Published on 15 April 2026. Downloaded on 4/30/2026 3:48:52 AM.

Lab on a Chip

TUTORIAL REVIEW

{ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5lc01115a

Received 3rd December 2025,
Accepted 7th April 2026

DOI: 10.1039/d5lc01115a

rsc.li/loc

l. Introduction

Microbial strains and consortia may possess unique
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Ultra-high throughput droplet microfluidics for
cultivation and functional screening of
environmental microbial strains and consortia

Luca Potenza, Jozef Krzak, Maciej S. Andrzejewski,
Adam Pyzik 2 and Tomasz S. Kaminski (2*

Screening of microbial diversity is critical for discovering novel strains with enhanced biocatalytic
capabilities. Traditional cultivation techniques often miss rare or slow-growing microorganisms, limiting our
understanding of environmental microbiomes and their practical applications. Droplet-based microfluidics
has emerged as a powerful platform for ultra-high-throughput screening of single cells or microbial
consortia, encapsulated within microscale droplets that act as precisely controlled bioreactors. This tutorial
review focuses on the application of droplet microfluidics for microbial cultivation and isolation,
emphasizing advantages such as high throughput and the ability to perform functional assays on cultures
originated from individual cells. Unlike previous reviews that broadly address microfluidic technologies or
target specific applications like antibiotic resistance or enzyme discovery, we concentrate on protocols
specifically designed for the clonal and parallel cultivation of microorganisms from environmental samples.
Droplet microfluidics has already shown significant potential in environmental biotechnology,
bioremediation, and microbial ecology. Reducing assay volumes and costs while increasing screening
efficiency, positions droplet microfluidics as a key technology for the future of environmental microbiology
research.

rare or slow-growing taxa that are difficult to enrich using
classical cultivation techniques.®"*?
Characterizing complex microbial consortia from

biochemical properties with valuable applications yet often
remain undetected by conventional cultivation and screening
techniques. Precise screening is essential not only for
exploring biodiversity but also for identifying strains with
desirable traits that can be harnessed across various
biotechnology sectors, such as pollutant degradation and the
production of enzymes or bioactive molecules."” A promising
alternative has emerged from recent advancements in droplet
microfluidic screening technologies.>* These systems enable
the execution of complex protocols within stable emulsion
microbioreactors, significantly reducing both time and cost
per screening campaign. Droplet-based assays present clear
advantages over traditional methods by allowing the
encapsulation, incubation, sorting, and analysis of cultures
originating from individual cells within microscale
bioreactors.””” This approach enables the isolation of strains
based on growth dynamics®® or biocatalytic activity,'® with
one of its most significant benefits being the ability to recover
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unknown environmental samples - such as those derived
from soil, water, or air - remains a significant challenge, even
with modern screening technologies. For example, a single
gram of soil can contain up to 10" bacterial cells and an
estimated species diversity ranging from 4 x 10° to 5 x 10*
species.”®'* Accurately representing the entire population and
diversity of such samples without introducing cultivation bias
is central to the so-called uncultured microbiome challenge.
This term refers to the substantial fraction of microorganisms
that cannot be isolated wusing classical laboratory
techniques,'® such as cultivation on selective media in Petri
dishes. Technically biased taxonomic representation and the
frequent loss of highly active strains significantly limit our
understanding of microbial diversity, function, and ecological
interactions.  Addressing  this  challenge  requires
methodological innovations, including the application of
droplet-based ultrahigh-throughput screening (uHTS) assays.
Recent technological advancements in droplet-based
microfluidics, including novel detection modalities and
increased automation, have significantly enhanced its
utility as screening platforms.'®  Ultra-high-throughput
screening (uHTS) in droplets is increasingly relevant across
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diverse areas of modern biotechnology, with applications
ranging from the functional screening of microbial
activity’”'® to diagnostics,'® directed enzyme evolution,** and
drug discovery.'®*! This review specifically focuses on the use
of droplets as bioreactors for clonal cultivation and
functional characterization of microorganisms. As a novel
extension of uHTS, droplet microfluidics has been widely
recognized for its growing role in microbiological research.??

In this context, uHTS refers to screening capacities
exceeding 10°> to 107 discrete units per assay, typically
characterized by droplet generation or sorting rates in the
kilohertz (kHz) range. However, a critical distinction must be
made between nominal throughput, the raw speed of droplet
formation, and effective throughput, which accounts for
sorting constraints, and downstream recovery. While droplet
generation rates can readily exceed 10000 droplets per
second (10 kHz), the practical decision rate in active sorting
systems (e.g. fluorescence-activated droplet sorting, FADS) is
often constrained by the physical ability to deflect droplets
within the flow and in some cases by sensor integration time.
As a result, high-accuracy sorting typically operates within a
range of ~0.1 to 2 kHz>**** Although sorting rates
approaching 30 kHz have been demonstrated, these are
generally limited to very small droplets and may not be
broadly applicable. Additionally, sorting throughputs of 10
kHz or higher can be achieved using fluorescence-activated
cell sorting (FACS) when working with double emulsions,
microgels, or microcapsule formats. However, the effective
number of screened units per unit time must also consider
the Poisson distribution governing cell encapsulation. To
ensure predominantly single-cell occupancy, a significant
fraction of droplets remains empty, thereby reducing
biological throughput relative to the technical droplet
rate.”>”®  Furthermore, practical throughput is further
reduced by incubation times and the operational delays
associated with transferring samples between sequential
devices. Therefore, a comprehensive evaluation of
microfluidic platform performance must consider key
parameters such as droplet generation rate and sorting
efficiency.

In this tutorial review, we present a contemporary and
comprehensive summary of various microfluidic systems
designed for selecting microbial colonies encapsulated in
droplets based on their activity. Unlike other recent
microfluidic reviews, which often emphasize general
technical challenges and developments in droplet-based

systems'®?” or focus on specific applications such as
antimicrobial susceptibility testing,”® enzyme
engineering,”** or the human microbiome,® we

specifically detail protocols that enable clonal and parallel
cultivation of environmental microorganisms, often
followed by functional selection. Considering the immense
diversity of microbial communities, we argue that droplet
microfluidic platforms are indispensable for investigating
hard-to-cultivate species. In this context, single-cell droplet
microfluidic methods are particularly valuable, as they
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enable precise screening of complex and heterogeneous
microbial samples.

Il. Advantages of screening microbial
consortia with microdroplets

Miniaturizing microbial microcultures into picoliter droplets
enables cost-efficient, high-throughput parallel screening.
These capabilities make droplet microfluidics especially
valuable for environmental microbiology and bioprospecting.
In this section, we highlight the key advantages of the
microdroplet format for microbial cultivation and functional
screening (Fig. 1).

Increase of throughput, miniaturization and cost reduction

Microfluidic systems provide an effective platform for the
miniaturization of biological and chemical assays.*’ In
droplet-based approaches, aqueous compartments with
volumes typically ranging from picolitres (10™* L) to
nanolitres (107 L) are generated at kilohertz frequencies,
yielding millions of discrete microreactors for parallel
screening.®” At these volumes, droplets can be inoculated at
the single-cell level by controlling encapsulation according to
Poisson statistics.>® Alternatively, multiple cells per droplet
may be encapsulated when the aim is to investigate microbial
consortia or communities. Following encapsulation,
microorganisms are cultivated directly within droplets, with
growth times generally ranging from several hours to a few
days, commonly 12-72 hours,**?* depending on the strain,
cultivation media composition and incubation methods. This
timescale is sufficient for many bacteria species to reach
detectable densities, for instance, on the order of 10>-10°
cells per droplet, or to exhibit measurable metabolic or
enzymatic activities relevant to environmental screening
applications. Alternatively, if emulsion stability is sufficient,
droplets can be incubated for extended periods, e.g. a month.
Stable compartmentalization of microorganisms supports
prolonged cultivation time further enabling the growth of
slow-growing strains.’

Aqueous droplets dispersed in oil serve as picoliter-
volume reaction vessels that can be screened at thousands
per second, significantly reducing the assay time, reagent
use, and overall cost.® These droplet-based reactions can be
performed in inexpensive, single-use devices, further
minimizing costs, labor, and processing time.** A major
advancement that enabled the emergence of droplet
microfluidics was the development of soft lithography, which
enables rapid replica molding of microfluidic devices.*’
Rather than etching microchannels into costly substrates, a
master mold can be used to fabricate numerous chips from
transparent elastomers such as polydimethylsiloxane (PDMS).
This method facilitates low-cost, custom production of
microfluidic devices, making the technology more accessible
and scalable. Crucially, the success of droplet microfluidics is
not only attributed to soft lithography but also to the

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Advantages of microdroplet-based screening in microbiology. The schematic illustrates key benefits of droplet microfluidics, including
clonal selection of slow-growing microbes, detection of functional activity, high-throughput performance with minimal sample input, and precise

encapsulation of single cells or entire microbial consortia.

development of stable emulsions by selection of proper oil
and surfactant compositions.>®*° These combinations are
essential for generating and maintaining the high stability of
the picoliter-volume aqueous compartments, which act as
individual microreactors. Despite the low cost of individual
microfluidic chips, the instrumentation required to operate
droplet-based systems can still be expensive and, in some
cases, prohibitive for small laboratories. To address this,
passive droplet sorting techniques are emerging as attractive
alternatives to active detection methods such as fluorescence
or absorbance-based systems.*®*' By exploiting physical
properties such as surface tension, deformability, or droplet
size, passive systems enable selective enrichment without the
need for complex instrumentation. These approaches
simplify device design, reduce operating costs, and improve
ease of use."”

Screening of clonal and complex microbial consortia

As a result of developments in complex experimental design,
droplet microfluidics has emerged as an indispensable
platform for investigating microbial interactions with higher
precision and throughput than conventional culture-based
techniques.’> Programmable devices like kChip*® allow for
the controlled merging of fluorescently-tagged droplets
containing different microorganisms, enabling detailed
investigation of both positive and negative interactions, such

This journal is © The Royal Society of Chemistry 2026

as cross-feeding between auxotrophs or quorum-sensing
inhibition. Droplet microfluidics can also be used to
map interactions directly in microbial consortia. By
randomly  co-encapsulating cells, diverse synthetic
communities can be generated and tested in parallel to
reveal interactions between the taxa without predefining
the partners** and to assess the effect of external factors
on community structure.*> Similarly, parallel droplet-
based approaches make it possible to investigate how
cultivation media properties, such as pH and buffering
capacity, influence nutrient-driven interspecies
interactions."®

Clonal growth and isolation of slow growers

The  characterization of rare and  slow-growing
microorganisms is particularly important, as these taxa are
often underrepresented in conventional culture-based studies
yet play critical roles in natural and engineered ecosystems.
Slow growers may harbor unique metabolic pathways,
secondary metabolites, or enzymatic activities that are
valuable for strain selection, bioprospecting, bioremediation,
drug discovery, and microbial ecology. For example, studies
on the so-called ‘microbial dark matter’ have revealed that
slow-growing  or  uncultivable lineages  contribute
disproportionately to  phylogenetic and  functional
diversity.””*® Moreover, rare taxa have been shown to
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stabilize community dynamics and mediate key ecological
processes.” From a biotechnological perspective, many
bioactive compounds and novel enzymes are produced by
slow-growing microorganisms that are difficult to access
using standard cultivation approaches."*>°~?

Traditional lab-scale methods, including dilution-to-
extinction, most probable number (MPN), and colony-
forming unit (CFU) plating, rely on spatial separation to limit
resource competition in the cultivation medium.>* However,
these techniques are low-throughput and often ineffective at
recovering slow- or poorly-growing microorganisms or those
unable to grow on conventional solid media and air-liquid
interfaces.””* Microfluidic cell encapsulation offers a
promising solution to these limitations. It is especially
advantageous for studying rare microbial taxa, slow-growing
species, and organisms with unique metabolic traits. For
example, as early as two decades ago, simple emulsification
techniques made it possible to encapsulate and cultivate
single cells within droplets. This advancement led to the
isolation of previously uncultured microorganisms from
environmental samples, organisms that could not be
accessed using conventional methods. Although not as
advanced as modern high-throughput droplet microfluidics,
these early approaches represented a significant milestone in
the field.”® In another study® slow-growing bacteria from the
gut microbiome were enriched using cultivation in
microdroplets followed by an image-based droplet sorting.
This active selection approach enhanced the recovery of rare
taxa beyond what was achievable through droplet cultivation
alone.

Functional screening

Conventional methods for studying microbial function are
often labor-intensive and limited in scope, restricting the
discovery of novel strains, natural products, or enzymes. In
contrast, functional droplet-based screening in microfluidic
enables the rapid analysis of large microbial libraries.>®
These assays can evaluate diverse functions, including
enzyme activity, antimicrobial production, or metabolite
synthesis and consumption,’” using the target product itself
as a functional marker. By encapsulating single cells or
microbial consortia, functional assays can be performed
with high precision, facilitating the detection of rare
activities, microbial interactions, and high-performing
strains with potential for biotechnological application.”®>®
Beyond  throughput, droplet microfluidics enables
quantitative functional assays, allowing microbial or
enzymatic activity to be measured with high sensitivity at
the single-droplet level. To increase robustness, growth
amplification strategies have been employed to reduce
phenotypic noise, thereby improving the accuracy of
functional comparisons between individual clones.”® In
addition, droplets can serve as microreactors, where
coupled reactions and kinetic analyses of enzymatic
processes can be executed.'”® The utility of droplet
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systems has been further extended by the development of
advanced sorting strategies. Label-free approaches, such as
sorting by interfacial tension (SIFT), enable direct selection
of metabolically active cells without external reporters,*
while active sorting systems such as fluorescence-activated
droplet sorting (FADS)** and absorbance activated droplet
sorting (AADS),°>®® provide ultra-high throughput selection
based on optical readouts. Furthermore, picoinjection allows
the controlled addition of reagents into droplets prior to
sorting, enabling multi-step assays and expanding the scope
of functional screening.**®* In summary, droplet-based
functional screening offers unmatched throughput and
sensitivity. However, the broader adoption of these assays
still lags behind more established non-microfluidic
techniques. Ongoing research is actively addressing this gap
through the development of new Lab-on-a-Chip platforms
and protocols.

[ll. Modular components of
microfluidics systems for screening of
environmental microbial strains and
consortia

Handling and processing of pico- or nanoliter-scale
microvolumes differ fundamentally from standard pipetting
in microplate-based workflows. Early studies established core
functional modules that underpin modern droplet
microfluidics. For example, on-chip valve technology enabled
single-cell genome amplification of uncultivated microbial
taxa directly from complex communities, providing access to
previously unexplored microbial ‘dark matter’.®> Passive size-
based droplet separation via deterministic lateral
displacement arrays demonstrated high-throughput sorting
of droplets according to biologically induced diameter
differences.®® Another label-free strategy to quantify
metabolic activity of individual cells was based on buoyancy-
related volume changes within emulsions, resulting in
osmotically  driven  droplet shrinkage.”  Controlled
electrocoalescence of droplets synchronized by microfluidic
flow enabled programmable, high-frequency droplet fusion
for biochemical assays.®®

These early developments established the modular
framework that formed the basis of modern systems, in
which generation and manipulation of microdroplets
containing microbial single cells and microcolonies require
specialized modules, which can be integrated into a single
microfluidic chip or distributed across multiple devices to
enable multi-step functional assays.

Droplet generation

In lab-on-a-chip devices, droplets are formed through various
mechanisms, including squeezing, dripping, jetting, tip-
streaming, and tip-multi-breaking.®*’® Common microfluidic
geometries include crossflow (e.g., T-junction, Y-junction), co-
flow (2D and 3D), and flow-focusing geometries, where

This journal is © The Royal Society of Chemistry 2026
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viscous shear forces in the continuous oil phase pinch off
aqueous droplets. Alternatively, step emulsification produces
monodisperse droplets by exploiting variations in channel
width or depth that govern fluid flow. The choice of droplet
generation module is typically guided by parameters such
as flow rate, channel dimensions, and device design. A
critical aspect of most microfluidic applications is droplet
monodispersity, as it ensures that downstream operations
such as reagent addition, quantitative readout and droplet
sorting, proceed in a controlled and predictable manner. In
contrast, polydisperse emulsions can compromise the
reliability and reproducibility of these processes. A recent
innovation, known as particle templated emulsification,
uses solid particles as templates to produce uniform
droplets.”* In this approach, microfluidic devices are used
to generate monodisperse template particles prior to the
main experiment with cell encapsulation, which can then
be carried out using simple vortexing. This strategy
increases the accessibility of droplet-based assays and holds
promise for broad application in microbial cultivation and
screening. As droplet generation techniques have been
comprehensively reviewed elsewhere,*”’° and microbial
encapsulation generally does not require non-standard
droplet formation methods, we do not discuss this topic
further in the present tutorial review.

Droplet incubation

Microbial assays in microdroplet format primarily involve
the use of specialized incubation techniques to support
microbial growth. After droplet generation, incubation can
be performed either off-chip, for example in external
chambers, or on-chip, where droplets can be confined
within the chip - trapped in microarrays or stored in
integrated microchambers. A commonly used approach is
off-chip static incubation, where droplets are stored in
Eppendorf tubes or glass syringes, allowing relatively large
volumes of emulsions to be maintained, with droplets
floating on top of the oil phase. However, this strategy may
not be optimal for aerobic organisms, as localized oxygen
depletion can occur in densely packed droplets.””> An
alternative to static incubation 1is off-chip dynamic
incubation, in which droplets are continuously oxygenated
by circulating oil through the emulsion by a flow from
syringe or peristaltic pump within a dedicated incubation
chamber.”> This method has been shown to enhance
microbial growth and boost protein expression’> or
biosurfactants secretion.’® In contrast, on-chip incubation
employs microfluidic architectures specifically designed to
trap and optionally release droplets in array-based formats
under flow control. Picoliter-sized droplets can be confined
and optically monitored over extended periods, allowing
precise tracking of microbial growth and metabolic
activity.”* Notably, on-chip systems also enable the full
integration of droplet generation, incubation, and detection
within a single microfluidic platform.”

This journal is © The Royal Society of Chemistry 2026
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Imaging

Microbial growth within microfluidic systems can be
monitored using a variety of imaging techniques. Bright-field
microscopy is the most accessible and commonly used
method for observing microbial growth inside droplets.
Visualization can be performed on microscope slides,
commercial microchambers, or directly on-chip, as PDMS
devices are fully transparent. Time-lapse microscopy captures
images at defined intervals, allowing dynamic observation of
microbial processes such as cell division, growth, and biofilm
formation over time. In contrast, fluorescence microscopy
enables the selective labeling and real-time tracking of
microbial cells, offering high sensitivity and specificity.
Platforms such as the kChip have been adopted for droplet-
based microbial assays. Implementing fluorophores into
droplets makes it possible to encode and track their
compositions, enabling parallel screening of complex
interactions, such as formation of  microbial
4358 purthermore, confocal laser scanning
microscopy provides high-resolution, three-dimensional
imaging, enabling detailed spatial analysis of droplets and
the microbes within them.”*”> Additionally, Raman
spectroscopy and surface-enhanced Raman scattering (SERS)
enable label-free molecular readouts of droplet contents.”®
However, it faces challenges related to signal intensity and
optical integration. Despite these limitations, it has been
successfully applied to the screening of single microalgal
cells.¥” In this approach, Raman microspectroscopy analysis
of individual cells is performed prior to their encapsulation
in microdroplets, which are subsequently subjected to
droplet sorting.””

communities.

Other modules: picoinjection and droplet fusion

In addition to droplet sorting, various microfluidic chip
designs support complex screening workflows for microbial
activity. In multi-step protocols, picoinjection is a valuable
module that enables the high-throughput addition of buffers,
reagents, or substrates into existing droplets.”® A typical
picoinjector consists of two sections: a droplet spacing
region, which uses oil from side channels to separate
droplets, followed by the injection region, where an aqueous
phase is introduced to each droplet. The merging of the
injected fluid with the droplet is continuous or can be
triggered by an electric field applied via embedded electrodes
in the chip.”® Similarly, droplet fusion can be used to
introduce defined volumes of liquid into droplets by merging
two droplets. This process is essential for mixing reagents or
combining samples at significantly different droplet volumes.
Fusion is traditionally induced using an electric field in
dedicated chambers or wider channels. Droplets can also be
passively merged in structures such as pillar traps,***° static
arrays,®’ or through flow manipulation using rails and
anchors.®>®  However, in some multi-step protocols,
unintended droplet merging can occur, for example after
prolonged incubation or during PCR. These undesired
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fusions can be addressed by routing the droplets through a
droplet-size filter microfluidic device to sort and remove
irregularly merged droplets.®*

Droplet sorting

In addition to enabling imaging, the use of transparent
PDMS in microfluidic chip fabrication has enabled the
development of a wide range of techniques for droplet
analysis and sorting (Table 1). Current microfluidic sorting
protocols exhibit substantial variability in throughput,
sensitivity, and cost, as well as in their methodological
requirements, ranging from dependence on fluorescent
reporters or dyes to fully label-free approaches (Fig. 2). These
differences reflect trade-offs between analytical precision,
complexity of the setup, and practical applicability.

Among the most widely adopted methods is FADS, which
is frequently used alongside the increasingly popular AADS.
Recent advancements in FADS have moved beyond binary
selection, introducing multiplexed digital sorters that utilize
multiple fluorescence intensity thresholds to isolate mutants

with varying levels of enzymatic activity, such as
glucoamylase in yeast strains.®>%¢

Building upon these FADS-based strategies, recent
advancements have moved beyond binary ‘hit-or-miss’

selection by introducing multiplexed digital sorters. These
systems utilize multiple fluorescence intensity thresholds to
isolate mutants with varying levels of activity, such as
glucoamylase in yeast strains, rather than focusing exclusively
on top performers. To further enhance this precision, novel
architectures like the SeParate platform have been
developed,®® combining serial and parallel triaging concepts
to achieve high-accuracy multiway sorting into multiple output
channels. This nuanced approach to selection is of particular
strategic importance, as identifying intermediate or ‘medium-
performing’ strains provides a more comprehensive map of
the fitness landscape. Such variants may harbor unique
genetic traits, such as superior robustness or alternative
metabolic flux patterns, that are essential for long-term strain
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stability and industrial scalability, yet are often prematurely
discarded in traditional high-yield-only pipelines.®

Several other analytical techniques, though less
conventional, have shown promise including Raman
spectroscopy,”” light scattering analysis,®® and real-time
image-based droplet analysis.>®*® Beyond optical techniques,
alternative analytical approaches, such as mass spectrometry,
electrochemical detection,’ have also been explored for active
sorting and characterizing droplet contents.>* While active
droplet sorting systems dominate current workflows, recent
studies have introduced passive microfluidic strategies that
enable droplet selection based on intrinsic physicochemical
properties such as surface tension, buoyancy, and droplet
deformability.*>>*>"°"%*  Microvalve-based approaches can
complement other methods, offering deterministic control
over droplet trajectories, mechanical actuation, and
straightforward integration with on-chip incubation modules.
These features are particularly advantageous for workflows
involving long-term cultivation or environmentally sensitive
microorganisms. Pneumatic microvalves have been shown to
enhance sorting performance through precise control of
droplet motion and reduced misrouting errors,”* and have
been applied for capture and enrichment of pathogenic
cells.”® More recently, pneumatic microvalve-driven multi-way
fluorescence-activated sorting platforms have enabled
simultaneous fractionation of multiple target populations
with high specificity and throughput.”®

Despite the upfront costs of implementing approaches
based on microfluidics, the capacity to conduct ultra-high
throughput, parallelized experiments enables faster discovery
and optimization, making the technology cost effective over
time, especially considering the reduced reagent
consumption (per individual experiment). Combining
microfluidics with FACS further enhances efficiency by
enabling sorting and deposition of individual target cells
based on fluorescent markers or functional activity, allowing
the isolation of rare or high-performing strains for
biotechnological applications.””®® As in other fields, ongoing
technological advancements and increased accessibility are

Table 1 Overview of detection methods used in droplet-microfluidic screening campaigns. Selected references demonstrate their practical application
in recent environmental microbial screening studies or other key studies in which the reported methods were employed. Droplet volumes (pL-nL range)
and sorting frequencies (Hz-kHz range) were categorised as follows; low: 1-10, mid: 10-100, high: 100-1000; NR - not reported

Applied to environmental

Sorting frequency Droplet

Detection method microbial screening? volume Reference
Labelled  Fluorescence activated droplet sorting  FADS v Low kHz Mid pL 23
Fluorescence activated cell sorting FACS v Mid kHz Mid pL 98,117
Absorbance activated droplet sorting AADS X Low kHz Mid pL 62, 63
Label-free Surface-enhanced Raman spectroscopy SERS X High Hz Mid pL 76
Passive Deformability v Mid Hz Mid pL 51,113
Droplet density X NR Low nL 92
Surface tension X High Hz High pL 93
Size X NR Mid-high pL 136
Magnetic X NR Low nL 7
Image analysis X Mid Hz Mid pL 89
Electrochemical X Low Hz Mid nL 90

Lab Chip
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Fig. 2 Schematic overview of droplet-based sorting technologies for the enrichment of microbial consortia. State-of-the-art microfluidic
platforms employ a wide spectrum of readout modalities and sorting mechanisms, which differ in sensitivity, scalability, and cost, and can be
broadly classified into active and passive approaches. At the highest throughput levels (10°-10* Hz), active optical methods such as FADS and FACS
are the most established protocols, offering robust and versatile implementations across diverse biological applications. Although costly, FACS
remains a viable option for droplet formats such as double emulsions. Light scattering detection in droplets can also be performed with up to
kilohertz frequencies, providing a rapid and label-free option. Intermediate-throughput approaches (10%-10° Hz) integrate alternative readout
principles that enable higher analytical flexibility. Electrochemical detection affords sensitive quantification, while image-based classification
supports real-time assessment of droplet morphology and content. Implementation of SERS also represents a label-free identification of
biochemical signatures of droplets. At the lower throughput scale (10%-102 Hz), passive enrichment strategies exploit intrinsic droplet properties
such as size, biosurfactant production, or deformability to achieve selective screening. Scale bars shown in the FADS, image analysis, size, surface
tension, and deformability panels are representative of 100 um. Fig. 2 was reproduced with permission from the following references: ref. 98,
Wiley, 2022, CC BY 4.0; ref. 23, RSC, 2009; ref. 62, ACS, 2023, CC BY 4.0; ref. 88, RSC, 2016; ref. 90, RSC, 2020; ref. 8, eLife, 2020, CC BY 4.0; ref.
76, Front. Bioeng. Biotechnol., 2024, CC BY 4.0; ref. 135, RSC, 2018; ref. 50, RSC, 2024; and ref. 51 ACS, 2024, CC BY 4.0.

expected to reduce operational barriers and costs, expanding
the reach of this innovative screening approach.

integration of droplet sorting strategies. The following
sections highlight recent advances in these screening
modalities, illustrating how microfluidic platforms are being
used to dissect community dynamics, identify rare strains,
and optimize microbial functions for both research and
biotechnological applications.

IV. Types of screening approaches

Droplet-based assays enable a wide range of screening
strategies for the analysis and selection of microbial
consortia (Fig. 3). Depending on the experimental objective,

different workflows can be applied. For example, growth-
based assays often rely on microscopy and genomic analysis
to evaluate the outcomes of droplet screening experiments.
In contrast, functional activity assays typically require the

This journal is © The Royal Society of Chemistry 2026

Droplet cultivation and microscopic analysis

Microscopy-based observation of droplet contents is one of
the earliest strategies in microfluidic microbial assays,
enabling monitoring of cell morphology and population
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Fig. 3 Droplet microfluidics enables the development of diverse HTS approaches. Compartmentalization of cells, enzymes, or microbial
communities into droplets functioning as independent microreactors enables massively parallel assays beyond conventional protocols. Here we
highlight three applications showcasing the diverse range of uses for droplet-based microfluidic methods. Top - blue panel: the kChip platform
investigates microbial interactions by merging fluorescent color-encoded droplets in microarrays to assemble defined communities (Kehe et al.).
Middle - green panel: this screening encapsulated bacteria expressing variants of a target enzyme in double emulsions. Upon enzyme production,
the reaction generates a fluorogenic product, and active droplets are enriched by FACS and recovered and upscaled (Tauzin et al.). Bottom -
yellow panel: single-cell encapsulation enables microbial growth in droplets. After incubation, droplets are merged with fluorescent reporter
bacteria, forming co-cultures. Based on the resulting fluorescence signal, droplets are sorted to identify antibiotic-producing strains (Mahler et al.).
Fig. 3 was adapted with permission from the following references: ref. 58 Copyright 2021, AAAS, CC BY-NC 4.0, ref. 111 Copyright 2020, Springer,
CC BY 4.0, ref. 9 Copyright 2021, eLife, CC BY 4.0.

dynamics within individual droplets.’***°" In addition, freely

available software facilitates cost- and time-efficient image-
based droplet detection.’®>'®® The kChip platform enables
the massively parallel analysis of microbial interactions by

merged via electrofusion to create diverse synthetic
communities. Subsequent time-lapse imaging quantifies
microbial growth or inhibition based on fluorescence or
optical readouts, allowing high-throughput mapping of

generating fluorescently barcoded nanoliter droplets, each
containing specific microbial strains or media components.
These droplets are randomly loaded into microwells and

Lab Chip

interaction networks across thousands of combinations.*
DropVIST further integrates droplet microfluidics with wide-
field, real-time imaging to continuously monitor microbial
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growth and metabolic activity within droplets. Its automated
image analysis and droplet-tracking pipeline provides
dynamic, high-throughput quantification of microbial
behavior, making the system particularly suitable for rapid
phenotyping and functional screening.'® Beyond content- or
color-based readouts, droplet morphology provides functional
information: deformability has been used to assess microbial
proteolytic activity via induced-droplet-ovalization (IDO)
analysis.*® Although highly sensitive and label free, such
methods generally lack direct integration with high
throughput enrichment of positive droplets, apart from an
image based sorting algorithm that classified droplets by
colony density, enabling enrichment of droplet cultures with
slowly growing colonies.®

Droplet microfluidics for microbial genomics

Recent advances in droplet microfluidics have enabled high-
throughput clonal cultivation of complex microbiomes,
followed by genomic characterization, offering a powerful
strategy for dissecting microbial diversity, strain-level
variation, and interspecies interactions.*>

Clonal cultivation of complex input microbiomes was
applied to fecal microbiota transplant donor stool under
multiple media conditions. This approach significantly
increased taxonomic richness and enhanced the recovery of
rare and clinically relevant taxa compared to conventional
plate-based cultivation methods.® Another recent example of
a growth-based assay followed by genomic characterization is
the MicDrop platform, which integrates droplet microfluidics
with DNA sequencing to study the human gut microbiota.
MicDrop enabled the cultivation of 2.8 times more bacterial
taxa compared to conventional methods. Designed
specifically to investigate carbohydrate-degrading bacteria
across individuals, the platform revealed notable variations
in species richness and abundance. Additionally, lifestyle
factors were found to correlate with microbial diversity. This
approach offers significant potential for advancing our
understanding of microbiota ecology and evolution, and for
guiding the development of microbiota-targeted therapies."*

A similar approach was used to generate millions of
droplets, each encapsulating single bacterial cells extracted
from honeybee guts in droplets composed of various media.
Metagenomic analysis revealed significant shifts in
community structure, with certain species exhibiting greater
strain-level diversity compared to bulk gut samples. Unique
clusters within Bifidobacterium and distinctive genes in
Lactobacillus  panisapium were identified. By isolating
individual cells in droplets, interspecific competition was
minimized, enabling high-resolution shotgun sequencing.
Comparative genomic analysis provided new insights into
host-specific adaptations and microbe-microbe interactions,
highlighting the utility of this method for studying complex
animal-associated microbial communities at scale.'®®

In another example, a microfluidic platform was recently
developed for screening bacterial growth phenotypes within

This journal is © The Royal Society of Chemistry 2026
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multispecies consortia. Interspecies interactions play a
critical role in shaping microbial communities, with positive
interactions significantly influencing both diversity and
productivity. Using the kChip platform, one study examined
over 1.8 x 10 pairwise interactions among 20 soil bacterial
strains across 40 environmental conditions. Positive
interactions were found to be common, primarily in the
form of parasitism, in which slow-growing strains benefit
from the presence of fast-growing taxa with distinct carbon
utilization profiles. Remarkably, more than 85% of non-
growing strains were promoted by co-culture with faster-
growing partners.®

Functional screening

Functional screening of bacteria using microfluidics involves
analyzing microbial activity within individual droplets. This
approach enables high-throughput assessment of various
phenotypes, including cellulolytic, lipolytic, and proteolytic
activities; antibiotic susceptibility; biofilm formation; and
quorum sensing dynamics.'”” In the table below we highlight
recent studies that demonstrate modern and innovative
applications of droplet microfluidics for the functional
screening of microbial growth and activity (Table 2).

One of the first droplet microfluidic platforms for ultra-
high-throughput discovery of cellulolytic microorganisms
encapsulated single environmental cells in picoliter droplets
with a fluorogenic substrate, enabling enzymatic activity
detection at the single-cell level. Screening over 100 000 cells
in less than 20 minutes, the system achieved a 17-fold and
7-fold enrichment in cellobiohydrolase and endoglucanase
activities, respectively, and revealed microbial community
profiles distinct from conventional cultivation. This study
represented an interesting example of a proof-of-concept
demonstration toward practical discovery of microorganisms
with specific enzymes. Its developmental impact lies in
proving that droplet microfluidics can rapidly explore
functional microbial diversity, establishing a robust
foundation for industrial bioprospecting and demonstrating
the transformative potential of high-throughput microfluidic
technologies in biotechnology."’

A droplet-based high-throughput screening platform was
later developed to enhance cellulase production in Pichia
pastoris through whole-cell directed evolution. The system
relied on a cellulase-catalyzed reaction that released a
fluorescent signal, enabling sorting of methanol-grown P.
pastoris cells with 94.4% efficiency at a rate of 0.3 kHz. After
five iterative cycles of enzyme mutagenesis and droplet-based
screening, cellulase activity in evolved mutants progressively
increased. The top variant showed approximately a two-fold
improvement over the parental strain, with whole-genome
sequencing revealing a consistent point mutation across
high-performing clones. Developmentally, this work
showcased how microfluidics can directly integrate with
whole cell directed evolution, advancing industrial strain
engineering toward efficient enzyme production pipelines.'®
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Recently, a droplet-based microfluidic platform employing
FADS has been developed for ultrahigh-throughput screening
of enzyme-producing microorganisms. The system integrates
single-cell encapsulation, long-term droplet incubation, and
fluorescence-based sorting at rates up to 0.3 kHz, thereby
accelerating strain development and directed evolution. In a
model enrichment experiment, it achieved a 45-fold increase
in the proportion of active variants, demonstrating the
precision and efficiency of the workflow. When applied to a
mutant library, it isolated Bacillus licheniformis strains with
more than a 50% increase in a-amylase production.'®® This
work is significant in demonstrating how droplet
microfluidics can be combined with directed evolution,
particularly using atmospheric and room-temperature plasma

(ARTP) mutagenesis, thereby moving beyond simple
cultivation toward fully integrated, high-throughput
platforms  for strain  optimization and industrial

biotechnology. Building upon these FADS-based strategies,
recent advancements have moved beyond binary ‘hit-or-miss’
selection by introducing multiplexed digital sorters. These
systems utilize multiple fluorescence intensity thresholds to
isolate mutants with varying levels of activity, such as
glucoamylase in yeast strains, rather than focusing exclusively
on top performers. To further enhance this precision, novel
architectures like the SeParate platform have been
developed,®® combining serial and parallel triaging
approaches to achieve high-accuracy multiway sorting into
multiple output channels. This nuanced approach to
selection is of particular importance, as identifying
intermediate or ‘medium-performing’ strains provides a
more comprehensive map of the fitness landscape. Such
variants may harbor unique genetic traits, such as superior
robustness or alternative metabolic flux patterns, that are
essential for long-term strain stability and industrial
scalability, yet are often prematurely discarded in traditional
high-yield-only pipelines.®®

Another important advancement was the development of
FNAP-sort, which integrates microfluidic cultivation with on-
chip sorting using a fluorescent nucleic acid probe to detect
RNase activity in growing cells. In this system, microbes are
encapsulated with a FRET-quenched RNA probe that emits
fluorescence upon cleavage by RNases during cell growth.
Droplets exceeding a defined fluorescence threshold are
sorted and subsequently dispensed for cultivation and 16S
rRNA sequencing to identify isolates. The study demonstrated
the recovery of nearly pure cultures of rare environmental
taxa from complex microbiome samples, including organisms
present at very low abundance in the source population.
Notably, the entire workflow was implemented using
commercially available components, enhancing its
accessibility to other laboratories. By enabling the selective
recovery of viable microbes independent of prior labeling or
growth rate, FNAP-sort mitigates biases toward fast-growing
species and facilitates the isolation of slow-growing or rare
taxa that are often overlooked in conventional cultivation
methods.""°
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An important extension of droplet microfluidics enabled
the investigation of host-microbiome interactions by
coupling fosmid libraries with functional screening of
metagenomic DNA derived from mucosal microbiota. This
platform enabled high-throughput detection of [-N-
acetylgalactosaminidase activity, a key glycosidase involved in
host-microbe communication and mucus layer homeostasis,
with relevance to inflammatory bowel diseases (IBD). From
1.9 x 10° droplets sorted by FACS, 3569 colonies were
recovered and 372 rescreened, yielding 31 highly active
clones corresponding to 15 unique sequence hits. Several
activities were traced to horizontal gene transfers involving
Bacteroides species, highlighting the evolutionary plasticity of
gut microbial functions. This work demonstrated how droplet
microfluidics can bridge functional enzyme discovery with
microbiome ecology, enabling precise dissection of host-
associated microbial activities at single-cell resolution.™**

Droplet microfluidics has also been adapted for anaerobic
cultivation of gut microbes, allowing high-throughput
encapsulation and growth monitoring via image analysis.
This approach enriched rare and slow-growing taxa
overlooked by traditional plate cultures and successfully
recovered clinically relevant Bacteroides species absent in
standard methods. When the cultures were supplemented
with antibiotics, droplet cultivation revealed 21 resistant
populations that remained undetected using conventional
techniques. The impact of this work lies in extending droplet
technology to clinically important anaerobic ecosystems,
linking cultivation with resistance profiling. By overcoming
cultivation biases and uncovering hidden microbial
reservoirs, this study positioned droplet microfluidics as a
powerful platform for translational microbiome research,
diagnostics, and public health surveillance.®

Finally, the technology has been applied to prioritize
antibiotic producers from soil microbial communities. After
encapsulation and growth, droplets were infused with
susceptible reporter strains, enabling identification of
inhibitory activity within individual compartments. This
strategy captured a broader diversity of producers than plate
cultures and led to the isolation of Bacillus-related strains
producing bacillaenes antibacterial polyketides and surfactin-
like lipopeptides. The study shifted droplet microfluidics
from merely expanding cultivable diversity toward direct
functional bioactivity screening. Its impact lies in embedding
antimicrobial discovery directly into droplet workflows,
streamlining natural product screening, and accelerating the
search for novel antibiotics at ultrahigh-throughput.’

In contrast to the aforementioned screening methods,
HTS can also be performed passively. A recent example
demonstrated the development of a passive droplet
microfluidic platform for high-throughput screening and
enrichment of proteolytic microorganisms based on droplet
deformability. The barrier-driven sorting mechanism of the
DPDS chip (deformability-based passive droplet sorter)
operates by exploiting the solid-to-liquid transition of the
gelatine medium that occurs in the presence of proteolytic
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strains.”® The system encapsulated single bacterial cells in
100 pL gelatine droplets, enabling clonal growth and sorting
without the need for labels, dyes or fluorescence.
Optimization of droplet size, gelatine concentration, and
temperature allowed for stable and precise sorting at rates of
up to 50 Hz. Under optimal conditions, the DPDS achieved
high accuracy, sensitivity, and specificity. When applied to a
mock consortium of P. aeruginosa (proteolytic, environmental
strain) and E. coli (non-proteolytic), the platform enriched P.
aeruginosa from an initial 0.5% abundance to over 99%
purity within 90 Compared to previous
deformability-based approaches,®” this system improved
throughput by 50-fold while maintaining excellent sorting
precision. Overall, this study demonstrates a simple, cost-
effective alternative to active sorting, enabling label-free,
high-throughput selection of proteolytic microbes from
environmental sample for  biotechnological and
environmental applications."*®

minutes.

V. Planning of experimental workflow

The successful identification of beneficial traits from
environmental microbial communities requires a well-
structured experimental workflow that addresses the inherent
complexity and variability of natural samples. The experiment
planning phase is especially critical and should integrate
considerations of sampling strategy, cultivation format, and
selection of screening approach to maximize the likelihood
of identifying functionally relevant phenotypes within
droplets.

Across droplet-based and microscale platforms, system
design is governed by key trade-offs. Incubation time
inversely affects throughput, as longer cultivation reduces
experimental pace; however, this step can be readily
parallelized and  typically requires only simple
instrumentation and minimal resources.””" A balance also
exists between environmental fidelity and analytical depth.
Smaller droplets may not fully capture complex microbial
consortia, but compartments containing hundreds of cells
are typically sufficient to reproduce relevant functional
interactions. Finally, screening speed must be weighed
against biological representativeness. While droplet systems
favor rapid analysis, they can simplify ecological complexity,
yet similar limitations are also present in macroscale
methods, making this a general experimental constraint
rather than a platform-specific drawback. Conversely,
droplets enable the generation of thousands of precisely
defined synthetic consortia,**® offering a powerful approach
to dissect biological complexity and interactions within
microbial communities.

Sampling strategy

In microfluidic workflows, the sampling strategy must ensure
the preparation of a uniform, single-cell suspension that is
compatible with droplet encapsulation. For complex sources
such as soil or biofilm-rich environments, pre-treatment

Lab Chip
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steps, such as mechanical disruption, gentle filtration, or
the use of chemical dispersants (e.g., Tween 20), may be
necessary to disaggregate microbial clusters and minimize
debris that can obstruct microfluidic channels. It is
essential to evaluate the potential impact of any additives
on emulsion stability following droplet generation.
Achieving the appropriate cell density is vital to obtain
the desired droplet occupancy, typically modeled by the
Poisson distribution. Plating environmental samples and
preparing initial droplet emulsions can help identify
optimal cell loading conditions and assess microbial
growth, providing essential insights for optimising dilution
strategies.

Droplet formats

The use of microfluidics enables generation of a diverse
range of microemulsions. While water-in-oil droplets are
most commonly used for microbial screening,
implementation of other emulsion formats is possible and
broadly implemented. Each one of them (water-in-oil
droplets, double emulsions, hydrogel beads, or core-shell
beads) presents distinct advantages and trade-offs (Fig. 4).
Choosing an appropriate format is a crucial aspect of
microfluidic experimental design, as it not only influences
the compatibility with downstream screening methods, but
also determines factors such as emulsion stability, nutrient
exchange,  substrate  retention, crosstalk  between
compartments, and the throughput of a screening campaign.
The selected format must align closely with the screening
objectives and desired selection strategy.

Droplet  microfluidics  focuses on the precise
manipulation of fluids at the microscale. A clear
understanding of droplet formats, such as their
composition, size, and functionality, is essential for
designing effective experiments and enabling downstream
applications. In a typical format, microfluidic workflows
commonly use single emulsion droplets. These systems
involve two immiscible phases: a biologically inert liquid,
often fluorinated oil, serves as the continuous phase of
the emulsion. The second phase is an aqueous solution,
typically a cultivation medium, which acts as the
dispersed phase and forms droplets upon introduction
into the microfluidic system. Within the chip, it is critical
that the aqueous droplets do not adhere to the channel
walls where the oil flows, as this can lead to cross-
contamination between droplets. Emulsion systems enable
the compartmentalization of cells or biochemical reactions
and allow for the encapsulation of biomolecules.**?

Double emulsions, which are more complex than single
emulsions, and they provide hierarchical
compartmentalization, supporting the co-encapsulation of
cells, reagents, and other components. These structures are
typically generated through sequential emulsifications in
separate microfluidic devices or specialized single chips
designed with regions of differing wettability."** Double
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Hydrogel beads Core-shell beads

e nutrient and gas exchange,

e can be handled with conventional
laboratory equipment,

e FACS-compatible

o enable long-term culturing

e encapsulation of surface-
attaching microbes,

o selective permeability,
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leakage of low-mass molecules and biomolecules,
difficult recovery,

lower throughput of generation,

microorganisms share a common nutrient pool,
which can lead to preferential selection of fast-
growing species,

o visual analysis can be challenging

Fig. 4 Overview of compartmentalization strategies for microbial screening in microdroplet- and capsule-based platforms. Schematic
representations of water-in-oil droplets, double emulsion droplets, hydrogel beads, and core-shell beads. Each format presents distinct advantages
and limitations regarding applicability, ease of handling and compatibility with sorting methods (e.g., FACS/FADS).

emulsions can also serve as templates for the production of
microcapsules and microparticles with core and shell
architectures. These formats are highly valuable in
pharmaceutical, biological, and industrial applications.™**"*®
In the case of microbial screening, the main advantage of
double emulsions is their compatibility with widely
accessible  FACS  instruments."’””"'®  FACS  enables
multiparameter sorting, which is difficult to achieve using
custom-built  fluorescence activated droplet sorters.
Additionally, index sorting allows for the deposition of single
droplets or microgels into individual wells of a multiwell
plate.

Recently, the integration of hydrogels into microfluidic
systems has led to significant advancements.'™® Due to their
biophysical similarity to soft biological tissues, hydrogels are
highly suitable for wuse in microfluidic systems for
screening,”’ cell culture,"*® and tissue engineering.'*!
Hydrogels and hydrogel microcapsules also enable FACS-
based sorting and, unlike double emulsions, they allow for
long-term  cultivation  of  various cells, including
microorganisms, due to the unrestricted exchange of small
nutrients and metabolites. This can enable growth-based
assays, where growth is an indicator of an improved catalytic
activity of a strain, especially when coupled with
antimetabolite selection.’®® However, this benefit comes at
the cost of substrate leakage. The diffusion of low molecular
weight compounds can significantly limit the application of
these formats in high throughput screening.

This limitation can be partially addressed through
implementing microcapsules with semi-permeable shells.

This journal is © The Royal Society of Chemistry 2026

The pore size of the shell can be fine-tuned, allowing for
semi-controlled transport in and out of the capsule."*® This
makes it possible to run more complicated workflows using
standard laboratory equipment, while omitting highly
technical microfluidic steps. Microcapsules enable isolation
and cultivation of microbes from environmental samples,
achieving improved recovery of rare taxa and enrichment of
slow-growers using FACS."**

Importantly, microorganisms encapsulated  within
microgels and capsules share a common nutrient pool, which
may lead to competitive dynamics and favor the proliferation
of fast-growing species, thereby suppressing slower-growing
or rare taxa. Looking forward, we anticipate that both
droplet-based and microgel-based formats can be combined
for synergistic benefits. For example, microbial cultivation
could be performed in a microgel format, followed by particle
templated emulsification for functional assays in a droplet
format.

Cultivation approach

The next key consideration is the cultivation strategy. Since
many environmental microbes remain difficult to grow using
traditional methods, the workflow should incorporate
multiple approaches to improve their -cultivability and
recovery.

Aside from cultivation media optimization,"> this
challenge can be largely addressed by using the droplet
format, which has been shown to promote taxonomic
enrichment in culture.® In addition, microbial diversity can
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be enhanced by employing low nutrient or conditionally
enriched media, co-cultivation strategies, or by optimizing
in-droplet cultivation, such as incubation time and
aeration. Where applicable, semi-defined media that mimic
native environments, such as soil extract or host-derived
components, may promote the growth of otherwise
unculturable species.'* Importantly, all cultivation steps
must be evaluated for their compatibility with droplet
encapsulation and downstream analyses. This includes
avoiding media components or screening substrates that
may destabilize emulsions or increase leakage of substrates
and reaction products between droplets. A critical design
decision is whether to screen single strains or microbial
consortia. Screening consortia for synergistic activity
requires droplet conditions that support co-cultivation'>®
careful control of droplet volume, which affects nutrient
availability, and precise tuning of inoculum density. In
either case, seeding density should be optimized to
promote monoclonal occupancy or defined co-culture cell
ratios, depending on the experimental objectives. This can
be achieved wusing the principles of the Poisson
distribution, which relate cell occupancy probability to the
input cell density and final droplet size. Both parameters

wio microgels

wow ' capsules ’
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must be tightly regulated throughout the droplet generation
process.

Additionally, while the use of liquid media remains the
dominant choice for droplet-based cultivation, several
approaches incorporate a solid or phase within droplets to
better emulate surface-associated growth and to support
organisms that require solid media. One common strategy
for bacteria is to encapsulate cells in hydrogel beads,
commonly referred to as gel microdroplets (GMDs), enabling
microcolony formation and downstream high-throughput
screening. This approach has been implemented in
metagenomic screening,'> whole-genome sequencing'*®
from microcolonies and cultivation of fungal strains.'® In
parallel, implementation of solid-phase media within
droplets have proven useful for filamentous fungi, where
hyphal growth can destabilize conventional droplets. For
example, a core-shell droplet platform has been used for
high-throughput fungal screening, where a solid-phase
droplet exterior composed of gelatin methacrylate enables
multi-day incubation and sorting without droplet merging."*’
Droplets can also be supplemented with solid-phase media,
such as colloidal chitin to enable functional screening of cell-
wall degrading enzymes.'*’

Single cells or consortia

Target reaction

Optical available substrate?
Labelled optical sorting

FACS FADS AADS

Growth based selection

Need optical labeling for
growth detection?

Optical detection of growth,
Image based selection

Can growth be measured?

Label-free detection

Can the reaction be measured?

Passive sorting
Deformability, surface tension

Clonal amplification,
growth-based enrichment

Validation and upscaling (dilution, deposition system, solid and liquid culture media)

Fig. 5 Screening strategy selection. This schematic outlines a decision-making workflow for developing high-throughput screening strategies
using droplet microfluidic systems. Starting from the input biological format (single cells or consortia) and target reaction, the tree guides the
selection of appropriate droplet formats (e.g., W/O, W/O/W, hydrogel beads, or microcapsules) and analytical approaches based on substrate
availability, leakage potential, and detection method. Optical detection routes include FACS, FADS, and AADS, each with implications for sorting
and downstream processing. Label-free alternatives are considered when substrates are non-optical or when poor signal conditions limit reliable
optical detection, such as low fluorescence or absorbance intensity and high background noise.
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Selection of sorting methods

The most critical decision in experimental design is the
choice of the sorting approach (Fig. 5). As outlined, the first
question in this process is whether the target reaction is
known and detectable. If the target can be monitored using
an optically active substrate, methods such as FACS, FADS, or
AADS become suitable options. These techniques enable
selection based on fluorescence or absorbance, depending on
the substrate and the specific droplet format used, such as
water in oil, water in oil in water, microgels, or
microcapsules. However, assays based on optically active
substrates are associated with challenges such as substrate or
product leakage, high background signals from substrate
hydrolysis, or instability of the optical signal within droplets.
Potential solutions include chemical modification of
substrates to increase their polarity and decrease their
hydrophobicity, coupling reactions to more stable and less
leaky compounds, or incorporating advanced microfluidic
operations such as picoinjection to introduce assay
components at controlled time points. If optically active
substrates are inadequate or unavailable, the screening
workflow can shift toward label-free detection strategies. Light
scattering techniques offer viable alternatives, particularly when
screening for growth-based enrichment or for morphological
characteristics. Passive sorting approaches can serve as effective
alternatives to the previously described active methods,
particularly when screening for activity on native substrates in
the absence of reporters or bait substrates. In such cases,
droplet selection can rely on indirect metrics such as
deformability,*®®" surface tension,” or other physicochemical
features to infer biological activity. These methods become
especially powerful when integrated with advanced image
analysis algorithms for phenotypic classification.

Validation and upscaling of selected cultures

A complete workflow must also include strategies for hit
validation and recovery. This involves ensuring that
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emulsion-breaking procedures and nucleic acid extraction
protocols preserve the identity of positive hits. Depending
on the downstream objective, such as taxonomic
identification,  functional = rescreening, or  genetic
engineering, suitable approaches may include barcoded
sequencing, regrowth of encapsulated strains, or direct
recovery of genetic material. Following hit identification,
the final step involves deposition and potential analysis
and scale-up of the droplets or cultures of interest.
Transitioning from microscale screening to preparative or
application-oriented standard workflows requires
maintaining the genotype-phenotype linkage established
during droplet-based selection, while enabling microbial
growth under controlled conditions. The deposition of
droplets into larger volumes can be achieved using
commercially available sorting platforms, such as FACS
that deposits double emulsions or microgels onto
microwell plates,”®" through controlled spreading of
droplets on agar plates®® or using dedicated droplet
deposition systems.®* Crucially, the feasibility of deposition
and upscaling depends on the droplet format used in the
screening pipeline, as only certain formats are compatible
with FACS. The success of a droplet-based discovery and
recovery pipeline depends on the careful integration of all
stages of the workflow, from sampling and cultivation to
screening and downstream recovery, to ensure that
detected hits can be reliably scaled and applied. To
address the common pitfalls of microfluidic workflows, we
provide a concise troubleshooting guide (Table 3) linking
commonly observed assay artifacts to their most likely
causes and mitigation strategies across droplet incubation,
and screening.

VI. Challenges and opportunities for
further development

In the last section, we review the most pressing challenges
currently facing the field of microbial functional screening

Table 3 Troubleshooting for droplet microfluidic workflows. The table correlates common droplet assay issues with their probable causes and outlines
corresponding mitigation strategies across droplet incubation, screening, and sorting stages

Observed issue  Step Likely cause

Changes to implement

Droplet Any Interfacial instability, shear
coalescence
Heterogenous Incubation High inoculum density, nutrient

growth depletion in long incubation cycles
Limited growth  Incubation Limited oxygen, low nutrient
availability

Surfactant optimization, lower shear in microfluidic devices, filtration and
size selection following problematic steps

Lowering inoculum density, increased droplet size to increase nutrient
availability, decreased incubation time

Dynamic incubation with aeration, capsule format to enable nutrient
exchange, implementing biologically inert compounds in the microfluidic

systems

Droplet
shrinkage
Growth stops
after initial

Incubation Evaporation, osmosis

Incubation Waste accumulation

Sealing the incubation chambers, collection of droplets in sealed tips for
incubation, lower dead volume in incubation containers

Earlier sorting, lower cell density, encapsulation in beads/core-shell
capsules for waste removal

burst

Homogenous Screening  Droplet cross-talk, reporter leakage  Implementation of hydrophylic reporters for functional assays, increase of
signal surfactant concentration in emulsion

Apparent Screening Incubation length that favors fast Use of limiting nutrients in media, tune incubation time to target slow

selection bias growers
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using microfluidic technologies. We also highlight key
opportunities for researchers to overcome these barriers and
advance the development of microdroplet-based platforms,
making them more efficient, scalable, and accessible to a
broader community of microbiology researchers (Fig. 6).

Strategies for cell resuspension from complex biological
substrates

Environmental samples present diverse challenges for single
cell encapsulation, depending on their origin and
composition. Aqueous samples, e.g. from natural reservoirs,
are relatively straightforward to process and typically require
only basic steps such as shaking, centrifugation, and/or
filtration to remove particulates. In contrast, airborne
microbiomes may require sample concentration prior to
analysis, and methods for separation and detection of
microbial cells from these samples still need further
optimization.”®® The most significant challenges, however,
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arise from complex matrices such as soil and fecal matter.
These sample types contain highly diverse microbial
populations embedded in dense, heterogeneous substrates.
Microorganisms in these environments tend to form
aggregates or adhere to solid particles, complicating the
preparation of uniform single cell suspensions and
increasing the risk of encapsulating cell clusters instead of
individual cells. To overcome these bottlenecks, tailored
protocols must be developed based on the specific properties
of each sample.”*® For instance, the presence of biofilms
introduces additional complexity, as cells are embedded in a
dense extracellular matrix. Disrupting this matrix is essential
for effective resuspension and can be achieved through
enzymatic digestion, chemical treatments with detergents, or
mechanical disruption methods such as sonication. After
disaggregation, thorough washing steps are necessary to
remove residual matrix components and debris, resulting in
a cleaner bacterial suspension suitable for downstream
applications, including droplet generation.

Current challenges

Complexity Sample preparation

FACS Q ‘ m

® FADS
SERS J
g "
(&) , AADS
,_ ho clumps
) Passive methods no debris

Growth based assays

Accessibility Microbial suspension

Cell and activity detection Scalability
Limited ability to measure of * Assay @
multiple parameters downscaling +(&

e Single droplet & -
and strain
recovery for
upscaling of the
microculture

Absorbance g}

Fluorescence :@

DNATTEH RNA mu

¢ Deformation I el ®
recovery and v
* PCRtargeted (3) meta-omics  meta-omics
& analysis % og®
L ] e)‘s.

Opportunities for development

¢ |Implementation of
commercial platforms

¢ Development of new
methods and
combination of existing
approaches into
multimodal platforms

e Improvement in cell
detachment, debris
removal and determination
of cell concentration

¢ Cell count normalization
(CFU/ml)

o Life/dead cell estimation

o Splitting of droplet cultures
for multiple reported
substrates

¢ Picoinjection of unstable
reagents after bacteria
multiplication

e Development of new

Improvement of DNA,
RNA and metabolite
profiling

Development of single
droplet deposition systems
Al-supported methods

coupled assays
Improvement of
optical modules

Fig. 6 Challenges and opportunities in microfluidic system implementation in microbiological research. This scheme outlines key challenges
hindering the broader application of microfluidic technologies in microbiology, grouped into four major categories: complexity, sample
preparation, cell and activity detection, and scalability. Key challenges include the trade-off between cost and accessibility, difficulties in sample
preparation, limitations in multimodal detection of microbial activity, and scalability issues in biomolecule recovery and omics integration. The
lower panel outlines development opportunities, including improved sample handling, multiplexing, reagent delivery, coupled assays, and advances

in molecular profiling and Al-based analysis.
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Counting strategies and cell encapsulation in microdroplets

Encapsulating single cells from unknown and complex
samples, such as those derived from environmental sources,
is a challenging but essential step that requires optimization
of both cell resuspension and accurate enumeration
methods. Direct counting typically involves visualizing
bacterial cells under a microscope. This is commonly
performed using a small volume of the suspension loaded
into a counting chamber, such as a Petroff-Hausser or Thoma
chambers, where cells are manually or automatically
enumerated. This straightforward technique offers rapid
results and, when combined with viability stains, can
distinguish between live and dead cells. However, in highly
diverse samples containing bacteria, archaea, and fungi, it
becomes difficult to achieve precise enumeration, which
complicates subsequent single cell encapsulation. To improve
accuracy in single cell droplet encapsulation, we recommend
generating calibration curves to determine cell counts in
terms of CFU per milliliter or CFU per gram. While
conventional plating on solid media is widely used, it may be
misleading, as many environmental microbes are not
cultivable under standard conditions. Therefore, to estimate
the actual number of viable cells and to standardize clonal
cultivation in droplets, we suggest performing parallel tests
by generating emulsions from various dilutions of the
sample. After incubation, the number of droplets containing
clonal microcolonies can be counted and converted to CFU
per sample. Alternatively, advanced techniques such as
impedance flow cytometry can provide rapid and accurate
estimates of cell counts in environmental samples.'**

Limited scope of detection methods

A variety of detection modes have been developed to support
functional assays of microbial activity in droplet microfluidic
systems. These approaches often rely on fluorescent probes,
reporter molecules, dyes, or microfluidic imaging to monitor
microbial growth, metabolism, or other cellular functions
within individual droplets. In addition, passive and label-free
sorting methods have been described, utilizing properties
such as surface tension,” viscoelasticity,”"*" or droplet
size’®>'*® to enable selective enrichment. Despite these
advancements, the range of effective detection modes for
screening microbial consortia remains limited, with most
assays relying on fluorescence or absorbance measurement.
Functional detection of microbial activity in droplets presents
two major challenges. The first is detection accuracy.
Implementing conventional optical assays, such as
absorbance or optical density measurements, at the picoliter
scale is technically difficult. These methods are often not
scalable to droplet volumes used in microfluidics, requiring
the development of new chip designs and optimized
detection strategies.®” The second challenge is multiplexing
capability. ~ Simultaneous  measurement of multiple
parameters or analytes within a single droplet is hindered by
limited droplet volume, signal sensitivity, and potential

This journal is © The Royal Society of Chemistry 2026
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interference between various signals, for example from
fluorophores with overlapping spectra. As a result, designing
comprehensive assays that capture multiple aspects of
microbial function in droplet systems remains a significant
technical hurdle. Recent advances, such as the NOVAsort
droplet microfluidic platform, which integrates droplet
fluorescence and droplet size detection via light scattering,
demonstrate that combining multiple parameters can
enhance signal discrimination and sorting fidelity. Although
this approach has not yet been applied to microbial
screening, it represents a promising direction for
environmental applications, where challenges such as droplet
merging or shrinkage, as well as mass transfer issues and
emulsion polydispersity, can all hinder the execution of
droplet-based HTS."*®

Culture upscaling after selection

Droplet screening has gained significant momentum over the
past decade, driving a growing demand for reliable methods
to recover genetic material from individual sorted droplets
for downstream studies and applications. Advances in
genomics have enabled droplet barcoding and in-droplet
PCR, making it possible to label and track individual positive
clones efficiently. New approaches such as biotinylated
TagMan probes can offer an alternative strategy, enabling the
selective targeting and recovery of droplets containing
specific microbial species or genes.'*® In microbiological
workflows, however, it remains critical to cultivate cells at
larger volumes and ideally store retrieved positive isolates
after screening. Combining genetic destructive assays, such
as PCR, with cell recovery requires splitting each droplet into
two or more replicates while maintaining the genotype-
phenotype link. This can be achieved using a SlipChip, a
method that has been successfully applied to the targeted
isolation of rare gut bacteria.’*® Alternatively, single droplets
containing colonies can first be deposited, then expanded,
and finally analyzed once the cell population is sufficient for
various assays at macroscale. One of such demonstrated
approaches involves displacing individual droplet cultures
into separate wells of a multiwell plate,°* where each sorted
clone can then be grown under laboratory conditions.'*
Alternatively, droplets can be deposited in a circular array on
a petri dish covered with oil. This format allows individual
sessile droplets to be picked for further cultivation or
analysis.®® However, these are early demonstrations of
relatively complex experimental setups that are not yet ready
for widespread implementation. Further microfluidics
research is needed to further expand and develop new
generations of droplet deposition technologies compatible
with various droplet sorting modules.

Access to microfluidic technologies

Despite the low cost of individual microfluidic chips, the
instrumentation required to operate droplet-based systems
can still be expensive and, in some cases, prohibitive for
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small laboratories (Fig. 7). Even though monodisperse
droplets can be generated using low-cost methods,"** other
microfluidic techniques, such as picoinjection and sorting,
still require a substantial initial investment in specialized
equipment. Access to droplet microfluidics is steadily
improving, driven by the growing availability of commercial
platforms, open-source hardware designs, and user-friendly
software tools. However, limited access to advanced
instrumentation and microfabrication facilities in certain
regions or institutions continues to pose a barrier to broader
adoption. The complexity and cost of equipment for droplet-
based experiments can vary widely. Basic systems may
include components such as syringe pumps and standard
microfluidic chips, while more advanced setups integrate
high speed cameras, precision controllers, and automated
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modules. As a result, total system costs can range from
several hundred to several hundred thousand dollars,
depending on functionality and scale. One potential
limitation of droplet-microfluidic systems is the limited
supply of fluorinated oils, which key manufacturers, such as
3M, are phasing out alongside other PFAS (per- and
polyfluoroalkyl substances) products. In response to 3M's
announcement, alternative fluorinated oils compatible with
commonly used fluorosurfactants have appeared on the
market, helping to mitigate this issue. Nevertheless, an
increase in oil prices is still anticipated. However droplet
microfluidics is unlikely to be significantly affected, as the
low volumes of oil used per assay mean that assay
reagents and the fluorosurfactant will still continue to be
the highest-cost compounds. Despite the upfront costs,
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Fig. 7 Comparative cost analysis of droplet-based HTS methods. Breakdown of equipment, reagent, and microfluidic device fabrication costs
across FACS, FADS, AADS, and general-purpose droplet microfluidic workflows, highlighting major components and primary cost drivers.
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droplet microfluidics  provide substantial long-term
benefits, including reduced reagent consumption, smaller
sample volumes, and significantly increased experimental
throughput compared to traditional benchtop methods.
The capacity to conduct ultra-high throughput, parallelized
experiments enables faster discovery and optimization,
making the technology cost effective over time. Combining
microfluidics with FACS further enhances efficiency by
enabling sorting and deposition of individual target cells
based on fluorescent markers or functional activity,
allowing the isolation of rare or high performing strains
for biotechnological applications.””?® As in other fields,
ongoing  technological advancements and increased
accessibility are expected to reduce operational barriers
and costs, expanding the reach of this innovative
screening approach.

VII. Future applications and
perspectives

Droplet microfluidic platforms are increasingly being
integrated with single-cell genomics or transcriptomics and
mass-spectrometry-based metabolomics, generating rich
datasets that link genotype to phenotype. These data could
feed into predictive models for strain design and bioprocess
optimization, exemplifying a convergence of microfluidics,
omics, and Al. At the same time, broader adoption of these
technologies would benefit from greater transparency in
reporting device architectures and experimental workflows.
Open sharing of microfluidic designs could significantly
improve reproducibility and accelerate methodological
development within the research community. Beyond
transparency, the field would also benefit from a closer
alignment between biological objectives and microfabrication
protocols. Researchers entering this area frequently face a
complex selection problem: choosing among different
droplet-based systems and identifying appropriate protocols
for a given cell type or assay chemistry to meet specific
experimental needs.

Combination with genomics and transcriptomics

The integration of microfluidics with genomics, particularly
single cell genomics and transcriptomics, has significantly
enhanced our ability to study biological systems with high
precision.*®'*> Recent advances in microfluidic genomics
have exemplified this integration. High-throughput single-
cell genome sequencing in droplets has enabled strain-
resolved profiling of complex microbial communities. The
Microbe-seq platform amplified and barcoded over 20000
single-amplified genomes from gut microbiome samples
and co-assembled nearly 100 bacterial genomes, revealing
extensive strain diversity, horizontal gene transfer, and
phage-host associations.® Complementing this, the EASi-
seq workflow repurposed a commercial single-cell DNA
platform to generate large-scale microbial genome atlases,
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integrating barcoded reads with metagenomic assemblies to
improve strain detection and gene annotation.'*’> These
droplet-based workflows allow efficient separation and
analysis of rare or low-abundance microbes, supporting
applications in microbiome monitoring,
subpopulation tracking, and multi-omic integration for
predictive modeling.

In contrast, methods such as bacterial single-cell RNA
sequencing (scRNA-seq) remains challenging due to difficult
lysis, low and unstable mRNA, and the lack of polyadenylated
tails needed for standard eukaryotic protocols. Nonetheless,
recent advances have made bacterial scRNA-seq increasingly
viable,"** and droplet-based microfluidic platforms now
enable high-resolution, single-cell gene expression profiling
across diverse environments. These systems also capture
dynamic transcriptional responses to stimuli, supporting
studies of microbial adaptation and regulation."*> A notable
example is BacDrop, which analyzes bacterial populations at
scale, revealing heterogeneous antibiotic responses in
Klebsiella pneumoniae and identifying mobile-element-driven
cellular states linked to resistance evolution.'*® BacDrop
further resolves antibiotic-induced subpopulations that
remain undetectable in bulk RNA-seq. Together, these
systems extend microfluidic genomics beyond cultivation,
providing scalable access to the genetic structure and
heterogeneity of complex microbial communities such as soil
microbiota, where diversity and functional complexity are
high.

Although genomics and transcriptomics are inherently
destructive assays, we anticipate that future high-throughput
methods will complement functional droplet screening by
using optogenetic barcodes'**'"” to link microbial
phenotypes and genotypes at scale. Alternatively, selected
droplets could be split into two daughter droplets: one
sacrificed for genomic analysis and the other preserved for
downstream cultivation or upscaling. Implementing such
strategies will require more advanced microfluidic modules
capable of precise droplet division and routing, creating new
opportunities and design challenges for the lab-on-a-chip
research community.

future

Metabolome analysis

While most current research studying the metabolism of
microorganisms relies on growth-based functional screening,
such as assays for carbohydrate metabolism,"" direct
metabolome analysis in droplet-based microfluidic systems
remains relatively rare. A recently developed platform
combining epifluorescence microscopy coupled with
electrospray ionization mass spectrometry (ESI-MS) was used
to study secondary metabolites produced by single
Streptomyces cells in ~200 pL droplets, successfully detecting
streptomycin  produced in sitw.***  Similarly, on-chip
cultivation of chemically mutagenized strains with ultra-high
performance  liquid chromatography tandem  mass
spectrometry (UHPLC-MS/MS) analysis of their metabolites'*®
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illustrates that MS can detect virtually any microbial product
or enzymatic reaction output in droplets without labels.
More recently, the mass-activated droplet sorting (MADS)
system introduced an assay in which each nanoliter
droplet is split into two streams, one analyzed by ESI-MS
and the other sorted based on the MS result."*® This
label-free approach achieved ~0.7 droplets per second and
screened ~15000 samples in hours, significantly expanding
the droplet toolkit for drug discovery and biocatalyst
screening. Each droplet thus acts as an independent
microreactor, enabling massively parallel single-cell assays
that capture phenotypic variability. Despite the limited use
of metabolome research, droplet microfluidics provides a
promising platform for validating metabolic modeling
predictions. Major challenges in microbial metabolome
modeling, highlight the need for experimental systems
capable of capturing spatial, temporal, and phenotypic
variability,"*® criteria that are well addressed by droplet
microfluidic platforms functioning as high throughput
microreactors for single cell or small consortia
experiments. The potential value of such systems has been
suggested for exploring microbial phenotypic heterogeneity
under controlled conditions. In the future, such MS-
coupled microreactors could directly validate genome-scale
metabolic models at the single-cell level and, in
combination with Al-driven analysis, enable data-rich
metabolic engineering workflows.

Interfacing with artificial intelligence

The consolidation of droplet microfluidics and artificial
intelligence (AI) offers exceptional potential to enhance
experimental design, data analysis and interpretation in
biological research. AI is particularly well suited for
processing the vast datasets produced by high-throughput
microfluidic systems, enabling the extraction of meaningful
insights from complex experiments, as already demonstrated
for example in protein engineering.">°

Artificial intelligence technologies can also improve real-
time control and automation. Al-driven systems dynamically
tune microfluidic parameters using real-time sensor or
imaging feedback, boosting precision, reducing variability,
and increasing workflow efficiency. Custom-trained
convolutional neural networks (CNNs) further adapt analyses
to specific experimental conditions. Platforms such as
DropAI™" integrate droplet microfluidics with machine
learning to screen thousands of cell-free gene expression
reactions while minimizing reagent use. Models predict
reaction efficiency, optimize reagent compositions, and
generalize results across biological systems via transfer
learning. In the coming years, AI methodologies such as deep
learning and pattern recognition are expected to further
accelerate high-throughput image analysis at the single-
droplet level. Convolutional neural networks, in particular,
have become indispensable for interpreting images generated
in microfluidic experiments. By automatically detecting and
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classifying complex morphological features, CNNs enable
rapid and reliable assessment of biological assay outcomes
within droplets. For instance, a YOLOv11l deep learning
model have been successfully applied in an environmental
screening experiment to determine whether Dbacteria
encapsulated in droplets exhibited proteolytic activity, based
on droplet deformation caused by bacterial enzyme
secretion.’® Similarly, CNN architectures such as YOLOv4
have been employed for sorting droplets containing
mammalian cells.*** In the future, similar approaches could
be used to analyze the morphology of microbial colonies
within microdroplets, aiding in the selection of those of
interest or supporting image-based droplet sorting® for label
free selection of environmental strains.

Looking ahead, the integration of AI and droplet
microfluidics is poised to revolutionize experimental
automation, adaptive control, and data-driven discovery in
bioengineering. Deep learning-based image analysis will
continue to play a pivotal role, enabling rapid, high-accuracy
interpretation of complex biological phenomena within
individual droplets.

VIIl. Conclusions

Ultra-high throughput droplet microfluidics is transforming
how environmental microbial strains and consortia are
cultivated and screened, offering unprecedented resolution
for accessing rare, slow growing, and previously uncultivable
taxa. Its applications include functional screening for
enzymatic activity, antimicrobial resistance, metabolic traits,
and interspecies interactions, all performed within massively
parallel and miniaturized workflows. The field is advancing
rapidly, driven by innovations in droplet generation, surface
chemistry, manipulation strategies as well as sorting
mechanisms. These developments have expanded droplet
formats beyond simple single emulsions and introduced
novel sorting methods that enable more sophisticated and
tailored  screening  approaches. Importantly, these
innovations are opening opportunities well beyond
environmental microbiology. Applications now span biology,
chemistry, materials science, and medicine, greatly extending
the reach and impact of droplet microfluidics. As the
technology continues to mature, establishing standardized,
modular workflows will be essential for ensuring
reproducibility, scalability, and integration ~ with
complementary platforms such as genomics and machine
learning. Together, these developments position droplet
microfluidics not only as a transformative tool for microbial
cultivation and screening, but also as a foundational
technology for next generation microbial biotechnology and
interdisciplinary research.
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