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Abstract

Bacterial infections and antimicrobial resistance are a major cause for 
morbidity and mortality worldwide. Antimicrobial resistance often 
arises from antimicrobial misuse, where physicians empirically treat 
suspected bacterial infections with broad-spectrum antibiotics until 
standard culture-based diagnostic tests can be completed. There has 
been a tremendous effort to develop rapid diagnostics in support of 
the transition from empirical treatment of bacterial infections towards 
a more precise and personalized approach. Single-cell pathogen 
diagnostics hold particular promise, enabling unprecedented 
quantitative precision and rapid turnaround times. This Primer 
provides a guide for assessing, designing, implementing and applying 
single-cell pathogen diagnostics. First, single-cell pathogen diagnostic 
platforms are introduced based on three essential capabilities: cell 
isolation, detection assay and output measurement. Representative 
results, common analysis methods and key applications are highlighted, 
with an emphasis on initial screening of bacterial infection, bacterial 
species identification and antimicrobial susceptibility testing. Finally, 
the limitations of existing platforms are discussed, with perspectives 
offered and an outlook towards clinical deployment. This Primer hopes 
to inspire and propel new platforms that can realize the vision of precise 
and personalized bacterial infection treatments in the near future.
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diagnosis. For clinical samples, such as blood, which typically have low 
concentrations of bacteria, enrichment culture can take several days 
to reach a detectable level of bacteria. In response, there has been an 
effort to accelerate pathogen identification and AST. Nucleic acid 
amplification-based techniques, which can increase and detect bacte-
rial nucleic acids within a few hours, have contributed to pathogen iden-
tification and detection of gene markers for antibiotic resistance13–19. 
Developments in biosensing methods — for example, optics20–29, elec-
trochemistry30–35 and Raman spectroscopy36–40 — have also accelerated 
bacteria detection and AST. Furthermore, the advent of microfluidics 
demonstrates that miniaturization of conventional assays to the sub-
microlitre scale offers a powerful strategy for achieving rapid turna-
round times41–56. These techniques and their potential clinical merits 
have been reviewed elsewhere57–70. Recently, single-cell pathogen 
diagnostics — assays and devices capable of detecting bacteria at, or 
originating from, the single-cell level — have attracted significant atten-
tion as a promising emerging solution for pathogen identification and 
AST, with unique advantages (Fig. 1b). Single-cell pathogen diagnostics 
detect individual bacterial cells and their growth within a few replica-
tion cycles, meaning diagnosis can be significantly shortened (Box 1). 
Moreover, single-cell pathogen diagnostics can identify rare bacteria 
in populations, allowing rapid diagnosis for heteroresistance, polymi-
crobial infections and diagnosis directly from minimally processed 
samples. Such timely and precise diagnostic results collectively pro-
vide actionable information for physicians to prescribe personalized 
medicines, rather than resorting to empirical treatments.

Numerous research reports and several recent review articles71–76 
are evidence of the growing interest in single-cell pathogen diagnostics. 
The wide range of reported platforms gives researchers a broad founda-
tion to build on. However, the many options also present difficulties for 
assessing, adopting or developing platforms for an intended use case. 
As a result, there is a critical need for an end-to-end guide for research-
ers who wish to work with single-cell pathogen diagnostic platforms or 
gain holistic understanding of existing research. This Primer aims to 
provide such a guide by introducing principles and considerations for 
designing and implementing single-cell pathogen diagnostic platforms, 
including the need to incorporate capabilities of single-cell isolation, 
detection assay and output measurement. Each of these capabilities can 
be realized through a range of methods whose working principles, con-
text of use, strengths, weaknesses and compatibility with other meth-
ods are discussed in detail. Representative results towards pathogen 
diagnosis are presented and potential clinical applications for bacterial 
detection, pathogen identification and AST are highlighted. Solutions 
to enhance the reproducibility of replicating experimental conditions 
and data acquisition are described and the challenges of deploying 
single-cell pathogen diagnosis in clinical settings are outlined. Finally, 
the Primer provides insights into these challenges and an outlook of 
future developments towards clinical applications.

Experimentation
The first experimental step is to consider the sample input type for the 
intended application and to set up appropriate samples. After consid-
ering the sample, it is important to design and implement a single-cell 
pathogen diagnostic platform with three essential capabilities: isolating 
single bacterial cells, performing an assay for detecting the isolated 
cells and measuring the assay output. Each of these capabilities can be 
accomplished through numerous methods (Fig. 2), but every method 
has a unique working principle, design, implementation, context of use 
and compatibility with other techniques. This section introduces each 

Introduction
The emergence and spread of multidrug-resistant bacterial strains 
poses a worldwide health-care challenge1–3. These pathogens cause 
more than 2.8 million antibiotic-resistant infections per year, resulting 
in 35,000 deaths and up to $20 billion in health-care costs in the United 
States alone4,5. A driving cause of this global threat is the widespread 
misuse of antibiotics, which dramatically accelerates the frequency 
of antibiotic resistance6,7. Precise antibiotic prescription and antibi-
otic stewardship are largely hindered by time-consuming diagnostic 
procedures, which involve sample transportation, lengthy culture-
based pathogen identification and antimicrobial susceptibility testing 
(AST)8. During this period, typically 3–5 days, empirical antibiotics are 
prescribed according to the worst-case scenario. This practice leads 
to unnecessary and improper treatments, poor clinical outcomes and 
emergence of multidrug-resistant bacteria. Compounding the pro-
blem is the limited development of new antibiotics and fewer available 
treatments for multidrug-resistant bacteria9–11. To address this health-
care crisis, advanced pathogen diagnostic technologies are urgently 
needed to deliver diagnostic results to physicians within hours instead  
of days, to help personalize antibiotic treatments, precisely manage 
bacterial infections and combat antibiotic resistance.

Current diagnosis of bacterial infection begins with sample col-
lection and transport to a centralized clinical microbiology laboratory. 
Once there, the samples are initially screened for bacterial infection 
through enrichment culture, also known as clinical isolation, before 
further analysis by Gram staining, pathogen identification to assist 
the selection of antibiotic candidates and AST to decide the appro-
priate prescription12 (Fig. 1a). This approach is highly dependent on 
culture-based procedures that hinder the timely delivery of definitive 
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Fig. 1 | Workflow of pathogen diagnostics using standard clinical microbiology 
procedures and single-cell pathogen diagnostics. a, Current practice for 
pathogen diagnostics consists of initial screening to examine the presence 
of bacteria and subsequent lengthy culture-based procedures for pathogen 
identification and antimicrobial susceptibility testing (AST). b, Single-cell analysis 
implements rapid pathogen diagnostics by sampling and testing a bacterium 
at the single-cell level. MIC, minimum inhibitory concentration.
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capability and the various methods within them, providing guidance 
for the design and implementation of a single-cell pathogen diagnostic 
platform.

Sample preparation
At the start of each experiment, sample matrices, prevalent bacte-
ria species and typical bacterial loads should be considered. Clinical 
specimens vary in sterility; for instance, cerebrospinal fluid is sterile, 
whereas vaginal specimens often contain background bacteria and 
flora. Blood contains a large number of human cells and urine may 
contain flora and human cells. All human cells and flora should ideally 
be separated from bacterial cells. Urine samples can also have a large 
pH range, which may affect assays. As a result, appropriate sample pro-
cessing steps may be needed depending on the sample type. Prevalent 
bacterial species responsible for infectious diseases and antimicrobial 
resistance can be found from the research literature — for example, for 
bloodstream77,78, urinary tract79 or hospital-acquired infections80 — or, 
alternatively, through governmental organizations, such as the World 
Health Organization (WHO) and the US Centers for Disease Control and 
Prevention (CDC). Clinical specimens may contain multiple species of 
bacteria, referred to as polymicrobial, and typical bacterial loads can 
vary. For example, in sepsis, a low bacterial load of 1–10 colony forming 
units (cfu) ml–1 in blood specimens is common81, whereas for urinary 
tract infections (UTIs) a higher bacterial load of ≥105 cfu ml–1 in urine 
specimens is considered positive82,83.

After becoming familiar with the sample matrices, prevalent 
bacteria species and typical bacterial loads, the next step is to locate 
reference strains of common bacterial species and their respective 
antibiotic-resistant strains. Many of these strains can be acquired from 
biorepositories, such as the American Type Culture Collection (ATCC) 

of the United States and the National Collection of Type Cultures of the 
United Kingdom. For the development of new single-cell pathogen 
diagnostic platforms, Escherichia coli is the most common starting 
point because it is one of the most prevalent bacterial causal agents 
of infectious diseases. Other important pathogens include Staphy-
lococcus aureus, Klebsiella pneumoniae and Enterococcus faecium. 
For E. coli, the ATCC provides a widely used reference strain (ATCC 
25922), although non-pathogenic E. coli strains, such as K-12 or those 
incorporating fluorescence proteins, have also been used84–87.

Progressing from contrived samples to clinical samples can take 
multiple steps. At the initial development stage, it is common to sus-
pend bacteria in a buffer, for example phosphate buffered saline, or a 
culture broth, such as Luria–Bertani broth. If clinical applications are 
pursued, then ATCC reference strains and the standard cation-adjusted 
Mueller–Hinton broth are highly recommended. If accessible, clinically 
isolated bacteria provided by clinical microbiology laboratories, known 
as clinical isolates, suspended in a buffer or a culture broth represent 
a reasonable next step after testing reference strains. Subsequently, 
clinical isolates spiked into clinical specimens, such as commercially 
available artificial urine samples and whole blood samples verified as 
negative via standard culture-based methods, can serve as an appro-
priate intermediate step before testing patient-derived clinical speci-
mens13,88–90. In this intermediate step, the bacterial species, bacterial 
concentration range and mimicking specimens to be spiked should 
be aligned with the overall research aims. Ideally, the test should be 
verified with multiple strains and samples to capture the heterogenei-
ties of the species and sample type. Additionally, when AST is a focus, 
standard testing conditions, such as those described in the Clinical 
Laboratory Standards Institute (CLSI) and the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) guidelines, should be 

Box 1

How a single-cell growth assay speeds up diagnosis
Standard microbiology diagnosis
Bacterial concentrations can be low in clinical specimens, meaning 
lengthy enrichment culture may be needed to accumulate sufficient 
bacteria quantities and ensure that they can be detected using 
standard instrumentation in clinical settings. The turnaround time 
of this step depends on the initial bacterial concentration in the 
specimen and the species’ growth rate. For example, enrichment 
culture for Escherichia coli, a common species in urinary tract 
infections (UTIs), usually takes 1 day, whereas enrichment culture for 
tuberculosis-associated Mycobacterium tuberculosis can be as long 
as a few weeks due to the species’ slow growth (see the figure).

Single bacteria growth assay
To shorten the detection time required in diagnosis, single bacteria 
are isolated in a confined, usually small, volume. In the confined 
volume, each bacterium is individually monitored. Only a brief culture, 
comparable with the timescale of bacterial replication, is needed 
to determine bacterial growth. The small volume creates high local 
concentrations of the bacteria and potential molecular markers 
for detection. Taken together, such single-cell assays enable rapid 

detection of bacterial growth, and when different antibiotic conditions 
are administered, they also enable rapid antimicrobial susceptibility 
testing (AST).

cfu, colony forming unit.

Lengthy culture (for example, days)

Brief culture 
(for example, hours)

Specimen with low 
bacterial concentration
(for example, <10 cfu ml–1 
in sepsis; <105 cfu ml–1 in UTI

High bacterial concentration
for detection. For example,
~109 cfu ml–1 in OD600 test

The growth from a 
single bacteria to a few 
bacteria can be detected 
to determine AST 
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considered and adopted as necessary. For example, broth microdilu-
tion is a standard AST method, and cation-adjusted Mueller–Hinton 
broth is the recommended medium for broth microdilution. It is there-
fore advisable to use the appropriate medium and avoid introducing 
an additional difference from the standard method.

Single-cell isolation
The first essential capability of single-cell pathogen diagnostic plat-
forms is to fix the position of, or compartmentalize, single bacterial 
cells. Considerable advances in microscale and nanoscale engineering 
have led to the development of numerous highly efficient devices that 

can isolate single bacterial cells91. This section generalizes these devices 
based on their representative structure and working principle into four 
categories: open substrate, microchannels, microwells and droplets 
(Fig. 2a). For each device category, the discussion describes their struc-
ture and working principle, design considerations, implementation 
requirements, context of use and compatibility with other methods.

Open substrate. Perhaps the most straightforward strategy for isolat-
ing single cells is to capture them on a substrate and detect individual 
cells with powerful detection modalities that have single-cell resolu-
tion, such as high magnification microscopy. An effective approach for 
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Fig. 2 | Essential capabilities of single-cell pathogen diagnostic platforms, 
including single-cell isolation, detection and measurement. a, Single 
bacterial cells are first isolated in a confined space using micro/nano engineering 
tools such as open substrates, microchannels, microwells and droplets.  
b, These individual bacteria are subsequently detected by investigating bacterial 

replication, nucleic acid detection and cellular physiology. c, The detection 
assays are measured and evaluated by imaging analysis, fluorescence read out 
and bioelectronics measurement. Single-cell pathogen diagnosis is realized by 
integrating these methods (indicated by the arrows).
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open capture is to trap bacteria in agarose, where cell fractions near the 
surface of the agarose substrate can be easily detected when the bacte-
rial distribution is uniform92,93. Another means to capture bacterial cells 
on a substrate is by biochemically functionalizing the substrate. For 
example, APTES ((3-aminopropyl) triethoxysilane)94, chitosan95 or an 
antibody96 may be used to physically tether bacteria at the single-cell 
level. This surface functionalization can be accomplished by stand-
ard biochemical procedures. For instance, IgG, a common antibody 
capable of attaching to the bacterial cell membrane, has been coated 
by bonding its primary amine groups with N-hydroxysulfosuccinimide 
ester receptors on a surface to immobilize bacteria97. Such functional-
ized substrates can rapidly capture bacteria upon contact. Importantly, 
these capturing methods maintain bacterial viability, and also support 
detection of phenotypic changes under antibiotics.

Advantages and disadvantages of this open substrate strategy 
should be considered. On one hand, implementation of this strategy is 
simpler than most other single-cell isolation approaches. The devices 
mostly avoid intricate microfluidic structures, which is an important 
advantage if the required microfabrication facilities are unavailable. 
On the other hand, high concentrations of bacteria (107–109 cfu ml–1 
(refs. 98–101)) are typically needed to ensure sufficient bacterial cells 
are captured for analysis. Isogenic bacteria can still have heterogene-
ous phenotypes102,103. Consequently, phenotypic detection of single 
bacteria requires sufficient cells for a reliable diagnosis. However, high 
bacterial concentrations can often only be attained through culture. 
This requirement means that open substrate is best suited for AST 
of cultured positive samples and clinically isolated bacteria, rather 
than screening bacteria from clinical samples or identifying bacterial 
species. Finally, the single-cell detection modalities coupled to open 
substrate often operate at a low throughput. For example, high magni-
fication microscopy typically detects a few single bacterial cells within 
its small field of view. Scanning across large areas of the substrate is pos-
sible, but at the expense of more sophisticated hardware, for example 
a motorized stage for microscopy, and requiring greater computing 
power. These issues have motivated researchers to pursue single-cell 
isolation strategies using microchannels, microwells and droplets.

Microchannels. Microchannels with dimensions comparable with 
bacterial cells have been used to confine individual bacteria for patho-
gen diagnosis104. As bacterial sizes are on the micrometre scale, 
the  microchannels are a few micrometres in width and depth 
(0.5–2 µm (refs. 104–106)), and are typically fabricated using precise 
manufacturing tools, such as soft lithography91,107–109 (see Supplemen-
tary Note 1). These microchannels can be loaded with bacteria by a 
capillary effect or syringe pump, where the bacteria stochastically enter 
and distribute in the channels. To enhance the loading efficiency, the 
microchannels are designed in a parallelized and high-throughput 
manner. To concentrate bacteria in a designated detection region, the 
microchannels typically integrate with additional modules to trap  
the bacteria in place. For instance, a physically reduced channel size 
can trap bacteria when the channel dimensions are no larger than the 
bacterial cells104,110–112. Additionally, an electrokinetic force exerted on 
bacteria can immobilize them in situ105,113. These mechanisms allow the 
channels to capture bacteria at extremely low concentrations by con-
tinuously loading and manipulating large volumes of samples. How-
ever, the sample loading rate is typically low due to the high flow 
resistance — calculated by the Hagen–Poiseuille equation R ηL πr= (8 )/( ),4   
where η, L and r represent the dynamic viscosity of the fluid, equivalent 
length and radius of the channel, respectively — in the microchannels, 

limiting the sample volume for detection in a given time. Conse-
quently, the sample volume can be tested using microchannels typi-
cally in the order of microlitres. The limit of detection is around 
103 cfu ml–1, although this may be improved by optimizing the sample 
loading technique. The volume that can be analysed is dynamic. To 
detect low-concentration bacteria, samples need to flow through the 
device for a longer time to increase analysis volume. If no bacteria are 
detected after a predetermined time, then the sample may be free of 
bacteria or below a known concentration. This approach is straight-
forward and also maintains cell viability for monitoring bacterial 
replication.

A useful feature of the micron-size channel is that it behaves as a 
physical filter for minimizing the matrix components. As a bacterium 
significantly increases the fluid resistance of the channel, a channel 
is typically loaded with only one cell. Traps with tuneable heights, 
using membrane microvalves that can partially close due to applied 
pressure, can be engineered to selectively trap bacteria based on their 
shape and size, offering a new means for pathogen identification111. 
There are, however, some considerations and potential concerns for 
the use of microchannels. For example, microchannels are susceptible 
to clogging from particulates in complex clinical samples, especially 
with high cellularity. This may limit use with direct samples to answer 
clinical questions as it requires additional sample preparation steps. 
Densely spaced microchannels may be incompletely isolated from 
adjacent channels, making them incompatible with assays that include 
diffusible molecules such as dyes as cross-contamination that can lead 
to false positive results. Additionally, microfabrication requirements 
for fine features are stringent. A further limitation of all the microfluidic 
devices discussed is that they are susceptible to air bubbles during 
operation and reagent evaporation during any incubation step. As a 
result, it is critical to use care when working with these devices. Tech-
niques such as immersing microfluidic devices in the liquid phase and 
engineering waterproof materials in situ may be needed to mitigate 
evaporation106,114–116.

Microwells. Individual bacteria can be captured in microwells or 
microchambers that are physically separated or separated by an 
immiscible fluid. Compared with open substrates and microchan-
nels, microwells offer a distinct advantage of isolating individual 
bacterial cells (namely discretization), as well as nucleic acids and reac-
tion products derived from them. These advantages enable precise 
quantification of bacteria. Moreover, the small and identical volume 
of every microwell results in high and uniform local bacteria concen-
tration across the entire device, enabling sensitive detection while 
avoiding the inoculum effect117. Compared with droplets, microwells 
offer simpler experimental procedures and better compatibility with 
time-lapse detection due to their fixed spatial positions. Despite these 
advantages, typical microwell devices are designed with a fixed, often 
low, total sample volume due to the number (<50,000) and volume 
(100 pl–10 nl) of the wells. This limitation results in trade-offs between 
the total sample volume, well volume and device footprint. This trade-
off determines the overall performance characteristics, including the 
detection limit (~103 cfu ml–1) and assay time. When designing micro-
wells to implement culture-based assays, it is important to consider 
the volume and aspect ratio to avoid limiting diffusion, which would 
deplete nutrients or enzymatic substrates118,119. Another consideration 
is that, except for a few recent microwell devices120–122, current microw-
ell devices only support assays that can be performed in a single step. 
Consequently, the selection of microwells as the single-cell isolation 
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method must be paired with an appropriate single-step single-cell 
detection assay.

Multiple microwell device architectures have been developed, but 
they have comparable discretization efficiencies and similar dexterity 
requirements. The architectures can be broadly classified as microvalve- 
enclosed microwells123, immiscible oil-separated microwells124–128, 
SlipChips129 and membrane-based microwells130 (see Supplementary 
Note 2). Although each device class has unique experimental param-
eters for optimization, which are beyond the scope of this Primer and 
discussed in refs. 123–130, the devices share an objective to isolate micro-
wells and discretize bacterial cells, resulting in similar characterization 
experiments. Typically, microwell devices are initially characterized 
using a bacteria-free mock sample, preferably using the same reaction 
buffer or culture broth as the sample, supplemented with a food dye or a 
fluorescent dye to facilitate microscopy observation. This initial charac-
terization aims to quantify the number of properly loaded and isolated 
microwells, monitor evaporation of isolated samples within micro-
wells during incubation and adjust device design and experimental 
parameters as needed, before bacterial samples can be tested.

Droplets. Discretization of a bacterial sample into numerous tiny 
droplets in an oil phase, with each droplet containing at most one 
bacterium, facilitates high sensitivity and high-throughput detection. 
The small volume of each droplet results in a high effective bacterial 
concentration, enabling rapid detection. The ability to detect indi-
vidual single cell-containing droplets allows absolute quantification 
of the bacterial load with a high accuracy90,131,132. Moreover, droplet 
devices typically operate in a continuous flow, which has the advantage 
of being able to process large sample volumes and giving a wide detec-
tion dynamic range (1–109 cfu ml–1). Compared with other single-cell 
isolation methods, droplets are particularly useful for quantitatively 
analysing samples with unknown bacterial loads. Finally, droplets 
allow detection of rare targets that are undetectable by a bulk-based 
detection method. This capability is useful for detecting rare resistant 
bacterial cells in a largely susceptible population, a scenario known 
as heteroresistance133. Although useful for high sensitivity and high-
throughput detection, there are important considerations for using 
droplets to develop single-cell pathogen diagnostics. First, such 
detection has been predominantly achieved with an accompanying 
high sensitivity and high-throughput droplet detector built in-house. 
Although microscopy can be used to image droplets, its field of view 
can limit the number of droplets detected per image, which can limit 
the throughput and, in turn, the sensitivity. Additionally, compared 
with other single-cell isolation methods, operating a droplet device is 
a more intricate procedure, requiring a steeper learning curve.

Implementation of droplet devices begins with selecting the most 
appropriate droplet device from a wide range of device architectures 
(see Supplementary Note 3), which involves extensive design, opera-
tion and characterization considerations. Currently, active droplet 
generation devices are sometimes employed. Active devices are multi-
layer devices that incorporate programmable microfluidic membrane 
valves, such as Quake valves134, to precisely inject various assay rea-
gents into an oil phase and create droplets of various sizes (typically 
nanolitre scale) and contents, for instance different antibiotic types  
and concentrations135–138, at the expense of low throughput (<1 Hz) and 
in-house instrumentation. More commonly, passive droplet genera-
tion devices are used and connected to commercial syringe pumps for 
control. Passive devices are single-layer devices that use static micro-
constrictions with pre-designed cross-sectional widths and heights, 

for example flow-focusing junctions, to perturb the interfacial tension 
between co-flowing streams of an aqueous sample and an oil phase to 
generate aqueous droplets surrounded by a continuous oil phase139 at 
high throughput (>100 Hz). After microfabricating the droplet device, 
often by soft lithography (see Supplementary Note 1), extensive char-
acterization is performed to ensure efficient discretization of bacteria. 
The sample must be directly tested in the droplet device to evaluate 
whether it can be discretized into droplets. The composition of the oil 
phase — the oil and surfactant — must be optimized to ensure reliable 
droplet generation without droplet merging. The flow rates of both 
the sample and the oil phase should be tuned to navigate the differ-
ent droplet generation regimes139,140 and to optimize droplet size and 
frequency. The size uniformity of the droplets, the monodispersity, is 
often evaluated with bright-field microscopy and a haemocytometer. 
To perform downstream assays, generated droplets containing discre-
tized target bacteria are often collected in reaction tubes, incubated 
in an external temperature-controlled instrument and reinjected into 
another device that facilitates droplet detection. This manual workflow 
is needed for lengthy incubation and can help optimize conditions, 
with an eventual aim of developing an integrated device that directly 
appends incubation and detection to droplet generation. Once devel-
oped, this integrated device removes the need for manual operation 
and can facilitate automation. However, incubation conditions within 
the device become fixed. In both cases, it is important to make sure that 
false positive droplets, which are empty droplets with spurious signals, 
in the no-bacteria controls occur as infrequently as possible, as this is 
key to achieving highly sensitive detection. It is also important to check 
that negative, empty droplets in all samples are detectable because 
accurate bacterial load quantification requires the total number of 
droplets in each experiment.

Single-cell detection assays
The second essential feature of single-cell pathogen diagnostic plat-
forms is the capability to perform an assay to detect the isolated cells. 
This section also streamlines the discussion by categorizing available 
detection assays as nucleic acid detection assays, replication assays and 
physiology assays (Fig. 2b). For each assay category a brief description 
is given of the detection mechanism, experimental considerations, 
context of use and compatibility with other methods.

Bacterial nucleic acid detection assays. Detection of bacterial 
nucleic acids is a widely used method to determine the presence of 
bacteria, quantify the bacterial load, identify bacterial species and, 
in some cases, perform AST. Bacterial nucleic acid detection assays 
typically use species-specific and/or resistance-specific — for example, 
mecA and mecC for methicillin-resistant markers141, vanA and vanB for 
vancomycin-resistant markers142,143 — primers or probes. The assays 
can often be completed in a few hours directly from clinical specimens 
without the time-consuming culture enrichment step. Although differ-
ent nucleic acids (DNA or RNA) can be targeted, single-cell pathogen 
diagnostic platforms have focused on detecting genomic DNA via 
nucleic acid amplification methods, such as polymerase chain reac-
tion (PCR), or ribosomal RNA (rRNA) via probe hybridization such as 
fluorescence in situ hybridization144. Notably, bacterial nucleic acid 
detection assays are predominantly detected using fluorescence and 
are most often implemented in microwells and droplets (Fig. 2b, arrows 
towards nucleic acid detection). When compared with open substrate 
and microchannels, microwells and droplets can more effectively 
localize diffusive fluorescence signals around the isolated single cells 
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to retain digital quantification. Assay temperatures and reaction opti-
mization are key parameters. High assay temperatures, such as the 
95 °C hot start and denaturation steps in PCR, can cause considerable 
evaporation in devices. Comprehensive reaction optimization, for 
example buffer composition and polymerase, is needed to ensure 
that bacterial nucleic acids can be amplified from clinical specimens 
containing potential reaction inhibitors145,146 in microwells and droplets 
in single-step assays. Typically, before conducting a single-cell nucleic 
acid detection assay in a device, the assay methodology is optimized 
using a benchtop instrument at bacterial concentrations comparable 
with those in the device.

Bacterial DNA — either gene sequences that specify bacterial spe-
cies or gene markers that confer antimicrobial resistance — is the most 
common target for bacterial nucleic acid detection assays. In the con-
text of single-cell detection, this strategy is particularly useful for quan-
tifying the bacterial load and identifying individual bacterial species 
within a sample that contains multiple bacterial species. Because there 
are typically only one to a few copies of the target gene per bacterial cell, 
nucleic acid amplification techniques such as PCR are needed. Here, PCR 
is most commonly conducted, with the addition of an intercalating dye 
or TaqMan probe that enables fluorescence-based end point detection 
of microwells or droplets containing bacteria with the target gene. In 
addition to optimizing polymerase, primers and probe concentrations 
or the thermocycling conditions, selecting an inhibitor-resistant poly-
merase and adding PCR-enhancing additives147 are necessary for direct 
detection from complex sample matrices such as blood. To achieve 
one-step operation, the 95 °C hot start step in PCR can double as thermal 
lysis. However, thermal lysis is only applicable to Gram-negative bac-
teria, which can partly explain the scarcity of platforms for detecting 
Gram-positive bacteria. In addition to PCR, loop-mediated isothermal 
amplification (LAMP) has been used to detect Gram-negative bacteria 
such as E. coli and Salmonella by their DNA and mRNA, respectively130. 
LAMP has become a mature method with commercially available rea-
gents and several strategies for fluorescence detection, such as Cal-
cein and SYBR Green. The constant reaction temperature (typically 
60–65 °C) removes the need for a thermocycling instrument, the main 
advantage of LAMP. However, even for direct detection of E. coli and 
Salmonella, additional lysis reagents such as sodium fluoride (NaF) 
and lysozyme to the LAMP reagents are necessary130.

Bacterial 16S rRNA is an attractive target for bacterial identifica-
tion due to several reasons. First, it is a well-established method to ana-
lyse 16S rRNA sequences for phylogenetic classification of bacteria148,149. 
Second, there are large and curated databases of rRNA sequences — 
including the Ribosomal Database Project150 and GenBank — that can 
facilitate probe design to detect bacterial 16S rRNA. Third, there are 
abundant rRNA molecules (~103–105 copies151–153) per cell. The abun-
dance of rRNA enables amplification-free detection of single cells. 
Such amplification-free detection is most commonly accomplished 
through brief thermal lysis followed by hybridization between fluoro-
genic probes, such as molecular beacons154 or displacement-based 
duplex probes155–157, and species-specific sequences in 16S rRNA within 
picolitre-scale droplets that create high local concentrations of 16S 
rRNA. This hybridization-based detection method eliminates the need 
for nucleic acid extraction, minimizing sample preparation and ena-
bling single-step, sample to answer operation. Recently, researchers 
have used 16S rRNA abundance as a surrogate marker for bacterial 
response to antibiotic exposures. It was shown that rapid AST can be 
accomplished through droplet-based quantitative measurements of 
single-cell 16S rRNA abundance following brief exposure to antibiotics, 

as short as 10 min (ref. 157). Despite these advantages, the requirement 
of a small reaction volume and high-throughput detection means this 
strategy is almost exclusively used within droplets and the feasibility of 
detecting Gram-positive bacteria remains to be investigated.

Bacterial replication assays. Bacterial replication is the most direct 
way to reveal the phenotypic response of bacteria to antibiotics, mak-
ing it a widely used method for single-cell AST125,158–161. This strategy is 
attractive because it is applicable for both Gram-negative and Gram-
positive bacteria and is independent of the resistance mechanism. 
Measuring replication at the single-cell scale can potentially reduce 
the assay time to one replication, or the doubling time of the bacterial 
species (Box 1). As a result, bacterial replication has been coupled to 
all four single-cell isolation methods (Fig. 2b, arrows towards bacterial 
replication). The bacterial concentrations in microdevices are typi-
cally higher than standard bacterial concentrations in conventional 
broth microdilution AST, resulting in an inoculum effect162, which may 
lead to inaccurate AST and minimum inhibitory concentration (MIC) 
results. Thus, it is critical to optimize the assay conditions such as the 
incubation time. Bacterial replication assays generally do not classify 
or identify bacterial species. Consequently, bacterial replication assays 
should be applied along with a single-cell identification assay. Finally, 
the assay times could be long for bacteria with long doubling times such 
as Mycobacterium tuberculosis, whose doubling time is >24 h. The abil-
ity to identify slow growing bacteria in contrast to susceptible strains is 
critical, as a resistant bacterium that is falsely classified as susceptible 
is a major error in AST. These considerations should be assessed prior 
to choosing a bacterial replication assay when developing a single-cell 
pathogen diagnostic platform.

Bacterial replication assays can be direct or indirect. For AST, both 
should adhere to standard conditions as often as possible, such as 
using cation-adjusted Mueller–Hinton broth and 37 °C as the culture 
broth and incubation temperature. Direct bacterial replication assays 
only require the target bacteria, a culture broth and antibiotics, which 
subject bacteria to the simplest environment for replication without 
additional, potentially inhibitory, reagents. Bacterial replication can 
then be readily detected though optical microscopy — by counting 
individual cells or measuring the length or area occupied by the grow-
ing cells — or through alternative means such as changes in electrical 
impedance98,99,104,105,110–112,163. Indirect bacterial replication assays use an 
additional surrogate molecule, usually an enzymatic substrate, that 
produces a detectable signal, such as fluorescence or colour change, 
to indicate bacterial growth125,158,164–166. These molecules can diffuse, 
and are best suited for completely isolated reaction compartments, 
such as microwells and droplets. The diffusive surrogate molecules can 
produce strong signals spanning entire microwells or droplets that con-
tain replicating bacteria. Such strong signals can be readily detected in 
parallel, facilitating high-throughput detection of many cells per sample 
and, thereby, enhancing experimental reliability. Currently, resazurin 
is perhaps the most widely used surrogate molecule125,158,161. Bacterial 
metabolites from replicating bacteria, such as nicotinamide adenine 
dinucleotide hydrogen, can reduce resazurin into resorufin, which is 
strongly fluorescent. However, addition of a surrogate molecule can 
inhibit bacterial replication. This concern is usually circumvented by 
setting the no-antibiotic control as the reference for relative compari-
son with antibiotic samples and experimenting with several surrogate 
molecule concentrations to ensure only minor inhibition to replication. 
For both assays, time-course measurements with appropriate antibiot-
ics, including no-antibiotic controls, should be performed to determine 
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the minimum incubation time that can reliably differentiate bacterial 
replication, minimizing false negative and false positive results.

Bacterial physiology assays. In addition to replication, other physi-
ological features of bacteria, such as size, morphology, enzyme 
activity and motion, can be used to classify some bacteria species or  
to perform AST113,167–172. Size and morphology have long been used to 
classify bacteria, for example cocci, bacilli, diplococci and tetrads111. 
Enzyme activity of bacteria can also be used for identification, through 
addition of chromogenic media that change colour in the presence of 
a specific bacteria173. Importantly, when performed at the single-cell 
scale, rapid physiological changes occur in bacteria in response to anti-
biotic exposure, offering an attractive strategy for rapid AST. However, 
these physiological features are often species-specific, with little to no 
standardization. Therefore, the bacterial physiology strategy is best 
suited to specific scenarios, where the pathogens of interest are known.

Motion is the most frequently used physiological feature for per-
forming AST. For instance, motion of individual bacteria confined on 
an open substrate has been shown to reflect antibiotic susceptibility of 
bacteria94,174 (Fig. 2b, arrows towards bacterial physiology). In this sce-
nario, although long-range motion (swimming) of bacteria is limited, 
short-range motion (wiggling) exists due to the molecular motor and 
bacterial flagella activities, which is closely associated with bacterial 
viability174. Bacteria move actively and contribute to large short-range 
motion in the absence of antibiotics or when they are resistant to tested 
antibiotics. By contrast, this motion dramatically reduces when bac-
teria are susceptible to an applied antibiotic. Detection of short-range 
motion under various antibiotic conditions can quickly reveal antibi-
otic susceptibility. This single-cell motion can be directly monitored 
using advanced imaging techniques, such as plasmonic imaging and 
tracking175, surface-enhanced Raman scattering37–40 and subcellular 
fluctuation imaging174,176. It can also be detected using ultrasensitive 
biosensors that capture mechanical fluctuations from the bacterial 
motion94,177. Using this mechanism, AST results can be detected within 
seconds to minutes174,175,177.

Single-cell assay output measurement
The third essential capability of a single-cell pathogen diagnostic 
platform is to measure the output from single-cell detection assays. 
This section consolidates three prevalent techniques for measuring 
single-cell diagnosis results, including image analysis, fluorescence 
read out and bioelectronics measurement (Fig. 2c). There is a focus on 
fundamental mechanisms, core parameters and the major applications 
of these technologies.

Optical microscopy. Optical microscopy is the most established 
and accessible measurement method for single-cell detection assays.  
A microscope equipped with a 20× (or larger) objective and a charged-
coupled device or complementary metal–oxide–semiconductor 
camera is readily capable of visualizing single bacterial cells in bright-
field mode and phase contrast mode99,104,105,178. Time-lapse optical 
microscopy is especially useful for bacterial replication assays and 
some bacterial physiology assays (Fig. 2c, arrows towards bright-field 
microscopy), as the relative change in bacteria can be revealed from 
time-lapse images. Time-lapse images can be analysed using widely 
accessible software such as ImageJ179. Custom software tools have 
also been developed. For example, the computational tool ChipSeg 
segments a bacterial population, which is cultured in a microfluidic 
device and imaged by time-lapse microscopy, into individual cells180.  

The main advantage of optical microscopy, especially under bright-
field microscopy, is accessibility and simplicity, as most research 
laboratories have access to standard microscopes that require mini-
mal optimization. Notably, some researchers use phase contrast 
microscopy to better visualize bacteria102,163. Although bacteria can be 
observed more clearly using phase contrast microscopy, the required 
phase contrast condensers and phase contrast objective lenses add 
considerable cost to a microscope. An important consideration for 
optical microscopy is that the high magnification required to visual-
ize individual bacterial cells restricts the field of view to tens or low 
hundreds of bacterial cells. Finally, when viewed through the lens of 
portable diagnostic tools that can be used outside centralized laborato-
ries, in resource-limited settings, there has seen a push for developing 
cell phone-based microscopes and lensless imaging that can detect 
single bacterial cells181,182. However, further investigation is needed to 
attain comparable detection performance with standard microscopes.

Fluorescence imaging, microscopy and spectroscopy. Fluorescence- 
based read out is the most widely used read-out for single-cell detec-
tion assays, especially nucleic acid detection assays and replication 
assays (Fig. 2c, arrows towards fluorescence). Various fluorogenic 
reagents — including fluorescent dyes (EvaGreen and resazurin), fluoro-
phores (fluorescein) and fluorescent proteins (green fluorescence 
protein) — with unique excitation and emission ranges can be used to 
create fluorescence-based single-cell detection assays. It is essential 
to ensure matching excitation and emission wavelengths between the 
fluorogenic reagents and the read-out instruments.

Fluorescence-based read out can be commonly implemented as 
imagers, microscopes and spectroscopes, with each instrument having 
a unique compatibility with various single-cell isolation devices and 
single-cell detection assays. In-depth discussion of different imple-
mentations and their associated instrumentation is beyond the scope 
of this Primer and can be found elsewhere183–186. Fluorescence imaging 
is typically performed with either a commercial image scanner or 
a custom camera-based imager with the necessary excitation light 
source, an optical filter and optional temperature-controlled heating 
apparatus128,187,188. These imaging systems can capture a large field 
of view (>5 cm × 5 cm) that exceeds the footprint of most single-cell 
isolation devices discussed previously. However, there are trade-offs 
between the field of view, resolution and scanning time. The imag-
ers are best suited for imaging assay output within large microwells 
(~100 µm × 100 µm × 100 µm). Commercial fluorescence microscopes 
with charged-coupled device cameras are compatible with all previ-
ously discussed single-cell isolation devices and detection assays, 
from dye-stained or fluorescent protein expressing bacteria to resa-
zurin assay output in microwells and droplets189. Despite this versatil-
ity, fluorescence microscopes typically have a smaller field of view 
(<1 mm × 1 mm, depending on objectives). Fluorescence spectroscopes 
are commonly custom-built, including an excitation source (laser 
or light-emitting diode), a detector (photomultiplier tube or ava-
lanche photodiode), filters, mirrors and other optical components as 
needed. They are most often used to perform end point measurements 
of droplets that sequentially flow through the spatially fixed detec-
tion volume of the fluorescence spectroscope, which results in a time 
trace of fluorescence signals that correspond to individual droplets. 
Regardless of implementation, optimization of fluorescence detection 
should include an adjustment of the excitation light source intensity 
and the detector’s detection time interval, alongside comparisons of 
the fluorescence signals with and without bacteria at each condition.
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Other detection methods. The high diversity of bacterial physiology 
has enabled it to be detected by various methods at the single-cell 
level to determine pathogen diagnostics. For instance, measurement 
of cell density or mass of a single bacterium has been demonstrated 
for measuring antibiotic resistance using a suspended microchannel 
resonator168,190. The suspended microchannel resonator is a delicate 
biosensor capable of measuring the buoyant mass of individual bacteria 
and differentiating resistant or susceptible strains by their osmotic 
shock response after antibiotic exposure168. Measurement of the bac-
terial cells’ physical profile, including length, width and morphology, 
has been demonstrated at nanometre resolution using pioneering 
imaging analysis that can identify cell deformation in the presence 
of an antibiotic, which can determine antibiotic susceptibility172,191. 
Single-cell assays of bioelectrical properties have made substantial 
contributions to single-cell pathogen diagnosis due to the simplicity 
and flexibility for read-out acquisition. For example, the increase of 
bacterial cells and/or the accumulation of metabolism products from 
a single bacterium during growth could cause considerable change in 
the electrical features of a confined small volume, such as microchan-
nels and microwells, resulting in a detectable electrical signal166,169,192 
(Fig. 2c, arrows towards bioelectronics). Among others, the impedance 
signal represents a typical measuring parameter that can be quantita-
tively captured using an electrical circuit in situ, such as a Wheatstone 
bridge circuit. This signal can be acquired and recorded in hardware 
for analysis. This experimental set-up reduces the dependence on 
delicate instrumentation. However, to implement this methodology 
for measuring single-cell assays, it is necessary to first calibrate the 
measurement in the designated medium, as electrical conductivity 
varies with the medium, potentially interacting with the bioelectrical 
signal and incapacitating the measurement.

Results
In this section, representative results from single-cell pathogen diag-
nostics are provided. First, the section briefly introduces common tools 
for data acquisition and analysis. As similar assays generate similar data, 
the discussion is categorized based on nucleic acid detection assays, 
replication assays and physiology assays.

Data acquisition and analysis tools
Common tools for data acquisition and analysis include ImageJ, MAT-
LAB and LabVIEW (Laboratory Virtual Instrument Engineering Work-
bench) (Table 1). ImageJ, with built-in or custom plug-ins179, has been 
the go-to software for analysing image-based data generated from 
nucleic acid detection assays and replication assays through optical 
microscopy and fluorescence. Image analysis can also be accomplished 
using other software packages, such as MATLAB, which is capable of 
automating and scaling up the analysis of large data sets. MATLAB can 
be used to analyse non-image data, such as the fluorescence signal of 
droplets in a time trace acquired through another software package, 
such as LabVIEW. LabVIEW, which uses a data acquisition card, can 
achieve versatile data acquisition ranging from electrical impedance 
across microchannels, fluorescence intensity in droplets and nanoscale 
motion of single bacteria94,112,154,193.

Bacterial nucleic acid detection assays
Nucleic acids in individual bacteria can be detected to identify bacteria 
at the single-cell level and, simultaneously, quantify bacterial load. It 
can be performed by discretizing the bacterial cells in confined volumes 
followed by a fluorogenic detection process (Fig. 3A, left). Commonly, 
after bacteria are individually isolated and lysed, the bacterial nucleic 
acids from a single bacterium are released, amplified and detected 
with fluorescence read out130 (Fig. 3Aa). This basic scheme is expanded 
towards various configurations with modifications on demand. A repre-
sentative configuration is to detect rare bacteria in blood and quantify 
the bacteria at the single-cell resolution. It has been demonstrated by 
encapsulating bacteria together with blood cells in picolitre droplets, 
releasing and amplifying 16S rDNA from each individual bacterium, 
and detecting the 16S rDNA with fluorogenic complementary probes147 
(Fig. 3Ab). Importantly, the assay conditions are carefully tuned to 
enable PCR amplification in the presence of inhibitors in blood, such 
as haemoglobin. Overall, these assays successfully demonstrate detec-
tion of nucleic acids at the single-cell level in a one-pot format, which 
eases detection. However, this may hinder the detection of broad-
spectrum bacteria requiring multiple reaction steps132,194,195. In response, 
a microwell device has been developed for single-cell level detection 

Table 1 | Data acquisition and analysis for results from single-cell detection

Software Capability Advantages Limitations Representative practices

ImageJ and its 
derivatives, 
such as Fuji and 
ImageJ2

Quantitatively analyse bacterial 
cells, cell morphology and cell 
counting in images
Measure fluorescence signal 
by pixels in images

Easy to use via a graphical user interface
An open-source software with 
built-in plugs and manual scripts, 
programmable by Python,  
R and JavaScript, for customized 
functionalities

Limited for image analysis
Challenging to identify targets 
in an automatic means, 
especially in complex matrices, 
which may hinder applications 
for analysing big data sets

Evaluate antibiotic resistance 
by measuring bacterial 
growth98,100,111

Quantify bacterial load by 
testing fluorescence signal 
from discretized bacteria125,126

MATLAB Perform image analysis 
for bacterial recognition, 
quantification and 
fluorescence signal evaluation
Analyse data in other formats, 
such as signal from discrete 
droplets

Programable (by MATLAB language)  
for customized functionalities
Scalable for batch processing in  
an automatic manner
Allows machine learning and deep 
learning using built-in toolboxes, such 
as Neural Networks

Requires expertise in 
programming
May require a high volume  
of computing resources
The license is not free

Scenarios that analyse a large 
set of data110,163

Identify/classify pathogens 
by their biological 
features206,238–240

LabVIEW 
(Laboratory 
Virtual Instrument 
Engineering 
Workbench)

Simulate laboratory 
instruments for gauging signal 
from designated sensors, 
which are typically read using  
a data acquisition card

Graphical programming of virtual 
instruments (the G language) with high 
flexibility
Reduced need for hardware
Straightforward electrical read out

Requires expertise in 
electronics and circuitry
Compatibility between 
versions can be an issue
Limited access for free 
open-source libraries

Detect electrical and/or 
photonic properties of a 
single bacterium112,157

Examine antibiotic resistance 
by testing bacterial motion94,174
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of S. aureus121 (Fig. 3Ac), a Gram-positive strain that requires enzymatic 
lysis196. As this lysis step is not compatible with PCR amplifications197, 
the detection is achieved by implementing bacteria partitioning, cell 
lysis, PCR amplification and fluorescence detection step by step in 
each individual microwell.

The fluorescence read-out results from single-cell nucleic acid 
detection assays (Fig. 3A, left) are often visualized as histograms 
(Fig. 3A, right). Statistically, samples with the target nucleic acids pos-
sess a higher intensity than samples with no target nucleic acids. As a 
result, the presence of the target nucleic acids can be differentiated by 
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setting an upper threshold above the mean for samples with no target 
nucleic acid (Fig. 3A, right). This threshold can be determined based on 
the confidence interval of the negative sample (Fig. 3A, right, dotted 
line). The confidence interval is generally set to 95% or above, indicating 
roughly two times the standard deviation above the mean. The shape 
of the droplet may also be used to identify droplets, complementing 
the threshold approach90,198. Consequently, pathogen identification is 
revealed by correct identification of associated nucleic acids. Moreo-
ver, as positive microwells or droplets are counted, the bacteria can be 
quantified at the single-cell resolution. Alongside counting, it is also 
possible to differentiate the fluorescence intensities within the posi-
tive microwell or droplet, which provides an additional parameter for 
AST. This strategy is particularly applicable for droplet-based and 16S 
rRNA-based pheno-molecular AST157, where the no-antibiotic control 
can have stronger fluorescence signals in positive droplets than positive 
droplets of the antibiotic-treated sample, reflecting a greater quantity 
of 16S rRNA (Fig. 3B, right, intensity shift in coloured groups).

Before quantifying an unknown concentration of bacteria, it is 
customary to calibrate the system using samples spiked with various 
known concentrations of bacteria or samples with known bacterial 
loads. A linear relationship between the input concentrations and the 
number of detected bacteria should be obtained. The most important 
parameter is the average number of bacteria per microwell (λ), which 
is determined by the product of the input concentration of bacteria 
and the microwell volume. The values used to calculate the probability 
(P) of detecting k bacteria discretized in a microwell are based on the 
Poisson distribution (P X k λ λ e k( = ; ) = ( )/ !k λ− ). Testing three input con-
centrations of bacteria such that λ = 0.01, λ = 0.1 and λ = 1 should provide 
sufficient initial validation. Importantly, based on the Poisson distribu-
tion, at λ = 0.01 essentially 1% of all microwells in the device would 
contain a single bacterial cell. The microwell occupancy with single 
bacterial cells at λ = 0.1 would be ~9%, instead of 10%, and at λ = 1 occu-
pancy is only ~37%, rather than 100% (Box  2). This is because as  
λ increases, the probability of a microwell containing more than a single 
bacterial cell also increases.

Bacterial replication
Bacterial replication under antibiotics has been studied at the single-
cell level to determine antibiotic susceptibility104,105,110–112,199,200. To trace a 
single bacterium, cells are first captured individually in a microchannel, 
microwell, droplet and open substrate, allowing bacterial growth in situ 
under the designated antibiotic condition (Fig. 3B, left). The growth 
of the isolated bacteria is monitored by imaging the bacterial cells, 
where the single-cell morphological changes, such as the bacterial size,  

are recorded. For instance, the bacterial cell number increases expo-
nentially over time when there is no antibiotic applied or the bacterium 
is resistant to the antibiotic111,163 (Fig. 3Ba,Bc). Alternatively, the replica-
tion of a bacterium may change the electrical impedance/resistance of 
the microenvironment and that change can be measured to detect bac-
terial growth112,192. A representative result is that the electrical resistance 
of the microchannel proportionally increases with the bacteria number 
because bacterial cells growing along the microchannels can block the 
ionic current across the channels and enhance the electrical resist-
ance112 (Fig. 3Bb). Besides these approaches, which interface directly 
with bacterial cells, the metabolic activity of individual bacteria has  
been researched to evaluate bacterial growth125,158–161. As bacteria grow 
in small confined volumes, such as picolitre droplets and microwells, 
metabolic products generated from the bacteria accumulate gradu-
ally, quickly resulting in high concentrations that can be detected by 
a fluorogenic resazurin assay158,201 (Fig. 3Bd,Be). The fluorescence sig-
nal is quantitatively measured to assess bacterial growth in response 
to different antibiotic conditions. Of note, the fluorescence signal in 
droplets is individually detected to ensure high detection sensitivity 
and the detection is generally performed at the end time point of the 
assay201 (Fig. 3Be). Statistical analysis of the signal, such as the ratio of 
droplets with high fluorescence intensity, can reflect the metabolism 
and therefore bacterial growth.

By interpreting the bacterial growth in the presence of corre-
sponding antibiotics, the antimicrobial susceptibility profile can be 
determined (Fig. 3B, right). The detected signals are normalized to 
estimate the relative change in the growth. This relative change can 
include a series of time-lapse data points, which can be fit to an expo-
nential model to generate a curve. This curve may be further analysed 
to determine the growth rate and the fastest time for differentiat-
ing growth in various conditions. Growth of bacteria above the CLSI 
breakpoints suggests that the bacteria are resistant to the antibiotic. 
Otherwise, the bacteria are susceptible to the antibiotic (Fig. 3B, right). 
Similarly, the resistance or susceptibility can be determined by investi-
gating the relative change of the growth at the end point (Fig. 3B), such 
as the fluorescence intensity in droplets. Generally, the determination 
of resistance or susceptibility can be accomplished within a few hours 
(one or a few replications) using the single-cell growth test, compared 
with the days required for standard procedures.

Bacterial physiology
Detecting the cellular motion of a captured bacterium — for instance, 
in situ wiggling — can rapidly reveal bacterial response to an antibiotic. 
The motion of the bacterium creates nanoscale mechanical fluctuations 

Fig. 3 | Representative results from single-cell pathogen diagnostics 
and corresponding analysis and interpretation. A, Single-cell nucleic 
acid detection is performed by identifying DNA/RNA markers associated 
with pathogen identification and/or resistance. This detection is typically 
implemented in confined volumes, such as microwells (panels Aa130 and Ac121) 
and droplets (panel Ab147), to localize nucleic acids released from individual 
bacteria. The results are typically presented in fluorescence format with 
single-cell resolution that can be analysed to identify and quantify the target 
of interest. B, Single-cell growth is implemented in microchannels (panels Ba111 
and Bb112), open substrates (panel Bc163), microwells (panel Bd158) and droplets 
(panel Be201), with various detection mechanisms and measurement approaches 
that can be quantitatively analysed to determine the relative growth and, 
thereby, interpret the antimicrobial resistant profiles. C, Single-cell motion is 

captured by nanomechanical biosensors (panels Ca94 and Cb174) and advanced 
imaging techniques (panel Cc96). As the cell motion varies with antibiotic 
conditions, it has been investigated to reveal antimicrobial resistant profiles. 
S. aureus, Staphylococcus aureus. Part Aa adapted from ref. 130, CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). Part Ab adapted with 
permission from ref. 147, Royal Society of Chemistry. Part Ac adapted 
with permission from ref. 121, Royal Society of Chemistry. Part Ba reprinted with 
permission from ref. 111, PNAS. Part Bb adapted with permission from ref. 112, 
PNAS. Part Bc adapted with permission from ref. 163, AAAS. Part Bd reprinted 
with permission from ref. 158, PNAS. Part Be reprinted with permission from 
ref. 201, Wiley. Part Ca adapted from ref. 94, Springer Nature Limited. Part Cb 
adapted from ref. 174, Springer Nature Limited. Part Cc adapted with permission 
from ref. 96. Copyright 2016 American Chemical Society.

https://creativecommons.org/licenses/by/4.0/
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of the substrate. By capturing a bacterium on an atomic force micro-
scope cantilever, the bacterial motion and fluctuations can be measured 
by detecting the motion of the cantilever with the reflection of a laser 
beam20,94 (Fig. 3Ca). This nanomechanical sensing mechanism can 
be further developed to improve the detection sensitivity and multi-
plexity by capturing bacteria on an array of graphene drums. Each 
drum consists of an ultrathin (<1 nm) graphene substrate suspended 
on top of a circular cavity. Owing to the small mass, high stiffness and 
micrometre-sized area of the graphene substrate, the motion from a 
single bacterium causes a detectable fluctuation in the substrate that 
can be measured using laser interferometry174 (Fig. 3Cb). Alternatively, 
advances in imaging techniques have enabled direct monitoring of  
a single bacterium’s motion. Surface plasmon resonance imaging is a 
representative method for monitoring this motion22,23. In this method, 
polarized light is directed to create surface plasmons on the gold 
surface, and the reflected light is detected. When resonance occurs 
between the surface plasmon and the reflection light, the reflected light 
is absorbed, leading to a weak signal. As bacterial motion can change 
the surface plasmons, the motion from a single bacterium could be 
recorded by the reflected light96 (Fig. 3Cc).

The bacterial motion reflects the bacterial viability under antibiot-
ics and therefore indicates antibiotic resistance (Fig. 3C, right). As 
bacteria move in a favourable condition, such as the culture medium, 
the motion has a large range, which can be quantitatively analysed by 
outlining the amplitude, namely σ z t= ( )2 , where σ and z(t) represent 
the equivalent distance and trajectory of the motion, respectively 

(Fig. 3C, right, dotted lines). The amplitude of the motion could be 
dramatically attenuated when an antibiotic is applied, suggesting that 
the bacteria are susceptible to the antibiotic. By contrast, the motion 
will not be attenuated if the bacterium is resistant to the antibiotic. 
Notably, motion inhibition caused by the antibiotic occurs within a few 
minutes, if not seconds, allowing the potential for rapid AST.

Applications
Single-cell pathogen diagnostics were developed to speed up tradi-
tional diagnosis, guide antibiotic use in a timely manner and help com-
bat antibiotic resistance. This section reviews applications of single-cell 
pathogen diagnosis platforms for accelerating pathogen detection and 
identification, and AST. As single-cell pathogen diagnosis is at an early 
stage, applications are selected by considering their clinical potential, 
namely the capability of testing clinically relevant samples, including 
clinical patient samples, spiked samples and clinical isolates.

Pathogen detection and identification
Single-cell pathogen diagnosis serves as a valuable tool to facilitate 
rapid detection of bacteria with high sensitivity202. It has been applied 
to detect the presence of bacteria in clinically relevant samples within 
a few hours. The samples could contain bacteria at low concentrations 
and involve complex matrices. More specifically, bacteria spiked in cul-
ture medium at concentrations below 105 cfu ml–1, a clinical cutoff for 
UTIs, have been detected by examining the bacterial metabolic activity 
in a microwell device125 (Fig. 4a). This device successfully demonstrated 

Box 2

Poisson distribution and its application for single-cell isolation  
and quantification
The Poisson distribution is a discrete probability distribution that 
describes the possibility of a given number of events happening 
in a given time or space. Each event should be independent of the 
previous event and the frequency of events should follow a constant 
mean rate. The probability mass function at the given number of 
events is P X k λ e k( ) ( )/ !k λ= = ⋅ − , where λ, k and e are the designated 
mean rate of the occurrence, the number of occurrences and Euler’s 
number, respectively. High probability is observed when the number 
of occurrences is around the designated mean rate. Online Poisson 

distribution calculators can be helpful to visualize distributions at 
various λ values. In scenarios for sampling bacteria in a fixed space, 
small λ is generally designed. For instance, as λ = 0.01, the majority of 
the space, for example microwells and droplets, are blank, whereas 
a very small portion (0.999%) of the space contains 1 bacterium 
(see the figure). In these bacteria-containing spaces, the bacterial 
concentration elevates dramatically, supporting high sensitivity 
detection and short turnaround detection time.

k (bacteria #) P (x = k)

0 0.99005
1 0.0099
2 4.95 × 10–5

3 1.65 × 10–7
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Fig. 4 | Applications of single-cell pathogen diagnostics for pathogen 
detection and identification. a, The presence of rare bacteria is quantitatively 
detected by measuring the metabolism product from individual bacteria  
captured in microwells125. b, Antibiotic-resistant bacteria spiked in whole  
blood are identified by molecularly probing the resistant DNA markers  
released from a single bacterium in droplets147. c, Bacteria in clinical urine  
samples are identified by examining 16S ribosomal RNA (rRNA) markers  
from individual bacteria to determine Enterobacterales and Escherichia coli 

strains157. d, Bacteria spiked in seawater are identified by detecting mRNA and 
DNA from a single bacterium captured in microwells130. cfu, colony forming 
unit; LAMP, loop-mediated isothermal amplification. Part a reprinted  
with permission from ref. 125. Copyright 2018 American Chemical Society.  
Part b reprinted with permission from ref. 147, Royal Society of Chemistry.  
Part c reprinted from ref. 157, CC BY 4.0 (https://creativecommons.org/licenses/
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detection for E. coli and S. aureus within 3 h. Importantly, the device 
quantitatively determines the bacterial concentration by counting 
the positive wells, supporting the evaluation of the severity of the 
infection.

For positive samples, the next step is to identify the bacterial 
species. Identification informs the selection of antibiotics for AST, as 
the recommended panel of antibiotics to assay varies with bacterial 
species. Compared with chromogenic agar and mass spectroscopy, 
which require lengthy culture to obtain mono isolates for detection, 
single-cell pathogen diagnosis has been applied to rapidly identify 
pathogens by testing specific gene markers (Fig. 4b–d). Taking this 
underlying principle, single-cell pathogen identification has been 
demonstrated for identifying antibiotic-resistant bacteria spiked in 
blood, where the blood was diluted ten times, with 100% sensitivity 
and specificity147. The resistant gene marker (blaCTX-M-14) from a single 
bacterium is released, amplified and detected in individual picolitre 
droplets147 (Fig. 4b). This method results in a sensitivity of 10 cfu ml–1. 
Bacterial load is quantified at the single-cell resolution, with a sample 
to answer time below 1 h. Similarly, single-cell pathogen identification 
has been applied to identify bacteria from clinical urine samples, where 
two fluorogenic probes examined 16S rRNA markers from individual 
bacteria157. Enterobacterales and E. coli strains were determined in 
parallel within 30 min (Fig. 4c). In a clinical study of 50 de-identified 
patient urine specimens, this approach demonstrated excellent sen-
sitivity and specificity compared with clinical standard methods, 
suggested by high areas under curves (>0.95) in a receiver-operating 
curve analysis. Although not a clinical application, a device formed 
by asymmetric filter membranes has demonstrated a 1-h identifica-
tion of rare bacteria in a large volume of unprocessed environmental 
samples (10 ml seawater). This device removes complex chemical  
and biological components, such as large particles, sand, plankton and 
small inhibitory molecules, while concentrating bacteria in microwells 
on the device for single-cell level nucleic acid-based identification. 
This device not only achieved an exceptional bacteria recovery rate, 
close to 100%, but also allowed for a wide dynamic range and single-cell 
sensitivity (0.3–10,000 cells ml–1)130 (Fig. 4d), indicating the potential 
for adaptation in clinical diagnostics.

Antimicrobial susceptibility testing
Another key application of single-cell pathogen diagnostic platforms 
is AST. Evaluation of the bacterial growth in the presence of an antibi-
otic at concentrations defined by CLSI guidelines is used to determine 
antibiotic susceptibility and the MIC of antibiotic.

A single-cell diagnostic platform has been applied to test the anti-
biotic susceptibility of bacteria in clinical urine samples to ciprofloxa-
cin within 2 h (ref. 111). This AST is achieved by directly imaging bacterial 
growth in microchannels. In a clinical comparison study, this system 
implemented AST for 25 clinical urine samples with blinded patho-
gens and achieved 100% agreement with broth dilution methods111 
(Fig. 5a). Similarly, by imaging bacterial growth in microchannels, 
the susceptibility of clinical uropathogenic Escherichia coli (UPEC) 
isolates towards ciprofloxacin could be uncovered in less than 30 min. 
This is demonstrated by the testing of 49 clinical UPEC isolates, with 
100% agreement with gold-standard disc diffusion measurements110 
(Fig. 5b). Single-cell AST has been demonstrated in a high-throughput 
manner, where individual bacterial cells are immobilized on the surface 
of 96-well plates using agarose163. The single-cell growth in each well 
is automatically imaged using time-lapse bright-field microscopy. 
This automated system performs AST within 4 h and has been applied 
for testing MICs of 43 antibiotics towards 189 clinical isolates, with 
91.5% categorical agreement and 6.51% minor, 2.56% major and 1.49% 
very major discrepancies163 (Fig. 5c). An alternative to direct imag-
ing of single-cell growth, metabolic products from bacterial growth 
have been demonstrated to accomplish AST for five clinical urine 
samples across two antibiotics in 1–5.5 h (ref. 158). The antimicrobial 
resistant profiles were correctly determined for eight out of ten  
bacteria–antibiotic combinations158 (Fig. 5d). This scheme has also been 
developed for multiplex detections of multiple antibiotics across vari-
ous concentrations by programmable encapsulation of bacteria with 
on-demand antibiotics in picolitre droplets. The bacterial metabolism 
of the encapsulated individual bacteria is tested in various antibiotic 
conditions in ~90 min. This system was applied to test the MIC of four 
antibiotics for eight clinical urine samples, with 93.8% concordance 
with the clinical report201 (Fig. 5e).

In addition to rapid AST, single-cell pathogen diagnostic platforms 
can also detect heteroresistance, where rare resistant bacteria exist 
in numerous susceptible bacteria and may predominate and spread 
after an improper antibiotic course133,203. In response, single bacterial 
growth under a certain antibiotic condition is individually tested in 
an extremely high-throughput manner in droplets. For example, each 
concentration of cefotaxime was tested in 1,900 droplets in parallel204, 
which captured the heterogeneity in antibiotic response among the 
population204 (Fig. 5f).

Notably, emerging methods of combining pathogen identification 
with AST in one test have shown great merit in promptly delivering com-
prehensive diagnostic results. Compared with direct AST, a parallelized 

Fig. 5 | Applications of single-cell pathogen diagnostics for AST. a, Pathogen 
classification was performed by examining the shape and size of bacteria at 
the single-cell level. Bacterial growth of individual bacteria was monitored to 
disclose the antimicrobial susceptibility testing (AST) profiles for 25 clinical  
urine samples with blinded pathogens111. b, AST profiles of 49 clinical 
isolates were obtained by measuring bacterial growth of individual bacterial 
cells captured in microchannels in the presence of antibiotics110. c, AST of 
189 clinical isolates was performed by testing bacterial growth captured 
at the single-cell level on an open substrate163. d, AST was implemented 
for five clinical urine samples across two antibiotics by testing bacterial 
metabolism confined in microwells158. e, Multiplex AST profiles of eight 
clinical urine samples were demonstrated by examining individual bacterial 
metabolism against four antibiotics with eight concentrations in a picolitre 
droplet system201. f, Heteroresistance profiles of a bacterial population 

were studied by detecting phenotypic growth of individual bacteria under 
antibiotic conditions in droplets204. BMD, broth microdilution; cfu, colony 
forming unit; CIP, ciprofloxacin; E. faecalis, Enterococcus faecalis; ESBL, 
extended-spectrum β-lactamase; IRPA, imipenem-resistant Pseudomonas 
aeruginosa; ISPA, imipenem-susceptible Pseudomonas aeruginosa; K. pneumoniae, 
Klebsiella pneumoniae; MIC, minimum inhibitory concentration; MRSA, 
methicillin-resistant Staphylococcus aureus;MSSA, methicillin-susceptible 
Staphylococcus aureus; TTR, time to results; UPEC, clinical uropathogenic 
Escherichia coli; VRE, vancomycin-resistant Enterococcus. Part a reproduced with 
permission from ref. 111. Copyright 2019 PNAS. Part b reproduced with permission 
from ref. 110. Copyright 2017 PNAS. Part c reprinted with permission from ref. 163,  
AAAS. Part d reproduced with permission from ref. 158. Copyright 2017 PNAS. 
Part e reprinted with permission from ref. 201, Wiley. Part f reprinted with 
permission from ref. 204, Royal Society of Chemistry.
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pathogen identification test could quantitatively determine the bacte-
rial concentration205 and its relative changes206 to complement and assist 
AST. Furthermore, bacteria captured in adaptable microchannels could 
be classified according to their physical shape and size111. This initial 
classification guides the selection for proper antibiotic candidates for 
AST. Alternatively, pathogen identification of single bacteria discretized 
in picolitre droplets can be detected by its nucleic acids. Meanwhile, 
quantitative analysis of these nucleic acids, which varies with bacterial 
growth during antibiotic exposure, has been demonstrated to resolve 
antibiotic resistance profiles157. These techniques have been applied to 
conduct pathogen identification and AST for clinical urine samples and 
derive results on timescales as short as tens of minutes.

Reproducibility and data deposition
There are significant variabilities in the design, implementation and 
application of single-cell pathogen diagnostic platforms. Additionally, 
there are significant variabilities in microfluidic devices, including 
manufacturing, assembly, packaging, interconnections, component 
integration and flow control207. Although there is recognition of the 
importance of standardization in microfluidic devices208, the research 
community has been slow to adopt this practice207. Nevertheless, as the 
research community becomes increasingly aware of the need for and 
benefits of research reproducibility, transparency and standardization, 
there is optimism that standardized single-cell pathogen diagnostic 
platforms will become typical in the near future. In the meantime, 
perspectives are offered here towards achieving reproducible and 
standardized single-cell pathogen diagnostic platforms.

Although there are currently no broadly agreed reporting stand-
ards for single-cell pathogen diagnostic platforms, for further progress 
and development it is essential that experimental details are published 
completely and transparently. These details should include, but are 
not limited to, device design and fabrication, including dimensions 
of microfluidic structures within devices, photolithography masks 
in appropriate files and fabrication protocols; device operation, such 
as surface treatment, oil composition, sample and oil flow rates, and 
droplet size; single-cell detection assay parameters and conditions, for 
example DNA/RNA extraction, amplification and substrate concentra-
tions; single-cell assay output measurement parameter and conditions, 
including microscopy magnification, fluorescence excitation source 
power, camera exposure time and bias voltage; and data analysis, for 
example the number of analysed cells, curve fitting functions and 
parameters, number of replicates per condition, number of tested 
and replicated devices, and statistical analysis methods. It is helpful 
to provide schematics for external instrumentation, especially if the 
instrumentation is custom-built. It is also helpful to describe data 
acquisition hardware and software and deposit software codes that are 
used for data analysis, for example by using a repository such as GitHub.

An alternative to standardizing microfluidic devices, external 
instruments and experimental procedures is to standardize benchmark 
experiments for specific application areas and ensure that new single-
cell pathogen diagnostic platforms acquire the appropriate benchmark 
results. For initial screening of bacterial infection and bacterial load 
quantification, single-cell pathogen diagnostic platforms should have 
a linear relationship between input quantities of bacteria and detected 
quantities of bacteria across a reasonable dynamic range, with a clearly 
defined limit of detection. In practice, however, bacteria can be viable but 
non-culturable209,210 and can be lost in devices, for example at intercon-
nections. These systemic causes of inaccurate quantification can increase 
or decrease the slope of the linear relationship but should not distort the 

linearity. The limit of detection should be clearly defined based on the  
no-bacteria control, using the threshold of mean + three standard devi-
ations. Only 99.7% of data occur within three standard deviations of 
the mean, in a normal distribution, so if the number of bacterial cells, 
microwells or droplets to be detected is large, a higher threshold such 
as four to six standard deviations should be used. For bacterial species 
identification, the specificity should be verified against non-target bac-
terial species, preferably using reference strains in addition to clinical 
isolates. For AST, the reference strains, culture broth, determining MIC 
for reference strains and categorizing susceptibility/resistance should 
be standardized. Essential agreements between MICs measured by new 
single-cell pathogen diagnostic platforms and MICs measured by a stand-
ard method, such as broth microdilution, or reference MICs provided by 
the CLSI guide should be reported. Moreover, categorical agreement 
between new single-cell pathogen diagnostic platforms and standard 
methods must be quantified and reported. For pilot clinical studies, 
details should explain the number of specimens, whether the specimens 
are pre-screened and with which standard diagnostic method. The sen-
sitivity and specificity with respect to the standard diagnostic method 
should be reported. Additional context for sensitivity and specificity 
values, such as using pre-screened specimens for proof of feasibility, 
should be welcomed rather than discouraged.

To improve reproducibility, transparency and standardization, 
deposition of experimental data into a central repository such as 
GitHub or publication of experimental protocols and videos in peer-
reviewed journals should be encouraged. Both raw and curated data —  
images, fluorescence signals, electrical signals — along with appli-
cable software tools and data analysis protocols, could be shared. 
Alternatively, detailed experimental protocols could be submitted to 
peer-reviewed protocol journals, including video-based protocols, 
such as the protocol on microfluidic picolitre bioreactor for microbial 
single-cell analysis211. The community could advocate for more video-
based protocols in peer-reviewed journals, and gradually view them as 
a requirement for research.

Limitations and optimizations
Although single-cell pathogen diagnostics creates new opportunities 
to address limitations in conventional diagnostic methods, it presents 
its own limitations and challenges. When a single-cell technique is 
implemented to bypass the culture step, fundamental issues associ-
ated with the clinical samples can present limitations in the analysis. 
These issues create challenges, alongside various steps of the single-
cell diagnosis workflow, which require careful optimization to ensure 
assay reliability. Notably, these limitations are interrelated and should 
be considered as a whole when integrating procedures. This section 
highlights notable limitations and discusses areas of optimization 
required for translating the single-cell diagnosis platforms towards 
managing infectious diseases.

Sample complexity
A major challenge for single-cell pathogen diagnostics stems from the 
complexity of clinical samples. For example, it is difficult to perform 
confirmatory diagnosis of different samples, from a blood sample 
with 1–100 cfu ml–1 pathogen for sepsis, a urine sample with more than 
105 cfu ml–1 of a single bacterial species for a UTI or a vaginal swab with 
mixed flora of bacteria for bacterial vaginosis. The complex matri-
ces in clinical samples may hinder assay performance. Host cells can 
clog devices, variable concentrations of proteins and salts can inhibit 
detection methods and a large range of pH values in urine samples 
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may affect the detection assays. Simple dilution/buffer exchange and 
filtration methods are often included in assays to reduce the matrix 
effect158. However, the increased volume and bacterial loss during sam-
ple preparation can decrease assay sensitivity, making it necessary to 
couple these approaches with enrichment or sample preparation steps. 
The mismatch between large sample volumes from clinical samples 
and the small sample volumes that can be analysed adds to the chal-
lenge. In single-cell pathogen diagnostic platforms, each bacterium 
is confined in a picolitre to nanolitre volume, and most single-cell 
capturing techniques only handle a sample volume in the order of 
microlitres. This means platforms typically analyse only a fraction  
of the clinical specimens. If only a small number of bacteria are analysed, 
the sensitivity requirement becomes critical. To ensure a sufficient 
number of bacteria are captured for the analysis, single-cell pathogen 
diagnostic platforms often require a bacterial concentration larger 
than 103 cfu ml–1 (or 1 cfu µl–1 per microlitre), determined by the total 
analysis volumes of single-cell isolation techniques. This limitation is 
worsened by the large surface to volume ratio of microfluidic devices, 
which are prone to biofouling and loss of the target cells212. The sam-
pling issue is particularly challenging for infections that have a low 
bacterial count, such as bloodstream infections, or a limited sample 
volume, for example neonatal infections. The combination of these 
issues demands a high bacterial load and sampling efficiency for a 
reliable clinical diagnosis. Microchannels and droplets have the capac-
ity to process samples continuously and can potentially alleviate this 
sample volume limitation, albeit at the expense of assay time. As an 
addendum to addressing this limitation, a sample pre-processing 
step that enriches the bacterial sample should be introduced for a 
robust single-cell analysis. Several biochemical or physical enrich-
ment methods have been developed and can be integrated into the 
diagnosis workflow to prevent undersampling and minimize false  
negatives213–215.

Testing throughput
Low testing throughput represents another limitation for single-
cell pathogen diagnostic platforms. For example, most single-cell 
AST platforms to date can only test one antibiotic condition per 
device110–112,157,164. They are unable to provide additional AST informa-
tion beyond the binary call of susceptibility or resistance. On the other 
hand, both CLSI and EUCAST guidelines recommend generating an 
antibiogram by testing multiple antibiotics at predefined, clinically 
relevant titrations against the causative bacteria. The antibiogram 
is essential for selecting appropriate antibiotics, ensuring effective 
treatments, facilitating antibiotic stewardship and monitoring MICs 
towards resistance surveillance. Among the single-cell pathogen diag-
nostic platforms discussed in this Primer, a few platforms increase 
testing throughput by incorporating multiple identical units in a single 
device125,216. Although practical, this strategy can only test a few condi-
tions. Other strategies for further increasing the testing throughput 
have been demonstrated via parallel processing with an automated 
instrument163 or with colour-coded beads217 and via sequential analy-
sis in droplet devices that can generate multiple groups of droplets, 
similar to an assembly line201.

Comprehensive and accurate diagnosis
To date, few single-cell pathogen diagnostic platforms have comprehen-
sively integrated initial screening of bacterial infection, quantification 
of bacterial load, identification of bacterial species and AST capabili-
ties. Most single-cell pathogen diagnostics can only provide partial 

diagnosis. For example, platforms based on replication and physiology 
generally cannot identify the species of bacteria. Although they enable 
rapid AST, these single-cell platforms are restricted to testing clinical 
isolates, as they are unable to process clinical samples that contain 
background bacteria and flora. As a result, it is critical to couple com-
patible assays that can perform bacterial identification. For example, 
this can be done by combining a nucleic acid hybridization assay with 
a cell imaging assay155 or resazurin assay. On the other hand, for nucleic 
acid assays, typical amplification and hybridization approaches cannot 
distinguish between live and dead cells. A false positive pathogen call 
based on dead cells may result in unnecessary antibiotic usage, which 
can disrupt the patient’s microbiota and lead to secondary infections. 
Finally, it should be noted that detection of Gram-positive bacteria is 
currently less frequent than for Gram-negative bacteria.

Clinical translation
The ultimate goal for the development of single-cell pathogen diagnos-
tic platforms is clinical deployment. For clinical translation of single-cell 
diagnostics, biological samples, disease parameters and potential test 
sites — for example, clinical laboratories, outpatient clinics or hospital 
bedsides — must be considered during development. Unfortunately, 
existing platforms are often complex and expensive, jeopardizing their 
clinical utility. One critical consideration is the simplicity in practice. 
An ideal device implements a simple sample to result diagnostic model 
and integrates core functions with user-friendly interfaces218,219. Also, 
it is important to design a device that requires little to no training to fit 
both in central microbiology laboratories and non-tradition settings, 
such as clinics220. It would be more useful to fully diagnose bacterial 
infections at the point of care to offer actionable treatment advice, 
which may dramatically improve clinical outcomes221. In addition, 
reducing cost is a critical factor in facilitating the widespread adop-
tion of a device219. These limitations could be systematically addressed 
through collaboration between research and clinical laboratories, 
which can serve as the first step in the translational pathway. In sum-
mary, it is envisioned that single-cell analysis techniques may transform 
pathogen diagnostics, with future use in personalized medicine and 
precise infection management222.

Outlook
The limitations of existing single-cell pathogen diagnostic platforms 
offer opportunities for future advances. This section highlights research 
opportunities, emerging research trends and potential research direc-
tions. Collectively, these discussions form an outlook for the future 
development of single-cell pathogen diagnostics.

Development of new technologies
A research priority for single-cell pathogen diagnostics is developing 
platforms that can comprehensively integrate initial screening, bacte-
rial load quantification, species identification and AST, directly from 
clinical samples with minimal or no sample preparation. Additionally, 
where the test will be deployed dictates the allowable complexity of the 
testing procedure. Although single-cell pathogen diagnostic platforms 
are not expected to fully meet the WHO ASSURED criteria — affordable, 
sensitive, specific, user-friendly, rapid, robust, equipment-free and 
delivered to those who need it223–225 — for point-of-care diagnostic test-
ing, they should aim to achieve these criteria. Currently, however, most 
single-cell pathogen diagnostics are too complex and delicate, as they 
require dedicated instrumentations and skilled technicians to run  
the assays. During development, efforts should be made to simplify the 
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system and automate implementation. Simple imaging systems, such 
as those found in cell phone cameras, can have remarkable resolution, 
are adequate for detection, are user-friendly and are cost-efficient 
compared with dedicated microscope-based systems182.

Research and development of new single-cell pathogen diagnostic 
platforms would benefit from incorporating emerging technologies 
and testing alternative antibacterial strategies. Notable examples of 
emerging technologies include machine learning and deep learning, 
which have already proved useful for enhancing the performance of 
several single-cell pathogen diagnostic platforms14,28,206,217,226–228. Nano-
pore sequencing has enhanced the ability to study complex microbial 
samples through the possibility of sequencing long reads in real time 
using inexpensive and portable technologies. It has been shown that 
nanopore sequencing can be used to monitor the human microbiome 
and in infectious disease diagnostics229. Marriage between single-cell 
pathogen diagnostic platforms and nanopore sequencing is worth 
exploring and may catalyse new diagnostic capabilities. Finally, the 
application of single-cell pathogen diagnostics can be broadened to 

evaluate various antibacterial strategies, such as antibiotic combina-
tions135,230,231, nanoparticles232 and antimicrobial peptides233, that may 
generate new insights through single-cell analysis.

Detection of fastidious bacteria
Beyond detection of common pathogens, which are easily cultured in 
clinical laboratories, single-cell pathogen diagnostics has the potential 
to improve diagnosis of fastidious bacteria, which are difficult to cul-
tivate and not routinely considered by standard clinical analysis. For 
example, AST for M. tuberculosis, the causative agent of tuberculosis, 
can take weeks to months. Rapid PCR tests such as Cepheid’s MTB/RIF 
provide rapid identification and rifampicin susceptibility, but are lim-
ited in the scope of antimicrobials and resistance mechanisms. Analysis 
of single cells in an agarose matrix under a gradient of antibiotics has 
been demonstrated to provide a phenotypic AST for M. tuberculosis 
in days178,234. Similarly, the growth rate of Borrelia spirochaetes, the 
causative agent of Lyme disease, also limits clinical detection. Indi-
rect serological methods are typically used to diagnose Lyme disease. 
However, single-cell biosensing assays may enable direct pathogen 
detection, improving early diagnosis and treatment235.

Analysis of mixed samples
Single-cell pathogen diagnostics have a unique capacity to detect 
mixed samples, with the potential to analyse microbiota. A recent 
single-cell pathogen diagnostic platform — combining microchan-
nels, bacterial replication assays, nucleic acid detection assays, opti-
cal microscopy and fluorescence microscopy — demonstrated the 
determination of susceptibility profiles for up to four antibiotics for 
individual bacterial species in mixed samples, with combinations of 
up to seven species, in 2 h (ref. 236). This capability can remove the need 
for culture-based isolation of individual bacterial species prior to AST. 
Such single-cell AST against multiple bacterial species may represent 
a new frontier for AST, although it is critical to carefully evaluate the 
results against standard AST. Understanding the complexity of the gut 
microbiota can help understand the influence of bacteria on health 
and disease132. Single-cell culture has been shown to achieve a larger 
representation of the microorganisms in stool than conventional 
culture, specifically enhancing detection of rare and slow growing 
species237. Further, single-cell analysis could identify antimicrobial 
resistant species not detected by agar plate cultivation. Having a more 
complete picture of the microbiota and the presence of antibiotic-
resistant microorganisms could aid in understanding several diseases 
and treatment responses.

Application to diseases
Single-cell pathogen diagnostics can be broadly applied to diagnose 
various infectious diseases. Among them, UTIs remain a priority. UTIs 
are among the most common infections in both community (uncom-
plicated UTI) and health-care-associated (catheter-associated UTI) 
settings. Rapid diagnostics, providing identification and AST present 
an opportunity for targeted treatment, reducing the use of broad-
spectrum antibiotics and promoting better antibiotic stewardship.  
In addition to their prevalence and significance, UTIs present a less 
severe challenge when compared with bloodstream infections because 
bacterial concentrations in infected urine are high (≥105 cfu ml–1) and 
the time frame from sample collection to initiation of treatment can be 
longer. UTIs can be viewed as an important milestone for the develop-
ment of single-cell pathogen diagnostic platforms. By contrast, blood-
stream infections may be viewed as a long-term challenge that single-cell 

Glossary

Categorical agreement
A metric for evaluating single-cell 
antimicrobial susceptibility testing 
platforms, defined as the percentage 
of clinical isolates classified in the same 
susceptibility category as the reference 
method.

Capillary effect
A physical phenomenon where liquid 
flows in a narrow space due to capillary 
force. This flow action is accomplished 
autonomously without the assistance of 
an external instrument.

Discretization
The compartmentalization of a bulk 
sample into numerous discrete and 
isolated volumes, typically using 
microfluidic technology, that enables 
single cells to be encapsulated and 
spatially constrained.

Essential agreements
A metric for evaluating single-cell 
antimicrobial susceptibility testing 
platforms, defined as the percentage 
of measured minimum inhibitory 
concentrations (MICs) within a single 
doubling dilution of the reference MICs.

Heteroresistance
A phenotype in which subpopulations 
of bacterial cells have higher antibiotic 
resistance compared with the 
susceptible main population.

Inoculum effect
The effect where the minimum 
inhibitory concentration of an 
antimicrobial reagent for inhibiting 
bacterial growth increases with 
the bacterial concentrations  
in the test.

Limit of detection
The minimum amount of a target of 
interest, such as bacteria, that can 
be distinguished from the absence  
of the target at a specified 
confidence level.

Soft lithography
A technique for fabricating microfluidic 
devices by conformably replicating 
elastic structures from a rigid mould. 
The fabrication is highly repeatable. 
It is called soft as this technique 
fabricates elastic materials.

Wheatstone bridge circuit
An electrical circuit that is able to 
measure the electrical resistance of 
a variable target with high accuracy. 
This circuit consists of two parallelized 
branches and each branch includes 
two electrical resistors. The electrical 
potential between the electrical 
resistors is measured on each 
branch and the potential difference 
between the two points is used to 
monitor the change of the target 
resistor on one branch.
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pathogen diagnostics has the potential to address. This is because 
bloodstream infections may be life threatening and timely treatment 
is essential. If sepsis is suspected, broad-spectrum antimicrobial treat-
ment is initiated without waiting for pathogen identification. Single-cell 
pathogen diagnostics that can provide rapid pathogen identification, 
resolve polymicrobial infection and correlate pathogen quantity with 
disease severity can improve patient care by rapidly narrowing in on the 
most effective, targeted treatment before antibiotics are administered. 
Directly testing blood samples would significantly reduce the time to 
results and would have the greatest clinical impact. However, diagnos-
tic platforms that can shorten the time from positive blood culture 
to diagnosis would still be useful. Assays under development using  
3D particle sorting, such as the integrated comprehensive droplet digital 
detection platform, enrich the target pathogen for direct detection90.

Demonstration of clinical utility
A priority for translation of single-cell pathogen diagnostics is to 
demonstrate the clinical reliability and utility. Deployment in clinical 
laboratories will likely be the first step in the translational pathway. 
Correlating single-cell assay parameters with existing guidelines to 
provide comparable information is a key step for translation of some 
devices. Conversely, if a device only provides partial information, such 
as pathogen classification and susceptibility for a limited number 
and concentration of antibiotics, clinical testing to show utility for 
improving patient care and outcomes becomes critical. During such 
a study, user feedback should be collected to improve efforts towards 
simplifying the platform and automating implementation.

Conclusions
This Primer provides an end-to-end guide for assessing, designing, 
implementing and applying single-cell pathogen diagnostic platforms, 
with the vision that, in the near future, such platforms can screen bacte-
rial infection, identify bacterial species and perform comprehensive 
AST within the clinically relevant time frame for enabling personalized 
antibiotic treatments and precise infection management. Although 
existing platforms have yet to realize this vision, the current trajectory 
of advancement, combined with the emergence of new tools, offers a 
promising outlook. It is hoped that this Primer can inspire and propel 
further advances in single-cell pathogen diagnostic platforms. There is 
optimism that precise and personalized bacterial infection treatments, 
enabled by effective single-cell pathogen diagnostics, will become 
a reality in the near future.

Published online: xx xx xxxx
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