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As indispensable molecular tools in modern life-science
research, fluorescent dyes are undergoing a profound transforma-
tion from serendipitous discovery to rational design. Since the
German chemist Adolf von Baeyer accomplished the first artificial
synthesis of a fluorescent dye—namely, fluorescein—in 1871
(Fig. 1), the scientific evolution of fluorescent molecules has
spanned a long historical course [1]. Over the past three decades,
the number of articles published annually on fluorescent dyes
has exceeded 3000; since 2011, it has consistently exceeded
5000. Today, with the deepening elucidation of photophysical
mechanisms, advances in synthetic chemistry, and the continuous
development of bioimaging technologies, fluorescent dye engi-
neering has moved beyond traditional empirically driven struc-
tural modifications into a new era of conceptual innovation and
precision customization.

As a key foundational discipline in molecular imaging, bioanal-
ysis, and precision medicine, fluorescent dye engineering is cen-
tered on the synergistic optimization of photophysical properties
and biological adaptability through molecular structural regulation
[2]. The quality of these photophysical properties directly determi-
nes the sensitivity of signal detection, the spatiotemporal resolu-
tion, and the reliability of imaging in complex biological systems
[3]. In this context, the research paradigm of fluorescent dye engi-
neering has moved beyond the single-dimensional pursuit of high
brightness or long wavelengths, instead emphasizing systematic
coupling among molecular scaffolds, electronic structures,
excited-state behaviors, and biocompatibility. Particularly over
the past decade, the design philosophy of fluorescent dyes has
undergone a profound transition from empirical trial and error to
mechanism-driven design and further to precision customization,
greatly enriching and expanding the application boundaries of flu-
orescent dyes in the life sciences [4]. In terms of the dye molecules
themselves, the re-engineering of classical fluorescent scaffolds,
the development of high-performance and universal near-infrared
fluorescent dyes, and the enhancement of photostability for super-
resolution imaging have become major frontiers in contemporary
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fluorescent dye engineering (Fig. 1). Empowered by artificial intel-
ligence (Al)-assisted molecular design, fluorescent dye engineering
is now shifting from the pursuit of isolated optical performance
toward an integrated molecular engineering approach tailored to
complex application scenarios.

1. Rational re-engineering of classical fluorescent dye scaffolds

The emergence of numerous novel fluorescent dyes has not
diminished the room for innovation within classical fluorescent
dye scaffolds. On the contrary, such scaffolds’ structural plasticity
and the maturity of their applications have made them ideal plat-
forms for precise molecular engineering. A substantial number of
breakthrough advances have centered on the re-engineering of tra-
ditional molecular frameworks, achieving leaps in photophysical
performance through the isoelectronic substitution of core bridg-
ing atoms and the precise reconstruction of conjugated systems.
In rhodamine-based dyes, replacement of the bridging oxygen
atom with silicon (Si) to generate Si-rhodamine [5] or with carbon
to produce C-rhodamine [6] derivatives can red-shift both absorp-
tion and emission wavelengths into the near-infrared region [7],
while fully retaining the high compactness and excellent cell-per-
meability characteristic of small-molecule dyes. Such element-
level modification of fluorescent dye molecules further exemplifies
the aesthetic and precision of molecular engineering.

2. Excited-state regulation and performance enhancement of
near-infrared fluorescent dyes

Owing to its extremely low biological-tissue autofluorescence
background, deep tissue penetration, and high signal-to-noise
ratio, near-infrared fluorescence imaging has become a central
focus of dye engineering (e.g., cyanines) [8]. Traditional design
strategies for near-infrared dyes have often relied on simply
extending the polymethine chain or strengthening donor-acceptor
interactions; however, such approaches frequently lead to a sharp
increase in molecular hydrophobicity, a substantial decrease in
quantum yield, and increased non-radiative decay. To overcome
this bottleneck, the theory of excited-state engineering offers a
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Fig. 1. Fluorescent dye engineering. (a) Chemical structure of fluorescein, the first fluorescent dye. (b) Annual numbers of publications on the topic of fluorescent dyes.
(c) Chemical structures of common families of fluorescent dyes (from left to right: naphthalimides, rhodamines, and cyanines) arranged according to emission spectra.

strategy for optimizing the performance of near-infrared probes by
regulating the energy-dissipation pathways of the excited state.
This is achieved by modulating intramolecular charge transfer,
molecular scaffold rigidity, and the degree of molecular aggrega-
tion of fluorescent dyes, thereby suppressing vibrational relaxation
and reducing non-radiative transitions [9,10]. Current research on
near-infrared fluorescent dyes has thus shifted from the sole pur-
suit of red-shifted emission to a design philosophy that empha-
sizes compact structures, high quantum yields, and application
adaptability in parallel, thus establishing a more refined balance
between optical properties and biomedical behavior [11,12].

3. Enhanced photostabilization of fluorescent dyes for super-
resolution imaging

The development of super-resolution imaging technologies has
imposed unprecedentedly stringent requirements on fluorescent
dyes. Unlike conventional fluorescence microscopy, techniques
such as stimulated emission depletion (STED) microscopy and
single-molecule localization microscopy (SMLM) require dyes
with higher photostability, lower blinking noise, and more con-
trollable photophysical responses. Traditional dyes are often
prone to irreversible photobleaching under high-power excita-
tion, resulting in shortened imaging durations and reduced local-
ization precision [13]. Consequently, the construction of highly
photostable fluorescent molecules has become an important fron-
tier in fluorescent dye engineering (e.g., naphthalimides) [14]. In
particular, through the strengthening of the planar rigidity of
the molecular scaffold, the optimization of pathways of electronic
delocalization, and the effective suppression of triplet-state
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energy dissipation [15,16], the tolerance of fluorescent dyes under
extreme illumination conditions can be improved by orders of
magnitude. This development marks a transition in which fluores-
cent dyes have evolved from passive components adapted to
microscopes into a central driving force for actively pushing the
limits of imaging resolution.

Although substantial progress has been made in fluorescent dye
engineering, its translation into industrial applications still pre-
sents several common challenges. The first arises from barriers in
synthetic scale-up: Some high-performance fluorescent dyes
require lengthy synthetic routes, involve difficult purification pro-
cedures, and suffer from low yields, making them unsuitable for
large-scale production. The second lies in the difficulty of multi-
parameter synergistic optimization, particularly the tendency to
become trapped in the over-optimization of a single performance
metric while overlooking the overall behavior of fluorescent dyes
in complex physiological environments. The third stems from the
gap in industrial translation, as the application of fluorescent dyes
requires a continuous focus on the systematic coupling of molecu-
lar properties to application scenarios [17]. In essence, these issues
indicate that fluorescent dye engineering is still transitioning from
a performance-driven paradigm to an application-driven one.
Future research should therefore focus not only on improving the
luminescent properties of the molecules themselves but also on
evaluating them within the context of the complete application
chain.

Overall, fluorescent dye engineering has evolved from a purely
synthetic chemistry subdiscipline into a highly interdisciplinary
and precise science, achieving a historic transition from traditional
structural modification to mechanism-oriented precision design.
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The current prosperity of this field is based on the re-engineering
of classical fluorescent dye scaffolds, breakthrough advances in
near-infrared fluorescence performance, and order-of-magnitude
improvements in photostability driven by fluorescence-generation
mechanisms [18]. In the future, Al is poised to revolutionize fluo-
rescent dye engineering by enabling the rapid, data-driven predic-
tion of photophysical properties and biological adaptability.
Machine learning models will fundamentally accelerate the transi-
tion from empirical trial and error to fully automated rational
design, facilitating the high-throughput screening of vast chemical
spaces. Ultimately, this Al-empowered paradigm will drive the
precise customization of next-generation fluorescent probes tai-
lored for complex bioimaging and precision medicine.
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