplification. For instance, aptamers function as high-affinity
molecular recognition elements, while DNAzymes exhibit catalytic activity similar to
that of protein enzymes. Other FNAs, such as ribozymes, regulate gene expression by
cleaving target RNAs, and molecular beacons serve as signal transducers in biosensing
platforms [1]. Aptamers are a type of functional nucleic acid whose structure is formed by
the folding of single-stranded DNA or RNA sequences into complex three-dimensional
conformations. This structure endows aptamers with high specificity, high affinity, sta-
bility, and reversibility, making them widely applicable in fields such as therapy and
biosensing [2]. The ability to chemically synthesize and modify aptamers makes them a
powerful alternative to antibodies. Aptamer molecules were first discovered in the 1990s
by two independent laboratories, namely the Gold and Szostak groups [3]. Systematic
evolution of ligands by exponential enrichment (SELEX) is the core technology for aptamer
screening. Its process mainly consists of five key steps: First, construct a nucleic acid library
containing a vast number of random sequences (usually 20-100 nucleotides), providing
a basis for diversity in screening [4]. Then, incubate this nucleic acid library with target
molecules (such as proteins, small molecules, or cells) under optimized conditions to allow
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specific sequences to bind to the targets [5]. Next, separate the nucleic acid molecules that
bind to the targets from the unbound ones through methods like solid-phase separation,
membrane filtration, or capillary electrophoresis [6]. Subsequently, amplify these bound
nucleic acid sequences using PCR (for DNA libraries) or reverse transcription-PCR (for
RNA libraries) [7]. Finally, repeat this screening process 8-15 times and gradually increase
the stringency of the screening to enrich aptamer sequences with high affinity and high
specificity [8]. The development of aptamers, from their discovery to their applications,
has progressed rapidly. Advances in SELEX technology and interdisciplinary research
have unlocked their immense potential in therapy, biosensing, nanotechnology, and basic
research. Despite some challenges, with ongoing technological advancements, aptamers
are expected to play an even more significant role in the future of precision medicine and
biotechnology [9].

Rolling circle amplification (RCA) is a highly efficient nucleic acid amplification tech-
nique that utilizes a circular DNA template to perform isothermal amplification under the
action of DNA polymerase, generating a linear single-stranded DNA product containing
multiple repeating units. The RCA reaction consists of three core components: a circular
DNA template serves as the replication backbone, a primer provides the starting site, and a
DNA polymerase (such as Phi29) catalyzes the extension at a constant temperature. After
the primer binds to the circular template, the polymerase continuously replicates in a
cycle, generating a long-chain DNA containing repeating units. This system can integrate
aptamer sequences by designing the template to achieve highly sensitive detection of target
molecules, and it is widely used in the field of biosensing [10]. The RCA reaction is charac-
terized by isothermal amplification, high sensitivity, high specificity, and multifunctionality.
The characteristics of the RCA reaction are related to the substances that make up the
reaction. The material basis of the isothermal reaction is that the temperature at which the
reaction occurs is the same as the optimal temperature of the enzyme [11]. The reaction is
highly sensitive because it can undergo numerous elongations and amplifications, achiev-
ing the corresponding signal amplification in detection. The stability, speed, and sensitivity
of the RCA strategy have enabled its widespread application in DNA and protein detection,
single nucleotide polymorphism analysis, in situ signal amplification, drug discovery, and
nanotechnology [12].

This review introduces the application of RCA combined with aptamers in biosensing
detection. Additionally, it points out that this combination offers significant advantages,
making it an important tool for highly sensitive and specific detection, and explains that
aptamers, as molecular recognition elements, can specifically bind to target molecules (such
as proteins [13], small molecules [14], or cells [15]), while the RCA reaction significantly
amplifies the binding signal through an isothermal amplification mechanism. This review
also shows that the combined strategy not only improves detection sensitivity but also
enables accurate detection of trace targets in complex samples, and it further mentions that
the versatility of the rolling circle amplification product makes it compatible with a variety
of detection methods, such as fluorescence [16], colorimetry [17], and electrochemistry [18],
thus making it suitable for fields such as disease diagnosis [19], environmental monitoring
and food safety [20]. Furthermore, it predicts that in the future, with the further optimiza-
tion of aptamer screening technology and the rolling circle amplification reaction system,
this strategy will play a greater role in point-of-care testing and precision medicine [21].

2. Aptamer

Aptamers are short, single-stranded DNA or RNA oligonucleotides (typically 15-80
nucleotides) capable of folding into stable, unique tertiary structures. These structures
facilitate high-affinity and specific binding to diverse targets through non-covalent interac-
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tions such as hydrogen bonding and - stacking [22]. Due to their synthetic origin and
chemical versatility, aptamers function as effective molecular recognition elements across a
broad range of biosensing applications [23].

Their key features—including high specificity [23], stability [24], and ease of
synthesis—underpin their growing role in diagnostics and therapeutics. Unlike antibodies,
aptamers can be chemically synthesized and modified, which allows for scalable, cost-
effective production with high batch-to-batch consistency [24]. The conventional SELEX
method is widely used for aptamer selection but is often time-consuming. Recent opti-
mization strategies have significantly improved screening efficiency. For instance, Yang
et al. used capillary electrophoresis-SELEX (CE-SELEX) to isolate a high-affinity aptamer
for human apotransferrin within only three rounds [25]. Similarly, Liu et al. developed
a microfluidic-based protein microarray system—SELEX (PMM-SELEX), achieving repro-
ducible aptamer selection with high throughput and precision [26].

Aptamers are now being developed for use in neurological and cancer therapies,
pathogen diagnostics, and precision drug delivery [27]. Nonetheless, challenges such as
rapid renal clearance, structural instability, and potential off-target effects hinder their
full therapeutic potential. Ongoing research in chemical modification and delivery sys-
tems is vital to overcoming these limitations and enhancing their applicability in clinical
settings [28].

3. The Regulation of RCA Reaction

By regulating the accessibility of at least one of the four essential components of RCA,
the initiation of the RCA reaction can be controlled. These four essential components are
as follows: the primer, the circular DNA template (CDT), the DNA polymerase (usually
@29 DNA polymerase unless otherwise specified), and deoxyribonucleoside triphosphates
(dNTPs). To date, there have been no reported methods for regulating the RCA reaction
by modulating the accessibility of the DNA polymerase or dNTPs. Here, we focus on the
techniques specifically designed to regulate the accessibility of the primer strand or the
circular DNA template.

3.1. The Design of Primers
3.1.1. The Primer Is Directly Connected to the Aptamer

In an early example, some scientists utilized a thrombin-binding structure-switching
aptamer to regulate the RCA reaction through target-induced primer displacement [29].
In this case, the primer was first captured by an immobilized DNA probe at its 5" end.
After performing a washing step, the CDT and ¢29 DNA polymerase were added to the
captured primer, enabling the generation of target-mediated rolling circle amplification
products from the 3’ end.

Over the past few years, Bialy, RM et al. designed a method that combines the primer
and the aptamer without the need for an immobilized DNA probe or a washing step [30]. In
this approach, the 5'-end of the primer is hybridized with the circular DNA template, and
the other 3/-end is bound to the aptamer. In the absence of the target substance, the aptamer
prevents the primer from binding to the template; thus, the rolling circle amplification
reaction cannot be initiated. When the target substance is added to the system, the aptamer
is released and binds to the target substance. The 3’ end of the primer successfully binds
to the circular template, forming a complementary primer-template double strand [31].
Under the catalytic action of ¢29 DNA polymerase, the RCA reaction proceeds smoothly
(Figure 1A).
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Figure 1. Structure switching primer design strategies: (A) Tripartite structure-switching. (B) Struc-
ture switching using reduced graphene oxide material [30].

However, to ensure the smooth progress of the RCA reaction, the aptamer must be
smoothly released upon target binding, and at the same time, the primer should have a
certain affinity for the circular DNA template. To achieve these two points, it is important
to introduce a new substance that can both immobilize the aptamer and make it easily
detachable. In 2009, scientists proposed using graphene oxide to adsorb the primer—-aptamer
complex. Graphene oxide has adjustable properties that enable it to retain single-stranded
or double-stranded DNA on its surface. When the aptamer binds to the target substance to
form a complex, the aptamer adsorbed on the surface of the graphene oxide will detach,
thus initiating the rolling circle amplification reaction (Figure 1B). According to a reported
multifunctional biosensing platform, reduced graphene oxide can non-specifically adsorb
single-stranded DNA molecules, and DNA aptamers can bind to reduced graphene oxide.
The effect of reduced graphene oxide in the RCA reaction is better than that of graphene
oxide [32].

3.1.2. RNA-Cleaving DNAzyme (RCD) Mediated Primer Regulation

RCD is a class of functional DNA molecules with RNA cleavage activity. It can specif-
ically recognize and cleave RNA substrates just like protein ribonuclease [33] and has
important applications in the fields of biotechnology and medicine. It can be used in combi-
nation with the RCA reaction. In the RCA reaction, RCD can cleave the RNA sequences in
the RCA products to release reporter molecules. It can also initiate downstream reactions to
release a new set of RCA primers, enabling multiple rounds of signal amplification. Several
strategies have been developed to regulate primers in the RCA reaction mediated by RCD.

(1) RCD Cleavage for Primer Release

In the RCA reaction, the primer precursor can be designed to contain the specific
cleavage site of RCD (such as an RNA sequence or an RNA-DNA hybrid strand). In the
initial state, the primer is in a closed or inactive state. When the target (such as a specific
RNA or metal ion) activates the RCD, the RCD cleaves the primer precursor, releasing
an active primer with a 3’-OH end, thus initiating the RCA amplification. This method
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is highly target-dependent and can effectively avoid non-specific amplification, making
it suitable for the highly sensitive detection of low-abundance RNAs (such as miRNA or
viral RNA). For example, in nucleic acid detection, after the target RNA activates the RCD,
it cleaves the primer precursor to release the functional primer, which then binds to the
circular template for RCA, achieving signal amplification.

(2) RCD Regulation of Primer Conformation

By designing the primer as a hairpin structure or a molecular beacon and embedding
the cleavage site of RCD (such as an RNA sequence) in its stem, the dynamic regulation
of primer activity can be achieved. In the unactivated state, the primer cannot bind to
the template due to the closure of its secondary structure. When the RCD is activated by
the target, it cleaves the hairpin stem, causing the primer conformation to change from
a closed state to a linear structure, exposing the sequence complementary to the circular
template and thus initiating the RCA. This regulation method can significantly reduce the
background signal and improve the signal-to-noise ratio of the detection, especially suitable
for RNA imaging in living cells or real-time monitoring. For example, in fluorescence
detection, after the RCD cleaves the hairpin primer, the fluorescent group and the quenching
group are separated, and at the same time, the active primer is released to trigger the RCA,
achieving double signal amplification.

(3) RCD-Mediated Primer Generation

The RCD can directly generate new RCA primers by cleaving long-chain RNAs or
DNA-RNA hybrid strands instead of relying on pre-designed primer precursors. When the
target is present, the RCD recognizes and cleaves a specific sequence, and the generated
short fragment (such as a DNA containing a 3’-OH end) can serve as a functional primer to
initiate the RCA. This method is suitable for complex samples (such as cell lysates or clinical
samples) and can achieve exponential signal amplification through cascade reactions. For
example, in the detection of viral RNA, the target hybridizes with the auxiliary probe
to form the cleavage site of the RCD. After the RCD cleaves it, a short DNA primer is
generated, which in turn triggers the RCA amplification. Combined with fluorescent or
electrochemical signal output, highly sensitive detection can be achieved.

(4) RCD Regulation of Primer Competition

By introducing competitive primers (containing the cleavage site of RCD) to coexist
with functional primers, the dynamic regulation of RCA can be achieved. The competitive
primers preferentially bind to the circular template but do not extend, thus inhibiting the
function of the functional primers. When the RCD is activated by the target, it cleaves the
competitive primers to make them dissociate, release the closure of the template, and enable
the functional primers to dominate the RCA reaction. This strategy can be used to construct
logical gating systems (such as AND/OR gates) to achieve the coordinated detection of
multiple targets. For example, in nucleic acid computing, two targets, respectively, activate
different RCDs. After cleaving the corresponding competitive primers, the functional
primers initiate the RCA and output specific signals.

(5) RCD Control of Primer Recycling

The RCD can continuously cleave the primer complementary sequence in the RCA
extension product, releasing the bound primer and allowing it to participate in the amplifi-
cation cycle again. This method can significantly improve the utilization rate of primers
and achieve continuous signal amplification, which is suitable for the detection of ultra-low
concentration targets. For example, multiple RCD cleavage sites are embedded in the
long-chain RCA product. The RCD repeatedly cleaves to release the primer, initiating
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multiple rounds of amplification. Combined with fluorescent or nanoparticle signal output,
the detection sensitivity can be improved to the single-molecule level.

3.2. The Design of Circular Template
3.2.1. Ligate the Circular Template

The principle of constructing circular templates mediated by T4 DNA ligase is based
on the enzymes’ ability to catalyze the formation of a phosphodiester bond between the
5’-phosphate group and the 3'-hydroxyl group of DNA molecules, thereby achieving the
circular ligation of linear DNA molecules [34]. This method is applicable to both single-
stranded and double-stranded DNA templates. For single-stranded DNA, the 5" end needs
to be phosphorylated in advance, while double-stranded DNA needs to be denatured
into single-strands before use. There are two types of ligation methods: high-efficiency
(>90%) sticky-end ligation and low-efficiency (about 20%) blunt-end ligation. The former
requires the design of complementary overhanging end sequences. The characteristics of
this technology include mild reaction conditions (usually carried out at 16 °C) and good
stability of the ligation products. It is particularly suitable for the circularization of DNA in
the length range of 50-1000 nt. However, it has limitations, such as low blunt-end ligation
efficiency and the tendency to produce multimer by-products. The circularization efficiency
can be improved by optimizing reaction conditions (e.g., adding PEG8000 and controlling
DNA concentration).

3.2.2. Design Circular Aptamers

Circular aptamers play multiple crucial roles in the RCA reaction. Their unique
structural characteristics significantly enhance the amplification efficiency and detection
performance [35]. As a core component of the circular template, circular aptamers optimize
the RCA reaction through the following mechanisms: First, their closed-loop structure
eliminates the end-inhibition effect, enabling DNA polymerase to perform continuous
and efficient strand-displacement synthesis, which boosts the amplification efficiency by
10-100 times. Second, the aptamer sequence can specifically bind to target molecules (such
as proteins, small molecules, or cell markers). In the reaction, it serves as both a recog-
nition element and a signal transducer, achieving integrated “recognition—amplification”
detection. For example, in thrombin detection, the circular aptamer can specifically bind
to the target protein and also act as an RCA template to guide the synthesis of repetitive
sequences [36]. Through cascade amplification, a single binding event is converted into
thousands of copies of nucleic acid signals. In addition, circular aptamers can integrate
functional sequences (such as promoters, ribozyme sites, or fluorescent labels) through
modular design to achieve multiplex detection or intelligent regulation. Compared with
linear aptamers, the circular structure also significantly improves the resistance to nucleases,
allowing the reaction to remain stable in complex biological samples. These characteristics
have led to the widespread application of RCA technology based on circular aptamers in
fields such as ultrasensitive biosensing, single-cell analysis, and in vitro diagnostics, with a
detection limit reaching the fM or even aM level. The latest research has also developed dy-
namic response systems through engineered circular aptamers, such as allosteric aptamers
sensitive to pH or temperature, further expanding the application prospects of RCA in
in vivo monitoring and intelligent diagnosis.

The inherent circular structure of aptamers also enables their integration into in-
tramolecular structure-switching systems for regulating rolling products. Zhao et al. trans-
formed a linear aptamer targeting lipopolysaccharides into an aptamer by incorporating
the aptamer and a primer-binding region within a CDT. In the absence of the target, the
aptamer formed a dumbbell-shaped structure through intramolecular hybridization, which
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restricted access to the primer-binding region. When lipopolysaccharides were introduced,
the aptamer underwent a conformational change, adopting an extended shape that ex-
posed the primer-binding region, thereby facilitating primer binding and rolling product
generation in a single-pot assay.

Roger’s research team developed a structural switching system using circular ap-
tamers, where the binding of platelet-derived growth factor induces the detachment of the
circular platelet-derived growth factor aptamer from reduced graphene oxide [30]. Once
detached, the complex formed between the circular aptamer and platelet-derived growth
factor is separated from reduced graphene oxide via centrifugation. The supernatant con-
taining the released circular aptamer is then mixed with primers, enabling the generation of
RCA products. A limitation of this method is the need for a centrifugation step to remove
the reduced graphene oxide, as reduced graphene oxide can adsorb linear primers, thereby
hindering the RCA reaction.

Another distinctive approach involves incubating a circular aptamer for glutamate
dehydrogenase with magnetic beads coated with recombinant glutamate dehydroge-
nase to form a circular aptamer-recombinant glutamate dehydrogenase complex [30].
The addition of natural glutamate dehydrogenase causes the circular aptamer to be re-
leased from the magnetic beads. After removing the beads, the released circular ap-
tamer can bind to the added primers, enabling an RCA reaction mediated by the natural
glutamate dehydrogenase.

Most of the examples mentioned above require a separation step, which presents a
significant challenge for their implementation in point-of-care detection. To overcome
this issue, a method has been developed that utilizes a CDT integrated with an aptamer
to regulate the RCA reaction by obstructing the ability of Phi29 DNA polymerase to
transcribe the circular DNA template upon target binding. When a platelet-derived growth
factor aptamer is integrated into the circular DNA template, it was observed that upon
binding of the target protein, Phi29 DNA polymerase is unable to displace the bound
protein, thus preventing it from transcribing the aptamer sequence and inhibiting the RCA
reaction [37]. This approach eliminates the need for a separation step, simplifying the
detection process considerably.

4. The Amplification Methods of the RCA Reaction

In RCA technology, there are two primary amplification modes—linear and exponential-
distinguished by their underlying amplification mechanisms and efficiencies. These
two modes exhibit significant differences in both reaction pathways and applicable scenarios.

4.1. Linear RCA

Linear RCA is the most basic form of amplification, where the core mechanism involves
continuous rolling synthesis by a DNA polymerase on a circular template, generating
long single-stranded DNA products containing hundreds to thousands of repeat units
(Figure 2A). This process is characterized by three typical features: (1) each circular template
can only produce a single continuous multi-copy product, with amplification efficiency
linearly correlated with reaction time; (2) no additional primers or enzymes are required,
making the reaction system simple; (3) the typical signal amplification factor ranges from
103 to 10*. Linear RCA is particularly suited for scenarios that require stable and controlled
amplification, such as in situ hybridization and protein detection. For instance, in immuno
RCA technology, linear amplification is initiated by primers conjugated to antibodies,
enabling the visual detection of individual antigen molecules.
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4.2. Exponential RCA

Exponential RCA achieves signal amplification through the introduction of a multi-
stage amplification mechanism, which can be implemented in two main ways:

(1) Hyperbranched RCA: Reverse primer sites are designed on the initial RCA products,
and cascade amplification mediated by multiple primers leads to the formation of
a three-dimensional branched structure (Figure 2B). This method can increase the
amplification factor to 10°~10° times, but precise control of primer concentration is
necessary to avoid non-specific amplification [38].

(2) Primer regeneration RCA38: Nucleic acid endonucleases, such as Nickase or RCD,
cyclically cleave RCA products, releasing new primers that initiate secondary am-
plification cycles (Figure 2C). This dynamic regulation approach is particularly use-
ful for real-time quantitative detection, such as the ultrasensitive analysis of viral
nucleic acids.
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5. Applications of the Combination of Aptamers and RCA

The integration of aptamers with RCA technology has become a prominent approach
in molecular diagnostics and biosensing. This strategy is particularly valuable due to
its ability to combine the exceptional specificity of aptamers with the enhanced signal
amplification offered by RCA. Key applications of this synergistic combination encom-
pass (1) fluorescence-based detection, (2) microfluidic systems, (3) imaging methods, and
(4) electrochemical sensing techniques.

5.1. Fluorescence-Based Detection

Zhu et al. designed an aptasensor utilizing a novel form of exponential rolling circle
amplification for the label-free and highly sensitive fluorescence detection of ochratoxin A
(OTA) [16]. G-quadruplex (G4) refers to a well-ordered, four-stranded DNA structure that
forms from a single-stranded, G-rich nucleic acid sequence facilitated by the presence of K*
and Na* [39].

The approach involved a circular amplification template and a multifunctional double-
stranded probe, aptamer probe-hairpin primer probe (APH). APH was formed by hy-
bridizing an aptamer probe with a hairpin primer probe in a 1:1 ratio. The aptamer probe,
consisting of 51 nucleotides, included a 36-nucleotide aptamer sequence at the 3’ end that
specifically recognized OTA and a 27-nucleotide region at the 5" end designed to hybridize
with RCA amplification products. The hairpin primer probe, with a stem length of 9 nu-
cleotides, contained a 24-nucleotide loop region that was complementary to the central part
of the aptamer probe, along with a 12-nucleotide primer sequence split into two segments:
nine nucleotides at the 5" end and three nucleotides at the 3’ end. These sequences were
responsible for recognizing and hybridizing with the circle template, thereby triggering
the RCA reaction. In the absence of OTA, the APH probe remained stable, preventing
the initiation of RCA. However, when OTA was present, it bound tightly to the aptamer
region, leading to the release of the hairpin probe. This release induced a conformational
change in the hairpin probe, transforming it into a hairpin structure, which then hybridized
with the circle template, initiating RCA. The RCA process produced amplicons containing
repetitive G4 dimer structures and antisense feedback sequences. The antisense sequences
interacted with the APH complex, replacing the old hairpin probe with a new one via
toehold strand displacement, thus enabling the continuous initiation of RCA and the expo-
nential amplification of the products. Simultaneously, the G4 structures formed on the RCA
amplicons interacted with thioflavin T, resulting in significantly enhanced fluorescence due
to the high quantum yield of the fluorescence signal (Figure 3A). This system allowed for
label-free, highly sensitive detection of OTA by measuring the fluorescence intensity of the
G4 dimer/thioflavin T complex [16].

Wang et al. developed a sandwich-type detection strategy that combines antibody-
conjugated magnetic beads and aptamers, utilizing RCA and the nicked PAM/CRISPR-
Casl12a system as signal transduction mechanisms for highly sensitive C-reactive protein de-
tection (Figure 3B). Upon the introduction of C-reactive protein, the aptamer—primer probe
bound to C-reactive protein and was subsequently captured by the antibody-conjugated
magnetic beads, forming a sandwich-like complex. This complex then triggered the RCA
reaction, amplifying the signal. As a result, the RCA products activated CRISPR-Cas12a
trans-cleavage activity, which in turn generated a fluorescent signal [40].

92



Molecules 2025, 30, 2375

Aptamer—H APH

D
>

T2

Recycle
\ 1
n
D
* oTA Q I_.,
) O
. 2 s;’ 25°C, 20win BF P :' .
T 2 - < l.
£ “‘1} e e - j;“ i /}"" Plﬁﬁ;ﬁ\
Ay e — o
s SR PAN Spacer B
Without CRP NTS-b" "po.Ts
pe &
v il
{. trans-Cleavage L (\ _
3 P — |« |
g' — 7h —
T IR
Tema (@ )
b
/}*, ;”\i MB-Anti CRP ~"\ Aptamer N\ Aptamer-primer
X -
O c¢DNA Casl2a = ¢crRNA @ Rcporter  £0%F  Phi2®polymerase

Figure 3. (A) Illustration of the fabrication of an aptasensor based on an RCA fluorescence biosensor
for OTA detection. H probe was released in the presence of OTA to combine with CT to trigger RCA
reaction to produce a large number of G4 signal structures (ochratoxin A (OTA), hairpin (H), circle
template (CT), Thioflavin T (ThT)) [16]. (B) The principle of C-reactive protein assay based on RCA
and CRISPR-Cas12a system dual signal amplification strategy (magnetic bead—antibody (MB-Anti),
C-reactive protein (CRP)) [40].

Niazi et al. developed a fluorescent aptasensor based on RCA and the fluorescence
quenching effect of g-C3Ny4 nanosheets for the detection of aflatoxin M1. The aptamer,
serving as a primer, initiates RCA in the presence of the target. In the absence of aflatoxin
M1, the RCA template hybridizes with the aptamer, forming a circular DNA that undergoes
circularization via T4 DNA ligase. This circular DNA then triggers RCA, facilitated by
phi29 DNA polymerase, producing a long ssDNA product with multiple copies of the target
aptamer sequence. The RCA product is labeled with complementary DNA, which acts as
a signal probe for target detection. This circular DNA binds to multiple sites on the RCA
product to form a duplex with time-resolved fluorescence nanoparticles (TRFNPs). When
no target is present, the RCA product/ TRENPs-circular DNA duplex cannot bind to the
g-C3N4 nanosheet due to the stronger affinity of g-C3Ny for ssDNA over dsDNA, meaning
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the fluorescence of the probe remains unquenched (signal on). However, when aflatoxin
M1 is present, the aptamer preferentially binds to the target, inhibiting the hybridization of
the aptamer with RCT and halting RCA. As a result, no RCA product is formed, and the
free circle DNA is adsorbed onto g-C3Ny, leading to fluorescence quenching. The extent of
fluorescence quenching increases with the target concentration, as more aptamers bind to
aflatoxin M1, preventing hybridization with RCA product and increasing the amount of
free circle DNA (Figure 4). The strong interaction between g-C3Ny and ssDNA quenches
the fluorescence via static quenching, allowing for quantitative measurement of the target
by monitoring the fluorescence intensity after adding g-C3Ny [41].
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Figure 4. Schematic design of aflatoxin M1 detection using g-C3Ny nanosheet and time-resolved
fluorescence nanoparticles combined with RCA-based DNA amplification. In the absence of aflatoxin
M1, the RCA reaction was triggered by target aptamer (primer) to dismantle cDNA on the g-
C3Ny surface and produce a fluorescence signal finally (time-resolved fluorescence nanoparticles
(TRENPs)) [41].
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Zhang et al. developed a method where streptavidin-coated magnetic beads were
functionalized with an aptamer targeting the receptor-binding domain through a biotin-
tagged complementary DNA strand (biotin-cDNA). Upon binding to the receptor-binding
domain, the aptamer was released from the biotin-cDNA, allowing the cDNA to initiate
RCA on the surface of the magnetic beads. The detection of the receptor-binding domain
was accomplished through a dual-signal approach. For fluorescence detection, the RCA
products were combined with a dsDNA probe, which was labeled with both a fluorophore
and a quencher. The hybridization of RCA products with the dsDNA probe resulted in the
separation of the fluorophore and quencher, leading to fluorescence emission (Aex = 488 nm,
Aem = 520 nm) [42].

A method for detecting multiple pathogenic microorganisms is described, utilizing
a DNA composite system encapsulating DNA-stabilized silver nanoclusters (AgNCs)
and graphene oxide in conjunction with RCA. Initially, two distinct RCA-based DNA
composites are constructed, each linked to a probe consisting of DNA-stabilized AgNCs
and an ssDNA aptamer specific to two different bacterial pathogens. Graphene oxide is then
incorporated into the system to capture the ssDNA aptamers from the DNA composites
and act as a selective quencher for the fluorescence of the DNA/AgNCs complex. When
the target bacteria are recognized, the ssDNA aptamer binds to the bacteria, causing it
to detach from the graphene oxide surface. As a result, the RCA-based DNA composite
generates a strong fluorescent signal [43].

Roger et al. present a streamlined approach to integrating protein-binding aptamers
with isothermal amplification, enabling a one-step reaction that does not require any
labeled or modified DNA species. This method is easily adaptable for use in paper-based
point-of-care devices. The assay employs a protein-binding aptamer that also functions
as a linear primer, initiating RCA, referred to as an “aptaprimer”. In the absence of a
target, the aptaprimer binds to a complementary circle template and triggers RCA in
the presence of phi29 DNA polymerase and dNTPs, producing a long DNA product.
This product can bind fluorescent dyes like SYBR Gold™ or QuantiFluor™ to generate a
fluorescence signal (Figure 5A). When a protein target is introduced, the aptaprimer forms
an aptamer—protein complex, which prevents the aptaprimer from binding to the circular
template, thereby inhibiting the RCA process and modulating the fluorescence output. In
the AP, the primer-binding region is incorporated within the native aptamer at the 3’ end.
Polymerization of the AP strand occurs at the 3’ end, and the hybridized AP is displaced by
f29DP as it proceeds through the circular template (Figure 5B). The scientists demonstrate
the application of this system for detecting two proteins—platelet-derived growth factor
and thrombin—showcasing the potential to couple protein-mediated isothermal DNA
amplification with a detectable output signal in a simple, one-step assay format. This
system can be employed either in a solution or as part of a paper-based point-of-care test
(Figure 5C) [37].
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Figure 5. (A) Schematic representation of an aptaprimer for target-mediated generation of RCA

product by incorporating an intercalating dye such as SYBR Gold or QuantiFluor. The addition of
a protein target prevents the binding of the aptaprimer to the circular template, inhibiting RCA.
(B) Aptaprimer concept: the circle-binding region is embedded within the native aptamer strand on
the 3’-end. Polymerization occurs from the 3'-end with phi29DP displacing hybridized aptaprimer
to continue elongation of the RCA product. (C) A sample mixed with aptaprimer and intercalating
dye is spotted onto a wax-contained cellulose well holding pullulan-encapsulated RCA reagents
(phi 29DP, circle template, and dNTPs), allowing for real-time one-step RCA and production of a
fluorescence signal [37].

5.2. Microfluidic Systems

In recent years, aptamer-based microfluidic platforms have seen rapid development,
with a growing focus on improving their detection sensitivity. A study presents an innova-
tive RCA approach for highly sensitive whole-cell detection using microfluidic devices [44].
The dual-RCA method comprises two components: a capturing RCA reaction and a signal-
ing RCA reaction [45]. The capturing RCA reaction involves modifying the microfluidic
channel surfaces with long, tandem repeating aptamers (poly-aptamers), which effec-
tively capture target E. coli O157:H7 cells. Scientists show that poly-aptamer-modified
microchannels capture three times as many target cells compared to those modified with
mono-aptamers.

In addition, the signaling RCA method is integrated into the dual-RCA approach
to significantly amplify the detection signal. The findings reveal that the signal is en-
hanced by up to 50 times when signaling RCA is used, compared to traditional single
fluorescence probes. When both capturing RCA and signaling RCA are combined in one
system, the detection signal is further amplified by approximately 250 times. In conclusion,
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this microfluidic platform, combined with the dual-RCA approach, offers a simple yet
promising solution for sensitive whole-cell detection, making it highly suitable for food
safety testing [44].

In the study by Yu et al., a dual-mode aptasensor was developed that combines colorimetric
detection with a microfluidic chip to achieve the desired outcomes [46]. This aptasensor enables
rapid on-site screening that can be visually assessed while also allowing for the simultaneous
quantification of multiple bacterial species. Specifically, the presence of pathogenic bacteria,
such as Salmonella typhimurium (S.T.) and Vibrio parahaemolyticus (V.P), was initially detected
by visual inspection. Subsequently, the microfluidic chip was used to quantify the levels of
S.T. and V.P. in positive samples. To generate the necessary detection signals, a set of magnetic
DNA-encoded probes was created (Figure 6A). These probes contained RCA-produced long
DNA strands enriched with G-quadruplex sequences. These sequences, in conjunction with
hemin, function as DNAzymes that catalyze a reaction with the 3,3'-5,5"-Tetramethylbenzidine-
H,0; system, producing a colorimetric change. Additionally, the probes were cleaved by EcoRV
endonuclease to generate DNA fragments of varying lengths. The microfluidic chip was then
used to separate and quantify these DNA fragments, enabling the simultaneous quantification
of S.T and V.P (Figure 6B). Using this method, as few as 100 CFU/mL of either V.P. or S.T. could
be detected visually, while the microfluidic chip allowed detection down to 32 CFU/mL for
S.T. and 30 CFU/mL for V.P. within just 3 min. This dual-mode aptasensor proved to be highly
efficient, offering both rapid screening and precise quantification of bacterial contamination in
food samples, showcasing its potential for on-site detection and simultaneous quantification of
foodborne pathogens.
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Figure 6. (A) The illustration of the preparation of magnetic DNA-encoded probes. RCA produces
were linked on magnetic bead surface (circle template 1, 2 (CT1, CT2), 3,3’ 5,5'-Tetramethylbenzidine-
hydrogen peroxide (TMB-H;0O5)). (B) The dual-mode aptasensor for judging the presence and
simultaneous determination of S.T and V.P based on RCA reaction in a microfluidic chip. In the
presence of S.T. and V.P, they are captured by magnetic DN A-encoded probes to produce a visual
signal (target DNA (DT), Escherichia coli RY13 V (EcoRV)) [46].
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5.3. Visual Detection

Gao et al. developed a dual-mode aptasensor integrating both colorimetric and elec-
trochemical detection, utilizing G4 produced through RCA [47]. During the RCA process,
specific binding between the aptamer and target led to the generation of a large number
of G4. The colorimetric component of the sensor was based on the interaction between
the G4 and hemin, which modulated the 3,3',5,5'-Tetramethylbenzidine reaction, enabling
visual and semi-quantitative detection of kanamycin. For electrochemical detection, the G4
strongly interacted with methylene blue, facilitating the generation of an electrical signal.

This dual-model approach combined the simplicity of colorimetric visualization with
the high sensitivity and precision of electrochemical measurements. The aptasensor demon-
strated excellent specificity, minimizing potential interference. Additionally, it was effec-
tively applied to monitor kanamycin levels in milk, showing great potential for practical
use in food safety and monitoring applications.

In the study by Wang et al., a visual nanoplatform was developed for highly sensitive
and precise detection of glutathione using a dumbbell DNA-mediated RCA method [48].
The system consists of a nicked dumbbell probe (H1/H2) and a single-stranded probe (LO).
Upon the addition of glutathione, the disulfide bond in the LO probe is cleaved, producing
L1 and L2. These fragments then hybridize with the loop region of H1, initiating the
circularization of the dumbbell probe, which serves as a template for RCA (Figure 7A). This
triggers the amplification process, during which horseradish peroxidase is encapsulated
in three-dimensional DNA flower structures using a one-step method. By converting the
detection of unstable glutathione into stable horseradish peroxidase-DNA flower structures
with enhanced enzyme activity, this biosensor demonstrates ultra-high sensitivity and
accuracy. It successfully detects glutathione in various cancer cell lines, showcasing its
potential for precise biomarker analysis.

Zhang et al. developed a highly sensitive and specific visual detection method for
aflatoxin B1 that leverages the target selectivity of aptamers, RCA, and enzyme-catalyzed
biological amplification [49]. In this approach, the aflatoxin Bl-specific aptamer is immo-
bilized onto the surface of magnetic beads, serving as the molecular recognition element.
In the absence of aflatoxin B1, the aptamer and the auxiliary linker probe remain in a
double-stranded configuration due to partial base pairing. However, in the presence of
aflatoxin B1, the aptamer binds selectively to aflatoxin B1, causing the linker probe to return
to a single-stranded form. This triggers the RCA process, where the single-stranded linker
probe acts as a template to generate long DNA strands. These strands subsequently capture
large quantities of signal probes and horseradish peroxidase enzymes. The horseradish
peroxidase enzymes then catalyze the oxidation of 3,3',5,5'-Tetramethylbenzidine by hy-
drogen peroxide, resulting in a color change from colorless to deep blue, providing a visual
signal. This method achieves high sensitivity and specificity for aflatoxin B1 detection
(Figure 7B). Furthermore, the aptasensor exhibited remarkable selectivity for aflatoxin B1
when compared to five other common mycotoxins. Notably, all reactions take place on the
surface of the magnetic beads, simplifying the detection process. This setup enhances the
efficient isolation and collection of aflatoxin Bl from complex sample matrices, improving
the sensor’s selectivity and resistance to interference, highlighting its potential for practical
application in real-world aflatoxin B1 detection.
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Figure 7. (A) Schematic illustration of disulfide cleavage-induced visual biosensing of glutathione
based on the dumbbell DNA-mediated RCA for self-assembly of horseradish peroxidase-DNA
flower structures using magnetic separation to improve sensitivity (glutathione (GSH), horseradish
peroxidase (HRP), streptavidin-magnetic bead (SA-MB), 2, 2/-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid (ABTS)) [48]. (B) Schematic illustration of the aflatoxin B1 detection principle based on
the aptamer capture and triggered RCA reaction. In the presence of aflatoxin B1, the RCA reaction
was triggered and produced a large number of repeated products that can combine with HRP to
produce visual signals [49].

Yurdusev group used a model aptamer binding SARS-CoV-2 Spike glycoprotein as a
template, triggering the RCA system in a ligand-dependent manner. They confirmed the
presence of the Spike protein in the test samples at concentrations within the nanomolar
range using an adapted design derived from this model aptamer-RCA system [50].
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5.4. Electrochemical Sensing Techniques

The accurate quantification of tumor-derived exosomes, which are emerging as highly
promising non-invasive biomarkers for cancer diagnosis, is crucial. In response to this
need, a novel bispecific-aptamer-based sandwich-type electrochemical aptasensor (Figure 8)
was developed [51]. This sensor utilizes gold nanoparticles and incorporates a four-way
junction-induced dual RCA-assisted strategy for highly specific and sensitive detection
of exosomes. In this design, the aptasensor employs two specific aptamers: one targeting
CD63 and the other recognizing the cancer-related protein mucin-1. The CD63 aptamer is
immobilized on a gold electrode to capture exosomes, forming the initial complex. When
the mucin-1 aptamer is introduced, it binds and completes the sandwich structure. The
3’ end of the MUC1 aptamer facilitates the formation of the four-way junction, aided
by a molecular beacon probe and a binary DNA probe. This assembly triggers a dual-
RCA reaction, which is initiated when two cytosine-rich circular DNA templates bind to
the ends of the four-way junction. The RCA process generates dual-amplified products
that contain multiple G4 structures, which in turn trap methylene blue indicators and
significantly enhance electrochemical signals. The resulting aptasensor demonstrated
exceptional specificity, sensitivity, reproducibility, and stability in detecting exosomes
derived from MCEF-7 cells. Moreover, this sensor showed excellent potential for use in
clinical applications, effectively recovering exosomes from normal human serum samples.
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Figure 8. Schematic diagram of a bispecific aptamer sandwich-type AuNPs-modified electrochemical
aptasensor for tumor-derived exosome assays based on a four-way junction-triggered dual-RCA-
assisted methylene blue/G4 strategy. The repeated G4 structures produced by the RCA reaction were
hanging on the electrode surface by the specific binding between split aptamer and exosome, then
produced an electrochemical signal to characterize the presence of exosome (6-mercapto-1-hexanol
(MCH), strand U (U), strand F (F), strand M (M), methylene blue (MB), differential pulse voltammetry
(DPV)) [51].
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Electrochemical aptasensors are widely employed for detecting and quantifying pro-
tein biomarkers, yet their practical use is often constrained by ineffective signal ampli-
fication and the complex, time-consuming process of probe surface immobilization. To
overcome these challenges, Qing et al. integrated a homogeneous electrochemical ap-
tasensor with the CRISPR/Cas12a system [52]. In their approach, the binding-induced
DNA strand displacement (Figure 9A) mechanism is utilized to convert the interaction
between thrombin and its aptamer into a nucleic acid signal, which then activates RCA to
regulate the nuclease activity of CRISPR/Cas12a (Figure 9B). By exploiting the differential
affinities of graphene for single-stranded versus double-stranded DNA, the electrochemical
aptasensor eliminates the need for probe immobilization, simplifying the detection process
and enhancing its versatility. The combination of binding-induced DNA strand displace-
ment with RCA and CRISPR/Cas12a amplification techniques enables this aptasensor
to achieve highly specific and sensitive detection of thrombin, with a limit of detection
as low as 1.26 fM. This approach paves the way for more precise and efficient protein
biomarker detection.
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Figure 9. Schematic illustration of the working mechanism of this electrochemical aptasensor for
thrombin assay: (A) thrombin-triggered binding-induced DNA strand displacement; (B) RCA regu-
lated CRISPR/Cas12a system released MRP that can be absorbed on electrode surface to produce an
electrochemical signal (output strand (Ot), padlock probe (PC), methylene blue-modified reporter
probe (MRP), blocker probe (BP), trigger DNA strand (TS), non-trigger DNA strand (NTS)) [52].
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An aptasensor is presented for electrochemical determination of OTA by the Abnous
group based on non-target-triggered production of RCA. The surface of the gold electrode
is modified with a thiolated complementary strand of aptamer as both the capture probe
and primer and OTA aptamer as both the sensing molecule and padlock probe. Following
the addition of OTA, aptamer/OTA conjugate is formed and detached from the electrode
surface. Therefore, no RCA is produced after incubation of the modified electrode with T4
DNA ligase and phi29 DNA polymerase, and a sharp current signal occurs. The analytical
response ranged from 30 pM to 120 nM with a detection limit of 5 pM [53].

As shown in Table 1, combined with the elaboration about aptamer-RCA biosensing
systems, we concluded the features, advantages, and limitations of the four detection methods.

Table 1. Comparative summary of different aptamer-RCA biosensing platforms.

. . . Instrument T
Detection Method Sensitivity Complexity Requirement Key Advantages Limitations
High sensitivity; visual Prone to background
Fluorescent High (fM-pM) Medium Fluorescence reader & Y7 V1S noise; high equipment
readout; multiplexing st
Portable; excellent Surface modification
Electrochemical Very high (aM-fM) High Potentiostat sensitivity and complexity;
specificity reproducibility issues
Simple: naked-eve Lower sensitivity; often
Visual Moderate (nM-pM) Low None/Basic p'& R Yy qualitative/semi-
detection -
quantitative
. 1 . . Microfluidic chip Integrated, fast, High fabrication cost;
Microfluidic High (pM-fM) High system miniaturized needs standardization

6. Summary and Outlook

The highly efficient amplification characteristics of RCA make it a powerful tool
for enhancing the sensitivity and specificity of biosensors, particularly in the detection
of low-abundance target molecules such as viral RNAs (e.g., SARS-CoV-2 RNA), small-
molecule toxins (e.g., OTA, aflatoxin B1), and cell surface markers (e.g., CD63 on exosomes).
Aptamers, as highly specific synthetic nucleic acid molecules, can selectively recognize
diverse targets including proteins (e.g., thrombin, mucin-1, platelet-derived growth factor),
metabolites (e.g., ATP, glutathione), and whole cells or pathogens (e.g., E. coli, Salmonella
typhimurium), thereby effectively initiating RCA for signal amplification and enabling
efficient recognition and quantification of the target analytes (As shown in Table 2).

Currently, the integration of RCA with aptamers has been widely applied in the de-
velopment of various sensors, particularly in areas such as food safety, environmental
monitoring, and disease diagnostics. These sensors offer not only exceptional sensitivity
and specificity but also the capability to perform precise detection in complex samples.
However, several challenges remain. First, the selectivity of aptamers may be compromised
in complex biological matrices where structurally similar molecules (e.g., serum proteins,
endogenous nucleases) coexist with the intended targets. Second, RCA reactions may
suffer from instability or reduced efficiency under suboptimal conditions, such as low
magnesium ion concentration or the presence of polymerase inhibitors. Third, interference
from non-target molecules—such as non-specific DNA-binding proteins, competing nu-
cleic acids, or serum albumin—can affect both aptamer binding and amplification fidelity,
especially in clinical or environmental samples. Addressing these limitations will require
multidisciplinary efforts, including the development of chemically modified aptamers with
enhanced binding affinity and nuclease resistance; optimization of RCA polymerase sys-
tems for robustness in biological fluids; and integration with orthogonal technologies such
as CRISPR/Cas-based detection, nanomaterial-enhanced signal readouts, and microflu-
idic point-of-care devices. While the integration of aptamers and RCA has demonstrated
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promising diagnostic capabilities, critical challenges remain. Many current platforms rely
on proof-of-concept systems, and their transition to clinical or field use is hindered by
complexity, stability concerns, and a lack of standardization across platforms. In particular,
trade-offs between sensitivity and operational simplicity must be carefully managed in

future research.

Table 2. Aptamer-RCA integrated biosensing systems.

Aspect Description Examples/Notes

Combination of aptamer-based target =~ RCA generates long DNA products to
Principle recognition with RCA for amplify detection signals upon target

signal enhancement recognition by aptamers

. SARS-CoV-2 RNA

Viral RNAs . OTA, Aflatoxin B1

Small-molecule toxins CD63 on exosomes
Key targets detected Cell surface markers

Application areas

Advantages

Challenges

Strategies to Overcome
Challenges

Future Directions

Proteins and metabolites
Whole cells or pathogens

Disease diagnostics

Food safety

Environmental monitoring

High sensitivity

High specificity

Signal amplification without
thermal cycling

Potential for miniaturization and
portability

Reduced aptamer selectivity in
complex samples

Inefficient RCA in suboptimal reaction
conditions

Interference from non-target
biomolecules

Chemically modify aptamers for
better stability and binding
Engineer polymerases for robust RCA
in biological fluids

Integrate with complementary
technologies

Real-time biomarker monitoring
Single-cell analysis

On-site toxin detection using
portable sensors

Thrombin, Mucin-1, PDGEF, ATP,
Glutathione
E. coli, Salmonella typhimurium

Effective even in complex biological
and environmental samples

Aptamers provide target recognition;
RCA ensures signal amplification

Serum proteins or nucleases may bind
non-specifically

Low Mg?* or inhibitors reduce RCA
activity

DNA-binding proteins or albumin
disrupt performance

CRISPR/Cas detection
Nanomaterials (e.g., gold NPs,
graphene oxide)

Microfluidic or portable systems

Emphasis on simplicity,
standardization, cost-effectiveness,
and clinical applicability

Looking ahead, the integration of RCA and aptamers holds great potential to revo-

lutionize next-generation biosensors, particularly in making molecular diagnostics more
rapid, accessible, and application-oriented. However, realizing this potential requires tar-
geted advancements across several fronts. First, improving the stability and performance of
aptamers in real-world samples remains a key challenge. In clinical or environmental sam-
ples, aptamers often face interference from abundant biomolecules such as serum proteins
or nucleases. To address this, future efforts may focus on designing chemically modified
aptamers that exhibit higher binding affinity, improved structural stability, and resistance
to enzymatic degradation. Second, enhancing the robustness of RCA under physiological
conditions is essential for its practical use outside of controlled laboratory settings. The
development of engineered DNA polymerases with improved tolerance to inhibitors and
low ionic strength, or even enzyme-free RCA alternatives using DNAzymes, could help
achieve more reliable signal amplification in complex matrices like blood, urine, or food
extracts. Third, significant progress can be made by integrating RCA-based biosensors with
advanced signal transduction and device platforms, such as the following: Nanomaterials
such as gold nanoparticles, carbon nanotubes, and graphene oxide can enhance signal
output via fluorescence quenching or electrochemical amplification. Microfluidic chips can
automate sample processing and reaction steps, making the entire detection process faster
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and more user-friendly. Portable devices, including smartphone-based readout systems,
can enable point-of-care applications for infectious disease screening or food contamina-
tion detection in resource-limited settings. Moreover, RCA-aptamer platforms could be
extended to real-time and multiplexed detection. For example, RCA circuits could be
engineered to encode unique fluorescent barcodes, allowing simultaneous detection of
multiple biomarkers from a single sample, which is a capability crucial for early disease di-
agnosis and personalized medicine. Lastly, with the growing interest in single-cell analysis,
there is great potential to adapt aptamer—-RCA strategies for detecting cell-specific surface
markers or intracellular molecules at the individual cell level. This would open up new
opportunities in cancer diagnostics, immunophenotyping, and stem cell research.
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Abbreviations

The following abbreviations are used in this manuscript:

functional nucleic acids FNA
systematic evolution of ligands by exponential enrichment ~SELEX

rolling circle amplification RCA
capillary electrophoresis—-SELEX CE-SELEX
protein microarray system-SELEX PMM-SELEX
circular DNA template CDT
deoxyribonucleoside triphosphates dNTPs
RNA-cleaving DNAzyme RCD
ochratoxin A OTA
G-quadruplex G4
aptamer probe-hairpin primer probe APH
time-resolved fluorescence nanoparticles TRFNPs
silver nanoclusters AgNCs
Salmonella typhimurium S.T.
Vibrio parahaemolyticus V.P.
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Abstract: Mitochondria, as vital organelles, play a central role in subcellular research and
biomedical innovation. Although functional nucleic acid (FNA) nanostructures have wit-
nessed remarkable progress across numerous biological applications, strategies specifically
tailored to target mitochondria for molecular imaging and therapeutic interventions remain
scarce. This review delves into the latest advancements in leveraging FNA nanostructures
for mitochondria-specific imaging and cancer therapy. Initially, we explore the creation
of FNA-based biosensors localized to mitochondria, enabling the real-time detection and
visualization of critical molecules essential for mitochondrial function. Subsequently, we ex-
amine developments in FNA nanostructures aimed at mitochondrial-targeted cancer treat-
ments, including modular FNA nanodevices for the precise delivery of therapeutic agents
and programmable FNA nanostructures for disrupting mitochondrial processes. Emphasis
is placed on elucidating the chemical principles underlying the design of mitochondrial-
specific FNA nanotechnology for diverse biomedical uses. Lastly, we address the unre-
solved challenges and outline prospective directions, with the goal of advancing the field
and encouraging the creation of sophisticated FNA tools for both academic inquiry and
clinical applications centered on mitochondria.

Keywords: FNA nanostructures; mitochondria; customized treatment strategy

1. Introduction

Mitochondria, often referred to as the “powerhouses” of eukaryotic cells, are respon-
sible for generating adenosine 5'-triphosphate (ATP) via oxidative phosphorylation [1].
Beyond their fundamental role in energy production, mitochondria are integral to cellular
homeostasis, contributing to metabolic regulation and responding to both internal and
external stressors such as nutrient deficiencies and redox imbalances [1,2]. These organelles
also manage the synthesis and removal of numerous metabolic intermediates and waste
products [2]. Moreover, mitochondria act as critical regulators of programmed cell death,
including apoptosis and necroptosis [3]. For instance, they store pro-apoptotic proteins and
control their release into the cytoplasm to trigger apoptotic pathways [4,5]. Dysregulation
of mitochondrial functions has been strongly associated with the onset and progression
of various diseases, including diabetes, cancer, and neurodegenerative disorders [6]. Con-
sequently, significant efforts are focused on the in situ analysis of specific mitochondrial
components to uncover the molecular mechanisms underpinning these processes. Addi-
tionally, researchers are translating insights into mitochondprial biology into therapeutic
strategies, as growing evidence highlights the superior efficacy of mitochondria-targeted
treatments compared to conventional approaches [7,8].
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Functional nucleic acids (FNAs), including DNA and RNA aptamers, Triplex DNA,
DNAzymes, RNAzymes, DNA tiles, and DNA origami, have seen widespread use as molec-
ular recognition elements for specific binding with various targets [9-12]. Unlike other
substances, FNA offers several distinctive attributes that make it highly compatible with
biological systems. Firstly, as an inherent component of life, DNA exhibits excellent bio-
compatibility. Secondly, FNA can be readily functionalized with diverse chemical groups,
such as fluorophores, phosphorothioates, or therapeutic agents, through chemical synthesis
or enzymatic modification [13]. Furthermore, the specific biorecognition capabilities of
aptamers and DNAzymes have been discovered and characterized [14-16]. Notably, the
Watson—Crick base pairing mechanism provides FNA with predictable thermodynamic
behavior and exceptional programmability, facilitating the design of intricately shaped
nanostructures and adaptive nanomachines capable of dynamic reconfiguration in response
to biological stimuli [17-19]. Despite progress in FNA-based nanobiotechnology for diag-
nostics and imaging, mitochondria-targeted FNA systems remain underdeveloped [20-34].
This limitation primarily stems from the inability of most FNA-based nanostructures to
achieve precise spatial and temporal localization within organelles, which is critical for
executing specialized functions.

In recent years, researchers have been actively exploring the fusion of DNA-based tech-
nologies with organelle-specific nanotechnology to create sophisticated DNA nanodevices
capable of precisely targeting mitochondria and performing their designated functions
at the subcellular level [35]. Compared with other mitochondria targeting strategies (e.g.,
peptide-based targeting or lipid nanoparticles (LNPs), FNA nanostructures are highly
programmable, biocompatible, and specific, making them ideal for applications requiring
precision targeting, such as biosensing and gene editing. Meanwhile, the delivery efficiency
also needs to improve by more targeted modification or by combination with the LNP
technique [36,37]. This review provides an overview of the latest breakthroughs in DNA-
driven nanobiotechnologies aimed at mitochondrial imaging and therapy. The goal of
this review is to comprehensively summarize the current mitochondria-targeted strategies
based on functional nucleic acid nanostructures, clarify their advantages over other current
mitochondrial targeting methods, and explore the current shortcomings and challenges of
this method as well as the direction of future improvement and development. Initially, we
delve into mitochondria-specific DNA nanosensors designed for selective imaging of essen-
tial mitochondrial molecules, such as nucleic acids, enzymes, small molecules, and metal
ions. Particular attention is given to the underlying design strategies of these nanosensors,
which offer promising tools for investigating the intricate molecular dynamics associated
with mitochondrial roles in health and disease. Next, we outline recent advancements in
two key DNA-based therapeutic approaches targeting mitochondria. The first involves
the use of modularly engineered DNA nanodevices to facilitate the controlled delivery of
therapeutic agents into mitochondria, while the second employs in situ programmed DNA
self-assembly to directly modulate mitochondrial function. Finally, we examine the existing
hurdles and future prospects within this field. By consolidating the latest advancements in
this promising area, we aim to inspire the development of innovative methodologies that
can benefit both fundamental research and clinical applications involving mitochondria.

2. Mitochondria Targeting Strategies Based on FNA Nanostructures
2.1. FNA Targeting Mitochondrial RNA (mtRNA)

In eukaryotic cells, while the majority of DNA is tightly packed into chromatin struc-
tures and housed within the nucleus, mitochondria possess a unique subset of DNA,

known as mtDNA, which distinguishes them from other organelles [38]. Beyond mtDNA,
an increasing body of evidence suggests that microRNAs (miRNAs), primarily transcribed
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from the nuclear genome and typically active in the cytoplasm, can also localize within
mitochondria, where they are referred to as mitomiRs [39,40]. These nucleic acids localized
in mitochondria play critical roles in regulating mitochondrial functions. For instance,
mutations in mtDNA are known to disrupt mitochondrial functionality, potentially causing
various metabolic disorders [41]. Furthermore, abnormal expression levels of mitomiRs
have been associated with a wide array of diseases, including neurodegenerative condi-
tions, cardiovascular disorders, and cancers [42,43]. Some mitomiRs even hold promise
as diagnostic biomarkers or therapeutic targets for these diseases [43]. Despite significant
advancements in DNA-based sensing technologies for detecting and imaging nucleic acids
in live cells [44-47], their application in tracking mitochondrial targets presents substan-
tial challenges. These difficulties arise from the lack of mitochondria-specific targeting
capabilities. Moreover, many nucleic acid targets, such as miRNAs, are not confined to
a specific organelle. Conventional sensing approaches, which rely on an “always active”
detection mechanism, risk premature activation upon encountering these targets before
reaching the intended organelle, thereby compromising spatial accuracy. FNA nanos-
tructures provide a promising approach for targeting mtDNA mutations through precise
sequence recognition, targeted delivery, and controlled gene modulation. Their interaction
with mtDNA mutations occurs via several mechanisms: 1. Targeted gene editing and
repair. FNA nanostructures can deliver gene editing systems to mitochondria to selectively
cleave mutant mtDNA, promoting the replication of wild-type mtDNA. Unlike nuclear
DNA editing, mtDNA lacks efficient DNA repair mechanisms, making targeted cleavage a
viable approach for shifting heteroplasmy levels. 2. Selective silencing of mutated mtDNA.
FNA nanostructures designed as small interfering RNAs or mitochondria-targeted ap-
tamers can selectively bind mutated mt-mRNAs, reducing the expression of defective
proteins. Aptamer-functionalized FNAs provide high specificity in targeting mutant tran-
scripts while sparing wild-type sequences. 3. Mitochondrial delivery of therapeutic genes.
FNA nanostructures can be engineered as nanocarriers to deliver therapeutic RNA/DNA
molecules, compensating for mtDNA mutations.

To address the above-mentioned issues, some FNA nanostructures which target mito-
chondria were developed. The Qian group introduced a novel “RT-qPCR mimic” system,
incorporating a signal amplification mechanism without the need for enzymes [48]. This
system employs a hairpin DNA cascade amplifier (HDCA), which is composed of two
metastable hairpin DNA structures and a hybrid DNA duplex reporter (Figure 1), to
independently visualize mtRNA and cytosolic reference mRNA. To enable the precise
delivery of probes to subcellular targets such as mitochondria and the cytosol, black phos-
phorus nanosheets (BPNSs) were utilized. These nanosheets, known for their excellent
biocompatibility, high molecular loading efficiency [49,50], and ability to degrade into
non-toxic phosphate and phosphonate ions under physiological conditions [50-54], served
as stable transport platforms. Additionally, the BPNS surface’s unique combination of a
high surface-area-to-volume ratio and periodic atomic grooves offered optimal attachment
sites for nucleic acids [55-57], shielding them from degradation by endogenous nucleases.
Demonstrating the approach, the HDCA designed to detect mtRNA encoding NADH
dehydrogenase subunit 6 (mtRNAND6) was loaded onto mitochondria-specific BPNS
carriers, BP-PEI-TPP, for targeted delivery and detection. Simultaneously, the levels of
B-actin mRNA (referred to as mRNA f3-actin) in the cytoplasm were measured as an inter-
nal control. This innovation represents the first dual-color imaging platform capable of
accurately quantifying specific mitochondrial RNAs in living cells.
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Figure 1. Schematic of the dual-color imaging system for quantitative analysis of specific mtRNA
in living cells: (I) Fabrication of the HDCA probe onto BPNS-based vehicles for effective delivery
to both the cytosol and mitochondria. (II) Internal reference module for detecting housekeeping
gene (TargetR) in the cytoplasm. (III) Reporting module designed to specifically target mitochondrial
RNAs (TargetT) [48].

The method employing precise spatial and temporal control serves as a versatile tool
for investigating the biological roles of mitomiRs. Building on this targeting strategy, Chen
et al. incorporated a fluorescence-encoded error correction system to create a near-infrared
(NIR)-responsive DNA platform capable of simultaneously visualizing three mitomiRs
associated with the mitochondrial mt-ND1 genome in drug-resistant cells [58]. Furthermore,
a nanoscale DNA computing device was engineered to track two mitomiRs during the
process of cell apoptosis [59]. More recently, the development of an AIE-labeled DNA
probe, integrated with a polymer-based nanocarrier for targeted delivery, enabled the
pH-sensitive exonuclease-driven imaging of mitomiRs [60].

In contrast to miRNAs, mtDNA is confined to the mitochondria and exhibits a rela-
tively stable concentration. However, due to the elevated levels of reactive oxygen species
(ROS) within mitochondria and the absence of histone protection, mtDNA is particularly
vulnerable to oxidative damage, which can result in pathogenic mutations. Importantly,
mtDNA mutations are highly dynamic and dispersed across the entire genome, making the
detection of mutations present in low abundance at specific loci particularly challenging.
To address this, Zhang et al. recently developed an integrated nanoscale Cas12a sensor
(referred to as InCasor). This system employs a DNA/Mg?* hybrid nanoflower (DNF)
functionalized with aptamers to deliver Cas12a-related components directly to mitochon-
dria. These components include the Cas12a/crRNA complex and a circular reporter (CLR)
labeled with a fluorophore and quencher, enabling the identification of mtDNA mutations
in live cells and in vivo (Figure 2) [61].
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Figure 2. Schematic of the InCasor: This system comprises a DNF, Cas12a/crRNA complex, and a
CLR for imaging mtDNA in live cells [61]. Through the strategic design of crRNA, single nucleotide
variants in mitochondrial DNA can be precisely recognized. Additionally, increasing the intracellular
concentration of Mg?* significantly boosts the collateral trans-cleavage activity of Cas12a, thereby
amplifying the detection signal within living cells.

A significant achievement of this research is the successful mitochondria-specific
delivery of the Cas12a/crRNA complex using InCasor. The mitochondrial bilayer mem-
brane poses a significant barrier, making the transport of guide RNA and Cas proteins
into mitochondria notoriously difficult [62]. To tackle this obstacle, this study employed a
nanoparticle-based delivery approach, a strategy that has proven effective in transporting
proteins and nucleic acids into mitochondria for a variety of diagnostic and therapeutic
purposes [63,64]. This method often leverages mitochondrial targeting moieties, such as
triphenylphosphine [65]. In this investigation, nucleic acid-based nanocarriers equipped
with Cyt C aptamers were developed to facilitate the targeted delivery of Cas12a/crRNA
complexes to mitochondria. The experimental results demonstrated that InCasor success-
fully delivered these complexes into mitochondria by modulating the permeability of the
mitochondrial membrane.

InCasor represents a breakthrough technology for the direct visualization of cells
harboring mtDNA mutations in vivo, addressing a longstanding challenge. The ability
to monitor mtDNA mutations provides critical insights into mtDNA heterogeneity and
facilitates the detection of tumor tissues carrying specific mtDNA alterations. Future ad-
vancements will aim to expand InCasor’s applications to include nuclear genome analysis
and the precise tracking of single nucleotide variant (SNV) sites with high spatiotemporal
resolution. These efforts will further establish InCasor as a versatile tool for fundamental
research on gene mutations, as well as for diagnostic and therapeutic applications involving
in vivo gene editing.

By incorporating patient-specific antisense DNA sequences into an FNA nanostructure
to selectively bind mutant mtRNA transcripts, this strategy could minimize off-target
effects and ensures that the treatment is only activated in dysfunctional mitochondria.
By designing an FNA nanostructure tailored to the patient’s unique mtDNA mutation
profile, this approach provides high specificity, minimal off-target effects, and an adaptive
therapeutic response. Over time, a shift in the heteroplasmy ratio towards wild-type
mtDNA is expected, improving mitochondrial function and alleviating disease symptoms.

2.2. FNA Targeting Specific Enzymes in Mitochondria

Proteomic analyses reveal that mitochondria harbor approximately 1000 to 1500 dis-
tinct proteins, with only 13 encoded by mtDNA. The remaining proteins are encoded in
nuclear DNA, synthesized in the cytoplasm, and subsequently imported into mitochon-
dria [66]. This reliance underscores the importance of dynamic protein translocation across
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subcellular compartments for mitochondrial functionality. For example, various nucleases,
crucial for mtDNA repair and mitochondrial RNA metabolism, are distributed between
mitochondria and other organelles [67]. Human apurinic/apyrimidinic endonuclease 1
(APE1), a versatile enzyme involved in DNA repair, redox signaling, and transcription
factor regulation [68,69], predominantly resides in the nucleus but can relocate to other
compartments, such as mitochondria, under pathological conditions [70]. Developing
a precise toolkit to monitor the intracellular dynamics of APE1 is therefore critical for
advancing our understanding of disease mechanisms [71,72]. However, designing such a
toolkit with the required subcellular accuracy remains a significant challenge.

Inspired by this, Li’s group introduced a highly modular nanoplatform, UR-HAPT,
capable of imaging subcellular APE1 dynamics in response to mitochondria-localized pho-
todynamic therapy (PDT) activated by near-infrared (NIR) light (Figure 3) [73]. UR-HAPT
is composed of four key elements: (1) an upconversion nanoparticle (UCNP) serving as
a light transducer; (2) rose bengal (RB) functioning as a photosensitizer (PS); (3) triph-
enylphosphonium (TPP) acting as a mitochondria-targeting ligand; and (4) a DNA-based
fluorescence reporter (HAP) designed for detecting APE1 enzymatic activity. The HAP
probe incorporates an apurinic/apyrimidinic (AP) site within the stem of a molecular
beacon, which is dual-labeled with the fluorophore Cy5 at the 3'-end and the quencher
BHQ-2 at the 5'-end. This configuration ensures an exceptionally low fluorescence back-
ground through Forster resonance energy transfer (FRET) between Cy5 and BHQ-2. In the
presence of APE], cleavage at the AP site releases the quencher, resulting in a substantial
fluorescence signal recovery. The TPP ligands on UR-HAPT facilitate precise mitochondrial
targeting, while NIR light irradiation triggers the production of subcellular reactive oxygen
species (ROS) via energy transfer from UCNPs to the PSs. Crucially, the HAP probe allows
real-time tracking of APE1 translocation dynamics within mitochondria during the PDT
process. This innovative design bridges the gap between photodynamic therapy and DNA-
based biosensing technologies, enabling real-time subcellular molecular imaging during
therapeutic interventions.
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Figure 3. Schematic of the FNA nanosensor for in situ localization and NIR-light-activatable imaging
of APE1 in mitochondria [73].
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2.3. FNA Targeting Small Molecules and Metal Ions in Mitochondria

Mitochondria, often referred to as cellular powerhouses, generate ATP via oxida-
tive phosphorylation [74]. However, during ATP production in cancer cells, abnormal
accumulation of mitochondrial reactive oxygen species (ROS) has been observed [75,76].
Simultaneously, cancer cells synthesize large amounts of glutathione (GSH) within mi-
tochondria to counteract oxidative stress caused by excessive ROS, thereby facilitating
tumor progression [77,78]. Consequently, the disruption of energy metabolism and redox
imbalance in mitochondria are widely recognized as defining characteristics of tumor devel-
opment [79]. Investigating ATP and GSH—two critical molecules linked to mitochondrial
energy metabolism and redox balance—through correlated imaging could shed light on
their roles in tumorigenesis. While various DNA-based methods have been designed for
the individual detection of ATP and GSH within cells [80,81], the simultaneous imaging of
these two pivotal molecules remains an uncharted area of research.

Recently, Li’s group developed a novel approach that integrates a redox-sensitive
aptamer sensor with nanoparticles engineered for precise targeting, enabling spatially
resolved, AND-gated visualization of ATP and GSH within mitochondria [82]. As shown
in Figure 4A, the A-G/NT system consists of two interconnected components: a redox-
responsive aptamer probe (A-G) for dual molecular sensing and an organelle-specific
nanoparticle (NP) for targeted mitochondrial delivery. The A-G probe was assembled by
hybridizing two carefully designed DNA strands: the ATP-binding A-strand, derived from
an aptamer, and the G-strand, which incorporates a strategically placed disulfide bond
within its DNA backbone. This hybridization positioned Cy3 (attached to the A-strand)
in close proximity to a black hole quencher (anchored to the G-strand), producing a low
fluorescence background due to Forster resonance energy transfer (FRET). When GSH
cleaves the disulfide bond in the G-strand, its binding affinity to the A-strand diminishes,
reinstating the aptamer’s structure-switching ability to interact with ATP. Upon ATP recog-
nition, the formation of an aptamer—ATP complex causes the cleaved G-strand to detach
from the A-strand, leading to a fluorescence signal increase. Consequently, this stepwise
activation process necessitates the concurrent presence of GSH and ATP to enable signal
output, implementing an AND-gated mechanism for molecular imaging. Additionally,
the A-G/NT design incorporates triphenylphosphonium (TPP) conjugation on the NPs,
facilitating targeted delivery of the A-G probe for precise imaging within mitochondria [82].
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Figure 4. (A) Schematic of the design of a redox-activatable DNA nanodevice for AND-gated
imaging of ATP and GSH in mitochondria [82]. (B) Schematic of the design and metal-ion sensing
mechanism of L-DZ and the application of L-DZ/mUC for spatially selective imaging of [Zn*
in Zn?*-induced neuropathology [83]. (C) The working principle of R-DZ/MB [84]. (D) The rRNA-
regulated DNAzyme nanosensors for subcellular compartment-specific amplified imaging of Zn**
mitochondria [84].

Metal ions are indispensable for nearly all biological activities, with their precise
distribution within cellular compartments being tightly controlled [85]. Investigating the
localization and behavior of these ions at the subcellular level is crucial for understanding
their roles in both normal physiological and disease-related mechanisms. For instance,
mitochondria have been recognized as key reservoirs of Zn?*, and maintaining the equilib-
rium between mitochondrial Zn?* ([Zn?*],) and cytosolic Zn?* ([Zn?*]) is essential for
regulating various processes, such as metabolic pathways and cellular signaling [86,87].
While numerous DNAzyme-based technologies have been devised to visualize metal
ions in living cells [88-90], methodologies enabling in situ detection specifically within
mitochondria remain underdeveloped, hindering further advancements in this area.

Li’s group presents a DNAzyme-based nanodevice tailored for the accurate imaging of
subcellular metal ions within mitochondria [83]. As depicted in Figure 4B, the nanodevice,
consists of two primary components: a UV light-responsive DNAzyme sensor probe (L-DZ)
and a functionalized upconversion nanoparticle (UCNP) serving as a near-infrared (NIR)
light-driven, organelle-specific delivery mechanism. The L-DZ probe was developed by
strategically reconstructing the Zn?*-selective 17E DNAzyme. A blocker sequence was
incorporated to form a hairpin structure that prevents the enzyme strand from hybridizing
with the left arm of the substrate strand, thereby maintaining the DNAzyme in an inactive
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conformation. The substrate strand was modified with a Cy5 fluorophore and a black
hole quencher (BHQ?2) flanking the cleavage site, an adenosine ribonucleotide (rA). This
configuration suppresses background fluorescence through Forster resonance energy trans-
fer (FRET). Upon exposure to UV light, the photolysis of the photocleavable (PC) linker
disrupts the hairpin structure, enabling the formation of active DNAzyme sensors. This
activation transitions the DNAzyme from an OFF state to an ON state. In the presence of
Zn?*, the substrate strand is cleaved, releasing a Cy5-labeled fragment, which produces
a fluorescence signal indicative of metal-ion detection. To facilitate NIR-controlled acti-
vation, UCNPs were integrated into the sensor design. Additionally, the nanodevice was
functionalized with triphenylphosphonium (TPP) for targeted mitochondrial delivery of
L-DZ. Owing to its lipophilicity and strong positive charge, TPP is widely utilized for
directing various cargos to mitochondria, leveraging the organelle’s negative membrane
potential. The resulting L-DZ/mUC system enables precise visualization of Zn?* within
mitochondria by combining controlled localization with remote photoactivation, offering a
robust platform for subcellular metal-ion imaging.

Li’s group proposed a ribosomal RNA-regulated DNAzyme sensor technology for
spatially restricted imaging of Zn?* within mitochondria [84]. As depicted in Figure 4C, the
ribosomal RNA-regulated DNAzyme sensor (R-DZ/MB) comprises two components: an
rRNA-activatable DNAzyme sensor module (R-DZ) and a molecular beacon-based signal
amplification module. The R-DZ is engineered from the Zn?*-specific 17E DNAzyme, incor-
porating a blocker DNA sequence (B-DNA) with a toehold region [84]. The hybridization
between the DNAzyme and B-DNA inhibits the enzyme strand from binding the substrate
strand embedded in the MB loop, thus inactivating the DNAzyme’s catalytic function. The
molecular beacon is designed with a cleavage site (adenosine ribonucleotide, rA) in the
loop region and a fluorophore/quencher (Cy5/BHQ?2) pair at the terminus of the extended
stem, ensuring a low fluorescence background due to Forster resonance energy transfer.
Upon addition of rRNA, the B-DNA forms a more stable duplex with rRNA via toehold-
mediated strand displacement, releasing the active DNAzyme. In the presence of Zn?*, the
DNAzyme cleaves the substrate molecular beacon, breaking it into two segments, leading to
MB stem dehybridization and fluorescence recovery for metal ion sensing. The DNAzyme
is then liberated from the molecular beacon segments due to reduced hybridization affinity
and can participate in subsequent cycles of molecular beacon cleavage, achieving signal
amplification via enzymatic multiple turnovers. Then, a mitochondria-targeted nanoparti-
cle (mNP) was developed and combined with the 125 rRNA-responsive R-DZ/MB sensor
to create a nanosensor, referred to as R-DZ/MB-mNP (Figure 4D). The sensing capability
of R-DZ/MB is specifically activated by the mitochondria-exclusive 125 rRNA following
the precise delivery of R-DZ/MB-mNP to the mitochondria, while showing no response
to metal ions in regions outside the target. This design enables the nanosensor to achieve
spatially specific and amplified imaging of metal ions within subcellular compartments
by integrating organelle-targeting localization with rRNA-activated sensing mechanisms.
Furthermore, the platform was employed to monitor mitochondrial Zn?* fluctuations in
real-time during ischemia and subsequent pharmacological treatment [84].

About overcoming mitochondrial membrane barriers, we concluded that the FNA
nanostructures realize this mainly through the combination of membrane potential-driven
accumulation, structural engineering, and biofunctional. First, mitochondria maintain
a highly negative membrane potential (~—180 mV), which facilitates the accumulation
of cationic moieties. FNA nanostructures are often conjugated with lipophilic cations,
such as TPP, enabling efficient transport across the outer mitochondrial membrane and
subsequent translocation into the inner mitochondrial membrane. Second, compact ar-
chitectures of FNA nanostructures shield the negatively charged phosphate backbone,
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reducing electrostatic repulsion. Stimuli-responsive conformational changes, where FNA
nanostructures undergo shape transformation or disassembly upon encountering mito-
chondrial microenvironmental cues, facilitate membrane penetration. Finally, beyond
passive accumulation, FNA nanostructures can incorporate mitochondria-specific targeting
ligands or peptide-based transporters that facilitate receptor-mediated endocytosis or direct
mitochondrial translocation.

3. Therapeutics Based on FNA Target Mitochondria

Mitochondria play a crucial role in various cellular processes, including regulating cell
proliferation and apoptosis, transmitting signals within cells, and maintaining the balance
of cellular redox states. Disruptions in mitochondrial function can trigger a wide range
of disorders, such as cancer, neurodegenerative diseases, cardiovascular conditions, and
chronic inflammation [1-3]. Notably, the development of tumors demands significantly
elevated ATP levels, which are heavily reliant on mitochondrial function. Consequently,
mitochondria have become a promising focal point for the development of targeted cancer
therapies [91]. A growing body of evidence suggests that therapeutic strategies aimed
at mitochondria can optimize the therapeutic benefit by reducing the necessary drug
dosage, overcoming resistance to multiple drugs, preventing tumor recurrence, and limiting
metastasis, all while minimizing damage to surrounding healthy tissues [92-94]. In recent
years, mitochondria-directed FNA nanostructures have garnered significant attention for
their potential to enhance treatment effectiveness and precision. This form of therapy
involves the targeted delivery of therapeutic compounds to the mitochondria [95] or
directly modulating mitochondrial function to exert therapeutic effects [96-98].

3.1. FNA Nanostructure-Mediated Mitochondria-Targeted Therapeutics

Nucleic acid-based therapies, including antisense oligonucleotides (ASOs) and small
interfering RNAs (siRNAs), have garnered significant interest for the treatment of a wide
range of diseases. However, despite the growing approval of these therapeutic agents, effec-
tively controlling and regulating their activity continues to present a significant challenge.

In 2023, an FNA nanostructure, capable of self-assembling via complementary base
pairing of designed single-stranded DNA, was developed by the Dong group [99]. This
structure, a tetrahedron, was modified at three of its vertices with triphenylphosphine
(TPP), cholesterol, and a functional ASO, forming what is referred to as tetrahedral DNA
framework-based nanoparticles (TDFNs) (Figure 5A). These TDFNs have demonstrated
the ability to cross the blood-brain barrier (BBB), penetrate neuronal cells, and target
mitochondria. Additionally, the TDFNSs are capable of recognizing miRNA-34a, generating
fluorescence signals for Alzheimer’s disease diagnosis, while the incorporated ASO reduces
miRNA-34a expression, modulating mitochondrial-associated apoptosis pathways and
promoting the survival of neurons (Figure 5A).

The Li group presented a UCNP-based nanostructure for NIR light-controlled, enzy-
matically triggered regulation of gene expression and combinational tumor therapy [100].
As illustrated in Figure 5B, by integrating ASO with a UCNP-based mitochondria-targeted
photodynamic therapy (PDT) platform. This nanostructure was designed to achieve pre-
cise, spatiotemporally-controlled gene regulation and combine tumor therapies, as follows:
(1) the TPP-functionalized nanostructure ensures targeted localization to the mitochondria;
(2) upon exposure to NIR light, the UCNPs emit green light, which excites photosensitizers
to generate reactive oxygen species (ROS), leading to mitochondrial damage; (3) the ROS
generated during PDT induces the accumulation of mitochondrial APE1, which activates
EO, triggering the release of ASO to downregulate ASncmtRNAs in tumor cells, thereby
facilitating on-demand gene therapy.
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Figure 5. (A) Schematic of the composition process of TDFNs and TDFNs for miRNA-34a biomarker
detection and AD therapy [99]. (B) Schematic of the design and structure of ASO/UCT and its
application for spatially selective gene regulation and combinational tumor therapy [100].

3.2. Mitochondria In Situ Self-Assembly of FNA Nanostructure for Therapeutics

The development of dynamically regulated supramolecular assembly systems within
living cells to control cell fate represents a novel therapeutic approach [101]. To this
end, various materials have been investigated for their ability to enable intracellular self-
assembly, thereby modulating cellular functions [102-104]. For instance, nanostructures
formed from short peptides have been shown to interfere with mitochondria and hold
potential for therapeutic applications. In comparison to peptides, DNA molecules offer
remarkable sequence programmability and predictable thermodynamic properties, making
them superior candidates for the controlled assembly of dynamic nanostructures [9-12].

In 2023, the Yao group designed an in situ-formed DNA-based network that self-
assembled in cancer cells, specifically mediated by telomerase, realizing mitochondrial
interference [105]. Two functional DNA modules were designed as depicted in Figure 6A:
(i) The Y-shaped DNA (TPP-Y-DNA) was functionalized with TPP to target mitochondria.
(ii) The telomerase-responsive linker DNA (T-L-DNA) was constructed with L-DNA and
TP to recognize telomerase enzymes. Upon internalization by cancer cells, L-DNA was
released from the T-L-DNA via a telomerase enzyme-induced SDR and subsequently
hybridized with Y-DNA through base pairing, forming a DNA network. In contrast, this
DNA network could not form in normal cells due to the absence of telomerase enzymes.
The resulting DNA network encapsulated the mitochondria in cancer cells, disrupting the
exchange of substances and inhibiting oxidative phosphorylation and glycolysis, leading to
a reduction in ATP production [105]. The diminished ATP levels prevented the formation
of the ATP-actin complex, thereby hindering lamellipodium formation, which is crucial
for cell migration, and suppressing cancer cell proliferation. Additionally, a significant
amount of cytochrome c (Cyt c) was released from the damaged mitochondria into the
cytosol, triggering apoptosis in cancer cells.

The Yang group presented a K*-mediated dynamic assembly of DNA tetrahedrons
for mitochondrial interference within living cells. One vertex of the DNA tetrahedron
was functionalized with TPP for mitochondria targeting, while the other three vertices
were conjugated with guanine-rich sequences to facilitate K*-induced aggregation of the
tetrahedrons (Figure 6B) [106]. These DNA aggregates specifically localized to the mito-
chondria via TPP and disrupted mitochondrial functions, leading to a marked inhibition of
cell migration. Investigation into the underlying mechanism revealed that the negatively
charged DNA aggregates acted as a physical barrier on the mitochondria, obstructing

117



Molecules 2025, 30, 1025

substance exchange and consequently suppressing both aerobic respiration and glycolysis.
This reduction in ATP production impaired the formation of the ATP-actin complex, thus
inhibiting the development of lamellipodia, which are crucial for cellular movement.
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Figure 6. (A) Schematic of the assembly of TPP-Y-DNA and T-L-DNA and telomerase-mediated
self-assembly of the DNA network inside cancer cells enabling mitochondrial interference and
regulation of cellular behaviors [105]. The self-assembly of a DNA network within cancer cells,
facilitated by telomerase activity, enables mitochondrial disruption and influences cellular functions.
Telomerase, a distinctive ribonucleoprotein enzyme, is responsible for elongating telomeric DNA
and extending telomeric primers. When telomerase is present, it catalyzes the primer extension in
T-L-DNA, initiating strand displacement reactions and subsequently releasing L-DNA. The liberated
L-DNA then hybridizes with TPP-Y-DNA through complementary base pairing, leading to the
formation of an organized DNA network. (B) Schematic of the dynamic assembly of TDNs-G-TPP in
living cells for mitochondrial interference and the consequent regulation of cellular behaviors [106].

4. Conclusions and Perspectives

The mentioned strategies based on FNA nanostructures targeting mitochondria are
summarized in Table 1. As shown in Table 1, the strategies’ efficiency, biostability, off-
target effects, and disadvantages are listed and compared. In conclusion, almost all FNA
nanostructure-targeting strategies have high targeting efficiency and relatively good biosta-
bility. However, in some strategies, the off-target effect was not assessed by researchers
even though it is actually a very critical indicator for evaluating the final targeting capability.
By analyzing the disadvantages of these targeting strategies in Table 1, we conclude that the
complex construction process is a common disadvantage of almost all targeting strategies
based on FNA nanostructures. Meanwhile, some targeting strategies were triggered by
light, but the light penetration depth in tissue is still in doubt.

This review summarizes and discusses recent progress in mitochondria-targeted
molecular imaging and therapeutics facilitated by FNA nanostructures. By combining
mitochondria-targeted nanodelivery approaches with various FNA-based sensing systems,
spatially selective imaging of mitochondria-specific analytes has become achievable. For
therapeutic applications, two primary strategies were highlighted. The first strategy
involves the design of FNA nanodevices for the activatable delivery of therapeutic agents
to mitochondria. For example, by combining pre-blocked ASO with a mitochondria-
targeted photodynamic therapy (PDT) system, enzyme-activated gene regulation and
combinatorial cancer therapy were achieved. Additionally, by tagging photosensitizers
(PSs) and quenchers to the trans-cleavage substrate of the CRISPR-Cas12a system, PDT
could be selectively triggered in the mitochondria of tumor cells with characteristic mtDNA
mutations, further activating the cGAS-STING pathway for immunotherapy. The second
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strategy involves the use of conditionally controlled in situ FNA assembly to directly
interfere with mitochondrial function in tumor cells.

Table 1. Efficiency, biostability, off-target effect, and disadvantages of FNA nanostructure-based
mitochondria-targeting strategies.

Strategies Efficiency Biostability = Off-Target Effect Disadvantages
BPNS-hairpin DNA for Hi Dependence on dual-color
MIRNA igh Excellent - imaging .ana.1y51s 1nst1juments,
without in vivo experiments
DNF-Cas12a/crRNA for . Off-target effect was not
mtRNA High Good i discusfed
Limitation of light penetration
UR-HAPT for APE1 High Excellent Low depth in tissue;
complex construction process
A-G/NT for ATP and GSH High Good Low Complex construction process
L-DZ/MUC for Zn2* High Good Low Complex construction process;
without in vivo experiments
Complex construction process;
R-DZ/MB for Zn>* High Doubtful - without in vivo experiments;
signal attenuation in deep
tissues in vivo
TDFNs for miRNA-34a High Excellent Doubtful Complex construction process
Limitation of light penetration
ASO/UCT for gene regulation  High Excellent Low depth in tissue;
complex construction process
Telomerase expression level
DNA network for ATP High Excellent Low differences affect the
applicability of DNA network
+ .
TDNs-G-TPP High Excellent Low Affected by K™ concentration

level differences

Despite significant advancements in recent years, the field of mitochondria-targeted

biosensing and therapy remains in its early stages, with numerous challenges yet to be
addressed. The success of both mitochondrial sensing and therapeutic strategies heavily
relies on the efficient delivery of engineered DNA components. Therefore, developing more
advanced targeting approaches for the precise and effective delivery of functional DNA
units to mitochondria continues to be a critical focus. For instance, lipid nanoparticles, com-
monly used in mRNA vaccines, could be engineered with mitochondria-targeting ligands
to enhance the delivery of DNA systems [107]. TPP is currently the most widely used ligand
for mitochondrial targeting, but other delocalized lipophilic cations, such as dequalinium,
guanidine, and biguanide, offer additional possibilities for constructing mitochondria-
targeted FNA nanostructures [108,109]. Furthermore, mitochondria-penetrating peptides
(MPPs) and mitochondria-targeting sequences (MTSs) have not been fully explored in FNA
nanostructure engineering, largely due to limitations in suitable modification methods.
Peptide nucleic acids (PNAs) may serve as a promising solution, bridging this gap and
facilitating the incorporation of MPPs and MTSs into mitochondria-targeted FNA nanostruc-
tures. Additionally, DNA origami nanostructures have emerged as a highly programmable
and versatile platform for mitochondrial targeting, offering unprecedented precision in
drug delivery, gene regulation, and biomolecular interactions. By leveraging the struc-
tural programmability and high cargo-loading capacity of DNA origami, researchers have
developed mitochondria-targeting systems that can navigate the complex intracellular envi-
ronment and overcome mitochondrial membrane barriers [110]. These nanostructures also
can be functionalized with TPP to facilitate selective accumulation within mitochondria,
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thereby enhancing therapeutic efficacy while minimizing off-target effects. Meanwhile,
some DNA origami platforms also can be used to study lipid transport between bilayers,
which is relevant to mitochondrial and inter-organelle communication [111,112].

Mitochondria-targeted FNA nanostructures are designed to specifically localize in
mitochondria and perform molecular imaging functions. However, these nanostructures
may become irreversibly activated upon encountering their targets, leading to sensing
before actual targeting occurs. To overcome this limitation, the light-activatable sensing
approach was used for the programmable response of FNA nanostructures. Nevertheless,
the light activation strategy still faces challenges due to the limited subcellular resolution
of light. Given that several mitochondria-specific components have been identified, we
hypothesize that these components could serve as endogenous mitochondrial triggers to
regulate pre-blocked DNA probes, enabling precise subcellular imaging. For example,
mtDNA sequences, which are uniquely localized in mitochondria, could act as stimuli
to activate the sensing function of mitochondria-targeted biosensors. Additionally, most
of the current mitochondria-targeted sensing methods have been validated primarily
with well-known molecules. We are optimistic that these strategies can be effectively
applied to uncover previously unexplored biological processes within mitochondria and in
mitochondrial-organelle communications.

When applying FNA nanostructures for gene editing and mitochondria-targeted
tumor or Alzheimer’s disease therapies, there is a potential risk of unintended effects
on normal cells. Therefore, enhancing the target cell specificity of these mitochondria-
targeted FNA systems is crucial. To address this challenge, intelligent FNA nanomachines,
capable of responding and adapting to complex biological signals, hold promise as next-
generation tools for mitochondria-targeted treatments. These smart FNA nanodevices
can be meticulously engineered to incorporate cascade targeting mechanisms, thereby
increasing targeting accuracy. For instance, DNA nanodevices can be equipped with
tumor-specific ligands, such as aptamers that bind to overexpressed membrane proteins
on tumor cells. Upon internalization into target cells, these devices could be directed to
mitochondrial compartments using organelle-targeting ligands, allowing them to perform
their therapeutic functions. Moreover, spatiotemporal control over the therapeutic actions
of mitochondria-targeted systems provides an effective strategy for minimizing off-target
effects. In this approach, the therapeutic activity of the DNA nanodevices is initially
suppressed and later activated by tumor-specific triggers within mitochondria (such as
reactive oxygen species or abnormal metabolite accumulation), thereby enhancing the
selective targeting of cancer cells and reducing cytotoxicity to normal tissues. Additionally,
with numerous ligands available for targeting different organelles, FNA nanostructures
can be engineered to also target other cellular compartments, such as the nucleus or
endoplasmic reticulum, for subcellular-specific imaging and therapies. Moving forward,
more focus should be placed on designing intelligent FNA nanodevices that integrate
both disease-specific recognition and organelle-targeting capabilities. Ultimately, we are
optimistic that advancements in organelle-targeted FNA nanostructures will significantly
contribute to both academic research and clinical applications.
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Abstract: Electrospinning is a cost-effective and flexible technology for producing nanofibers with
large specific surface areas, functionalized surfaces, and stable structures. In recent years, electrospun
nanofibers have attracted more and more attention in electrochemical biosensors due to their excellent
morphological and structural properties. This review outlines the principle of electrospinning
technology. The strategies of producing nanofibers with different diameters, morphologies, and
structures are discussed to understand the regulation rules of nanofiber morphology and structure.
The application of electrospun nanofibers in electrochemical biosensors is reviewed in detail. In
addition, we look towards the future prospects of electrospinning technology and the challenge of
scale production.

Keywords: electrospinning; nanofiber; morphology control; electrochemical sensors; review

1. Introduction

Nanofibers, as one-dimensional nanomaterials, have attracted much attention due
to their unique advantages of large specific surface areas, functionalized surfaces, and
stable structures. The large specific surface areas contribute to the excellent adsorption
performance of nanofibers [1,2]. In particular, nanofibers with suitable pore size distribution
can provide a large number of sites to accommodate the high loading of active materials [3].

The electrospinning technique is a process of spinning polymer solutions or melts
under a strong electric field. Under the action of the electric field, the spinning fluid
expands into a tiny jet that solidifies into a fiber. Electrospinning devices are simple and
have low cost. Electrospinning can produce a wide variety of materials, and the process is
controllable. These advantages make it one of the most popular techniques for producing
polymer nanofibers. In addition, carbon nanofibers can be obtained by carbonized polymer
precursors [4]. Electrospinning is also a common technique for producing composite
nanofibers. In contrast with the traditional spinning technique, a high-voltage electrostatic
field can stretch polymer solution (or melt) into nanofiber, making the diameter of the fiber
produced by electrospinning to be as small as one nanometer [5]. Moreover, the technique
is simple, cost-effective, and versatile, making it suitable for industrial production, as will
be discussed later in the review.

Nowadays, with the development of industry, more and more pollutants of inorganic
and organic contaminants have been produced. Therefore, qualitative and quantitative
analyses of these pollutants play an important role in environmental protection and food
safety [6-9]. Many techniques have been developed such as fluorescence, UV-Vis spec-
troscopy, mass spectrometry, and electroanalysis [10-14]. Among them, electrochemical
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sensors have received more and more attention due to their excellent sensitivity, accuracy,
wide detection range, easy operation, and low price [15].

In biosensors, electrospun nanofibers can be used as substrate materials or functional
components of sensors. As the base material, electrospun nanofibers can provide a large
surface area to enhance the adsorption of biomolecules, thus improving the sensitivity
and detection limit of the sensors. At the same time, the pore structure of electrospun
nanofibers is also conducive to the diffusion and transfer of biomolecules, enhancing the
response speed and stability of the sensors. In addition, electrospun nanofibers can also be
used as functional components, such as fixed carriers of biomolecules and fixed substrates
of biometric molecules. By immobilizing biomolecules or biometric molecules onto electro-
spun nanofibers, a highly sensitive and selective detection of different biomolecules can
be achieved.

In this review, we outline the principle of electrospinning technology, the regulation
of nanofiber morphology, and the application of electrospun nanofibers in electrochemical
sensors. The challenge and prospect of electrospinning technology are also prospected.

2. The Principle of the Electrospinning Technique

As shown in Figure 1A, a simple electrospinning setup requires four basic components:
a high-voltage power supply, pump, nozzle, and collector. The high-voltage power supply
provides a strong electric field between the nozzle and collector. The solution is controlled
by a pump and aggregates into droplets at the nozzle. Under the influence of the electric
field, the shape of the droplet changes and a jet is formed (Figure 1B) [16]. Then, the jet
volatilizes rapidly and tapers under the perturbation of the electric field (Figure 1C). Finally,
the jet solidifies into fibers and is collected by the collector.

= Colletor

Figure 1. (A) Schematic diagram of an electrospinning device. (B) The photo shows the process
of water droplet deformation, followed by the ejection of a jet. The time at zero was taken to be
the frame in which the jet first appeared. (C) Image of the jet. The exposure time was 0.25 ms.
(B) Reprinted with permission from [16]. Copyright 2008, Elsevier. (C) Reprinted with permission
from [17]. Copyright 2000, American Institute of Physics.
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Organic polymers are the most often used materials for electrospinning. If organic
polymers do not degrade as they dissolve or melt, they can generally be used directly for
electrospinning. Depending on the functions of organic polymers, they can be divided into
the following categories: (i) As the host of electrospun nanofibers: The polymers themselves
have specific functions. For example, polyvinylidene difluoride (PVDF) nanofibers can be
directly used in piezoelectric sensors [18,19]; (ii) As the scaffold or conducting network
carrying functional materials: For example, polyacrylonitrile (PAN) nanofibers loaded with
Fe3;04 nanoparticles were used for vitamin D3 detection [20]; (iii) As a sacrificial phase:
For example, after the AgNO3/Co(Ac), /polyvinylpyrrolidone (PVP) precursor nanofibers
were calcined, Au-Ag/Co30, nanofibers were prepared, and the PVP was sacrificed in
the process [21]; and (iv) As the precursor of carbon nanofibers (CNFs): Some polymers,
such as PAN and PVP, were carbonized to form CNFs after thermal treatment in an inert
atmosphere [22,23]. In addition, small molecules can also be used for electrospinning
under special conditions, and their highly concentrated solutions or pure melts can form
self-assembled structures to entangle together and behave like polymer chains [24].

In 1964, Taylor mathematically described and modeled the disintegration of drop
in an electric field [25]. As reported, as the strength of the electric field exceeded the
critical value, the droplets gradually changed to cones with a half angle of 49.3°. Jets were
projected from these cones, which were later named as “Taylor cone”. The formation of
Taylor cones is caused by the joint influence of electric field and surface tension. Liquid
tends to be spherical under the influence of surface tension. The electric field causes the
surface of droplets to accumulate large amounts of homogenous charges. As the electric
field increases, the electrostatic repulsion on the surface of the droplet increases. When the
electrostatic repulsion is stronger than the surface tension, the droplet will deform into a
cone and form jets. After that, Taylor published two articles to preliminarily explore the
behavior of the jet in the electric field in 1966 and 1969 [26,27].

The electrospinning method is the polymer-eruption electrostatic drawing spinning
method. Firstly, the polymer solution or melt is subjected to a high-voltage electrostatic
charge ranging from several thousand to ten thousand volts, and the charged polymer
droplets are accelerated at the Taylor cone pole of the capillary under the effect of an electric
field force. When the electric field force is large enough, the polymer droplets overcome the
surface tension to form an eruptive trickle. The thin stream evaporates or solidifies in the
process of eruption and eventually falls on the receiving device to form a nonwoven-like
fiber felt. The dynamics of an electrically charged jet in an electric field are complex. When
the jet is first formed, it is stretched along the electric field. At this segment, the jet can
keep moving in a straight line. But the jet moves radially outward at a comparable velocity
because of the electrical bending instability (Figure 2A). Around the 2000s, many studies
attempted to build a physical or mathematical model of the jet at this segment [17,18,28-32].
The linear jet will bend under perturbation. The charge carried with the bend segment
moves downward and outward by the repulsion (Fpp) above the bend region, and at
the same time, the charge moves upward and outward by the repulsion (Fyp) below the
bend region. The result of the two forces FR is radial and increases exponentially with the
increasing degree of jet bending (Figure 2B) [16]. As a result, the jet appears as a spiral with
a cone envelope. When the jet continues to move in the electric field, the jet that has been
bent into a spiral shape will obtain the second bending instability, as indicated at the end
of the jet in Figure 2A. The jet is stretched thinner and thinner in the process.

There are many factors affecting the preparation of nanofibers by electrospinning,
which can be divided into solution properties (such as viscosity, elasticity, electrical con-
ductivity, and surface tension), control variables (such as the static voltage in the capillary,
the potential of the capillary port, and the distance between the capillary port and the
collector), and environmental parameters (such as solution temperature, air humidity
and temperature in the spinning environment, and airflow speed). The main influencing
factors include: (1) The concentration of polymer solution: The higher the concentration
of polymer solution, the greater the viscosity and the greater the external tension. The
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e
start of 2nd cycle

droplet cleavage can be weakened by increasing the external tension after leaving the
nozzle. Generally, when other conditions remain constant, the fiber diameter increases with
the increase in concentration; (2) Electric field strength: With an increase in electric field
strength, the jet of the polymer electrospinning solution has a larger outer charge density
and thus has a greater electrostatic repulsion. At the same time, the higher electric field
strength makes the jet obtain a greater acceleration degree. Both of these factors can cause
the jet and fiber to have greater tensile stress, resulting in a higher tensile strain rate, which
is conducive to the preparation of finer fibers; (3) The interval between the capillary port
and the collector: After the polymer droplets are ejected through the capillary port, they
volatilize in the air with the solvent, and the polymer is concentrated and solidified into
tibers, which are finally accepted by the receiver. As the distance between the two increases,
the diameter decreases; (4) Activity rate of electrospinning fluid: When the diameter of the
spinneret is fixed, the average jet velocity is obviously proportional to the diameter of the
fiber; (5) The condition of the collector: The condition of the collector is different, and the
condition of the produced nanofibers is also different. When the fixed collector is used, the
nanofibers appear to have random irregular scenes. When using a rotating disk collector,
the nanofibers appear in a parallel pattern. Therefore, the fibromomentum produced by
different equipment conditions is different.

b ./3, ‘on collector N

FUO

FDO

Fr

Figure 2. (A) An electrospinning jet that contained two successive electrical bending instabili-
ties; (B) affected by the repulsion forces between charges, the perturbation segment of the jet (the
dashed segment) is affected by the repulsion forces Fyo and Fpp of the lower and upper charges.
The resultant of these forces FR is in the radial direction of the jet, which makes the jet more
curved. (A) Reprinted with permission from [17]. Copyright 2000, American Institute of Physics.
(B) Reprinted with permission from [16]. Copyright 2008, Elsevier.

In addition to spiraling, the jet will also undergo other shape changes, such as branch-
ing and the formation of beads. The undulations increase as the charge density of the jet
increases. When the undulations are large enough to become unstable, the jet will branch
off. The undulations come from the combined effects of the electric Maxwell stresses
and surface tension [31]. Branching occurs more frequently in viscous solutions and at
high electric fields. In contrast, when the charge density of the jet is reduced, surface
tension will dominate in the competitive relationship between the electric field and surface
tension. Capillary instability that results in the transformation of the jet into spherical
droplets occurs.

In recent years, researchers have tried to predict the diameter of electrospun nanofibers
in various ways, including theoretically or experimentally. Gadkari summarized the
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literature on various correlations and analyzed them to obtain the relationship dependency
of the nanofiber diameter on the viscous and surface charge repulsion effects [33]. A design
of the experiments model, analyzing data based on polynomial equations without physical
meaning, was proposed by Ruiter to identify the effects of electrospinning parameters
on scaffold morphologies of poly-D,L-lactic acid [34]. The model shows that solution
concentration plays an important role in the morphology of nanofibers.

3. Regulation of Nanofibers

Diameter, as the most basic parameter of nanofibers, has always been the object of
greatest concern to researchers. A variety of investigations have been reported on the
effect of electrospinning parameters on the diameter of the nanofibers, both theoretically
and experimentally. The diameter of the nanofibers is influenced by the concentration of
polymer in solution, the type of solvent, the conductivity, as well as the feeding rate of the
solution [35,36]. The higher the concentration and viscosity of the solution, the higher the
voltage required to overcome its own surface tension to form the jet; the voltage needs to
be optimized to match with the feeding rate of spinning fluid and the collecting distance
for producing nanofibers with a uniform diameter.

3.1. Diameter of Nanofibers

It has been reported that the larger the voltage, the smaller the diameter of the
nanofibers [37]. However, there was also the observation that the diameter of the nanofibers
increased with an increase in the voltage [38]. The reason is that the type of spinning solu-
tion and the parameters are not the same. This indicates that the influence of the voltage
summarized by simple control variables on the final diameter of the nanofibers is not
rigorous enough. Gu et al. reported that the concentration of the spinning fluid has a
greater effect on the diameter of the nanofibers than the voltage [39]. In fact, the main factor
affecting the diameter of the nanofibers here is the viscosity of the solution, which changes
with the concentration of the solution and the molecular weight of the polymer [39,40].

Fridrikh et al. reported that there is a limiting diameter for the jet, which arises from a
force balance between surface tension and electrostatic charge repulsion [41]. These two
forces are determined by the viscosity and conductivity of the solution, respectively. In the
case of ignoring the elastic effect and fluid evaporation, the diameter of the nanofibers can
be given by the following equation:

B 7Q2 2 1/3
= (¥ s v

where 7 is surface tension of the solution, ¢ is the dielectric constant, Q is the flow rate of
the solution, I is the current carried by the jet, and ) is proportional to the ratio of the jet
diameter h and radius of curvature R. It is shown that the nanofiber diameter decreases
with the increase in the charge carried by the jet. However, the electrospinning process
is much more complex than this model, so this model is not accurate or comprehensive
enough. For example, temperature is an easily overlooked parameter. Most solution
electrospinning processes take place at ambient temperature. As the temperature increases,
the viscosity and surface tension of solution decrease, leading to a reduction in nanofiber
diameter. But at the same time, the increase in temperature will also cause the acceleration
of the evaporation of the solvent. In this case, the drawing process, which is also the fining
process of the nanofibers, will end prematurely. A temperature equilibrium that minimizes
the diameter of the nanofibers can be found [42].

3.2. Morphologies and Structures of Electrospun Nanofibers

Electrospinning has become one of the main ways to prepare nanofibers because of
its advantages such as a simple manufacturing device, good adjustable fiber structure,
and strong technical combination. It can be used for directly and continuously spinning
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polyester, polyurethane, polyethylene, and other polymers into ultra-fine and uniform
fibers with diameters ranging from less than 3 nm to more than 1 um and depositing on
the receiving plate to obtain non-woven fabric. It is also possible to prepare nanofibers
with special shapes by electrospinning in addition to nanofibers with uniform diameters.
Porous nanofibers, hollow nanofibers, and bead-on-string nanofibers are produced to
meet the requirements of various applications. More complex structures tend to yield
better performance, such as a greater specific surface area, rougher surface, or greater
surface energy. Next, we will discuss the strategies for producing nanofibers with different
morphologies and structures.

3.2.1. Bead-on-String Nanofibers

By adjusting the parameters in the process of electrospinning, electrospun nanofibers
with unique morphologies can be simply obtained. Bead-on-string nanofibers are typical.
As we discussed earlier, the jets need to overcome capillary instability to form uniform
nanofibers. Otherwise, the bead structure will be obtained. At first, the bead structure
appears randomly, which is considered an undesirable by-product. It is not until the
production of uniform bead-on-string structures that attention is paid to this structure
(Figure 3A). Zuo et al. reported how and why this structure was formed [43]. As indicated
in Figure 3B, the jet is photographed at different distances from the nozzle. As the jet flows
further and further away from the nozzle, the smooth surface of the jet flow first becomes
wavy, then dumbbell-like, and finally bead-shaped.

Figure 3. (A) SEM images of the bead-on-string nanofibers with polyvinyl alcohol (PVA): polystyrene
(PS) (1:1) and 9 wt.% PVA for 473 nm PS nanospheres. (B) The bead formation process at different
points along the PHBV nanofibers formed by electrospinning. The photos were taken at different
distances from the needle tip according to their orders: (a) 1 cm; (b) 3 cm; () 5 cm; (d) 7 cm; (e) 9 cm;
(f) 12 cm; (g) 15 cm; (h) 30 cm. (C) SEM image of PS nanofibers with a regularly distributed polyethylene
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glycol (PEG) droplet on it. (A) Reprinted with permission from [44]. Copyright 2012, American
Chemical Society. (B) Reprinted with permission from [43]. Copyright 2005, Society of Plastics
Engineers. (C) Reprinted with permission from [45]. Copyright 2011, WILEY-VCH.

The bead-on-string structure can be regulated by controlling viscosity, net charge
density, and surface tension [46]. Charge repulsion and electric field force are the causes of
the drawing and deformation of the jet. Surface tension always makes the liquid the smallest
surface area by turning into a sphere, while viscoelastic force resists rapid changes in shape.
Therefore, the easiest strategy for producing bead-on-string nanofibers is adjusting the
solution concentration and applying voltage. A higher concentration enhances electrostatic
repulsion forces and viscoelasticity but reduces surface tension. A polymer solution with
a lower concentration tends to produce beads with a higher density [47]. The effect of
the viscosity of spinning solution on bead structure can be clearly reflected in an example.
By combining electrospinning and electrospraying, Tian et al. obtained PEG beads on
PS-string hetero-structured nanofibers in a coaxial jetting process (Figure 3C) [45]. During
electrospinning, the outer PEG with a low viscosity is deformed by humidity, while the PS
with a high viscosity keeps the shape of a “string”.

The surface tension and viscoelasticity of the jet can be changed by adjusting the
proportion of solvent. For example, PS-b-poly(ethylene butylene)-b-PS triblock copoly-
mer solutions, which can be dissolved in different proportions of tetrahydrofuran/N,N-
dimethylformamide (THF/DMF), have different rheology data. Accordingly, the viscosity
of the solution will vary considerably [48]. In addition, a corona discharge can be used to
add neutralizing charge to the jet so as to reduce electrostatic repulsion [46].

3.2.2. Porous Nanofibers

In certain cases, the rapid evaporation of the solvent causes the liquidation of water
vapor during the spinning process. Droplets formed by water vapor liquefaction adhere
to the jet surface, leading to the formation of pores on the fiber’s surface (Figure 4A) [49].
This approach, which is essentially vapor-induced phase separation, has to meet two
requirements: humid environment and volatile solvents, such as THF, methylene chloride,
and carbon disulfide. The size and number of pores can be easily controlled by changing
the humidity. The higher the humidity, the larger the pore size and the higher the pore
density [50]. In addition to controlling environmental humidity, there are other methods
of inducing phase separation. McCann et al. electrospun PAN nanofibers into liquid
nitrogen [51]. In this process, pores were introduced into the nanofibers surface by thermally
induced phase separation. Pores could not only be formed on the surface of the nanofibers
but also inside the nanofibers so as to obtain nanofibers with a loose structure. As shown
in Figure 4B, Pai et al. used PS/DMEF solution to produce fibers with a smooth surface
and a porous interior [52]. Compared with a highly volatile solvent mentioned earlier, the
evaporation rate of DMF is not fast enough to form small droplets on the jet surface. DMF
absorbed water vapor in the air due to a non-solvent phase separation reaction between
them. As a result, a porous structure was formed inside the fibers. The growth process of
porous structures resulting from phase separation was calculated by Dayal et al. based on
the Cahn-Hilliard time-evolution equation and solvent evaporation rate equation [53]. The
strategy of introducing pores through phase separation has been applied to a variety of
polymers, such as PS [54], poly(L-lactic acid) [55,56], polyvinyl butyral [57], polyethylene
terephthalate [58], and poly(e-caprolactone) [59,60].
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Figure 4. (A) SEM images of electrospun poly(e-caprolactone) fibers collected in water as a function
of pH 3. (B) SEM images of as-spun fibers electrospun from a 30 wt.% PS/DMEF solution under
43% relative humidity. The illustration is the cross-sectional TEM images of them. (C) TEM images
of the macroporous CNFs obtained by etching SiO,/Sb@CNF composites with an aqueous HF
solution. (D) SEM images of the porous CNFs produced from pure PAN, PAN/PS, and PAN/PMMA,
respectively. (A) Reprinted with permission from [61]. Copyright 2011, Springer. (B) Reprinted with
permission from [52]. Copyright 2009, American Chemical Society. (C) Reprinted with permission
from [62]. Copyright 2018, American Chemical Society. (D) Reprinted with permission from [63].
Copyright 2016, Elsevier.

Porous nanofibers can also be produced through the removal of a sacrificial phase.
Commonly, the sacrificial phases are salt, polymers, and nanoparticles. A sacrificial phase
of salt can be removed by leaching. Gupta et al. used GaCl; as a template to prepare porous
nylon-6 fibers [64]. Wang et al. prepared SiO,/Sb@CNFs by carbonizing electrospun
precursors, which were etched with HF solution to remove SiO; and Sb nanoparticles [62].
What was left were porous CNFs (Figure 4C). The porous CNFs could also be prepared by
electrospinning PAN blending with the sacrificial PS or PMMA [63]. PS and PMMA were
easier to pyrolyze than PAN. As a result, PS or PAMM was completely pyrolyzed to form
pores during carbonization. Moreover, PS foam (Figure 4D) and Nafion are also suitable as
a sacrificial phase in PAN solution [65,66].

The introduction of pores has other advantages in addition to greatly increasing
the specific surface area of the nanofibers: the functionalization inside the pores is easy
to realize for obtaining functional surfaces [67]; and porous CNFs have stronger ionic
adsorption and higher specific capacitance [65].

3.2.3. Hollow Nanofibers

Hollow nanofibers are another common structure of electrospun nanofibers. There
are two strategies for preparing hollow nanofibers. One is coaxial electrospinning, which
we will discuss later. The other strategy is to make the components of the solution sponta-
neously move along the radial direction of the jet and be stratified by adjusting the ratio of
a mixed polymer solution. Niu et al. produced hollow PVA nanofibers by mixing PVAs
with different molecular weight [68]. The schematic diagram of the formation of the hollow
structure is displayed in Figure 5A. With the same electrospinning parameters, the higher
the molecular weight, the higher the distribution in the outer layer. The nanofibers were
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then carbonized at high temperatures. In this process, the low-molecular weight PVA in the
inner layer first pyrolyzed and moved to the high-molecular weight PVA. Hollow CNFs
were produced. It is of concern that if inorganic materials were mixed into the solution
and the nanofibers carbonized in the protection of argon, the inorganic materials would
not move with the low-molecular weight PVA. The inorganic materials aggregated into
spheres in the channels of hollow nanofibers, and pea-like nanofibers could be formed.
Hollow nanofibers are commonly prepared by similar methods. For example, the fibers
have been produced by electrospinning with a mixture of polycarbosilane (PCS) and PS,
with PCS in the outer layer and PS in the inner layer. After carbonization, hollow SiC
nanofibers were formed, as PCS turned into SiC and PS was pyrolyzed (Figure 5B) [69].
Hollow nanofibers can also be produced based on vapor-induced phase separation. In
another example, camphene and tetraethoxysilane, as pore-forming agents, could be added
into PS solution. Water entered the surface of the jet in the electrospinning process. At this
point, tetraethoxysilane that diffused to the outer layer evaporated, and camphene that
diffused to the outer layer was removed after freeze-drying. Hollow and porous structures
of electrospun PS fibrers were obtained [70].
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Figure 5. (A) Schematics of the gradient electrospinning and controlled pyrolysis method. (B) SEM
images of hollow silicon carbide nanofibers. (C) (a-d) Schematic diagrams, (e-h,m,n) FESEM and
(i-1,0,p) TEM images of LRC nanofibers based on various PAN/PS weight ratio: (a,e i) 1:0.1, (b f,j)
1:0.2, (c,g k,m—p) 1:0.5, (d,h,1) 1:1. Scale bars, 200nm (e-1,0), 20 pum (m), 500nm (n), 20nm (p).
(D) SEM images of microfibers electrospun from PMAGH-block-PS-block-PMAGH in 0.20 g mL~!
CHCl; solution at 20 puL min~! feeding rate. (A) Reprinted with permission from [68]. Copyright
2015, Macmillan. (B) Reprinted with permission from [69]. Copyright 2018, Elsevier. (C) Reprinted
with permission from [71]. Copyright 2015, WILEY-VCH. (D) Reprinted with permission from [72].
Copyright 2019, WILEY-VCH.

Some hollow fibers with more interesting structures have been reported by electro-
spinning. For example, hollow fibers with multiple channels produced with a mixture
of PAN and PS have been reported. PS as the sacrificial phase will form more than one
channel inside PAN. The number and distribution of channels will vary with the ratio of
PAN to PS in the solution (Figure 5C) [71]. In addition, it is possible to obtain ribbon fibers
in the production of hollow fibers, and unique polymer skin can form on the surface of the
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jet. After that, the evaporation of solvent will result in the vacuum inside, leading to the
collapse of skin (Figure 5D) [72-74].

4. Application of Electrospun Nanofibers in Electrochemical Biosensors

Electrochemical biosensors have attracted more and more attention due to their speed,
simple operation, and low cost. Electrospun nanofibers have been extensively applied in
electrochemical biosensors for the determination of various molecules such as glucose,
hydrogen peroxide (HyO,), uric acid (UA), dopamine (DA), ascorbic acid (AA), protein,
and amino acids.

4.1. Glucose Sensors

As a source of energy in the body, glucose is widely found in every corner of our life.
People who want to lose weight need to know the amount of glucose in their diet in order
to control their diet properly. Diabetics need to regularly measure their blood sugar levels
to keep themselves healthy.

Glucose oxidase (GOx) is one of the main choices for real-time glucose monitoring
owing to its high glucose selectivity. Nanofibers, due to their high specific surface area
and porous structure, are excellent platforms for enzyme immobilization. The activity
of the immobilized enzyme greatly affects the performance of the sensor. As implied in
Figure 6A, the activity of GOx immobilized on the surface of PVA/malonic acid nanofibers
with different plasma processing was quite different [75]. In addition, the reusability and
storage stability of the plasma-treated fibers was significantly improved (Figure 6B,C).
When designing the glucose sensor based on GOx, the nanofibers as the substrate have
great influence on the performance of the sensor. Guo et al. produced CNFs with uniformly
embedded TiC nanoparticles (Figure 6D,E) [76]. The robust adhesion of the composite
nanofibers provides more abundant active sites for enzyme immobilization (Figure 6F).
The GOx-TiC-CNFs biosensor could selectively detect glucose with a wide linear range
(0.013-10.5 mM) and low detection limit (3.7 uM).

Enzymes are unstable at certain temperatures and pH values. Therefore, non-enzyme
sensors have been developed in which enzymes are generally replaced by metals or metal
oxides. Non-enzyme sensors are more economical than enzymatic sensors and are less
affected by the environment. Glucose is the most popular analyte. A variety of transition
metals are used in non-enzyme electrochemical sensors for glucose. The mechanism dia-
gram of the transition metal electrocatalytic detection of glucose is illustrated in Figure 7A.
For example, Lu et al. reported a glassy carbon electrode (GCE) modified with CuO/Cu,O
composite nanofibers for a glucose sensor [77]. CuO/Cu,O composite nanofibers had good
electrocatalytic activity for glucose. The possible electrocatalytic processes of glucose can
be explained as follows: The electrons produced by the oxidation of Cu?* to Cu®* form an
oxidation peak in the cyclic voltammograms. After that, Cu oxidizes glucose to gluconolac-
tone, which further increases the oxidation current [78-80]. In a specific range of glucose
concentration, the oxidation peak increases linearly with the increase in glucose concentra-
tion. This property enables the determination of glucose concentration by the magnitude
of the oxidation current (Figure 7B) [81]. Increased conductivity can accelerate electron
transfer and improve the performance of the sensors. CNFs have excellent mechanical and
electrical properties and can be simply obtained using carbonized electrospun polymer
nanofibers, making them suitable as carriers for metal oxide nanoparticles. In addition,
the synergistic effect of multiple components can also greatly enhance the electrocatalytic
performance. The reason may be that the defects caused by the lattice mismatch of the
two metal atoms lead to electron accumulation at the interface and the upward shift of
the D band. Shi et al. prepared electrospun CuO nanofibers, CuO/CNFs, and CuO/NiO
nanofibers as a glucose sensor, as shown in Figure 7C [82]. The electrocatalytic effect
can be observed through the magnitude of the catalytic current and the position of the
oxidation peak potential. Obviously, CuO/NiO nanofibers can produce higher current at
lower potential.
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Figure 6. (A) Activity of GOx immobilized on the surfaces of (a) untreated and (b) air-, (c) nitrogen-
, (d) CO;-, and (e) argon plasma-treated PVA /malonic acid nanofibers. (B) Reusability of GOx
immobilized on (a) unmodified and (b) air plasma-modified nanofibers. (C) Storage stability of GOx
immobilized on (a) unmodified and (b) air plasma-modified nanofibers. (D) SEM images of TiC
CNFs. (E) TEM images of TiC CNFs; inset of (E) is the HRTEM image. (F) SEM image of GOx-TiC
CNFs. (A-C) Reprinted with permission from [75]. Copyright 2016, Elsevier. (D-F) Reprinted with
permission from [76]. Copyright 2018, Elsevier.

Figure 7. (A) Schematic diagram of the transition metal electrocatalysis detection of glucose. (B) CVs
for Niy P nanofibers in 0.1 M NaOH (pH 13) with the presence of varying glucose concentrations
ranging from 0 to 8 mM. (C) CVs of (a) CuO-NFs, (b) CuO/CNFs, and (c) CuO/NiO-NFs film
electrodes in 0.1 mol L~! NaOH containing 0.6 mmol L~! glucose at 50 mV s~!. (A) Reprinted with
permission from [80]. Copyright 2016, American Chemical Society. (B) Reprinted with permission
from [81]. Copyright 2016, American Chemical Society. (C) Reprinted with permission from [82].
Copyright 2013, WILEY-VCH.

There have been many reports on the application of electrospinning to non-enzyme
electrocatalysts for the detection of glucose. Saravanan et al. prepared Co-Fe/PVdE-HFP by
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electrospinning and chemical reduction techniques for electrochemical glucose detection,
in which the diffusion and adsorption of glucose in the expanded cavities and pores of the
polymer nanofibers were accelerated to maximize the utilization efficiency of glucose [83].
Luo et al. fabricated a Pt-Au/polyurethane sensing patch through electrospinning, mag-
netron sputtering, and electrodeposition techniques for the determination of glucose in a
neutral condition (pH 7.4) [84]. Li et al. synthesized hollow CuO/NiO nanoparticles with
adjustable sizes by coaxial electrospinning and subsequent calcination [85]. The unique
morphology and high specific surface area as well as the hetero-structural interface be-
tween CuO and NiO are conducive to improving the electrocatalytic performance, showing
excellent electrocatalytic performance for glucose oxidation. They also prepared nano-
Mn304/NiO-decorated CNFs by electrospinning and calcination [86]. The conductive
network constructed by CNFs not only promotes the transfer of electrons but also provides
a landing site for nanoparticles, thereby reducing the aggregation of nanoparticles and
exposing more active sites. Kim et al. embedded MnO nanostructures with CNFs to
significantly improve the detection performance of non-enzymatic amperometric glucose
sensors [87]. Additionally, other nanofibers are also used in glucose biosensors, such as
Ni,P/CNFs [88], PAN/PANI/CuO [89], CuSn/CNFs [90], and CuCo-P350 [91]. Table 1
summarizes several examples of non-enzyme electrochemical glucose sensors, including
the detection limit, sensitivity, linear range, and oxidation potential.

Table 1. Electrospun nanofibers for non-enzyme glucose electrochemical biosensors.

Catalyst %F?N][)) (HASI‘:S\ZiEiIViZI . Line(;Lrl\I/[{)ange Pot(il;)tial Ref
Co-Fe/PVdF-HFP 0.65 375.01 1-8000 0.53 [83]
TiO, /CuyO/CuO CNFs 0.25 2074.7 0-2000 0.55 [80]
Pt-Au/polyurethane 14.77 203.13 0.1-50 N/R [84]
CuO/NiO NFs 14.77 1324.17 1-1000 0.6 [85]
Mn30,4/NiO/CNFs 0.73 386.84 5-3000 0.5 [86]
MnOx-CNFs 0.3 4080.6 0-9100 0.55 [87]
Ni,P/CNFs 0.25 1050 5-208 0.5 [88]
PAN/PANI/CuO 1.2 N/R 3-500 0.4 [89]
CuSn/CNFs 0.08 N/R 0.1-9000 0.55 [90]
CuCo-P350 2.92 2272 5-825 0.55 [91]

4.2. H,O, Sensors

In organisms, H,O; is a signaling molecule that controls cell metabolism. In addition, it
is also associated with some human diseases, such as cardiovascular diseases, Alzheimer’s
Disease, and cancers [92]. Therefore, the detection of HyO, is of great significance in
medical applications.

Noble metal (such as Au [93], Ag [94], Pd [95], and Pt [96]) nanoparticles have excellent
electrocatalytic activity with H,O,. For example, Huang et al. electrospun Pd nanoparticle-
loaded CNFs to modify a carbon paste electrode (CPE) [97]. The modified CPE shows a
wide linear range (0.2 uM to 20 mM) for H,O, (Figure 8A). As shown in Figure 8B, Zhang
et al. compared the cyclic voltammetry of HyO, on PVDE a multi-walled carbon nanotube
(MWCNT), and Pt [98]. It was not difficult to see that the electrocatalytic performance of
H,O; mainly came from Pt. Without Pt, PVDF or MWCNT alone showed almost no current
response to HyO».
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Figure 8. (A) Current-time responses of the Pd/CNFs-CPE upon successive injection of a specific
concentration of HyO, into Ny-saturated PBS (0.1 M, pH 7.0); the inset (b) shows the performance of
the Pd/CNFs-CPE in the amperometric detection of a low concentration of HyO,. Applied potential:
—0.2 V. (B) CVs of GCEs modified with PVDF, PVDF-PtNP, PVDF-MWCNT, and PVDF-MWCNT-Pt
hybrid nanofiber membranes. (C) CVs of Ni/CNFs-GCE, PtNi/CNFs-GCE, and Pt/CNFs-GCE in
the absence and presence of HyO, at 50 mV s~ 1. (D) Typical SEM images of Hb microbelts. (E) The
corresponding calibration plot of amperometric response towards H,O,. Inset: enlarged drawing of
the calibration plot for low HyO, concentrations. (A) Reprinted with permission from [97]. Copyright
2008, WILEY-VCH. (B) Reprinted with permission from [98]. Copyright 2014, American Chemical
Society. (C) Reprinted with permission from [99]. Copyright 2018, Elsevier. (D,E) Reprinted with
permission from [100]. Copyright 2010, Elsevier.

High cost limits the development of H,O, sensors based on noble metals, so various
transition metals/metal oxides are introduced to functionalize noble metals. As shown
in Figure 8C, compared with Pt/CNFs and Ni/CNFs, the electrocatalytic performance
of PtNi/CNFs for H,O, is much better [99]. The PtNi/CNFs-modified GCE has a wide
detection range from 0.05 M to 8 mM with a low detection limit of 0.0375 uM for H,O,.
Mohammadi et al. synthesized a Se/P@N-doped carbon nanobox (N-CNB)/CNFs for the
electrochemical determination of HyO, [21]. Due to the mesoporous structure, the open
efficient diffusion channel for H,O,, the rapid mass/electron transfer, and the synergies
between P, Se, and CNBs/CNFs, the synthesized Se/P@(N-CNB)/CNFs exhibited excellent
electrocatalytic activity toward HyO, oxidation. Hsueh et al. prepared IrO,@Ir NFs for
the selective determination of HyO, [86]. Qu et al. synthesized LaSrNiO NFs with a dual-
phase structure and unique porous tubular nanofiber structure using electrospinning and
high-temperature calcination techniques, significantly improving their redox performance
for the electrochemical sensing of H,O, [101]. Bi et al. modified the conductive polymer
PEDOT:PSSLiTFSI-CoPc (PPLC) on nanofibers (PPLC/PU/PDMS) to develop a stretch-
able electrochemical sensor [102]. The electrode displayed good electrochemical sensing
performance and stability under mechanical deformation. In addition, Ag@CuO [103],
VCo0O/C-750 [104], and Co-NC/CNF [105] are also used for H,O, detection. Table 2 lists
several examples of HyO, sensors using electrospun metals/metal oxides nanofibers.
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Table 2. Electrospun nanofibers for H,O, analysis.

LOD Sensitivity Linear Range Potential

Catalyst (M) (LA mM -1 em2) (uM) W) Ref.
Se/P@CNBs/CNFs 58 1711 200-1800 NR [21]
IrO,@Ir NFs 0.16 289 0.1-1000 —04 [86]
PtNi/CNFs 0.0375 248.5 0.05-8000 —0.1 [99]
LaSrNiO NFs 0.018 1667.9 1-7000 0.2 [101]
PPLC/PU/PDMS 0.2 0.0406 0.5-50 +0.55 [102]
Ag@CuO 0.01 1982.14 0.05-100 +0.6 [103]
VCoO/C-750 0.44 N/R 0-8000 N/R [104]
Co-NC/CNF 10 300 1-6000 —0.5 [105]

Interestingly, hemoglobin microbelts have been successfully electrospun for HyO,
sensing by Ding et al. (Figure 8D) [100]. In their work, hemoglobin is dissolved in
2,2,2-trifluoroethanol as the spinning solution for electrospinning hemoglobin microbelts,
allowing for the sensitive detection of H,O, at physiological pH (0.1 M pH 7.0 phosphate
buffer). As shown in Figure 8E, this H,O, sensor has a low detection limit (0.61 uM) and
high stability due to its good biocompatibility and direct electron transfer capability.

4.3. Detection of Other Biomolecles

A variety of electrospun nanofibers have been developed for the detection of biomolecules,
such as UA, DA, AA, protein, and amino acids. The level of these biomolecules in the body
can reflect the health of the body and help doctors determine whether the body is suffering
from certain diseases. For example, the concentration level of UA is one essential indicator
for the diagnosis and the prognosis of some multifunctional disorders like gout, hyper-
tension, and cardiovascular diseases [106]. DA is an important neurotransmitter, having
strong influence on the central nervous, renal, cardiovascular, and hormonal systems [107].

CNFs have been widely used in electroanalysis due to their good dispersibility, wetta-
bility, conductivity, and biocompatibility. In some cases, the electrochemical performance
of CNFs may be even better than that of CNTs (Figure 9A) [107,108]. CNFs can be easily
obtained by carbonizing electrospun polymer nanofibers at high temperature. Tang et al.
prepared electrospun CNFs-modified CPE to detect trace amounts of L-tryptophan (Trp),
L-tyrosine (Tyr), and L-cysteine (Cys) [109]. The modified electrode showed a satisfactory
linear range (0.1-118.5 uM for Trp, 0.2-109 uM for Tyr, and 0.15-63.8 uM for Cys). As
implied in Figure 9B, in addition to the obvious current response to Trp, Tyr, and Cys, the
CNFs-modified electrode also showed a response to UA and AA. The results show that
CNFs can detect multiple biomolecules simultaneously by DPV. Recently, effort has been
devoted to improving the electrocatalytic performance of CNFs, including the combination
with MWCNTs and precious metals (such as Pd and Ag) [106,110,111].

An interesting example is the dopamine biosensor based on the electrospun PANi/carbon
quantum dots (CQDs) composite nanofibers [112]. On one hand, CQDs have electrocat-
alytic activity with dopamine. On the other hand, the addition of dopamine can cause
the fluorescence quenching of CQDs. Therefore, the electrospun PANi/CQDs composite
nanofibers are capable of both electrochemical and fluorescent sensors for DA (Figure 9C).
In another work, Samie et al. combined a novel RuO,-CeO,-AuNFs hybrid structure with
graphite oxide and functionalized multiwalled carbon nanotubes for the simultaneous de-
termination of serotonin, DA, and AA [113]. The proposed electrochemical sensor reduces
overpotential and solves the problem of overlapping the oxidation peak potential. Yin et al.
decorated nitrogen-doped electrospun CNFs with tightly packed Co304 nanoparticles with
a high electroactive surface area and promoted electron transfer between the electrode
surface and the target molecule by rapid electrodeposition [114]. The electrosensing plat-
form showed excellent sensitivity and selectivity for DA. Veeralingam et al. demonstrated
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a high-performance field-effect transistor biosensor based on Al-functionalized 3-BipO3
nanofibers for the highly selective and rapid detection of serotonin [115]. The biotransistor
has good sensitivity, stability, and repeatability and a fast response time of 0.8 s.
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Figure 9. (A) DPVs at (a) CPE, (b) MWCNT-CPE, and (c) CNFs-CPE in 0.1 M PBS (pH 4.5) containing
2 uM DA, 6 uM AA, and 2 uM UA. DPV conditions: scan rate, 20 mV s~ 1; amplitude, 50 mV; pulse
width, 100 ms; pulse period, 200 ms. (B) DPVs of CNFs-CPE in 0.1 M PBS (pH 7.0) containing 0.1 mM
UA, 0.2 mM AA, and 0.2 mM Trp (a), 1 mM Cys (b), and 0.2 mM Tyr (c). DPV conditions: Scan
rate, 6 mVs—1; amplitude, 50 mV; pulse width, 100 ms; pulse period, 200 ms. (C) Schematic diagram
representing the developed electrochemical sensor and fluorescent sensor based on a PANi/CQDs
composite. (A) Reprinted with permission from [108]. Copyright 2008, Elsevier. (B) Reprinted
with permission from [109]. Copyright 2009, Elsevier. (C) Reprinted with permission from [112].
Copyright 2020, The Polymer Society.

Enzymes and antibodies could be immobilized on electrospun nanofibers for the
specific identification and detection of biomolecules. For example, Mondal et al. co-
valently immobilized cholesterol esterase and cholesterol oxidase on electrospun TiO,
nanofibers with a high orientation for the detection of esterified cholesterol [116]. Atilgan
et al. prepared dendrimer-modified montmorillonite-decorated poly-o-caprolactone and
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chitosan-based nanofibers, which were conjugated with glutamate oxidase for the elec-
trochemical determination of monosodium glutamate [117]. Proteins can be detected by
immobilizing antibodies on electrospun nanofibers through the specific binding between
antigens and antibodies. For example, Macwan et al. immobilized anti-C-reactive protein
on electrospun PVA /CNT nanofibers for the detection of inflammatory marker C-reactive
protein [118].

5. Challenges and Opportunities Facing Practical Application

Although electrospinning technology has been deeply developed and its application
has been extensively explored in many fields, there are still many issues left in both basic
theory and practical application:

(i) Improvement of the theoretical model about jet: Although many models of jet move-
ment in the electrostatic field have been established, these models are incomplete and
are mostly half-empirical and half-theoretical [39,119,120]. In short, the theoretical
model is still in its infancy.

(ii) Precise control of environmental factors: It has been widely reported that temperature and
humidity have great influence on the morphology of electrospun nanofibers [42,121]. In
the laboratory, the environmental factors of electrospinning are relatively easy to main-
tain. However, in order to realize the commercialization of electrospun nanofibers,
large-scale production is inevitable. Under such circumstances, it is still a challenge to
keep the environment stable.

(iii) Safety issues caused by solvent volatilization: A large amount of solvent volatilizes
during the solidification of the jet. In large-scale production, the amount of solvent
volatilization will become larger. Solvents widely used in electrospinning include
DMF, DMSO, and sometimes acetone, which are toxic and may cause explosions.

(iv) Safety of nanofibers: Some research has suggested that nanofibers are likely to cause an
inhalation hazard. For example, inhalation of a sufficient dose of asbestos nanofibers
may cause mesothelioma [122]. At present, there are few studies on the inhalation
safety of nanofibers. An in-depth study of this aspect is of great significance. Although
electrospinning technology can protect our health, it can be more harmful if we ignore
its own safety.

(v) Miniaturization of biosensors: With the advent of the 5G era, online medical treatment
is available. People can enjoy medical services at home without the tedious procedures
of offline medical treatment. Traditional testing methods usually require expensive
testing equipment and complicated operations. Microscale biosensors would make
online diagnosis easier. Several test papers and miniaturized instruments have been
reported, but these fall far short of the need for online diagnoses [123,124]. The design
of miniaturized biosensors may be a hotspot in the future.

(vi) The bionic device: Electrospun nanofiber mats mostly have excellent flexibility, which
makes electrospinning technology promising in biomimetics. For example, PVDF,
a piezoelectric material usually used for electrospinning, has been reported for the
design of electronic skin (Figure 10A) [125-127]. There have also been a number
of reports about electronic tongues, although they were only in the initial stage
(Figure 10B) [128-130]. With the development of technology, it will be possible to
integrate electronic tongues into real tongue sizes in the future. In addition, we
can imagine that the PVDF nanofibers with piezoelectric properties could be used
as not only electronic skin, but also electronic ears, an electronic throat, and even
an electronic heart. On the software side, Al is developing rapidly. In this sense,
bionic humans, the stuff of science fiction, may become a reality in the distant or even
near future.
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Figure 10. (A) Photograph of the e-skin based on a piezoelectric nanogenerator by electrospun
PVDF nanofibers. The inset shows the demonstration of its analog to a neuron cell. (B) Schematic
illustration of the multi-ion-selective electrode. (A) Reprinted with permission from [120]. Copyright
2018, American Chemical Society. (B) Reprinted with permission from [124]. Copyright 2020, Elsevier.

6. Conclusions

Electrospinning is a simple and efficient method for producing nanofibers. Electrospun
nanofibers have large specific surface area, high porosity, and diversified structure. In
addition, it is easy to functionalize the surface of electrospun nanofibers. These advantages
make electrospinning technology have great potential in electrochemical sensors. In the past
decades, a large number of studies have laid the foundation for the control of the structure
and morphology of electrospun nanofibers, and many interesting composite nanofibers
structures have been witnessed in practical applications of electrochemical sensing.

In this review, an overview was provided on the morphological and structural regula-
tion of nanofibers by electrospinning technology as well as its application in electrochemical
sensors. The factors affecting the morphology of the nanofibers and the strategies for pro-
ducing nanofibers with special morphology were discussed. Generally, the performance of
nanofibers can be improved and their application can be expanded through the following
strategies: (i) nanofiber diameter; (ii) special morphology (hollow, core-sheath, porous and
bead-like); (iii) functionalization of surfaces; (iv) metallization of nanofibers; and (v) car-
bonization to form CNFs. The working principles and advantages of various nanofibers
obtained by these strategies in the detection of different substances were also discussed in
this review.

In summary, many achievements have been made in both the theory and application of
electrospinning technology in recent decades. Electrospinning has been involved in many
fields, such as energy storage, tissue engineering, environmental protection, smart textiles,
electronic devices, and physical and chemical sensors. In particular, the current research on
electrospinning has a tendency of miniaturization, simplification, and economization, mak-
ing it possible for the technique to play an important role in intelligent medical treatment.
However, there are still many issues. For example, process and safety problems still exist
in the large-scale production of electrospinning. In addition, it is necessary to establish a
complete evaluation system for the safety of electrospun nanofibers.
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