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Analytical chemistry is undergoing a transformation from the traditional linear model to a cyclic model,
driving separation and detection technologies toward greater efficiency and sustainability. The core lies
in introducing the temporal dimension into the separation and detection process through the cyclic
strategy. This review discusses the implementation of the cyclic strategy in separation and detection
technologies, beginning with an explanation of two fundamental modes including macroscopic flow
cycling and microscopic reaction cycling, along with an analysis of the energy and key device
requirements. Furthermore, it explores the application of the cyclic strategy in sample preparation,
chromatographic separation, electric field-driven separation, as well as in spectrum, electrochemical and
mass spectrometry detection. Typical cases demonstrate that by incorporating the temporal dimension,
the cyclic strategy significantly enhances separation efficiency, detection sensitivity, information
dimensionality, dynamic monitoring capabilities and process sustainability within confined spaces and

limited resources. Then the review outlines future challenges and potential directions for cyclic strategies
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Accepted 26th December 2025 in separation and detection, offering forward looking perspectives for further research. This review aims

to clarify that the cyclic strategy represents not merely a collection of technical methods, but

DOI: 10.1039/d55c08208k a methodological framework that leverages spatiotemporal synergy to address future challenges in
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1. Introduction

From molecular motion in the microscopic world to celestial
motion in the macroscopic universe, circulation is a funda-
mental law that exists universally in nature. In recent years, the
concept of cycle has been increasingly integrated into chemistry
fields, giving rise to transformative approaches in sustainable
chemistry. Since Keijer et al. proposed the 12 principles of
circular chemistry in 2019, the integration of green chemistry,
circular economy and sustainable development concepts has
rapidly gained widespread recognition. Subsequently, Mohan
et al. introduced intelligent monitoring and digital twin tech-
nology into the circular chemical system,> promoting the tran-
sition from laboratory-scale to industrial-scale closed-loop
production. In this context, Slootweg further integrated the
principles of green chemistry with the sustainable design
framework in a systematic manner, providing theoretical
support for the management of the entire life cycle of chemical
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products.® Parallel to these developments, circular mechanisms
have permeated analytical chemistry. In 2024, a concept termed
circular analytical chemistry was introduced.* This emerging
paradigm integrates circular economy principles, sustainable
chemistry, and green development goals. Separation and
detection technologies are core tools in analytical chemistry.
Accurate and efficient separation and detection methods are
vital for both fundamental research and industrial application.
In this review, we explore the developments of various separa-
tion and detection technologies involving cyclic strategies in
analytical chemistry from another perspective. We systemati-
cally summarize research progress in the application of cyclic
strategies for separation and detection from 2014 to 2025 and
provide an outlook on future development paths. The aim of
this review is to elucidate how cyclic strategies can drive sepa-
ration and detection technologies toward greater efficiency and
sustainability.

The core mission of analytical chemistry lies in achieving
accurate and sensitive analysis of target substances within
complex systems. However, the traditional analytical model has
long relied on linear or single-pass operation procedures, with
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samples undergoing only one time processing in the separation
or detection units. While straightforward, separation efficiency
and detection sensitivity enhancement in such models often
comes at the cost of increased reagent consumption, expanded
instrument scale, and higher energy consumption, leading to
inefficient utilization of space and resources, progressive limi-
tations in sensitivity enhancement, and growing environmental
burdens. In light of the global consensus on green and
sustainable development, overcoming the limitations of tradi-
tional linear analytical models and developing novel method-
ologies and strategies that harmonize analytical performance
with resource efficiency has become a critical challenge in
advancing analytical chemistry. The emergence of cyclic strat-
egies is driving new breakthroughs in analytical chemistry. The
core innovation of cyclic strategies lies in incorporating the
temporal dimension into the design of separation and detection
processes. By establishing (semi)closed cyclic pathways, it
enables samples, reagents, separation media or active sites to
undergo multiple rounds of cycling within the system, thereby
transforming conventional single use linear processes into
intelligent, iteratively optimized procedures. This model shift
promotes a transition from static reliance on physical space and
chemical reagents toward the systematic utilization of spatio-
temporal synergy and dynamic process control.

Briefly, in separation processes, the cyclic strategy employs
the trading time for space mechanism, extending effective
separation paths or increasing interaction frequency within
confined device spaces, thereby significantly enhancing sepa-
ration efficiency. For instance, cyclic pressurization extraction
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utilizes alternating gas pressure to drive cyclic solvent pene-
tration through the material matrix,” thereby enhancing
extraction efficiency and target compound yield. Twin-column
continuous chromatography employs a multi-column parallel
configuration and flow-path switching technology, to enable
directional cycling of incompletely separated target compo-
nents between columns,® significantly improving utilization
and separation performance of chromatographic systems.
Cyclic ion mobility spectrometry (cIMS) achieves synchronous
enhancement of separation efficiency and resolution through
electric field-driven ion cycling that cumulatively amplifies
mobility-based differentiation.” These examples collectively
demonstrate how the cyclic strategy, by introducing the
dimension of time, liberates the separation efficiency from its
dependence on fixed physical dimensions and transforms it
into a process that can be dynamically controlled. In detection
processes, it leverages the introduction of the temporal
dimension through cyclic signal amplification and dynamic
monitoring, achieving exponential improvements in detection
sensitivity, information dimensionality and signal-to-noise
ratio while maintaining existing reagent consumption levels.
For instance, nucleic acid amplification (NAA) typically achieves
accurate detection of low-concentration target substances
through cyclic amplification reactions.® In cyclic chem-
iluminescence (CCL), multistage signals can also be gradually
generated by continuously consuming reactants through catal-
ysis or redox reactions.’ Cyclic Voltammetry (CV) drives revers-
ible redox reactions through periodic potential scanning,
enabling the cyclic regeneration of signals at the electrode
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surface. This approach enhances detection sensitivity, provides
information on reaction kinetics, and supports real-time
monitoring.’ Moreover, the cyclic strategy inherently aligns
with green chemistry principles, offering a viable technical
pathway towards sustainable development in analytical chem-
istry through resource recycling. In addition, separation and
detection technologies driven by the cyclic strategy have many
similarities in terms of fluid handling, integration and real-time
performance, and often complement each other in overall
analytical systems to form an all-in-one solution." For example,
a microfluidic system that integrates separation and detection
can effectively reduce reagent consumption and manual oper-
ation time." This integrated strategy allows separation and
detection to achieve qualitative leaps in efficiency and accuracy.

While previous reviews have focused on individual aspects
such as green chemistry, continuous-flow technologies, or
specific cyclic methods (such as chromatography or voltam-
metry),""* a unifying theoretical framework that reveals the
common design principle behind these disparate techniques is
still lacking. This review bridges this gap by proposing the cyclic
strategy as a methodology that transcends conventional linear
modes. Its central contribution lies in introducing the temporal
dimension via the cyclic strategy, which breaks the physical
space or resource constraints. and how the cyclic strategy
synergistically resolves the long-standing conflict between
different analytical performances (separation efficiency, sensi-
tivity, information dimensionality and green sustainability),
paving a new path for efficient and environmentally benign
analytical chemistry.

This review aims to systematically summarize recent advances
in the cyclic strategy for separation and detection, while outlining
future development pathways. Beginning with the implementa-
tion of the cyclic strategy, the review explains two fundamental
operational modes including macroscopic flow cycling and
microscopic reaction cycling, and analyzes the energy and device
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Fig. 1 Schematic illustration for the implementation of the cyclic
strategy in separation and detection.
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requirements. Subsequently, it focuses on representative applica-
tions of the cyclic strategy in separation and detection processes,
covering key techniques including sample preparation, chro-
matographic separation, electric field-driven separation, as well as
spectrum detection, electrochemical detection, and mass spec-
trometry detection (Fig. 1), and delves into the essential contri-
butions of these technologies based on the cyclic strategy for
enhancing system selectivity, sensitivity, stability, accuracy, auto-
mation, application scope and sustainability. Finally, the review
addresses current challenges and proposes future research direc-
tions, offering new perspectives for advancing the development of
green, intelligent and highly efficient analytical methodologies.
We anticipate that these discussions not only present the technical
framework of the cyclic strategy, but also inspire further explora-
tion of spatiotemporal synergistic models in analytical chemistry,
thereby promoting the broader application and development of
this innovative approach across diverse domains.

2. Cyclic strategy implementation
2.1 Cyclic mode

The implementation of the cyclic strategy in analytical chem-
istry is primarily based on two core modes, flow path cycling
and reaction cycling. The two approaches advance synergisti-
cally from the dimensions of macroscopic system control and
microscopic molecular interactions, respectively, collectively
constructing a complete cyclic analysis technology system.
Flow path cycling mode is grounded in equipment level path
cycling. By constructing (semi)closed precision fluid paths and
combining them with the precise coordination of fluid control
components such as pumps and valves, this configuration
enables the cyclic flow of samples or reagents within the system,
effectively enhancing process efficiency through external flow
paths. For example, in the CCL system, through the ingenious
design of the flow path, the reaction system can achieve
a dynamic cycle reaction mode where the carrier fluid and the
sample can interact.” Through the accumulation of the cycle
number, it is equivalent to extending the separation path,
amplifying retention behavior differences between components
and significantly improving separation resolution. The devel-
opment of microfluidic technology has further expanded the
applicability of flow path cycling, enabling controlled and effi-
cient cyclic separation at the microscopic scale through the
construction of complex microchannel networks on chips.*® The
advantage of this mode is in the ability to prolong the residence
time of samples in the system and increase interaction
frequency, significantly enhancing separation efficiency and
process selectivity. It is noteworthy that integrating micro-
fluidics with detection methods demonstrates significant
advantages. Wang et al. proposed a novel dynamic CO, sensing
method based on cyclic microfluidic fluorescence response
(Fig. 2)." By constructing a gas-liquid cyclically coupled
microfluidic chip, closed-loop fluorescent reagent cycling was
achieved, significantly enhancing system sustainability. The
study established a microflow permeation model that eluci-
dated the quantitative relationship between the CO, perme-
ation flux and concentration/flow rate, and introduced

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 High-precision, dynamic CO, sensing via cyclic microfluidic
fluorescence: (A) a cyclic chip, (B) flow directions, (C) phase mixing, (D)
intensity detection and (E) a full system platform.*” Reprinted and
adapted with permission from ref. 17. Copyright 2024 Elsevier B.V.

a strategy to dynamically adjust gas-liquid cyclic operations
according to concentration levels, which improved the overall
sensitivity across the concentration range of 1-10° uL L™". This
method achieves a response time of only 2 seconds, and the
system can operate continuously and stably for 40 weeks.

Reaction cycling mode focuses on cyclic mechanisms at the
molecular level, achieving continuous signal amplification or
efficient transformation of target substances by designing self-
sustaining or externally triggered chemical reaction pathways.
This mode relies on the intrinsic characteristics of the reaction
system. For instance, in enzymatic cyclic amplification, a single
enzyme molecule can catalyze hundreds to thousands of reactions,
achieving exponential signal growth through cascade networks.®
NAA drives exponential template replication through temperature
cycling.” Cyclic assembly based on molecular recognition gradu-
ally enhances the signal response through layer-by-layer alter-
nating binding on sensor surfaces (Fig. 3).° The core value of this
mode lies in transforming limited recognition events into
continuous signal output, and it can effectively overcome the
sensitivity bottleneck caused by the consumption of reactants or
the limited signal output in a single reaction system.

Although the two cyclic modes differ in their implementa-
tion mechanisms, flow path cycling relies on external fluid path
design and system control, while reaction cycling is based on
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Fig. 3 Scheme of the signal stepwise amplification in surface plasmon
resonance imaging detection of saccharides and glycoconjugates.?
Reprinted and adapted with permission from ref. 20. Copyright 2016
American Chemical Society.
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intrinsic molecular interactions and reaction pathway design.
But they both significantly enhance the comprehensive perfor-
mance of analytical methods in terms of separation efficiency,
sensitivity and sustainability by introducing the temporal
dimension and constructing cyclic processes under conditions
of limited physical space and reagent consumption. This
reflects the unified concept of the cyclic strategy for optimizing
analytical performance.

2.2 Energy introduction

The stable operation and performance optimization of cyclic
analysis systems rely on effective energy input and precise regu-
lation. As the core driving force of the cyclic strategy, energy plays
a decisive role in material transformation, reaction regulation, and
separation detection processes, not only providing operational
power but also directly influencing reaction rates, mass transfer
efficiency, and process selectivity. Based on the forms and mech-
anisms of action, energy inputs can be categorized into two main
types, primary driving forces (mechanical, electrical and chemical
energy) that directly power the system, and auxiliary fields (sound,
magnetic and microwave) that enhance process efficiency. From
chemical bond reorganization at the molecular level to material
cycling in macroscopic systems, directed energy input provides the
fundamental basis for constructing controllable cyclic systems.
Different energy forms exhibit distinct characteristics, mechanical
energy offers wide applicability, electrical energy enables high
precision control, and chemical energy provides excellent selec-
tivity, while auxiliary fields further enhance system performance
through synergistic effects. This energy matter synergy signifi-
cantly reduces the resource consumption of traditional linear
processes, driving a shift in research focus from high energy
consumption unidirectional operations to intelligent -cyclic
systems, thereby opening important technical pathways for
establishing resource saving and environmentally sustainable
development models.

2.2.1 Driven force. The effective operation of cyclic processes
relies on the sustained support of specific driven forces, which not
only provide the necessary energy input to the system but also
profoundly influence its overall performance and process effi-
ciency. As a fundamental form of driven force, mechanical-driven
force converts mechanical energy into directional fluid motion
through mechanical equipment such as pumps and centrifuges.
In a CCL system,* the flow and mixing of reagents are typically
regulated by pumps (Fig. 4), enabling the chemical reaction to
occur and generate a measurable light signal. Mechanical energy
is introduced in the form of pressure, specifically using the pump
valve apparatus, to facilitate the circulation of reactants within the
pipeline. This circulation is crucial for achieving efficient CCL
reactions. This type of driving method is characterized by its
simple operation and wide applicability. However, there is still
room for improvement in terms of control accuracy and energy
efficiency.

Electrical-driven force utilizes electric potential drop to
achieve precise regulation of charged particles or fluids. In the
field of electric-driven separation, asymmetric electric fields can
guide ions to cyclically migrate along circular paths, while

Chem. Sci., 2026, 17, 2028-2044 | 2031
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Fig. 4 Schematic of a gas-phase CCL system regulated by pump
valves.?* Reprinted and adapted with permission from ref. 21. Copyright
2014 American Chemical Society.

symmetric electric fields are employed to achieve free flow
electrophoresis separation. In electrochemical cyclic detection,
periodic scanning of electrode potential drives reversible redox
reaction cycling, enabling in-depth analysis of electron transfer
mechanisms. For example, a polyaniline sensor was developed
to monitor the dynamic changes in acetaldehyde during the
oxidation process of wine in real time using the CV method. The
polyaniline-modified electrode undergoes reversible redox
reactions within a specific potential range, and its current
response is linearly related to the concentration of acetalde-
hyde.*” The notable advantages of electrical-driven force lie in
its exceptional control precision, rapid dynamic response
capability, and precise manipulation characteristics at the
microscale.

Chemical energy drive relies on the energy released during
chemical reactions to propel cyclic processes. Enzymatic reac-
tions represent a typical example of chemical energy drive,
achieving efficient cyclic reaction progression through the
specific binding and catalytic action between enzymes and
substrates. For instance, Hu et al. developed a dual-mode
biosensor based on enzymatic catalysis and chemical redox
cycling, integrating photoelectrochemical and colorimetric
analysis, for the highly sensitive detection of heat shock
proteins. The introduction of the chemical redox cyclic strategy
significantly improves the signal amplification -efficiency
(Fig. 5).* This type of driving method demonstrates excellent
selectivity and mild reaction conditions, but its application
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Fig.5 Scheme of a chemical redox cycling biosensor integrated self-
powered photoelectrochemical and colorimetric immunoassay.
Reprinted and adapted with permission from ref. 23. Copyright 2025
American Chemical Society.
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effectiveness is constrained by the intrinsic characteristics and
operational stability of the reaction system.

2.2.2 Assistant field. Based on the primary driven forces,
the introduction of multiple physical fields as auxiliary regula-
tion means can further enhance the comprehensive perfor-
mance of cyclic systems. Through synergistic interactions with
the main driven forces, these auxiliary fields improve mass
transfer, promote reactions, and enhance selectivity particularly
at the microscale.

Magnetic field assistance utilizes the magnetic force to
control the movement and behavior of magnetic particles.
Magnetic energy can be used to assist various separation
processes and highly sensitive detection methods. For instance,
a magnetic separation-assisted self-circulating primer exten-
sion reaction was used to detect miRNA-31 in saliva.* Through
the simple magnetic separation technology, the primers can be
selectively separated and enriched from complex saliva
samples, effectively remove the interfering matrix, significantly
improve the local effective concentration of the primers, then
enhance the recognition and capture efficiency between the
primers and the hairpin, and improve the amplification effi-
ciency and the sensitivity of the detection. Sound assistance
primarily enhances mass transfer processes through cavitation
effects. In microfluidic cyclic systems, acoustic field assistance
has become an important means to enhance mixing and
promote reactions. Zhang et al. applied surface acoustic waves
in the microchannel. They integrated a single-layer valve for
reagent distribution and used the acoustic flow produced by the
sound field to assist in achieving rapid and uniform reagent
mixing, and the system was used to perform protein crystalli-
zation.”® Microwave assistance accelerates reaction processes
through dielectric heating effects.”® Microwaves can directly act
on polar molecules, causing them to vibrate rapidly and
generate heat, thereby achieving rapid and uniform heating of
the system. In extraction and reaction processes, microwave
assistance can significantly shorten processing time and
improve reaction efficiency.

The scientific selection and optimal combination of energy
forms are the key to implementing an efficient cyclic strategy.
The mode of energy introduction depends on the specific
technique and the nature of samples. Rational use of energy not
only improves separation efficiency and detection sensitivity,
but also saves resources and reduces environmental impact
during cyclic strategy operations. However, the introduction of
different energy forms may impose higher demands on the
equipment and operating conditions. When choosing the
energy introduction method, it is necessary to balance effi-
ciency, cost and the match of experimental conditions.

2.3 Device requirement

In separation and detection, devices based on the cyclic strategy
differ from traditional devices that adopt a unidirectional open-
loop circuit and aim for endpoint detection in aspects such as
flow path design, fluid control, monitoring capabilities and
material requirements. The core objective is to achieve efficient
circulation of samples or reactants, thereby enhancing both

© 2026 The Author(s). Published by the Royal Society of Chemistry
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separation efficiency and detection sensitivity. This section
elaborates on the design requirements of the device for
achieving efficient cycling.

For the flow path design and fluid control, the device
involving circulation can adopt a closed-loop flow path design
or supporting continuous or periodic flow functions, enabling
samples to recirculate through the sensing units, which can
significantly extend the time for mass transfer and reaction, and
enhance the processing efficiency of complex samples. The
integrated high-precision pump and valve system dynamically
regulates the fluid direction, flow rate, and cycling periods to
achieve precise control over sample flow behavior and distri-
bution patterns. For example, by connecting pipes end-to-end,
chemical substances at different stages periodically flow
through the reaction tank; CCL devices are typically driven by
gas-phase reciprocating pumps and liquid-phase unidirectional
circulation pumps.>”*® In contrast, a traditional device typically
employs a one-way, open-loop flow structure. For example, in
flow injection chemiluminescence detection, the sample only
passes through the system once. It mostly relies on simple
pump and valve systems to maintain stable flow, lacking the
complex control capabilities required for circulation. This
makes it limited in handling complex systems. In terms of real-
time monitoring, the circulation device integrates online
sensors, which can conduct real-time tracking and feedback
regulation of the component changes during the circulation
process. For instance in CV,* the high-frequency signal acqui-
sition system can accurately capture the rapid transient changes
of current and voltage. By recording the voltage-current rela-
tionship, high-resolution volt-ampere curves are generated,
thereby providing a crucial basis for the analysis of reaction
mechanisms. In contrast, single-experiment methods such as
constant potential or constant current chronoamperometry
using traditional three-electrode workstations have a measure-
ment mode that is essentially endpoint or offline, lacking the
ability for real-time response and process control. For materials,
the circulating device requires the contact components to have
high corrosion resistance, wear resistance and mechanical
stability to withstand the pressure and chemical erosion caused
by long-term circulation. Conventional equipment designed
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Fig. 6 A scheme of the spiral channel for high-throughput cell

manipulation.®* Reprinted and adapted with permission from ref. 31.
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based on a single or limited number of analysis processes pays
more attention to chemical compatibility and short-term
stability, and has lower requirements for anti-cyclic fatigue
performance.

Microfluidics provides an ideal platform for cycle separation
and detection through its characteristics of microscale chan-
nels, precise fluid manipulation and integrated equipment.*
Key benefits include precise control of fluid flow, integration
and versatility, and low sample consumption and high
throughput. Microfluidics has demonstrated unique advan-
tages in the development of circulation separation devices. For
example, Shen et al. proposed an inertial microfluidic device
that utilizes helical channels to achieve high-throughput cell
manipulation (Fig. 6).** It can achieve the focusing of three
different types of cancer cells at high concentrations. Mean-
while, a microfluidic system can be combined with electro-
chemistry,® optics**** and mass spectrometry*® detection
technologies for highly integrated analysis as the main assistive
technology. Briefly, microfluidics can be combined with other
techniques to achieve multifunctional integration, consoli-
dating various separation and detection steps into one system,
realizing an “all-in-one” approach. This effectively breaks
through the bottlenecks of the separate-detection system that
relies on independent devices and has discrete steps in terms of
throughput, integration and sample consumption. Micro-
fluidics with its precise fluid control, efficient separation
mechanism and real-time detection capability, is driving the
development of separation and detection systems towards
a more intelligent and integrated direction. Especially in the
development of cyclic analytical devices, the microfluidic plat-
form has demonstrated remarkable technical potential,
providing an ideal solution for the on-site rapid analysis of
complex samples.

Devices that implement the cyclic strategy necessitate several
critical features, such as an accurate fluid control system, an
efficient circulation path design and the selection of durable,
high-performance materials. Additionally, the device should
incorporate real-time monitoring capabilities and flexible
configurations to accommodate various separation and detec-
tion needs. Collectively, these requirements ensure that
samples can be efficiently cycled through the device, leading to
enhanced separation efficiency and detection sensitivity.
Although the development of devices based on the cyclic
strategy has significant advantages in separation and detection,
there remains considerable room for improvement in automa-
tion and intelligent control in future devices. Enhancing these
aspects not only optimizes performance but also increases
efficiency and user-friendliness in various applications.

3. Cyclic strategy enhanced
separation

Separation technology is a cornerstone of analytical chemistry,
and has long relied on the traditional linear operation mode,

which faces bottlenecks such as high consumption of separa-
tion media, low processing efficiency and suboptimal resource
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utilization. The introduction of the cyclic separation strategy
has effectively overcome the aforementioned limitations by
transforming single-pass processes into cyclic operations
within closed systems, leading to significant enhancement in
separation efficiency, resolution, and sustainability of the
process. This section examines innovations and applications of
the cyclic strategy across three major separation fields,
including sample preparation, chromatographic separation,
and electric field-driven separation. Covered methodologies
range from the classic Soxhlet extraction and its miniaturiza-
tion and functional improvement, to efficient and green cyclic
pressurized extraction, and from the cyclic chromatography
technology based on phase-to-phase distribution to advanced
methods using electric fields to achieve ion and molecule cyclic
enrichment and separation in annular or microfluidic channels
(such as cIMS and continuous free-flow electrophoresis (cFFE)).
Although these technologies differ in principle and imple-
mentation, they all embody the core idea of trading time for
space. By introducing a cyclic mechanism in the limited device
space, they effectively extend separation paths or increase the
number of interactions, thereby breaking through the limita-
tions of traditional linear separation in terms of efficiency,
accuracy and resource consumption. This section systematically
analyzes the fundamental principles, green advantages, and
emerging trends across these cyclic separation technologies,
highlighting their shared characteristics and context-
dependent applicability, thereby providing a theoretical foun-
dation and practical guidance for high-efficiency, sustainable
analysis of complex samples.

3.1 Sample cyclic preparation

The sample cyclic preparation technology surpasses the single
immersion static mode. At its core, this approach facilitates
orderly solvent cycling, continuous renewal, and efficient mass
transfer by leveraging cyclic solvent operation within a (semi)
closed system, supported by a carefully engineered spatial
layout and the application of physical forces such as gravity,
temperature gradients, or pressure-driven flow. Operating on
the principles of automation and (semi)closed cycles, the
technology enables efficient and sustainable extraction of target
substances from matrices. It not only significantly enhances
extraction efficiency and the degree of automation, but also
offers considerable value in supporting green chemistry and
sustainable analytical practices.

Soxhlet extraction is a classic cyclic extraction technique
named after the German chemist Franz von Sohlet.* It is based
on the automatic cyclic process of evaporation, condensation,
extraction, suction and reflux, achieving continuous solvent
circulation and efficient extraction of target substances. Its
ingenious spatial structure layout, suction tube, extraction
chamber, condenser tube and flask work together through the
synergistic effect of gravity and the temperature gradient,
allowing the solvent to circulate autonomously in different
functional areas, featuring advantages such as high efficiency,
continuous operation, solvent conservation, simple operation
and thorough extraction. With continuous technological
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innovation, micro-Soxhlet extraction adapts to milligram-level
samples through device miniaturization,** significantly saving
samples and solvents. For example, a method combining micro-
Soxhlet extraction with a colorimetric sensor based on a-
cyclodextrin-functionalized silver nanoparticles has been
developed for detecting trace chlorpyrifos pesticide in fruits and
vegetables.”> The micro-Soxhlet extraction technique demon-
strates significant advantages in this method. It enables mini-
aturized sample pretreatment with extremely low solvent
consumption, allows solvent recovery and reuse, and offers
features such as simple operation, real-time visual monitoring,
and prevention of cross-contamination. The strategy can also be
extended to the field of chiral separation, enabling automated
purification and efficient deracemization of enantiomers
through cyclic solvent removal and re-addition. For instance,
van Dongen et al. achieved rapid deracemization of a clopidog-
rel precursor using a modified Soxhlet apparatus under mild
conditions.* This method increased the enantiomeric excess of
the sample from 10% to 99% within 18 hours. This method
demonstrates excellent controllability, strong scalability
potential, and promising prospects for producing high-purity
chiral compounds under mild conditions.

Based on the innovative concept of dynamic solvent cycling,
cyclic pressurization-assisted extraction technology achieves
directional solvent flow through precise regulation of the pres-
sure field within a closed system.** The core mechanism relies
on rapid and continuous gas pressurization-depressurization
cycling. During the pressurization phase, solvents penetrate
deeply into the microstructure of the material, while instanta-
neous depressurization causes dissolved gas to violently escape,
generating strong shear forces and gas explosion effects that
efficiently disrupt the material matrix. This technique involves
placing samples and solvents in a pressure-resistant vessel and
performing multiple pressure cycles, enabling green, efficient,
and automated extraction of target substances at room
temperature within minutes. For example, Hong et al. devel-
oped a cyclic pressurization-assisted extraction method for
efficient extraction of pollutants such as polychlorinated
biphenyls and polycyclic aromatic hydrocarbons from sedi-
ments.”* Using 10 nitrogen pressure cycles at 1.0 MPa, the
method completes extraction from 15 g of sediment in just
15 min. It shows significantly higher extraction efficiency than
traditional Soxhlet extraction, offering greater yield, shorter
processing time and lower solvent consumption.

The core of sample cyclic preparation technology lies in
achieving efficient phase separation and solvent circulation
through precisely designed spatial structures. This structural
advantage enables effective extension of separation pathways
within limited spaces by regulating cyclic parameters, yet it also
faces challenges such as enhancing mass transfer efficiency and
optimizing complex parameters. Through innovative
approaches including optimized spatial configurations, intelli-
gent control algorithms, and miniaturized integrated devices,
this technology can achieve a balance between high-efficiency
mass transfer and energy-saving sustainability, demonstrating
significant value in improving extraction efficiency, automation
and environmental friendliness. In the future, with deeper
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integration of micro-nano fabrication and artificial intelligence,
sample cyclic preparation technology is expected to realize
higher precision fluid control and more intelligent process
optimization, further expanding its application boundaries in
trace analysis, chiral separation, and other cutting-edge fields,
thereby providing stronger technical support for green analyt-
ical chemistry.

3.2 Chromatographic cyclic separation

The core of traditional chromatographic separation efficiency
lies in the column efficiency provided by the stationary phase,
which is a static spatial resource. However, the cyclic strategy
introduces a dynamic temporal dimension. The core of chro-
matographic cyclic separation technology lies in enabling
periodic cycling of the sample within the chromatographic
system. By extending the effective path length temporally rather
than physically elongating the column, this approach enhances
the separation path through the dimension of time, signifi-
cantly improving both separation efficiency and resolution
under constrained hardware conditions. Based on cyclic oper-
ation within (semi)closed systems, this technology enables
efficient and precise isolation of target substances from
complex mixtures. It not only substantially increases purifica-
tion capacity and automation, but also offers considerable
advantages in terms of sustainability and a green methodology.
The typical applications include cycling preparative chromato-
graphic techniques such as twin-column continuous chroma-
tography and recycling counter-current chromatography (CCC),
which respectively demonstrate innovative applications of the
cyclic strategy across different separation principles and system
architectures.

Briefly, recycling preparative chromatography builds upon
traditional liquid-solid adsorption principles, by allowing the
sample to undergo multiple cycles within a chromatographic
column to amplify the minute retention differences, and it is an
effective strategy for achieving high-resolution separation,
especially suitable for purifying components with extremely
similar properties. Twin-column continuous chromatography is
a high efficiency preparative strategy based on multi-column
synergy and dynamic flow path switching.*® The core principle
lies in transforming traditional single column batch operations
into a continuous multi-column parallel process, enabling
target components to cyclically migrate between columns,
thereby significantly enhancing chromatographic system utili-
zation and separation efficiency. Represented by technologies
such as N-Rich*” and multi-column counter-current solvent
gradient purification (MCSGP),*® this approach integrates four
stages such as loading and elution, cyclic enrichment of target
substances, removal of interfering components and high-
resolution elution. It enables selective enrichment of trace
impurities while effectively eliminating main product interfer-
ence, demonstrating significant advantages in the purification
of oligonucleotides, chiral drugs and biomacromolecules.
Compared with traditional batch chromatography, it achieves
orders of magnitude improvements in target purity and
concentration with shorter processing times and less solvent
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consumption, while minimizing manual operation intensity.
This provides a scalable and efficient solution for precise
separation. For instance, Weldon et al. presented a study on the
efficient enrichment and purification of angiotensin II peptide
impurities using N-Rich twin-column continuous chromatog-
raphy.* Two application examples demonstrated its significant
advantages. In example 1, the technique achieved simultaneous
enrichment of multiple impurities, increasing production effi-
ciency by more than 9-fold compared to analytical high-
performance liquid chromatography. In example 2, targeting
a critical impurity co-eluting with the main product, it enabled
the preparation of 1 mg of the impurity at 88% purity, with a 79-
fold increase in production efficiency and a 69-fold reduction in
solvent consumption. The study demonstrates that N-Rich
technology effectively resolves the conflict between resolution
and loading capacity inherent in traditional chromatographic
methods for impurity separation, providing a scalable solution
for the efficient preparation of peptide impurities.

In contrast, CCC represents a fundamental innovation by
eliminating the solid stationary phase. Instead, it relies solely
on the differential partitioning of solutes between two immis-
cible liquid phases. This approach overcomes key limitations
such as irreversible adsorption, sample degradation, and diffi-
culties in high-load purification. The technology employs long
helical column tubes, establishing a unidirectional fluid
dynamic equilibrium under the influence of gravity or centrif-
ugal force fields. The sample cycles continuously through this
coil, undergoing thousands of partitioning steps. It is worth
emphasizing that the recycling elution mode in CCC further
expands its separation capabilities.** This mode enables
multiple cycles of the sample within a limited column length,
effectively simulating a longer separation path in a single
instrument. Consequently, it significantly enhances both reso-
lution and peak capacity without increasing hardware
complexity. This cycling mechanism is particularly suitable for
the efficient purification of complex and separation-sensitive
systems, such as chiral enantiomers® and natural products.®
For instance, Zhang et al. used recycling high-speed counter-
current chromatography (HSCCC) to separate amlodipine
besylate (ADB) enantiomers (Fig. 7). Cyclic elution gradually
improved the separation efficiency, and the enantiomer purity
exceeded 97.5% through five cycles. He et al. proposed a method
called unlimited recycling counter-current chromatography
(URCCC),** which integrates concentration technology with
multi-stage recycling elution to address the limitations of
conventional CCC, such as restricted recycling cycles and
inadequate separation efficiency caused by peak broadening.
This approach was successfully applied in the preparative
separation of naphthoquinones. Through two rounds of
concentration and three stages of recycling, efficient separation
of isobutyrylshikonin, B,B-dimethylacrylshikonin, and iso-
valerylshikonin was achieved, with resolution values reaching
1.38 and 1.26, respectively. The purity of each compound
exceeded 98%, with an overall recovery rate of 89.6%. URCCC
not only significantly enhanced separation efficiency and
theoretical plate numbers but also reduced the dependency on
solvent system optimization, thereby expanding the application

Chem. Sci., 2026, 17, 2028-2044 | 2035


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08208k

Open Access Article. Published on 29 N’ wendzamhala 2025. Downloaded on 2026-03-14 21:10:16.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

(+) ADB

|

WL WP WP PPN

N
/| ©ravs

i T00 200 300 00 500 G0 700 600 900

recycling HSCCC /N

32.00 38.00 40.00

3200 3600 4000 4400

Fig. 7 Schematic of the recycling HSCCC for ADB enantiomer sepa-
ration.>®* Reprinted and adapted with permission from ref. 53. Copy-
right 2015 Elsevier B.V.

potential of CCC in
compounds.

Chromatographic cyclic separation technology introduces
a temporal dimension by utilizing cyclic mechanisms to extend
the effective separation path. Techniques such as twin-column
continuous chromatography and CCC significantly enhance
separation efficiency and resolution, while the closed-loop
system design markedly reduces solvent and energy consump-
tion, embodying the principles of green and sustainable
development. However, this technology faces challenges such
as band broadening during cycling and limited separation
efficiency, particularly when dealing with structurally similar
compounds where peak capacity constraints become evident.
To address these issues, strategies such as solvent gradient
modulation can be applied to generate band compression
effects that suppress band broadening, concentration
combined with multi-stage cyclic strategies can enhance sepa-
ration capability, and dynamic monitoring with intelligent
switching technologies can optimize cyclic parameters. The
future development of this technology will focus on achieving
higher separation efficiency, lower solvent consumption and
improved system adaptability. Through deeper integration with
advanced technologies such as intelligent algorithms and novel
materials, it will further expand its application potential in the
precise separation of complex systems.

separating structurally analogous

3.3 Electric field-driven cyclic separation

Electric field-driven cyclic separation technology achieves
significant improvements in separation efficiency and resolu-
tion by precisely controlling the cyclic motion of charged
particles or fluids within a confined space through the skillful
application of electric field forces. This technology primarily
includes representative methods such as asymmetric field-
driven cIMS and symmetric field-driven techniques like cFFE.
By constructing cyclic pathways within limited physical space,
these methods transform traditional linear unidirectional
separation processes into cyclic operational modes, effectively
overcoming the conventional limitations between device size
and separation performance. This technological paradigm not
only markedly enhances separation performance but also
reduces resource consumption through system miniaturization
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and process intensification, providing a new technical pathway
for efficient and green analysis of complex samples. It repre-
sents an important direction in the development of modern
analytical technology toward miniaturization, high-throughput
operation, and sustainable development.

cIMS utilizes a cycle path to drive ions through multi-
cycling.* This approach effectively converts the separation path
length into a function of the number of cycles, leading to
a linear increase in resolution with each cycle. By significantly
extending the effective ion migration path without enlarging the
physical dimensions of the instrument, cIMS markedly
enhances separation precision. Benefiting from the cumulative
separation effect of multiple cycles, this method is particularly
suited for the high-resolution separation of isomeric ions and
species with highly similar structures, which are challenging to
distinguish using conventional techniques.”® In 2019, Giles
et al. modified the ion mobility separation region to accept
a cyclic ion mobility (cIM) device,”” and combined with mass
spectrometry formed a cIMS system. In this work, when con-
ducting 100 cycles of testing on the CIM device using reverse
sequence peptides, its movement resolution reached approxi-
mately 750, and the resolution will increase with the square root
of the number of scans around the device. And through the
cIMS system, it is possible to effectively separate three isomeric
pentasaccharide species and the 6+ ion of ubiquitin. Benzen-
berg et al. systematically evaluated the use of cIMS for the
separation and identification of phosphorothioate (PS) diaste-
reomers in siRNA systems (Fig. 8).°® The results demonstrate
that cIMS effectively resolves diastereomers in short (5 mer) to
medium length (9 mer) oligonucleotide systems.

cFFE achieves seamless scaling from analytical to prepara-
tive scales and uninterrupted separation by establishing
a steady-state closed cycling.” Its core advantage lies in the
continuous cyclic operation, which effectively avoids the oper-
ational interruptions and resource wastage inherent in batch-
processing modes, thereby significantly improving material
and energy utilization efficiency. Building on this, microfluidic
free-flow electrophoresis further leverages miniaturization and
integration technologies to overcome traditional heat dissipa-
tion challenges.® It fully capitalizes on the platform advantages
of continuous, label-free operation and online coupling with
detection systems, providing an efficient analytical tool for
complex biological samples. For example, Xu et al. developed an

PS diastereomers Cyclic IMS Separation
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Fig. 8 Schematic of cIMS for phosphorothioate diastereomer sepa-
ration in siRNA.5® Reprinted and adapted with permission from ref. 58.
Copyright 2025 American Chemical Society.
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efficient protein purification method utilizing a micro-free-flow
electrophoresis platform combined with a cyclic injection
strategy.®* By cyclic recovery and reinjecting the target proteins
from the effluent, they achieved a removal rate of up to 94.7%
for high abundance proteins (HSA and IgG), along with a 95.3%
recovery rate and an approximately 32-fold purity increase for
the low abundance protein (GFP). This strategy effectively
handles complex human plasma samples without generating
additional liquid waste, significantly enhancing purification
efficiency and controllability, demonstrating great potential in
proteomics and medical diagnostics.

The electric field-driven cyclic separation technology based
on the core design concept of trading time for space, achieves
continuous accumulation of separation paths within limited
device dimensions, demonstrating systematic advantages of
high resolution, high separation efficiency and low consump-
tion. However, the practical application of the technology still
faces challenges such as stability in cyclic control, high
complexity in system integration and reliability in continuous
operation. To address these issues, strategies such as opti-
mizing electric field regulation, advancing microfluidic inte-
gration, and incorporating closed-loop control with intelligent
monitoring units can enhance the stability and operational
controllability of the separation process. In the future, electric
field-driven cyclic separation technology is expected to enable
more efficient and environmentally precise separation applica-
tions in fields such as single-cell omics and online quality
control in biopharmaceutical manufacturing.

This section elaborates on various cyclic separation tech-
niques ranging from classical sample preparation to modern
high throughput separation. These case studies collectively
demonstrate the broad applicability and innovative value of
cyclic strategies in separation science. By reconstructing the
relationship between time and space, the cyclic strategy realizes
the concept of trading time for space. Through the design of
cyclic pathways within limited device dimensions, the
constraints of physical space are transformed into extensibility
in the temporal dimension, significantly extending the effective
separation path. This shift breaks through the inherent limi-
tations of traditional linear separation processes in terms of
device size and separation precision. Space is no longer the sole
constraining dimension in separation processes. By intro-
ducing the cyclic strategy, time becomes a key variable that can
be exchanged with space to overcome its limitations. The cyclic
strategy unifies separation performance with green objectives,
exhibiting characteristics such as high automation, (semi)
closed operation and excellent reproducibility. They not only
significantly enhance separation efficiency and resolution but
also substantially reduce resource consumption through
solvent recycling and sample miniaturization. Furthermore,
continuous operation modes ensure high throughput and
reproducibility, laying a solid foundation for intelligent anal-
ysis. This strategy promotes a shift in separation instrument
design philosophy from scale expansion to efficiency optimi-
zation, driving the development of miniaturized, integrated and
high-throughput devices. With deep integration of advanced
technologies such as microfluidics and artificial intelligence,
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the cyclic strategy is guiding separation science toward a new
stage of greater precision, efficiency and sustainability.

4. Cyclic strategy enhanced
detection

Detection technology is a key link in analytical chemistry,
aiming to achieve highly sensitive identification and precise
quantification of target substances in complex samples.
Conventional static detection methods are constrained by
limitations such as single-use reagent consumption, insuffi-
cient signal stability, and lack of dynamic monitoring capa-
bility, leading to high analytical costs and suboptimal
reproducibility. The cyclic strategy has been introduced by
systematically integrating the temporal dimension into the
detection process, enabling signal amplification and in-depth
information extraction through cyclic operations. This strategy
transcends the static limitations of traditional single measure-
ment approaches by transforming the time variable into a key
resource for enhancing detection performance. Under con-
strained physical space and reagent usage, cyclic pathway
design, dynamic signal acquisition, and multi-round informa-
tion accumulation collectively achieve breakthroughs in three
aspects such as exponential growth in signal intensity, expan-
sion of information dimensions, and improved resource utili-
zation efficiency. This progress promotes the evolution of
detection capability from being sufficiently sensitive to a higher
level characterized by ultrasensitivity and information richness.
From spectrum sensing and electrochemical analysis to mass
spectrometry, cyclic strategy leveraging their unique ability to
regulate temporal dimensions is driving a transformative shift
in analytical science from single point static measurement to
dynamic process analysis. Although they differ in imple-
mentation mechanisms, these technologies share a common
core principle, by introducing a cyclic strategy during the
detection process, thereby breaking through the limitations of
traditional detection in terms of sensitivity, information
dimension and resource efficiency. This section systematically
introduces cutting-edge applications of the cyclic strategy in
spectrum, electrochemical and mass spectrometry detections,
with a focus on elucidating their operational mechanisms,
performance advantages, and future prospects, thereby
providing a theoretical foundation and technical support for the
development of generation analytical detection
technologies.

next

4.1 Spectrum cyclic detection

The application of the cyclic strategy in spectrum detection is
driving an important transformation in the analytical models.
By transforming the conventional static model of single-
measurement endpoint detection into a dynamic cyclic
reaction-dynamic monitoring mode, spectrum detection tech-
nology has achieved remarkable breakthroughs in sensitivity,
information dimensionality, and sustainability. From the
perspective of technological development, the transformation
primarily advances along two key directions. On one hand, the
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implementation of cyclic reaction mechanisms enables expo-
nential signal amplification, substantially enhancing detection
sensitivity. On the other hand, dynamic monitoring processes
facilitate the extraction of multidimensional information from
continuous reaction cycling, achieving comprehensive charac-
terization of sample properties. These technologies further
exemplify the concept of green analysis through optimized
reagent utilization efficiency. In the context of growing
demands for high sensitivity and multi parameter detection in
analytical science, signal amplification and information
extraction strategy based on reaction cycling have emerged as
crucial technological paths for overcoming traditional analyt-
ical limitations. This section analyzes the fundamental princi-
ples and application characteristics of various spectrum cyclic
detection technologies, providing a theoretical foundation and
technical reference for developing next-generation spectrum
detection methodologies.

4.1.1 Cyclic reaction-signal amplification. Signal amplifi-
cation is a critical pathway for overcoming sensitivity limita-
tions in detection systems. Traditional detection methods are
limited by the single-use efficiency of the recognition compo-
nents, making it difficult to achieve effective signal amplifica-
tion. By designing cyclic reaction paths that enable limited
recognition elements to participate in multiple reaction cycling,
linear signal responses can be transformed into exponential
gains, thereby breaking through the sensitivity barriers of
traditional detection approaches. This cyclic amplification
strategy not only significantly enhances detection sensitivity but
also optimizes reagent utilization through well-engineered
reaction pathways. This section analyzes the signal amplifica-
tion mechanisms based on cyclic reaction paths, focusing on
the technical characteristics and performance advantages in
achieving highly sensitive detection, thereby providing theo-
retical guidance and technical reference for the development of
novel detection methodologies. Among the numerous signal
cyclic amplification techniques, NAA, enzymatic reaction
systems, and cyclic amplification based on molecular recogni-
tion and assembly serve as representative examples.

Typically, NAA is a method for amplifying a specific DNA or
RNA sequence through multiple cyclic reactions.®> The cyclic
strategy is the core concept of cyclic NAA, which realizes expo-
nential amplification and sensitive detection of nucleic acids by
precisely controlling the reaction cycle. According to different
detection requirements, different NAA can be combined with
spectrum techniques such as fluorescence and SERS. For
instance, using DNA enzymes as a recognition element and
chain shift reaction as a signal amplification technique, Chen
et al. proposed an up conversion luminescent biosensor based
on nucleic acid functionalization between a up conversion
nanoparticle donor and a tetramethylrhodamine receptor to
achieve quantitative analysis of Cr’* through changes in ratio
fluorescence.®® Meanwhile, the microfluidic platform can be
utilized to carry out the reaction on the picoliter scale, signifi-
cantly reducing the consumption of reagents and energy,
embodying the concept of green analysis. For instance, Zhang
et al. integrated the CRISPR/CAS system with the CHA, and used
SARS-COV-2 RNA as the model analyte to detect it in
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combination with a SERS sensing chip.®* Within 60 min, ultra-
sensitive detection of 5.18 x 10 copies per mL was achieved.

Enzymatic signal amplification operates by constructing
highly efficient enzyme reaction networks, where the product of
one enzyme is converted into the substrate of another, estab-
lishing a cascade cycling path that enables cyclic use of key
signaling molecules within the system.* A single target mole-
cule can initiate hundreds to thousands of catalytic cycles,
resulting in exponential signal amplification. The signal
intensity is directly determined by the cycling frequency and
number of reaction cycles, demonstrating excellent temporal
controllability. For instance, an ultrasensitive ratiometric fluo-
rescence platform based on semiconducting polymer dots
(Pdots-Pt) coupled with an enzymatic cascade reaction has been
developed for 1-lactate detection.®® This system utilizes a cyclic
reaction involving lactate oxidase and lactate dehydrogenase to
continuously consume oxygen and NADH in the presence of
lactate, thereby enhancing the oxygen-sensitive red fluorescence
of Pdots-Pt at 650 nm while simultaneously diminishing the
blue fluorescence of NADH at 422 nm. This dual-signal
response enables highly selective and sensitive lactate detec-
tion, achieving a detection limit as low as 0.18 nmol L.
Furthermore, the enzymes and cofactors introduced initially
can participate in multiple catalytic events. This not only
significantly reduces reagent consumption and byproduct
generation but also aligns with green analytical principles,
providing an ideal approach for highly sensitive and sustainable
biosensing applications.

Cyclic amplification based on molecular recognition and
assembly represents a uniquely distinctive technological
pathway. Unlike methods that rely on template replication of
the target or enzymatic catalysis, this approach achieves
progressively enhanced exponential signal intensity through
the cyclic, alternating, and layer-by-layer assembly of biomole-
cules (such as lectin polysaccharide pairs, antibody-antigen
complexes, and nucleic acid hybridization partners) at the
sensor interface. For instance, in the surface plasmon reso-
nance imaging (SPRi)-based saccharide detection system
developed by Chen's group,* precise control over the number of
cyclic assembly steps (up to 20 cycles) between concanavalin A
and dextran enabled the detection limit for glucose to be
pushed to 2.5 pmol L ™" and that for carcinoembryonic antigen
to 50 pg mL ™', demonstrating exceptional controllability over
the amplification process and tunability of the dynamic range.
Similarly, in the detection of nucleic acid biomarkers such as
microRNA, signal multistage amplification and effective back-
ground suppression can be achieved by designing cyclic
hybridization and displacement reactions of DNA probes. For
example, by combining miRNA-triggered surface DNA cyclic
crosslinking with DNA-initiated upward cyclic polymerization,
an SPRi chip with gold islands isolated by a hydrophobic CYTOP
boundary was constructed.” This approach significantly
enhanced the detection contrast, achieving a detection limit of
0.56 fmol L™ and a quantification limit of 5 fmol L™ for
miRNA-15a, with approximately 107-fold higher sensitivity
compared to conventional SPRi techniques. Furthermore, in
2025, Chen's group introduced an SPRi method combined with
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a chemically selective stepwise signal amplification (CS®A)
strategy for chemical imaging and quantitative analysis of
fingerprints (Fig. 9).°* This technique leverages the cyclic
recognition reaction between concanavalin A and dextran,
achieving high-definition fingerprint images of glucose and
related substances through 5-7 rounds of signal amplification,
and can be extended to simultaneous detection of carboxyl-
containing substances such as amino acids. The method not
only clearly reveals the three level structural characteristics of
fingerprints but also enables quantitative analysis of glucose
and serine. It has been successfully applied to dynamic moni-
toring of metabolic processes during exercise. A unique
advantage of this strategy lies in its ability to deeply integrate
the inherent high sensitivity of SPRi with the spatiotemporal
resolution of microscopic imaging. This enables not only single-
molecule-level detection sensitivity but also the preservation of
spatial distribution and dynamic binding information of
biomolecules on the sensor surface. This signal amplification
and spatial imaging simultaneous realization capability allows
researchers not only to determine the presence or absence of
targets but also to resolve their spatial localization and quan-
titative abundance, offering an analytical dimension unattain-
able by traditional homogeneous amplification techniques for
studying biological processes such as the distribution of cell
membrane receptors and molecular interaction networks. With
the ongoing development of novel recognition elements and
optimization of assembly pathways, this class of interface-based
cyclic assembly amplification strategies holds great promise for
advancing applications in single-cell analysis, spatial multi-
omics, and other cutting-edge fields.

The cyclic amplification strategy utilizing pathways such as
NAA, enzymatic cyclic reactions and molecular recognition-
based assembly, converts linear signals into exponential
gains, achieving ultra-high sensitivity detection while signifi-
cantly reducing reagent consumption. To address challenges
such as multi-system integration interference, insufficient
dynamic regulation precision, and the trade-offs in miniaturi-
zation, solutions including orthogonal reaction pathway design,
the development of intelligent control algorithms, and the
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Fig. 9 Schematic of the chemical imaging of fingerprints with SPRi
combined with a CS®A strategy.® Reprinted and adapted with
permission from ref. 68. Copyright 2022 American Chemical Society.
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synergistic integration of microfluidic chips with novel mate-
rials have been proposed. In the future, the cyclic amplification
strategy is expected to further expand its application depth in
areas such as early disease screening, environmental moni-
toring and food safety, continuously advancing analytical
chemistry toward greater sensitivity, precision and
sustainability.

4.1.2 Cyclic reaction-dynamic monitoring. Traditional
optical detection methods usually rely on static signals obtained
from a single measurement, which inherently limits access to
dynamic information during reaction processes. The cyclic
reaction strategy overcomes this limitation by extending the
observation time and enabling multiple signal acquisitions,
transforming the detection paradigm from static measurement
to dynamic monitoring, and substantially enriching the
obtainable information dimensions. This section focuses on
CCL as the representative technology to elucidate the unique
advantages of cyclic reaction-based dynamic monitoring in
signal acquisition and complex system analysis.

CCL represents an innovative detection paradigm that
exemplifies the transition from static detection to dynamic
monitoring. As a typical cyclic detection technology based on
mechanically driven reaction cycling, our group first proposed
CCL detection in 2014.”* The core lies in constructing an inte-
grated cyclic detection system comprising peristaltic pumps,
high-pressure pumps, and other fluid driven units for contin-
uous reagent delivery, multi-port valves for flow path switching,
reactors with immobilized catalytic materials for signal trans-
formation, and photomultiplier tube detectors for signal
acquisition, collectively forming a closed-loop detection circuit.
Compared with traditional chemiluminescence, CCL demon-
strates significant advantages across three dimensions. In the
temporal dimension, the precise analysis of reaction kinetics
was achieved by extending the observation window. In the
information dimension, it achieves the transition from static
detection to dynamic monitoring by acquiring multistage
signals from a single injection. In terms of efficiency, it
substantially reduces reagent consumption through reactant
cyclic usage. Particularly noteworthy is the CCL system with
innovative incorporation of an exponential decay equation to
quantify reaction kinetics. By establishing correlations between
signal decay characteristics and sample composition, the
system effectively discriminates chemiluminescence behavioral
differences that are challenging to identify using conventional
methods, enabling identification and precise differentiation of
multiple components in complex systems. This approach
provides novel solutions for quality control and research
involving complex systems.

Gas-phase and liquid-phase CCL detections are two impor-
tant modes. Gas-phase CCL illustrates that CCL can be
a powerful technology for quality assurance in the future. CCL
can be used to identify corrupted and adulterated samples.
Alcohol compounds are the characteristic components of alco-
holic beverages, based on the principle that alcohols produce
CCL signals on the surface of inorganic catalysts (MgO, SrCOs3,
and Al,O3), combined with a gas-phase CCL system.'* By
studying the multi-level signals of alcoholic beverages and
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cosmetics, our group realized rapid identification of liquor,
beer, toner and baby powder. Zhang et al. employed a cyclic
cataluminescence (CCTL) sensor array to assess the gasoline
quality.”” The set of decay coefficient-values produced by
different gasolines on different catalysts yields a unique digital
code for further differentiating gasolines. Zhong et al. prepared
a catalyst MgO/HKUST-1 via the hydrothermal method,*
combined with the CCL detection method, and put forward
a method for capturing, catalyzing and detecting esters, which
can be applied for the rapid identification of cigarette and
essential oil. Ji et al. used CCTL to analyze ketones, combined
with linear discriminant analysis and hierarchical cluster
analysis stoichiometric techniques, and successfully realized
the distinction of 82 coffee samples from 8 producing areas.”
CCL possesses strong discriminatory capabilities in identifying
complex samples, making it a promising technique for quality
assurance.

Liquid-phase CCL indicates good prospects for CCL detec-
tion in chiral related fields such as asymmetric synthesis and
pharmaceutical industries in the future. The decay coefficient
(k) value obtained in the CCL system can not only be used to
identify alcohols, amines and acids with a single chiral config-
uration, but also to quickly determine the enantiomeric excess
(ee) value. The two configurations in the enantiomeric mixture
will control the & value, and the & value has a linear relationship
with the ratio of enantiomers in the mixture. In 2021, Zhang
et al.*® proposed a novel approach utilizing liquid-phase CCL for
the rapid measurement of ee, which provides a unique method
to study the interaction between chiral subjects and chiral
objects. p-Alanine in dairy products is related to its deteriora-
tion and can be monitored as a deterioration biomarker. Zhong
et al. prepared a chiral metal-organic framework (MOF) and
applied a CCL reaction for amino acid (AA) enantiomeric anal-
ysis.”* The chiral MOF was employed to distinguish AAs in the
quality control of dairy products containing AAs. In addition to
food analysis and quality control, CCL also shows promising
prospects in clinical analysis. The levels of different amino
acids in the human body will affect the generation and devel-
opment of diseases, and can be used as disease markers for
detection. Based on CCL, a method for amino acid enantiomer
detection in biological samples was established.” When the &
value of the serum sample is higher than 40, it can provide
assistance for the diagnosis of cardiovascular diseases (Fig. 10).
This suggests that the chiral CCL reaction can be utilized to
differentiate biological samples and holds potential for clinical
diagnosis, further demonstrating that CCL could serve as
a valuable tool in future research. The use of the cyclic strategy
in CCL has many advantages, including multistage signal
acquisition, the ability to identify complex samples and
resource conservation. However, it also presents several chal-
lenges, such as specific equipment requirements and issues
related to reaction stability. By thoroughly understanding these
advantages and drawbacks, researchers can optimize CCL for
more efficient and cost-effective analyses. In the future, the
research direction of CCL can focus on high-sensitivity detec-
tion, intelligent miniaturization system development, and the
design of more kinds of chiral catalysts.
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Fig. 10 Schematic of a liquid-phase CCL for amino acid enantiomer
detection.” Reprinted and adapted with permission from ref. 71.
Copyright 2023 American Chemical Society.

4.2 Electrochemical cyclic detection

Electrochemical cyclic detection technology transforms tradi-
tional single-step detection processes into cycling information
extraction modes by introducing a temporal dimension. Rep-
resented by CV, this technique utilizes periodic changes in
electrode potential to drive reversible redox reaction cycling,
enabling efficient and information-rich analysis of trace
samples. Its innovation lies in converting chemical reactions
into information extraction tools, significantly increasing the
information output per unit sample through extended detection
time, thereby providing a new technical paradigm for analytical
science.

CV as a typical example of electrochemical cyclic detection
employs periodically applied potentials to drive reversible redox
reaction cycling.””> The dynamically evolving voltammetric
profiles generated through cyclic scanning enable direct anal-
ysis of electron transfer processes and tracking of reaction
intermediates, allowing multidimensional information,
including reaction reversibility and kinetic parameters, to be
obtained in a single experiment. This time-dimensional cyclic
design significantly enhances information density by maxi-
mizing data extraction through repeated reaction cycles of
limited sample volumes. The technique exhibits notable green
analytical attributes, and the analyte acts as a messenger which
participates in the reaction without being consumed under
ideal conditions, thereby eliminating waste generation at the
source. These characteristics underscore the unique value of
electrochemical cyclic detection in fields such as clinical diag-
nostics and food safety. When combined with microelectrode
technology, sample consumption can be reduced by 2-3 orders
of magnitude compared to conventional methods. Further-
more, the method is applicable not only to routine analysis but
also to the study of interfacial phenomena via surface process
monitoring. For example, Kim et al. successfully captured
dynamically evolving redox potential gradients at corrosion
interfaces using a microelectrode (Fig. 11).” This work
demonstrates the significant potential of a microelectrode in
elucidating localized corrosion mechanisms in molten salts,
while also providing guidance for optimizing measurement
accuracy and electrode design.

By incorporating a time-dimension extension strategy,
electrochemical cyclic detection technology achieves enhanced
detection sensitivity while maintaining minimal sample

© 2026 The Author(s). Published by the Royal Society of Chemistry
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consumption. Leveraging reversible redox reaction mecha-
nisms to complete target analysis, it demonstrates dual
advantages of high information density and green analytical
characteristics. To address challenges such as the complexity of
microelectrode fabrication, interference from complex matrices
and long-term electrode stability, the field can employ micro-
nano fabrication technologies for batch production of elec-
trodes, combine functionalized modifications to improve anti-
fouling capability, and utilize intelligent algorithms for real-
time data correction. These approaches promote the practical
application of this technology in precision medicine and envi-
ronmental monitoring, laying the foundation for constructing
next generation intelligent sensing systems.

4.3 Mass spectrometry cyclic detection

Mass spectrometry cyclic detection technology has transformed
the information acquisition mode of mass spectrometry anal-
ysis through the introduction of the cyclic strategy. This tech-
nology shifts the traditional static single detection into
a dynamic layer-by-layer profiling process, achieving in-depth
information mining from limited samples by extending the
cycling numbers along the temporal dimension. Its core inno-
vation lies in cyclic utilizing ions as information carriers under
high vacuum conditions, where their cyclic utilization and
multiple analyses significantly enhance informational depth
and dimensionality per unit sample. This approach establishes
a green analytical paradigm that eliminates waste generation
from the source without requiring additional reagents.
Distinct mass spectrometry platforms have developed
specialized technical pathways based on cyclic methodologies.
The Orbitrap mass spectrometry system employs cycling as its
core design principle, with its fundamental physical mecha-
nism originating from the axial harmonic oscillations of ions
along the central electrode under the influence of an electro-
static field. This periodic motion establishes the theoretical
foundation for achieving ultra-high resolution and mass accu-
racy. Orbitrap was used to demonstrate outstanding perfor-
mance in biomedical fields such as proteomics™ and
metabolomics.” For instance, Kafader et al. developed a novel
MS/i®°MS method using the individual ion mass spectrometry
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Fig. 11 A schematic of the CV method for monitoring of molten
chloride salt chemistry and corrosion using a microelectrode.”
Reprinted and adapted with permission from ref. 73. Copyright 2025
American Chemical Society.
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(i*MS) capability of the Orbitrap mass analyzer (Fig. 12),”°
Through the analysis of a 40 kDa protein, this method increased
sequence coverage by 48%, increased the number of identified
fragment ions from 34 to 59, and significantly elevated the
median fragment ion mass from 6.5 kDa to 18.5 kDa. This
approach markedly enhances the detection capability of top-
down mass spectrometry for large-mass, low-abundance frag-
ment ions, providing a breakthrough tool for intact protein
characterization.

In contrast, the cyclic characteristics of ion cyclotron reso-
nance (ICR) mass spectrometry are manifested through the
stable cyclotron motion of ions confined by strong magnetic
field within a trapping cell. By extending the detection time to
increase the number of cyclic periods, the system significantly
enhances frequency measurement precision, achieving a reso-
lution ranging from millions to tens of millions.”” This cyclic
mechanism not only ensures ultra-high mass accuracy and
resolution capabilities but also effectively improves detection
sensitivity through long-term signal averaging, establishing its
irreplaceable advantage in the analysis of complex systems such
as in petroleomics™ and environmental organic matter
research.” For instance, You et al successfully employed
Fourier transform ion cyclotron resonance mass spectrometry
to comprehensively resolve the chemical diversity of dissolved
organic matter while achieving precise quantification of the
trace contaminant sucralose in environmental water samples,*
with a detection limit as low as 0.26 pg L™'. By leveraging its
high mass accuracy combined with tandem mass spectrometry
and hydrogen/deuterium exchange experiments, the molecular
structure of sucralose was confirmed.

Mass spectrometry cyclic detection technology through
single-injection, multi-dimensional analysis mode, achieves
cyclic expansion in the temporal dimension, significantly
enhancing analytical information density and sample utiliza-
tion while aligning with green chemistry principles by elimi-
nating the need for additional reagents. However, practical
applications of the technology still face challenges such as high
instrument costs, ion loss and signal interference during cyclic
processes. To address these issues, current research focuses on
optimizing ion transmission and trapping efficiency, combined
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Fig. 12 A schematic of Orbitrap-based mass spectrometry analysis of
the fragment ions of phosphoglycerate mutase.”® Reprinted and
adapted with permission from ref. 76. Copyright 2020 American
Chemical Society.
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with miniaturization and multi-technology integration strate-
gies, to continuously improve system stability and accessibility.
As mass spectrometry instrumentation and the cyclic strategy
continue to converge, this technology is expected to play an
increasingly important role in complex system studies such as
life sciences, environmental analysis and material character-
ization, driving analytical chemistry toward higher information
density and sustainability.

This section provides applications of the cycling strategy across
three detection domains such as spectrum, electrochemistry and
mass spectrometry detection. From NAA and enzymatic reactions
to signal amplification based on molecular recognition and
assembly, and from CCL and CV to Orbitrap and ICR mass spec-
trometry, the concept of cycling serves as a core engine for
enhancing detection performance throughout the entire process.
Based on this, optimized regulation of cyclic parameters extends
the effective interaction time, allowing for substantial enhance-
ment in signal generation efficiency and information acquisition
quality while maintaining the basic resource consumption
unchanged. This approach effectively overcomes the limitations in
sensitivity and information dimensionality inherent in traditional
single-pass detection, establishing a new model for enhancing
detection performance through temporal control. The cyclic
strategy introduces the temporal dimension to enable efficient
reuse of limited reagent molecules, active sites and physical
processes, significantly improving resource utilization efficiency,
providing a key technical pathway for the green and sustainable
development of analytical chemistry. The cyclic strategy is driving
profound transformation of detection technologies toward intel-
ligence and sustainability. Emerging frontiers such as microfluidic
integration, Al-optimized control and multi-mode cyclic coupling
not only highlight the central role of temporal regulation but also
guide instrument development toward ultra-high sensitivity, high
information throughput, miniaturization and low carbon opera-
tion. This model not only resolves the inherent conflict between
high sensitivity and sustainable requirements but also opens new
dimensions for the advancement of analytical chemistry.

5. Conclusions

In summary, the cyclic strategy elaborated in this review
represents a central theme that runs through the fields of
separation and detection in analytical chemistry. The contri-
bution of this review lies in constructing a unified spatiotem-
poral synergistic analytical framework, which distinctly
differentiates it from previous reviews that focused solely on
individual techniques or merely emphasized greening. We
reveal that the cyclic strategy, by treating time as a tunable
resource, systematically shifts the analytical process from
a static, single use, and resource intensive linear paradigm to an
intelligent mode characterized by dynamism, cyclic reuse and
resource economy. This model shift provides a new systematic
solution to the inherent challenges of throughput, separation
efficiency, sensitivity and environmental compatibility in
analytical chemistry.

This review discusses the advances in the cyclic strategy for
separation and detection. It begins by elucidating the two
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fundamental modes of the cyclic strategy, including macroscopic
flow cycling and microscopic reaction cycling, and analyzes the
energy and device requirements. Based on this, the application of
the cyclic strategy in separation and detection is explored. In the
field of separation, the cyclic strategy reconfigures the relationship
between time and space, realizing the concept of trading time for
space. It demonstrates outstanding performance in sample prep-
aration, chromatographic separation and electric field-driven
separation. This mechanism manifests as the transformation of
separation path length from a fixed physical dimension to
a function dependent on cyclic number, achieved through cycling
of solvents, samples or separation media within confined device
spaces. Through the expansion of the temporal dimension, the
physical space limitations are overcome. This spatiotemporal
conversion mechanism not only significantly enhances separation
efficiency but also achieves a qualitative leap in resource utiliza-
tion efficiency through process automation and system closure. In
the field of detection, the introduction of cyclic designs and the
temporal dimension demonstrates versatility across three major
domains including spectrum, electrochemistry and mass spec-
trometry. The core of this concept lies in transforming limited
reagent molecules, enzyme active sites, or information carriers
into sustainable signal amplifiers, through temporal extension to
achieve exponential accumulation of signals per unit resource and
in-depth excavation of multidimensional information. This design
model shifts the detection from conventional end point
measurement to dynamic monitoring and from single point
information acquisition to process kinetic resolution, ultimately
enabling the synergistic enhancement of sensitivity, information
dimensionality and dynamic monitoring capability. What is
particularly important is that the introduction of the iterative
strategy not only achieves resource savings in individual technical
processes, but also unifies the analysis efficiency and environ-
mental sustainability at the system level, providing an innovative
solution that combines high-performance and greenness to
address the challenges of complex system analysis. Currently, the
cyclic strategy has demonstrated mature applications across
various separation and detection technologies. The successful
implementation of these techniques not only addresses the limi-
tations of traditional non-cyclic analytical techniques that rely on
fixed paths, one-way processes, and endpoint measurements but
also provides innovative solutions for analyzing complex samples.
Therefore, the fundamental value of the cyclic strategy lies in its
systematic and universal nature as a design methodology. It
provides us with a new perspective for rethinking and designing
analytical systems.

Despite these impressive outcomes, challenges remain,
including the new green materials or solvents and development
of new methods, the complexity of technology integration, and
the automation and intelligence of devices. Future research can
focus on the following directions. Firstly, in novel material
development, exploring and developing new separation media
and catalytic materials can enhance the effectiveness and cost-
efficiency of the cyclic strategy in specific applications.
Secondly, in detection method innovation, cyclic detection
technology can be integrated with various techniques, such as
Raman fluorescence and

spectroscopy, spectroscopy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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colorimetric detection. By implementing cyclic detection across
these diverse spectral regions, we can not only acquire multi-
dimensional data but also significantly enhance the sensitivity,
selectivity, and stability of the detection process. Thirdly, multi-
functional integrated systems. Designing and developing multi-
functional automated detection systems that can perform
various separation and detection functions on a single platform
improves experimental efficiency and data accuracy. Finally, in
data processing and intelligence, integrating machine learning
and big data analysis to enhance data processing capabilities in
cyclic strategy applications, further improves the accuracy and
reliability of results. Overall, the cyclic strategy presents
a promising outlook and significant development potential in
the field of separation and detection. With continued research
and technological advancements, this innovative strategy is
expected to find deeper applications across a broader range of
fields. Overall, the cyclic strategy has established its universal
value as a core analytical chemistry method by reconfiguring the
constraints between time and space, resources and informa-
tion. With the continuous integration with cutting-edge tech-
nologies, the cyclic strategy will surely drive analytical chemistry
to continuously evolve towards a more precise, efficient and
green systematic direction.
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