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Abstract: Microreactors and related technologies, as key components of continuous manufacturing, offer
significant advantages in pharmaceutical production, including enhanced manufacturing flexibility, substantial cost
reduction, shortened reaction times, improved production efficiency, environmental sustainability, and strengthened
supply chain resilience. They are widely regarded as a core enabling technology for realizing continuous
pharmaceutical manufacturing and driving the transformation and upgrading of the pharmaceutical industry. In
particular, the integration of microreactors with artificial intelligence and automation technologies has reshaped the
traditional large-scale production paradigm of "reactor-production line-manufacturing plant", giving rise to new
characteristics such as intelligent controllability, operational flexibility, and mobility, as well as modular and
stepwise integration, and on-demand production. This paper systematically reviews the performance characteristics
of various types of microreactors in pharmaceutical synthesis and their potential applications in intelligent,
continuous pharmaceutical manufacturing. Furthermore, it analyzes the development of intelligent and distributed
pharmaceutical synthesis systems enabled by the deep integration of artificial intelligence and chip-based
microreactors, aiming to achieve continuous, precise, and emergency-responsive drug production, thereby
providing important support for the digitalization and intelligent transformation of pharmaceutical manufacturing.
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Figure 2 Clopidogrel flow synthesis and diphenhydramine flow

synthesis and online mass spectrometry monitoring diagram
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Figure 6 Fanetizole continuous synthesis and cell-free green

fluorescent protein flow synthesis
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Table 2 Characteristics and limitations of different types of microreactors

Microreactor L o
Characteristic Advantage Limitation
type
Chip-based Micro-scale structure; efficient heat and mass High efficiency and purity; intrinsic process Complex and high-cost fabrication;

microreactor  transfer; minimal liquid holdup; closed
reaction system

Capillary Simple and compact structure; low fluid

microreactor  resistance; modular and flexible integration;
minimal material consumption

Membrane Microporous membrane dispersion; precise

dispersion interface control; controlled residence time;

microreactor  anti-deposition membrane design

Tube-in-tube  Concentric tube structure; high-performance

microreactor permeable membrane; flexible flow path

switching; modular integrated configuration

safety; integrated continuous flow; intelligent
precision control

compatibility; scalable numbering-up

High mixing and product purity; compatible
with slurry systems; scalable via dimension
expansion; process stability and consistency
Efficient gas-liquid mass transfer; precise gas
dosage control; versatile gas reaction support;
minimal volatile material loss

clogging risks and limited stability;
difficult scale-up flow control

Low cost and easy assembly; versatile catalytic ~Flow-dependent and mixing limits;

stringent material purity; limited
extreme condition tolerance
Membrane durability; limited
corrosive compatibility; precision-
dependent dispersion

High membrane material cost;
fouling and performance decay;
limited multi-phase compatibility
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Table 3

development. Al: Artificial intelligence
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Summary of the application areas, data requirements, advantages, and limitations of artificial intelligence algorithms in drug

Method Application area

Data requirement

Advantage Limitation

Modular design ~ Al-driven retrosynthesis; intelligent
and Al feasibility assessment; robot-
optimization reconfigurable flow system; automated
small molecule synthesis

Artificial neural High reliance on expert experience;
networks and human-driven process optimization

pattern learning

Bayesian Applicability for multi-field research Low initial data
optimization and development and chemical reaction dependence and small- efficient global search and
methods condition optimization scale experiment

characteristics

Low data dependency

Molecular structure
dataset dependence for and recognition capability
model train

High automation efficiency; High reliance on expert

flexible system configuration; experience; human-driven
superior process optimization process optimization
Innovative molecular prediction High data demand and poor
interpretability
Characteristics of low-budget Performance limitation in
high-dimensional discrete
mechanism-free parallel space and high parameter

experimental design tuning cost characteristics
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