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Streszczenie (Abstract in Polish)
Mikroprzepływy oparte na kroplach zrewolucjonizowały dziedzinę biologii między innymi
poprzez wprowadzenie emulsyjnej reakcji łańcuchowej polimerazy (droplet digital PCR) oraz
sekwencjonowania genomu pojedynczych komórek. Wysoka przepustowość oraz możliwość
powtarzania równoległego generacji kropel, manipulacji kroplami oraz ich detekcji sprzyja
wprowadzaniu ciekawych innowacji w analizie bakterii oraz tworzeniu nowych metod ich
diagnostyki. Małe objętości kropli (pikolitry, nanolitry) sprzyjają szybszej detekcji bakterii w
porównaniu do standardowych kultur bakteryjnych hodowanych w znacznie większych
objętościach (mililitry) ze względu na szybkie zagęszczenie kropli nowymi komórkami,
produktami metabolizmu lub wydzielanymi molekułami. Mikroprzepływy kroplowe biorą
udział w usprawnieniu technik identyfikacji i precyzyjnego liczenia bakterii, badania
wrażliwości na działanie substancji antybakteryjnych (antimibrobial susceptibility testing,
AST) oraz analizy fenotypowej i genotypowej heterogeniczności odpowiedzi populacji
bakterii na antybiotyki. Metody te pomagają w walce z opornością oraz heteroopornością
bakterii oraz pozwalają na zgłębienie mechanizmów ich powstawania. Tradycyjne
fenotypowe metody AST (detekcja wzrostu bakterii w obecności antybiotyku), na przykład
metoda mikrorozcieńczeń oraz E-test oparte są na wyznaczeniu minimalnego stężenia
inhibitującego (MIC) wzrost bakterii. Metody te są wygodne i łatwe w użyciu, ale również
wymagające czasowo oraz nie informujące o obecności heteroopornych subpopulacji.
Projekty badawcze, których wyniki opisuje ta rozprawa doktorska skupione były na
ulepszeniu lub stworzeniu nowych metod mikroprzepływowych do analizy bakterii, takich jak
liczenie, identyfikacja, detekcja wzrostu oraz oznaczanie wrażliwości na substancje
antybakteryjne włączając w to analizę populacji baterii na poziomie pojedynczych komórek w
celu oznaczenia ilości heteroopornej subpopulacji.
Rozprawa składa się z czterech rozdziałów. Rozdział 1 przedstawia charakterystykę bakterii,
wyjaśnia pojęcia oporności oraz heterooporności bakterii na antybiotyki, opisuje standardowe
oraz mikroprzepływowe metody liczenia oraz identyfikacji bakterii, techniki badania
wrażliwości na antybiotyki oraz metody detekcji heterooporności. Rozdział 2 przedstawia
materiały i metody zastosowane w pracach badawczych, natomiast Rozdział 3 prezentuje
otrzymane wyniki w poszczególnych projektach:
I. Precyzyjne liczenie bakterii w szerokim zakresie dynamicznym- opracowaliśmy
metodę, której wyjątkową cechą jest bardzo szeroki zakres dynamiczny wyznaczania stężenia
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bakterii przy wykorzystaniu stosunkowo niewielkiej ilości kropel w porównaniu do
standardowo stosowanych metod kropelkowych opartych jedynie na statystyce Poissona.
Wyniki otrzymane z zastosowaniem opracowanej technologii są̨ bardzo porównywalne do
wyników otrzymanych z użyciem tradycyjnej metody liczenia kolonii bakteryjnych na
płytkach agarowych. Natomiast opracowana technika jest mniej pracochłonna i ma potencjał
na znaczne skrócenie czasu analizy.
II. Precyzyjne liczenie oraz identyfikacja bakterii w mieszaninie- jednoczesne liczenie
oraz identyfikacja bakterii w mieszaninie bez izolowania poszczególnych szczepów możliwa
jest dzięki zastosowaniu ilościowej reakcji łańcuchowej polimerazy. Natomiast metoda ta
wymaga czasochłonnej kalibracji oraz wcześniejszego wyizolowania i oczyszczenia materiału
genetycznego bakterii w przeciwieństwie do stworzonej przez nas techniki direct droplet
digital PCR.
III. Wysokoprzepustowy system do detekcji wzrostu bakterii w nanolitrowych
kroplach bez fluorescencyjnego znakowania komórek- tradycyjnie detekcja wzrostu bakterii
w kroplach odbywa się poprzez pomiar intensywności fluorescencji, co ogranicza analizę
większości klinicznie interesujących szczepów oraz wszechstronne użycie technik
kroplowych w mikrobiologii. W związku z tym stworzyliśmy systemy oparte na pomiarze
światła rozproszonego oraz autofluorescencji, które umożliwiają detekcję nieznakowanych
bakterii Gram-ujemnych oraz Gram-dodatnich z częstotliwością skanowania 1200 kropli/s.
IV. Ilościowa analiza próbek bakteryjnych mikrofluidyczną metodą opartą na
kroplach- standardowe techniki badania wrażliwości bakterii na antybiotyki nie dostarczają
informacji na poziomie pojedynczych komórek oraz niska rozdzielczość testu nie pozwala na
ilościowe oznaczenie subpopulacji występującej w małej ilości i wykazującej zmniejszoną
wrażliwość na działanie antybiotyku. Stworzyliśmy metodę opartą na wyznaczaniu
minimalnego

stężenia

inhibitującego

pojedynczą

komórkę

(scMIC)

służącą

do

charakteryzowania heterogeniczności populacji bakterii oraz do wyznaczania stężenia
heteroopornych subpopulacji. Pomiar wzrostu bakterii w kroplach został przeprowadzony z
użyciem detektora światła rozproszonego oraz autofluorescencji.
Rozdział 4 podsumowuje wyniki uzyskane w każdym z projektów badawczych oraz wskazuje
ograniczenia i ewentualne modyfikacje w celu zwiększenia funkcjonalności stworzonych
metod oraz systemów.
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Abstract
Droplet microfluidics disrupted analytical biology by introducing droplet digital polymerase
chain reaction and droplet-assisted single-cell sequencing. The same highly parallel and highthroughput techniques for droplet generation, manipulation, and detection brought similar
essential innovations in the analysis of bacteria and created new promising diagnostics
approaches. The stochastic confinement of single cells into droplets allows for the faster
accumulation and detection of metabolic products and secreted molecules compared to bulk
cultures. Droplet microfluidics brings innovation, particularly in bacteria identification,
precise quantification, antibiotic susceptibility testing (AST), and analysis of phenotypic and
genotypic heterogeneity in the response of bacterial populations to antibiotics. These methods
help to combat and more comprehensively understand antibiotic resistance and
heteroresistance of bacterial populations. The conventional phenotypic AST methods
(bacteria growth detection in the presence of antibiotic) like the broth microdilution method
and E-test are based on a minimum inhibitory concentration (MIC) measurement. They are
convenient and relatively easy approaches, but also time demanding and have a too low
resolution to assess population heteroresistance.
The dissertation presents results of the improvement and development of microfluidic
methods to analyze bacteria and their antibiotic susceptibility patterns, i.e., quantification,
identification, growth detection, and susceptibility testing, including analysis of bacterial
population towards heteroresistance and quantification of the subpopulation with reduced
susceptibility to antibiotics.
The dissertation is composed of four Chapters. Chapter 1 describes the essential methods for
the characterization of bacteria, introduces the concept of antibiotic resistance and
heteroresistance of bacteria, reviews the standard and microfluidic methods for bacteria
counting, identification, antimicrobial susceptibility testing, and detection of heteroresistance.
Chapter 2 describes used materials and methods, while Chapter 3 presents results and
discussion of the following research projects:
I. Droplet digital CFU (ddCFU) assay for precise quantification of bacteria over a
broad dynamic range- standard droplet digital assay requires a large number of compartments
for precise bacteria quantification over a broad dynamic range. We developed an optimized
approach with a drastically reduced number of droplets. The technology is at par with gold
standard plate count, has simplified experimental setup, and reduced manual workload.
10

II. Species-specific, accurate, and precise quantification and identification of bacteria
in mixed samples- simultaneous differentiation and quantification of bacteria is commonly
performed by real-time polymerase chain reaction, which requires laborious calibration, and
the method is affected by errors associated with extraction and purification of DNA. We
developed a direct droplet digital PCR assay (dddPCR) to identify and quantify bacteria in a
bacterial mixture where purification of genetic material and calibration curves is eliminated.
III. High-throughput label-free readout of bacteria density in nanoliter droplets- the
most general approach of bacteria growth detection in droplets is based on the measurement
of fluorescence intensity. The lack of a high-throughput label-free method prohibits analysis
of the most interesting strains and widespread use of droplet technologies in microbiology. To
resolve that complication, we devised methods based on the measurement of scattered or
native fluorescence light of unlabeled Gram-negative and Gram-positive species with a
screening frequency of 1200 droplets/s.
IV. Droplet-based assay for quantitative characterization of bacterial populationsstandard antibiotic susceptibility testing does not inform about the diversity of the bacterial
population in response to antibiotics at the single-cell level. Besides, its low resolution
constricts the quantification of low-abundant subpopulations with increased antibiotic
susceptibility. We developed a method based on the determination of single-cell minimum
inhibitory concentration (scMIC) to characterize and quantify complex bacterial populations,
including heteroresistance subpopulations. The measurement of bacteria growth in droplets
was conducted using our novel dual label-free detection of scattered and autofluorescence
light.
Chapter 4 summarizes the results and provides limitations and an outlook for possible future
modifications to improve demonstrated assays and systems.
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1. Introduction and Literature Review
Chapter 1 describes bacteria morphology, cell structure, function, and pathogenicity. We
introduce the concept of phenotypic heterogeneity of cells in the bacteria population, starting
with the description of resistance and heteroresistance of bacteria to antibiotics. Then we
review the standard methods for bacteria counting, identification, antimicrobial susceptibility
testing, and detection of heteroresistance. In conclusion, we focus on droplet microfluidics as
a precise and accurate tool for mentioned microbiological applications.
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1.1. Bacteria
Bacteria are a large group of prokaryotic microorganisms with a sizes usually around 0.5-1.0
µm in diameter and 2.0-5.0 µm in length1. They vary in shapes, ranging from spheres to rods
and spirals. Bacteria are present in many different habitats on Earth, soil, water, plants,
animals, and humans. An adult human is colonized with hundreds of different bacteria strains,
and there are as much of bacterial as human cells2. They occupy the skin, oral cavity, airways,
gastrointestinal and urogenital tract, but most of them are located in the guts3. They are
essential for keeping the organism in good health. Despite the commensal bacteria, there is a
group of harmful pathogens, which cause a range of serious infections such as tuberculosis,
cholera, tetanus, syphilis, various skin and urinary tract infections, pneumonia, and
overwhelming sepsis, which can often lead to death4.
1.1.1. Cellular structure
Bacterial cell structure has been well studied due to its simplicity compared to larger
organisms. Figure 1a presents a typical bacterial cell consisting of the cell envelope,
cytoplasm, flagella, pili, bacterial DNA and plasmids, ribosomes, and intracellular
membranes.

Figure 1. Schematic representation of a bacterial cell; a) section of the bacterial cell with the
identification of its individual components; b) schematics of the cell walls of Gram-positive and
Gram-negative bacteria.

The cell envelope is made up of two or three layers:
•

capsule- produced by some species of bacteria, the outmost layer of the cell. It is
composed of polysaccharides except for the capsule of Bacillus anthracis, which is

16

built of poly-γ-glutamate. Capsule plays several roles; it is mainly a protective
covering conferring resistance to phagocytosis. Besides, it is an essential virulence
factor for pathogen bacteria during the host infection5.
•

cell wall- most bacteria have one of two types of cell wall: gram-positive or gramnegative. They can be identified by developed in 1884 Gram’s method, where grampositive bacteria are stain purple, and gram-negative are stain pink. It is related to the
difference in the cell wall structure (Figure 1b). The cell wall of gram-positive bacteria
is consisted of 90% of peptidoglycan, providing high stiffness of the wall. The
additional components contributing to the overall rigidity and maintenance of the cell
shape are teichoic (TA) and lipoteichoic acids (LTA). They are also responsible for a
net negative charge of the cell for the development of a proton motive force; they
participate in cell division and take part in resistance to high salt concentration, high
temperature, and even to β-lactam antibiotics. The cell wall of gram-negative bacteria
contains much less peptidoglycan, around 5-10% of the total cell wall. It significantly
composed of a lipid bilayer, integral proteins, and lipopolysaccharide (LPS).
Additional structural integrity is guaranteed by Broun’s lipoproteins covalently
bonding to the peptidoglycan layer and the outer membrane.6
Bacteria that do not color with gram-staining and remain colorless are atypical
bacteria. These include the Chlamydiaceae, Legionella and the Mycoplasmataceae.

•

plasma membrane- composed of two layers of phospholipids assembling in such a
way to keep polar heads in contact with the water environment outside the cell and the
cytoplasm inside. The non-polar fatty acid tails are secluded between hydrophilic
regions. The bilayer contains the integral (embedded within the bilayer) and peripheral
proteins (anchored outside the bilayer). They allow the plasma membrane to act as a
semi-permeable barrier that permits an entrance of nutrients, does not let in toxins or
antibiotics, and excretes waste molecules. Besides, the possibility of binding or
absorbing small molecules empowers the cells to “communicate” with the surrounding
environment. The plasma membrane also participates in the metabolic processes such
as the transformation of light or chemical energy into an energy-carrying molecule,
adenosine triphosphate (ATP).

The inner part of bacteria is filled with cytoplasm, gel-like fluid composed of water,
nutrients, proteins, gases, wastes, and cell structures (devoid of bilipid membrane in contrast
to eukaryotic cells):
17

nucleoid- a region of the cytoplasm containing typically a single double-stranded

•

DNA molecule (chromosome). It is a genetic material specifying bacterial abilities
and characteristics. The set of nucleoid and plasmids represents a genome of the
bacterial cell.
plasmids- small extrachromosomal double-stranded and typically circular pieces of

•

DNA that most bacteria have. They are not involved in bacteria reproduction. They
replicate independently of the chromosome, and they are not essential to the cell but
can have unique properties like conferring of antibiotic resistance. Plasmids became
handy tools in genetic engineering due to the ability of inserting to them specific
genes.
ribosomes- protein-producing structures floating in the cytoplasm. They translate

•

genetic information from nucleic acid to the information about the sequence of amino
acids based on the proteins are produced.
Bacteria can also have additional structures outside the cell wall, which are not typical for
every species of bacteria; they are often bound to the cell wall and/ or to the cell membrane:
pili- thin filamentous appendages composed of pilin proteins. They are used by the

•

cell to attach to other cells or surfaces. Pathogenic bacteria deprived of pili lose their
ability to infect because they can not adhere to the host tissue. Pili appear to be
responsible for twitching motility, and they are also involved in bacterial conjugation,
which is an exchange of plasmids between two cells.7
flagella- structures located at the polar end or ends or peritrichously arranged about

•

the cell. They are composed of the filament, the hook, and the motor. Flagella mainly
provide bacterial motility but can also help to fix surface colonization.7
1.1.2. Antibiotics
Antibiotics are antimicrobial substances that are used to treat bacterial infections. They may
either kill or inhibit the growth of bacteria and are classified on the basis of mechanism of
action8:
•

antibiotics targeting cell wall synthesis: beta-lactam antibiotics, glycopeptides;

•

breakdown of cell membrane structure or function: beta-lactam antibiotics,
glycopeptides, polymyxins, ionophore antibiotics;

•

inhibitors of protein biosynthesis: aminoglycosides, tetracyclines, chloramphenicol,
macrolides, oxazolidinones;
18

•

inhibitors of DNA replication: quinolones;

•

blockage of key metabolic pathways: sulfonamides, trimethoprim.

The consequence of using antibiotics, especially their misuse and overuse, is the increasing
number of antimicrobial-resistant bacteria causing hard-to-treat infections with increased risk
of disease spread, severe illness, and death. Determination of bacterial resistance to antibiotics
of all classes (phenotypic and genotypic) is crucial to develop new treatments to counter
antimicrobial resistance.
1.1.3. Antibiotic resistance of bacteria
Antibiotic resistance of bacteria is one of the major concerns in the field of public health, and
the issue is dangerously rising in all parts of the world. It leads to increased mortality and
higher medical costs9. Infections like tuberculosis, pneumonia, gonorrhea, or salmonellosis
are becoming more challenging to treat as the antibiotics are less effective. The resistance of
bacteria occurs naturally but overusing antibiotics in humans and animals accelerates the
process. Antimicrobial resistance (AMR) is encoded by several genes that can be transferred
between cells by plasmid sharing.
There are a few mechanisms that bacteria developed to resist the effect of antibiotics10–12.
•

Reduced permeability of the cell. Gram-negative bacteria are less permeable than
Gram-positive species due to the outer membrane forming a permeability barrier.
Besides, bacteria can down regulate porin expression providing limited entry of
antibiotics.

•

An active efflux, which reduces drug accumulation in the bacterial cell. The antibiotic
molecules are pumping out across the cell surface before their destructive effect.

•

A drug inactivation or modification, such as the production of protective enzymes, βlactamases for deactivation of penicillin. Bacteria can also change the antibiotic target
preventing effective drug binding. This process is associated with a mutational change
in the genes encoding the target molecule or the modification of the target by adding a
chemical group.

The key to combat the spread and emergence of AMR is to improve antibiotic users'
awareness, understand antimicrobial resistance, and develop new tools for the rapid
phenotypic and genotypic assessment of AMR and antibiotic susceptibility. A crucial role in
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the more responsible and appropriate use of antibiotics play antimicrobial susceptibility
testing (AST) systems. They are mostly phenotypic methods as they are based on the
detection of bacteria growth or inhibition in the presence or absence of an antimicrobial agent.
They provide a direct indication of the susceptibility of a given microorganism to a tested
antibiotic. A quantitative feature of bacteria susceptibility delivered by phenotypic AST
methods is the value of minimal inhibitory concentration (MIC)13,14. It is the lowest
concentration of the antimicrobial agent, which prevents the visible growth of bacteria.15
1.1.4. Heteroresistance
Antibiotic heteroresistance is a phenotype in which the isogenic bacterial population contains
a subpopulation of cells with reduced antibiotic susceptibility comparing with the main
population16. It particularly refers to fraction of the bacterial population displaying a
substantial increase in MIC value (at least 8-fold) and ability of cells to grow in the presence
of antibiotic (Figure 2)17. The variabilities in cells' response to the antibiotic can be attributed
to genetic, epigenetic, and nongenetic mechanisms18–23. However, most of the described cases
of heteroresistance in clinical isolates are related to the genetic heterogeneity of the bacterial
population. There is increasing interest in understanding bacterial heteroresistance due to a
growing number of data showing that this phenotype leads to antibiotic treatment failure. It
concerns both Gram-negative and Gram-positive species. A well-defined and prevalent
heterogeneous phenotype is vancomycin-intermediate Staphylococcus aureus (hVISA),
causing complicated prolonged infections and increased mortality24–27. Moreover, the
prevalence of heteroresistance was studied, among other things, in Acinetobacter
baumannii28, Klebsiella pneumoniae23, Pseudomonas aeruginosa29, Escherichia coli30,
Enterobacter cloacae31, and Clostridium difficile32. For that reason, the sensitive and precise
detection of this phenotype is an essential condition for a successful treatment outcome.
A very common type of heteroresistance is unstable heteroresistance, when isolated resistant
clone growing in the absence of antibiotic creates a mixed population of susceptible and
resistant cells due to resistance phenotype reversibility. One of possible mechanisms of
unstable heteroresistance are resistant mutations that are genetically stable but confer a high
fitness cost. In the absence of antibiotic a second-site compensatory mutations are selected
proving reduced fitness cost and often loss of resistance16. A second mechanism underlying
heteroresistance involves spontaneous unstable gene amplification of resistance genes and
seems to be the most common mechanism in Gram-negative species21,23.
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Staphylococcus aureus is a versatile pathogen known to cause a range of infections which are
either acute or chronic and often recalcitrant. The latter are known to be linked with
emergence of unstable heteroresistant subpopulation. Those cells are known as small colony
variants (SCVs) and emerge during normal bacterial growth cycle but their emergence may be
further induced by environmental stress, incl. acidity, intracellular milieu of host cells or
subinhibitory concentrations of aminoglycosides33. SCVs were firstly described by Bigger in
194434. The growth of SCVs is arrested35, metabolic activity is reduced, they can colonize
infected organs, be protected from the immune system, and therefore show higher tolerance
towards antibiotics36,37. SCVs can alter their phenotype between non-growing and growing
susceptible to antibiotic states, which makes their identification and quantification
challenging.

Figure 2. The schematic of the PAP (population analysis profile) test, the gold standard method for the
detection of heteroresistance, is shown in the left panel. Briefly, bacteria are spread on agar plates with
different concentrations of antibiotics. After one day of incubation, the number of formed colonies is
counted to determine the frequency of resistant cells and their resistance level. The right panel
presents differences between resistant, heteroresistant, and susceptible bacteria. One frequently
accepted definition of heteroresistance is the eightfold increase in resistance (MIC) comparing to the
susceptible main population. Figure reproduced from the article published by Andersson et al.16

1.2. Bacteria quantification
A precise enumeration of viable bacteria is essential in health care38, veterinary diagnostics39,
and environmental monitoring40. In particular, bacteria counting plays a significant role in
antibiotic susceptibility testing and the evolution of mutants. Standards methods for bacteria
counting are plate counting, measurement of optical density (OD, turbidity) and flow
cytometry.
1.2.1. Plate counting
A traditional and most widely method for bacteria enumeration is a plate counting technique.
Figure 3a presents a scheme of a procedure of the method. In the first step, serial logarithmic
dilutions are prepared from an initial bacterial sample. Then each dilution is plated on Petri
dishes containing solid agar. Grown bacterial colonies represent a single cell in the original
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sample, and they are counted where their number on the plate fits in the range 20-300 colony
forming units, CFU. Bacteria concentration is calculated based on the number of colonies and
the dilution factor. The plate counting method is uncomplicated and inexpensive, but laborintensive due to plating and analysis usually executed manually and requires long time of
incubation for colonies to grow.

Figure 3. Bacteria counting by a) plate counting technique; b) spectrophotometry.

1.2.2. Turbidimetry
Optical density (OD) measurement is a common technique for determining bacteria
concentration in a sample. The measurement is based on the detection of light scattered by
cells (Figure 3b). The increasing number of bacteria in the sample decreases light intensity
reaching the detector. Sample turbidity measurement is often used to determine bacteria
growth curves, and in typical cell density meters, the measurement is performed at 600 nm
(OD600) as the 600nm wavelength does little to damage or hinder growth of bacteria. The
main features distinguishing OD detection among different techniques are fast and simple
measurement. Unfortunately, the reading can be affected by clumping of bacteria; also, this
technology does not provide the information about the viability of the cells, and often is not
sensitive enough for concentrations below 106-107 CFU/ml41.
1.2.3. Flow cytometry
Bacteria can be counted with a wide range of concentrations, in an accurate and fast way by
flow cytometry. The bacteria sample is injected into a flow cytometer instrument and focused
in a buffer stream to flow one cell at a time through a laser beam. The light is absorbed and
then emitted in a characteristic to the cell wavelengths42. The cells have to be labeled with
fluorescent markers, and additionally, using live-dead staining, the analysis can be enriched
by the information about bacteria viability. Flow cytometry is a powerful technique for cell
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counting, cell sorting and biomarker detection. The limitation is the high-cost equipment and
inevitability of staining of bacteria with fluorescence dyes.
1.3. Bacteria identification
Bacteria identification is an essential task in clinical laboratories. Knowing the pathogen, the
right antibiotic can be selected, and the infected patient can be quickly treated. Bacteria can
be identified based on cell structure, cellular metabolism, or differences in their genetic
sequences. The earliest microbial identification relies on observations of the phenotypic
characteristics like size or shape. Staining techniques can detect specific cell structures, and
more accurate identification is provided by biochemical tests, gel electrophoresis, mass
spectrometry, or methods based on the analysis of genetic material.
1.3.1. Phenotypic identification
Phenotypic identification relies on the determination of the physical characteristics of an
unknown organism. The observable features are morphology, developmental processes,
metabolism, and biochemical properties.

•

Staining techniques

The most popular and widely used staining method is the Gram stain technique developed by
Hans Christian Gram in 1884. This method is used for microbial classification to Grampositive or Gram-negative groups of bacteria. Other types of staining methods are SchaefferFulton staining for spores detection, India ink, or nigrosin for checking the presence of
capsules and acid-fast staining for mycolic acid detection.

•

Biochemical tests

Different bacteria behave uniquely in a set of biochemical reactions. This phenomenon helps
to select and differentiate microorganisms. For that purpose, selective and differential media
are used. They contain specific combinations of nutrients and unique additives43,44.
Selective media allow the growth of specific microorganisms, while the growth of different
bacteria is inhibited. For example, the addition of mannitol salt to agar medium will
select Staphylococcus species, which can live in a high salt concentration environment. A
different example of selective media is Bile Esculin Agar. It tests the ability of bacteria to
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hydrolyze esculin in the presence of bile, and it is commonly used for the identification of the
genus Enterococcus.
Differential media allow the growth of multiple bacteria species, but their characteristic
growth patterns can distinguish them. The most popular differential media is blood agar
containing 5-10% of sheep or horse blood, where bacteria are distinguished by the type of
hemolysis. The biochemical test is a precise and convenient approach for bacteria
identification, but it is a versatile method; there is a limited number of available media types.

•

MALDI-TOF MS

Matrix assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF
MS) is an accurate and sensitive method for bacteria typing that has been has been recently
integrated into the microbiology laboratory workflow. The identification relies on the analysis
of the mass spectrum from whole bacterial cells. Bacterial mass patterns are derived from
ribosomal or other abundant bacterial proteins which could be used as biomarkers for
subspecies discrimination45. MALDI-TOF MS is a highly sensitive method but can be
expensive, laborious, and requires trained, experienced users.
1.3.2. Genotypic identification
Genotypic methods for bacteria typing rely on the analysis of a genome. The taxonomy and
phylogeny of bacteria is based on the sequences of conserved genes, especially those coding
for ribosomal ribonucleic acids (rRNA). The most common gene used for species
identification is 16S rRNA46. It is present in all organisms and performs the same function.
The gene is sufficiently long to contain information for identification and short enough to be
skillfully sequenced47. Molecular methods for bacteria detection are hybridization-based
techniques, amplification methods, DNA microarrays and whole genome sequencing48.
•

Polymerase chain reaction

The most widely used technique for genotypic bacteria identification among molecular
methods is polymerase chain reaction (PCR). It provides fast, accurate, and sensitive bacteria
identification even in case of a small concentration of a pathogen's genetic material. PCR
amplifies a specific region of the genetic material, usually fragments of between 0.1-10 kbp
(kilo base pairs) in length. A basic PCR sample is consisted of:
•

a DNA template with the region of amplification interest,

•

a Taq polymerase, which is a heat-resistant enzyme polymerizing new DNA strands,
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•

forward and reverse primers, the short nucleic acids complementary to sequences up
and downstream of the gene of interest. They play the role of starting points, where
DNA polymerase attaches and starts to add new nucleotides,

•

deoxynucleoside triphosphates (dNTPs), the building blocks from which DNA
polymerase synthesize a new strand,

•

a buffer solution to provide a suitable environment for optimum activity and stability
of DNA polymerase,

•

monovalent and divalent cations like K+, Mg2+, or Mn2+. They influence the primertemplate annealing temperature, fidelity, specificity, and yield.

Figure 4 presents the process of gene amplification by PCR. Typically, PCR consist of 20-40
thermal cycles, which each cycle commonly consisting of three steps:
I.

Denaturation- genetic material is denatured, the double helix is unwound, and strands
are separated by heating at 94-98oC.

II.

Annealing- the temperature is lowered from 94-98oC to the temperature below the
primers' melting point, ~ 55oC. The primers bind to complementary regions of singlestranded DNA.

III.

Elongation- The reaction temperature is raised to the optimal temperature for
polymerase activity, ~68-72oC. The polymerase synthesizes the new strand
complementary to the template region by adding free nucleotides (dNTPs) from the
reaction mixture in the direction from 5' to 3'.

Figure 4. Schematic of DNA amplification by polymerase chain reaction (PCR).

Real-time polymerase chain reaction (real-time PCR), also known as quantitative
polymerase chain reaction (qPCR), allows for monitoring the amplification of the target DNA
molecule during thermal cycling. There are two standard methods for real-time detection of
PCR products. The first one is the non-specific intercalation of a fluorescent dye (SYBR
Green) with double-stranded DNA49. The second technique is a specific hybridization of a
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probe with the complementary sequence of the amplified target50. The probe is a short
oligonucleotide with covalently bonded fluorophore at 5’-end, and a quencher at 3’-end. As
long as the fluorophore and the quencher are in proximity, quenching inhibits any
fluorescence signals. As the Taq polymerase extends the primer and synthesizes the nascent
strand, the 5' to 3' exonuclease activity of the Taq polymerase degrades the probe that has
annealed to the template. The fluorophore is reveled from the quenching effect and the
intensity of fluorescence can be detected.
The real-time PCR result is an amplification curve
showing increasing fluorescence intensity with an
increasing number of thermal cycles. A value that
characterizes the amplification curve is a cycle
threshold (Ct). It is defined as the number of
cycles required for the fluorescent signal to cross
the

threshold

(Figure

5).

It

is

inversely

proportional to DNA concentration—a higher
concentration of genetic material in the sample
results in a smaller Ct value.
Figure 5. Real-time PCR amplification curves with indicated cycle thresholds for four samples
containing different concentrations of DNA. Higher concentration of genetic material results in a
smaller Ct value.

•

Next-generation Sequencing

Next-generation sequencing (NGS) is a massively parallel technology used to determine an
order of nucleotides in entire genomes or targeted regions of DNA or RNA. The method
offers ultra high-throughput, scalability and speed of whole genome sequencing, which can be
used for bacteria identification, especially for those novel pathogens, and to study the human
microbiome. Besides NGS utilizes RNA sequencing (RNA-Seq) to discover novel RNA
variants or to quantify mRNAs for gene expression analysis, analyze epigenetic factors such
as genome-wide DNA methylation and DNA-protein interactions. More importantly, NGS
can be used to sequence cancer samples (rare somatic variants, tumor subclones, and more).
1.4. Antibiotic susceptibility assays
The issue of antimicrobial resistance (AMR) is now one of the most urgent priorities in public
health. In the European Union and United States, AMR causes 25 000 deaths per year. In
India, over 58 000 babies died in one year due to infections with resistant bacteria51.
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Antimicrobial susceptibility testing (AST) methods are critical in addressing the issue of
bacterial resistance to antibiotics. They are commonly used clinically for the determination of
the antibiotic susceptibility profiles of bacterial isolates52. The gold-standard AST techniques
relies on the detection of bacteria growth in the presence of the antibiotic53 and a quantitative
value evaluating bacteria susceptibility or resistance is a minimum inhibitory concentration
(MIC). Suppose measured MIC value is less than or equal to a breakpoint concentration
(given annually by national organizations, like the Clinical and Laboratory Standards
Institute, CLSI, and the European Committee on Antimicrobial Susceptibility Testing,
EUCAST), it means that tested bacteria are considered to be susceptible to the antibiotic.
Existing methods for AST are dilution methods, disk diffusion method, E-test, biochemical
tests, and genotypic techniques.
1.4.1. Dilution methods
The broth dilution method is a gold-standard AST technique. It is based on the observation of
bacteria growth in the presence of a series of antibiotic concentrations. Minimal inhibitory
concentration (MIC) value corresponds to the lowest antibiotic concentration, which inhibits
bacteria growth54. There are macrodilution and microdilution testing types of the method. The
difference is in the sample volume, which is ~1.0 ml and 0.05-0.2 ml, respectively. The
microdilution technique is used more often due to the higher throughputs of the experiments,
where plenty of samples can be analyzed using 96 or 364-well plates.
1.4.2. Disk diffusion method
Disk diffusion method is based on the subjection of commercially available disks (paper disks
with a diameter of about 6-13 mm) with a pre-impregnated standard concentration of an
antibiotic onto the agar plate with spread pathogen of interest. The antimicrobial agent
immediately starts to diffuse outward from the disks, creating a gradient of antibiotic
concentration in the agar. The highest concentration is found close to the disk, with
decreasing concentrations further away from the disk. The plates are then incubated
overnight, and the bacterial growth around each disc is observed. In contrast to resistant
bacteria, the susceptible pathogen provides a clear area around the disk with a specific
antibiotic (no growth).55 The disk diffusion method is relatively easy to set up and
inexpensive. However, it does not provide quantitative measurements due to visual detection
(no possibility of MIC determination), and it is not applicable for some microorganisms56.
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1.4.3. Epsilometer test, E-test
E-test is a commercially available paper strip with an impregnated particular antibiotic, in
which concentration gradually decreases along the strip. A printed numerical scale indicates
antibiotic concentrations. The E-test is subjected to an agar plate with freshly inoculated
bacteria and incubated overnight. The bacterial growth around the strip and a numerical scale
of antimicrobial concentrations allow determining MIC value.57
1.4.4. Mechanism-specific tests
Resistant bacteria can be detected by establishing their particular mechanism of resistance.
There are plenty of examples, like the detection of beta-lactamases, enzymes produced by
bacteria able to inactivate beta-lactam antibiotics. Several clinical tests have been devised to
detect beta-lactamases. These tests include the iodometric method, the acidometric method,
and chromogenic substrates58. The most popular is the chromogenic cephalosporinase test.
The discs are impregnated with a chromogenic substrate. As a beta-lactamase hydrolyzes the
amide bond in a beta-lactam ring, nitrocefin changes color from yellow to red.
1.4.5. Automated antimicrobial susceptibility testing systems
There are existing commercial systems for automated antibiotic susceptibility testing and
bacteria identification. They are based on the microdilution method and mechanism-specific
tests but provide automated inoculation, reading, and interpretation of data. The difference
between different systems is the capacity of sample trays and time of analysis. The most
popular is the BioMerieux Vitek® System59.
1.4.6. Genotypic methods
Resistance is genetically encoded and can be determined by the detection of particular
resistance genes. However, the genotypic methods are used just for conformation of a
resistance presence in bacteria because susceptibility to antibiotics is also dependent on the
mode and level of expression of these genes. Some of the most common molecular methods
are utilized for resistance detection. There are polymerase chain reaction (PCR), loopmediated isothermal amplification assays (LAMP), fluorescence in-situ hybridization (FISH),
and next-generation sequencing (NGS).
1.5. Detection of heteroresistance
Heterogenous antibiotic resistance was first described in 194760. Despite these past years,
there is a lack of laboratory standards and recommendations for studying that phenomenon.
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The main methods currently used to detect bacterial heteroresistance are PAP (population
analysis profile) test, Etest, and disc diffusion18. In the PAP test, the bacterial population is
cultured on the agar plates containing different antibiotic concentrations (usually 2-fold
increments), and the grown colonies are counted at each of these concentrations (Figure 2).
The PAP test is a gold standard and the most reliable method, but it is used only to confirm
specific clinical cases due to its labor-intensity and high costs. The Etest strips (GRD Etest for
glycopeptide resistance detection) and disc diffusion assay allow for the detection of
heteroresistance by quantifying colonies growing in the inhibition zones. These methods are
less tedious and cheaper, but the detection of resistant cells present at low frequency is very
challenging due to the low density of bacteria on the plate, and even not possible when the
inhibition zone area is too small. Broth microdilution, automated broth (for example, VITEK
2), and growth methods (for example, BACTEC 960) are also used to detect heteroresistance.
However, they show low sensitivity, and the results can be affected by the inoculum effect. It
is a phenomenon described as an increase of MIC due to a high density of cells in the
inoculum61. The techniques that can be used to detect heterogeneous antibiotic resistance can
be molecular methods providing faster and more sensitive detection limiting to known
mutations causing resistance.
Small colony variants (SCVs) are recognized from normal colony phenotypes by the smaller
colonies' diameter and reduced pigmentation35. When growing on an agar medium containing
5-10% sheep or horse blood, SCVs colonies exhibit lower hemolysis and can be also detected
by this feature62.
An additional powerful single-cell approach for identifying tolerant to antibiotics
subpopulation is the utilization of fluorescent reporter constructs and analysis of cells by flow
cytometry63,64. Differentiation between cells with different growth rates can be provided by
tracking the changes in ribosomal RNA content; for example, GFP (green fluorescent protein)
inserted at the rRNA locus can be a reporter of ribosome biosythesis65. Another approach is a
plasmid dilution method. After halting expression of a fluorescent protein, fluorescent signal
dilution is observed due to an equal partitioning of a fluorescent protein between nonexpressing daughter cells at each cell division66,67. An another promising strategy for marking
growth phases of bacteria is to use a fluorescent TIMER protein developed number of years
ago for measurement of time-dependent expressions in Caenorhabditis elegans and
Drosophila68,69. It is a DsRed protein whose fluorescence converts from green to red over
time, and the rate of color conversion is independent of protein concentration. TIMER was
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already used as a growth rates reporter in Salmonella showing the possibility of marking
slow-growing subsets70.
Currently no practical methods are available for simultaneously reliable, sensitive, and not
laborious bacterial heteroresistance studies in clinical microbiology. A new clinical ASTs are
required, and microfluidics given single-cell analysis can play here an essential part.
1.6. Microfluidics
Microfluidics is considered both as a science and a technology. It allows us to study the
behavior of fluids in the microchannels and provides microfluidic devices for plenty of
applications in chemical, biological, and biomedical research71–73. Microfluidic devices
commonly refers to lab-on-a-chip (LoC) technologies and miniaturized total analysis systems
(µTASs)74,75. They are built with technologies first developed by the semiconductor industry
and later expanded by the micro-electromechanical systems (MEMS) field. In the first place,
most chips were manufactured in glass and silicon; in the early 2000s, enormously grown the
technologies

based

on

molding

the

microfluidic

structures

in

polymers

like

polydimethylsiloxane (PDMS).
The fluid phenomena dominates liquids differently at macro- and microscale. In the field of
microfluidics the most useful concepts are:
•

Reynolds number (Re)- a dimensionless quantity that describes a ratio of inertial to
viscous forces within a fluid. Re is proportional to flow speed and the system's length
scale; it is inversely proportional to the fluid viscosity. A high Reynolds number
indicates turbulent flow, dominated by inertial forces tending to create chaotic eddies,
vortices, and other instabilities. Laminar flow occurs at low Reynolds numbers, where
viscous forces are dominant, the fluid motion is constant and smooth. Laminar flow is
characteristic of microfluidics, which allows for highly predictable fluid dynamics.

•

Surface and interfacial tension- forces playing on a microscale more significant
roles than gravity, which dominates on a macroscale. Surface tension is a tendency of
liquid-air interface area to shrink to reduce its free energy. Interfacial tension is a
similar phenomenon but concerns two immiscible fluids, for example, water and oil.

•

Capillary force- it is an ability of a liquid to flow in narrow channels, constructions
without assistance, or even in opposition to external forces like gravity.

30

Surface tension and capillary forces enables a variety of tasks in microfluidics; generation of
monodisperse droplets76, passive pumping of fluids in microchannels77, filtering various of
analytes78, precise placing of user-defined substrates in selected surface79. The application of
microfluidics is especially promising in biology research and diagnostics. There is a
possibility to create excellent candidates to replace traditional laborious and time-consuming
traditional experimental approaches. At the beginning of the microfluidic era, researchers
focused only on single-phase continuous-flow systems, where the liquid is introduced to the
chip and controlled by micropumps, microvalves, micromixers80 or elektrokinetic effects81–83.
The continuous-flow microchips have found the applications in a single-cell analysis by
studying biophysical properties84, genomics (DNA and RNA analysis by PCR85,86),
transcriptomics87, proteomics88, and metabolomics89. Besides, it found interest in protein
crystallization90,91, electrochemistry92, and drug screening93,94. However, continuous-flow
microfluidics is burdened with several issues, like slow reagents mixing95, low throughput
experiments, diffusion of reagents due to the Taylor dispersion obstructing control of the local
concentrations95, contaminations caused by absorption of cells or molecules to the
microfluidic channels.

1.6.1. Droplet microfluidics
An alternative approach to continuous-flow systems is droplet microfluidics, where discrete
droplets are generated and manipulated through immiscible multiphase flows inside
microchannels96. At an early stage of development, droplet microfluidics was supposed to
generate microreactors for µTAS studies and fabricate droplet-based particles for materials
research97. However, in the past two decades, enormous progress in theoretical and technical
aspects resulted in a massive number of various applications including single-cell
analysis73,98, medical diagnostics99,100, drug discovery101,102, and environmental monitoring103,
etc. The application of droplet microfluidics is encouraging due to enhanced mixing and mass
transfer within short diffusion distances, lack of boundary effects, for example, axial
dispersion, and control of the reactions time on timescale from miliseconds to months104,105.
Besides, the remarkable advantages are miniaturization, providing a possibility of single-cell
and molecular analysis, compartmentalization creating a huge amount of individual reactors
which can be manipulated independently, and parallelization making a platform for highthroughput analysis.
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1.6.2. Methods of droplets generation
The formation of droplets can be carried out actively or passively106. In passive droplet
generation, the two-phase flow is controlled by a pressure source located remotely from the
droplet formation geometry provided by syringe pumps, pressure regulators, or gravity-based
pressure units. In active methods, droplet generation is activated by external forces to exert
local actuation and achieve a fast response. According to the type of additional energy, active
droplet formation can be classified into thermal, magnetic, electrical, and mechanical
methods107. Commonly used methods for droplet generation are passive techniques, so that
this chapter will be dedicated to their description.
For the last few years we can observe the significant progress in passive droplet generation
methods. A frequency for parallelized microfluidic droplet generators of pico- and nanoliter
compartments reaches hundreds of kHz108–111. There are three standard microfluidic
geometries for droplet generation: T-junction112, flow focusing76, and co-flowing113. The basic
principle of operation for each technique is the same. Two immiscible fluids, continuous and
dispersed phases, meet at the junction. The design of microchannels determines an interface
deformation and droplet breakup. Which fluid become dispersed and which continuous phase
is controlled by surface modification of microfluidic channels114. The most common case is
using hydrophobic channels, where the aqueous phase disperses, and the oil phase surrounds
the droplets.

Figure 6. Three principle geometries for droplet formation; a) T-junction, b) flow-focusing junction, c)
co-flowing. Pink and black arrows indicate continuous and dispersed phases, respectively.

In the T-junction geometry (Figure 6a), the dispersed and continuous phases flow through
orthogonal channels and meet at a cross-junction106. A shear gradient appears the dispersed
phase elongates and breaks into droplets. In flow-focusing geometry (Figure 6b), the
dispersed and continuous phases flow coaxially through a structured region (shear-focusing),
causing elongation of fluid, which eventually breaks into droplets. The droplet’s size depends
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on the channel geometry, flow rate, fluid viscosity, and addition of surfactant. In the coflowing droplet generation method (Figure 6c), two fluid phases flow through a set of coaxial
microchannels. The dispersed phase is introduced into an inner channel, and the continuous
phase flows into an outer channel in the same direction. The size of the droplets is affected by
fluid properties and flow rates.
In all these cases, the fluid behavior can be characterized by a few important dimensionless
numbers calculated by the fluid properties, the geometry of the microfluidic design, and flow
conditions107. They help to define the importance of different forces in microfluidic channels.
The first is the Reynolds number (Re) indicating the inertial to viscous forces, Next one, the
capillary number (Ca) represents the ratio of viscous shear stress to interfacial tension forces,
which are the most significant in the droplet microfluidics:

𝐶𝑎 =

!"
!

,

where:
µ- dynamic viscosity of the fluid 𝑃𝑎 ∙ 𝑠
U- characteristic velocity 𝑚 𝑠
γ- surface tension 𝐽 ∙ 𝑚!
The capillary number helps predict droplet formation and its dimensions115–118. The third
number is the Weber number, which measures inertial to interfacial tension. It indicates
whether the kinetic or the surface tension energy is dominant.

1.6.3. Single-cell encapsulation
Encapsulation of cells within monodisperse droplets provides new means to perform
quantitative biological experiments on a single-cell basis for large cell populations. The
encapsulation is usually performed in a random process called Poisson distribution given by:

𝑝 𝑘, 𝜆 =
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!!

,

where k is a number of cells in a droplet, and λ is the average number of cells per droplet
volume.
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Figure 7. The Poisson distribution representation as a proportion of droplets p(λ, k) containing a given
number of cells k for different values of average number of cells in the droplets λ. Figure reproduced
from the article published by Collins et al.119

The cell suspension is directly emulsified into droplets, and cells are encapsulated
stochastically. To provide single-cell encapsulation, cell suspension is highly diluted. It
ensures that droplets do not contain no more than one cell, but it also results in a high number
of empty compartments. Figure 7 represents the Poisson distribution for different cellular
densities expressed by λ. The amount of cells per droplet increases with rising cellular
concentrations with a maximum located on λ. Single-cell encapsulation is the most effective
in a specific range of cell concentrations when λ<1119.

1.6.4. Droplet stability and aging mechanisms
Droplet microfluidics is undoubtedly very attractive platform for high-throughput assays
thanks to the utilization of a vast amount of discrete droplets behaving as separate reactors.
These droplets are formed by combining two immiscible fluids (most often water
compartments in oil) in microfluidic channels etched in silicon, glass and polymers. The last
ones are mostly used in microfluidics, where PDMS is the most known material120. The
generation of stable aqueous droplets requires hydrophobic modification of microfluidic
channels. The continuous phase wets the channel surface and creates a thin layer preventing
water droplets' contact with channel walls. There are many methods for surface treatment of
microfluidic devices120. In the frame of research presented in this thesis, the internal channels
surface in PDMS chips were modified using fluorosilane polymer by flowing the solution into
microchannels and heating121,122.
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The stability of the droplet interface is provided by amphiphilic molecules, surfactants. They
adsorb at the water-oil interface preventing droplet coalescence123. The flow of the droplets
causes the heterogeneous distribution of surfactant molecules at the droplet-oil interface. This
gradient of surface density induces a Marangoni effect (Figure 8a, b), which is opposite to the
droplet flow and counteracts drainage of continuous phase film between droplets upon their
collision124 (Figure 8c, d). It stabilizes emulsion before coalescence. Apart from stabilization,
surfactants are involved in the molecular exchange between droplets and biocompatibility of
the system, which is essential in biochemical applications. The whole droplet system should
be biocompatible, as must the surfactant and carrier oil. For that reason, many biochemical
experiments rely on the use of fluorinated oils and fluosurfactants125–128. Despite
biocompatibility, the choice of fluorinated oils is driven by the low solubility of organic
compounds and high solubility of gases from which oxygen is an essential reagent for
growing cells inside droplets.

-

Figure 8. Marangoni effect on the motion of a droplet covered with surfactant. a) a moving droplet in
the absence of surfactant, black arrows indicate the flow patterns; b) a moving droplet in the presence
of surfactant, red arrows indicate a Marangoni stress reversed to the flow caused by a heterogeneous
distribution of surfactant at the interface droplet-oil phase; c) draining of continuous phase upon
collision of droplets before coalescence; d) stabilization of the droplets against coalescence. The
Marangoni stress (red arrows) counteracts the drainage of a thin layer of carrier oil between droplets.
Figure reproduced from the article published by J.-Ch. Baret129.

One aging mechanism in droplet-based microfluidics is coalescence. The thin oil film
between two adjacent droplets is raptured, and the droplets are fused. The second mechanism
is Ostwald ripening130,131. It relies on diffusion of the aqueous phase from small droplets with
higher Laplace pressure through carrier oil to larger droplets. It increases the average droplet
size, reduces their number, and eventually leads to a total emulsion disruption.

35

1.6.5. Droplet microfluidics for microbiology
Droplet microfluidics finds application in several fields of microbiology: counting, detection,
and identification of bacteria, analysis of bacterial physiology, antibiotic susceptibility testing,
biotechnological evolution, and selection of strains132. The use of droplets in microbiology
presents an advantage of bacteria compartmentalization in a small volume of liquid, which
favors the fast accumulation of growing cells or molecules secreted by cells providing earlier
detection compared to bulk culture. The second unique feature of droplet microfluidics is the
facilitation of complex experimental protocols by performing iterative operations on droplets,
like their formation, merging, splitting, mixing, sorting, injection of additional reagents. It
creates a possibility to conduct many measurements on the same droplets133,134 or observation
of cells behavior in controllably changing environment135. The third significant advantage is
the possibility of creating an enormous number of separate bioreactors providing single-cell
and high-throughput bacteria examination.
1.6.6. Fluorescence-based bacterial growth detection methods
Monitoring bacterial growth in droplets is usually performed by introducing fluorescent
labels136,137. One example of commonly used label is resazurin, which is a redox indicator and
it is transformed to resorufin by metabolically active cells138,139. Unfortunately, dyes can leak
out of the droplets making bacteria growth detection either impossible or limiting the
incubation time within which the method can discriminate between proliferation and lack of
it140–142. Another approach is to use enzymatic activity of microbes128,143,144.

Enzymes

produced by bacteria degrade a substrate to its fluorescent form. Sometimes bacteria has to be
genetically modified to express specific enzyme and product of enzymatic activity can leak to
the continuous phase. Another commonly used method relies on genetic modification of
bacteria. The clone contains gene encoding fluorescent protein and its stable form is produced
during the bacteria growth145,146. Detection of fluorescence of expressed proteins is widely
popular and it has been used for example for the analysis of Escherichia coli147 and
Staphylococcus aureus137 (Figure 9).
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Figure 9. Bacteria detection based on fluorescent proteins readout. a) a microfluidic device for
generation of aqueous droplets (top left), schematic of the optical setup for fluorescence detection (top
right), and exemplary fluorescence readout for low (central scheme) and high (bottom scheme) cell
loading conditions. Each arch-shaped signal indicates a droplet with a weakly fluorescent LB medium.
A vertical spike corresponds to the droplet containing cells expressing the fluorescent protein. Figure
reproduced from the article published by Huebner et al.147; b) Screening of bacteria inhibiting S.
aureus growth. S. aureus expressing green fluorescent protein was encapsulated with a killer S.
venezuelae producing red fluorescent metabolites or mate E. coli with a far-red fluorescent reporter
(top). S. venezuelae inhibits S. aureus growth, which yields distinct combinations of fluorescent
signals (bottom) in the droplets. Selection of the droplets with the lowest intensity of green
fluorescence results in the enrichment of killers. Figure reproduced from the article published by
Terekhov et al.137

1.6.7. Label-free methods for bacterial growth detection
Parts of this chapter are published as: Pacocha N., Bogusławski J. et al., High-throughput
monitoring of bacterial cell density in nanoliter droplets: label-free detection of unmodified
Gram-positive and Gram-negative bacteria, Analytical Chemistry, 2020148
Detection of fluorescence intensity in the droplets is very common approach, but either way it
is an additional step to introduce necessary substrates or to modify cells. There is thus an
important need for development of label free technique that would allow detecting
proliferation of unlabeled bacteria in nanoliter droplets. Some steps towards this goal have
already been demonstrated. For example, Jakiela et al.135 and Horka, Sun et al.149 presented
methods of measuring of optical density in microliter volume droplets. While these results
show that in principle the readout of optical density in droplets is possible, the size of the
droplets does not allow for high-throughput applications. L. Boitard et al. presented an
interesting method for cell detection in picodroplets150. In this contribution the droplet
composition changes during bacteria growth and it results in the change of osmotic pressure.
Water molecules start to migrate between droplets causing their shrinking or swelling. The
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decrease in volume can be correlated with a number of cells. Unfortunately, the method does
not provide high-throughput screening of the droplets right now. Similarly, Liao et al. showed
a label-free and sensitive method for bacteria detection in picoliter droplet using microRaman spectroscopy, but the method was not used for droplet screening151. On the other hand,
Zang et al. presented a method for detection the growth of bacteria in picoliter droplets based
on real-time image processing152. They achieved a 100 Hz frequency of readout and growthdependent droplet sorting. A promising alternatives to the techniques mentioned above are
methods based on detection of scattered light intensity. A direction of propagation of a laser
beam illuminating bacteria is changed upon scattering. The intensity of scattered light is
proportional to the number of cells. Liu et al.153 proposed an assay based on detection of light
scattered by bacterial cells in picoliter droplets with the screening frequency of 243 Hz
(Figure 10). In this approach the light is collected by fiber optic components, which makes the
whole system more compact and cost-effective. Similarly, Hengoju et al.154 presented an
optofluidic detection system based on the readout of absorbance and scattered light in
picoliter droplets with frequency of approx. 40 Hz.

Figure 10. Screening of droplets based on scattered light intensity. a) schematic representation of the
optical setup; b) scheme of the microfluidic chip to detect scattered light and droplet sorting; c)
micrograph presenting picodroplets flowing in the sorting region of the chip; d) exemplary scattered
light signal from the picodroplets. The dotted red line indicates a sorting threshold; e) histogram of the
droplets' scatter light intensity. Figure reproduced from the article published by Liu et al.153
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1.6.8. Identification and quantification of bacteria in droplets
The most common approach for highly specific bacteria identification is the detection of
bacterial genes and genomes. Droplet microfluidics refined this research area by introducing a
droplet digital PCR (ddPCR) 155. It brings a possibility of analyzing bacterial genomic content
at a single-cell level. A DNA sample is randomly partitioned across discrete droplets so that
each droplet contains no more than one copy of DNA. Specific gene sequences are amplified,
providing an increasing fluorescence intensity (Figure 11). According to Poisson distribution,
the number of ‘positive’ droplets meaning compartments with high fluorescence intensity,
indicates absolute DNA content in the initial sample. Droplet digital PCR allows to quantify
and identify nucleic acids with high specificity and precision156–158.
Lim et al. presented a method, PCR-activated cell sorting (PACS), for separation of target
microbial cells based on their genomic content159. Bacteria are encapsulated together with
PCR reagents, among which primers and TaqMan probes provide high specificity of target
bacteria detection. The amplification of specific gene sequences during PCR leads to
increasing fluorescence intensity allowing sorting of the droplets containing a desire bacteria.
In another work, Ziegler et al. showed a quantitative ddPCR method for detection
of Staphylococcus aureus, Streptococcus pneumoniae, and Escherichia coli on blood samples
from patients with bloodstream infections160.

Figure 11. Droplet digital polymerase chain reaction (ddPCR). An initial DNA sample is split into
discrete droplets, such that each droplet contains one (‘positive’ droplet) or no copy (‘negative’
droplet) of template DNA. The fluorescence signal is generated during PCR in the droplets containing
target gene sequence. DNA concentration in the initial sample is calculated based on the number of
‘positive’ droplets and Poisson distribution.

Kang et al. presented an attractive approach for rapid bacteria detection in clinical samples
using DNAzymes sensor technology and ‘Integrated Comprehensive Droplet Digital
Detection’ (IC 3D)161. DNAzymes are short catalytic oligonucleotides that specifically react
with the lysates of target bacteria, leading to a rapid increase of fluorescence signal (Figure
12). The system provides absolute quantification of both stock and clinical E. coli isolates.
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Figure 12. Detection of bacteria using a DNAzyme sensor and IC 3D technology. a) Encapsulation of
blood sample with DNAzyme sensor and bacteria lysis buffer; b) schematic representation of the
mechanism of target and DNAzyme sensor interaction. A cellular bacterial content binds to the
inactive DNAzyme sequence (red), which actives DNAzyme to catalyze the fluorogenic substrate at
the ribonucleotide junction (R). It results in cleavage of the fluorophore (F) and the quencher (Q),
producing a high fluorescence signal; c) Droplets detection by IC 3D counter. The cuvette with
collected droplets rotates and moves vertically while the laser beam illuminates the droplets, and
emission light is collected by a photomultiplier tube (PMT). Figure reproduced from the article
published by Kang et al.161

Lyu et al. demonstrated a quantitative detection method of Mycobacterium tuberculosis cells
expressing a β-lactamase enzyme, BlaC148. The number of bacteria encapsulated at the
single-cell level together with a fluorogenic probe for BlaC detection can be counted by
enumerating fluorescent droplets. Bacteria can also be detected by micro-Raman spectroscopy
as shown in the work of Liao et al.151. A droplet with bacteria is transported to the detection
area, where cells are accumulated at the tips of an energized quadrupolar microelectrode array
by means of electroosmosis and dielectrophoresis. Then, the droplet is removed and bacteria
are detected by Raman spectra. The disadvantage of this method is lack of high-throughput
droplet screening.
1.6.9. Microfluidic antimicrobial susceptibility testing
Multiple microfluidic platforms for testing bacteria susceptibility to antibiotics were
developed. They can be divide into categories by the approach of liquid handling: static
chamber arrays, flow chamber arrays, droplet arrays, a system with flowing droplets, and a
separate category of phenotypic-molecular tests. The first four categories rely on bacteria
growth detection (phenotypic ASTs) in the absence or presence of antibiotic, the last category
is the hybrid of phenotypic and genotypic assessments.
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In the static chamber systems, the sample firstly fills the entire device. Then the chambers are
separated by oil (Figure 13a), creating discrete bioreactors. After incubation stimulating the
growth of colonies, we can assess the outcome visually162. It is a rapid and easy-to-use device
but hardly scalable, which limits its use in heteroresistance studies.

Figure 13. Schematic representation of microfluidic antimicrobial susceptibility testing in the form of
a) static chambers providing a relatively easy and rapid measurement of bacteria growth considering a
low number of chambers and detection of bacteria division at the level of single cells using optical
microscopy; b) flow chambers, similar to static chambers with the exception that we can change their
content over the course of the experiment; c) droplet arrays offering greater throughput and
multiplexing with still relatively convenient detection as the droplets are immobile. The limiting factor
is the high complexity of changing the conditions inside the droplets and possible transport of matter
between compartments; d) system based on flowing droplets, providing excellent throughput and
multiplexing capabilities. Complex operations resulting in the change of droplet composition are
possible even at the level of single compartments. The detection of bacteria growth is more difficult as
the cells move. The incubation increasing number of bacteria is indispensable. Besides, the transfer of
matter between droplets has to be considered; e) ‘pheno-molecular’ tests offering high-speed
measurements of bacteria susceptibility based on DNA or RNA concentration.

Similar properties offer the flow chamber arrays (Figure 13b) combining microfluidic devices
with microscopy, where the growth of many individual cells is observed over time163,164. The
most interesting design is the mother machine165,166. It is a microfluidic chip consisted of
plenty of 1D channels, which width match the width of a bacterial cell. One mother bacterial
cell is trapped per one growth channel. It continuously divides, and the excess of cells is
flushed away at the end of the channel by a nutrient supply stream. The mother machine
enables long-term experiments with a single cell over many generations under precisely
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controlled conditions. The droplet arrays (Figure 13c, 2D array of droplets placed in
microwells)167–169 and system based on flowing droplets170,171 (Figure 13d) are more
laborious, and time-consuming but offers high scalability and high-throughput bacteria
screening. The bacterial suspensions can be split into enormous number of droplets enabling
analysis of considerable number of cells. The last category is the ‘pheno-molecular’ test
outstanding by rapid pathogen identification and verification of its susceptibility to antibiotics
(Figure 13e). They exploits the concentration of DNA or RNA molecules as a proxy for the
growth of bacteria which is the phenotype detected by optical AST172–174. The limiting factor
of ‘pheno-molecular’ tests is their difficulty of use.
1.6.9.1.

Droplet-based antimicrobial susceptibility testing

Among all microfluidic antimicrobial susceptibility testing, the droplet-based assays provide
the highest throughput of bacteria screening. It is especially essential when a considerable
amount of cells need to be analyzed, for example, towards heteroresistance of the bacterial
population. For that reason the following chapters focus on platforms based on flowing
droplets.
Researchers have reported various droplet-based systems for determining bacteria
susceptibility to antibiotics. Boedicker et al. demonstrated a plug-based platform for
sensitivity testing of Staphylococcus aureus to many antibiotics via a fluorescence assay138.
The single bacterial cells were encapsulated in 4nL droplets along with viability indicator,
resazurin. Then, the plugs were incubated for 7h to increase the number of bacterial cells for
their reliable detection. Kaushik et al. presented a similar AST fluorescence assay
(dropFAST) with the difference in droplet size and system integration174. The 20 pL droplets
can be generated, incubated, and screened using one microfluidic platform (Figure 14a). The
concept of antimicrobial susceptibility assessment using the dropFAST system was illustrated
by testing the antibacterial effect of gentamicin on E.coli growth. Liu et al. presented a labelfree method for detection and sorting of E. coli mutants resistant to fusidic acid153. Bacterial
samples with fusidic acid were split into 330 pL droplets and incubated for 8h before
screening towards scattered light intensity detection. Postek et al. presented a system with
improved throughput where dozens of droplet libraries of ca. 2000 compartments were
generated semi-automatically. Each library contained a different antibiotic concentration
(Figure 14b)171.
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Figure 14. dropFAST platform for bacterial growth detection and antimicrobial susceptibility testing.
a) dropFAST system allows for encapsulation of single bacterial cells with antibiotic and fluorescent
growth indicator dye (resazurin) into picoliter droplets, on-chip droplets incubation for a few bacteria
replication, and droplet screening for fluorescence intensity detection. Empty droplets emit weak
fluorescence intensity, while droplets with growing bacteria emit strong fluorescence. The number of
growing bacteria is calculated based on the histogram of droplets' fluorescence intensities; b)
micrographs of the integrated dropFAST platform for droplet generation, incubation, and detection of
the droplets in a continuous flow; c) schematic representation of the dropFAST platform's
instrumentation. Droplet incubation is conducted using a Peltier heater, and fluorescence detection
utilizes a laser excitation source and an avalanche photodiode (APD) detector. Figure reproduced from
the article published by Kaushik et al.174; d) Large droplets of bacteria suspension with different
antibiotic concentrations are generated using T-junction or vertically oriented DropChop emulsifying
geometry; e) The subsequent libraries of nanoliter droplets (tankers) are separated by immiscible
squalane oil (grey) and collected in PE tubing; f) The tankers are then incubated to allow bacteria to
grow and increase the droplets' fluorescence intensity, which is measured in the detection chip after
incubation. Scale bars: 400 µm. Figure reproduced from the article published by Postek et al.171

1.6.9.2.

Droplet-based detection of heteroresistance

Parts of this chapter are published as: Scheler O., Makuch K., Debski P., Horka M., Ruszczak
A., Pacocha N., Sozański K., Smolander O.-P., Postek W., Garstecki P., Droplet-based digital
antibiotic susceptibility screen reveals single-cell clonal heteroresistance in an isogenic
bacterial population, Scientific Reports, 2020175
Droplet microfluidics allows for high-throughput and faster antibiotic susceptibility testing
comparing to standard AST methods. Also, as described in the previous chapter it brings
essential innovations in the testing of bacteria behavior in the presence of antibiotics at the
single-cell level. Traditional determination of minimum inhibitory concentration is not always
informative enough to guide effective antibiotic treatment. Artemova et al. demonstrated that
measured MIC can strongly depend on the initial bacterial density (inoculum effect),
particularly in case of antibiotic resistance mediated by degradation176. The superior
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quantitative feature of antibiotic resistance is the measurement of single-cell minimum
inhibitory concentration (scMIC). Eun et al. presented a single-cell analysis of the bacteria
population by encapsulating E. coli cells in agarose nanoparticles with different serial
concentrations of rifampicin177. The minimum inhibitory concentration was determined, and
spontaneous resistant mutants were isolated by fluorescence-activated cell sorting (FACS).
Sun et al. presented a digital droplet PCR to detect resistance genes and point mutations
in H. pylori cells in stool samples178. Lyu et al. demonstrated a digital quantification of the
heteroresistance based on single-cell MIC determination using fluorescent viability probe
alamarBlue175,179.
The measurement of scMIC is an excellent platform for quantifying the distribution of each
cell's phenotypic responses in bacterial populations to antibiotics. Phenotypic variation of
genetically identical cells remains poorly studied compared to the genetic mechanisms of drug
resistance180,181. The cells differ from each other with respect to gene expression and other
phenotypic traits182–184. Phenotypic heterogeneity can be medically relevant due to the
persistence of bacterial individuals in the face of antibiotic exposure causing unsuccessful
treatment. Scheler et al. demonstrated a droplet-based digital antibiotic susceptibility method
for screening of each cell in isogenic bacterial population towards heteroresistance175.
Escherichia coli DH5α carrying a yellow fluorescent protein (YFP) gene for the detection was
encapsulated in water-in-oil droplets with different cefotaxime concentrations. The starting
inoculum suspension was diluted so that the vast majority of non-empty droplets contained
only one cell. After incubation, each droplet's fluorescence intensity was measured providing
a total number of droplets, N and the number of positive compartments, N+ (containing fully
grown bacteria) for each droplets’ library with a particular concentration of antibiotic, c
(Figure 15a, b).
Authors presented the results of single-cell antibiotic susceptibility testing in the form of
fraction of individual cells that grow as a function of antibiotic concentration (Figure 15c) and
as a probability distribution density, p(MIC), of cells exhibiting a given MIC (Figure 15d).
The results suggest that heteroresistance is not a phenomenon where there are two strictly
different sub-populations (resistant and susceptible with clear threshold),

but it is a

continuous gradient of susceptibility among the population.
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The probability distribution of individual MICs allows for precise analysis of phenotypic
heterogeneity of the bacterial population. The response of single-cells to antibiotics helps to
avoid the failure of the antibiotic treatment. It allows for a more precise analysis of tolerant to
antibiotics sub-populations.

Figure 15. Droplet digital cefotaxime susceptibility screen of isogenic E. coli population. a) An
experimental workflow for the single-cell assay, in which water-in-oil droplets consisting of bacteria,
culture medium, and antibiotic are generated. Each antibiotic concentration is a separate library of
nanoliter droplets. During incubation, encapsulated bacteria replicate YFP (yellow fluorescent protein)
unless the antibiotic inhibits the growth. After incubation, the droplets are screened for fluorescence
intensity using a confocal microscope. The readout has a binary characteristic, bacteria proliferate (1positive droplet) or does not (0- negative droplet); b) fluorescence signal intensities of each droplet in
nine samples containing different concentrations of the antibiotic. The red dashed line indicates a
threshold for positive droplets. Blue rectangles with error bars mark the average signal of positive
droplets with standard deviations; c) cell viability as a function of antibiotic concentration c; d)
probability distribution of individual MICs in the bacterial population received from a numerical
derivative of the data points in c). Figure reproduced from the article published by Scheler et al.175
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2. Materials and Methods
This chapter describes the materials, microfluidic chip fabrication methods, sample
preparation, detection, experimental procedures, and data analysis processes used in the
following projects:
I.

Droplet digital CFU (ddCFU) assay for precise quantification of bacteria over a
broad dynamic range.

II.

Species specific, accurate and precise quantification and identification of bacteria in
mixed samples.

III.

High-throughput label-free readout of bacteria density in nanoliter droplets.

IV.

Droplet-based assay for quantitative characterization of bacterial population.
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2.1. Fabrication of microfluidic chips
This procedure was used in all projects performed in this doctoral dissertation.
Fabrication of microfluidic chip consists of three steps. First, the channel network is designed
and milled in polycarbonate (PC) plate using a CNC machine (MSG4025, Ergwind, Poland).
In the next step, polydimethylsiloxane (PDMS, Dow Corning, USA) is poured onto the PC
chip and polymerized at 75oC for 1 hour. Then, the newly created positive mold's surface is
activated by Laboratory Corona Treater (BD 20AC, Electro-Technic Products, USA) and
silanized in the vapors of tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (United
Chemical Technologies, USA) for 30 min under 10 mbar pressure. In the last step, the PDMS
chips are fabricated using the salinized positive mold and bonded to 1mm thick glass slides
using oxygen plasma. The microfluidic channels are modified to enhance their
hydrophobicity by introducing Novec 1720 solution (3M, USA), evaporation at room
temperature, and baking the chip at 75oC for 1 hour.

2.2. Generation of droplets
This procedure was used in all projects performed in this doctoral dissertation.
Generation of the droplets was conducted using a setup shown in Figure 16a. The heart of the
system is a PDMS microfluidic chip with a flow-focusing junction (Figure 16b) operated by
neMESYS syringe pumps (Cetoni, Germany). The syringes (Hamilton, USA) contained
Novec HFE 7500 fluorocarbon oil (3M, USA) and 2% triblock PFPE-PEG-PFPE surfactant.
One syringe was a source of the continuous phase, and the second one was providing the
sample. The volume of one sample was 10-100 µl. Such small volumes were sucked into the
microfluidic Teflon tube and then pushed by the oil filling the syringe. The continuous phase
passes the filters and split the sample into droplets at a frequency of ~500 Hz. The droplet
formation process was monitored in real-time using uEye camera (IDS Imaging Development
Systems GmbH, Germany).
The dimensions of a microfluidic chip for droplet generation are following:
-

channel for disperse phase at inlet, width 800 µm x height 800 µm,

-

channel for continuous phase, width 200 µm x height 200 µm,

-

flow-focusing junction, width 100 µm x height 120 µm,

-

outlet channel, width 800 µm x height 800 µm.
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Figure 16. The setup for droplet generation. a) photograph showing a station for droplet formation.
The syringes containing oil and surfactant operated by syringe pumps (A) provides the flows of a
continuous and dispersed phase in the microfluidic chip (B). The light source (C) allows for real-time
monitoring of the droplet generation process with a uEye camera (D); b) scheme of a microfluidic chip
used for droplet generation. The sample is introduced through an inlet (A), split into droplets in flowfocusing (B) by the continuous phase flowing by side channels (C) and passing the filters (D). The
droplets are collected in an outlet (E). The additional channel (F) can be used to separate the droplets
by air plugs.

2.3. Fluorescence detection in droplets using confocal microscope
This chapter concerns the projects no. I and II.
We used following dye substrates to measure metabolic activity of bacteria: resazurin sodium
salt (Sigma-Aldrich, USA) and C12-resazurin (part of Vybrant Cell Metabolic Assay Kit, Life
Technologies, USA). Besides, we measured fluorescence intensity in droplets originated from
TaqMan probes and enhanced green fluorescent protein (EGFP). Table 1 presents a
distribution of fluorescent markers into individual projects where fluorescence intensity was
measured with confocal microscope.
Table 1. Fluorescent markers used in I and II projects where fluorescence intensity was measured
using confocal microscope.
Project
I. Droplet digital CFU (ddCFU) assay for precise
quantification of bacteria over a broad dynamic
range
II. Species specific, accurate and precise
quantification and identification of bacteria in
mixed samples

Fluorescent marker
C12-resazurin, EGFP plasmid in E. coli DH5α

TaqMan
probes
with
6-FAM
Carboxyfluorescein) fluorophore

(6-
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The fluorescence intensity in the droplets was measured using a confocal microscope (Nikon,
Japan) (Figure 17a) and a microfluidic chip with flow-focusing (Figure 17b) operated by
syringe pumps. The droplets are injected into the chip, and the additional oil streams separate
them further apart from each other. Then, the droplets are illuminated by the laser beam. We
acquired the fluorescence of TaqMan probes and EGFP at excitation/detection wavelengths of
488 nm/ 500-550 nm. In the case of resorufin/C12, at 561 nm/ 570-620 nm, respectively.

Figure 17. An experimental setup for detection of fluorescence intensity in droplets. a) the detection
chip (A) operated by syringe pumps (B) is mounted on the stage on the confocal microscope (C) and
all the data generated during fluorescence intensity measurement are collected by the computer (D); b)
a scheme of a microfluidic chip for droplet screening. The droplets are introduced through an inlet (A)
and separated in flow-focusing (B) by oil stream (C). The oil passes the filters (D) to be free of
clogging particles. Fluorescence intensity is measured just after the junction (red rectangle), and then
the droplets are disposed of through an outlet (E).

The dimensions of a chip for fluorescence intensity reading in droplets are following:
-

channel for droplets, width 1200 µm x height 1200 µm

-

channel for continuous phase, width 114 µm x height 100 µm

-

flow-focusing junction, width 124 µm x height 100 µm

2.4. Scattered, autofluorescence and fluorescence light detection using self- built
optical detector
This chapter concerns the project no. III, High-throughput label-free readout of bacteria
density in nanoliter droplets.
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The measurement of scattered, autofluorescence, or fluorescence light intensity was
conducted using a self-built detector. Figure 18a shows the complete optical setup. The
droplets are introduced to the microfluidic chip (Figure 18b) and illuminated by a 473 nm
laser beam delivered by a fiber. The laser beam is first collimated with a lens (L1, focal length
19 mm) and then focused by an objective (MO, Olympus RMS20X) into the middle of the
detection channel. The scattered light is collected with a multimode optical fiber positioned at
90o to the laser beam. We use a 105 µm fiber with a low numerical aperture (0.1) to restrain
the detection area. An aspheric lens (L2, focal length 8 mm) then focuses the guided light
onto an avalanche photodiode (APD, Thorlabs APD120A, bandwidth: 50 MHz). We use a
bandpass filter (BP1, central wavelength of 470 and 10 nm of bandwidth) to filter out the
fluorescence and pass the scattered light only. The autofluorescence or fluorescence signal
collected by the objective is reflected on a dichroic mirror (DM, a cut-off wavelength of 490
nm), passes a bandpass filter (BP2, a central wavelength of 530 and 43 nm of bandwidth) then
the light is focused by a lens (L3, focal length 30 mm), passes a pinhole and targets a
photomultiplier (PMT, Hamamatsu H5783-20). The photomultiplier is placed in a confocal
configuration, which allows rejecting out-of-focus light (e.g., light reflected from other
surfaces, stray light). Both collected signals (scattering and fluorescence/ native fluorescence)
are recorded simultaneously with a data acquisition card (National Instruments, USB-6212,
sampling frequency: 500 kHz) and processed by custom-written LabVIEW software.

Figure 18. Schematic representation of experimental setup. a) Scheme of the optical setup. L1-L3lenses, BP1 and BP2-bandpass filters, MO-microscope objective, DM-dichroic mirror, PH-pinhole,
APD-avalanche photodiode, PMT-photomultiplier; b) scheme of a microfluidic chip for scattered,
autofluorescence and fluorescence light detection. The droplets are introduced through an inlet (A),
separated from each other in a flow-focusing (B) by oil without surfactant (C) and illuminated by laser
beam in the detection channel (D). The scattered light is collected by an optical fiber (E), and the
droplets are discarded through an outlet (F). Figure reproduced from the article published by Pacocha,
Bogusławski et al.148
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The dimensions of a chip for scattered and fluorescent light detection are following:
-

channel for droplets, width 800 µm x height 100-1200 µm,

-

channel for continuous phase, width 120 µm x height 100 µm,

-

flow-focusing junction, width 120 µm x height 100 µm,

-

detection channel, width 120 µm x height 100 µm

2.5. Data analysis
Data acquired using confocal microscope (project no. I and II): the raw fluorescence data
were analyzed using MS Office Excel (Microsoft, USA) with Real Statistics Resource Pack
(http://www.real-statistics.com/).
Data acquired using self-built detector (project no. III): the scattering, fluorescence, or
autofluorescence signal intensities were analyzed using custom-written LabVIEW software.
The positive droplets were distinguished from negative ones by a two-level threshold-based
approach. The first threshold allows counting all the droplets, and the second one determines
negative form positive compartments (Figure 19).

Figure 19. Exemplary scattered light signal from nanodroplets with two thresholds, the lower one for
counting all the droplets (pink), and higher one for positive droplets determination (blue).

2.6. Real-time and direct droplet digital PCR
The chapter concerns project no. II, Species specific, accurate and precise quantification and
identification of bacteria in mixed samples.
2.6.1. Reagents
We used the same reagents in real-time PCR and dddPCR experiments to ensure the same
reaction conditions for a better comparison of both methods. We used 2x ddPCR™ Supermix
for probes (BioRad, USA), forward and reverse primers (Genomed, Poland), TaqMan® probe
(Genomed, Poland), and nuclease-free water (A&A Biotechnology, Poland).
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The sequences of used primers and probes for Staphylococcus aureus were following:
•

forward primer: GACAAGGTACCGGAAGC,

•

reverse primer: TCCAACCTGATCCAAATAATGT,

•

probe: 6-FAM-AGGATGTCAGTCCGTAATAATGGCGGT-BHQ-1.

The sequences of used primers and probes for Staphylococcus capitis were following:
•

forward primer: GCTAATTTAGATAGCGTACCTTCA,

•

reverse primer: CAGATCCAAAGCGTGCA,

•

probe: 6-FAM-TTCAAACTGCAGTACGTAATAATGGTGGC-BHQ-1.

The sequences of used primers and probes for Staphylococcus epidermidis were following:
•

forward primer: GCTAATTTAGATAGTGTGCCATCTA,

•

reverse primer: CCTGAACCAAATCGTGCT,

•

probe: 6-FAM-AAACAGCTGTTCGTAATAATGGCGGT-BHQ-1.
2.6.2. Sample preparation

The total volume of one sample in real-time PCR and dddPCR was 20 µl. It contained 10 µl
of 2x ddPCRTM BioRad Supermix for probes, 1.4 µl of 10 µM forward primer, 1.4 µl of 10
µM reverse primer, 0.3 µl of 10 µM TaqMan® probe, 2 µl of bacteria solution, and 4.9 µl
sterile, nuclease-free water. Samples (bulk or droplet samples) were introduced to a 96-well
PCR plate, covered with PCR strips (Figure 20b), and plated in thermocycler LightCycler 96
(Roche, Germany) (Figure 20a).

Figure 20. Photographs of PCR experimental set components. a) Roche Light Cycler® 96 System
used for real-time PCR and direct droplet digital PCR, b) 96-well plate with covering strips for PCR
samples.
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2.6.3. Thermocycling process
The protocol for direct droplet digital PCR was optimized for the reduction of variabilities in
droplet fluorescence intensities. We used the following final cycling conditions: 10 min at
95oC, followed by 60 cycles of 94oC for 60s and 60oC for 120s.
For real-time PCR, we used the following thermocycling process: 10 min at 95oC, followed
by 45 cycles of 94oC for 30s, 60oC for 60s.

2.7. Bacterial strains and culture mediums
We used different bacterial species in each of four projects (Table 2):
Table 2. Bacterial strains and culture mediums used in the microbiological parts of the projects.
Project
I. Droplet digital CFU (ddCFU) assay for precise
quantification of bacteria over a broad dynamic
range

II. Species specific, accurate and precise
quantification and identification of bacteria in
mixed samples

III. High-throughput label-free readout
bacteria density in nanoliter droplets

of

Bacterial strains and culture mediums
Escherichia coli DH5α placEGFP,
Enterobacter aerogenes PCM183.
Bacteria were cultured using LB-Lennox media
(Roth, Germany). With E. coli, the media
contained 100 µg/ml ampicillin and 1 mM
isopropyl β-D-1-thiogalactopyranoside IPTG
(both from Thermo Fischer Scientific, USA) for
EGFP plasmid retention and expression,
respectively.
Staphylococcus aureus NCTC8325-4,
Staphylococcus capitis DSM20326,
Staphylococcus epidermidis DSM20044.
Bacteria were cultured in Brain Heart Infusion
media (Biocorp, Poland).
Escherichia coli ATCC 25922,
Escherichia coli TOP 10 placEGFP,
Staphylococcus aureus LS1,
Staphylococcus aureus SH1000,
Corynebacterium simulans DSM 44392,
Pseudomonas aeruginosa ATCC 27853,
Staphylococcus intermedius ATCC 29663,
Klebsiella pneumoniae ATCC 13883,
Acinetobacter baumanii ATCC 19606,
Salmonella arizonae ATCC 13314,
Shigella sonnei ATCC 29930,
Listeria monocytogenes ATCC 1915.
Bacteria were cultured in Tryptic Soy Broth
(Biocorp, Poland) or Brain Heart Infusion media
(Biocorp, Poland). For fluorescence-based
screening, we cultured E. coli TOP 10 placEGFP
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in LB medium (Roth, Germany) with 100 µg/ml
ampicillin and 1 mM isopropyl β-D-1thiogalactopyranoside IPTG (from SigmaAldrich, USA and Thermo Fischer Scientific,
USA, respectively).
IV. Droplet-based assay for quantitative
characterization of bacterial populations

Staphylococcus aureus SH1000,
Staphylococcus aureus MSSA 476,
Pseudomonas aeruginosa PAO1.
Bacteria were cultured in Tryptic Soy Broth
(Biocorp, Poland), and Tryptic Soy Agar
(Biocorp, Poland).

2.8. Antibiotics
In the antibiotic kill tests, determination of MIC and scMIC values we used the following
antibiotics (Table 3):
Table 3. Antibiotics used for MIC, scMIC and time kill tests.
Project
I. Droplet digital CFU (ddCFU) assay for precise
quantification of bacteria over a broad dynamic
range
II. Species specific, accurate and precise
quantification and identification of bacteria in
mixed samples
III. High-throughput label-free readout of
bacteria density in nanoliter droplets
IV. Droplet-based assay for quantitative
characterization of bacterial populations

Bacterial strains and culture mediums
Norfloxacin (Sigma-Aldrich, USA)

No antibiotics were used in this project.

Gentamicin sulfate solution (TOKU-E, Japan and
Sigma-Aldrich, USA)
Gentamicin sulfate solution (TOKU-E, Japan and
Sigma-Aldrich, USA), ciprofloxacin (TOKU-E,
Japan), tobramycin sulfate (TOKU-E, Japan),
vancomycin hydrochloride from Streptomyces
orientalis (Sigma-Aldrich, USA), amikacin
sulfate (Sigma-Aldrich, USA), rifampicin
(TOKU-E, Japan), oxacillin sodium salt (SigmaAldrich, USA)

2.9. Small colony variants triggering
The procedure was applied in project no. IV, Droplet-based assay for quantitative
characterization of bacterial populations.
Small colony variants of S. aureus SH1000 were triggered and isolated based on a protocol
previously described by Edwards33. Tryptic soy broth containing gentamicin at a
concentration of 2 mg/ml was inoculated with a single S. aureus colony and incubated at 37oC
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for 18h. SCVs were isolated by plating serial dilutions of the culture on tryptic soy agar plates
with 2 mg/ml gentamicin, not permitting the growth of normal cells but selecting tolerant to
antibiotic small colony variants additionally characterized by small colony size reduced
pigmentation and deficiency in beta-hemolysis. The SCVs colonies were harvested with a
loop, suspended in 30% (v/v) glycerol solution, or directly subjected to experimental
procedures described.
2.10.

In vitro biofilm formation

The procedure was applied in project no. IV, Droplet-based assay for quantitative
characterization of bacterial populations.
Biofilms were grown in microtiter plates (Nunclon™ Delta Surface, Thermo Scientific
Nunc). For plasma pre-coated wells a total of 100 µL of 20% (v/v) blood plasma in 50 mM
carbonate buffer, pH 9.6, was incubated in the wells for 2h at 37°C prior inoculation with
bacteria. Overnight cultures of S. aureus were diluted 1:200 in TSB (tryptic soy broth) and
inoculated at 100 µL in microtiter wells. Biofilms were formed for either 24h or 72h at 37°C.
Unattached bacteria were washed out. To disperse the biofilm, proteinase K was added to the
wells at 100 µL and incubated for 30 min at 37°C. Digested biofilms were subjected to
thorough pipetting and a viable count to determine their densities.

2.11.

Determination of minimum inhibitory concentration (MIC)

The procedure was applied in project no. III and IV.

Figure 21. Experimental setup for MIC determination. a) setup for bacteria growth reading, a 96-well
plate (A) is placed in a plate reader (B). Growth curves of bacteria are collected by a computer (C) for
each of 96 wells; b) photograph of the 96-well plate with samples containing bacteria and antibiotic at
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serially changing concentration, from the lowest (right) to the highest (left). MIC value is obtained as
the lowest antibiotic concentration inhibiting bacteria growth. Every sample is prepared in three
replicates.

A minimum inhibitory concentration was obtained using a 96-well plate and a plate reader
(BioTek Instruments, USA) connected to the computer (Lenovo, China) (Figure 21a).
Samples containing bacteria and antibiotic at various concentrations were incubated, and
optical density was measured over time. The MIC value was the lowest antibiotic
concentration with inhibited growth of bacteria (Figure 21b).

2.12.

Determination of single-cell minimum inhibitory concentration (scMIC)

The procedure was applied in project no. III and IV.
A single-cell minimum inhibitory concentration (scMIC) was determined using a dropletbased approach. Initially, the bacteria sample was diluted to the concentration providing a
high probability of single-cell encapsulation in the range of 0.5×105 to 2×105 CFU/ml. Next,
the antibiotic was added, resulting in a series of samples with various antibiotic
concentrations (Figure 22a), which were then split into 1 nl droplets and collected in 0.5 ml
Eppendorf tubes (Figure 22b). The droplet samples were incubated at 37oC. After around 18
hours, all the droplets were screened for scattered or autofluorescence light intensity
measurement (Figure 22c). The percentages of positive compartments were determined for
each sample, and the distributions of scMICs were obtained (Figure 22d).

Figure 22. Scheme of a method for scMIC determination. a) Preparation of samples containing
bacteria and various concentrations of antibiotic; b) splitting of the samples into 1nl droplets and
incubation at 37oC; c) measurement of scattered or autofluorescence light intensity in each droplet in
all samples; d) data analysis towards heterogenic response of bacteria to antibiotic treatment.
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2.13.

Data analysis towards phenotypic heterogeneity of bacterial population

The procedure was applied in project no. III and IV.
Data analysis method was already used and described in details in the following publication:
Scheler, O.; Makuch, K.; Debski, P. R.; Horka, M.; Ruszczak, A.; Pacocha, N.; Sozański, K.;
Smolander, O.-P.; Postek, W.; Garstecki, P. Droplet-Based Digital Antibiotic Susceptibility
Screen Reveals Single-Cell Clonal Heteroresistance in an Isogenic Bacterial Population. Sci.
Rep. 2020, 10 (1), 3282.175
As a result of single-cell antibiotic susceptibility testing we receive a total number of droplets,
N and the number of positive compartments, N+ (containing fully grown bacteria) for each
droplets’ library with a particular concentration of antibiotic, c. The measurement of
distribution of antibiotic susceptibility in the population is obtained by normalization of the
number of positive droplets by their number in the absence of antibiotic, to determine the
fraction of individual cells that grow as a function of antibiotic concentration (Figure 23a):
𝐹! 𝑐 = 𝑓! (𝑐) 𝑓! (0), where 𝑓! 𝑐 = 𝑁! (𝑐)/𝑁 𝑐
Another well-defined measurement of bacteria heterogeneity in a population is a probability
distribution density, p(MIC), of cells exhibiting a given MIC (Figure 23b). Bacteria which
can grow at a given antibiotic concentration c are characterized by MIC level m≥c; using the
equation 𝐹! 𝑐 =

!
𝑝
!

𝑚 𝑑𝑚, the probability can be calculated from the identity:
!

𝑝 𝑐 = − !" 𝐹! (𝑐).

Figure 23. Analysis of bacterial phenotypic heterogeneity at the single-cell level. a) Fraction of
recovering cells (fraction of positive droplets normalized by the value of positive compartments
without antibiotic) as a function of antibiotic concentration; b) probability distribution of individual
MICs obtained from a numerical derivative of the data points in a).
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3. Results and Discussion
This chapter describes four projects concerning precise bacteria quantification (I and II),
identification (II), antibiotic susceptibility testing (III and IV), and detection of bacteria
subpopulation able to survive treatment with a high dosage of antibiotics (IV):
I.

Droplet digital CFU (ddCFU) assay for precise quantification of bacteria over a
broad dynamic range (3.1).

II.

Species specific, accurate and precise quantification and identification of bacteria in
mixed samples (3.2).

III.

High-throughput label-free readout of bacteria density in nanoliter droplets (3.3).

IV.

Droplet-based assay for quantitative characterization of bacterial population (3.4).
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3.1. Droplet digital CFU (ddCFU) assay for precise quantification of bacteria over a
broad dynamic range
Parts of this chapter are published as: Scheler O., et al., Optimized droplet digital CFU assay
(ddCFU) provides precise quantification of bacteria over a dynamic range of 6logs and
beyond, Lab on a Chip, 2017145
The droplet digital CFU (ddCFU) method is an optimized version of the standard digital assay
for bacteria quantification. It is characterized by a significantly reduced number of used
compartments and a broad dynamic range of quantification (over a 9log range). Using
classical droplet digital assays, the bacterial sample is split into droplets, and the cells are
encapsulated at the single-cell level according to Poisson distribution. The initial target
concentration is determined by the fraction of positive droplets. The number of compartments
is proportional to the dynamic range, so the standard approach needs a vast number of
compartments for operating over a wide dynamic range of target concentrations.

Figure 24. The theoretical background of optimized droplet digital CFU assay (ddCFU) for bacteria
counting. a) The overview of the ddCFU approach. The serial 10-fold dilutions of the initial bacterial
sample are prepared, and each sample is partitioned into libraries of ~ 3000 nanoliter droplets. After
incubation, the number of positive compartments characterized by high fluorescence intensity is
determined. The fraction of positives is then used to calculate the initial number of targets in the
sample via statistical algorithms based on the most probable number method and Bayes probability; b)
The performance of ddCFU assay compared to classical single-volume digital approaches. The left
graph presents the response in the fraction of positive droplets with a logarithmically increasing
number of targets in the sample. The right graph illustrates the comparison of the precision of three
quantification assays in the wide range of target concentrations. Classical 1M and 100K stand for
classical digital assays with one million and 100 thousand compartments, respectively. Figure
reproduced from the article published by Scheler et al.145

We developed an alternative method by implementing a rational design185 of digital droplet
assays. The logarithmic dilution series of the initial bacterial sample is generated and divided
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into one nl droplet. All 11 libraries (initial bacterial sample plus 10 dilutions) are pooled
together in one test tube, incubated, and analyzed (Figure 24a). Our assay's performance was
verified numerically via grand canonical Monte Carlo simulations and compared to the
performance of standard single-cell approaches. The precision of bacteria quantification by
optimized ddCFU is better than 5% and comparable to the classical assays (Figure 24b).

3.1.1. Droplet digital CFU technology
Bacteria quantification by ddCFU technology starts with manual dilutions of the initial
sample. The 10-fold dilutions are prepared and, together with the undiluted sample, are
transferred to a 96-well plate. Next, the 3 µl plugs of 11 samples separated by 3 µl oil droplets
are aspired into microfluidic tubing using an automated positioning system tray and syringe
pumps (Figure 25a).

Figure 25. Schematic of the ddCFU workflow. a) Initial bacterial sample is serially diluted. The initial
suspension and ten 10-fold serial dilutions are transferred to a 96-well plate where 3 µl plugs of each
sample are aspirated into microfluidic tubing and separated by additional oil spacers; b) Each plug is
split into 1 nL droplet in the microfluidic chip with a flow-focusing junction, collected in a 1.5 ml test
tube, and incubated at 37oC; c) measurement of fluorescence intensity in each droplet by flowing them
by detection chip and determination of the initial sample concentration using rational algorithms.
Figure reproduced from the article published by Scheler et al.145

In the next step, the sample plugs are split into ~1 nl droplets using a microfluidic chip with a
flow-focusing junction. The droplets from all dilutions are collected in one 1.5 ml tube and
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incubated at 37oC (Figure 25b). After incubation, the droplets are screened by flowing them
through the detection chip mounted in a confocal microscope stage (Figure 25c). An
additional stream of continuous phase spaces the droplets in the flow-focusing junction of the
detection chip just before the image acquisition area.
3.1.2. Comparison of digital CFU assay and standard plate counting
We verified the performance of rational design for digital quantification of bacteria by
comparing the results obtained by our optimized assay and gold standard enumeration method
commonly used in microbiological laboratories, plate counting (Figure 26a). An overnight
culture of an enhanced green fluorescent protein (EGFP)-producing Escherichia coli DH5α
was diluted serially. In detail, six samples with bacteria concentrations ranged over six orders
of magnitude – from overnight stationary culture to the 6th 10-fold logarithmic dilution were
prepared. The viable bacteria were quantified by both methods. The droplet samples and Petri
dishes with plated bacteria were incubated at 37oC for 16 and 20 hours, respectively. In case
of optimized droplet method, bacteria concentration was established based on the number of
positive droplets (high intensity of fluorescence) and rational algorithms. For the reference
assay, grown bacterial colonies were counted and multiplied by dilution factors.
We compared the number of bacteria determined by our ddCFU assay and conventional plate
counting. Figure 26b shows that both methods yield highly correlated results. The leastsquares exponential fit indicates a linear relationship between each two obtained variables in
the entire range of bacteria concentrations. A coefficient of determination, R2, also proves the
fit's satisfactory quality, which qualifies the ddCFU approach as a promising tool for the
bacteria enumeration. The lowest concentration that can be detected with our ddCFU method
depends on the initial sample volume. It means that in our case it is one cell per 3 µl, which
corresponds to 3.33⋅102 CFU/ml.
We observed that the results obtained by the ddCFU approach are very often slightly lower
than those obtained by plate counting (~25% on average in our case). A similar difference in
the number of viable detected cells using droplet-based systems has already been
demonstrated with E. coli. It has been speculated that this is due to shear forces on the cells
during the encapsulation process186. As a matter of caution thus, the effect of bacteria
encapsulation on the viability of the cells should be tested before using ddCFU assay for
bacteria quantification.
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Figure 26. ddCFU assay provides results in high correlation with traditional plate counting
enumeration. a) schematic experimental workflow of bacteria quantification. Viable cells in six
different samples with bacteria concentrations of six orders of magnitude were counted by ddCFU
assay and conventional plate counting; b) the graph showing the bacterial concentration on a
logarithmic scale in the samples measured by plate counting and ddCFU approach. Figure reproduced
from the article published by Scheler et al.145

3.1.3. Bacteria detection time
We investigated the time needed to detect viable bacteria using our optimized droplet-based
system. We tested the growth time of two bacterial species, Escherichia coli and Enterobacter
aerogenes using three different fluorescent labeling approaches: I) genetic modification of
bacteria towards EGFP expression, II) metabolic marker dye resazurin, III) metabolic marker
dye C12-resazurin. The working principle of C12-resazurin is similar to resazurin but it has
been shown to retain in water droplets for an extended period of time139.
We encapsulated both species in 1 nl droplet at the single-cell level and monitored the
fluorescence intensity over time. Bacteria were counted using ddCFU assay. For EGFP
expressing E. coli, we could detect positive containing cells droplets in six hours. Metabolic
activity signals for resorufin and C12-resorufin were detected in four and five hours,
respectively. Next, we tested E. aerogenes, bacteria associated with nosocomial infections. In
that case, the minimum incubation time using marker dyes resorufin and C12-resorufin was
three and four hours, respectively. Such detection time is similar to that already shown, for
example, for detecting Staphylococcus aureus138. These results demonstrate an enormous
advantage over the traditional plate counting method, where the incubation period is at least
16-20 hours long. In droplet assays, compartmentalization of cells in small volumes allows
for the faster accumulation of target to detectable concentration.
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3.1.4. Antimicrobial time-kill testing
The Time Kill Test or Time Kill Analysis is carried out to evaluate antimicrobial agents'
efficiency to reduce the viability of bacterial population187. We conducted an antimicrobial
time-kill test using our ddCFU technology. We inoculated EGFP E. coli DH5α in ~30 ml
culture medium to the concentration ~2×106 CFU/ml. We added norfloxacin with one
minimum inhibitory final concentration, 0.2 µg/ml (Figure 27). Norfloxacin is a quinolone
that targets DNA gyrase (an enzyme catalyzing structural changes in DNA) in bacteria and
leads to the death of the cells over time188. After the addition of antibiotic, we collected the
samples over time ranging from 0 to 25 hours, changed culture media to fresh one without
antibiotic, and counted the viable cells using ddCFU assay.
Figure 27 shows the immediate effect of norfloxacin on bacteria viability. After 30 min, more
than half of the bacterial population was killed by the antibiotic. The number of viable
bacteria continued to decrease. After 4 hours, we could not detect any viable cells in the
culture.

Figure 27. Demonstration of ddCFU assay application for antibiotic susceptibility testing. The
antibiotic, norfloxacin, was added to E. coli culture and the bacteria viability was measured over time.
The results are presented in the graph showing bacteria viability as a function of incubation time of
cells in the presence of antibiotic. Figure reproduced from the article published by Scheler et al.145

3.2. Species specific, accurate and precise quantification and identification of
bacteria in mixed samples
Parts of this chapter are published as: Pacocha N., et al., Direct droplet digital PCR
(dddPCR) for species specific, accurate and precise quantification of bacteria in mixed
samples, Analytical Methods, 2019189
A direct droplet digital polymerase chain reaction (dddPCR) assay allows for simultaneous
identification and quantification of bacteria in a bacterial mixture. The method is designed to
detect Staphylococcus aureus, Staphylococcus epidermidis, and Staphylococcus capitis, both
alone as mono-cultures and in a mixture. We encapsulate bacteria together with PCR reagents
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to amplify specific target genes. The method is calibration-free digital assay with eliminated
tedious DNA isolation and purification protocols. Besides, the process of extraction and
purification of genetic material from bacteria is time-consuming and has fluctuating
efficiency190.
The combination of identification and enumeration of bacteria in one method is challenging,
particularly for analyzing a sample containing many different bacterial species. The sufficient
specificity for bacteria recognition in a mixture is provided by genotypic methods headed by
real-time PCR, where quantification of bacteria is performed using a laborious preparation of
calibration curve. We propose a solution that alleviates the need for calibration and extraction
of genetic material from cells by direct encapsulation of bacteria, specific gene amplification,
and quantification of targets using droplet digital PCR.
3.2.1. Direct droplet digital PCR (dddPCR) technology
Recognition and quantification of target bacteria in a sample using dddPCR technology
(Figure 28a-d) starts with a dilution of the initial sample with 10 mM TRIS buffer (pH 8.5) to
reduce the potential inhibition of amplification by culture medium. Then, bacteria are mixed
with PCR reagents providing amplification of a gene in target cells, and the sample is split
into 1nl droplets. We introduce PCR tubes with collected droplets into thermocycler and
apply optimized for droplet PCR a temperature cycling protocol. The increasing number of
amplicons results in higher fluorescence intensity deriving from the hydrolysis probe's
cleavage and releasing fluorophore from the quencher. The final step is to measure the
fluorescence signal's intensity in all droplets using a microfluidic detection chip mounted on a
confocal microscope. The droplets with high fluorescence intensity are considered positive
(means containing target bacteria), while low signal intensity indicates negative
compartments. The threshold between negative and positive droplet populations is determined
halfway between the minimum measured signal and maximum intensity due to the high
difference (at least four times) between positive and negative droplets' fluorescence signal.
According to the Poisson distribution, a concentration of the target bacteria concentration
corresponds to the number of positive droplets.

64

Figure 28 . Schematic of the dddPCR technology and experimental workflows. a) dilution of an initial
bacterial sample; b) generation of nanoliter droplets containing bacteria and PCR reagents and
collection of formed compartments in a PCR tube; c) lysis of bacteria and amplification of target
specific gene during direct droplet digital polymerase chain reaction; d) screening of droplets and
counting of positive, containing target bacteria (P) and negative (N) droplets based on the fluorescence
intensity, dashed line indicates the signal threshold; e) workflow of an experiment comparing dddPCR
assay with standard plate counting. The overnight bacterial sample was diluted to enumerate bacteria
in each dilution by plate counting and dddPCR technique, N and P indicates the fraction of negative
and positive droplets, respectively. The graph shows the bacterial concentration obtained by plate
counting as a function of concentrations determined by dddPCR assay. Figure reproduced from the
article published by Pacocha et al.189

DddPCR technology does not require a calibration curve for determination of target bacteria
concentration, for that the only information we need is a fraction of positive droplets. The
difference in fluorescence signal between positive and negative compartments has to be clear
and explicit. Therefore, when the temperature cycling protocol is not optimized it provides
poorly separated droplet populations called droplet rain191. We conducted an experiment
showing an improvement of droplet separation by modification of PCR thermal protocol. We
amplified S. epidermidis DNA (encapsulated concentration 1.5·10-3 ng/µl) in the droplets
using two different PCR temperature profiles:
I.

95oC for 10min, 40 cycles of 94oC for 30s, 60oC for 60s and final 37oC for 30s,

II.

95oC for 10min, 60 cycles of 94oC for 60s, 60oC for 120s and final 37oC for 30s.

Figure 29a presents a result of the shorter PCR protocol. The droplet populations are not
clearly separated which hinders threshold setting and falsify final outcome. The second PCR
program yields improved droplet distribution with distinctive two fractions and significantly
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reduced number of droplet with intermediate fluorescence intensity (Figure 29b). The
extended protocol was used in dddPCR technology.

Figure 29. Cycling conditions strongly influence the efficiency of ddPCR. The droplets containing S.
epidermidis DNA were exposed to two different PCR thermal conditions. a) graph shows the
distribution of fluorescence intensity of the droplets after following thermal treatment 95oC for 10min,
40 cycles of 94oC for 30s, 60oC for 60s and final 37oC for 30s; b) graph presents fluorescence
intensities of the droplets treated at 95oC for 10min, 60 cycles of 94oC for 60s, 60oC for 120s and final
37oC for 30s. Figure reproduced from the article published by Pacocha et al.189

3.2.2. Comparison of dddPCR and standard plate counting
We tested the reliability of dddPCR technology by comparing the results of bacteria
quantification by our method and gold standard plate counting (Figure 28e). We used three
different bacterial species (S. aureus, S. epidermidis, S. capitis) at various concentrations. We
compared both methods using a very fresh bacterial suspensions to eliminate an error related
to detecting both alive and dead cells in the dddPCR approach. The cells from the edge of the
freshly cultured colony on the agar plate were suspended in a liquid medium and incubated at
37oC to OD600 0.2.
Bacteria enumeration by plate counting method was conducted by sample dilution with
culture medium, bacteria spreading on agar plates, overnight incubation at 37oC, and counting
of grown colonies. In the dddPCR experiment, an initial bacterial sample was diluted with
TRIS buffer, mixed with PCR reagents, split into droplets, and analyzed towards the number
of positive droplets after DNA amplification. Each bacterial dilution for each species was
analyzed in three replicates. We found that both methods provide highly correlated results,
which is proved by the linear regression equations and the determination coefficients (R2)
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(Figure 28e). DddPCR technology allows counting bacteria over a dynamic range of at least
five orders of magnitude with the possibility to extend it. In low bacteria concentration, the
cells can be centrifuged and resuspended in a smaller volume of liquid. For highly
concentrated samples, bacteria can be encapsulated using a higher number of droplets, or the
optimized droplet digital CFU assay described in one chapter above can be engaged.
3.2.3. Specificity of hydrolysis probes in real-time PCR and dddPCR
A specificity of bacteria recognition in a mixture by dddPCR technology is provided by
TaqMan® hydrolysis probes and flanking primers, which target a sodA gene (prevalent
marker gene in microbiological diagnostics). We design probes and primes using sequences
from NCBI GenBank. We aligned the gene sequences of each bacterium together
using ApE and ClustalX software to receive suitable gene regions to assert high specificity.
The specificity of designed probes was tested using reference qPCR and our dddPCR
approach. For both methods, we prepared samples containing just target bacteria and the
samples of the target bacteria with background cells. Table 4 presents the sample composition
for the qPCR experiment. Ten different samples were prepared for each species: four
concentrations of target bacteria, four samples with target and background cells, and two
controls (one without any cells and one consisting of background bacteria). The concentration
of interfering cells was selected to avoid inhibition of amplification due to too high content of
genetic material in the sample. Bacteria were added directly to the samples and lysed at high
temperature before the amplification process. We found that recognizing the target bacteria
for all three species using the probes and primers is clear and specific (Figure 30a) with
slightly more challenging bacteria detection at low concentrations. We can see from Figure
30a that these concentrations are affected by greater standard deviations.
Table 4. Concentrations of target and background bacteria in the samples analyzed by real-time PCR.
Number of cells in PCR wells is estimated on basis of standard plate counting.
Concentration of bacteria [CFU/ml]
Target
Background
Target
Background
Target
Background

S. capitis
S. aureus
S. epidermidis
S. aureus
S. epidermidis
S. capitis
S. epidermidis
S. capitis
S. aureus

1.0·10

6

1.0·10

5

1.0·104

1.0·103

0

1.0·106

2.5·105

2.5·104

2.5·103

0

2.5·106

2.5·105

2.5·104
0

1.0·103

2.5·105

2.5·104

2.5·103

2.5·104

2.5·103

1.0·105

0
2.5·106

1.0·104

1.75·105

0
2.5·106

1.0·105

2.5·103

0

2.5·106

2.5·105
1.0·105
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We also tested the specificity of bacteria recognition in a mixture by dddPCR. We compared
samples of target bacteria as monocultures and mixtures with two remaining species (Table
5). We split the sample into droplets and collected them in PCR tubes for dddPCR (each
bacteria dilution in three replicates). After amplifying target genes, we measured fluorescence
intensity and counted the fraction of positive droplets in each sample. Figure 30b
demonstrates the high specificity of bacteria recognition. The concentration of target bacteria
obtained in the presence of interfering cells does not differ from the concentration determined
in the absence of background bacteria.
Table 5. Concentrations of target and background bacteria in the samples analyzed by dddPCR.
Number of cells in PCR wells is estimated on basis of standard plate counting.
Concentration of bacteria [CFU/ml]
Target
Background
Target
Background
Target
Background

S. capitis
S. aureus
S. epidermidis
S. aureus
S. epidermidis
S. capitis
S. epidermidis
S. capitis
S. aureus

5.0·10

5

5.0·104

5.0·103

5.0·105

2.0·105

2.0·104

2.0·106

5.0·103
0

2.0·105

2.0·104

1.7·107

0
5.0·104

5.0·103

1.0·107

0
2.0·106

5.0·104

5.0·102

5.0·104

5.0·103

5.0·102

1.0·107

Figure 30. The specificity of TaqMan® hydrolysis probes in real-time PCR and dddPCR. a)
recognition of target bacteria in a mixture of three bacterial species using real-time PCR. The X-axis
represents the cycle threshold for the samples containing a different number of target bacteria; Y-axis
indicates the cycle threshold for the samples, including different concentrations of target bacteria and a
superior number of interfering cells. Black, red, blue symbols show the effectiveness of
recognizing Staphylococcus aureus, Staphylococcus epidermidis, and Staphylococcus capitis,
respectively. b) target bacteria detection using dddPCR technology in samples containing only target
bacteria (Cbacteria alone) and samples with target and background cells (Cbacteria in a pool). Black, red, blue
symbols show the quantified number of Staphylococcus aureus, Staphylococcus capitis, and
Staphylococcus epidermidis, respectively. Figure reproduced from the article published by
Pacocha et al.189
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Table 6 presents the robustness of bacteria identification by dddPCR in mixed samples. The
relative standard deviations (%SD) of target bacteria enumeration in the presence of
interfering cells were calculated by multiplying an absolute error by 100% and dividing by
the average of three independent measurements of target bacterial concentration. The SD%
remains within a few percent, with the most extensive spread of 20% for S. epidermidis. The
results demonstrate that dddPCR assay allows for tracking even small changes in bacteria
content. It creates a possibility to follow an evolution of bacterial consortia composition upon
treatment with diverse sets of compounds.
Table 6. Robustness of bacteria recognition in mixed samples, b/t indicates the ratio of densities of
background (b) to target (t) bacteria, %SD indicates relative standard deviation.
S. aureus
Average
concentration of
Ratio b/t
target bacteria
[CFU/ml]
2.0·106
8,5
2.0·10

5

2.4·10

4

85
850

%SD

4.4
4.6
4.3

S. capitis
Average
concentration of
Ratio b/t
target bacteria
[CFU/ml]
6.2·105
20
6.4·10

4

7.2·10

3

200
2000

%SD
3.9
6.5
11.4

S. epidermidis
Average
concentration of
Ratio b/t
target bacteria
[CFU/ml]
3.9·104
20

%SD
15.0

4.4·10

3

200

21.5

7.7·10

2

2000

20.2

3.2.4. Inhibition of PCR by background bacteria and culture medium
DddPCR technology enables bacteria identification and quantification in the presence of
background cells. We experimented with comparing the influence of different concentrations
of interfering bacteria in the sample on target bacteria recognition by conventional qPCR and
dddPCR assay. We found that dddPCR is more tolerant to the non-specific background
(Figure 31a), and we speculate that it can be a result of compartmentalization. There is a small
restricted volume of inhibitors influencing the amplification of target DNA. Besides, the
detection of droplets is binary. None or very low intensity of fluorescence indicates a negative
droplet without target bacteria. High fluorescence intensity corresponds to a positive droplet,
and the level of fluorescence is not critical. The high concentration of inhibitors can influence
PCR, causing a reduction of fluorescence intensity, but the droplet is still detected as positive.
The factor which can also inhibit PCR is a too high concentration of growth medium in the
final PCR sample. We tested how much of culture medium the PCR sample may contain to do
not influence amplification. We prepared seven samples containing different volume percent
of BHI (broth heart infusion) broth, from 0% to 30% v/v, and purified DNA of S. aureus.
After real-time PCR, we obtained cycle thresholds for each sample. Figure 31b shows that the
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growth medium is a potent inhibitor of the amplification reaction. The concentration should
not exceed 1% v/v. Higher content inhibits or ultimately hinders PCR. Using dddPCR
technology initial bacterial sample has to be diluted, or the growth medium has to be removed
by centrifugation and resuspension of the pellet in the non-inhibiting buffer, for example,
TRIS buffer.

Figure 31. Background bacteria and culture medium inhibit DNA amplification. a) Graph presents a
comparison of real-time PCR and dddPCR assays for samples containing different ratios of
background to target bacteria (X-axis). Y-axis shows a relative PCR signal calculated as a ratio of a
signal obtained in a sample containing the target and interfering cells to signal determined in a sample
with just target bacteria. b) Graph shows the percentage of growth medium in the PCR sample as a
function of PCR cycle threshold. Figure reproduced from the article published by Pacocha et al.189

3.3. High-throughput label-free readout of bacteria density in nanoliter droplets
Parts of this chapter are published as: Pacocha N., Bogusławski J. et al., High-throughput
monitoring of bacterial cell density in nanoliter droplets: label-free detection of unmodified
Gram-positive and Gram-negative bacteria, Analytical Chemistry, 2020148
Droplet microfluidics brings innovative possibilities in analyzing bacteria, including
sequencing and antibiotic susceptibility testing at the single-cell level. It requires highthroughput methods for droplet generation and detection. Despite the significant progress in
droplet formation techniques, the detection methods have lagged. The most common
approach is the detection of fluorescence light, which naturally is not highly intense. The
chemical markers of metabolism have to be added to enhance fluorescence intensity, or
bacteria have to be genetically modified. We developed a high-throughput label-free system
for monitoring of bacteria growth in nanoliter droplets with frequency of 1.2 kHz. The
measurement is based on the intensity of light scattered by bacterial cells, Gram-positive, and
Gram-negative with various structures, shapes, and growth characteristics. We present the
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applicability of our system in analysis of phenotypic heterogeneity of Staphylococcus aureus
population by determination of minimum inhibitory concentrations (scMIC) at the single-cell
level.
3.3.1. Readout of bacteria density by measurement of scattered light
3.3.1.1.

Experimental setup

A schematic description of the experimental workflow used in this work is presented
in Figure 32a. An optimization of our system was performed using samples containing
different ratios of 1 nL droplets containing culture medium only (negative) and the droplets
containing a high concentration of bacteria (positive). The droplets with high bacteria density
were prepared by splitting an overnight bacteria suspension (OD ~5.0). Both types of freshly
generated droplets were collected in a 1.5 mL Eppendorf tube and mixed by gentle rotations.
The percentage content of positive droplets in the sample is indicated by ρpos, while the
percentage content of negatives is indicated by ρneg. The experiments conducted at the singlecell level were performed according to the procedure shown in Figure 32b. The bacterial
sample was first diluted to a concentration of 105 CFU/mL (high probability of single-cell
encapsulation) and then split into droplets to be collected in a 1.5 mL Eppendorf tube for
incubation at 37 °C in the microbiological incubator.
Our detection system utilizes a microfluidic chip with a flow-focusing junction, shown in
Figure 32c. The droplets are introduced to the chip through an inlet on the left side, and then
they are separated further apart from each other by two additional oil streams without
surfactant. The absence of surfactant in the continuous phase causes dilution of its high
concentration in the original emulsion and reduces the background scattered light between
droplets. In the final step, the droplets get to the detection channel, where a focused laser
beam illuminates them.
The general principle of detection of bacteria growth in droplets is based on Mie scattering
theory. Bacterial cells approximate spheroids with a size comparable to the wavelength of
light. The light illuminating bacteria changes the direction of propagation and can be collected
by an optical fiber positioned off the optical axis, in this case, perpendicularly to the laser
beam (Figure 32d). The system is also equipped with the optical setup for the detection of
fluorescence light. It was primarily used to validate a label-free approach as the detection of
bacteria growth based on detection of fluorescence is well-established.
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Figure 32. Schematic of experimental workflows and optical setup. a) overview of experimental
workflow; b) schematic of experimental workflow for single-cell experiments; c) scheme of
microfluidic chip for droplet screening, 1-inlet for continuous phase, 2-inlet for droplets, 3-detection
channel, 4-guiding channel for optical fiber, 5-filters, 6-outlet; d) schematic of optical setup for
detection of scattered and fluorescence light, L1-L3-lenses, BP1 and BP2-bandpass filters, MOmicroscope objective, DM-dichroic mirror, PH-pinhole, APD-avalanche photodiode, PMTphotomultiplier. Figure reproduced from the article published by Pacocha, Bogusławski et al.148

3.3.1.2. Comparison of label-free system with standard approach of
fluorescence intensity detection
The detection of bacteria growth in droplets is usually conducted using fluorescent
metabolism markers, or bacteria has to be genetically modified to express fluorescent
proteins. We compared results obtained by a well-established readout of the fluorescence
signal with our label-free approach to validate our method and present the reliable detection
of bacteria growth without additional labeling. For that purpose, we prepared eight samples
containing a range of different percentages of negative (ρneg) and positive droplets (ρpos). The
negative compartments had only a growth medium, and positive droplets were prepared by
encapsulating a high concentration of genetically modified E. coli expressing a green
fluorescent protein, which resulted in around 800 cells per droplet. Those samples contained
ρpos of 0, 10, 30, 50, 60, 80, 90, 100%, respectively, and were analyzed in three replicates by
simultaneous readout of scattering and fluorescence intensities. The droplets were screened
with a frequency of 1200 Hz. Figure 33a presents an exemplary fluorescence and scattered
light signals from nanodroplets with clearly distinguishable peaks with high intensity
(positive droplets) and low intensity (negative droplets).
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To quantify positive and negative droplets based on the recorded signals, we used a two-level
threshold-based approach. The first level concerns counting all of the droplets in the sample.
The threshold is located above the signal noise and below the highest intensity of negative
droplets. The second threshold (roughly in half of the signal of positive droplets) allows
enumerating positive compartments. The positive and negative droplets can be easily
differentiated. In two exemplary histograms presented in Figure 33b, we can see two widely
separated populations of droplets. Figure 33c,d shows the correlation between the theoretical
and measured number of positive droplets in the sample based on detection of fluorescence
and scattered light, respectively. The scattered light readout allows for precise detection and
counting of droplets containing bacteria as the fluorescence-based method. The results
obtained by both ways correlate highly, as proved by the linear regression equation and
determination coefficient (R2=0.9996) (Figure 33e).

Figure 33. Label-free system provides reliable results as the method based on the detection of
fluorescence light. a) exemplary fluorescence and scattered light signals from negative (low intensity
of signal) and positive (high intensity) nanodroplets; b) histograms of fluorescence and scattered light
intensities with two clearly distinguishable populations of droplets; c) correlation of theoretical and
measured percentages of positive droplets obtained based on the intensity of fluorescence intensity; d)
correlation of theoretical and measured percentages of positive droplets determined by label-free
method; e) measured percentage of positive droplets determined by detection of fluorescence intensity
as a function of the percentage of positive droplets obtained by the method based on scattered light; f)
time correlation of fluorescence and scattered light signals. Figure reproduced from the article
published by Pacocha, Bogusławski et al.148
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The fluorescence and scattered light are recorded simultaneously. We checked the time
correlations between both signals. The previously defined threshold for differentiation of
positive and negative droplets was selected to convert numerical values of droplets amplitude
peaks to 0 and 1 labels for negative and positive droplets, respectively. The compatibility of
results in scattering and fluorescence traces was checked by calculation of the correlation
metric. The number of compliant pairs was divided by the total number of droplets in the
sample. We found that the detection of scattered light contains the same information as the
detection of fluorescence. The correlation coefficient is larger than 0.98 for each sample, as
shown in Figure 33f.
3.3.1.3.

Frequency of droplet screening

The most prominent advantage of the application of droplet microfluidics is the possibility of
high-throughput analysis. To reduce the undesirable effects during droplet screening, for
example, droplet merging or splitting up, we optimized a microfluidic detection chip design.
According to the work of Rosenfeld et al., the small entrance angle to the detection channel
and its width comparable to the width of the droplets is advantageous for droplet stability and
their stable flow in narrow constriction192. Comparing to the system presented by Liu et al. we
have reduced the entrance angle to the detection channel from 45 to 25o193. Moreover, the
width of the detection channel was selected to fit 1 nl droplets with diameter of 120 µm.
We tested the maximum frequency at which droplets can be screened using our label-free
system. We aimed to reduce spacing oil between the droplets resulting in the minimal
distance between the droplet’s amplitude peaks. We tested different ratios of flow rates of
continuous and droplet phase. This way, we found the most favorable conditions when the
maximum number of droplets pass by optical fiber in a given time, which is
1200 Hz (droplets/s).
3.3.1.4.

Qualitative readout and resolution of the method

Phenotypic screening of bacteria in the droplets is based on measuring the number of negative
(only culture medium or dead non replicating cells) and positive droplets containing growing
bacteria. We tested the reliability of qualitative readout of droplets using our label-free
detector. We prepared eight samples composed of different ratios of 1 nl empty droplets and
compartments containing a very high concentration of non-fluorescent E. coli (overnight
culture, ~109 CFU/ml, which corresponds to around 1000 cells per droplet). We analyzed all
samples at a maximum frequency of 1200 droplets/s. Figure 34a presented the high
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correlation between theoretical (prepared) and measured percentage content of positive
droplets in the samples. The empty compartments are easily distinguishable from positive
containing high concentration of bacteria droplets, which allows for a reliable readout in a
label-free manner.
We also determined the method's resolution by measuring the minimum number of bacteria in
the droplet allowing its detection as a positive compartment. We prepared nine samples
consisted of 30% droplets with tryptic soy broth and 70% droplets with a range of different
non-fluorescent E. coli densities, from 1 to 800 CFU/droplet. Figure 34b shows a relative
error of discrimination of positives from negatives as a function of the number of bacteria per
droplet. The satisfactory recognition of positive compartments starts from 400 cells per
droplet. The relative error is an absolute error divided by the actual number of positive
droplets. We also found that increasing the number of bacteria per droplet results in increased
scattered signal intensity, as shown in 34c.

Figure 34. Our label-free detection system allows for qualitative readout of droplets containing at least
400 bacterial cells. a) the graph presents theoretical (X-axis) versus measured (Y-axis) percentages of
positive droplets in the samples; b) the graph shows relative error as a function of the number of
bacterial cells per droplet c) linear correlation of scattered light signal and number of bacterial cells
per droplet. Figure reproduced from the article published by Pacocha, Bogusławski et al.148

3.3.1.5.

Screening of different strains of bacteria

Our label-free scattering-based detection system should be able to monitor the growth of
many bacterial species. The only potential limitations would be the difficulty of encapsulation
into droplets bacterial cells, which exhibit a filamentous phenotype or grow slowly. These
features restrict bacteria analysis in droplets at a single-cell level, and the detection of slow
growers becomes impossible after some time of incubation due to limited droplet stability.
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We verified our system's versatility by testing five samples containing different ratios of
negative and positive droplets with a high concentration of tested bacteria: Escherichia
coli, Corynebacterium simulans, Pseudomonas aeruginosa, and two strains of Staphylococcus
aureus. Figure 35a shows the linear correlation between theoretical and measured percentages
of positives within each sample regardless of variations in size, shape (round-shape, rodshape, and club-shaped), and behavior of bacteria. S. aureus SH 1000 tends to form clumps.
We hypothesize that this aggregation can increase the number of false-positive signals
manifesting in slightly higher standard deviations, as shown on the graph 35a.

Figure 35. The system allows for monitoring of the growth of different bacteria species/ strains in the
droplets. a) graphs show the correlation of theoretical and measured percentage of positive droplets
containing E. coli, C. simulans, two strains of S. aureus, P. aeruginosa, respectively from top to
bottom graph; b) exemplary scattered light signals of six unlabeled samples containing S. sonnei, S.
intermedius, S. arizonae, L. monocytogenes, K. pneumonia, A. baumanii, respectively from top to
bottom graph. Figure reproduced from the article published by Pacocha, Bogusławski et al.148

We also tested Shigella sonnei, Staphylococcus intermedius, Salmonella arizonae, Listeria
monocytogenes, and Klebsiella pneumoniae by analyzing only one sample consisting of 30%
of negative and 70% positive droplets (high concentration, overnight culture) per species.
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Figure 35b shows the exemplary droplet signals. We found that the intensities originating
from negative droplets are easily distinguishable from positive compartments. Our system
allows for monitoring the growth of a wide range of bacterial species of clinical, research, and
industrial interest.
3.3.1.6.

Bacteria proliferation in droplets
We checked the ability of our system to
monitor bacteria proliferation in the droplets,
and we determined the minimum incubation
time required to distinguish positive droplets
containing growing E. coli from negative
compartments. We encapsulated bacteria at a
single-cell level, as shown in Figure 32b. The
overnight E. coli culture was diluted to the
concentration,

which,

based

on

Poisson

distribution, results in around 20% positive
compartments. We used one nl droplets, and
the

bacterial

sample

was

diluted

to

2×105 CFU/ml. The bacterial suspension was
split into droplets, and then the samples were
Figure 36. The system allows for detection of
bacteria proliferation in the nanoliter
droplets. a) detection of percentage of
positive droplets in time; b-d) histograms of
scattered light intensities after 0, 8 and
24 hours of droplet incubation at 37oC,
respectively. Figure reproduced from the
article
published
by
Pacocha,
Bogusławski et al.148

incubated at 37oC. We monitored the bacterial
growth in time by measuring the percentage of
positive droplets based on scattered light
intensity. We found that the number of
droplets containing growing bacteria saturates
at the level of 23.7% after 5 hours of
incubation. For this particular species, this is

the minimum time required to detect all positives in the sample (Figure 36a). Histograms
presented in Figure 36b-d shows changes in the number of positive and negative
compartments over time. When bacteria are freshly encapsulated, we can observe only
negative droplets (Figure 36b); single bacterial cells are not detectable by our system. After 8
and 24 hours of incubation, the fraction of droplets with growing and replicating cells is
visible and easily distinguishable from a population of negatives (Figure 36c,d). The average
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signal intensity of positive droplets grows in time, associated with an increasing number of
cells during the incubation. More scatters give higher scattered light intensity, but the overall
number of positive droplets remains unchanged. The average scattered light intensities equal
75.6 ± 2.0, 117.1 ± 13.0, 232.8 ± 18.4 mV after 5, 8, 24 h of incubation, respectively. The
variability in signal values of positive droplets increases with time. We speculate that it can
be related to the phenotypic diversity of cells and various bacteria growth in droplets.
3.3.1.7.

Screening of bacteria towards heterogeneity

Our label-free system can be used for bacteria screening towards phenotypic heterogeneity of
the bacterial population. We characterized the response of individual cells in the isogenic
bacterial population of Staphylococcus aureus LS1 to gentamicin. S. aureus is a versatile
pathogen causing a range of infections, which are either acute or chronic and often
recalcitrant. Gentamicin was chosen due to its known effect on the heterogeneous growth
of S. aureus. First, we determined the scMIC using a wide range of antibiotic concentrations.
Figure 37 shows the decrease of fraction of recovering bacteria with the increasing
concentration of gentamicin with complete growth inhibition at 1 µg/ml concentration. Next,
we treated bacteria with a narrow range of gentamicin concentrations, emphasizing the
subMIC area, where the heterogeneous growth of bacteria is most likely to be observed.
Figure 38a presents the decreasing fraction of recovering bacteria in the population, FR(c), as
a function of increasing antibiotic concentration, c. The data were fitted with the Gompertz
function. The cells in the isogenic population of S. aureus does not respond to the gentamicin
in the same way. It is presented in Figure 38b (a derivative of the data from Figure 38a),
which shows the distribution of the probability of scMIC in the bacterial population. It
visualizes that a range of antibiotic concentrations inhibits bacteria growth. Testing bacterial
heterogeneity in response to antibiotics is crucial for a better understanding of resistance
mechanisms and more effective antibiotic treatment.
The number of positive droplets measured by our scattering-based approach is affected by
some percentage of false positives, which is around 1.5%. To provide reliable results, we
applied a mathematical model to remove false-positive droplets from our data. Therefore, we
can observe a few negative values of the fraction of resistant bacteria in Figure 37 and 38a
caused by this operation.
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Figure 37. Testing of S. aureus susceptibility to gentamicin. The graph presents the fraction of
recovering bacteria as a function of gentamicin concentration. The shaded area represents errors
related to the curve fitting parameters determined by the least-squares method. Figure reproduced
from the article published by Pacocha, Bogusławski et al.148

Figure 38. Determination of scMIC profile allows for analysis of phenotypic heterogeneity of bacterial
population. a) the graph shows the change of bacteria recovery as a function of antibiotic
concentration. b) probability density distribution of single-cell MICs in bacterial population. Figure
reproduced from the article published by Pacocha, Bogusławski et al.148

3.3.2. Readout of bacteria density by measurement of native fluorescence
We observed that some bacterial species naturally emits fluorescence which can be detected
by our detector described above. It creates an additional possibility to perform label-free
reliable qualitative readout of bacteria growth in the droplets. The measurement based on
detection of native fluorescence is less sensitive in the sense of detection of background
particles (for example, dust), and the difference in signal peaks of positive and negative
droplets does not strongly depend on the laser position in the detection channel comparing to
the scattering-based method. We measured the autofluorescence signal utilizing the
fluorescence channel used before for scattered-based method validation. We tested the
reliability of qualitative measurements. We checked the maximum frequency of droplet
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screening, and we monitored bacteria proliferation in nanoliter droplets over 24 hours of
incubation.
3.3.2.1.

Experimental setup

Detection of autofluorescence signal in nanoliter droplets is conducted using a microfluidic
chip with flow-focusing junction (Figure 39a) and the experimental setup schematically
presented in Figure 39b. Droplets are introduced to the chip by microfluidic tubing, where
they are separated from each other in the junction with a continuous phase without surfactant.
The droplets are then illuminated by the 473 nm lasers beam (20 mW) focused by a 20x
microscope objective in the middle of the channel. The autofluorescence light is collected by
the same microscope objective and directed by a dichroic mirror (490 nm cutoff) through a
band-pass filter (central wavelength 530 nm, bandwidth 43 nm) to the photomultiplier tube in
a confocal configuration. The PMT signal is recorded using a data acquisition card and
processed using a custom-written computer program.

Figure 39. Schematic of the experimental setup. a) scheme of the optical setup for detecting
autofluorescence signal in nanoliter droplets; L1-lens no. 1, L2-lens no. 2, DM-dichroic mirror, MOmicroscope objective, BP-bandpass filter, PH-pinhole, PMT-photomultiplier; b) scheme of detection
microfluidic chip with a flow-focusing junction. The blue dot and green arrows indicate the point
where the laser beam is focused and the autofluorescence signal originating from bacterial cells,
respectively. Figure reproduced from the article published by Pacocha, Bogusławski et al.148

3.3.2.2.

Qualitative readout

We tested the qualitative readout performance of the number of positive and negative droplets
by detecting bacterial native fluorescence. We prepared seven samples to consist of 0, 10, 30,
50, 70, 90, and 100% of positive compartments (ρpos) with a high concentration
of Escherichia coli cells. Negative droplets (ρneg) contained only LB culture medium. Each
sample was analyzed in three replicates at a frequency around 1.2 kHz (similarly to the
scattered light detection). Figure 40a presents exemplary waveforms of droplet signals. The
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top and bottom graphs present autofluorescence signal of only negative and positive
populations of droplets, respectively. The middle one concerns a mixture, where peaks with
higher intensity indicating compartments containing cells are easily distinguishable from
peaks with lower signal intensity (negative droplets). To distinguish both populations and
enumerate the droplets, we used a two-level threshold-based approach, as explained before in
Chapter 3.3.1.2. We found that the theoretical and measured values of percentages of
positives within each sample determined based on autofluorescence signal are highly
correlated, as shown in Figure 40b. It is proved by the linear regression equation and
coefficient of determination. The detection of bacterial native fluorescence is an alternative
system for label-free qualitative monitoring of bacterial growth in nanoliter droplets.

Figure 40. The autofluorescence-based detection system allows for qualitative readout of nanoliter
droplets. a) Exemplary autofluorescence signals from nanodroplets. The top, central, and bottom
graphs concern samples containing 0%, 30%, and 100% positives, respectively. b) the graph showing
a correlation between theoretical and measured values of percentages of positives in each of seven
samples based on the autofluorescence intensity.

3.3.2.3.

Frequency of screening

We tested whether the maximum frequency of droplet scanning based on autofluorescence
intensity measurement can be higher compared to the scattered-based method. We used the
same design of the detection microfluidic chip (Figure 32c), and we encapsulated bacteria into
one nl droplets. The final sample contained 30% positive (overnight culture of E. coli) and
70% negative compartments (culture medium). We screened the droplet with a range of
different flows of droplets and oil phase. Figure 41a presents the exemplary waveforms for
three different scanning frequencies where the most optimum is 1100 droplets/s. The droplets
are distinctly separated, and populations of positives and negatives are distinguishable, as
shown in the top histogram in Figure 41b. For the frequency as high as 2100 Hz, we observed
droplet signal disturbance and difficulty to determine the threshold for positive droplets
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counting. It is presented in the bottom histogram in Figure 41b showing the range of different
droplet signal intensities without a clear separation of two distinct droplet populations.

Figure 41. The screening system based on detection of native fluorescence in the nanoliter droplets
allows for high-throughput analysis of bacteria. a) The exemplary waveforms of droplets screened at
frequency of 1.1 (top), 1.4 (central), and 2.1 kHz (bottom). b) Histograms of autofluorescence
intensity for samples scanned at frequency of 1.1 (top), 1.4 (central), and 2.1 kHz (bottom).

3.3.2.4.

Screening of different strains of bacteria
We

tested

the

applicability

autofluorescence-based

system

of

our
for

screening different bacterial species. We
chose bacteria of clinical, research, and
industrial interest, providing an extensive
overview of various species. Bacteria were
cultured overnight at 37oC, mostly in LB
medium. Some species were cultivated in
BHI (nutrient-rich medium) for more
favorable growth. We prepared samples to
consist of 70% negative droplets and 30%
of positive compartments with a high
concentration of tested species. Then, the
native fluorescence intensity was measured
in each droplet (Figure 42), and the positive
to negative peak ratio was calculated for
Figure 42. The system allows for monitoring of
growth of different bacterial species in nanoliter
droplets. The exemplary native fluorescence signals
of five samples containing A. baumanii,
L. monocytogenes, K. pneumoniae, P. aeruginosa,
and S. aureus, respectively from top to bottom.

each bacteria. Table 7 presents the results
of the screening. We found that many of the
tested species show higher autofluorescence
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intensity than the culture medium. It is mostly observable for Gram-negative bacteria. We
could not determine the number of positive droplets containing most of the gram-positive
species except Listeria monocytogenes. We hypothesize that used excitation wavelength and
bandpass filter can preclude the detection of mentioned species. A new optical setup should
be created for that purpose. The inability to detect some bacterial species can be advantageous
in microbiological experiments where polymicrobial culture is tested, and only one species
exhibit higher native fluorescence than the culture medium.
Table 7. Detection of different bacterial species by measurement of autofluorescence intensity. (G-)Gram-negative bacteria, (G+)- Gram-positive bacteria, LB- lysogeny broth, BHI- brain heart infusion.
Bacterial species
Escherichia coli
Klebsiella pneumoniae
Acinetobacter baumanii
Pseudomonas aeruginosa
Salmonella arizonae
Listeria monocytogenes
Shigella sonnei
Enterococcus faecalis
Staphylococcus aureus Newman
Staphylococcus aureus SH1000
Staphylococcus epidermidis
Staphylococcus intermedius

3.3.2.5.

G-/G+
GGGGGG+
GG+
G+
G+
G+
G+

Culture medium
LB
LB
LB
LB
BHI
BHI
BHI
LB
LB
LB
LB
LB

Positive to negative peak ratio
1.304 ± 0.109
1.368 ± 0.007
1.294 ± 0.015
1.176 ± 0.005
1.116 ± 0.005
1.357 ± 0.010
1.0913 ± 0.0004
-

Bacteria proliferation in droplets

We checked the possibility of using natural emission of light by bacteria to monitor their
growth in the nanoliter droplets. We encapsulated E. coli cells at a single-cell level. Then we
incubated the samples at 37oC (see Figure 32b for experimental workflow). We measured the
number of positive droplets just after droplet formation and after 2, 3, 5, 6, 7, 8, 9, 24 hours of
incubation. We analyzed around 60 000 droplets at each time point at a frequency of 1.2 kHz.
The signal intensity originating from positive droplets increases as bacterial cells proliferate
during incubation (Figure 43a). We expected to detect 20% positive and 80% negative
droplets according to the bacteria concentration prepared before droplet generation. After 6
hours of incubation, we observed a sufficiently large difference in droplet intensities to count
consistent with our expectations number of positive compartments. After 24 hours of
incubation, this number slightly changed and was determined to be 20.8%, as shown in Figure
43b. The histograms of autofluorescence intensities for three different time points are shown
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in Figure 43c. They present changes observed in the populations of negative and positive
droplets over time. Before incubation (0h), only negative droplets were determined in the
sample. After 5 hours, we observed the rising population of positive droplets without clear
distinction from the negatives' population. The clear separation is visible after 6 hours of
incubation, with negative droplets located on the left- and positive droplets on the right-hand
side.

Figure 43. The system allows for monitoring of the proliferation of E. coli cells in nanoliter droplets.
a) The graph showing changes of positive to negative peak ratio over time. b) The graph presents the
percentage of positive droplets as a function of time. c) Histograms of native fluorescence intensity
after 0h (top), 5h (central), and 6h (bottom) of incubation at 37oC.

3.4. Droplet-based assay for quantitative characterization of bacterial populations
Parts of this chapter will be published as: Pacocha N., et al., You will know by its tail: a
method for quantitative characterization of heterogeneity of bacterial populations using
single-cell MIC profiling. In preparation.
Phenotypic and genetic heterogeneity of bacterial response to antibiotics is recognized as a
critical aspect for selecting effective treatment against infecting pathogens. Even a clonal
population of bacteria can contain antibiotic tolerant subpopulations of persisters or small
colony variants. There is a lack of label-free, precise, and high-resolution methods for
quantification and analysis of heterogeneous bacterial populations.
We developed a droplet-based approach for the analysis of diverse bacterial samples based on
single-cell MIC profile determination. We measure the response of single cells to various
antibiotic concentrations. Bacterial growth in the droplets is measured by the detection of
scattered light intensity. An obtained susceptibility profile is then used for analysis and
quantification of tolerant to antibiotic subpopulations in the bacterial population. The
detection of native fluorescence light intensity simultaneously with scattered light
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measurement creates an even more comprehensive scope of the method’s application, which
is the analysis of polymicrobial samples.
3.4.1. Heterogeneity profiles of normal cells and small colony variants
We have already verified that the detection of scattered light can be used to determine scMIC
distribution within bacterial population148. We decided to utilize label-free bacteria growth
detection and scMIC profiling to analyze bacterial heterogeneity in response to antibiotics and
quantification of small colony variants (SCVs) subpopulation. We chose Staphylococcus
aureus strain SH1000 to investigate its antibiotic response at the single-cell level. Firstly, we
obtained heterogeneity distributions of normal colonies (normal colony phenotype, NCP) and
small colony variant phenotype (SCV) as separated populations of bacteria. NCPs are bacteria
cultured under optimum conditions, while SCVs were triggered by antibiotic stress. The
growing culture of S. aureus was pre-exposed to 2 µg/ml gentamicin following the selection
of small tolerant to gentamicin colonies on agar plates (Figure 45a). The phenotypic
differences observed for the gentamicin-triggered SCVs population were aminoglycosides
tolerance (Table 8), colony size (Figure 45b), longer lag time (Figure 44), and reduced
pigmentation.
Table 8. MIC values of various antibiotics for bulk suspensions of NCPs, half and half mixture of
NCPs and SCVs, and SCVs.
NCPs
50% NCPs + 50% SCVs
SCVs

Gentamicin
[µg/ml]
2
32
32

Vancomycin
[µg/ml]
2
2
2

Amikacin
[µg/ml]
16
256
256

Rifampicin
[µg/ml]
0.0156
0.0156
0.0156

Oxacillin
[µg/ml]
0.25
0.25
0.25

Figure 44. The growth of SCVs (blue
line) compared to normal cells (pink
line) is delayed in time, probably
caused by the delay in the first
division at the level of single cells.
Growth curves of NCPs and SCVs
cultures measured at 600 nm
wavelength over 46 hours in a rich
medium.
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Homogenous type colonies of NCPs and SCVs were harvested with a loop and subjected to
the single-cell MIC measurement (Figure 45c). Suspensions of cells either phenotype at ca.
1×105 CFU/ml were split into 1nl droplets at a range of gentamicin concentrations (around 30
thousand droplets per one sample). According to Poisson distribution, we encapsulated
bacteria where approximately 10% droplets were single-cell bacteria-occupied. After
incubation at 37oC for 18 hours, the scattered light intensity was measured in each droplet
compartment. The number of droplets with multiplying bacteria (positive droplets) was
detected based on high signal intensity and used to calculate the fraction of recovering
bacteria, FR(c), for each antibiotic concentration. The FR(c) value is the number of positive
droplets normalized by the number of positive compartments obtained in the sample where
bacteria were not exposed to the antibiotic.

Figure 45. The scMIC profiles for NCPs and SCVs are very distinctive and consist of two regions. a)
Overview of SCVs triggering process by antibiotic stress. Firstly, S. aureus was incubated in the
absence and presence of gentamicin; then, both suspensions were plated on agar plates without and
with antibiotics for NCPs and SCVs selection; b) schematic workflow of scMIC and phenotypic
heterogeneity profile determination. Shades of green indicate a range of antibiotic concentrations;
d) comparison of scMIC curves obtained for the population of NCPs (red bold) and SCVs (blue bold).
X-axis and Y-axis indicate gentamicin concentration and a fraction of recovering bacteria,
respectively; d) photographs of NCPs (left) and SCVs (right) colonies on tryptic soy agar plates. The
phenotypes of NCPs and SCVs differ significantly. The gentamicin-triggered SCVs population has
increased tolerance to aminoglycosides, reduced colonies size, and pigmentation;

The scMIC profiles of NCPs and SCVs were obtained separately and compared (Figure
45d,e). The NCPs complete growth inhibition was observed at 2 µg/ml, and scMIC for SCVs
was determined at 32 µg/ml of gentamicin, consistently with MIC values established using
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the standard microdilution method (Table 8). The scMIC profiles for NCPs and SCVs are
very distinctive and consist of two regions. A first region of low antibiotic concentration is
similar for both, NCPs and SCVs and pertain to slowly decaying fraction of recovering
bacteria, FR(c). The second region, which we referred to us a transition region starts at a
gentamicin concentration of 1 µg/ml and decays with increasing antibiotic concentration. In
the case of NCPs, the transition region has a sharp decline and ends at 2 µg/ml, while for
SCVs, it has a gentle, elongated slope reminding a ‘tail’ reaching 32 µg/ml. The population of
SCVs is more heterogeneous and tolerant to gentamicin than NCPs. scMIC was determined at
the end of the tail when the antibiotic kills at least 95% of bacteria.
3.4.2. Impact of SCVs density on scMIC and heterogeneity profile
As we characterized the scMIC profiles for NCPs and SCVs, we wanted to investigate their
impact on the scMIC distribution within pre-mixed populations of a known proportion.
Selected on agar plates and resuspended in culture medium homogenous suspensions of NCPs
and SCVs were combined into mixtures containing 12 and 50% of SCVs with 88 and 50% of
NCPs, respectively (Figure 46a).

Figure 46. The method allows for heterogeneity profile determination of mixtures of phenotypic
variants of S. aureus. a) schematic representation of sample preparation consisting of NCPs and SCVs
homogenous bulk suspension formation and combination of both populations into mixtures of known
proportions; b) scMIC curves for phenotypically heterogenic samples containing 12% (solid pink) and
50% (dotted purple) of small colony variants mixed with normal cells at 88 and 50%, respectively.
The X-axis indicates gentamicin concentration, while Y-axis corresponds to a fraction of recovering
bacteria.

We have found that the scMIC mixture profiles are the combinations of distributions
presented in Fig. 45d,e. They consist of two characteristic regions (Figure 46b). For the
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mixture of 12% SCVs, we observed a rapid decline of bacteria survivability at 1 mg/ml
gentamicin and the tail between 1 and 8 mg/ml corresponding to SCVs content in the sample.
When the concentration of SCVs increases, the breath of heteroresistance expands, and the
scMIC value rises, which is visible in the 50% SCVs mix population (Figure 46b). These
results suggest how to quantify tolerant to antibiotic subpopulations employing scMIC profile
determination, analysis of curve transitions, and readout of the tail height. Our calculations
led us to the following SCVs concentrations in both mixtures: 8.2 ± 3.0% and 37.5 ± 2.4%.
The standard deviations presented in scMIC profiles are mainly related to the method of
droplet recognition and estimation of positive droplet fraction in an ideal condition of stable
droplets. However, we found another source of much higher standard deviation speculatively
caused by aggregation of S. aureus SH1000 leading to droplet coalescence, which is
described in the next chapter studying methods’ precision.
3.4.3. Precision of an assay
We expected the error of the fraction of recovering bacteria to be inversely proportional to the
square root of the number of non-empty droplets175:
𝜎!! (!) ≈

𝐹! (𝑐)/𝑁𝑓! (0),

FR(c)- fraction of recovering bacteria,
N- total number of droplets,
f+(0)- fraction of non-empty droplets without antibiotic treatment of bacteria.
One thousand positive compartments typically used in our experiments would give FR(c)
fluctuations below 3%. The scMIC profile would be a smooth and monotonically decreasing
curve. However, we observed more significant fluctuations, and we decided to test the
precision of SCVs quantification by our scMIC approach. We cultured S. aureus biofilm for
72 hours in the presence of gentamicin. Biofilm was dispersed and subjected to scMIC study
in three replicates measured one by one. Figure 47 shows the heterogeneity profiles of all
repetitions. We found the highest deviation from the mean 38% in the transition region for
one gentamicin concentration of 0.5 mg/ml. The rest of the data points are affected by the
deviation not higher than 7%. The samples without antibiotic or containing a low
concentration of gentamicin are affected by more significant standard deviations. Most
probably, it is related to decreasing droplet stability with an increasing number of bacteria
cells. It is particularly noticeable in S. aureus SH1000 cells which tend to create clumps and
aggregates. Our numerical analysis revealed the following SCVs concentrations in repetitions
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no 1, 2 and 3: 17.9 ± 1.4%, 31.3 ± 2.9%, 29.8 ± 3.0%, respectively. The average size of SCVs
subpopulation is 26% and the variability (standard deviation) in obtained results is 7.3%. The
relative error ( 7.3% 26% = 28%) explains some discrepancies between expected and
obtained SCVs concentrations.

Figure 47. Precision of heterogeneity profile determination. The graph compares three scMIC curves
resulting from the analysis of biofilm sample measured in three replicates. X-axis indicates gentamicin
concentration, while Y-axis corresponds to fraction of recovering bacteria.

3.4.4. Heterogeneity profiles of biofilm samples
The recalcitrance of S. aureus biofilms is commonly associated with the emergence of a
tolerant to antibiotic subpopulation, such as the SCVs. They can occur at low abundance and
transiently, so they can avoid detection using standard antibiotic testing. We studied the
scMIC profiles of biofilms with different contributions of SCVs and we investigated whether
our label-free approach is suitable for quantification of antibiotic tolerant subpopulations in
complex samples. We formed biofilms under various conditions to obtain samples containing
different sizes of SCVs subpopulations (Figure 48a).
Firstly, we aimed to obtain unique scMIC profiles of homogenous NCPs and SCVs
populations. They were isolated from biofilms cultured with and without gentamicin, selected
on agar plates (Figure 48a) and subsequently subjected separately to scMIC studies. Figure
48b presents compared susceptibility distributions on the basis of which we estimated singlecell MIC values for NCPs and SCVs at 1.5 µg/ml and 32 µg/ml, respectively. They
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correspond to those determined for either populations isolated from bulk suspensions (Figure
45c). Moreover, the distinctive shapes of the transition regions for either NCPs or SCVs were
confirmed as sharp decline and gentle slope, respectively.
We subsequently wanted to use scMIC profiling for SCVs quantification in the biofilms
cultured in vitro in the presence and absence of gentamicin (Figure 48a). Both biofilm
samples were dispersed and subjected to scMIC studies. As shown in Figure 48c gentamicin
treatment increases scMIC. We observed a sharp decline of recovering bacteria fraction at
1 µg/ml and the tail ending at 8 µg/ml. The height of the tail indicates the SCVs content at
6.8 ± 1.9% (Figure 48d), which highly correlates with the quantification conducted by plate
counting (4.3 ± 1.3%). It demonstrates the role of sub-MIC concentrations of gentamicin in
triggering heteroresistance within a biofilm culture.

Figure 48. Phenotypic heterogeneity of S. aureus dispersed from biofilms. a) Schematic workflow of
biofilm formation, enzyme digestion, preparation of bulk suspensions and NCPs (top), SCVs (bottom)
isolation; b) heterogeneity profiles of NCPs (solid red) and SCVs (dotted blue) isolated from biofilm
cultured over 24 hours with gentamicin; c) scMIC curves obtained for biofilms growing with blood
plasma in the absence (solid pink) or in the presence (dotted purple) of gentamicin; d) the tails of
scMIC profiles shown in c). X and Y axis correspond to gentamicin concentration and fraction of
recovering bacteria, respectively (b-d).
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3.4.5. Heterogeneity profile of polymicrobial samples
Some of the most common infectious diseases are caused by more than one pathogen, for
example soft tissue infections, peritonitis, cystic fibrosis, urinary tract infections and
endocarditis194. We investigated whether scMIC profiling can be applied to analyze the
phenotypic heterogeneity of polymicrobial samples and quantify coexisting subpopulations.
We prepared pre-mixed populations of Staphylococcus aureus MSSA476 and Pseudomonas
aeruginosa PAO1 of known proportions and subjected them to scMIC studies using two
different antibiotics. Both species are known as competitors of cystic fibrosis lung. Firstly,
bacteria were encapsulated into 1 nl droplets at the single-cell level and incubated at 37oC for
18 hours. Subsequently, we detected the scattered light and native fluorescence intensity in
each compartment. We took advantage of inability of S. aureus growth detection based on
autofluorescence signal. The droplets containing P. aeruginosa were recognized in both
scattered and fluorescence channels, while the compartments with S. aureus were detected
only by the high intensity of scattered light (Figure 49a).
The pre-mixed populations of S. aureus and P. aeruginosa were subjected to scMIC
measurement using ciprofloxacin and tobramycin. The antibiotics were selected based on
their widespread use in the infection treatment and their MIC values determined in bulk
suspensions (Figure 49b). We aimed to choose various conditions where both species are
differently susceptible to antibiotics.
The scMIC profiles for polymicrobial samples were determined directly based on the number
of positive droplets (f+, fraction of positive droplets). We obtained the scMIC values at
1.5 mg/ml for ciprofloxacin and 4 mg/mL for tobramycin, corresponding to the breakpoint
concentrations of more tolerant to antibiotic strains. The distribution obtained based on
scattered light intensity provides information concerning both species and consists of two
distinctive regions. The first region of low antibiotic concentration represents both species in
a mixture, up to 0.25 µg/ml for ciprofloxacin and 0.5 µg/ml for tobramycin (Figure 49c-d).
The second region was the susceptibility distribution only of P. aeruginosa (Figure 49c)
or S. aureus (Figure 49d) when lower antibiotic concentration inhibited the growth of coexisting bacteria. The scMIC profile determined based on native fluorescence intensity
represents the susceptibility distribution of only P. aeruginosa, which is indispensable for
mixed culture with a significant predominance of one of the two species when the distinctive
decline in the scattered-based scMIC profile is not observed (Figure 49d).
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These results demonstrate that scMIC distribution is an effective tool for high-resolution
(comparing to standard methods for analysis of bacterial heteroresistance) susceptibility
testing and quantification of subpopulation sizes of complex bacterial populations. Mixed
populations of similar proportions in co-existing pathogens can be analyzed using only
scattered-based detection. Yet, in case of a significant disproportion in subpopulation sizes,
autofluorescence measurement is essential.

b)
S. aureus
MSSA476
P. aeruginosa
PAO1

ciprofloxacin
[µg/mL]

tobramicin
[µg/mL]

0.5

8

2

2

Figure 49. Our dual label-free detection allows for determination of scMIC profiles of binary
polymicrobial samples. a) Schematic representation of an experimental workflow for label-free scMIC
and phenotypic heterogeneity determination; b) MIC values determined by standard microdilution
method for ciprofloxacin and tobramycin against investigated S. aureus MSSA476
and P. aeruginosa PAO1; c,d) graphs showing a number of positive droplets as a function of antibiotic
concentration measured based on scattered light (grey line) and autofluorescence (green line) intensity.
The scattered-based profile carries information regarding both species, while autofluorescence-based
distribution informs about P. aeruginosa susceptibility.
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4. Conclusions
This chapter describes general conclusions stemming from the presented projects in Chapter
3. The enhancements comparing to standard methods and summarized results are provided.
Finally, the limitations and the possible solutions are indicated.
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4.1. Droplet digital CFU (ddCFU) assay for precise quantification of bacteria over a
broad dynamic range
Classical droplet digital quantification approach offers a convenient alternative for bacteria
enumeration comparing to time- and labor-consuming plate counting. Unfortunately, it needs
a vast number of compartments for highly concentrated samples and requires testing of
multiple samples with presumed concentrations ranging over many orders of magnitude. The
ddCFU technology is an alternative approach of droplet digital assays, which implements a
rational design and drastically reduce the number of compartments needed for bacteria
quantification over a wide dynamic range.
The results obtained by ddCFU technology highly correlate with data determined by goldstandard plate counting approach. Determination of bacteria concentration can be provided in
a range of over 9log with precision of the assessment comparable to single-volume assays.
The assay time can be around three times shortened comparing to the traditional plate
counting (tested with E. coli and E. aerogenes) due to faster target accumulation in the small
volume to detectable concentration. Our approach can be applied in time-kill assays or
antibiotic susceptibility testing.
At the current stage, the system is not optimized for very low bacteria concentrations. For that
purpose, the bacteria sample can be concentrated by centrifuging and dispersing the pellet in a
smaller liquid volume. However, it is the additional inconvenient step extending the entire
quantification process. Also, our approach is not suitable for non-fluorescent bacteria, which
restricts its application and hinders the analysis of the most interesting strains.

4.2. Species specific, accurate and precise quantification and identification of
bacteria in mixed samples
We demonstrated a direct droplet digital PCR (dddPCR) for simultaneous identification and
quantification of bacteria in a bacterial mixture. The method was designed for three bacterial
species, Staphylococcus aureus, Staphylococcus epidermidis, and Staphylococcus capitis. The
digital format of our assay allows for calibration-free bacteria quantification, where in the
traditional qPCR technique, the determination of the calibration curve is an essential step.
Besides, we eliminate the errors and workload associated with the extraction and purification
of bacterial DNA by direct encapsulation of cells into droplets.
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The results of bacteria enumeration obtained by our approach highly correlates with data
determined by standard plate counting. The TaqMan® hydrolysis probes provide high
specificity of bacteria recognition, tested with real-time PCR and dddPCR. The relative
standard deviations (%SD) of the count of target bacteria remain within a few percent, with
the most extensive spread for S. epidermidis. We found that dddPCR is more tolerant to the
presence of background bacteria than traditional qPCR. It makes our approach highly
promising in analyzing polymicrobial clinical samples from infected patients or testing the
effect of antimicrobial agents on the bacterial mixture's composition.
The limiting factor of our method is a requirement of primers and probes design for every
bacterial species. However, since PCR reagents are correctly selected, the identification and
quantification of target bacteria take just ~3.5 hours. DddPCR was optimized using Grampositive species. Their cell wall is much harder to destroy compared to Gram-negative
bacteria. It emphasizes the robustness of our approach for the direct analysis of bacteria.

4.3. High-throughput label-free readout of bacteria density in nanoliter droplets
We have developed a method for detecting bacteria growth in nanoliter droplets without the
requirement of chemical dyes addition (markers of metabolic or enzymatic activity) that may
leak from the droplets or complicated genetic modification of the cells (fluorescent proteins
expression).
Our label-free system detects bacteria proliferation in droplets based on the intensity of
scattered or native fluorescence light. Comparing to the approaches already presented in the
literature, our system outstands with at least five times higher frequency of droplet screening
(1200 droplets/s). The determination of the number of positive droplets in the sample is
conducted over a broad dynamic range, and obtained results are in high correlation with data
determined by the standard fluorescence-based approach. We found that the measurement of
bacteria density based on scattered light intensity works with almost any bacterial species.
The method based on native fluorescence intensity detection is more constricted. It does not
come in useful for the Staphylococcus genus. Both approaches can be used for monitoring of
bacteria proliferation and were used for single-cell MIC determination and analysis of
bacterial population heterogeneity.
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The limitations of using our system are detecting bacteria challenging to culture in droplets
(slow growers, filamentous phenotype) and strong dependence of the measurement on the
laser beam position. The possible solution would be introducing laser light by optical fiber
directly to the microfluidic chip. Despite these constraints, the proposed label-free detection
method is still a powerful technique bringing innovation in the analysis of most clinically
interesting bacterial species. It increases the prevalence of droplet microfluidics use in
analytical microbiology.

4.4. Droplet-based assay for quantitative characterization of bacterial populations
We have developed an assay for the accurate characterization of bacterial population response
to antibiotics. We can precisely determine single-cell MIC for any antibiotic, obtain
heterogeneity profiles, the size of phenotypically distinct and coexisting bacteria
subpopulations. We optimized the method with Staphylococcus aureus SH1000,
Staphylococcus aureus MSSA476, and Pseudomonas aeruginosa PAO1 using scatteredor/and autofluorescence-based bacteria growth detection in droplets.
Our approach is based on the scMIC profile determination, which differs for normal colony
phenotypes (NCPs) and small colony variants (SCVs). The distinctive heterogeneity
distributions allow for quantification of both populations in pre-mixed cultures and biofilm
samples. The population of SCVs creates a distinct ‘tail’ in scMIC distribution, making the
quantification of SCVs very convenient and low-maintenance. Besides, the scMIC profile can
inform the composition of polymicrobial samples by simultaneous measurements of droplet’s
scattered and native fluorescence light intensities. We tested S. aureus and P. aeruginosa
cultures. Their differentiation was possible due to no detectable in our system natural
emission of light of any Staphylococcus spp. isolates. The method’s precision was obtained
by triple quantification of SCVs subpopulation in biofilm sample formed in the presence of
gentamicin.
We found that the droplets containing S. aureus SH1000 and none or low antibiotic
concentration are much more unstable. Consequently, the measurement of the number of
positive droplets is disturbed and affected by a much higher standard deviation. We speculate
that it stems from the clump-forming nature of S. aureus SH1000. The possible solution
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would be a new surfactant highly stabilizing the droplets. However, currently, there is no
commercially accessible product to employ. Under that reasoning, some species of bacteria
can not be cultured in droplets, and it corresponds to slow growers and filamentous phenotype
species. Besides, despite high-throughput droplet generation and detection techniques, our
system does not allow high-throughput experiments because each sample is split into droplets
and then screened separately and manually. The desirable denouement would be an
automation of both processes. The samples could be delivered on a 96-well plate,
automatically split into droplets, collected again on the plate, incubated, and then transferred
to the detection mode, where all the samples could be automatically screened one by one. In
spite of all, we hope that our model can be used and paves the way for better characterization
of antibiotic susceptibility in complex heterogeneous and/or polymicrobial samples.

4.5. General conclusions
The dissertation presents four projects for bacteria counting, identification, and susceptibility
testing. Due to the compartmentalization of bacteria in tiny volume droplets, our methods and
systems allow for precise bacteria counting over a broad dynamic range, simultaneous
bacteria identification and quantification without genetic material extraction, and calibration
curve preparation. Additionally, the dddPCR method is characterized by the reduced
influence of background inhibitors on amplification. Our label-free detection approaches
(based on scattered and native fluorescence intensities) allow for high-throughput analysis of
various clinically critical bacterial species, which further significantly facilitated the analysis
of complex bacterial samples, including polymicrobial samples and quantification of
heteroresistant subpopulations in biofilms. We believe that our innovations bring new
research possibilities in microbiology.
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