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INTRODUCTION

Biological systems are intrinsically heterogeneous. Deciphering this
heterogeneity is important for the comprehensive characterization of cell-to-
cell differences and for a better understanding of individual cell properties and
functions (1). However, unbiased analyte characterization may require
separately sampling thousands of cells, which only becomes practical if high-
throughput analytical methods are employed (2-5).

Droplet microfluidics is one of the most appealing technologies for ultra-
high-throughput assays at a scale of ~10° reactions per one run (6-9).
Individual cells or biomolecules can be isolated in pico- to nano-liter volume
range droplets and processed using various molecular biology techniques.
Among the most noticeable applications to date are antibody repertoire
analysis (10-12), different screening assays (13-16), directed protein evolution
(17,18), digital PCR (19), and single-cell sequencing (8,20,21).

Despite the high impact of droplet-based microfluidics on life sciences, the
technology is not without limitations. Many standard molecular biology
methods are built on multi-step sample processing in order to initiate, modify,
or terminate a reaction. Usually, they are performed separately to ensure that
the individual steps do not interfere with each other and that conditions are
optimal. For example, the amplification and analysis of genetic material
require performing cell lysis, a step that might be inhibitory or incompatible
with subsequent enzymatic step(s) if performed in a single reaction mix.
Complex and sequential operations are difficult to adapt to droplet format,
mainly because the content of droplets cannot be easily changed once droplets
are formed. Implementing multi-step reactions, in some cases, is possible
using complex fluidic operations such as droplet reinjection (22-24), fusion
(22-25), picoinjection (26,27), and splitting (28). However, these operations
are challenging to realize in standard molecular biology laboratories as they
require specific expertise in microfluidics.

A simplified alternative for performing multi-step reactions on individual
cells is based on hydrogel bead approaches. The key feature relies on cell
trapping into hydrogel microspheres (beads) so that several experimental steps
could be performed using a pipette and laboratory tubes while cells and their
nucleic acids are kept entangled within the hydrogel mesh. There are two main
applications of hydrogel beads: single-cell cultivation (29-31) and nucleic acid
purification by applying harsh lysis and several washing steps before
subjecting a sample to the amplification step (32,33). The latter is especially
relevant for microbial samples, where droplet technology is particularly
disadvantaged due to the required harsh lysis (32). Unfortunately, most
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hydrogel bead-based methods also suffer from a few main shortages. First,
during hydrogel bead generation and gelation, a significant fraction of
encapsulated cells is typically lost as cells tend to partition to the water-oil
interface (34-37). Secondly, the uniform porosity of the entire hydrogel
presents a trade-off between the efficiency of enzymatic reactions and the
retention of encapsulated molecules. As a result, many published reports rely
on hydrogel bead re-encapsulation in W/O droplets to perform the final
analysis steps (32,38). Therefore, considering the features provided by W/O
droplets and hydrogel beads, there was an evident need for a new technique
that would allow conducting complex molecular biology reactions more
reliably and practically.

The work reported in this thesis reveals the development and use of a new
type of microcompartments (microcapsules), the distinguishing feature of
which is a liquid core surrounded by a thin hydrogel shell. Combining the
advantages offered by droplet microfluidics, hydrogels, and aqueous two-
phase systems (ATPSs), the highly uniform microcapsules carrying cells or
biomolecules can be generated at ultra-high throughput rates. The hydrogel
shell acts as a semi-permeable membrane retaining encapsulated cells and
large molecules while allowing smaller molecules (such as proteins and
oligonucleotides) to diffuse through passively. As a result of this permeability,
multi-step workflows can be performed by immersing the microcapsules in an
appropriate reaction buffer using a regular laboratory pipette and tubes.
Although several approaches for generating microcapsules have been reported
(33,39-43), none of them are well-suited for multi-step molecular biology
assays that rely on nucleic acid amplification and analysis.

The aqueous two-phase systems composed of a pair of hydrophilic
polymers were selected to develop two types of semi-permeable
microcapsules. The first composition relied on dextran and acrylate-modified
polyethylene glycol (PEGDA), which resulted in microcapsules with a
PEGDA shell. These microcapsules were applied for single-bacterial cell
analysis, including whole-genome amplification (WGA), cultivation, and
phenotypic analysis. The second composition relied on dextran and gelatin
methacrylate (GMA), which resulted in microcapsules with a GMA shell.
These microcapsules opened much broader possibilities for single-cell
research. As a proof-of-concept, the GMA microcapsules were used for cell
type identification by multiplex RT-PCR and as biocompatible vessels for 3D
cell cultivation. Furthermore, single-cell RNA sequencing (scRNA-Seq) of
mammalian cells, as well as bacteria, was demonstrated using this
composition.
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Microcapsules presented in this work overcome the major constraints
related to droplet-based microfluidics. It is anticipated that this work will
become the basis of many other single-cell analysis workflows and expand the
use of single-cell analysis approaches in laboratories with limited or no
experience in microfluidics.

Study goal

Develop, characterize and apply semi-permeable hydrogel microcapsules
for high-throughput complex single-cell analysis.

Objectives

1. Develop semi-permeable microcapsules using an aqueous two-phase
system consisting of polyethylene glycol diacrylate (PEGDA) and dextran.

2. Evaluate cell isolation, cultivation, and nucleic acid amplification in
PEGDA microcapsules.

3. Develop an alternative semi-permeable microcapsule composition using
an aqueous two-phase system consisting of gelatin methacrylate (GMA)
and dextran.

4. Assess GMA microcapsule stability and their use for mammalian cell
isolation and nucleic acid retention.

5. Develop a novel multiplex single-cell RT-PCR assay using GMA
microcapsules.

6. Validate GMA microcapsule use for whole transcriptome studies of single
mammalian cells and bacteria.

Scientific novelty

Droplet-based microfluidics remains one of the most appealing tools for
high-throughput single-cell isolation and analysis. However, from a critical
point of view, the success of assay implementation is strongly influenced by
the molecular biology approaches that need to be used to accomplish a
particular analytical task. As a result, the broader use of droplet microfluidics
technology becomes limited when complex multi-step reactions need to be
incorporated into the water-in-oil format. This is particularly relevant for
nucleic acid processing and analysis, where the completion of an assay
requires several, in principle, incompatible steps (e.g., cell lysis and reverse
transcription-polymerase chain reaction).

In this work, a practical solution allowing a high-throughput multi-step
single-cell processing in a single laboratory tube is introduced for the first
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time. This challenge was resolved by developing PEGDA and GMA
microcapsules comprising a liquid core and a semi-permeable shell. The
principle is easy to comprehend: the shell prevents encapsulated cells and high
molecular weight biomolecules (e.g., gDNA, mRNA) from escaping the
compartmentalization while simultaneously allowing the smaller molecules
(e.g., enzymes, oligonucleotides, culture media components) to diffuse
through. As a result, different types of enzymatic reactions and analyses can
be conducted by simply transferring microcapsules from one reaction tube to
another. In addition to the desired permeability, developed microcapsules
demonstrate excellent stability under different chemical, physical, and
mechanical treatments — features that allowed to conduct diverse molecular
biology assays. The results of this work are reported in two research articles
(44.,45) and four patent applications, whereas one of the patent applications
has been licensed already (46).

Defending statements

e Semi-permeable microcapsules can be generated by isolating a pair of
hydrophilic polymers (PEGDA-dextran and GMA-dextran) in W/O
droplets, followed by shell polymerization.

e Microcapsules retain encapsulated cells and their genetic material (gDNA,
mRNA) while allowing smaller molecules (e.g., enzymes,
oligonucleotides) to traverse the shell freely.

e Microcapsules are well-suited for conducting massively parallel single-cell
analyses by complex multi-step molecular biology workflows.

o GMA microcapsules, in particular, provide a broadly applicable approach
for conducting high-throughput single-cell nucleic acid analyses such as
scRT-PCR and scRNA-Seq.
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1. LITERATURE REVIEW
1.1. Single-cell analysis using droplet-based microfluidics
1.1.1.The concept of single-cell analysis

Most of what we know about biological systems has been revealed by
modern molecular biology techniques studying populations of cells. For
example, bulk RNA-Seq has been and remains a powerful tool for studying
the molecular mechanisms of cancer development and is broadly used for
cancer classification, biomarker discoveries, disease diagnosis, and
optimizing therapeutic treatments (47,48). In addition, collective microbial
cell analysis by metagenomics has allowed us to understand the human
microbiome in health and disease (49,50) and explore the distinct
environmental niches inhabited by cultivation recalcitrant microorganisms
(51-53).

However, biological samples are heterogeneous and typically consist of
tens or hundreds of distinct cell types at very different abundances (54).
Delineating this cellular heterogeneity is important for our better
understanding of biological systems. Unfortunately, conventional bulk-based
cell assays become limited to measuring the global response from a population
of cells under the assumption that the average phenotype and genotype readout
represents a dominant feature of the sample (1,55). As a result, meaningful
information about small but potentially relevant subpopulations may be
hidden, particularly in cases where that subpopulation determines the behavior
of the whole population (55). For example, tumors are heterogeneous dynamic
systems undergoing continuous evolution. Their progression is determined by
the interactions between cancerous cells and the tumor microenvironment
(TME), composed of the extracellular matrix (ECM) and other non-
transformed cell types, such as stromal and immune cells (56). Similarly,
microbial samples obtained from marine and soil environments are composed
of many different species, each having unique metabolic capabilities and roles
in their niche (57). Consequently, single-cell analysis of these complex
samples could provide a more complete snapshot of sample composition and
cell-function relationship (Figure 1.1).

Overall, the choice between bulk and single-cell techniques mainly
depends on the level of detail needed to answer the biological question.
Sample complexity usually plays a defining role in making the decision.
Single-cell analysis is often required for particularly heterogeneous samples,
where the averaged readings would not accurately represent the sample.
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With the increased interest and appreciation of single-cell analysis, new
technological capabilities are needed to enable the efficient isolation of
individual cells from a complex sample so they could be studied separately
and collectively.

=——=
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Heterogeneous i for all cells
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[ ]
o) e .
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Figure 1.1. Comparison of the heterogeneous sample analysis using population-based
(bulk) and single-cell analysis approaches. Applying a population-based analysis, all
cells are pooled and processed in one compartment. In contrast, performing single-
cell analysis, each cell in the sample is analyzed individually. As a result, this reveals
sample diversity and rare cell types, which in the population-based analysis could
remain undetected.

1.1.2.Main technologies for single-cell isolation

Cell isolation in separate reaction vessels is the first step toward single-cell
analysis. Based on their operational principles, current cell isolation
techniques can be classified into four main categories: (i) micromanipulation,
(i) fluorescence-activated cell sorting (FACS), (iii) laser capture
microdissection (LCM), and (iv) microfluidics.

Micromanipulation (58) is the most commonly used and conceptually
simple cell isolation technique. Sample partitioning is achieved in tubes or
plate wells by simple mouth pipette (59) or using limited dilution series (60).
However, these techniques are low-throughput and susceptible to errors, such
as sample loss during handling and misidentification of a cell under a
microscope. Semi-automated devices partially address these disadvantages for
cell isolation, with which a skilled researcher can isolate approximately 50
cells per hour (61). A different approach, also considered micromanipulation
relies on optical tweezers, which use a laser beam to capture and manipulate
cells (62). Optical tweezers require high light intensities (~10” W/cm?) and
high numerical aperture objectives (63). All these features restrict the ease of
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operation, reduce the available working area, and damage sensitive cells (64).
An improved optical manipulation technique termed optoelectronic tweezers
(OET) requires about 100.000 times less power for manipulation, making the
method appealing for working with live cells without damaging them (65). In
addition, unlike optical tweezers, OET manipulations can be applied to
hundreds or thousands of cells in parallel. This optofluidic technology was
implemented by the Berkeley Lights company, which provides automated
solutions for single-cell analysis, such as antibody discovery (66,67) or cell
line development (68). However, the use of this platform outside the
biotechnology industry has not been reported.

Fluorescence-activated cell sorting (FACS) is a process by which cells
are sorted according to their light scattering and fluorescence characteristics
into two or more containers as they flow through transiently formed aerosols
(69,70). The main advantages of FACS-based sorting instruments are their
accuracy, relatively broad multiplexing capabilities, and high throughput.
Although sorting speeds can achieve up to 30 kHz, in practice, when working
with fragile biological samples, the typical rates are in the range of 4-8 kHz.
However, single-cell sorting is just the first step in the workflow, and the final
assay duration will depend on the subsequent steps required to process sorted
cells. In addition, because the FACS technique relies on fluorescently labeling
cells expressing known biomarkers, its use for discovering new cell types and
phenotypes is mainly limited.

Laser capture microdissection (LLCM) is an automated sample isolation
technique that enables the selection of specific cells from a heterogeneous
population under a microscopic inspection (58,71,72). LCM techniques can
be applied to histological specimens, living cells and cell cultures, plant
material, chromosome spreads, forensic preparations, formalin-fixed paraffin-
embedded (FFPE) samples, fresh-frozen tissues, and stained or unstained
tissues (72). The most important advantages of LCM are its precision and the
ability to retain information about the spatial location of sampled cells within
a tissue. In addition, the morphology of the captured cells and the residual
tissue is well preserved. The heat produced by the low-power laser does not
affect the integrity of DNA, RNA, or proteins. Unfortunately, the minimum
laser spot size of 7.5 um limits the precision of isolating single cells (72). It
creates significant challenges for capturing the cytoplasm content of a single
cell without contamination with material from the neighboring cells. Also,
because the section has to be of a single-cell width, DNA might be lost by
partial nuclei dissection. For these reasons, LCM is less widely used for
single-cell isolation than other methods.
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Microfluidics uses miniaturized devices and controlled liquid streaming
to isolate cells and biomolecules into pico- to nano-liter volume reaction
vessels for the subsequent analysis steps at a high-throughput (8,73-75).
Microfluidic systems can be categorized into three groups: (i) valve-based, (ii)
microwell-based, and (iii) droplet-based microfluidics.

Valve-based microfluidics relies on microfluidic chips integrating
embedded switching valves and peristaltic pumps that can switch on and off
and thus move the fluids inside the microchannels (10,75). Valve-based
methods provide a high degree of control over the fluids at the microscale.
However, the high complexity of microfluidics devices and the limited
number of reaction compartments that can be operated in parallel (~1.000)
limits the broader use of these systems.

Microwells are miniaturized alternatives to 96-and 384-well plates aiming
to achieve faster, cheaper, and more sensitive analysis methods (10,76-78).
Microwells are usually produced by soft lithography or micromachining, and
consist of thousands of 10-100 pm diameter wells (10). In a typical workflow,
cells are flooded over a chip, and after their sedimentation, excess media is
removed, leaving single cells partitioned among the individual wells. Like
conventional plate systems, microwell-based technologies provide
information about cell localization, which can be very useful when several
measurements are performed on cells of interest (79). However, due to the
technical implementation of sample and reagent partitioning, microwell
systems are prone to cross-contamination between microwells (80). In
addition, cell partitioning based on sedimentation is not accurate and is a time-
consuming process.

Droplet-based microfluidics is characterized by the high-throughput
formation of pico- to nano-liter volume water droplets suspended in inert and
immiscible oil. In contrast to valve-based microfluidics and microwells, where
the number of individual reactions is defined by the physical dimensions of
the microfluidic chip, the droplet-based approaches provide virtually
unlimited scalability (10). The number of reactions that can be conducted in
droplets in parallel scales with emulsion volume. Aqueous solutions
containing cells and biomolecules are injected into a microfluidics chip,
forming a dispersed phase surrounded by the oil with a surfactant that acts as
the continuous phase. The flows of these two immiscible phases are precisely
controlled by microfluidic pumps and specially designed chips with molded
or engraved microchannels (8). As a result, highly monodisperse aqueous
droplets are produced as independent microreactors equivalent to wells in
microtiter plates, yet the speed of 1.000-30.000 drops per second. To date,
droplet-based microfluidics systems remain one of the most impactful and
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appealing technological platforms for different single-cell genomics,
transcriptomics, and epigenomics analyses (8,81,82).

1.1.3.The main principles of droplet-based microfluidics

Given the impact of droplet microfluidics technology on biological and
biomedical sciences and the fact that this thesis makes extensive use of droplet
microfluidics for single-cell analysis, it may be worth taking a brief look at
the key aspects of this technology.

The first reports of this technology emerged in the early 2000s and were
driven by the need for high-throughput analysis systems in life sciences,
chemistry, biomaterials, and the pharmaceutical industry, amongst others
(83). To date, droplet microfluidics evolved into one of the most appealing
and impactful platforms for single-cell and molecule analysis (2,3,81,84). It is
an interdisciplinary field where knowledge and advances in microfabrication,
engineering, polymer chemistry, fluoro-chemistry, optics, biochemistry, and
molecular biology come together to build new analytical tools for solving the
challenges posed by complex biological sample analysis. The ultimate goal is
to elucidate the differences between closely related cells and understand how
these differences determine their function and fate.

Droplet-based single-cell analyses typically begin with an encapsulation, a
process where the suspension cells are isolated in water-in-oil (W/O) droplets
along with desirable assay reagents (Figure 1.2). Encapsulation of cells and
assay reagents occurs in the microchannels of a microfluidics device under
laminar flow conditions. This flow type ensures that different aqueous streams
(e.g., one carrying cells and another carrying lysis reagents) are not mixed
until the droplet formation occurs. After encapsulation, cells with assay
reagents in droplets are physically and (bio)chemically isolated from each
other and can be lysed and/or assayed.

The number of cells inside each droplet can be estimated using the Poisson
distribution, in which the probability P(X = x) of finding x cells per droplet is
expressed by the equation P(X =x) = e™ [A*/x!], with A representing the mean
number of cells per each droplet (85). As a result, droplet occupancy by cells
(as well as by other bio-analytes, including DNA and RNA) can be tuned by
changing the cell dilution in the aqueous phase. Intuitively, one could expect
that the cell encapsulation with lambda value being 1 provides the most
efficient way for cell isolation. However, the cell encapsulation process is
entirely random, and this choice of the lambda value will result in 37 % of the
droplets having no cells, 37 % having a single cell, 18.5 % having two cells,
and 7.5 % having more than two cells. Such a high number of cell multiplets
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(~25 %) will result in inaccurate analysis, where the results originating from
several cells will be misinterpreted as obtained from a single cell. To avoid
these events, droplet count is usually chosen an order of magnitude higher
than the number of cells in the same volume, corresponding to lambda values

around 0.1.
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Figure 1.2. Cell isolation using droplet-based microfluidics. (A) Cell suspension and
assay reagent encapsulation using a co-flow microfluidic device. Cells randomly
distribute according to the Poisson distribution, while assay reagents distribute
equality between all generated droplets. Immediately after encapsulation and during
all analytical procedures, W/O droplets are stabilized by surfactant molecules. (B)
Microfluidic chip schematic. Numbers indicate: 1 — inlet for cell suspension, 2 — inlet
for assay reagents, 3 — inlet for droplet stabilization oil, and 4 — outlet for emulsion
collection. (C) Digital micrographs showing droplet generation and collection. Black
arrows indicate the direction of the flow. Scale bar, 100 pm.
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Droplet stability and uniformity are other important features that should be
considered aiming for efficient and accurate analysis. Uniformity and precise
size control are achieved by the microfluidic devices and flow control by
syringe pumps, while the surfactant molecules maintain droplet stability
through all analytical procedures (85,86). A surfactant, usually supplied with
the oil phase, partitions between the aqueous and oil phases so that the
hydrophilic head faces the aqueous solution and the hydrophobic (or
fluorophilic) tail faces the oil (Figure 1.2, A). In this way, the surfactant
facilitates the interaction between two immiscible phases by reducing surface
tension and stabilizes the emulsions by preventing the coalescence of
individual  droplets (87). Perfluorinated surfactants, such as
perfluoropolyether-polyethylene  glycol-perfluoropolyether (PFPE-PEG-
PFPE) dissolved in fluorinated oils are the most common selection in the field
of droplet microfluidics (88).

As mentioned above, the design of a microfluidic chip and the flow rates
are the main factors defining the droplet generation process. Controlling the
chip design and flow parameters, it is possible to have a wide range of droplet
volumes, typically varying from 1 pl to 10 nl. The choice of a specific droplet
volume should depend on the assay design and biological analyte. For
example, performing single DNA molecule amplification, the preferred
reaction volume is up to 10 pl (89,90). Smaller droplets result in increased
stability and a higher number of compartments that can be generated per unit
of time. For mammalian cell-based assays, the droplet volume typically ranges
from 0.1 to 10 nl (10). An increased reaction volume (in the order of nano-
liters) is often needed to elevate the inhibition of enzymatic reactions due to a
crowded environment (10,91). For example, it was shown that the single-
compartment RT-PCR assay might be inhibited by cell lysate itself when
reaction volumes reach 1 nl (91-94). In other cases, larger droplet volumes
might be needed to provide a sufficient amount of nutrients for cell growth
(95). Due to these and other reasons, droplet volume should be carefully
considered depending on the requirements of an assay.

1.1.4. Applications of droplet-based microfluidics to single-cell-omics

Single-cell analysis is one of the most exciting applications for droplet-
based microfluidics. The past decade has seen the development of many
techniques focusing on studying large numbers of individual cells (8,96). As
aresult, cells from heterogeneous samples can now be characterized at various
informational levels with access to diverse molecular features and functions
(Figure 1.3). A significant effort has been dedicated to cover the targeted and
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untargeted "omic" analyses of single cells, and an excellent overview can be
found in recent reviews (8,82). However, the detailed description of all these
methods is outside the scope of this chapter. Therefore, only a few noticeable
applications related to untargeted single-cell-omic analyses will be discussed
in this section.
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Figure 1.3. Schematic representation of droplet-based microfluidics applications to
the diverse aspects of single-cell analysis. The schematic was adapted from the review
article (8).

The untargeted single-cell-omic methods typically rely on sequencing as
an information readout. One of the most significant breakthroughs in the field
was the invention of genetic single-cell barcoding in droplets using beads with
immobilized barcoding primers (2,3) or droplets with free-floating barcoding
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primers (97). It was initially applied to single-cell RNA sequencing (scRNA-
Seq). However, many molecular biology principles related to the barcoding of
single cells are universal among different single-cell-omics and are briefly
discussed in the following paragraphs.

Transcriptomics. Single-cell transcriptomics is the earliest and the most
expanded field among other single-cell-omics. The principal steps and
concepts of scCRNA-Seq are shared among the different variations of this
method, including the pioneering inDrops (2), Drop-Seq (3), and the widely
commercialized version of 10X Genomics (98). The key aspect is the use of
barcoding beads that are co-encapsulated with cells at conditions that droplets
contain one cell and one bead. The beads can be hard spheres (Drop-Seq (3)),
hydrogels (inDrops (2)), or dissolvable hydrogels (10X Genomics (98)). Each
bead carries many copies (~10°-10°) of barcoding primers to capture
transcriptomes from individual cells. The main characteristics of barcoding
primers attached to the bead include: (i) poly(dT) region for polyadenylated
mRNA capture, (i) a unique molecular identifier (UMI) used to count unique
mRNA molecules, (iii) a cell barcode used to identify individual cells, and (iv)
a standard sequencing adapter that can also be used as a PCR handle. The key
aspects of single-cell RNA sequencing using the 10X Genomics platform are
presented in Figure 1.4.

Following encapsulation (Figure 1.4, A), oligonucleotides are released by
DTT residing in the RT mix. The mRNA molecules released upon cell lysis
are captured by their 3' end polyadenylated tail to the poly(dT) region on a
barcoding DNA primer. The DNA strand is then extended by reverse
transcriptase using the mRNA molecule as a template to yield a copy DNA
(cDNA) molecule. A few cytosines are then added at the 3' end of the cDNA
molecule by reverse transcriptase with the intrinsic terminal transferase
activity. This short sequence is then used as an annealing site for the template
switching oligo (termed TSO). This primer serves as a second template for the
reverse transcription enzyme to synthesize the end of the cDNA molecule — a
process known as template switching (Figure 1.4, B). The resultant products
are chimeric, comprising a cDNA molecule covalently linked to a barcode and
TSO sequence. After reverse transcription in droplets, the barcoded cDNA
molecules are pooled and subjected to the amplification step. Because the TSO
sequence is universal for all synthesized cDNA molecules, this site is used as
a second adaptor for the PCR primer binding and cDNA library amplification.
Amplified cDNA molecules are then used for the final library preparation
steps (e.g., fragmentation, adaptor ligation) and are subjected to the Illumina
sequencing instrument. Finally, the reads are demultiplexed based on the cell
barcode DNA sequences, and gene counts are assigned to individual cells
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(Figure 1.4, C). To this day, single-cell RNA sequencing remains one of the
most important contributions to molecular biology. This technology has been

fundamental to delineating cellular functions, discovering novel biomarkers,
and much more (99-101).
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Figure 1.4. Single-cell RNA sequencing using 10X Genomics droplet microfluidics
platform. (A) Schematic representation of cell and barcoding hydrogel bead loading
in droplets followed by cell lysis and mRNA capture. (B) The molecular biology
strategy used to amplify barcoded cDNA molecules. (C) The principle of read
assignment to individual cells is based on the cell barcode sequence.

Epigenomics. Single-cell nucleic acid barcoding and sequencing have
been extended to other cell modalities, such as chromatin profiling (102-105).
In this area of research, one of the most noticeable developments has been the
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adoption of transposase-accessible chromatin using sequencing (ATAC-
Seq) (102). The method principle relies on nuclei isolation and treatment in
bulk by transposase enzyme (Tn5) in order to preferentially fragment the DNA
in open regions of the chromatin and to insert adapter sequences to the ends
of these DNA fragments. Then, single transposed nuclei are encapsulated at a
limiting dilution in droplets together with barcoding beads and PCR reagents.
Barcoding beads are labeled with DNA primers containing a cell barcode
sequence and a PCR handle. After emulsification, the droplets are thermo-
cycled, allowing single-nucleus barcoding of the accessible DNA fragments.
Finally, the genetic material is pooled and used to prepare libraries for next-
gen sequencing.

Genomics. The first report demonstrating high-throughput single-cell
genome sequencing (termed SiC-Seq) aimed to analyze ~50.000
environmental microbes (38). The principal strategy of the SiC-Seq approach
relies on complex microfluidic operations where a single-cell derived DNA is
fragmented and labeled with a barcode unique to that cell. To achieve this, a
barcoding droplet library was first generated by encapsulating and PCR
cycling of oligonucleotides with 15 random bases flanked by constant
sequences. The resulting library was composed of ~10 million barcoding
droplets. Next, the gDNA library (to be barcoded) was prepared by individual
cell isolation in agarose beads, followed by lysis and gDNA purification.
Then, agarose beads harboring purified gDNA were re-encapsulated in W/O
droplets with the Nextera reaction mix to perform genome tagmentation.
Having fragmented genomes, the droplets bearing agarose beads were merged
with one droplet containing the PCR reagents and one barcoding droplet. The
obtained merged droplets were thermo-cycled, adding the barcode sequences
onto the genomic fragments using complementary PCR handles added by
transposase. At this point, the spliced fragments contained both the P5 and P7
[lumina adaptors required for sequencing on the Illumina platforms.
Unfortunately, this method has not found widespread applications due to the
assay complexity and shallow sequencing results.

Proteomics. Accessing part of the cell proteome is another successful
adaptation of genetically barcoded droplet libraries for single-cell analysis
(106-108). Capturing proteins is inherently difficult because, unlike nucleic
acids, proteins and peptides cannot be amplified or converted to "sequencable”
libraries. Concomitantly two very similar methods termed Cellular Indexing
of Transcriptomes and Epitopes by Sequencing (CITE-Seq) (106) and RNA
Expression and Protein Sequencing (REAP-Seq) (108) were introduced. Both
methods allow simultaneous single-cell transcriptome and proteome
quantification by staining cells with DN A-labeled antibodies. Antibodies (Ab)
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are conjugated to a DNA sequence containing (i) an antibody barcode, (ii) a
PCR handle, (iii), and a poly(dA) tail. At first, cells are immunostained with
DNA-AD conjugates, followed by co-encapsulation in droplets with barcoding
beads and lysis-RT reagents. After cell lysis, the poly(A) tail of the cellular
mRNA and the poly(dA) tail of the DNA oligonucleotides conjugated to Abs
anneal to the poly(dT) tail of the barcoding beads. During the RT step, the
mRNA and the DNA-Ab conjugates are single-cell barcoded by the reverse
transcriptase, amplified, and subjected to sequencing. As a proof-of-concept,
CITE-Seq was designed to detect 13 proteins per cell in a single workflow
simultaneously, and REAP-Seq allowed to detect up to 82 different proteins.
Although CITE-Seq and REAP-Seq cannot assess the entire proteome of a
single cell and are mainly limited to a panel of well-characterized surface
markers, yet these techniques represent a significant step toward single-cell
multi-omic analysis.

Droplet-based microfluidics has revolutionized our ability to study
heterogeneous samples at the single-cell level. High-resolution data from
single-cell sequencing provides entirely new insights into sample composition
and cellular processes. Although significant progress in single-cell analysis
technologies has been made, these technologies are not without limitations.
Most current approaches are limited to mammalian cells, and high technical
challenges appear when applying similar workflows to microorganisms. For
example, applying analogous scRNA-Seq methods to bacteria requires harsh
cell lysis to extract mRNA molecules efficiently. However, harsh lysis
conditions are detrimental to the subsequent enzymatic reactions, and
separating these two steps is required. In this context, it is worth mentioning
the Drop-Seq protocol (3), where cell lysis is separated from the RT step by
employing solid barcoding beads, which can be rinsed after capturing mRNA
molecules before subjecting to the cDNA synthesis. However, cell and bead
loading follow a double Poisson distribution, which limits assay throughput
and cell capture efficiency (~1 % of generated droplets contain one cell and
one bead). Furthermore, prokaryotic mRNA molecules lack a poly(A) tail,
which needs a re-design of the mRNA capture strategy or additional steps for
the RNA modification (109,110). Thus, biological systems that require more
complex analysis workflows have a smaller chance to benefit from droplet-
based microfluidics technology.

1.1.5.Multi-step reactions in water-in-oil droplets

Many molecular biology methods are built on sequential sample
processing steps in order to initiate, modify, or terminate a reaction. Multi-
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step operations are efficiently conducted in a bulk format using a regular
laboratory pipette and tubes. However, transferring complex reactions to an
emulsion-based format is challenging because the contents of droplets cannot
be easily modified once they have formed. Implementing multi-step reactions
might require complex fluidic operations such as droplet fusion (22,23),
picoinjection (26), droplet reinjection (22,23), splitting (28), and sorting
(13,22,23,111).

Multi-step sample processing is particularly common for nucleic acid
analysis. For example, the previous section presented the single-cell genome
sequencing approach (SiC-Seq) that used a very challenging experimental
strategy (droplet reinjection and two merging steps). Another example of high
methodological complexity is reverse transcription-PCR. When performed in
a single compartment, the RT-PCR reaction follows the lysis step, which
might be inhibitory or incompatible with the RT-PCR enzymes. It is well
known that at concentrations of a single mammalian cell in a droplet (<5 nl),
cell lysate is a potent inhibitor of RT-PCR (91-94). Some researchers
suggested a strategy involving harsh cell lysis and post-lysis droplet dilution
to avoid mammalian cell lysate inhibition of RT-PCR (112). To realize this
strategy, droplet reinjection, fusion, splitting, and picoinjection were
implemented in this workflow (Figure 1.5).
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Figure 1.5. The workflow of a microfluidic platform used to conduct single-
mammalian cell RT-PCR. Using a co-flow microfluidic device, cells were isolated
with a lysis buffer containing proteinase K for off-chip thermal incubation. Following
proteinase K inactivation, droplets were reinjected, and cell lysate was diluted upon
merging with water droplets. After dilution, a portion of the lysate was split off and
picoinjected with 2x RT-PCR reagents. Picoinjected droplets were collected into a
tube, thermo-cycled, and analyzed under a fluorescence microscope. The schematic
was adapted from the research article (112).
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At first, a cell suspension was isolated into 34 pl droplets with lysis
reagents (proteinase K) and lysed off-chip. Then the post-lysis emulsion was
reinjected into a second microfluidic device, where droplets were merged with
larger water droplets to achieve ~20-fold lysate dilution. Droplets were then
split and further diluted by adding RT-PCR reagents before undergoing
thermocycling and analysis. Since such proof-of-concept studies are built on
complex microfluidic operations, they are unlikely to have practical usability.
In addition, the strategy where post-lysis droplets are split and the smaller
droplets are subjected to RT-PCR highlights a risk of missing very low
abundance transcripts (<10 copies per cell).

For RT-PCR assays and alike, it would be advantageous to have a system
where all three steps (lysis, reverse transcription, and PCR) are performed in
one compartment and where all assay reagents are added at once at the
beginning of droplet formation. Indeed, several systems were published in the
last five years aiming to combine these steps by carefully optimizing the
reaction composition (12,113,114). In one noticeable example, the authors
used a recently engineered thermostable reverse transcription xenopolymerase
(RTX) that enables both RT and PCR by a single enzyme (12,115). The
authors confirmed that, in sharp contrast to commercially available one-step
RT-PCR kits, RTX shows exceptional resistance in the presence of very high
concentrations of mammalian cell lysates (~1 cell/500 pl). In another report,
the inhibition of amplification at high lysate concentration was addressed by
supplementing the RT-PCR mix with single-stranded DNA-binding protein
(bacteriophage T7 gene 2.5 protein) (114).

The representative examples above show different strategies to achieve
multi-step reactions in W/O droplets. From a technical point of view, single-
compartment reactions using RTX enzyme or other multi-purpose enzymes
and additives are more appealing because it eliminates complex microfluidic
operations, yet finding enzymes or their combinations for conducting a
desirable assay on cellular genetic material may not be that straightforward.
Furthermore, performing different types of enzymatic reactions in one
reaction buffer may lead to suboptimal conditions undermining the sensitivity.
Therefore, the ability to modify droplet content easily should offer the much-
needed flexibility of designing and performing diverse single-cell assays.
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1.2. Hydrogel beads for single-cell isolation and analysis
1.2.1.Hydrogel bead production

Hydrogel beads represent a potential solution for overcoming some of the
challenges relevant to multi-step analyte processing in W/O droplets. A
hydrogel bead consists of a three-dimensional (3D) network of polymer chains
that can swell in an aqueous solution and hold a large amount of water while
maintaining its structure due to chemical or physical cross-linking of the
individual polymer chains. There are multiple reports describing hydrogel
bead production using droplet microfluidics technology (116-118). In a
typical workflow, an aqueous phase containing a polymeric precursor is
emulsified, and upon stimulus, polymer molecules are cross-linked to form a
hydrogel mesh. Hydrogel beads are then recovered from the emulsion and
suspended in a desirable assay solution. The resulting 3D hydrogel traps
encapsulated cells (Figure 1.6) and enables reagent exchange with the
external environment.
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Figure 1.6. Single-cell isolation inside semi-permeable hydrogel beads. Cells are
isolated in droplets with a hydrogel precursor, which forms a hydrogel mesh under a
specific stimulus (e.g., temperature, radical initiators). Hydrogel beads are then
recovered from the emulsion and can be subjected to the subsequent processing steps.

This section describes seven commonly used hydrogels, including
naturally derived (agarose, alginate, gelatin, and hyaluronic acid) and
synthetic (polyacrylamide and polyethylene glycol diacrylate).

Agarose is a biocompatible polysaccharide extracted from marine red
algae (119). It is a linear polymer made up of the repeating units of agarobiose,
from which it gets its name. One of the reasons for its widespread use is the

29



ability to form thermo-reversible hydrogels with gelation and melting points
varying from 10-40 °C to 50-95°C, respectively, depending on its molecular
weight, concentration, and the number of side groups (120). Agarose
undergoes mild gelation through the formation of extensive intermolecular
hydrogen bonds resulting in double helical structures that aggregate into thick
bundles (121,122). The long-time use of agarose hydrogels in nucleic acid
separation and bacterial culture makes it a very well-characterized material in
terms of pore size and biocompatibility. Agarose is also widely used for
making hydrogel beads and performing single-cell assays (31,123). However,
temperature-induced gelation imposes practical limitations relying on
elevated temperature during cell encapsulation, which can compromise cell
viability (124).

Alginate is an unbranched anionic polysaccharide derived from brown
seaweeds (125). It is a linear copolymer composed of D-mannuronic acid (M
unit) and L-guluronic acid (G unit) and assembles into blocks with regions
composed either homogeneously of M or G units or with alternating G and M
units (126). Ca?*-induced gelation is one of the most important functional
properties of this polymer. The unique ability to chelate calcium ions comes
from the molecular structure containing negatively charged glucuronic and
mannuronic acid monomers. Carboxy acid moieties from 4 monomers can
bind a calcium ion, and when calcium is bound to two polymer chains, they
become crosslinked, forming a hydrogel. Interestingly, alginate hydrogels are
also formed with many other divalent or trivalent cations (e.g., Ca*", Ba*',
Cu®', Sr**, Zn*", Fe*', Mn**, AI’*, and Fe") (125). Biocompatibility and fast
gelation make this polymer attractive in many hydrogel bead formation
protocols for cell isolation and culture workflows (127,128). However, from
the tissue engineering perspective, alginate hydrogels possess low mechanical
strength, low compatibility with buffers having phosphate ions, and have
poorly controlled degradation (129).

Gelatin is a protein obtained by the thermal denaturation of collagen, the
main constituent of connective tissue. Depending on the processing conditions
and its source, gelatin properties can vary, especially polymer molecular
weight and the isoelectric point (IEP), which defines the two gelatin types.
Type A gelatin is prepared by acidic hydrolysis and has an IEP at a pH of 8-
9, while Type B gelatin is produced under alkaline hydrolysis conditions and
has an IEP at a pH of 4-5 (130). Gelatin has many advantages over native
collagen, including higher solubility and reversible thermo-gelation near
30 °C. Although the phase transition is compatible with live cell
encapsulation, the inability to retain physical structure at -elevated
temperatures makes it impractical for many molecular biology applications.
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To solve this problem, gelatin is often cross-linked using chemical, physical
and enzymatic methods (130). Physical methods may include plasma (131) or
UV treatment (132). Enzymatic methods mainly use transglutaminase, which
primarily catalyzes the formation of isopeptide bonds between y-carboxamide
groups of glutamine residue side chains and the g-amino groups of lysine
residue side chains (133). In comparison, chemical cross-linking approaches
are more diverse. Some approaches aim to cross-link gelatin chains by
bridging free amine groups of lysine and hydroxylysine or free carboxylic acid
residues of glutamic and aspartic acid (130). Examples of these cross-linking
agents may be genipin (134) and aldehydes (formaldehyde, glutaraldehyde,
glyceraldehyde) (135). Another group of crosslinkers, instead of being
physically involved in the hydrogel mesh, activate carboxylic acid residues to
react with free amine residues, resulting in the formation of an amide bond
(135). One of the most popular crosslinkers includes the pair of 1-ethyl-3-(3-
dimethyl aminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) (130). Another chemical cross-linking strategy is the introduction of
reactive groups, which can be later cross-linked. A very common option uses
methacrylates, which can be used to modify the type A or B gelatin (136) and
produce hydrogels after the photopolymerization (137). There are several
commonly used photoinitiators, with Irgacure 2959 being one of the earliest,
which is increasingly being replaced with a more biocompatible lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), which can work at longer
wavelengths of 405 nm (138). In addition to biocompatible hydrogel
formation, the chemical properties of gelatin methacrylate also support cell
adhesion and biocompatible degradation using collagenase (137).
Hyaluronic acid, similarly to gelatin, is also naturally derived, but it is a
negatively charged polysaccharide and does not inherently exhibit thermo-
gelation. Creating hyaluronic acid hydrogels requires covalent cross-linking,
which can also be done using methacrylate-based chemistry (139). In many
cases, this hydrogel is used to provide mechanical structure. However,
hyaluronic acid hydrogels do not inherently support cell attachment and
require chemical modification to promote cell adhesion (140). In contrast to
gelatin, this polysaccharide is more hydrophilic and often has a high molecular
weight, which makes it possible to form hydrogels at low mass fractions.
Hyaluronic acid also has commercially available enzymes (hyaluronidase) for
degradation under mild conditions, which plays an important role in
recovering live cells embedded within hydrogel structures (141).
Polyacrylamide is one of the best-characterized hydrogel polymers due to
its widespread use in molecular biology. It is a synthetic hydrogel produced
from acrylamide monomers, in contrast to the other mentioned hydrogels
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produced from existing polymer chains. Hydrogel formation from acrylamide
monomers makes it possible to create well-defined polymer networks, which
make polyacrylamide one of the most mechanically stable hydrogel materials
(142). Polyacrylamide gel stiffness can be tuned by varying acrylamide
concentration and the necessary linker, which is needed to cross-link the
otherwise linear polyacrylamide chains. Bis-acrylamide is the most commonly
used linker, in addition to di-thiol linkers, which result in a polyacrylamide
gel soluble under reducing conditions (143). Such beads are important not
only for the genetic droplet barcoding (2,86) but also for forming sacrificial
core templates for the hydrogel microcapsule formation (33). Despite the
advantages of polyacrylamide hydrogels, the high concentrations of acrylate
monomers and radical polymerization induced by ammonium persulfate
(APS) and tetramethylethylenediamine (TEMED) are toxic to cells. This
prevents using such hydrogels in cases where cell viability has to be retained.

Polyethylene glycol diacrylate (PEGDA) is similar to polyacrylamide in
many aspects, as it is also a synthetic and biologically inert material with well-
defined characteristics. However, unlike polyacrylamide, PEGDA hydrogels
are formed from pre-formed PEGDA polymers, which only need to be cross-
linked. There is a wide variety of commercially available PEGDA length
options, spanning the range of 0.25 kDa to 20 kDa. Lower molecular weight
PEGDA polymers have issues with water solubility and biocompatibility
(144). In contrast, higher molecular weight polymers form softer and less
mechanically stable hydrogels due to the lower proportion of acrylate cross-
links per chain length. Since ester bonds link the acrylate moieties at the ends
of PEG polymers, these hydrogels can be dissolved under basic conditions
(145). However, hydrolysis requires high pH values and elevated
temperatures, which makes the process incompatible with live cell and RNA
recovery. DNA, however, can withstand these conditions and be recovered
from PEGDA hydrogel beads for the subsequent analysis steps (44). The
availability and variety of PEGDA polymers and the option to use
photochemical cross-linking (138) make this material one of the most popular
and useful polymers for hydrogel bead formation.

1.2.2.Nucleic acid processing in hydrogel beads

Significant technical challenges in conducting multi-step reactions within
W/O emulsions originate from the difficulties of altering droplet contents
during the steps of a molecular biology protocol. Many hydrogel bead-based
approaches have been developed as a potential solution to this challenge
(32,146-149), with the key feature relying on cell isolation into a semi-
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permeable hydrogel mesh so that several incompatible or interfering
experimental steps could be performed independently of each other.

One of the most common hydrogel bead applications is nucleic acid
preparation for the amplification step. In several studies, single-bacterial cells
were isolated in polyacrylamide beads to conduct harsh lysis and several
washing steps to get purified gDNA. Hydrogels harboring purified genomes
were then re-encapsulated in W/O droplets with PCR reagents to conduct
selected gene amplification (32,146,147). Polyacrylamide hydrogel matrix is
dense enough to hold bacterial genomes in place but loose enough to allow
enzymes and primers to diffuse through (150). In another example, the authors
developed an agarose bead-based platform for high-throughput single-
mammalian cell genetic analysis (148). At first, single cells were co-
encapsulated with primer-functionalized beads in liquid agarose droplets.
After temperature-induced gelation and hydrogel bead recovery, embedded
cells were immersed into a lysis buffer containing sodium dodecyl sulfate
(SDS) and proteinase K, followed by several washing steps. Next, agarose
beads having purified genomes were transferred into a PCR mix with
fluorescently labeled forward primers, re-emulsified, and thermo-cycled.
During the multiplex PCR, fluorescent amplicons were concatenated on the
primer-functionalized beads, then purified and used for the subsequent
analysis steps.

Cell embedding in hydrogel beads has not only been used for cell
permeabilization and genetic material purification. For example, some reports
showed that hydrogel beads could be used as reaction vessels for gDNA
amplification using the whole-genome amplification (WGA) technique of
multiple displacement amplification (MDA) catalyzed by phi29 DNA
polymerase (118,149). Worth noting that a typical bacterial cell contains only
a few femtograms of DNA, making WGA a critical step for sequencing whole
genomes from single cells (151,152). Fortunately, this technique has allowed
researchers to assemble a significant portion of single genomes and provided
important insights about sampled microbial communities (57,58,70).

Phi29 DNA polymerase can synthesize DNA strands that are up to 100 kb
in length with an average length greater than 10 kb (153,154). Given these
amplicon sizes, hydrogel mesh efficiently isolates the WGA synthesis
product. In a recently published work (149), the authors presented a single
bacterial cell genome sequencing platform named SAG-gel. The strategy
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relies on bacteria isolation in agarose beads followed by cell lysis, washing
steps, and WGA (Figure 1.7). The agarose beads containing single amplified
genomes (SAGs) are then FACS-sorted into multi-well plates for re-
amplifying genetic material and subjected to the downstream library
preparation and sequencing steps. Single genome pre-amplification in
hydrogels could be a beneficial step for improving overall assay efficiency.
Specifically, it is known that SAG generation efficiency and quality strongly
vary between the isolated cells, and pre-selection is usually required before
the sequencing (70). Thus, SAG-gel and similar approaches could allow SAG
selection at the first steps using fewer efforts and reduced reagent costs.
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Figure 1.7. The SAG-gel approach for single-bacterial cell genome sequencing.
Single-bacterial cells are encapsulated into ~40 um microfluidic droplets with ultra-
low melting temperature agarose solution. Collected droplets are solidified by
cooling, and single cells are captured in an agarose matrix. Recovered microbeads are
subjected to multi-step processing to initiate bacteria lysis, gDNA purification, and
single-genome amplification. Finally, microbeads harboring amplified genomes are
FACS-sorted into a multi-well plate for the subsequent analysis steps required for
next-generation sequencing. The schematic was adapted from the research article
(149).

1.2.3.Cell cultivation in hydrogel beads

In addition to nucleic acid processing, hydrogel beads also opened many
opportunities for single-cell cultivation (31,36,155,156). It is particularly
relevant in microbial ecology, where novel cell cultivation techniques are
crucial for resurrecting yet unculturable bacteria (155-157) (Figure 1.8). Like
W/O droplets, hydrogel beads allow the isolation of each member in the
heterogeneous cell population to analyze them separately. Cell isolation in
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distinct physical compartments allows separation of the fast-growing bacteria,
which under the regular culture conditions, would outcompete the slower-
growing bacteria hiding the initial sample diversity. This is often known as
Simpson’s paradox (158). In contrast to the immiscible oil phase surrounding
the water droplets, hydrogel mesh provides a simple way for media
replenishment, signaling molecule diffusion, and cell-cell communication
among the microbial community members, which many bacteria require to
complete some undetermined aspect of their life cycle (159). Furthermore,
hydrogels suspended in an aqueous buffer are compatible with FACS
instruments making it possible to select clones of interest based on their light
scattering and fluorescence characteristics for the subsequent analysis steps
(155,160,161).

Marine/soil Cell isolation Embedded cell FACS-sorting
sample collection in agarose beads culture & analysis

y ~ Media out ) panay -
PO \ Sterile seawater/

I’ P \\
[} A
. & ) ‘ ;&*:Q 1
. W C | soil extract % )
t @ N\ ¥ 9
\ / N adl Ve \‘~-.—”
/== / N, H
< y . v
sy N /
P N - it :
. +
i <

Media in ¥
Figure 1.8. Representative scheme showing agarose bead implementation for bacteria
culture from the environmental samples. Bacteria from marine or soil samples are
isolated in semi-permeable agarose beads and then immersed in a continuous flow
cultivation device. Agarose beads with evolved microcolonies are then FACS-sorted
and used for the subsequent analysis steps (e.g., re-cultivation in 96-well plate,
metabolite analysis, 16S rRNA sequencing). The schematic was adapted from the
research article (155).

In addition to microbial cell re-cultivation or metabolic capability
exploration, microcolonies evolved in hydrogel beads have also been directly
applied for gDNA sequencing (161). As noted above, the WGA catalyzed by
phi29 DNA polymerase is the most widely used reaction for amplifying
genomes. Yet, the amplification of a single chromosome copy suffers from
amplification biases and creates significant challenges in assembling complete
genomes (70). On the other hand, since hydrogel beads support cell culture,
they provide the means to expand hundreds to thousands of genetically
identical cells (clones) per one hydrogel bead before initiating a WGA
reaction (161). As a result, conducting WGA on isogenic microcolonies can
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lead to larger assemblies and contigs and facilitate nearly complete genome
recovery (161).

Isogenic colony sequencing has also been expanded to transcriptomic
studies (29,30). Authors of the ICO-Seq method (30) combined the Drop-Seq
barcoding strategy (3) with yeast expansion in agarose spheres to
transcriptionally profile the microcolonies originating from single cells (30)
(Figure 1.9).
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Figure 1.9. The workflow of isogenic yeast colony RNA sequencing (ICO-Seq).
(A) Individual yeast cells are isolated in liquid agarose droplets, which are converted
to semi-permeable hydrogel beads under cooling. Beads with single embedded cells
are then immersed in culture media to generate isogenic microcolonies. (B) Yeast
microcolony barcoding in droplets by co-encapsulation of agarose beads with lysis
buffer and mRNA capturing beads, which are then purified and used to conduct bulk
cDNA synthesis on bead surfaces.
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Noteworthy, Drop-Seq and other scRNA-Seq technologies have been mainly
developed and optimized for mammalian cells (2,3,98), which are larger and
contain higher quantities of mRNA than yeast cells or other microorganisms.
To provide a rough estimate of cell numbers needed for analysis, there are
~15.000 mRNA per yeast cell (30,162) and ~200.000 mRNA in a mammalian
cell (30,58), so ~14 yeast cells yield mRNA quantities approximately
equivalent to one mammalian cell. Therefore, the expansion of individual cells
into isogenic colonies, followed by transcriptome barcoding and sequencing,
may significantly improve the detection of low-copy number transcripts found
in microorganisms.

In a more recent study, a similar approach, termed Clone-Seq, was applied
to mammalian cells (29). The rationale of this technique was to minimize the
confounding effects, such as cell cycle differences, technical variability,
stochasticity, and low sensitivity, which all can strongly influence data quality
and result interpretation. Similar to the ICO-Seq, the Clone-Seq workflow
consists of three main steps: (i) single-cell isolation inside biocompatible and
biodegradable hydrogel beads, (ii) clonal expansion of single cells within the
hydrogel beads up to 60 cells, and (iii) single-clone RNA-Seq applying the
inDrops platform (86), where each clone inside nanoliter droplets is uniquely
barcoded. However, in contrast to ICO-Seq, hydrogel beads bearing cell
clones are decomposed before the barcoding step, leaving highly cohesive and
stable structures. Hence, Clone-Seq is limited to cells that remain physically
connected after hydrogel decomposition. As expected, single-clone RNA-Seq
showed roughly 10-times increased sensitivity compared to single-cells.

1.2.4.Challenges related to hydrogel bead-based systems

The polymer mesh of a hydrogel bead provides a physical barrier retaining
cells and high molecular weight biomolecules, such as gDNA or phi29
polymerase amplicons generated during the WGA reaction. Also, hydrogel
pores enable the diffusion and exchange of low molecular weight molecules
necessary for cell culture and nucleic acid processing by different enzymatic
reactions. Therefore, certain multi-step reactions can be conducted by moving
hydrogel beads from one reaction buffer to another. These and other features
make hydrogels an appealing alternative to regular W/O droplets when multi-
step procedures are required for a specific experimental setup, and standard
assay formats become impractical. Unfortunately, hydrogel bead-based
systems are not without limitations.

Working with agarose — the most abundant polymer for hydrogel bead
generation — requires an elevated temperature (~40-50 °C) to maintain molten
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agarose in liquid format. Otherwise, polymer clogging and gelation can lead
to polydisperse beads or even prematurely terminate the cell encapsulation
process. While maintaining an elevated temperature during the encapsulation
process represents a technical challenge, it can also be lethal to heat-sensitive
cells (163).

Secondly, the poor cell retention in hydrogel spheres is well-documented
(164-168). For example, microscopy analysis revealed that cells often tend to
position themselves at the oil/water interface immediately after droplet
formation (164). As a result, a significant fraction of the cells and their genetic
material is lost upon hydrogel bead formation and the subsequent processing.

Finally, the uniform porosity of the entire hydrogel makes it challenging to
achieve efficient enzymatic reactions and smaller molecule retention,
including PCR amplicons. For that reason, many hydrogel bead-based
methods include re-encapsulation in W/O droplets in order to complete the
final nucleic acid analysis steps (32,146,147). These shortcomings complicate
the workflows and can be challenging for users with limited expertise in
microfluidics.

Overall, considering all the advantages and disadvantages of W/O droplets
and hydrogel beads, there is an evident demand for simplified approaches to
conduct multi-step cell processing workflows. As the next chapter reveals,
hydrogel microcapsules overcome major limitations mentioned above and
fulfill many requirements for multi-step single-cell assays.

1.3. Hydrogel microcapsules for single-cell isolation and analysis
1.3.1.Microcapsule production and application

Microcapsules, as a term, refer to liquid droplets surrounded by a semi-
permeable hydrogel shell (membrane). Similar to hydrogel beads, the
microcapsule’s shell acts as a passive sieve — retaining encapsulated cells and
high molecular weight molecules while allowing the smaller entities (such as
proteins and oligonucleotides) to diffuse through. The first attempts to
produce microcapsules were based on alginate polymerization in the presence
of divalent metal cations (39,41,169). The representative scheme of alginate
microcapsule production is depicted in Figure 1.10. Such microcapsules are
typically produced by first encapsulating the cell suspension into water-in-air
droplets surrounded by an alginate liquid shell and then solidifying the
alginate shell upon reacting with cross-linking ions such as calcium or barium
(169). In many of the reports, alginate microcapsules were used as
biocompatible and elastic vessels for 3D cell culture (39,41,169-171). The
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permeability of the hydrogel allows the free flow of nutrients into the
microcapsule core to support cell proliferation. Some cell types, like epithelial
cells, require contact with the extracellular matrix (ECM), which controls
fundamental cell behaviors and characteristics such as proliferation, adhesion,
migration, polarity, differentiation, and apoptosis (172). To fulfill these
requirements, later reports showed alginate microcapsules supplemented with
collagen (166,169) — the most abundant molecule comprising the ECM — to
conduct colorectal cancer cell lines (CT26 and Caco-2) expansion into
multicellular spheroids.
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Figure 1.10. Alginate microcapsule production and characterization. (A) Co-
extrusion of alginate and cell suspension solutions in the air followed by immersion
of generated droplets in a gelling batch with calcium chloride. (B) After reaching a
gelling bath, the liquid shell composed of alginate is transformed into a semi-
permeable hydrogel membrane, which ensures isolated cell retention while allowing
culture media replenishment. Note that microcapsules produced by this approach are
elongated and have an irregular shape.

While alginate-based microcapsules have been used extensively and are
stable in certain aqueous buffers, they suffer from poorly controllable stability
in cell culture and physiological conditions (173). Gels based on alginate
polymer are prone to dissolution due to the release of divalent ions into the
surrounding media or due to an exchange reaction with monovalent
cations (173). Alginate hydrogels also dissolve in the presence of phosphate
ions, citrate, organic acids, and other molecules that can chelate the metal
cations participating in the complexation (173). The microcapsules reported

39



by others are also sensitive to pH. For example, the calcium-alginate hydrogel
may decompose upon lowering pH below 7.0 (174), which may occur during
cell culture and harvesting due to the metabolic activity of encapsulated cells.
As a result, alginate microcapsules found only limited use in specific
environments.

Another microcapsule generation technique relies on a double-layer
hydrogel bead formation (33,40,175), and the representative scheme is
depicted in Figure 1.11. In one of the developed systems, microbial cells were
isolated in polyacrylamide beads by co-encapsulating acrylamide and
reversible cross-linker N,N’-bisacryloylcystamine (BAC) (33). Harsh lysis
was applied to embedded bacteria to purify gDNA. The resulting post-lysis
hydrogel beads were then isolated in liquid agarose droplets, and upon cooling
the emulsion, beads were enveloped by a solid agarose layer. Double-layer
hydrogel beads were recovered from the oil phase and subjected to the MDA
reaction mix containing DTT. Disulfide linkages of BAC were broken in the
presence of DTT, resulting in microcapsules with a liquid core and a semi-
permeable agarose shell. Following MDA, microcapsules were enveloped by
a second polyacrylamide hydrogel layer to retain PCR amplicons efficiently.
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Figure 1.11. Microcapsule generation from double-layer hydrogel beads. Following
DTT-soluble polyacrylamide bead generation, hydrogels are enveloped by an agarose
shell resulting in double-layer hydrogel beads. By transferring these beads in a
reaction mix comprising DTT, the hydrogel core dissolves, resulting in microcapsules
with a liquid core and a semi-permeable hydrogel shell. Note that microcapsules
produced by this approach are polydisperse and could have an uneven shell thickness.

While useful for some applications, this microcapsule generation approach
has many limitations. First, polyacrylamide hydrogel formation usually occurs
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via radical polymerization in the presence of ammonium persulfate and
tetramethylethylenediamine, which are toxic for isolated cells. For that reason,
cell fixation is conducted before the encapsulation step. Alternatively,
polyacrylamide could be replaced by a more biocompatible hydrogel (e.g.,
gelatin), as demonstrated in another work, where cells were first isolated in
gelatin beads followed by enveloping with alginate shell (40). Secondly, each
hydrogel layer addition requires a new encapsulation round, which can be
either time-consuming when microfluidic devices are used or result in
polydisperse particles when applying the bulk emulsification technique
(which was the case in this work). Altogether, this approach demonstrated a
time-consuming and impractical strategy to generate microcapsules. As
revealed in the following sections, simpler and more reliable microcapsule
production can be achieved by implementing aqueous two-phase systems.

1.3.2.The concept of aqueous two-phase systems

Aqueous two-phase systems (ATPS), also known as aqueous biphasic
systems (ABS), are formed when at least two water-soluble components are
mixed in water above the critical concentrations, leading to the liquid-liquid
phase separation (176-178). This phenomenon was first recognized by the
microbiologist Martinus Beijerinck in 1896, who observed that a mixture of
gelatin, agar, and water phase separated into two layers (179). Due to the
formation of two immiscible aqueous layers, each phase is enriched in one of
the phase-forming components. ATPS phases have a low interfacial tension
(1-10 uN/m) and enhanced mass transport between the phases (176). This
makes them frequently used for the extraction, separation, purification, and
enrichment of proteins, membranes, viruses, enzymes, nucleic acids, and other
biomolecules important for industry and academia (180). They are mainly
used to replace the traditional liquid-liquid extraction procedures based on
organic solvents (177).

ATPS can be generated by mixing a pair of hydrophilic polymers, a
polymer with a salt, or two different salts, resulting in polymer-polymer,
polymer-salt, and salt-salt systems, respectively (177). However, polymer-
polymer systems are preferably used due to their excellent
biocompatibility (180). Currently, several combinations of hydrophilic
polymers were successfully employed for the formation of two-phase systems
obtained from the mixing of: (A) two nonionic polymers, such as the well-
known polyethylene glycol (PEG) and dextran; (B) one nonionic and an ionic
polymer; and (C) two ionic polymers (charged polyelectrolytes)
(Figure 1.12).
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Figure 1.12. Representative examples of ATPSs composed of various polymer-
polymer solutions: (A) two nonionic polymers, (B) one nonionic and an ionic
polymer; and (C) two ionic polymers (charged polyelectrolytes). Acronyms indicate:
PEG, polyethylene glycol; PEGME, polyethylene glycol methyl ether; PEGDME,
polyethylene glycol dimethyl ether; PPG, polypropylene glycol; PPGDME,
polypropylene glycol dimethyl ether; PVP, polyvinyl pyrrolidone; PVA, polyvinyl
alcohol; PES, polyether sulfones; HP-starch, hydroxypropyl starch; PAA, polyacrylic
acid; PAM, polyacrylamide; PSS, polystyrene sulfonate. The schematic was adapted
from the book chapter (177).

ATPSs are usually described by the phase diagram (Figure 1.13), which is
like a unique system fingerprint showing the potential working area under
specific conditions (e.g., temperature and pH) (180). The phase diagram
provides a set of valuable information about the system: (i) the concentrations
of component 1 and component 2, which are necessary to create a biphasic
system, (ii) the concentrations of phase components in the top (light) and
bottom (heavy) phases, and (iii) ratio of the phase volumes (177).

The phase diagram comprises two phase-forming materials (components 1
and 2) and water (177). A solubility curve (termed binodal) divides the two-
phase region (above the curve) from the single-phase region (below the curve).
The composition of the phases in equilibrium is related by the tie-lines that
connect two points on the binodal curve, which correspond to the
concentration of components 1 and 2 in the top and bottom phases. For
example, a, b, and c correspond to three ATPS solutions where the phases
have the same equilibrium composition (177). Thus, moving along the same
tie-line, the concentration of components 1 and 2 in the top (T (T, T2) and
bottom (B (Bi, B2) phases remains unchanged, differing only in the phase
volume ratios. From a purely practical point of view, phase volume ratio
adjustment might be relevant when the analyte of interest needs to be
concentrated in a minimal volume reaching the highest concentration. The
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binodal curves are mainly determined by turbidimetric titration and cloud-
point titration (177).
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Figure 1.13. A schematic representation of ATPS formation and phase diagram.
(A) Mixing component 1 and component 2 in an aqueous solution above the critical
concentrations induces the formation of two phases: the top phase enriched in
component | and the bottom phase enriched in component 2. (B) Any composition of
concentrations of two phase-forming components above the binodal curve results in
two separate phases. Point b represents an initial aqueous solution with defined weight
fractions of the two components. A tie-line connects the points representing the
compositions of the equilibrated top phase (T), bottom phase (B), and the initial point
(b). Any polymer composition on the same tie-line (e.g., a, b, and ¢) will result in
similar equilibrated top and bottom phases but with different volume ratios. The
schematic was adapted from the book chapter (177).
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1.3.3. ATPS-related microfluidic platforms

As mentioned above, ATPSs are mainly associated with liquid-liquid
extraction platforms for recovery, concentration, and purification. However,
partitioning and phase separation in bulk could be prolonged processes,
leading to unacceptably long equilibrium times. This should be avoided,
especially when working with sensitive biological samples, such as
mammalian cells. These difficulties have been partly addressed through the
transfer of ATPS to a microfluidic format (181-183). In the later work (183),
the authors utilized a droplet-based microfluidic system to generate an ATPS
in which aqueous droplets consist of two phases in the form of a double
emulsion, with a PEG layer completely enveloping a dextran droplet. The
authors revealed three important points: (i) phase separation and cell
partitioning could be achieved in seconds, (ii) the cell surface properties
dictate cell partitioning mode, and, more importantly, (iii) ATPS, composed
of PEG and dextran form a core-shell structure, which became a starting point
for semi-permeable microcapsule generation described in this thesis.

1.3.4. ATPS-based hydrogel microcapsules

Although different approaches for producing microcapsules have been
reported (33,169,171,184-186), the use of two-phase polymer solutions
provides a more convenient and reliable strategy to generate compartments
with a core-shell topology. Before conducting this research, several
microfluidic approaches based on ATPS were introduced (42,43,187).
However, at the start of this work, there were no practical solutions that would
demonstrate both the reliable microcapsule generation under physiological
conditions and their application to multi-step biological workflows.

The use of microcapsules for single-cell analysis relies on the ability to
produce controllable size monodisperse core-shell particles, which could
effectively retain the isolated cells. To achieve that, the core and shell parts of
a microcapsule need to be concentric to ensure that the core does not touch the
shell creating a cup-like morphology (187,188). While this morphology can
also be used for single-cell analysis (188), the inability to reliably enclose cells
within the shell limits the broader applications of these particles. Also, to be
practical in use, the shell surrounding the microcapsule core should retain high
molecular weight biomolecules, such as gDNA, mRNA, and PCR amplicons,
while allowing diffusion of smaller molecules (e.g., enzymes,
oligonucleotides). High microcapsule stability under different chemical,
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physical, and mechanical treatments, related to a specific assay, are
prerequisite features.

The first report showing ATPS-based semi-permeable microcapsule
generation, cell encapsulation, and amplification of nucleic acids originated
during the course of this work (44,46) and is being discussed in greater details
in the results section. The said microcapsules were based on a PEGDA-
dextran system, where dextran forms the core and PEGDA forms the shell
(Figure 1.14), and in contrast to other reports, were characterized by highly
concentric core/shell structure. Interestingly, almost in parallel, another
elegant system was published aiming to generate hydrogel microcapsules
using a similar composition (189). In that work, dextran and two kinds of tetra-
arm polyethylene glycol macromonomers were used to achieve phase
separation resulting in a dextran-rich core and a tetra-PEG macromonomer-
rich shell. Tetra-PEG macromonomers in the shell then became cross-linked
via the end-coupling reaction, which converted ATPS droplets to semi-
permeable microcapsules. Although being a very promising strategy, this and
other later works (190) did not aim to explore biological applications,
remaining unclear about the potential for single-cell research.

PEGDA microcapsules developed in this work were applied for whole-
genome amplification, single bacterial culture, and metabolic activity
screening of single-cell derived colonies. Other researchers recognized these
microcapsules as a powerful tool for single-cell approaches in human
microbiome research (191) and even space biology (192). In addition, others
have adapted this approach to develop a high-throughput screening system
(193).

Despite its initial success, the work reported in ref. (44) highlighted several
limitations of the PEGDA microcapsules. These included the inability to break
the shell under chemically mild conditions and mammalian cell partitioning at
the water/oil interface resulting in their poor retention. In order to make
microcapsule production applicable to mammalian cell analysis, culture, and
recovery, an alternative strategy was developed (see results section). This new
strategy was based on a biodegradable, polyampholyte polymer (gelatin
methacrylate), which could be dissolved by simply adding collagenase
enzyme to release the encapsulated cells without damaging them. Gelatin-
based shells also provide encapsulated cells with a collagen-like matrix to
adhere to and maintain their viability over long periods of time. Further details
of using such microcapsules are provided in the results and discussion section.
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Figure 1.14. ATPS-based hydrogel microcapsule production, properties and
applications. (A) The core and shell-forming polymers are infused via separate inlets
using a co-flow microfluidic device. After encapsulation, two phases are formed: a
liquid core enriched in dextran and a liquid shell enriched in PEGDA. The liquid shell
is then converted to a semi-permeable hydrogel membrane by photopolymerization,
and the resulting microcapsules are recovered from the oil phase and transferred to an
aqueous buffer. (B) The hydrogel shell retains the isolated cells and high molecular
weight biomolecules (e.g., gDNA, mRNA) while at the same time allowing the
diffusion of smaller molecules (e.g., enzymes, culture media components). This
selective permeability allows to perform different nucleic acid analyses on isolated
species.
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2.MATERIALS AND METHODS
2.1. PEGDA microcapsule generation and application
2.1.1.Fabrication and use of microfluidic devices

The polydimethylsiloxane (PDMS) microfluidic device having

microchannels 20 pm height was obtained from Droplet Genomics
(Figure 2.1).

20 pm
30 um 40 pm

—20 um

Figure 2.1. Microfluidic chip design used in this work to generate PEGDA
microcapsules. Numbers indicate: 1 and 2 — inlets for aqueous phase injection, 3 —
inlet for carrier oil injection, 4 — outlet for generated emulsion collection.

2.1.2.Aqueous two-phase system preparation

Aqueous two-phase systems (ATPSs) were prepared using 5.5 % (w/v)
dextran, MW ~500k (Sigma-Aldrich, cat. no. D5251), 3 % (w/v) PEGDA,
MW 8k (Fisher Scientific, cat. no. AA46801MD), 3 % (v/v) PEGDA,
MW 575 (Sigma-Aldrich, cat. no. 437441-100ML), 0.1 % (w/v) lithium
phenyl-2,4,6-trimethyl-benzoyl phosphinate (LAP) (Sigma-Aldrich, cat. no.
900889-5G) in 1x DPBS (Gibco, cat. no. 14190144). Other concentrations of
PEGDA polymers could be used following Table 2.1. In all compositions
tested, the concentrations of dextran and LAP were constant.

Table 2.1. Alternative microcapsule shell compositions and tested applications.

Composition Tested application

3 % (w/v) PEGDA, MW 8K, 3 % (v/v) PEGDA, MW 575 Bacteria culture, MDA,
PCR (>567 bp)

2.5 % (w/v) PEGDA, MW 8k, 4 % (v/v) PEGDA, MW 575 Bacteria culture, MDA,
PCR (>567 bp)

2.1 % (w/v) PEGDA, MW 8k, 5 % (v/v) PEGDA, MW 575 PCR (=567 bp)

The solutions containing all components were mixed and centrifuged at
>10.000g for 30 min. to induce liquid-liquid phase separation. The bottom
(dextran-rich) phase and upper (PEGDA-rich) phase were separated by
pipetting. The dextran-rich phase was used to resuspend cells. Separated
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phases were loaded onto a microfluidic device using a 1 ml syringe connected
via 0.56 mm inner diameter PTFE tubing (Droplet Genomics, cat. no. DG-
MTO0.56-30) and encapsulated as described in section 2.1.4.

2.1.3.Microbial cell preparation

Escherichia coli strains (MG1655 and DH5a)) were from the laboratory
collection. Rhodococcus rhodochrous PY11 (DSM 101666), as well as
pBHR68 and pTZ18R plasmids, were provided by Prof. Rolandas Meskys
(Vilnius University Institute of Biochemistry, Lithuania). Streptococcus
mutans UA159 was provided by Prof. Edita Suziedéliené (Vilnius University
Institute of Biosciences, Lithuania).

For nucleic acid amplification £. coli MG1655, R. rhodochrous PY11, and
S. mutans UA159 were used. Before E. coli MG1655 encapsulation, 5 pl of
night cell culture were inoculated in 5 ml of Luria-Bertani (LB) broth
(Invitrogen, cat. no. 12795027) and incubated for 2.5-3 hours at 37 °C and
220 rpm, resulting in OD600 value ~0.5. A 1 ml of fresh cell suspension was
aliquoted, washed twice in Cell Washing Buffer comprised of 1x DPBS and
0.1 % Pluronic F-68 (Gibco, cat. no. 24040032), and concentrated 10-times in
1x DPBS. Then, 3 pl of concentrated bacterial suspension were combined with
47 pl of dextran-rich phase, resulting in ~30M cells/ml (detailed calculations
are provided in Table 2.2). To encapsulate R. rhodochrous PY11 and
S. mutans UA159, colonies were taken by scraping a plate, rinsed in Cell
Washing Buffer, and resuspended in 1x DPBS. Cells were encapsulated at a
limiting dilution following the calculations provided in Table 2.2.

Table 2.2. Calculations showing cell numbers used for encapsulations.

Specifications Numbers

Droplet diameter 26-27 pm

Droplet volume 10 pl

Volume of loaded polymers (PEGDA and dextran) 100 pl (50 pl + 50 pl)
Number of generated droplets 100 pl/10 pl = 10M
Lambda value (1) 0.3

Number of encapsulated cells 10M x 0.3 =3M
3M bacterial cells should be added in 50 pl of dextran-rich phase

Cell concentration in LB culture with OD600 of 0.5 1 x 108 cells/ml
Cell concentration of 10-times concentrated cell suspension 1 x 10° cells/ml
Volume of cell suspension needed for encapsulation 3ul

For bacteria cultivation experiments, both E. coli MG1655 and DH5a were
used. E. coli MG1655 cells were prepared using the same procedure as
described above. DH5a cells were first transformed using CaCl, with pBHR68
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plasmid, harboring three genes (phaC, phaAd, and phaB) from the PHB
synthesis pathway. As a negative control, DH5a transformed with pTZ18R
vector was used. Colonies of transformed E. coli DH5a were taken by
scraping a plate, rinsed in Cell Washing Buffer, and resuspended in 1x DPBS.
Cells were encapsulated at a limiting dilution following the calculations
provided in Table 2.2. Encapsulating DH5a, the dextran-rich phase was
supplemented with 100 pg/ml ampicillin (Sigma-Aldrich, cat. no. A9518-5G).

2.1.4. PEGDA microcapsule generation and cross-linking

PEGDA microcapsules were generated on a microfluidics platform Onyx
(Droplet Genomics) using a microfluidic device having a nozzle 20 um deep
and 20 pm wide (Figure 2.1). Typical flow rates were: 50 ul/h for the
PEGDA-rich phase, 50 pl/h for the dextran-rich phase, and 250-500 pl/h for
droplet stabilization oil (Droplet Genomics, cat. no. DG-DSO-20). Due to the
increased viscosity of the biphasic system, droplet breakup by jetting
mechanism could be observed, which could shift to the dripping mode by
adjusting the flow rates of a system. The dilution of cells was chosen such that
the majority of microcapsules would contain either 0 or 1 cell (occupancy
~0.1-0.3). The encapsulations were performed at room temperature for up to
30-60 min. The isolated cells were collected in a 1.5 ml tube prefilled with
200 pl of light mineral oil (Sigma-Aldrich, cat. no. M5904-500ML).
Following cell encapsulation, the resulting ATPS droplets quickly formed a
core-shell structure comprising a liquid core enriched in dextran and a liquid
shell enriched in PEGDA. The ATPS droplets were immediately cross-linked
by exposure to 365 nm wavelength light using High-Intensity UV Inspection
Lamp (UVP, cat. no. 95-0127-01) for 2.5 min. In cases when isolated bacterial
cells were used for cultivation, ATPS droplets were exposed to a 405 nm laser
(Besram Technology Inc. module TEMO0) at 1 W/cm? for 20 s or to a 405 nm
light-emitting diode (LED) device (Droplet Genomics, cat. no. DG-BR-405)
for 20 s as well.

After photopolymerization, the resulting microcapsules were recovered
from the oil phase by applying an emulsion breaker (Droplet Genomics, cat.
no. DG-EB-1) and 1ml of ice-cold Cell Washing Buffer. When embedded
cells were used for culture experiments, microcapsules were kept in Cell
Washing Buffer until transferred to culture media. When enzymatic reactions
were performed, microcapsules were rinsed twice in a Washing Buffer
comprised of 10 mM Tris-HCI [pH 7.5] (Invitrogen, cat. no. 15567027) and
0.05-0.1 % (v/v) Triton X-100 (Sigma-Aldrich, cat. no. X100-100M).
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2.1.5.Single E. coli genome amplification

Following 2.1.2-2.1.4 sections, E. coli MG1655 cells were isolated in
PEGDA microcapsules and subjected to lysis and MDA steps. Lysis of
embedded bacteria was carried out in 1 ml lysis solution with a composition
of 10 mM Tris-HCl [pH 7.5], 50 U/ul Ready-Lyse Lysozyme Solution
(Lucigen, cat. no. R1804M), 200 pg/ml proteinase K (Invitrogen, cat. no.
AM?2546), 0.1 % (v/v) Triton X-100, 1 mM EDTA (Invitrogen, cat. no.
15575020). Closely packed microcapsule suspension occupied ~10 % (100 pl)
of the final reaction volume. Cell lysis was performed for 30 min. at 37 °C
followed by an additional 30 min. incubation at 50 °C. After lysis,
microcapsules were rinsed 3-5 times in Washing Buffer.

Single-genome amplification (SGA) reaction was performed in a 100 pl
MDA reaction mix containing 50 pl closely packed microcapsule suspension,
0.5 U/ul phi29 DNA polymerase (TFS, cat. no. EP0092), 0.002 U/ul
pyrophosphatase (TFS, cat. no. EF0221), 25 uM exo-resistant random primers
(TFS, cat. no. SO181), 1 mM dNTP mix (Invitrogen, cat. no. 18427013),
1 mM DTT (TFS, cat. no. R0861), 1x phi29 DNA polymerase reaction buffer
(TFS, cat. no. EP0092), at 30 °C for 12-16 h. Post-SGA microcapsules were
rinsed 3 times in Washing Buffer and used for microscopy analysis.

SGA in microcapsules was compared with two related systems — hydrogel
beads and W/O droplets. For bacteria embedding in hydrogel beads,
12 % (v/v) PEGDA, MW 575 was co-encapsulated with 1x DPBS containing
3 M/ml cells resulting in 6 % (v/v) PEGDA droplets with a single bacterium
inside. All procedures, including encapsulation, polymerization, particle
recovery from the emulsion, lysis, and MDA were identical to the
microcapsule workflow described above.

To perform E. coli lysis and MDA in droplets, bacteria were re-suspended
in 10 mM Tris-HCI [pH 7.5] at 3 M/ml concentration and encapsulated at
equal flow rates (50 pl/h) with 50 pl of 2x concentrated MDA reaction mix
comprising 1 U/ul phi29 DNA polymerase, 0.004 U/ul pyrophosphatase,
100 U/ul Ready-Lyse Lysozyme Solution, 50 uM exo-resistant random
primers, 2 mM dNTP mix, 2 mM DTT, 0.2 % (v/v) Triton X-100, and 2x
phi29 DNA polymerase reaction buffer. Following encapsulation, bacteria
lysis and MDA in droplets were performed at 30 °C for 12-16 h.

2.1.6.Single-genome amplification from gram-positive bacteria

This section is an extension of the previous experiment where SGA was
performed on E. coli MG1655 cells. In this experiment, seven different lysis
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conditions (one condition in W/O droplets and six conditions in
microcapsules) were tested on two Gram-positive bacteria: R. rhodochrous
PY11 and S. mutans UA159 (Table 2.3). Irrespectively to lysis condition,
post-lysis microcapsules were washed 3-5 times in Washing Buffer and
subjected to MDA. MDA conditions, including composition, reaction
duration, and temperature, were the same as for E. coli and are detailed in
section 2.1.5. Post-SGA microcapsules were rinsed 3 times in Washing Buffer
and used for microscopy analysis.

Table 2.3. Lysis and SGA conditions tested on Gram-positive bacteria. Note that the
pH value provided for Tris-HCI buffer corresponds to ~25 °C.

Lysis- . .
Cond. SGA First step Second step Third step
50 U/ul Ready-Lyse
One-step Lysozyme Solution,
Ref. in 0.1% (v/v) Triton X-100, None None
droplets 1x MDA reaction mix.
Incubation for 12 h at 30 °C.
50 U/ul Ready-Lyse
One-step Lysozyme Solution,
1. in 0.1% (v/v) Triton X-100, None None
microcap. 1x MDA reaction mix.
Incubation for 12 h at 30 °C.
50 U/ul Ready-Lyse
Two-ste Lysozyme Solution, Microcapsules washed
5 in P 0.1% (v/v) Triton X-100, and dispersed in None
’ microca 1 mM EDTA, 10 mM Tris- 1x MDA mix for
p- HCI [pH 7.5]. Incubation 12 h at 30°C.
for 30 min. at 37 °C.
50 U/ul Ready-Lyse
Lysozyme Solution,
T " 0.1% (v/v) Triton X-100, Microcapsules washed
3 w?r-ls P 1 mM EDTA, 200 pg/ml and dispersed in None
' microca proteinase K, 10 mM Tris- 1x MDA mix for
P | Hal [pH 7.5]. Incubation at 12 h at 30°C.
37 °C for 30 min. followed
by 50 °C for 30 min.
S0 U/l Ready-Lyse Microcapsules
Three- Lysozyme Solutlon, Addition of 200 pg/ml washed and
. 0.1 % (v/v) Triton X-100, . . . .
4. step in . proteinase K. Incubation dispersed in
. 1 mM EDTA, 10 mM Tris- . .
microcap. . for 30 min. at 50 °C. I1x MDA mix
HCI [pH 7.5]. Incubation for for 12 h at 30°C
30 min. at 37 °C. )
S0 U/l Ready-Lyse Addition of 200 pg/ml Microcapsules
Lysozyme Solution, .
Three- - proteinase K and washed and
. 0.1% (v/v) Triton X-100, . .
5. step in . 1% (w/v) SDS. dispersed in
. 1 mM EDTA, 10 mM Tris- . . .
microcap. . Incubation for 30 min. I1x MDA mix
HCI [pH 7.5]. Incubation for at 50 °C for 12 h at 30°C
30 min. at 37 °C. ) )
Two-step 0.5 M NaOH and 1% (w/v) Mlcrocap sules Wa.Shed
. . and dispersed in
6. n SDS. Incubation at room . None
. . 1x MDA mix for
microcap. temperature for 5 min. 12 h at 30°C.
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2.1.7.Microcapsule-based PCR

Following 2.1.2-2.1.4 sections, E. coli MG1655 cells were isolated in
PEGDA microcapsules and lysed using conditions detailed in 2.1.5 section.
PCR in microcapsules was used to amplify the selected regions of /65 rRNA,
kdsC, and ompA genes corresponding to 320, 567, and 1050 bp fragments,
respectively. PCR targeting each gene separately was conducted in a 50 pl
reaction mix comprising 0.4 uM forward primer, 0.4 uM reverse primer
(Table 2.4) and 1x KAPA HiFi HotStart ReadyMix (KAPA Biosystems, cat.
no. KK2602). Closely packed microcapsule suspension occupied ~50 % of the
final reaction volume. Each sample was thermally cycled through the
following program: 95 °C (3 min.), 98 °C (20 s)/60 °C (15 s)/72 °C (30 s) for
35 cycles, and 72 °C (1 min.). Following thermal cycling, microcapsules were
rinsed 3 times in Washing Buffer and used for the microscopy analysis.

Table 2.4. Sequences of PCR primers used to conduct PCR in PEGDA microcapsules.

G Forward primer Reverse primer Product
ene (5'>3" (5'>3" length
ompA ATGAAAAAGACAGCTATCG TTAAGCCTGCGGCTGAGTTA | 1050 bp
CGATT
kdsC ATGAGCAAAGCAGGTGCGT TCATATCGATTGCCCTTTGG 567 bp
C CTTCA
16S rRNA GTTAATACCTTTGCTCATTG ACCAGGGTATCTAATCCTGT | 320 bp
A T

2.1.8.Scanning electron microscopy

PEGDA microcapsules were dispersed in water, frozen at -80 °C, and then
freeze-dried. Lyophilized PEGDA microcapsules were coated with
chromium. The surface morphology analysis was carried out in a dual-beam
system of scanning electron microscope Helios Nanolab 650 equipped with
an EDX spectrometer from Oxford Instruments.

2.1.9.Imaging of processed bacteria

Droplets, hydrogel beads, and microcapsules before and after lysis and
after nucleic acid amplification were stained with 1x SYBR Green I dye
(Invitrogen, cat. no. S7563) for 15 min. at room temperature. Stained
hydrogels were then rinsed twice in Washing Buffer. The fluorescence
intensity was recorded by layering the microcapsules, hydrogel beads, and
droplets on a standard hemocytometer (Sigma-Aldrich, cat. no. 717805) and
imaging using a Nikon Eclipse Ti microscope, Nikon Digital Sight DS-U3
camera, and CoolLED pE-300 illumination system. Imaging was performed
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using the following settings: magnification — 10x, filter — FITC, gain — 1,
20 % intensity of blue light source used for excitation, and exposure times
varied depending on the analysis step.

2.1.10. PEGDA microcapsule dissolution and DNA extraction

Microcapsules were dissolved in the presence of 1 M NaOH at 50 °C for
10 min. and then neutralized by adding an equimolar amount of 1 M acetic
acid. PCR and MDA products were purified with Agencourt AMPure XP
magnetic beads (Beckman Coulter, cat. no. A63881) using a 1.8x volume ratio
and analyzed on 1 % agarose gel.

2.1.11. E. coli culture in microcapsules and droplets

Following 2.1.2-2.1.4 sections, E. coli MG1655 and DHS5a cells were
isolated in PEGDA microcapsules. Embedded cells were transferred into
30 x 15 mm Petri dishes prefilled with 2 ml of LB broth and incubated at
37 °C for 4-16 h. For transformed DH5a cells, LB broth was supplemented
with 100 pg/ml ampicillin. To detect bacteria producing polyhydroxybutyrate
(PHB), its synthesis in DH5a cells was induced by adding 1 mM isopropyl -
D-1-thiogalactopyranoside (IPTG) (TFS, cat. no. R1171) followed by
incubation at 30 °C for 8 h.

For bacteria culture comparison, E. coli MG1655 cells were isolated in
W/O droplets containing LB broth. The workflow of bacteria isolation in W/O
droplets was similar to that described in the 2.1.5 section within a few
modifications: instead of using 10 mM Tris-HCl [pH 7.5], cells were
resuspended in LB broth and encapsulated with the second phase comprising
LB broth as well.

2.1.12. Imaging of encapsulated bacteria

Microcapsules and droplets with E. coli MG1655 cells were stained with
1x SYBR Green I dye and analyzed under an epifluorescence microscope as
described above. Microcapsules with E. coli DH5a microcolonies were
stained for 10 min. with 0.5 pg/ml Nile red (Invitrogen, cat. no. N1142) and
rinsed twice in Cell Washing Buffer. The fluorescence intensity was recorded
using a Nikon Eclipse Ti microscope, Nikon Digital Sight DS-U3 camera, and
CoolLED pE-300 illumination system. Imaging was performed using the
following settings: magnification — 10x, filter — TXRED, gain — 1, exposure
time — 100 ms, 40 % intensity of green light source for excitation. The second
round of imaging was performed after lysis (Table 2.3, condition #3) without
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the additional staining with Nile red and using the same settings to evaluate
the changes in fluorescence signal. For dual E. coli DH5a imaging,
microcapsules were stained repeatedly with Nile red and SYBR Green I dyes.
Images were taken using the following settings: magnification — 10x, filters —
FITC and TXRED, gain — 1, exposure time — 10 ms for FITC filter and 40 ms
for TXRED, 20 % and 40 % intensity of blue and green light source for
excitation, respectively.

2.1.13. Data analysis

Initial analysis of the microscopy data was carried out using Fiji software.
Fluorescence data were obtained by manually outlining reaction
compartments from brightfield images and then using these masks to segment
fluorescence images. Data were analyzed and visualized using R (v.3.5.3) and
R studio (v.1.1.463). Fluorescence was reported as logarithmic values. The
local minimum was used to set the thresholds separating negative and positive
events.

2.2. GMA microcapsule generation and application
2.2.1.Fabrication and use of microfluidic devices

The PDMS microfluidic devices having microchannels 40 um and 20 pm
heights were obtained from Droplet Genomics (Figure 2.2).

\ 40 pm
50 pm 70 um;
30 um

20 um

45 um 7A ‘eo um
o
{40 ym

Figure 2.2. Microfluidic chip designs used in this work to generate 75-85 pm (A)
and 60-65 um (B) diameter GMA microcapsules. Numbers indicate: 1 and 2 —inlets
for aqueous phase injection, 3 — inlet for carrier oil injection, 4 — outlet for generated
emulsion collection.
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2.2.2 Polymer solution preparation

The stock of shell-forming solution comprising 10 % (w/w) GMA (Sigma-
Aldrich) dissolved in 1x DPBS was stored at 4 °C in 200 pl aliquots for up to
6 months. Before the experiment, the GMA solution was heated at 40 °C for
30 min., diluted down to 3% (w/v) in 1x DPBS buffer, and centrifuged at
10.000g for 10-15 min. at 37 °C to sediment the impurities originating from
the GMA powder. The warm GMA solution was loaded onto a microfluidic
device using a 1 ml syringe connected via 0.56 mm inner diameter PTFE
tubing. The stock of core-forming solution comprising 30 % (w/w) dextran
(Sigma-Aldrich, cat. no. D5251) dissolved in 1x DPBS was stored at 4 °C in
1 ml aliquots for up to 6 months. Before the experiment, the dextran solution
was equilibrated at room temperature and diluted down to 15 % (w/v) with
cell suspension in 1x DPBS. The dextran solution was loaded onto a
microfluidic device using a 1 ml syringe connected via 0.56 mm inner
diameter PTFE tubing.

2.2.3.Microcapsule generation and cross-linking

Following cell encapsulation, the resulting ATPS droplets quickly formed
a core-shell structure comprising a liquid core enriched in dextran and a liquid
shell enriched in GMA. The ATPS droplets were subjected to a two-step
polymerization procedure. At first, the W/O droplets were incubated at 4 °C
for 15-30 min. to solidify the GMA layer. The resulting intermediate
microcapsules, having a liquid core and physically cross-linked GMA shell,
were recovered from the oil phase by applying an emulsion breaker and
released into Cell Washing Buffer. The suspension of intermediate
microcapsules was incubated at room temperature for 5 min., mixed with a
0.1 % (w/v) LAP, and exposed to a low-energy 405 nm LED device for 20 s.
The resulting microcapsules contained a liquid core enriched in dextran and a
thin (~3 pm) membrane comprising chemically cross-linked polypeptides.
Continuing procedures on ice, photopolymerized microcapsules were rinsed
twice in Cell Washing Buffer and subjected to cell lysis or cell fixation in
ethanol (see below).

2.2.4.Preparation of cells

K-562 (ATCC), HEK293 (ATCC), and NB-4 (kind gift by Dr. V.V.
Borutinskaite, Vilnius University Institute of Biochemistry, Lithuania) cells
were cultured in Iscove's Modified Dulbecco's Medium (Gibco, cat. no.
31980030), Dulbecco's Modified Eagle's Medium (Gibco, cat. no. 61965026),
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and Roswell Park Memorial Institute (RPMI) 1640 Medium (Gibco, cat. no.
11875085), respectively, supplemented with 10 % fetal bovine serum (Gibco,
cat. no. 10270-106) and 1x penicillin-streptomycin (Gibco, cat. no. 15140122)
at 37 °C in the presence of 5 % CO,. Cells were collected from a culture dish,
washed once in ice-cold Cell Washing Buffer, and then in 1x DPBS. Before
the encapsulation, cells were re-suspended in 15 % (w/v) dextran solution at
a concentration of 0.1-0.2 M cells/100 ul when a 40 pm height microfluidic
device was used. Using a 30 um height microfluidic device, the final cell
concentration in 15 % dextran solution was 0.6M/100 pl. All centrifugation
steps were performed at 300g for 5 min. at 4 °C.

2.2.5.Preparation of PBMCs

PBMCs (ATCC, cat. no. PCS-800-011) were thawed from liquid nitrogen
using RPMI 1640 Medium supplemented with 10 % fetal bovine serum.
Thawed cells were washed twice in an ice-cold Cell Washing Buffer and
resuspended in 1x DPBS at a concentration of 12M cells/ml. All centrifugation
steps were performed at 300g for 7-10 min. at 4 °C.

2.2.6.Cell encapsulation

Cell isolation in microcapsules was performed on a microfluidics platform
Onyx using a microfluidic device having a nozzle 40 pum deep and 40 pm wide
(Figure 2.2). Typical flow rates were: 250 ul/h for GMA solution, 100 pl/h
for dextran solution with cells, and 700 pl/h for droplet stabilization oil. NB4
and PBMC isolation in microcapsules was performed using a microfluidic
device having a nozzle 30 pm deep and 20 um wide. Typical flow rates were:
125 pl/h for GMA solution, 50 pl/h for dextran solution with cells, and 700-
800 ul/h for droplet stabilization oil. The dilution of cells was chosen such that
the majority of microcapsules would contain either 0 or 1 cell (occupancy
~0.1). The encapsulations were performed at room temperature for up to 30
min. The emulsion was collected in a 1.5 ml tube prefilled with 200 pl of light
mineral oil.

2.2.7.Cell fixation in ethanol

To fix the encapsulated cells, the microcapsules were suspended in
70 % (v/v) ice-cold ethanol and stored at -20 °C until further analysis. To
rehydrate the fixed cells, the tube with microcapsules was equilibrated on ice
for 5 min., centrifuged at 2000g for 2 min. at 4 °C, and then washed once in
ice-cold Rehydration Buffer (3x SSC buffer (Invitrogen, cat. no. 15557044)
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supplemented with 0.04% BSA, 1 mM DTT and 0.2 U/ul RiboLock RNase
Inhibitor (Thermo Fisher Scientific, cat. no. EO0381)). Ethanol fixed cells
were permeabilized in a mild-lysis buffer as described below.

2.2.8.Cell lysis

The harsh lysis of encapsulated cells was performed by suspending
microcapsules in 1 ml GeneJET RNA Purification Kit Lysis Buffer (TFS, cat.
no. K0732) supplemented with 40 mM DTT. Microcapsules were washed in
GeneJET Lysis Buffer 3-times, with 1 to 5 min. incubation between the
washes. After lysis, the microcapsules were rinsed 5-times in Washing Buffer.
During the washes, the centrifugation steps were performed at 2000g for
2 min. at 4 °C.

The mild lysis of encapsulated cells was performed by suspending
microcapsules in 1 ml buffer containing 10 mM Tris-HCI [pH 7.5], 0.6 % (v/v)
Igepal CA-630 (Sigma-Aldrich, cat. no. I18896-50ML), 40 mM DTT and
10 mM EDTA. The microcapsules were incubated at room temperature for
15 min., rinsed 3-times in Washing Buffer, and then added to the RT reaction
mix. During the washes, the centrifugation steps were performed at 2000g for
2 min. at 4 °C.

2.2.9.Genomic DNA depletion

Genomic DNA depletion was performed in a 200 ul DNase I reaction mix
containing 100 pl closely packed microcapsule suspension, 0.05 U/ul DNase I
(TFS, cat. no. K2981), 0.2 U/ul RiboLock RNase Inhibitor, and 1x DNase [
Buffer with MgCl,, at 37 °C for 20 min. Then, additional 5 U of DNase I
enzyme were added and incubated for 10 min. at 37 °C. The microcapsules
were rinsed 3-5-times in Washing Buffer and then subjected to reverse
transcription reaction.

2.2.10. Reverse transcription

Copy DNA synthesis was performed in 200 pul Maxima H Minus RT
reaction mix containing 100 pl closely packed microcapsule suspension, 5 uM
oligo(dT),; primer (IDT), 0.5 mM dNTP mix, 5 U/ul Maxima H Minus reverse
transcriptase (TFS, cat. co. EP0751), 0.2 U/ul RiboLock RNase inhibitor and
1x RT buffer, at 50 °C for 60 min. Every 20 min. microcapsules were briefly
dispersed. After cDNA synthesis, the RT enzyme was heat inactivated at
85 °C for 5 min. Then, microcapsules were rinsed 3-times in Washing Buffer
and subjected to multiplex PCR. For capturing low abundance transcripts
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(e.g., PML-RAR0), 2.5 uM oligo(dT), primer was combined with 2.5 uM
random hexamer primer (TFS, cat. no. SO142). The RT reaction was initiated
by preincubating the reaction mixture at room temperature for 10 min.
followed by incubation at 50 °C for 60 min.

2.2.11. Multiplex PCR

Multiplex PCR was performed in a 100 pl reaction mix containing ~50 pl
closely packed microcapsule suspension, 0.5 pM forward and 0.5 pM reverse
primer (Table 2.5), and 1x Phire Tissue Direct PCR master mix (TFS, cat. no.
F170L). Samples were thermally cycled through the following program: 98 °C
(5 min.), 98 °C (5 s5)/64 °C (5 s)/72 °C (20 s) for 30 cycles, 72 °C (1 min.). For
capturing low abundance transcripts, at first, the preamplification was
performed by 10-cycles of PCR. Then microcapsules were washed twice in
Washing Buffer and subjected to 30-cycles PCR using the same conditions as
indicated above. Following thermal cycling, microcapsules were treated with
100 U Exonuclease I (NEB, cat. no. M0293L) for 15 min. at 37 °C, rinsed 3-
times in Washing Buffer, and used for the subsequent microscopy and flow
cytometry analysis.

Table 2.5. Sequences of PCR primers used to conduct multiplex RT-PCR.

v A Product
Name Sequence (5'—3") length
555-YAP-forward Alexa Fluor 555-CCCTCGTTTTGCCATGAACC 584 bp
YAP-reverse CCAGTGTTCCAAGGTCCACA
488-PTPRC-forward Alexa Fluor 488-ACATTGCTGCACAAGGTCCCAG 532 bp
PTPRC-reverse AACCATCAGGCATCTCTGTCGC
647-ACTB-forward Alexa Fluor 647-ATTCCTATGTGGGCGACGA 607 bp
ACTB-reverse AATGGTGATGACCTGGCCG
647-B2M-forward Alexa Fluor 647-AGCAGCATCATGGAGGTTTGA 513 bp
B2M-reverse CCAGATTAACCACAACCATGCC
647-TBP-forward Alexa Fluor 647-GCGCAAGGGTTTCTGGTTTG 539 bp
TBP-reverse TTTGCAGCTGCGGTACAATC
555-PML-RARa-forward Alexa Fluor 555-AGCGCGACTACGAGGAGAT 688 bp
PML-RARa-reverse CTGCTGCTCTGGGTCTCAAT
546-BCR-ABL-forward Alexa Fluor 546-GAAGTGTTTCAGAAGCTTCTCC 417bp
BCR-ABL-reverse GTTTGGGCTTCACACCATTCC

2.2.12. Post-RT-PCR microcapsule staining

Optional. To identify microcapsules with isolated cells in the separate
channel than PCR amplicons, post-RT-PCR microcapsules were immersed in
a Washing Buffer containing 300 nM of 4',6-diamidino-2-phenylindole
dihydrochloride-DAPI (Invitrogen, cat. no. D1306) and incubated in the dark
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on ice for 10 min. Then microcapsules were washed 3-times in Washing
Buffer and used for the subsequent microscopy and flow cytometry analysis.

2.2.13. Fluorescence microscopy analysis

The fluorescence intensity was recorded by layering the microcapsules on
a standard hemocytometer and imaging them under a Nikon Eclipse Ti-E
microscope with DAPI, GFP, RFP, and Cy5 fluorescence filter sets. Imaging
settings were kept the same per experiment with an exposure time of 400 ms
and the gain value set at 1.0. The microscope objective was CFI Plan Fluor
10x (N.A. 0.30, W.D. 16.0 mm). For each analysis, at least 10 brightfield and
fluorescence images (~200 microcapsules per image) were recorded with
Nikon DS-Qi2 digital camera.

2.2.14. Flow cytometry

The microcapsules were washed twice in Washing Buffer, filtered through
a 100 pm cell strainer (Corning, cat. no. 431752), and loaded onto the Partec
CyFlow Space and BD FACSAria III FACS instruments. The microcapsules
were detected using forward scatter, side scatter, and fluorescence channels
and by recording signal area. Isolated cells in microcapsules were detected by
measuring signal height in the DAPI channel on the BD FACSAria III FACS
instrument.

2.2.15. RT-gPCR

Bulk RT-qgPCR was conducted using the QuantStudio-1 real-time PCR
system (TFS). The total RNA from K-562, HEK293, NB-4, and PBMCs were
extracted using the GeneJET RNA Purification kit (TFS, cat. no. K0732). The
gDNA traces were depleted by RapidOut DNA removal kit (TFS, cat. no.
K2981). cDNA synthesis was performed in 50 pl Maxima H Minus RT
reaction mix comprising 40 ng/ul total RNA (with PBMCs, final RNA
concentration was 5 ng/pl), 5 pM oligo(dT)z; primer, 0.5 mM dNTP mix,
5U/ul Maxima H Minus reverse transcriptase, 2 U/ul RiboLock RNase
inhibitor, and 1x RT Buffer, at 50 °C for 30 min. After cDNA synthesis, the
RT enzyme was heat inactivated at 85 °C for 5 min. Then, cDNA material was
diluted 10-fold in nuclease-free water and used directly for gPCR. qPCR was
performed in 10 pl reaction volume comprising 2 pul cDNA, 5 pl 2x Maxima
SYBR Green/ROX qPCR master mix (TFS, cat. no. K0221), and 3 pl of 1 uM
forward/reverse primer mix (Table 2.6). Each sample had three technical
replicates. Samples were thermally cycled through the following program:
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95 °C (10 min.), 95 °C (15 s)/60 °C (30 s)/72 °C (60 s) for 40 cycles, and the
number of threshold cycles (Ct) for each marker gene was recorded using
software provided with the QuantStudio-1 instrument.

Table 2.6. Sequences of PCR primers used to conduct quantitative PCR.

v Product
Name Sequence (5'—3") length
YAP-forward CCCTCGTTTTGCCATGAACC 584 bp
YAP-reverse CCAGTGTTCCAAGGTCCACA
PTPRC-forward ACATTGCTGCACAAGGTCCCAG 532 bp
PTPRC-reverse AACCATCAGGCATCTCTGTCGC
ACTB-forward ATTCCTATGTGGGCGACGA 607 bp
ACTB-reverse AATGGTGATGACCTGGCCG
B2M-forward AGCAGCATCATGGAGGTTTGA
B2M-reverse CCAGATTAACCACAACCATGCC 313 bp
TBP-forward GCGCAAGGGTTTCTGGTTTG
TBP-reverse TTTGCAGCTGCGGTACAATC 339 bp
PML-RARa-forward AGCGCGACTACGAGGAGAT
PML-RARa-reverse CTGCTGCTCTGGGTCTCAAT 688 bp
BCR-ABL-forward GAAGTGTTTCAGAAGCTTCTCC 417 bp
BCR-ABL-reverse GTTTGGGCTTCACACCATTCC

2.2.16. Double-stranded DNA retention in microcapsules

GeneRuler Low Range DNA ladder (TFS, cat. no. SM1191) was mixed
with 30 % (w/w) dextran at a ratio 1:1 and encapsulated using the standard
procedure described above. Following DNA encapsulation, the emulsion was
transferred to 4 °C for 60 min. 30 pl aliquot of an emulsion was removed from
the tube, broken, and treated with 0.5 pl of 20 mg/ml proteinase K (TFS, cat.
no., EO0491) for 10 min. at 37 °C. Then 10 pl of sample were combined with
2 ul of Gel Loading Dye, Purple (6x) (NEB, cat. no. B7024S) and analyzed
on 3% agarose gel in 1x TAE buffer. This sample was considered as a control,
since no DNA loss was expected. The remaining (~ 150 ul) of emulsion was
converted to microcapsules as follows. The physically cross-linked
(intermediate) microcapsules were released from the W/O emulsion by adding
50 pl of emulsion breaker, washed once in 1 ml ice-cold Cell Washing Buffer
and pelleted at 500g for 2 min. at 4 °C. 30 pl aliquot of physically cross-linked
microcapsules was combined with 1 ml of ice-cold Cell Washing Buffer and
incubated on ice for 30 min. Then, the microcapsules were rinsed twice in ice-
cold Cell Washing Buffer, pelleted by centrifugation and treated with 0.5 pl
of 20 mg/ml proteinase K at 37 °C for 10 min. Next, 10 pl of the treated sample
were combined with 2 pl of Gel Loading Dye, Purple (6x) and analyzed on 3
% agarose gel in 1x TAE buffer. The remaining (physically cross-linked)
microcapsules were dispersed in 1 ml of ice-cold Cell Washing Buffer
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supplemented with photo-initiator (0.1% (w/v) LAP) and cross-linked by a 20
s exposure to a 405 nm LED device. Photopolymerized microcapsules were
rinsed once in Cell Washing Buffer and then divided into 4 tubes at equal 30
ul portions. 1 ml of Cell Washing Buffer was added to each tube and
microcapsule suspensions were incubated for 30 min. at different
temperatures: 4 °C, 22 °C, 50 °C, and 70 °C. Then, the microcapsules
incubated on ice (4 °C) were rinsed twice in an ice-cold Cell Washing Buffer
and pelleted by centrifugation. The microcapsules incubated at 22-70 °C were
rinsed twice in room temperature Cell Washing Buffer and pelleted by
centrifugation. 30 pl of microcapsule suspension from each tube were treated
with 0.5 pl of 20 mg/mL proteinase K and incubated at 37 °C for 10 min.
Finally, 10 pl of each treated sample were combined with 2 pl of Gel Loading
Dye, Purple (6x) and analyzed on 3% agarose gel in 1x TAE buffer. In an
alternative approach, a photoinitiator was added at the beginning of ATPS
droplet generation (final concentration 0.1 %) and photopolymerized after
temperature-induced gelation, omitting cured microcapsule storage in an
aqueous buffer. The remaining steps were identical to those described above.

2.2.17. RNA leakage among microcapsules

To investigate RNA leakage, blank microcapsules (without cells) were
immersed in 200 pl Maxima H Minus RT reaction mixture containing 5 uM
oligo(dT); primer, 0.5 mM dNTP mix, 5 U/ul Maxima H Minus reverse
transcriptase, 0.2 U/ul RiboLock RNase inhibitor, 1x RT Buffer, 5 ng/pl total
RNA purified from K-562 cells, and 5 ng/pl total RNA purified from HEK293
cells. Microcapsules occupied half of the final reaction volume (100 pl). RT
step was conducted at 50 °C for 60 min. Every 20 min. microcapsules were
briefly dispersed. After cDNA synthesis, the RT enzyme was heat inactivated
at 85 °C for 5 min. Then, microcapsules were rinsed 3-times in Washing
Buffer and subjected to multiplex PCR targeting ACTB, PTPRC, and YAP.
The post-RT-PCR microcapsules (n ~1000) were analyzed under the
epifluorescence microscope.

2.2.18. Time-lapse of microcapsule decomposition

400 pl of diluted microcapsule suspension in Cell Washing Buffer was
transferred into one well of a 12-well cell culture plate (Corning, cat. no.,
10253041), fixed on the Nikon Eclipse Ti microscope, and left for
sedimentation for 2 min. Then, 20 pl of collagenase A (final concentration
1 mg/ml) or 4 pl of proteinase K (final concentration 0.2 mg/ml) were added,
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and decomposition was recorded every 5 s using a Nikon Digital Sight DS-U3
camera.

2.2.19. Mammalian cell culture in microcapsules

A549 (ATCC) and Jurkat (ATCC) cells were cultured in DMEM and
RPMI 1640 media, respectively, supplemented with 10 % fetal bovine serum
and 1x penicillin-streptomycin at 37 °C in the presence of 5 % CO,. Cells were
collected from a culture dish and washed twice in complete culture medium.
Before the encapsulation, cells were mixed with 30 % (w/w) dextran solution
at a ratio 1:1. Cell concentration in dextran solution was 0.2 M cells/100 pl.
Cell isolation in microcapsules was performed on a microfluidics platform
Onyx using a microfluidic device having a nozzle 40 um deep and 40 pm wide
(Figure 2.2, A) as detailed in section 2.2.6.

Following cell encapsulation, the W/O droplets were incubated at 4 °C for
15-30 min. to solidify the GMA layer. The resulting intermediate
microcapsules were recovered from the oil phase by applying an emulsion
breaker and released into 400 pl Cell Washing Buffer and 500 pl complete
culture media. The suspension of intermediate microcapsules was incubated
at room temperature for 5 min., mixed with a 0.1 % (w/v) LAP, and exposed
to a low-energy 405 nm LED device for 20 s. Continuing procedures on ice,
photopolymerized microcapsules were rinsed 3-times in complete culture
media. Photopolymerized microcapsules were transferred to a 60 x 15 mm
Petri dish (Cat. no., CLS430166), prefilled with 5 ml of complete culture
media, and incubated at 37 °C in the presence of 5 % CO,. Embedded
cells/spheroids were passaged every 3-4 days. To do this, microcapsule
suspension was loaded through a 40 pum cell strainer (Corning, cat. no.,
352340) and rinsed with 5 ml of complete culture media. Then, keeping a cell
strainer in an inverted position, microcapsules were recovered into a new Petri
dish using 5 ml of a complete culture medium.

2.2.20. Data analysis

Cell retention in microcapsules. To evaluate K-562 and Jurkat cell
retention, 34 bright-field images were recorded for each cell sample: 17
images for W/O droplets and 17 images for microcapsules. Each image
contained at least 100 microcapsules. For each image, the occupancy (lambda
value, ) of cells was estimated. Then, distribution normality was verified by
applying Lilliefors (Kolmogorov-Smirnov) normality test. The calculated p-
values were 0.4283 (K-562) and 0.7784 (Jurkat), which confirmed a normal
data distribution. Then F-test for homogeneity of variance was applied. The
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calculated p-values were 0.0282 (K-562) and 0.7868 (Jurkat). Assuming equal
variance between cell occupancy in droplets and microcapsules, an
independent sample t-test was performed for the Jurkat sample and a Welch t-
test for the K-562 sample (under a two-sided alternative hypothesis).
Occupancy measurements were visualized using Python 3.7.6, Pandas
framework, and Seaborn library.

DNA retention in microcapsules. DNA fragment retention was
quantified by measuring the DNA band intensity on an agarose gel. Each DNA
fragment retention value was averaged from three independent measurements
and analyzed using a Fiji software package. The measurements were
visualized using Python 3.7.6, Pandas framework, and Seaborn library.

Microscopy analysis of post-RT-PCR microcapsules. Microcapsules
from bright-field images were analyzed using a Python script. Microcapsules
were outlined using the Hough circle transform and the masks were used to
crop and measure mean and max fluorescence from the images obtained using
corresponding DAPI, GFP, RFP filters. Measurements were processed and
visualized using Python 3.7.6, Pandas framework, and Seaborn library.

Flow cytometry data analysis. Flow cytometry data were analyzed and
visualized using FCS Express 7 software (version 7.12.0005). The post-RT-
PCR microcapsules after harsh lysis were analyzed using the Partec CyFlow
Space FACS instruments. The gating process was performed in the following
manner: 1) gating the microcapsules based on forward vs. side scatter signal,
2) gating ACTB positive events based on Alexa Fluor 647 vs. side scatter
signal, 3) analyzing PTPRC and YAP marker abundance based on Alexa Fluor
488 vs. Alexa Fluor 555 signal. All measurements were performed by
analyzing the signal area. Note that due to the spillover of Alexa Fluor 488 to
the Alexa Fluor 555 channel and the imperfect compensation process, the
PTPRC-positive population showed increased intensity in Alexa Fluor 555
channel when measurements were performed using Partec CyFlow Space
FACS instrument.

The post-RT-PCR microcapsules after mild lysis on NB-4 and PBMCs
were analyzed using the BD FACSAria III FACS instrument. The gating
process was performed in the following manner: 1) gating the microcapsules
with isolated cells based on Alexa Fluor 488 (PTPRC) signal area vs. DAPI-
stained nuclei fluorescence signal height, 2) gating PML-RARa positive events
based on Alexa Fluor 488 signal area vs. Alexa Fluor 555 signal area.

Sensitivity, specificity, and positive/negative predictive values. The
microcapsules carrying a cell and being positive for one of the marker genes
(ACTB, B2M, TBP, PTPRC, YAP) were counted as true positives. The
microcapsules carrying no cells and showing no fluorescence were counted as
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true negatives. The false positives were microcapsules lacking cells but being
fluorescent for one of the marker genes. The false negatives were
microcapsules with cells displaying no signal for any marker gene. The
following statistical values were defined as:

Sensitivity = (TruePos/(TruePos + FalseNeg)) x 100%;

Specificity = (TrueNeg/(TrueNeg + FalsePos)) x 100%);

PPV = (TruePos/(TruePos + FalsePos)) X 100%;

NPV = (TrueNeg/(TrueNeg + FalseNeg)) x 100%.

2.3. Single-cell RNA sequencing
2.3.1.Fabrication and use of microfluidic devices

The PDMS microfluidic device used for RNA barcoding experiments was
obtained from Droplet Genomics (Figure 2.3).

Figure 2.3. Microfluidic chip design used in this work to perform RNA barcoding.
Numbers indicate: 1 —inlet for barcoding bead injection, 2 — inlet for RT reaction mix
injection, 3 — inlet for microcapsule injection, 4 — inlet for carrier oil injection and

5 — outlet for generated emulsion collection.

2.3.2 Preparation of mammalian cells

K-562 and NIH-3T3 cells (from the ATCC collection) were cultured in
IMDM and DMEM media, respectively, supplemented with 10 % fetal bovine
serum and 1x penicillin-streptomycin at 37 °C in the presence of 5 % CO,.
Cells were collected from a culture dish, washed twice in an ice-cold Cell
Washing Buffer, and re-suspended in 1x DPBS at a concentration of 4 M/ml.
All centrifugation steps were performed at 300g for 5 min. at 4 °C. K-562 and
NIH-3T3 cell suspensions were mixed at equal volumes and then diluted in
15 % (w/v) dextran solution at a concentration of 0.2 M cells/100 pl. Cell
isolation in GMA microcapsules was performed on a 40 um height
microfluidic device as described in sections 2.2.3 and 2.2.6.

Isolated cells were subjected to harsh lysis, as described in section 2.2.8,
followed by gDNA depletion, as detailed in section 2.2.9. The microcapsules
were washed twice in Washing Buffer and filtered through a 100 pm cell
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strainer. Before the barcoding step, microcapsules were washed 3-times in
Hydrogel Loading Buffer with a composition of 1x Maxima H Minus RT
reaction buffer and 0.6 % Igepal CA-630, closely packed, and loaded onto a
microfluidic device (Figure 2.3) using a 1 ml syringe connected via 0.56 mm
inner diameter PTFE tubing.

2.3.3.Preparation of bacterial cells

Bacteria used in this experiment were from the laboratory collection. A
single colony of E. coli MG1655 and B. subtilis 23857 was inoculated into
separate tubes with 5 ml LB broth and cultivated overnight at 30 °C and
220 rpm. Then, 5 pl of night E. coli culture and 50 pl of night B. subtilis
culture were inoculated into separate tubes with 5 ml of fresh LB broth and
incubated at 30 °C and 220 rpm for ~4-5 h. 1 ml of each culture was then
aliquoted, washed twice in Cell Washing Buffer, and resuspended in 1x DPBS
at OD600 ~2.0. 2.5 ul of E. coli suspension and 2.5 pl of B. subtilis suspension
were combined with 95 ul of 15 % (w/v) dextran solution. Bacteria isolation
in microcapsules was performed on a microfluidics platform Onyx using a
microfluidic device having a nozzle 20 pm deep and 20 um wide (Figure 2.1).
Typical flow rates were: 50 pl/h for 3 % (w/v) GMA solution, 20 ul/h for
15 % (w/v) dextran solution with cells, and 400 pl/h for droplet stabilization
oil. The dilution of cells was chosen such that most microcapsules would
contain either 0 or 1 cell (occupancy ~0.1). The encapsulations were
performed at room temperature for ~1 h. The emulsion was collected in a 1.5
ml tube prefilled with 200 pl of light mineral oil and subjected to a two-step
polymerization procedure as detailed in section 2.2.3.

Microcapsules with isolated bacteria were resuspended in 2 ml of LB
media and incubated at 30 °C for 30 min. Note that the incubation time could
be adjusted to control the number of cells per microcapsule. After the
incubation, the microcapsules were collected in a 1.5 ml tube, spun down at
1000g for 2 min., and subjected to a lysis step.

2.3.4.Bacteria lysis and gDNA depletion

To lyse the encapsulated bacteria, microcapsules were first washed once in
1 ml buffer containing 10 mM Tris-HCI, pH [7.5], 100 mM NaCl, 1mM
EDTA, and 0.1 % Triton X-100. Microcapsules were then centrifuged at
1000g for 2 min., and the supernatant was replaced with lysis buffer
containing 10 mM Tris-HCI, pH [7.5], 100 mM NaCl, ImM EDTA, 0.1 %
Triton X-100, and 50 U/ul Ready-Lyse Lysozyme Solution (Lucigen, cat. no.
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R1810M). After incubation at room temperature for 15 min., microcapsules
were centrifuged and immersed in 1 ml GeneJET RNA Purification Kit Lysis
Buffer supplemented with 40 mM DTT. Following 5 min. incubation at room
temperature, the microcapsules were washed 4-5 times with Washing Buffer.
During the washes, centrifugations were performed at 2000g for 2 min. at
4 °C. Finally, microcapsules were resuspended in 70 % ice-cold ethanol and
stored at -20 °C until further analysis.

To rehydrate the fixed cells, the tube with microcapsules was equilibrated
on ice for 5 min., centrifuged at 2000g for 2 min. at 4 °C, and then washed 3-
times in Washing Buffer. The supernatant was aspirated and closely packed
microcapsules were subjected to the gDNA depletion step described in section
2.2.9. After gDNA depletion, the microcapsules were rinsed 3-5-times in
Washing Buffer and then subjected to the polyadenylation step.

2.3.5.RNA polyadenylation

RNA polyadenylation was performed in 200 pl Poly(A) polymerase
reaction mix (NEB, cat. no. M0276L) containing 100 pl closely packed
microcapsule suspension, 1 mM ATP, 0.4 U/ul E.coli Poly(A) polymerase,
and 1x Reaction Buffer, at 37 °C for 30 min. Every 15 min., microcapsules
were briefly dispersed. After RNA polyadenylation, the microcapsules were
washed twice in Washing Buffer and filtered through a 70 pm cell strainer
(Corning, cat. no. 431751). Before the barcoding step, microcapsules were
washed 3-times in Hydrogel Loading Buffer, packed, and loaded onto a
microfluidic device using a 1 ml syringe connected via 0.56 mm inner
diameter PTFE tubing.

2.3.6.Barcoding hydrogel bead preparation

Barcoding hydrogel beads (86) (DG) were washed 3-times in Hydrogel
Loading Buffer, packed, and loaded onto a microfluidic device using a 1 ml
syringe connected via 0.56 mm inner diameter PTFE tubing.

2.3.7.Reverse transcription mix preparation

For mammalian cell barcoding, 150 pl of RT reaction mix, comprising
25 uM TSO (IDT) (Table 2.7), 1 mM dNTP mix, 20 U/ul Maxima H Minus
RT enzyme, 4 U/ul RiboLock RNase inhibitor, 0.6 % Igepal CA-630, and
1x RT buffer, were prepared and loaded onto a microfluidic device using a
I ml syringe connected via 0.56 mm inner diameter PTFE tubing. To
decompose the GMA shell, the RT mix was supplemented with 0.8 mg/ul
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collagenase A (Roche, cat. no. 10103586001). For bacteria barcoding, 150 pl
of RT reaction mix, comprising 1.5 uM TSO, 0.75 mM dNTP mix, 15 U/ul
Maxima H Minus RT enzyme, 3 U/ul RiboLock RNase inhibitor, 0.45 %
Igepal CA-630, and 1x RT buffer, were prepared. An ice-filled glove was used
to cool the RT mix during the encapsulation (86).

Table 2.7. DNA oligonucleotide sequences used in scRNA-Seq experiments. Asterix
indicates phosphorothioate modification.

Name | Sequence (5'—3")

Reverse transcription and template switching

TSO | AAGCAGTGGTATCAACGCAGAGTACATrGrGrG

cDNA amplification

PCRI1-p5 TACGGCGACCACCGAGATC

PCR1-tso AAGCAGTGGTATCAACGCAGAG

Adapter ligation

Ligation adapter is a | 5Phos-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3ddC

duplex DNA SAmMC6-GCTCTTCCGATCT

Indexing PCR

P5 indexing primer AATGATACGGCGACCACCGAGATCTACAC

P7 index 6 CAAGCAGAAGACGGCATACGAGATCAGTGGGTGACTGGAGTTCAG
ACGTG*T

P7 index 7 CAAGCAGAAGACGGCATACGAGATGTTGTCGTGACTGGAGTTCAG
ACGTG*T

P7 index 8 CAAGCAGAAGACGGCATACGAGATTGACAAGTGACTGGAGTTCAG
ACGTG*T

P7 index 13 CAAGCAGAAGACGGCATACGAGATACTCTAGTGACTGGAGTTCAG
ACGTG*T

P7 index 14 CAAGCAGAAGACGGCATACGAGATCGAGATGTGACTGGAGTTCAG
ACGTG*T

P7 index 15 CAAGCAGAAGACGGCATACGAGATGAGTCCGTGACTGGAGTTCAG
ACGTG*T

2.3.8.RNA barcoding

RNA barcoding was conducted using the microfluidic device design
presented in Figure 2.3. The infusion flow rates used for mammalian cells
were: 250 ul/h — RT mix, 100 pl/h — BHBs, 100 pl/h — microcapsules, and
400 uwl/h — droplet stabilization oil. The emulsion was collected in a 1.5 ml
tube prefilled with 200 pl of light mineral oil on ice. The infusion flow rates
used for bacteria were: 200 pl/h — RT mix, 40 pul/h — BHBs, 10 pl/h —
microcapsules, and 500 pl/h — droplet stabilization oil. The emulsion was
collected in a 1.5 ml tube prefilled with 200 pl of light mineral oil on ice.

During the barcoding step, droplets need to be carefully observed to
identify BHB doublets. To avoid these events, the bead flow rate should be
adjusted by 10-20 pl/h until no more doublets are observed. Microcapsule

67



doublets are tolerated since the fraction of positive microcapsules is less than
20 %.

2.3.9.Reverse transcription

The barcoding DNA primers were released from the BHBs by exposing
the emulsion under a UV lamp for 7 min. The emulsion was aliquoted
corresponding to ~3000 cells and transferred to 42 °C for 60 min., followed
by RT enzyme inactivation at 85 °C for 5 min. After the RT step, the emulsion
was broken by adding 10 pl emulsion breaker, diluted to 100 ul with 1x RT
Buffer, and treated with 1 pl of dextranase (Sigma-Aldrich, cat. no. D0443-
50ML) at 37 °C for 5 min. To dissolve microcapsule shells, the post-RT mix
was treated with 1 pl of 20 mg/ml proteinase K and incubated at 37 °C for
10 min. Hydrogel beads were then separated from the barcoded cDNA
molecules with Zymo Spin-IC column (Zymo, cat. no. C1004-250) by
centrifugation at 1000g for 5 min.

2.3.10. cDNA purification and amplification

The barcoded cDNA molecules were purified twice with 0.8x AMPure
magnetic beads (Beckman Coulter, cat. no. A63880) and eluted in 20 pl of
water. cDNA amplification was performed in a 50 pl reaction mix comprising
20 pl barcoded cDNA, 0.5 uM of forward/reverse PCR primers (Table 2.7),
and 1x Kapa HiFi 2X Ready Mix (KAPA, cat. no. KK2602). Samples were
thermally cycled through the following program: 98 °C (3 min.), 98 °C
(15 5)/67 °C (20 s)/72 °C (1 min.) for 13 cycles with mammalian cells and 24
cycles with bacteria, and 72 °C (1 min.). Post-PCR samples were purified
twice with 0.6x AMPure magnetic beads, eluted into 20 pl of water, and
subjected to fragmentation.

2.3.11. Library fragmentation and adapter ligation

DNA fragmentation was carried out in a 17.5 pl reaction mix comprising
~50 ng amplified DNA, 1.75 pl NEBNext Ultra FS Reaction buffer (NEB, cat.
no. E7805S), 0.5 ul NEBNext Ultra FS Enzyme mix, and water to 17.5 pl.
The mammalian cell library was fragmented at 37 °C for 8§ min. and the
bacterial cell library - for 6 min., followed by incubation for 30 min. at 65 °C.
After fragmentation, double size selection (0.6x-0.8x AMPure) was
performed. Specifically, 92.5 pl water were added, and then 66 ul AMPure
beads. 160 pl of the unbound fraction were taken and supplemented with 20 pl
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AMPure, followed by a regular purification workflow. DNA was eluted in
17.5 ul water and subjected to a ligation reaction.

Adapter ligation was performed in a 34.25 pl reaction mix comprising
17.5 ul fragmented DNA, 15 pl NEBNext Ultra II Ligation Master Mix, 0.5 pl
NEBNext Ultra II Ligation Master Enhancer, and 1.25 pl of 1.5 uM ligation
adapter (Table 2.7). Ligation was carried out at 20 °C for 15 min. After the
ligation, the total volume was brought to 100 ul by adding water and purified
with 0.8x AMPure. The product was eluted in 40 pl water.

2.3.12. Final library amplification and indexing

Indexing PCR was conducted in a 50 pl reaction mix comprising 20 ul
adapter-ligated DNA, 0.5 pM P5 and 0.5 pM P7 indexing PCR primers
(Table 2.7), and 1x Kapa HiFi 2X Ready Mix. Samples were thermally cycled
through the following program: 95 °C (3 min.), 98 °C (20 s)/54 °C (30 5)/72 °C
(20 s) for 11 cycles, and 72 °C (1 min.). Following PCR, double size selection
(0.6x-0.8x AMPure) was performed. Purified DNA was eluted in 14 pl water.
Library quality was verified on the Agilent BioAnalyzer HS DNA chip
(Agilent, cat. no. 5067-4626).

2.3.13. Sequencing and data analysis

Sequencing of mammalian cell libraries was performed on the NextSeq
[llumina instrument using NextSeq 500/550 High Output Kit v2.5 (75 cycles)
(Illumina, cat. no. 20024906) and the following cycling settings: Read 1 — 16
cycles, Read 2 — 62 cycles, 15 read — 8 cycles, 17 read — 6 cycles. Sequencing
of bacterial cell libraries was conducted using Illumina MiSeq Reagent Kit v3
(150 cycles) (Illumina, cat. no. MS-102-3001) on MiSeq Illumina instrument
using the following cycling settings: Read 1 — 16 cycles, Read 2 — 134 cycles,
i5 read — 8 cycles, 17 read — 6 cycles.

The solo-in-drops pipeline (https://github.com/jsimonas/solo-in-drops),
was used to obtain cell x gene expression matrices. Since a cell barcode of the
current CapDrop and inDrops protocols is split into two reads (Index 1 and
Read 1), the solo-in-drops pipeline, firstly, demultiplexes sequencing
information into 3 reads per library and combines the cell barcode halves and
UMI into a single fastq file. Then, the combined cell barcode fastq together
with the transcript fastq are passed to the STARsolo, which performs error
correction and demultiplexing of cell barcodes, transcript read alignment and
annotation, UMI deduplication and quantification of gene expression per cell.
Secondary analysis was done using the Scanpy framework.
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3.RESULTS AND DISCUSSION

This chapter reveals the unfolding of semi-permeable microcapsule
technology from the concept to high-throughput single-cell analysis. It is
organized into four major sections. Section 3.1 provides results of the early
work on PEGDA microcapsule development in the context of single-bacterial
cell analysis. In section 3.2, another microcapsule system, comprised of GMA,
is introduced and applied for cell type identification using multiplex RT-PCR.
Section 3.3 presents GMA microcapsule application to single-cell RNA
sequencing in order to analyze the whole transcriptomes of single-mammalian
and single-bacterium cells. Finally, section 3.4 discusses the presented results,
their impact, and their relevance to state-of-the-art.

3.1. Microcapsules comprising PEGDA-based shell
3.1.1.Development strategy of PEGDA microcapsules

The overall development strategy of semi-permeable microcapsules used
in this work is summarized in Figure 3.1. At first, an aqueous two-phase
system (ATPS) consisting of PEGDA and dextran was selected for the
generation of microcapsules comprising a core/shell structure. Although not
limited, this selection was motivated by the fact that PEGDA and dextran
remain among the most popular and well-described polymers for the
generation of aqueous biphasic systems (180).

Having selected specific polymer candidates for the ATPS formation, the
next step was to evaluate phase separation, which was conducted in bulk
format. These experiments were necessary to screen polymer molecular
weights and concentrations at which liquid-liquid phase separation may occur.
In addition, bulk polymerization tests were conducted. For example,
polymerization attempts of each separated phase provided valuable
information about the fluidity and stiftness of dextran-rich and PEGDA-rich
phases. As a starting point, the lowest concentrations were chosen, at which
phase separation would still occur (while volumes of both phases remain
similar). The concentration was also chosen such that the resulting PEGDA
phase would form a stiff hydrogel and the dextran phase would behave as a
liquid.

Once the conditions for liquid-liquid phase separation were established, the
next step was the characterization of phase separation within W/O droplets
and polymer partitioning topology. ATPS droplets having a core-shell
structure were predicted to form well-centered microcapsules. In contrast, the
Janus structure and concave shape particles were obtained, indicating that
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additional physico-chemical parameters have to be adjusted. At the same time,
it was necessary to identify which polymer would be enriched in the core and
the shell because the results obtained in bulk format with bottom and top
phases do not translate directly into W/O format with corresponding core and
shell layers. One of the most convenient ways to determine phase positioning
is the fluorescence staining of ATPS droplets. FITC-labelled dextran
distribution between the core and shell layers was followed microscopically,
revealing that the dextran phase forms a core. Microscopy analysis was
applied to evaluate microcapsule quality since the characteristic core and shell
geometry can be clearly visualized. The microcapsule uniformity, size,
concentricity, shell thickness, and stability under different experimental
conditions were evaluated before moving to single-cell assay workflows.

Although the microcapsule generation strategy was exemplified using
PEGDA and dextran, a similar workflow can be applied to other aqueous two-
phase systems.

Phase separation
analysis
in droplets

Microcapsule .
Optimization quality Mlcerr?g?art)isolrjwle
investigation <

Figure 3.1. The strategy used to develop semi-permeable microcapsules.

Aqueous two-phase Phase separation
system selection analysis in bulk

3.1.2.PEGDA microcapsule generation

To produce PEGDA microcapsules, ATPS droplets were first generated
using a 20 um deep co-flow microfluidic device at a throughput of 1700
droplets/s by infusing the PEGDA-rich phase and the dextran-rich phase
(Figure 3.2, A). To achieve the right balance between microcapsule
uniformity, concentricity, and mechanical stability, the ATPS comprising a
blend of longer (MW 8k) and shorter (MW 575) PEGDA polymers and
dextran (MW ~500k) (see Materials and Methods) were selected. Whereas the
longer PEGDA was required for efficient phase separation, the shorter
PEGDA was added to increase shell stiffness and improve microcapsule
mechanical stability by increasing the cross-linking events (194).

Following droplet generation, the PEGDA and dextran phases quickly
phase-separated (within seconds), forming a liquid shell enriched in PEGDA
and a liquid core enriched in dextran (Figure 3.2, B). To solidify the PEGDA
shell, ATPS droplets were exposed to 365 or 405 nm light in the presence of
a light-activated photo-initiator. The resulting microcapsules contained a
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liquid-like core enriched in dextran and solidified hydrogel shell enriched in
PEGDA (Figure 3.2, C). Using FITC-dextran (MW ~500k), it was estimated
that upon reaching the equilibrium, the core of ATPS droplets comprised
~9.6 % (w/v) dextran. Considering similar PEGDA partitioning, the shell
should comprise ~11 % (w/v) PEGDA. The core of microcapsules became
cloudy after the photopolymerization, presumably due to the presence of
residual PEGDA and the formation of a weak hydrogel mesh.

PEGDA rich phase

AN +| Ol Generation Collection ©’ ©)9)
5 00RO
0 0 00 00 )0 o0y J%ffﬁgpocé
0 A ‘-’,\\«r\'
: 4|oil : g0 =D
Dextran rich phase
ATPS droplets Semi-permeable microcapsules . R
& Semi-liquid ° : g
Y Hydrogel
AN > ° -
& 2 ° N
-/ i i o ’7 B o .
s o~ i 1l 8 s : °
oy ( : / - | m . o ‘ | m_ . ]I 0.
P Reagent exchange Shell, um Core, ym Microcap., um

Figure 3.2. Semi-permeable microcapsule generation using ATPS composed of
PEGDA and dextran. (A) ATPS droplet generation using a co-flow microfluidics
device. (B) Liquid-liquid phase separation in droplets resulting in dextran-rich core
and PEGDA-rich shell. (C) Recovered microcapsules from the emulsion, where
PEGDA formed a firm hydrogel shell, and the dextran phase formed the semi-liquid
core. (D) Histograms, derived from >100 measurements (compartments), indicate
shell thickness (3.56 + 0.48 um), core (30.2 + 0.6 um), and overall microcapsule
diameter (37.3 = 0.7 pm). Scale bars, 50 pm.

One of the biggest challenges while implementing PEGDA microcapsule
formation based on an ATPS was an inconsistent and non-uniform shell
formation. It was observed that using high molecular weight PEGDA
polymers (e.g., 10k, 20k) or increasing PEGDA (MW 8k) concentration, the
microcapsule core tends to migrate towards the outer oil interphase before
shell polymerization, leading to a concave particle topology. Similar topology
has also been observed in the previous work (187). As a result, a significant
fraction of microcapsules contained uneven or ruptured shells. Since the
microcapsule shell uniformity depends on the concentricity of ATPS droplets,
it was postulated that the density mismatch between the core and shell phases
was driving the core off-center before complete shell polymerization. To
verify this hypothesis, ATPS solutions were prepared using 3 % (w/v) and 6 %
(w/v) of longer PEGDA (MW 8k), while the shorter PEGDA (MW 575) and
dextran concentrations remained the same. The measurements of PEGDA and
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dextran phases revealed a higher density mismatch when PEGDA (MW 8k)
concentration was increased from 3 % (w/v) to 6 % (w/v) (Figure 3.3, A). As
expected, microcapsules originating from the density-imbalanced ATPS
resulted in defective and concave particle topology (Figure 3.3, B). Thus,
reducing the density difference between the two aqueous phases enabled a
consistent generation of monodisperse and concentric ATPS-based
microcapsules (Figure 3.3, C) — a prerequisite feature for efficient cell
isolation and different assay developments.
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Figure 3.3. The effect of density differences between the two aqueous phases for
microcapsule concentricity. (A) Boxplots showing the density of PEGDA (shell) and
dextran (core) phases after the ATPS formation. (B) Microcapsules were prepared
using the composition of 6% (w/v) PEGDA (MW 8k) and 3% (v/v) PEGDA
(MW 575), while in (C) 3% (w/v) PEGDA (MW 8k) and 3% (v/v) PEGDA (MW 575)
were used. Boxplots are derived from 25 measurements of each sample. Scale bars,
50 pm.

3.1.3.Single Escherichia coli genome amplification

Having established PEGDA microcapsule production, verifying this
system’s applicability for analyzing nucleic acids from single bacterial cells
was the next step. Specifically, multiple displacement amplification (MDA)
reaction catalyzed by phi29 DNA polymerase was conducted to investigate
single-genome amplification (SGA) from individual Escherichia coli
MG1655 cells. For comparison, E. coli cells were also isolated in two other
microfluidic formats — W/O droplets and hydrogel beads (Figure 3.4, A). For
each assay format, individual E. coli cells were isolated in ~20 picoliter (pl)
volume droplets together with reagents required for lysis/SGA reaction,
hydrogel bead, or microcapsule generation (see Materials and Methods). SGA
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in microcapsules and hydrogel beads was performed in two steps — cell lysis
and MDA reaction. In the droplet format, however, these two steps were
combined into a single reaction by loading lysis and MDA reagents from the
start of droplet generation. Noteworthy, lysis conditions resulting in efficient
E. coli disruption and nucleic acid release that are compatible with enzymatic
steps were carefully optimized in the laboratory.

After encapsulation, the observed occupancy by E. coli cells in each assay
followed Poisson distribution with a mean lambda value being ~0.17 and
~0.18 for droplets and beads, respectively. In microcapsules, the occupancy
by E. coli cells was slightly higher, with a median lambda value of ~0.23. The
small increase in lambda value could be attributed to the viscous high
molecular weight dextran, which reduced cell sedimentation during the
encapsulation process and, as a result, gave higher cell occupancy. While the
bacteria encapsulation process in droplets, beads, and microcapsules showed
relatively similar output (e.g., lambda values were similar), significant
differences emerged after the cell lysis step (Figure 3.4, B). If the number of
positive compartments in W/O droplets remained similar before and after cell
lysis, the hydrogel beads lost ~55 % of the isolated cells' gDNA. In
microcapsules, the gDNA loss was ~15 %. Microscopy analysis revealed that
such a notable drop in occupancy in hydrogel beads could be attributed to the
bacteria’s tendency to localize at the hydrogel/oil interface (Figure 3.4, A),
which has been shown in previous reports as well (34,35). Therefore, due to
the cell partitioning, the gDNA released during the lysis step becomes
susceptible to diffusion out of the hydrogel mesh and eventual loss. In
microcapsules, however, the presence of hydrogel-shell prevented most cells
from reaching the outer (oil) phase, thereby improving the retention of cells
or their lysate.

Fluorescence measurements of post-SGA compartments revealed that
SGA reaction from individual E. coli cells was more efficient in microcapsules
than in hydrogel beads or droplets (Figure 3.3, C). The increased SGA
reaction yield in microcapsules over hydrogel beads could be attributed to the
liquid-like core, which does not interfere with the synthesis of long DNA
molecules (>10 kb) generated by phi29 DNA polymerase. However, in
hydrogel beads, the newly synthesized DNA molecules are embedded in the
hydrogel mesh and physically confined, thereby causing less efficient
enzymatic replication. In support of this notion, the SGA reaction yield in
W/O droplets (liquid state) was ~2-times higher than in beads (hydrogel state),
as shown in Figure 3.4, C (green and blue boxplots).
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Figure 3.4. Comparison of E. coli isolation and SGA efficiency in W/O droplets,
PEGDA hydrogel beads, and PEGDA microcapsules. (A) Schematics show each
assay with corresponding digital images before cell lysis, after cell lysis, and after
SGA reaction. (B) Lambda value (occupancy) measurements after E. coli
encapsulation and lysis. Boxplots were derived by analyzing >450 compartments from
each sample. (C) Boxplots represent mean fluorescence intensity in positive and
negative (empty) post-SGA compartments. Boxplots were derived by measuring the
fluorescence of 558 droplets, 511 hydrogel beads, and 491 microcapsules. Scale bars,
50 pm.

Comparing the DNA amplification efficiency in microcapsules vs. W/O
droplets (Figure 3.4, C, red and green boxplots), PEGDA microcapsules
showed a small reaction improvement. It could be attributed to the exchange

75



of reaction components through the semi-permeable membrane. In the
microcapsule-based assay, the amount of MDA reagents (such as dNTPs,
oligonucleotides, and DNA polymerase) is not limited to particle volume
(195) but could be continuously replenished through the semi-permeable
membrane. Alternatively, these results could also be explained by a more
efficient bacteria lysis: the microcapsules were suspended in a lysis buffer
containing lysozyme and proteinase K enzymes before DNA amplification. In
the droplet assay, the use of proteinase K is prohibitive because of
incompatibility with SGA.

3.1.4.Gram-positive bacteria lysis and SGA efficiency

Gram-positive bacteria usually require harsher lysis conditions (196)
that are either inhibitory or harmful to the subsequent enzymatic steps.
Therefore, it was anticipated that the differences in SGA reaction
efficiency between microcapsules and W/O droplets would be even
more pronounced. To verify this, Rhodococcus rhodochrous PY11 and
Streptococcus mutans UA159 bacteria were separately isolated in
PEGDA microcapsules and subsequently subjected to different lysis-
SGA conditions provided in Table 3.1. Tested lysis-SGA conditions
could be categorized into three groups: one-step, two-step, and three-
step. In a one-step reaction, lysis and MDA reagents were introduced
simultaneously, mimicking the droplet-based format (condition #Ref.
and condition #1). In a two-step workflow, lysis and MDA were
separated by post-lysis microcapsule washing in a neutral buffer before
transferring them to the DNA amplification reaction. Similarly, lysis and
MDA steps were separated in a three-step workflow, and a more
complex lysis strategy involving two stages was applied.

Out of the six conditions tested, the three-step workflow with two
lysis stages (lysozyme-induced lysis at 37 °C for 30 min. followed by
proteinase K and SDS treatment at 50 °C for 30 min.) generated the
highest number of positive reactions (Table 3.1, condition #5): 84 % for
S. mutans and 99 % for R. rhodochrous. In the second place, alkaline
solution and SDS-induced lysis (condition #6) generated 33 % positive
reactions for S. mutans and 48 % positive reactions for R. rhodochrous.
Noteworthy, the alkali-induced lysis is widely used with environmental
samples (57), and microcapsule compatibility with these harsh lysis
conditions could bring advantages to single-cell genomics research. For
comparison, the one-step lysis-SGA approach in W/O droplets and
microcapsules (condition #Ref. and condition #1) generated only 25 %
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positive reactions for S. mutans and 4-8 % positive reactions for
R. rhodochrous.

These results confirmed that regular W/O systems do not provide
efficient means of amplifying single bacterial genomes and should be
replaced by microcapsules that offer efficient release and clean-up of
genetic material before the amplification step.

Table 3.1. and SGA
R. rhodochrous and S. mutans bacteria. Post-MDA microcapsules were stained with

Lysis conditions reaction efficiency for

SYBR Green I and analyzed under an epifluorescence microscope to identify positive

reactions. For each tested condition, >600 microcapsules were analyzed.

q q q Reaction
Cond. Lysis-SGA First step Second step Third step efficiency
50 U/pl Ready—Lyse 259
Lysozyme Solution, (Strep.)
Ref One-step in 0.1% (v/v) Triton X-100, None None ’
’ droplets 1x MDA reaction mix. 89
Incubation for (Rhod.)
12 hat 30 °C. )
50 U/pl Ready—Lyse 259
Lysozyme Solution, (Strep.)
1 One-step 0.1% (v/v) Triton X-100, None None ’
’ in microcap. 1x MDA reaction mix. 4%
Incubation for (Rhod.)
12 hat 30 °C. )
50 U/ul Ready-Lyse
Lysozyme Solution, Microcapsules 26 %
Two-step 0.1% (v/v) Triton X-100, washed and (Strep.)
2. in microcap 1 mM EDTA, 10 mM dispersed in None
" | Tris-HCI [pH 7.5, 25 °C]. 1x MDA mix 3%
Incubation for 12 h at 30 °C. (Rhod.)
for 30 min. at 37 °C.
50 U/ul Ready-Lyse
Lysozyme Solution,
0.1% (v/v) Triton X-100, Microcapsules 20 %
Two-step 1 mM EDTA, 200 pg/ml washed and (Strep.)
3. in microcap proteinase K, 10 mM dispersed in None
" | Tris-HCI [pH 7.5, 25 °C]. 1x MDA mix 58 %
Incubation at 37 °C for for 12 h at 30 °C. (Rhod.)
30 min. followed by 50 °C
for 30 min.
50 U/ul Ready-Lyse .
Lysozyme Solution, Addition of M;ZZ%‘;?:EES 15%
Three-step 0.1% (v/v) Triton X-100, 200 pg/ml dispersed in (Strep.)
4. in microcap 1 mM EDTA, 10 mM proteinase K. 1x MDA mix
: Tris-HCI [pH 7.5, 25 °C]. Incubation for for 12 h at 57 %
Incubation for 30 min. at 50 °C. 30°C (Rhod.)
30 min. at 37 °C. )
S0 U/t Ready—Lyse Addition of Microcapsules
Lysozyme Solution, hed and 84 %
0.1% (v/v) Triton X-100, 200 pg/ml washed an (Strep.)
5 'Thr'ee—step | mM EDTA. 10 mM proteinase K and dispersed in
in microcap. . ’ o 1% (w/v) SDS. 1x MDA mix
Tris-HCI [pH 7.5, 25 °C]. . 99 %
. Incubation for for 12 h at
Incubation for 30 min. at 50 °C 30°C (Rhod.)
30 min. at 37 °C. ) ) )
0.5 M NaOH and Micr‘l’f?“fs 33%
6 Two-step 1% (w/v) SDS. Incubation g:;efseznin None (Strep.)
’ in microcap. at roo;n tsemperature Ix MDA mix for 48 %
or > min. 12 h at 30 °C. (Rhod.)
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3.1.5.Single-cell PCR

In addition to whole-genome amplification, specific target detection by
PCR plays a crucial role in microbiology and ecology for identifying and
annotating bacterial communities (32,146,147). To make PCR possible in
PEGDA microcapsules, several requirements must be fulfilled. At first,
microcapsules must remain stable and intact under an extreme temperature
regime (from 4 °C to 98 °C). Secondly, the microcapsule shell must provide
an efficient physical barrier for retaining gDNA and smaller molecular weight
nucleic acids.

To evaluate PEGDA microcapsule retention capacity, 320, 567, and
1050 bp DNA fragments were generated by PCR following their diffusion
between the particles. As illustrated in Figure 3.5, the occupancy value after
PCR had a stable region when DNA amplicons were 567 bp (blue) or 1050 bp
(green). Selecting fluorescence threshold value 0.1 resulted in 0.683, 0.215,
and 0.170 occupancy for 320, 567, and 1050 bp amplicons, respectively.
Taking into account cell occupancy value before PCR (0.176), it could be
concluded that dsDNA fragments >567 bp were efficiently retained inside
PEGDA microcapsules. Smaller DNA fragments (320 bp size) diffused
between the microcapsules, as witnessed by the appearance of low
fluorescence compartments and increased post-PCR occupancy value.

20 - 320 bp
567 bp
1050 bp

Observed occupancy (A value)
5

0.5
Occupacy of cells
before PCR
0.0 -
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Fluorescence threshold
Figure 3.5. PCR amplicon retention in PEGDA microcapsules. On the left, the knee

plot shows how the lambda value corresponds to different fluorescence threshold
values. The knee plot was derived by measuring the fluorescence of >800
microcapsules for each sample. On the right, merged images showing the
microcapsules after the synthesis of different length PCR amplicons: 1050, 567, and
320 bp. Scale bars, 50 um.
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Using the Kratky—Porod equation (197), it was estimated that PCR
fragments (320, 567, and 1050 bp) have radii of gyration on the order of 26,
40, and 60 nm. Considering these values and diffusivity results, it can be
approximated that the average pore size of the PEGDA hydrogel shell
is ~60 nm. Scanning electron microscopy analysis revealed an average pore
size of 55 + 31 nm.

3.1.6.Bacteria culture and phenotypic analysis

In addition to nucleic acid amplification and analysis, a large variety of
microbiology assays would benefit from a system that enables phenotypic
bacterial cell characterization. This commonly requires a continuous bacterial
cell culture, induced gene expression, and the following analysis of proteins
or metabolites. All these steps in combination are significant challenges for
W/O emulsions. Meanwhile, semi-permeable microcapsules combine a
scalable and high-throughput cell isolation methodology with the standard
molecular biology workflows. This section demonstrates this notion by
performing the synthesis and detection of a bacterial metabolite
polyhydroxybutyrate (PHB) in isogenic colonies originating from single
isolated E. coli cells.

To investigate whether the PEGDA microcapsules could be used as
microreactors for single isolated bacterium cultivation, E. coli MG1655 cells
were encapsulated, transferred to LB growth medium, and allowed to expand
within microcapsules for 4 hours at 37 °C (Figure 3.6, A). As a reference,
bacterial cells were encapsulated in W/O droplets containing LB growth
medium and cultivated for 4 hours at 37 °C (Figure 3.6, B). Following SGA
results presented in sections 3.1.3 and 3.1.4, it was anticipated that the
diffusion of growth media through the semi-permeable hydrogel shell would
ensure extended cell growth until the entire microcapsule core is filled with
bacteria mass. In contrast, in the droplet case, the critical cell mass would be
limited by the available nutrients within a droplet. Microscopy analysis
revealed that in microcapsules, a single bacterial cell expanded into a colony
of ~90 cells, while in W/O droplets, micro-colonies reached ~30 cells
(Figure 3.6, C).

79



>

200 —

[N
\\ Bacterium //

____Media ) =
N 7 3 /‘D)
« ’)} f525)| w ’f%,

{7 Media \, : 4 = e

150 —

Microcapsules

gDNA stain

Bacteria count per compartment

B
o 50 — -
a :
o
[a) Bacterium E
T
Microcap. Drop

Figure 3.6. Comparlson of E. colz MG1655 mlcrocolony formation in PEGDA
microcapsules and W/O droplets. Left: schematics depicting microcapsule-based (A)
and droplet-based (B) assays. Digital images show bacteria growth in microcapsules
(A) and in droplets (B) at 0 and 4 hours of cell culture at 37 °C. The green arrows
indicate a single bacterium at time 0. Fluorescent images were obtained after staining
with SYBR Green I dye. (C) Boxplots show bacteria counts after 4 hours of incubation
in microcapsules and droplets. Boxplots were derived by measuring 20 droplets and
30 microcapsules. Scale bars, 50 pm.

Having shown the growth of E. coli and isogenic colony formation,
microcapsules were then applied to the phenotypic analysis of bacteria that
produce polyhydroxybutyrate (PHB) — an environmentally important
biodegradable plastic (198-200). To demonstrate that such analysis is possible
using semi-permeable PEGDA microcapsules, E. coli (DH5a) strain was
transformed with the pBHR68 vector, harboring genes (phaC, phad, and
phaB) for PHB synthesis (201). Transformed bacterial cells were then loaded
in PEGDA microcapsules, cultivated into micro-colonies for 6 hours, and then
PHB synthesis was induced by adding isopropyl -D-1-thiogalactopyranoside
(IPTG). After 8 hours of induction, PHB formation was verified in live cells
using Nile Red dye, which stains PHB granules (202) (Figure 3.7, A,
Live culture). Unfortunately, it was noticed that Nile Red, being a lipophilic
dye, also binds to the cell membrane yielding a highly fluorescent signal in
both positive and negative control samples (Figure 3.7, B, Live culture). To
circumvent the background fluorescence resulting from non-specific staining,
cell membranes were dissolved in a lysis buffer containing lysozyme and
proteinase K. This additional step increased the analytical sensitivity of
positive-to-negative clones by approximately 10-fold (Figure 3.7, C).

Having confirmed the discrimination of PHB producers from negative
clones, the next step was to identify the most efficient microcolonies
synthesizing PHB. Taking into account only the intensity of Nile Red is
inaccurate since the fastest-growing clones can outcompete the slower
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growers with a higher PHB synthesis potential. To overcome this limitation,
Nile Red dye was combined with SYBR Green I for dual PHB and gDNA
staining. This additional staining allowed the normalizing of PHB synthesis
levels to bacteria count (Figure 3.8).
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Figure 3.7. Detection of PHB-producing microcolonies based on Nile Red staining.
(A) Microcolonies producing PHB — DH5a-pBHR68 and (B) negative control —
DHS5a-pTZ18R were analyzed before and after cell lysis using Nile Red staining.
(C) Boxplots show relative PHB levels using Nile Red dye on live and lysed cells.
Boxplots were derived by measuring >100 microcapsules for each assay. Scale bars,

50 pm.
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Figure 3.8. Normalization of PHB synthesis based on Nile Red and SYBR Green |

dual staining. (A) Microcolonies producing PHB — DH50-pBHR68 and (B) negative
control — DH5a-pTZ18R were analyzed after cell lysis step and after staining with
Nile Red and SYBR Green I. (C) Boxplots show normalized PHB synthesis levels of
positive (yellow) and negative (green) clones. The ratio of Nile red to SYBR Green |
was used for normalizing the PHB levels to bacteria count. Boxplots were derived
from 107 and 78 measurements of positive and negative microcolonies, respectively.
Scale bars, 50 um.
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Working with Gram-negative and Gram-positive bacteria laid the
groundwork for cell culture and performing molecular biology protocols
where separate steps are not compatible if done together (lysis and SGA). The
next step was expanding this methodology to new cell types and other multi-
step workflows.

3.1.7.Mammalian cell isolation in PEGDA microcapsules

So far, this work has presented the development and use of PEGDA-based
semi-permeable microcapsules for single-bacterial genotypic and phenotypic
analysis. However, to be broadly applicable to diverse research areas,
microcapsules should also enable efficient mammalian cell isolation and
analysis. When attempting to isolate single-mammalian cells in PEGDA-
based microcapsules, several unexpected challenges appeared. First, because
mammalian cells are far larger than typical bacterial cells, the microcapsules
have to be >40 pm, preferably >60 pm. However, PEGDA microcapsules of
such size have reduced concentricity and tend to lose the encapsulated cells.
Furthermore, mammalian cells showed a preference to partition at the
interphase between the PEGDA and dextran and, in some cases, cross the shell
entirely. To overcome these issues, modified compositions consisting of
medium-length PEGDA polymers (e.g., MW 2k and MW 3.4k) were
developed. Although an improved concentricity of larger microcapsules
(>60 pm) could be achieved, the retention of mammalian cells remained
poorly controlled and inefficient (Figure 3.9).
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Figure 3.9. Mammalian cell (K-562) isolation in PEGDA-based microcapsules.
(A) Schematic representation of the desirable and observed cell partitioning.
(B) Micrographs of PEGDA microcapsules with isolated K-562 cells. Cells were
isolated in microcapsules having different shell thicknesses. Scale bars, 50 um.

These disappointing results encouraged a search for new polymers to
generate ATPS-based microcapsules tailored for efficient mammalian cell
retention. As revealed in the next chapter, the missing features were fulfilled
by replacing PEGDA with gelatin methacrylate (GMA).
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3.2. Microcapsules comprising GMA-based shell
3.2.1.GMA microcapsule generation and their stability assessment

To produce microcapsules comprising the GMA-based shell, the ATPS
droplets were first generated by infusing GMA and dextran (MW ~500k)
solutions, with cells being suspended in the dextran solution at a desirable
density (Figure 3.10, A). Following droplet generation, the GMA and dextran
phases separated into a liquid shell enriched in GMA and a liquid core
enriched in dextran (Figure 3.10, B). To convert the liquid droplets to
microcapsules, the semi-permeable shell was formed in a two-step process.
First, the liquid shell layer was solidified by simply cooling the droplets to
4 °C for 30 min. Next, the intermediate microcapsules (having physically
cross-linked shell) were recovered from the emulsion and covalently cross-
linked in an aqueous buffer under a brief exposure to 405 nm light in the
presence of a light-activated photo-initiator (see Materials and Methods). This
two-step polymerization procedure, where the physical gelation of
microcapsules is followed by a covalent cross-linking, ensured a highly
reproducible generation of intact and highly uniform microcapsules
(Figure 3.10, C).
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Figure 3.10. GMA microcapsule generation and cell isolation. (A) Cell encapsulation
and collection off-chip. A mixture of cells is encapsulated in ATPS droplets
comprising a liquid core enriched in dextran and a liquid shell enriched in GMA and
collected off-chip into a tube. (B) The liquid shell of collected droplets is converted
to a semi-permeable membrane in a two-step process. At first, the liquid shell is gelled
by cooling and then covalently cross-linked by photo-polymerization (C). Scale bars,
100 pm.
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Having established a protocol for GMA microcapsule production, the next
step was investigating their stability under different chemical, physical, and
mechanical treatments. Considering the protein-based shell material, the
GMA microcapsules were expected to be less stable than PEGDA. At first,
microcapsule stability was verified by immersing particles in the widely used
buffers, including 1x DPBS [pH 7.4], 1x HBSS [pH ~6], 1x SSC [pH 7.0],
and 10 mM Tris-HCI [pH 7.5], at room temperature. Results presented in
Figure 3.11 indicate that regardless of buffer composition, GMA-based
microcapsules remained intact without any detectable swelling or shrinking.
It is worth mentioning that GMA microcapsules stored in 10 mM Tris-HCI
buffer over 10 months at 4 °C also retained high stability. Furthermore, as
illustrated in Figure 3.18, these microcapsules were stable under extreme
temperature regimes used during PCR cycling. Centrifugation and vortexing
between the experimental steps also did not have any adverse effects.
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Figure 3.11. GMA microcapsule stability in dlfferent aqueous solutions. Bright-field
microscopy images were taken after microcapsule incubation at room temperature for
60 min. in MQ-water, 1x Dulbecco's phosphate-buffered saline (DPBS) buffer, 1x
Hanks' Balanced Salt Solution (HBSS) buffer, 1x saline-sodium citrate (SSC) buffer,
and 10 mM Tris-HCI. Scale bars, 100 pm.

Maintaining microcapsule integrity as they are suspended in alcohols and
other polar solvents, or keeping them intact in a frozen state, could also offer
an important advantage. For example, many nucleic acid processing protocols
rely on a step where genetic material is stored at -20 °C or -80 °C prior to
analysis, or cells are preserved using alcohol and acetone-based fixation
(203,204). Thus, microcapsules supporting isolated cell and nucleic acid
storage in these organic solvents would facilitate many analytical steps. To
verify GMA microcapsule compatibility with freezing in alcohols and
acetone, particles were suspended in 70 % ethanol, 90 % methanol, and 90 %
acetone and stored at -20 °C or -80 °C overnight. Results in Figure 3.12 show
that microcapsules remained intact without aggregation and clumping in all
tested conditions (except for a few sticky microcapsules after storage in
acetone), confirming that they are suitable for frozen sample preservation.
While the longest incubation time that would be safe for microcapsule storage
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was not verified, it was noticed that GMA microcapsules remained stable after
several months at -20 °C in 70 % ethanol.

O @O B - R ORI 0 b
Figure 3.12. GMA microcapsule stability in different polar solvents and freezing
conditions. Bright-field microscopy images of the microcapsules in different polar
solvents at room temperature (top row), after freezing at -20 °C for 16 hours (middle
row), and after freezing at -80 °C for 16 hours (bottom row). Microcapsules incubated
with ethanol, methanol, and acetone were rinsed once in 1x DPBS before imaging.
Black arrows show sticky microcapsules after storage in acetone. Scale bars, 100 pm.

Finally, the shell composed of gelatin polypeptide implies sensitivity to
proteolytic enzymes. A few minutes of incubation at room temperature were
sufficient to dissolve microcapsules immersed in 1x DPBS buffer containing
proteinase K or collagenase A (Figure 3.13). These results are important for
several reasons. First, they indicate that gelatin-based microcapsules cannot
be used in workflows that require proteases (e.g., cell lysis step using
proteinase K). On the other hand, mild and biocompatible conditions provided
by trypsin and collagenase enable the straightforward release of both the
encapsulated cells and processed nucleic acids. These results demonstrate the
advantages of this composition over PEGDA microcapsules, as dissolving the
PEGDA shell requires heating in an alkaline solution — a condition detrimental
to cells, RNA, and protein molecules.

Altogether these results confirmed that the developed GMA-based
microcapsules remain uniform in size and intact under various experimental
conditions such as freezing, thawing, high-speed centrifugation, and in the
presence of different salts and solvents. However, to be applicable for cell-
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based analysis, these microcapsules must first retain isolated mammalian cells
efficiently — a property that was difficult to achieve using PEGDA

microcapsules.
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Figure 3.13. GMA microcapsule decomposition by proteolytic enzymes. Bright-field
microscopy images of the microcapsules immersed in 1x DPBS supplemented with
0.2 mg/ml proteinase K (top row) or 1 mg/ml collagenase A (bottom row). Scale bars,

100 pm.

3.2.2.Mammalian cell and nucleic acid retention

To evaluate mammalian cell encapsulation and retention efficiency, human
hematopoietic malignant cells K-562 and Jurkat were loaded into
75.0 £ 1.5 pm size microcapsules with a 3.0 £ 0.2 pum-thick shell. Cell
numbers were quantified microscopically immediately after encapsulation (in
W/O droplets) and after forming the microcapsules. No significant difference
was detected (p = 0.2613 and p = 0.7906 for K-562 and Jurkat samples,
respectively), confirming that compartmentalized cells were efficiently
retained during microcapsule generation (Figure 3.14). These results were
also supported by the more thorough inspection of the isolated cells under the
microscope, which revealed that mammalian cells preferably localize in the
dextran phase without detectable bias towards the dextran-GMA interphase.
These results are in sharp contrast to PEGDA-based microcapsules. Hence,
microcapsules, composed of dextran and GMA, are optimal for mammalian
cell workflows as cell loss is minimal or none.
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Figure 3.14. Mammalian cell retention in GMA-based microcapsules. (A) Barplots
show K-562 cell occupancy in droplets and microcapsules. Independent sample
Welch’s t-test showed that there is no statistically significant difference in cell
occupancy between droplets and microcapsules (two-sided alternative hypothesis,
n=17, p = 0.2613). (B) Barplots show Jurkat cell occupancy in droplets and
microcapsules. Independent sample t-test showed that there is no statistically
significant difference in cell occupancy between droplets and microcapsules (two-
sided alternative hypothesis, n =17, p = 0.7906).

Furthermore, by combining efficient cell retention with biocompatible
GMA microcapsule generation, isolated cells retained their viability and could
be expanded to spheroids (Figure 3.15). Having isolated cells in a
microcapsule suspension, a consistent increase in cell quantity was observed.
It took 5 to 10 days for cells to fill the microcapsule core, with the differences
explained by different cell cycle durations. For example, fast-growing Jurkat
cells filled the microcapsule core in approximately 5 days, while for a slower
grower — A549 cells — it took twice as long.

A549

{
- P > ' \ 1
Figure 3.15. Long-term mammalian cell retention and cultivation in GMA
microcapsules. Top row: micrographs show single isolated Jurkat cell cultivation for

8 days. Bottom row: micrographs show single isolated A549 cell cultivation for 14
days. Scale bars, 50 um.
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While efficient cell isolation and retention are mandatory for conducting
single-cell assays, the retention of nucleic acids is crucial for many diverse
applications based on nucleic acid amplification and analysis. Therefore,
GMA microcapsules must also ensure that PCR amplicons and nucleic acid
molecules released from the lysed cells are efficiently retained during the
multi-step molecular biology procedures. To experimentally verify the
permeability and retention of the nucleic acid molecules within
microcapsules, dsDNA fragments ranging from 25 to 700 bp were
encapsulated, and microcapsules were incubated at temperatures ranging from
4 to 70 °C for 30 min. Then the microcapsules were washed in a neutral pH
buffer to remove all unretained DNA molecules, and the retained DNA
molecules were extracted by dissolving the shell (see Materials and Methods).
The results shown in Figure 3.16, A, indicated that DNA fragments up to
100 bp freely traversed the microcapsule membrane, while DNA fragments
over 300 bp were fully retained. The molecular weights of these
polynucleotides correspond to ~60kDa and 180 kDa, respectively.
Interestingly, DNA retention slightly increased when photopolymerization
was performed in the emulsion format after the temperature-induced gelation
(Figure 3.16, B) and indicated that GMA microcapsules with only physical
cross-links have a higher permeability to nucleic acids.
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Figure 3.16 DNA retention in GMA microcapsules at different temperatures after
30 min. incubation. (A) DNA retention was tested in microcapsules prepared using a
two-step approach, where physically gelled microcapsules were dispersed in an
aqueous buffer and then photopolymerized. (B) DNA retention was tested in
microcapsules prepared by co-encapsulating the photo-initiator in ATPS droplets.
ATPS droplets were cooled down to induce physical gelation and then

photopolymerized in W/O droplets. Solid lines serve only for visual guidance.

Considering the typical oligonucleotide length of 20-50 nt (12—-30 kDa),
the molecular weight of M-MLYV reverse transcriptase (71 kDa) and Tag DNA
polymerase (94 kDa), and their compact globular protein structure,
microcapsules with such permeability are well-suited for conducting parallel
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enzymatic reactions, such as reverse transcription (RT) and PCR on thousands
of single-cells by simply dispersing microcapsules in a suitable reaction mix.
Microcapsule uniformity, stability, efficient cell retention, and semi-
permeability made it possible to develop a multiplex RT-PCR assay for cell
type identification, which in this work was named RNA cytometry.

3.2.3.High-throughput nucleic acid analysis in individual cells

The overall concept of microcapsule-based single-cell RNA cytometry is
summarized in Figure 3.17. At first, the individual cells are isolated in semi-
permeable microcapsules and are lysed by dispersing the particles in an
appropriate lysis buffer. Upon lysis, the nucleic acid molecules longer than
300 bp are preferably retained within the microcapsules, while smaller
biomolecules are removed by dialysis. Therefore, RNA and DNA molecules
contained within the individual cells can be efficiently purified and retained.
Once the nucleic acids are purified, the microcapsules are transferred to the
RT-PCR reaction mix to initiate cDNA synthesis, followed by multiplex PCR.
During PCR, the fluorescently labeled primers in the reaction mix cross the
membrane by diffusion and are incorporated into the PCR amplicons, making
cell-containing microcapsules fluorescent. Thus, using a multiplex panel of
fluorescently labeled PCR primers, the expression of the selected genes of
interest can be digitally profiled in thousands of individual cells. Finally,
microcapsules are inspected using microscopy or flow cytometry-based
analysis.
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Figure 3.17. The concept of performing single-cell RNA cytometry using GMA
microcapsules.
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3.2.4.Cell type identification based on digital RT-PCR readout

To demonstrate the digital profiling of individual human cells based on
their gene expression, hematopoietic malignant cells (K-562) and human
embryonic kidney cells (HEK293) were mixed at an equal ratio. Having this
sample, cells were encapsulated at limiting dilution such that each
microcapsule, on average, would contain no more than one cell. As a
reference, K-562 and HEK293 cells were encapsulated separately. The
isolated cells were first lysed by dispersing microcapsules in a chaotropic lysis
mix, followed by gDNA depletion by DNase I to obtain the microcapsules
with purified total RNA derived from single cells (see Materials and
Methods). This multi-step processing was implemented for several reasons.
First, efficient cell lysis is critical for releasing genetic material completely.
Secondly, the depletion of gDNA increases the RT-PCR signal specificity by
preventing co-amplification of gDNA. Third, rigorous washing of the post-
lysis microcapsules in an aqueous buffer with non-ionic detergents removes
the lysis reagents, nucleases, and intracellular inhibitors originating from the
cell lysate itself (91,94,113,205,206).

Microcapsules harboring purified total RNA derived from single cells were
dispersed in the RT reaction mix to convert mRNA molecules to copy DNA
(cDNA) (see Materials and Methods). To identify individual cells based on
their gene expression profile, the post-RT microcapsules were then transferred
into a PCR reaction mix comprising fluorescently labeled primers targeting
cell type-specific and universal markers. The cDNA of transcripts encoding
protein tyrosine phosphatase receptor type C (PTPRC) was chosen as K-562
specific target, and the cDNA of transcripts encoding Yes-associated protein
1 (YAP) was selected as HEK293 specific target. Whereas the cDNA of j3-
actin (ACTB) was chosen as a universal marker. The target-specific PCR
primers were fluorescently labeled at 5’-end with fluorophores emitting light
at different wavelengths to identify amplified nucleic acids based on the
fluorescence signal. During the PCR step, fluorescently labeled
oligonucleotides diffuse from the bulk solution into the microcapsule core
and, upon annealing to the target DNA region, get incorporated into PCR
amplicons, thereby converting an amplified DNA into a fluorescent product
(Figure 3.18). The fluorescent probes would only label microcapsules
harboring the target template (e.g., PTPRC, YAP, or ACTB), while empty
microcapsules would remain blank. When a given cell simultaneously
expresses two genes, the microcapsules become fluorescent in two channels.
Given the differential expression of PTPRC and YAP and the ubiquitous
expression of ACTB, it was anticipated that microcapsules containing K-562
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cells would be identified by PTPRC and ACTB signal (cyan), while HEK293
would be identified by YAP and ACTB signal (magenta). The microscopy
analysis confirmed that K-562 and HEK293 cells could indeed be identified
by the fluorescence profile of the amplified markers (Figure 3.18, B and C).
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Figure 3.18. Gene expression profiling in individual cells using microcapsule-based
RT-PCR. (A) Schematic of the experimental design. The mixture of K-562 and
HEK293 cells was isolated in microcapsules, lysed, treated with DNase I, and
subjected to uniplex RT-PCR or multiplex RT-PCR assay using fluorescently labeled
primers targeting the transcripts of interest (PTPRC, YAP, and ACTB). Post-RT-PCR
microcapsules were then analyzed by layering them on a hemocytometer and
recording their fluorescence. (B) Merged images of microcapsules after RT-PCR
targeting one transcript of interest: PTPRC (green), YAP (red), or ACTB (blue).
(C) Merged images of microcapsules after multiplex RT-PCR simultaneously
targeting two or three transcripts of interest: PTPRC and ACTB (cyan), YAP and ACTB
(magenta) or PTPRC, YAP and ACTB (cyan/magenta). Scale bars, 100 pm.
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These results confirmed that GMA-based microcapsules support single-
cell RT-PCR assay enabling cell-type identification based on their digital gene
expression signature. Furthermore, as shown in the next section, the
microcapsules are also compatible with standard flow cytometry instruments
making it possible to perform high-throughput particle analyses in a time-
efficient manner.

3.2.5.Post-RT-PCR microcapsule analysis by flow cytometry

Flow cytometry could provide a high-throughput approach for analyzing
post-RT-PCR  microcapsule samples. Towards this goal, microcapsule
samples carrying amplified material from K-562 cells, HEK293 cells, and a
mixture of both were loaded onto the Partec Cyflow Space FACS instrument
to perform flow cytometry (Figure 3.19). As a proof of concept, up to 30.000
microcapsules were analyzed per experiment, although the total microcapsule
count was not limited and could be easily scaled up. Microcapsules were
analyzed by sequentially gating the distribution of flow cytometry events in
the forward vs. side scatter plot (Figure 3.19, Microcapsule gate), the
fluorescence of Alexa Fluor 647 vs. side scatter plot (Actin gate), and Alexa
Fluor 488 vs. Alexa Fluor 555 intensity plot (Cell marker gate). This enabled
precise quantification of cell-type-specific marker expression and
identification of different cell types in the population.

The results summarized in Table 3.2 show a very close agreement between
the flow cytometry and epifluorescence microscopy measurements. The
microcapsules carrying K-562 cells were PTPRC positive (3.19 % and 3.63 %
events for microscopy and flow cytometry analysis, respectively), whereas
those with HEK293 cells were YAP positive (4.84 % and 5.46 % events for
microscopy and flow cytometry analysis, respectively), approaching the
theoretical number of microcapsules with cells (~5-6 %). The microcapsules
prepared with a mixture of K-562 and HEK293 cells showed two distinct
populations either positive for the PTPRC or YAP marker. K-562 and HEK293
co-encapsulation events were rare (0.02—0.15 %) and followed the Poisson
distribution. Dedicating one channel for a cell type-specific marker gene and
one for a ubiquitously expressed gene facilitated the digital profiling of single
cells. For instance, 99.07 % of PTPRC-positive events were also positive for
the ACTB marker in the sample containing K-562 cells, and 94.57 % of YAP-
positive events were also positive for the 4CTB marker in the sample
containing HEK293 cells.
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Altogether, these results confirmed that post-RT-PCR microcapsules and
their fluorescence can be detected using flow cytometry, which significantly
reduces the time required to complete the analysis.
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Figure 3.19. Flow cytometry of post-RT-PCR microcapsule samples. Scatter plots
show three microcapsule samples containing a mixture of K-562 and HEK293 cells
(A), K-562 cells (B), and HEK293 cells (C). The microcapsules were first gated based
on forward vs. side scatter signal (Microcapsule gate). The resulting sub-population
was then gated by ACTB marker expression (Actin gate), and finally, the expression
of PTPRC and YAP markers was evaluated based on the fluorescence scatter plot (Cell
marker gate). The percentages indicate the total events.
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Table 3.2. Comparative analysis of the multiplex single-cell RT-PCR results using
flow cytometry and epifluorescence microscopy.

YAP,
Total YAP & PTPRC & YAP & ?
S 1 ACTB YAP
AMPE | counts ACTB HIERC ACTB PTPTC 8‘:?’:&
Microscopy analysis
K-562 2822 285 3 3 90 90 2 2
(10.1%) (0.11%) (0.11%) (3.19%) (3.19%) (0.07%) (0.07%)
HEK293 2128 272 103 102 0 0 0 0
(12.78%) (4.84%) (4.79%) (0.0%) (0.0%) (0.0%) (0.0%)
K-562 & 2006 361 69 68 36 36 3 3
HEK293 (18.0%) (3.44%) (3.39%) (1.79%) (1.79%) (0.15%) (0.15%)
Flow cytometry analysis
K-562 23628 2565 84 18 858 850 1 1
(10.86%) (0.36%) (0.08%) (3.63%) (3.60%) (<0.01%) (<0.01%)
HEK293 19574 2800 1069 1011 1 1 6 6
(14.30%) (5.46%) (5.17%) (<0.01%) (<0.01%) (0.03%) (0.03%)
K-562 & 31061 5881 940 863 524 516 6 5
HEK293 (18.93%) (3.03%) (2.78%) (1.69%) (1.66%) (0.02%) (0.02%)

Both flow cytometry and microscopy analyses showed that there is a
subpopulation with a fluorescent signal corresponding to the ACTB target
alone and lacking PTPCR and YAP expression. A fraction of 4ACTB-positive
events (Table 3.2, 3™ column) was approximately 3-times higher than the
number of target-specific YAP (4™ column) or PTPRC (6™ column) events.
Considering the significant excess of ACTB-positive events compared to the
number of loaded cells, it was postulated that these false-positive events might
represent ambient RNA molecules that were present in the initial cell
suspension (before the isolation) due to premature cell lysis. These
observations were supported by the previous reports showing that scRT-PCR
in W/O droplets leads to increased positive counts compared to the actual
number of cells (112,207). In addition, ambient mRNA molecules released
during cell preparation and encapsulation were identified as the most likely
source of these events (114). In this context, accurate detection of false-
positive events is important for any future diagnostic and biological
applications as these events may create undesirable artifacts in nucleic acid
quantification and analysis. As shown in the next section, an independent
fluorescence readout was required to efficiently discriminate the true-positive
and false-positive events and simultaneously identify the cells lacking the
expression of the cell-specific marker gene.

3.2.6.Discrimination of true-positive and false-positive events

Accurate differentiation of the fluorescent microcapsules that carry a cell
(true-positive events) from the fluorescent microcapsules that lack a cell but
happen to have ambient mRNA molecules (false-positive events) might be
challenging since the end-point fluorescent signal can be indistinguishable
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between these events. For example, results presented in Figure 3.18, C show
that separation of the microcapsules that contain cells and those that contain
cell-free RNA is difficult, if not impossible, to achieve. To overcome this
analytical drawback, the microcapsule-based multiplex scRT-PCR approach
presented in section 3.2.4 was slightly changed by modifying cell lysis
conditions. It was postulated that using mild-lysis conditions, cell nuclei
would retain their compact structure during all reaction steps and, as a result,
could be used as a reference to identify the microcapsules with the isolated
cells irrespective of their transcriptional activity.
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Figure 3.20. Detection of true/false-positive and true/false-negative events after
single-cell multiplex RT-PCR in microcapsules. (A) Illustration of an experimental
scheme where a typical biological analyte comprising cells and ambient RNA is
isolated in microcapsules, subjected to multiplex RT-PCR, and evaluated by
fluorescence imaging. (B) Representative microscopy images of the microcapsules
after multiplex scRT-PCR targeting ACTB, PTPRC, and YAP markers. (C) 3D
fluorescence profiles of microcapsules in the Alexa Fluor 647 (ACTB) channel
correspond to a cell with amplicons, a nucleus alone, amplified ambient RNA, and an
empty microcapsule. The heat colors indicate pixel intensity.
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To verify this approach, the mixture of K-562 and HEK293 cells was
isolated in microcapsules, fixed in ice-cold ethanol, and permeabilized in
mild-lysis conditions using non-ionic detergent (see Materials and Methods).
The microcapsules were then subjected to regular multiplex RT-PCR. Digital
analysis of post-RT-PCR samples revealed that using mild-lysis conditions,
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cell nuclei not only remained intact but also emitted a characteristic and
spatially confined fluorescence in all channels (Alexa Fluor 647 (ACTB),
Alexa Fluor 488 (PTPRC), and Alexa Fluor 555 (YAP)), presumably due to
the non-specific uptake of fluorescently labeled PCR probes (Figure 3.20, B
and C). However, the fluorescence emitted from the nuclei could be enhanced
by staining with a DAPI dye, which was relevant when working with smaller
primary cells, such as PBMCs. In contrast, the fluorescence of PCR amplicons
was uniformly distributed across the entire microcapsule volume. Therefore,
measuring the fluorescence profile of the entire microcapsule provides a
straightforward approach to correctly identifying the microcapsules that carry
cells and separating them from the microcapsules with cell-free nucleic acid
molecules (Figure 3.21).
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Figure 3.21. Microscopy-based characterization of a sample comprising a mixture of
K-562 and HEK293 cells. Grey color shows microcapsules that exhibit any
fluorescent signal; orange color shows microcapsules that contain a cell; blue color
shows microcapsules that exhibit RT-PCR signal lacking a cell; purple, green, and red
colors show microcapsules positive for ACTB, PTPRC, and YAP marker, respectively.
Each plot is represented by >300 counts.

Taking advantage of this analytical feature, cell-free RNA levels were
evaluated in a sample with co-encapsulated K-562 and HEK293 cells for three
housekeeping genes, including ACTB, B-2-microglobulin (B2M), and TATA-
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box binding protein (7BP). It was anticipated that highly-abundant ACTB
transcript would have an increased contamination level as more RNA
molecules would be released prematurely by the compromised cells. As
expected, the number of cell-free microcapsules displaying a fluorescent
signal for the ACTB marker constituted 16 % of all positive ACTB counts but
dropped to 0.8 % when targeting the 7BP gene (Figure 3.22). Based on the
literature reports, 7BP is being expressed at ~10 copies per cell (208), and
gPCR results showed ~60 times lower expression levels compared to the
ACTB gene. Furthermore, being able to identify and quantify the true/false
positives and true/false negatives made it possible to evaluate the statistical
characteristics of the multiplex RT-PCR assay. The assay specificity was in
the range of 97.71-99.93 %. The sensitivity was estimated to be 98.65 % for
ACTB and 92.57 % for YAP when analyzing HEK293 cells and 98.37 % for
ACTB and 71.74 % for PTPRC when analyzing K-562 cells. The cell-type
specific markers YAP and PTPRC displayed very high positive predictive
values (PPVs), 98.56 % and 99.25 %, respectively. Negative predictive values
(NPVs) were also very high, 99.60 % and 98.23 %, respectively. However, it
is worth noting that these values are not fixed and depend on sample quality,
cell type, physiological state, or target selection (as revealed in the following
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Figure 3.22. The ambient RNA levels for ACTB, B2M, and TBP housekeeping genes
in a mixture containing K-562 and HEK293 cells. The ambient RNA levels were
determined by performing multiplex RT-PCR and recording the fraction of the cell-
free microcapsules positive for a given housekeeping gene. The percentage on Y-axis
is expressed as (ni/(n1 + n2)) x 100 %, where n; is cell-free microcapsules positive for
a given housekeeping gene and n: is microcapsules with cells positive for a
housekeeping gene. The average Ct values were obtained from three independent bulk
RT-qPCR experiments. The sensitivity of ACTB, B2M, and TBP marker detection was
98.68 %, 95.76 %, and 97.54 %, respectively.
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Digital profiling of the microcapsules with co-isolated K-562 and HEK293
cells uncovered a subpopulation that lacked detectable levels of PTPRC or
YAP markers yet expressed high levels of a housekeeping gene. To better
understand the origin of these cells, multiplex scRT-PCR was repeated on
each cell line independently. In agreement with FACS results (209), this
experiment revealed a bimodal PTPRC gene expression distribution in K-562
cells (Figure 3.23), which are known to differentiate into the erythroid lineage
that lacks PTPRC gene expression (210). However, a limited degree of
bimodality may be caused by transcriptional bursts (211), cell cycle
dependence (212), and stochastic effects (213). All of them may give rise to
cells that appear to lack a transcript of interest at a given moment in time. In
addition, compromised cell viability could also result in a bimodal
distribution, which might be the case for YAP expression in HEK293 cells.
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Figure 3.23. Digital profiling of K-562 and HEK293 cells for ACTB, PTPRC, and
YAP gene expression. Kernel density estimate (KDE) plots represent the fluorescence
distribution in microcapsules after multiplex RT-PCR targeting for ACTB (blue),
PTPRC (green), and YAP (red) transcripts in individual cell lines. For ACTB profiling,
all microcapsules harboring nuclei were plotted, while for PTPRC and YAP profiling,
only microcapsules bearing nuclei and being positive for ACTB were selected and
plotted.

3.2.7.Leukemia cell discrimination from PBMCs

To demonstrate the potential use of the developed microcapsule
technology for biomedical applications, primary human cell profiling was
conducted. For that purpose, previously-frozen peripheral blood mononuclear
cells (PBMCs) were isolated in microcapsules and subjected to scRT-PCR
targeting the commonly used blood cell marker PTPRC (also known as
CD45). Considering the well-established fact that PBMCs are positive for the
PTPRC marker, it was expected to achieve a >95 % detection rate. The
microscopy-based analysis of the post-RT-PCR microcapsules revealed that
only 77.2 % of the encapsulated cells were positive for the PTPRC marker
(Figure 3.24). Profiling PBMCs for another ubiquitous marker (B2M) showed
a similar detection rate (74.6 %). These numbers, however, matched the
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fraction of viable cells (~77 %) very closely, as determined by trypan blue
staining, pointing out that cell detection rate by scRT-PCR correlates with cell

viability.
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Figure 3.24. ScRT-PCR output from thawed PBMCs. (A) The strategy used to
identify microcapsules with isolated cells was based on DAPI peak intensity. The
scatter plot is represented by 4000 counts. (B) PTPRC and B2M marker detection in
microcapsules with nuclei. The scatter plot is represented by 500 counts.
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After confirming RT-PCR product generation from primary human cells,
PMBCs were spiked with acute promyelocytic leukemia cells (NB-4), and the
pooled sample was used to identify the leukemic cells based on the expression
of the fused gene PML-RARc. It was shown previously that NB-4 cells and
primary leukemia samples have a similar PML-RAR « expression level (214).
Single-cell multiplex RT-PCR was applied as an alternative to the standard
method where instead of analyzing individual cells, the total RNA is extracted
from the blood sample and subjected to cancer diagnostics by bulk RT-PCR
(214,215). The results presented in Figure 3.25 indicate that individual
leukemia cells were identified in the mixture of PBMCs using microscopy (A)
and flow cytometry analysis (B), although the fraction of detected NB-4 cells
appeared ~2-fold lower than the theoretical prognosis.

To better understand this discrepancy, the expression level of PML-RAR«
transcript in NB-4 cells was quantified using qPCR. This experiment showed
that PML-RAR « expression was ~200-fold lower than for PTPRC or TBP,
which roughly translates to less than 1 copy of PML-RAR« transcript per cell,
on average. Therefore, it is reasonable to assume that not all NB-4 cells were
expressing PML-RARa at a given moment in time, thus explaining the
difference in the observed counts. In this context, it is worth noting that digital
profiling of another fusion transcript (BCR-ABL) in K-562 (expressed at
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approximately 40 copies per cell on average (216)) resulted in a 98.6 %
detection rate (Figure 3.26).
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Figure 3.25. RNA cytometry of acute promyelocytic leukemia cells and human
peripheral blood mononuclear cells (PBMCs). (A) Microscopy-based and (B) flow
cytometry-based analysis of human PBMCs spiked with different dilutions of NB-4
cells. The multiplex scRT-PCR targeted PTPRC (CD45) and PML-RAR a transcripts.
The PBMCs were detected by the expression of a marker gene PTPRC; the NB-4 cells
were quantified by recording the co-expression of PTPRC and PML-RAR«. The
percentages depict the fraction of the total counts. The scatter plots are represented by
500 (A) and ~4000 (B) counts.
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Figure 3.26. Digital profiling of NB-4 and K-562 cells for PML-RARa and BCR-ABL
gene expression. KDE plots represent the fluorescence distribution in microcapsules
after multiplex RT-PCR targeting for PML-RAR« (purple) and BCR-ABL (orange)
transcripts in individual cell lines. For fusion transcript distribution analysis, all
microcapsules harboring nuclei and being positive for housekeeping gene (B2M),
were selected and plotted.
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Altogether, the RNA cytometry concept presented in this study offers a
practical and easily customizable approach for rapid and highly sensitive
digital profiling of thousands of individual cells and is advantageous over the
existing droplet and plate-based RT-PCR platforms. More importantly, GMA
microcapsules are not limited to the RT-PCR assay and can be easily extended
to diverse molecular biology applications. As presented in the following
section, it can be applied to single-cell RNA sequencing.

3.3. Single-cell RNA sequencing
3.3.1.The strategy used to capture single-cell transcriptomes

As shown in the previous section, the GMA microcapsules can be used to
release the genetic material after extracting it from the individual cells and
processed through multiple buffers and biochemical reactions. Based on these
results, it was anticipated that microcapsules developed in this work could
provide an advantage over existing droplet-based and plate-based single-cell
RNA sequencing (scRNA-Seq) approaches, where cell lysis and mRNA
barcoding are performed in the same reaction under suboptimal conditions,
and in the presence of intracellular inhibitors (e.g. RNases).

To demonstrate microcapsule implementation for scRNA-Seq, the
workflow depicted in Figure 3.27 was pursued. Similar to scRT-PCR, cells at
a limiting dilution were isolated in microcapsules and subjected to harsh lysis
by dispersing the microcapsules in a chaotropic lysis mix, followed by gDNA
depletion in the presence of DNase I (Figure 3.27, A). The microcapsules
bearing the purified total RNA from single cells were subjected to inDrops
platform (2,86) to conduct the mRNA barcoding step. Briefly, GMA
microcapsules were loaded in W/O droplets along with barcoding hydrogel
beads and reverse transcription reagents. The semi-permeable nature of the
microcapsule shell permits reverse transcription reagents and barcoding DNA
primers to diffuse into the microcapsule core, followed by polyadenylated
RNA capture on the poly(dT) region and cDNA synthesis initiation (Figure
3.27, B). After this step, cDNA molecules were labeled with cell-specific
barcodes and could be pooled together for the subsequent library preparation
and sequencing.
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Figure 3.27. Single-cell RNA sequencing strategy using GMA microcapsules.
(A) Single-cell isolation in microcapsules followed by mRNA purification.
(B) Microcapsule loading in W/O droplets with barcoding beads and reverse
transcription reagents. Following barcode release, oligonucleotides traverse the semi-
permeable shell and initiate cDNA synthesis inside the microcapsule core.

3.3.2. Analysis of mammalian cell transcriptomes

The first attempts to validate microcapsules for whole transcriptome
analysis were addressed using cultured mammalian cell lines. As a model
system, a mixture containing an even ratio of mouse NIH-3T3 and human K-
562 cells was isolated in GMA microcapsules, followed by harsh lysis and
gDNA depletion. Then, microcapsules containing RNA molecules were
loaded into W/O droplets to conduct mRNA barcoding (the workflow termed
CapDrop). In parallel, the scRNA-Seq library was prepared by supplementing
the reverse transcription reaction with collagenase A to decompose the GMA
shell, which might also enhance mRNA capture efficiency (the workflow
termed CapDrop + ColA). As a reference, the standard inDrops protocol,
where single cells were loaded in droplets without using the microcapsules,
was also included.

Comparative analysis revealed that single-cell processing (lysis and RNA
purification) in microcapsules before the barcoding step increased transcript
and gene counts by approximately 1.5-fold (Table 3.3). An improved mRNA
capture could be attributed to a more efficient mRNA release under harsh lysis
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conditions in microcapsules and subsequent washes to remove RNases and
other intracellular inhibitors that might be present in a cell lysate.

Table 3.3. Comparative analysis of the mean and median values of transcripts (UMI)
and gene counts after sScRNA-Seq using CapDrop, CapDrop + ColA, and inDrops. All
three samples showed similar sequencing saturation (0.336-0.386).

Sample Mean UMI Median UMI Mean genes Median genes
CapDrop 12012 11659 2953 2882
CapDrop + ColA 12157 11678 3011 2920
InDrops 7637 7000 2051 1988

The second aspect of CapDrop and inDrops method evaluation was the
analysis of barcoding specificity. A cell with more than 80 % of all reads
aligned to the human genome was classified as a K-562 cell, and a cell with
more than 80 % of all reads aligned to the mouse genome was classified as a
NIH-3T3 cell. The remaining cells (barcodes, BCs) were identified as
multiplets as they had a significant fraction of reads belonging to both cell
lines. As expected, CapDrop showed a similar cell doublet ratio as inDrops —
8.12% vs. 6.52% (Figure 3.28, A).

A CapDrop CapDrop + ColA InDrops
] @ Mouse (876 BCs) 25000 : @ Mouse (868 BCs) . @ Mouse (1760 BCs)
A 20000+ ., ©Human (913 BCs)| o © Human (965 BCs)| ¢ 15000 B+ <@Human (1561 BCs)
S °0 Mixed (126 BCs) | S 20000 © Mixed (196 BCs) | § % . oMixed (234 BCs)
3 15000 Q 3
o o o
T T 150001 © 10000+
S 100004 o o
@ g 100004 @
> 3 > 50004
o 50004 o o
5000 4 )
= = = 3t oo .
0 01 0 :
0 10000 20000 0 10000 20000 30000 0 10000 20000
Human total counts Human total counts Human total counts
B C Human total counts Mouse total counts
30000 25000
25000 20000
20000
o & 15000 &
£ 15000 < <
> S 10000 35
10000
® CapDrop
® CapDrop+ColA 5000 5000
@ InDrops
UMAP 1 UMAP 1 UMAP 1

Figure 3.28. RNA sequencing results from individual K-562 and NIH-3T3 cells.
(A) Scatter plots show species mixing events from three workflows: (i) CapDrop, (ii)
CapDrop + ColA, and (iii) inDrops. (B) UMAP plot shows single-cell transcriptomes
derived from three methodologies distributions between the formed clusters. (C)
UMAP plots show human and mouse count distribution between the clusters.
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Furthermore, projecting the single-cell transcriptomes on Uniform Manifold
Approximation and Projection (UMAP) showed homogeneous transcriptome
distribution for all three methodologies and confirmed that there were no
obvious differences between CapDrop and inDrops (Figure 3.28, B and C).
The results also showed that GMA shell decomposition by collagenase A
during the reverse transcription step did not have any clear effect on UMI and
gene capture.

Having confirmed that microcapsule-based single-cell RNA sequencing
faithfully captures nucleic acids derived from single cells without obvious
biases, CapDrop was applied to a more challenging biological sample —
bacterial cells, which is introduced in the next section.

3.3.3. Analysis of bacterial cell transcriptomes

In contrast to mammalian scRNA-Seq, bacterial cell profiling has many
more challenges, including low RNA content, lack of mRNA polyadenylation,
and a resistant cell envelope. Due to these reasons, the scRNA-Seq strategy
for mammalian cells presented in Figure 3.27 was not optimal and had to be
modified to enable bacterial cell analysis. At first, a two-step lysis approach
was conducted, where lysozyme-induced lysis was followed by a treatment in
the chaotropic reagent (see Materials and Methods). Secondly, to capture
RNA molecules via the poly(dT) region located on the barcoding primer,
microcapsules with total purified RNA were subjected to the polyadenylation
step. As a result, all RNA molecules, including highly abundant ribosomal
RNAs, were labeled with polyA tail.

To demonstrate RNA sequencing from individual bacterial cells, E. coli
MG1655 and B.subtilis 23857 were mixed at an equal ratio and encapsulated
at a limiting dilution such that each microcapsule, on average, would contain
no more than one cell. As a reference, either E. coli MG1655 or B. subtilis
23857 cells were encapsulated separately. The isolated cells were subjected to
multi-step processing, including two-step lysis, gDNA depletion, and RNA
polyadenylation. Microcapsules bearing polyadenylated RNA molecules were
then loaded onto inDrops platform to conduct RNA barcoding, followed by
library construction and sequencing (see Materials and Methods). As a proof-
of-concept, ~3000 positive microcapsules from each sample were barcoded.

The first question that had to be answered from the sequencing results was
barcoding specificity. Similar to mammalian cell sequencing and data
analysis, a threshold of 80 % gene counts was used to assign cell identity for
every demultiplexed barcode. Although not-equal representation of the two
species occurred, the results revealed that 92 % of barcodes were assigned to
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one species, and 8 % remained as multiplets (Figure 3.29, A, first scatter plot).
Interestingly, the sample with separate species isolation in microcapsules and
mixing before the barcoding (Figure 3.29, A, second scatter plot) showed a
very similar multiplet frequency (8.5 %), which confirms that multiplets were
not originated from the E. coli and B. subtilis co-encapsulation events or
physical cell interaction. Independent E. coli and B. subtilis sequencing (B)
indicated that the assignment to the corresponding species was highly specific,
and just a few discrepancies occurred in the B. subtilis sample, where 0.2 %
barcodes were assigned to E. coli, and 0.6 % were assigned to both bacterial
species. These results confirmed that most of the multiplets could be explained
by the co-occurrence of the same barcode and/or co-encapsulation of two or
more microcapsules with one barcode during the cDNA synthesis step.

To evaluate UMI counts in each species, the sample prepared by cell co-
encapsulation was selected (Figure 3.29, A, first scatter plot). Using the knee
plot, cells bearing more than 100 UMIs were selected (C), and then the
distributions of total counts (D), rRNA counts (E), and mRNA counts were
plotted (F). As expected, more than 80 % UMIs originated from rRNA
barcoding.

Sequencing reads enriched in rRNA are undesirable and have to be
reduced, aiming to capture mRNA and extract biologically meaningful
information more efficiently. In a recently published work, this limitation was
overcome by 58S, 16S, and 23S rRNA depletion using blocking primers, which
prevented rRNA polyadenylation and the subsequent amplification (217). In
addition, RNA capture efficiency is strongly influenced by template switching
during the reverse transcription step. Template switching is known to be
biased to RNA molecules having a 5'-terminal 7-methylguanylate (m’G) cap,
which is present in eukaryotic but not prokaryotic mRNA molecules (218). In
contrast, prokaryotic mRNA molecules have a 5'-terminal triphosphate group,
which could be modified to (m’G) cap by Vaccinia virus Capping Enzyme
(218). Another possible strategy is a randomly primed second-strand synthesis
after reverse transcription to append a second oligonucleotide handle for
whole transcriptome amplification (219). In this way, those mRNA molecules
that were successfully reverse transcribed but to which a second
oligonucleotide handle was not appended due to inefficient template switching
would not be lost and would participate in the next steps of library preparation.
In conclusion, these additional RNA processing steps should be prioritized in
order to increase single-cell RNA sequencing quality. It is anticipated that the
unique features provided by microcapsules developed in this work, and the
proof-of-concept study revealed in this chapter, will pave the way to achieving
this ultimate goal.
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Figure 3.29. RNA sequencing results from individual E.coli MG1655 and B. subtilis
23857 cells. (A) Scatter plots represent species mixing events after barcoding bacteria
mixture and (B) after barcoding each species separately. (C) Knee plot of the sample
with co-encapsulated E. coli and B. subtilis. Cells bearing >100 UMIs were selected
for plotting the distribution of total counts (D), ribosomal RNA counts (E), and
mRNA counts (F).
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3.4. Discussion

Multi-step analyte processing is highly common in biological and
biochemical sciences, where reagents need to be added or replaced at a
specific step of the workflow. This is particularly relevant for nucleic acid
analysis, where cell disruption and nucleic acid purification must take place
prior to the amplification and analysis. Such multi-step analyses represent one
of the biggest challenges for droplet microfluidics technology, which is
largely built on single-step reactions, where all the reagents are combined at
once during the cell encapsulation. Although sophisticated technological
solutions exist for conducting multi-step reactions, these are not readily
available to regular molecular biology laboratories and require highly
specialized expertise.

This thesis aimed to provide a simple and practical solution for performing
a high-throughput single-cell analysis compatible with a broad range of
molecular biology protocols. This was achieved by creating semi-permeable
microcapsules that enable efficient isolation and retention of single cells as
well as their nucleic acids through multi-step workflow procedures. These
unique compartments are based on a conceptually simple principle, where a
plurality of cells are isolated in a plurality of aqueous two-phase system
droplets having a liquid core and a liquid shell. Upon a stimulus (cooling
and/or photopolymerization), the liquid shell is converted to an elastic
hydrogel shell, completely enveloping the liquid core. Once the cells are
isolated within the microcapsules, multi-step reactions can be performed by
simply changing aqueous solutions in which microcapsules are dispersed.
Microcapsules featuring biocompatibility, thermostability, chemical stability
in different buffers, high uniformity, and semi-permeable shells should open
new possibilities for performing single-cell research.

Even though the concept and several methods for producing hydrogel
microcapsules were published before and during this work (33,39-
43,189,190), the applications of such microcapsules for single-cell analysis
were not pursued as the works focused mostly on fundamental physical and
chemical research (42,43,189,190). Meanwhile, the works focusing on single-
cell analysis were limited by the complex and inefficient microcapsule
generation restricting their further use (33,40). In this context, alginate-based
microcapsules represent one of the most efficient systems (39), even if it is
limited to cell cultivation.

This study introduced two hydrogel microcapsule compositions based on
PEGDA and GMA hydrogel shells. In both cases, the shells envelop the
dextran-based core, where isolated cells reside, and assays/reactions occur.
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Microcapsules developed in this work share many common features. First,
PEGDA and GMA hydrogel shells ensure that microcapsules retain large
entities (e.g., cells, gDNA, dsDNA >600 bp. and >300 bp., respectively),
while allowing smaller molecules (e.g., proteins, oligonucleotides) to traverse
the hydrogel membrane. Second, both compositions demonstrate high
stability during a variety of laboratory treatments, such as pipetting, vortexing,
centrifugation, PCR cycling, and freezing. However, the different
compositions gave rise to important functional differences. For example,
PEGDA microcapsule diameter is limited to 40—60 um, and the generation of
larger concentric microcapsules becomes very challenging to achieve. In
contrast, GMA microcapsule diameter can be adjusted to 150-200 um while
retaining excellent concentricity. Another major difference was observed in
cell retention. While in GMA microcapsules, cells preferably localize in the
dextran core, in PEGDA microcapsules, cells partition at the PEGDA/dextran
interphase. Finally, one of the most significant differences is the
decomposition of microcapsules. Dissolving PEGDA microcapsules can only
be achieved in a strong alkaline solution at elevated temperatures. GMA
microcapsules, on the other hand, can also be decomposed using proteinase
K, trypsin, or collagenase. Taking into account these differences, it can be
concluded that PEGDA microcapsules are beneficial for bacterial cell
analysis, while GMA microcapsules represent a more universal tool for
isolating and analyzing diverse cell types.

Four single-cell assays — single-genome amplification, multiplex RT-PCR,
RNA sequencing, and cultivation — were implemented to demonstrate
microcapsule use and superiority in corresponding research areas. In the first
part of this study, sequential reactions on Gram-positive and Gram-negative
bacteria were conducted in PEGDA microcapsules to obtain single amplified
genomes (SAGs). In the case of R. rhodochrous and S. mutans bacteria,
efficient SAG generation was possible only by applying a two-step lysis
protocol, where lysozyme-induced lysis was followed by the treatment with
proteinase K and SDS. Such harsh lysis conditions are not compatible with
the W/O droplet technologies. Although hydrogel beads, in principle, are
suitable for multi-step reactions and conditions required for efficient cell lysis,
poor isolated bacterial cell retention and lower DNA yield after MDA limit
their use. As a result, PEGDA microcapsules provide an advantageous
solution for genome amplification, especially for difficult-to-lyse bacteria. As
yet another example, it was demonstrated that individual E. coli cells maintain
their physiological activity in microcapsules and can be expanded into
isogenic microcolonies for the subsequent phenotypic analysis. In general
microcapsule-based phenotypic screening is possible when the molecules of
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interest are either retained within the bacteria or, because of their size, remain
trapped in the microcapsule core, which was the case with the PHB
granules (220). In some cases, cell cultivation in microcompartments is
accompanied by cell recovery required for downstream analysis steps, such as
recultivation (155). Unfortunately, retrieving live cells from PEGDA
microcapsules is difficult, if not impossible, to achieve.

An alternative microcapsule composition comprising a GMA-based shell
was introduced to enable mammalian cell isolation and analysis. These
microcapsules were applied for digital profiling of human leukemia cells,
embryonic kidney cells, and primary PBMCs using a multiplex RT-PCR
assay. Before the analysis, it was anticipated that harsh lysis followed by
gDNA depletion would result in the highest assay efficiency. Even though
bright fluorescent partitions specific to a given cell type were generated, it was
observed that microcapsules with cells and microcapsules with ambient RNA
generated nearly the same fluorescence intensity, highlighting the risk of
accurately quantifying cells based on the gene expression of a single marker.
This limitation could be overcome by targeting two genes simultaneously
(e.g., one ubiquitously and one differentially expressed gene), yet at the cost
of increased assay multiplexing. As yet another analytical strategy, it was
shown that using mild-lysis conditions, nuclei remained intact during all
analytical procedures and provided a convenient way to differentiate true-
positive events (cells) from false-positive events (cell-free nucleic acids) in
the post-RT-PCR sample.

The microcapsule-based scRT-PCR assay specificity was particularly high
(99.12 £ 0.89%) with all target probes used in this work, although the
sensitivity varied from 71 % to 98 % depending on the gene marker, cell type,
and primers used. It was estimated that targeting genes expressed at low to
medium levels (10 to 40 copies per cell) reduced the false positive (ambient
RNA) levels down to ~0.8 % while retaining high assay sensitivity (97.54 %).
The detection of transcripts that are expressed at very low levels (e.g., 1 copy
per cell) was also successfully achieved, although it may need further
optimizations, one of which may involve using targeted RT primers (221).

An important advantage of the microcapsule-based technique reported in
this work is that nucleic acids encoded by single cells can be efficiently
purified under a variety of lysis conditions leading to improved enzymatic
reactions. Also, the compatibility of microcapsules with freezing in alcohols
allows isolated samples to be stored for longer periods. The ability to entirely
replace microcapsule content at any given step in a protocol should make
microcapsules broadly applicable to different formats of multiplexing,
including in situ hybridization and imaging (222).
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The post-RT-PCR microcapsule analysis was performed using flow
cytometry and epifluorescence microscopy without any clear discrepancies
between these approaches. In cases where time is a limiting factor and a high
number of cells needs to be analyzed (n >10.000), flow cytometry provides an
optimal option. On the other hand, the results of microscopy analysis are easier
to interpret, especially during assay development. Although not used in this
study, imaging flow cytometry for post-RT-PCR microcapsule analysis could,
in principle, provide the most appealing option by combining imaging data
with the throughput of flow cytometry.

The multiplex scRT-PCR assay developed in this study could be expanded
to other research areas, such as analysis of gene isoforms (223), clinically
relevant marker expression (224), or genetic aberrations (214,215,225,226). It
could quantitively assess the distribution and frequency of somatic mutations
in a panel of cancer-driving genes and benefit cancer diagnostics (227-229).
Microcapsule-based overlap extension RT-PCR could also be applied for
natively paired sequencing of B and T cell receptors to understand adaptive
immunity in health and disease (12,91,113,205,206,230,231).

The applicability of GMA microcapsules can be extended beyond RT-
PCR, as demonstrated in the last part of this study. RNA molecules originating
from a single mammalian and bacterial cell can be barcoded and sequenced to
obtain the whole transcriptome-encoded information. The experimental
strategy using microcapsules sharply contrasts with the existing droplet-based
scRNA-Seq platforms (2,98), where cell lysis and reverse transcription steps
are performed in a single compartment highlighting the risk of suboptimal
conditions. This is exemplified by approximately a 1.5-fold increase in gene
and transcript counts when single-cell lysis and RNA purification were done
in microcapsules. Although bacterial cell RNA sequencing results showed a
very shallow transcriptome profiling, it still remains a highly promising
strategy pending further optimizations. It is anticipated that the rRNA
depletion (217) and more efficient mRNA capture and amplification
(218,219) would improve mRNA sequencing results. Also, considering the
time required for cell isolation in microcapsules and rapid bacterial mRNA
turnover, it is important to perform cell fixation step before the encapsulation
(232). In addition, GMA microcapsules being biocompatible, provide an
option to cultivate single bacterial cells into isogenic colonies. As shown in
some literature reports, isogenic colony RNA-sequencing bypassed low RNA
content and significantly increased UMI counts per cell (29,30). Moreover,
the microcapsules presented in this work could be used with an alternative
barcoding option based on a combinatorial split-and-pool process (233,234).
Due to the selective permeability of the microcapsule shell, the short
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barcoding oligonucleotides can be delivered during the several rounds of
nucleic acid barcoding reactions while also ensuring the retention of longer
(barcoded) nucleic acids inside the core.

In conclusion, the semi-permeable microcapsule concept that is reported in
this doctoral thesis provides the basis for a variety of single-cell assays that
could be built and adapted for various research goals. It can be anticipated that
these novel compartments will eventually benefit diagnostics, cell biology,
and biomedicine.
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CONCLUSIONS

. Semi-permeable microcapsules have been developed using an aqueous
two-phase system consisting of PEGDA and dextran.

. PEGDA microcapsules were found to efficiently retain bacterial cells and
allow genomic DNA amplification, cultivation, and assessment of
metabolic activity.

. The localization of mammalian cells between the outer and inner phases in
PEGDA microcapsules makes the isolation and analysis of these cells
impractical and inefficient.

. An aqueous two-phase system consisting of GMA and dextran can be used
as an alternative composition of semi-permeable microcapsules.

. Microcapsules with a GMA shell exhibit efficient cell and nucleic acid
retention (= 300 bp), stability, and biocompatibility, making them suitable
for the analysis of nucleic acids from single mammalian cells.

. Single-cell RT-PCR in GMA microcapsules provides an accurate and
sensitive method for the analysis of single cells against target genes.

. GMA microcapsules have enabled the development of a new method for
the whole transcriptome analysis of single mammalian and bacterial cells.
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SANTRAUKA
Ivadas

Biologinéms sistemoms, sudarytoms net i§ nedidelio lasteliy skai¢iaus, yra
biidingas heterogeniskumas. Sio heterogeniskumo atskleidimas yra svarbus
uzdavinys siekiant suprasti lgsteliy savybes, funkcijas ir jy tarpusavio
skirtumus (1). ISsamiam biologinio méginio charakterizavimui daznai
prireikia nepriklausomai iSanalizuoti tikstancius lgsteliy, o tai tampa praktiska
tik tuomet, kai taikomi didelio naSumo analizés metodai (2-5).

Laseliais paremtos mikroskysciy technologijos yra vienos i§ placiausiai
taikomy didelio nagumo sistemy, kurios leidzia atlikti ~10° reakcijy vieno
eksperimento metu (6-9). Analizés principas remiasi tuo, jog paviengés lastelés
ar biomolekulés yra izoliuojamos ] pikolitro-nanolitro tiirio vandens laSelius
ir analizuojamos taikant jvarius molekulinés biologijos metodus. Tarp
svarbiausiy mikroskysciy technologijy taikymy buty galima iSskirti Siuos:
antikiing repertuaro analizé (10-12), jvairios atrankos sistemos (13-16),
kryptinga baltymy evoliucija (17,18), skaitmeniné PGR (19) bei pavieniy
lasteliy sekoskaita (8,20,21).

Nepaisant plataus taikymo ir reik§mingo indélio gyvybés moksly srityje,
mikroskysciy technologijoms budingi tam tikri esminiai trukumai. Didzioji
dalis molekulinés biologijos metody yra sudaryti i§ keliy nepriklausomai
atlickamy etapy/reakcijy, kuriy atskyrimas yra svarbus bendram proceso
efektyvumo uZztikrinimui. Pavyzdziui, norint padauginti lasteliy geneting
medziagg, pirmiausia atlickamas lasteliy ardymas ir nukleoriig§ciy
gryninimas ir tik po to iSgryninta DNR ar RNR perkeliama j nukleoriig§¢iy
padauginimo reakcijas. Tokiu bidu uZtikrinama, jog salygos, kurios
reikalingos efektyviam nukleortigs¢iy iSgryninimui, neslopinty tolimesniy
fermentiniy reakcijy. Taciau Sias keliy etapy reakcijas yra itin sudétinga
perkelti j laSeliy formata, kadangi laseliy turinio pakeitimas jau po jy
formavimo yra techniSkai sudétingas procesas, o reagenty pasalinimas yra
nejmanomas. Pakopiniy reakcijy atlikimas laSeliuose kai kuriais atvejais yra
jmanomas taikant jvairias skys¢iy manipuliacijas: laseliy grazinima j lusta
(22-24), suliejimg (22-25), piko-injekcijas (26,27) ir laseliy dalijima (28). Vis
delto, Siuos procesus yra itin sunku atlikti molekulinés biologijos
laboratorijose dél reikalingy specializuoty darbo su mikroskysciais jgtidziy.

Hidrogelinés mikrosferos suteikia alternatyvy ir paprastesnj buda taikyti
tam tikras keliy etapy molekulinés biologijos metodikas. Jy panaudojimo
principas remiasi pavieniy lasteliy izoliavimu porétame hidrogeliniame tinkle
ir po to sekanciu hidrogeliniy sfery pernesimu tarp skirtingy reakcijos/analizés
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misiniy. Dél tankaus hidrogelinio tinklo Igstelés ir didelés molekulinés masés
molekulés (pvz., genominé DNR) licka fiziskai izoliuotos, o analizei
naudojami reagentai difuzijos budu keliauja j ir i§ hidrogelinés sferos. Bty
galima iSskirti dvi pagrindines hidrogeliniy mikrosfery panaudojimo kryptis:
pavieniy lasteliy kultivavimas (29-31) ir nukleoriigs¢iy paruosSimas
padauginimui, kuomet taikomos grieztos lasteliy ardymo salygos ir po jy seka
bent keletas praplovimo etapy (32,33). Pastarasis taikymas yra itin aktualus
dirbant su mikroorganizmais, kadangi metodai, j kuriuos jeina bakterijy lize,
formatg (32). Vis délto, nepaisant reikSmingo postiimio derinant pakopines
reakcijas su didelio naSumo pavieniy lasteliy analize, didZioji dalis
hidrogelinémis sferomis paremty metody susiduria su sunkumais, kurie
uzkerta kelig platesniam ir efektyvesniam Sios sistemos panaudojimui. Visy
pirma, hidrogeliniy mikrosfery formavimo metu dalis Igsteliy yra prarandama
dél jy polinkio lokalizuotis tarp vandens ir alyvos faziy (34-37). Taip pat,
tolygus hidrogelinés mikrosferos porétumas privercia rinktis tarp fermentiniy
reakcijy efektyvumo ir izoliuoty molekuliy islaikymo. D¢l Sios priezasties
dalis iki $iol publikuoty darby atlieka hidrogeliniy mikrosfery patalpinimg j
vandens laSelius tam, kad bty uzbaigti paskutinieji analizés etapai (32,38).
Taigi, atsizvelgiant tiek j vandens laSeliy, tiek j hidrogeliniy mikrosfery
savybes, buvo akivaizdu, jog reikia universalesnés sistemos, leidziancios
paprascCiau atlikti sudétingas molekulinés biologijos reakcijas su pavienémis
lastelémis.

Rezultatai pateikti Siame darbe pristato naujo tipo mikrokompartmenty
(mikrokapsuliy), kuriy skiriamasis bruozas yra skystas laSelio pavidalo vidus,
apsuptas plonu hidrogelio apvalkalu, iSvystyma ir taikymg. Hidrogelinis
apvalkalas veikia kaip selektyviai pralaidi membrana: sulaikomos izoliuotos
lastelés ir didelés molekulinés masés molekulés, o mazos molekulés (pvz.,
fermentai, oligonukleotidai, mitybinés terpés komponentai) gali difuzijos
bidu patekti j mikrokapsulés vidy. D¢l Sio selektyvaus pralaidumo
mikrokapsulés yra tinkamos atlikti pakopines reakcijas perneSant jas tarp
atitinkamy reakcijos miSiniy naudojant jprasta laboratoring pipete ir
meégintuvélius. Nors keletas mikrokapsuliy paruo§imo metody buvo pristatyti
anksCiau (33,39-43), né vienas i§ jy nebuvo tinkamas sudétingiems
molekulinés biologijos tyrimams, paremtais nukleortigs¢iy padauginimu ir
analize.

Vandeninés dvifazinés sistemos, sudarytos i$ hidrofiliniy polimery, buvo
pasirinktos kuriant dviejy tipy selektyviai pralaidzias mikrokapsules. Pirmoji
sistema buvo sudaryta i$ dekstrano ir polietilenglikolio diakrilato (PEGDA),
kurie atitinkamai suformavo mikrokapsulés viding dalj ir apvalkalg. Sios
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mikrokapsulés buvo pritaikytos pavieniy bakterijy viso genomo
padauginimui, kultivavimui ir fenotipinei analizei. Antroji sistema rémeési
dekstrano ir Zelatinos metakrilato (ZMA) panaudojimu formuojant
mikrokapsules su ZMA apvalkalu. Si alternatyvi mikrokapsuliy sistema atvéré
daug platesnes pavieniy lasteliy tyrimy galimybes. ZMA mikrokapsulés buvo
pritaikytos lasteliy tipui identifikuoti taikant daugybing AT-PGR, RNR
barkodavimui ir sekoskaitai i§ pavieniy zinduoliy Igsteliy bei bakterijy.

Siame darbe iSvystytos mikrokapsuliy sistemos padeda iSspresti
pagrindinius apribojimus, susijusius su laseliy pagrindu veikianciomis
mikroskysciy technologijomis. Dél §ios priezasties yra tikimasi, kad Sis darbas
taps svarbiu pagrindu atliekant tolimesnius tyrimus pavieniy lasteliy
lygmenyje bei dél nesudétingo naudojimo ras pritaikyma laboratorijose,
turin€iose ribotg patirtj mikroskysciy srityje.

Tikslas

ISvystyti, charakterizuoti ir pritaikyti selektyviai pralaidzias hidrogelines
mikrokapsules didelio nasumo kompleksinei pavieniy lasteliy analizei.

Uzdaviniai

1. Panaudojant vandening dvifazing sistema, sudaryta i§ polietilenglikolio
diakrilato (PEGDA) ir dekstrano, sukurti selektyviai pralaidzias
mikrokapsules.

2. vertinti lasteliy izoliavima, kultivavimg ir nukleorigs¢iy analiz¢ PEGDA
mikrokapsulése.

3. Panaudojant vandening dvifazing sistema, sudarytg i§ Zelatinos metakrilato
(ZMA) ir dekstrano, sukurti alternatyvig selektyviai pralaidziy
mikrokapsuliy sistema.

4. Jvertinti ZMA mikrokapsuliy stabilumg bei jy tinkamumga Zinduoliy
lgsteliy izoliavimui bei nukleoriig§ciy islaikymui.

5. Pritaikyti ZMA mikrokapsules pavieniy Zinduoliy lasteliy daugybinei AT-
PGR.

6. Ivertinti ZMA mikrokapsuliy tinkamuma pavieniy Zinduoliy lasteliy ir
bakterijy viso transkriptomo tyrimuose.
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Mokslinis naujumas

Laseliais paremtos mikroskysciy technologijos iSlieka vienu i§ dazniausiy
pasirinkimy atliekant didelio naSumo pavieniy lasteliy analizg. Taciau
konkretaus taikymo (aplikacijos) jgyvendinimo s¢kmé daznai priklauso nuo
molekulinés biologijos metody, kurie reikalingi kuriamai aplikacijai i§vystyti.
Tais atvejais, kai reikalingos daugiapakopés reakcijos, neretai platesnis Siy
technologijy panaudojimas tampa ribotas. Tai ypa¢ aktualu vykdant
nukleoriig§¢iy analiz¢, kuomet tyrimui atlikti reikia keliy sunkiai suderinamy
etapy: lagsteliy lizés ir nukleoriigs¢iy padauginimo.

Siame darbe pristatomas praktiskas ir inovatyvus sprendimas, leidziantis
atlikti didelio nasumo kompleksing pavieniy Iasteliy analiz¢ naudojant
jprastas laboratorines metodikas. Tai buvo pasiekta sukirus PEGDA ir ZMA
mikrokapsules, sudarytas i§ skysto vandens laselj primenancio vidaus ir jj
gaubancio selektyviai pralaidaus hidrogelinio apvalkalo. Mikrokapsuliy
panaudojimo principas gan paprastas: hidrogelinis apvalkalas sulaiko
izoliuotas lgsteles ir didelés molekulinés masés biomolekules (pvz., gDNR,
iRNR), o mazesnés molekulés (pvz., fermentai, oligonukleotidai, mitybinés
terpés komponentai) juda difuzijos budu. Tod¢l jvairiy tipy fermentines
reakcijas ir analizes galima atlikti perkeliant mikrokapsules i§ vieno reakcijos
meégintuvélio | kitg. Be selektyvaus pralaidumo mikrokapsulés pasizymi itin
geru stabilumu veikiant jvairiems cheminiams, fizikiniams ir mechaniniams
veiksniams. Visos Sios savybés leido atlikti jvairius pavieniy lasteliy tyrimus.
Sio darbo rezultatai pateikti dviejuose moksliniuose straipsniuose ir keturiose
patentinése paraiskose, i§ kuriy viena yra licenzijuota.

Disertacijoje pristatomi teiginiai

e Selektyviai pralaidzios mikrokapsulés gali biiti paruoSiamos izoliuojant
hidrofiliniy polimery — PEGDA-dekstrano ir ZMA-dekstrano — porg
laselivose ir atliekant iSorinio sluoksnio polimerizacija.

e Mikrokapsulés islaiko izoliuotas Igsteles ir jy geneting medziagg (gDNR,
iRNR), o mazesnés molekulés (pvz., fermentai, oligonukleotidai) difuzijos
bidu pereina per hidrogelinj apvalkala.

e Mikrokapsulés yra tinkamos didelio naSumo pavieniy lgsteliy analizei
atlikti, kuomet reikalingos sudétingos ir daugiapakopés molekulinés
biologijos metodikos.

e ZMA mikrokapsulés turi pladias taikymo galimybes atliekant pavieniy
lasteliy nukleoriigs¢iy analize¢ AT-PGR ir RNR sekoskaitos metodais.
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MEDZIAGOS IR METODAI
PEGDA mikrokapsuliy i§vystymas ir taikymas

Vandeniniy dvifaziniy sistemy paruoSimas

Vandeninés dvifazinés sistemos (ATPS) buvo ruoSiamos naudojant
5,5 % (m/V) dekstrano, MM ~500k (Sigma-Aldrich, kat. nr. D5251),
3% (m/V) PEGDA, MM 8k (Fisher Scientific, kat. nr. AA46801MD),
3% (V/V) PEGDA, MM 575 (Sigma-Aldrich, kat. nr. 437441-100ML),
0,1 % (m/V) li¢io fenil-2,4,6-trimetil-benzoilfosfinato (LAP) (Sigma-Aldrich,
kat. nr. 900889-5G) ir 1x DPBS (Gibco, kat. nr. 14190144). Tirpalai su visais
komponentais buvo sumaisyti ir 30 min. centrifuguojami >10 000g greiciu,
kad jvykty greitesnis faziy atsiskyrimas. Apatiné (praturtinta dekstranu) ir
virSutiné (praturtinta PEGDA) fazés buvo atskirtos ir laikomos tamsoje iki
inkapsuliacijos pradzios. Lasteléms suspenduoti buvo naudojama dekstrano
fazé (koncentracija siekeé 3 M/ml).

Mikrokapsuliy paruoSimas

PEGDA mikrokapsulés buvo generuojamos naudojant Onyx prietaisg
(DG) ir lustg su 20 um gylio ir 20 um plocio kanalais. Naudoti tékmés greiciai:
50 pl/val. - PEGDA praturtintai fazei, 50 pl/val. - dekstrano praturtintai fazei
su lastelémis ir 250-500 pl/val. - laseliy stabilizavimo alyvai (DG, kat. nr. DG-
DSO-20). Lasteliy skiedimas buvo parinktas toks, kad daugumoje
mikrokapsuliy biity 0 arba 1 lgstelé (lambda verté ~0,1-0,3). Inkapsuliavimas
buvo atlickamas kambario temperatiiroje iki 30-60 min. Emulsija su
izoliuotomis lgstelémis buvo surinkta j 1,5 ml mégintuvélj, pripildyta 200 pl
mineralinés alyvos (Sigma-Aldrich, kat. nr. M5904-500ML). ATPS laseliai i$
karto po inkapsuliacijos buvo apsviesti 2.5 min. 365 nm bangos ilgio Sviesa
naudojant UV lempa (UVP, kat. nr. 95-0127-01). Tais atvejais, kai buvo
atlickamas bakterijy kultivavimas, ATPS laseliai 20 sek. buvo apSviesti
405 nm bangos ilgio lazeriu (Besram Technology Inc. modulis TEMO00) arba
405 nm LED prietaisu (DG, kat. nr. DG-BR-405). Po fotopolimerizacijos
gautos mikrokapsulés buvo iSgrynintos i§ emulsijos naudojant emulsijos
ardymo reagentg (DG, kat. nr. DG-EB-1) ir 1 ml atSaldyto lasteliy plovimo
buferinio tirpalo, kurio sudétis 1x DPBS ir 0.1% Pluronic F-68 (Gibco, kat.
nr. 24040032). Kuomet izoliuotos Igstelés buvo naudojamos kultivavimui,
mikrokapsulés buvo laikomos lasteliy plovimo buferiniame tirpale iki kol
buvo perkeltos | mitybing terpe. Atliekant fermentines reakcijas,
mikrokapsulés buvo du kartus praplautos plovimo buferiniu tirpalu, kurio
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sudétis 10 mM Tris-HCI [pH 7,5] (Invitrogen, kat. nr. 15567027) ir 0,05-
0,1 % (V/V) Triton X-100 (Sigma-Aldrich, kat. nr. X100-100M).

Pavieniy E. coli genomy padauginimas

Po E. coli MG1655 lasteliy izoliavimo j PEGDA mikrokapsules buvo
atlickamas bakterijy lizavimas ir gDNR padauginimas. Bakterijy lizavimas
buvo atlickamas 1 ml lizavimo miSinyje, kurio sudétis 10 mM Tris-HCl
[pH 7,5], 50 U/ul lizocimo (Lucigen, kat. nr. R1804M), 200 pg/ml
proteinazés K (Invitrogen, kat. nr. AM2546), 0,1 % (V/V) Triton X-100 ir
I mM EDTA (Invitrogen, kat. nr. 15575020). Mikrokapsulés sudaré ~10 %
(100 pl) galutinio reakcijos tiirio. Lasteliy lizé buvo atliekama 30 min. 37 °C
temperattiroje ir po to dar 30 min. 50 °C temperatiiroje. Po lizés mikrokapsulés
buvo praplautos 3-5 kartus plovimo buferiniame tirpale.

Pavieniy genomy padauginimas (angl., single-genome amplification-SGA)
buvo atlickamas 100 pul MDA (angl., multiple displacement amplification)
reakcijos miSinyje, kuriame buvo 50 pl mikrokapsuliy suspensijos, 0,5 U/ul
phi29 DNR polimerazés (TFS, kat. nr. EP0092), 0,002 U/ul pirofosfatazés
(TFS, kat. nr. EF0221), 25 uM egzonukleazéms atspariy atsitiktiniy pradmeny
(TFS, kat. nr. SO181), 1 mM dNTP misinio (Invitrogen, kat. nr. 18427013),
I mM DTT (TFS, kat. nr. R0O861) ir 1x phi29 DNR polimerazés buferinio
tirpalo (TFS, kat. nr. EP0092). Reakcija buvo atlickama 30 °C temperatiiroje
12-16 val. Po padauginimo mikrokapsulés buvo 3 kartus praplautos plovimo
buferiniu tirpalu ir naudotos mikroskopinei analizei.

Pavieniy genomy padauginimas mikrokapsulése buvo palygintas su
hidrogelinémis sferomis ir laseliais. Izoliuojant bakterijas j hidrogelines
sferas, vienodais tékmés greiCiais (50 pl/val.) buvo inkapsuliuojami
12 % (V/V) PEGDA, MM 575 ir 1x DPBS, kuriame buvo 3 M/ml E. coli
MG1655 Igsteliy. Alyvos tekmeés greitis buvo 250 pl/val. Po inkapsuliacijos
buvo gauti 6 % (V/V) PEGDA laseliai su pavienémis bakterijomis. Visi
etapai, jskaitant inkapsuliavima, polimerizacija, daleliy gryninima is$
emulsijos, lizavimg ir MDA reakcija, buvo identiski anksciau apraSytam
mikrokapsuliy metodui.

Norint atlikti pavieniy E. coli genomy padauginimg laSeliuose, lizés ir
MDA etapai buvo apjungti. Bakterijos buvo suspenduotos 10 mM Tris-HCI
[pH 7,5] buferiniame tirpale iki 3 M/ml koncentracijos ir inkapsuliuotos
vienodais tékmeés greiciais (50 upl/val.) su 50 pl 2x koncentruotu MDA
reakcijos miSiniu, kurio sudétis buvo: 1 U/ul phi29 DNR polimerazés,
0,004 U/ul pirofosfatazés, 100 U/ul lizocimo, 50 pM egzonukleazéms
atspariy atsitiktiniy pradmeny, 2 mM dNTP misinio, 2 mM DTT, 0,2 % (V/V)
Triton X-100 ir 2x phi29 DNR polimerazés buferinio tirpalo. Po
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inkapsuliavimo bakterijy lizés ir MDA etapai laseliuose buvo atlikti 12-16 val.
30 °C temperatiiroje.

Pavieniy gramteigiamy bakterijy genomy padauginimas

Siame eksperimente su dviem gramteigiamy bakterijy rasimis
(Rhodococcus rhodochrous PY11 ir Streptococcus mutans UA159) buvo
iSbandytos septynios skirtingos lizés-SGA salygos (viena sglyga laseliuose ir
Sesios salygos mikrokapsulése). Nepriklausomai nuo taikyty lizés salygy, po
lizés mikrokapsulés buvo 3-5 kartus praplautos plovimo buferiniu tirpalu ir
perkeltos | MDA reakcijos misinj. MDA salygos, iskaitant reakcijos
komponenty sudétj ir koncentracijas, reakcijos trukme ir temperattira, buvo
tokios pat kaip ir atliekant eksperimentus su E. coli. Po SGA mikrokapsulés
buvo 3 kartus praplautos plovimo buferiniu tirpalu ir naudotos mikroskopinei
analizei.

1 lentelé. Lizés ir SGA salygos, iSbandytos su gramteigiamomis bakterijomis.
Pastaba, jog nurodytos Tris-HCI buferinio tirpalo pH vertés jvertintos esant ~25 °C.

Salyga Lizé-SGA Pirmas Zingsnis Antras Zingsnis Trecias Zingsnis
50 U/ul lizocimo, 0,1% (V/V)
Kontr. Vlen? ZImgsnio Triton X._.IOO’ .lj.( MDA Netaikytas Netaikytas
laseliuose reakcijos misinys.
12 val./30 °C.
50 U/ul lizocimo, 0,1% (V/V)
1. V'1eno ZINgsnio Triton X._.IOO’ .lj.( MDA Netaikytas Netaikytas
mikrokapsulése reakcijos misinys.
12 val./30 °C.
50 Ul lizocimo, 0,1% (v/v) | Mikrokapsules
5 Dviejy zingsniy | Triton X-100, 1 mM EDTA, D s Netaikvas
: mikrokapsulése 10 mM Tris-HCI [pH 7,5]. P A Y
30 min/37 °C 1x MDA miSinj.
- : 12 val./30 °C.
50 U/ul lizocimo, 0,1% (V/V) Mikrokapsulés
Dvieiy inesni Triton X-100, 1 mM EDTA, praplautos ir
3. mikrﬁ(a sﬁlésg 200 pg/ml proteinazés K, perkeltos | Netaikytas
P 10 mM Tris-HCI [pH 7,5]. 1x MDA misinj.
30 min./37 °C ir 30 min./50 °C. 12 val./30 °C
50 Uyl lizocimo, 0,1% (V/V) Papildymas M‘:;“f;ﬁfj:ifs
Trijy Zingsniy Triton X-100, 1 mM EDTA, 200 pg/ml prap .
4. . . . Lo perkeltos
mikrokapsulése 10 mM Tris-HCI [pH 7,5]. proteinazés K. A
30 min./37 °C 30 min./50 °C Ix MDA miSinj.
) i ) ) 12 val./30 °C.
50 U/l lizocimo, 0,1% (V/V) Pza(f(;ldyff;‘f M‘:;“f;ﬁfj:ifs
Trijy Zingsniy Triton X-100, 1 mM EDTA, e prap .
ok mikrokapsulése 10 mM Tris-HCI [pH 7,5] proteinazés K ir perkeltos |
P 0 min 137 Olé »k 1% (m/V) NDS. 1x MDA miginj.
) ) 30 min./50 °C. 12 val./30 °C.
Mikrokapsulés
p Dviejy Zingsniy 0,5 M NaOH ir 1% (m/V) prapllf‘lm’s T Netaik
’ mikrokapsulése NDS. 5 min./21 °C perkeltos ] ctaikytas
: ) 1x MDA miSinj.
12 val./30 °C.
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Bakterijy kultivavimas

E. coli MG1655 ir DH5a Iastelés buvo izoliuotos i PEGDA mikrokapsules,
kaip apraSyta auksciau, ir perkeltos j 30 x 15 mm Petri 1¢ksteles su 2 ml LB
terpés. Izoliuotos lgstelés buvo inkubuojamos 37 °C temperatiiroje 4-16 val.
Transformuotoms DHS5a lgsteléms LB terpé buvo papildyta 100 pg/ml
ampicilino. Norint aptikti polihidroksibutirata (PHB) sintetinancias bakterijas,
jo sintez¢ DHS5a Igstelése buvo indukuota pridéjus 1 mM izopropil B-D-1-
tiogalaktopiranozido (IPTG) (TFS, kat. nr. R1171) ir inkubuojant 30 °C
temperattiroje 8§ val.

Mikroskopiné analizé

Laseliai, hidrogelinés sferos ir mikrokapsulés pries ir po lizés bei po
nukleortig§¢iy padauginimo buvo dazomi 1x SYBR Green I dazu (Invitrogen,
kat. nr. S7563) 15 min. kambario temperatiroje. Po dazymo hidrogelinés
sferos ir mikrokapsulés buvo du kartus praplautos plovimo buferiniame
tirpale. Méginiai buvo perkelti ant standartinio hemocitometro (Sigma-
Aldrich, kat. nr. 717805) ir Sviesaus lauko bei fluorescencijos vaizdai buvo
registruojami mikroskopu Nikon Eclipse Ti ir Nikon Digital Sight DS-U3
kamera. Mikroskopiné analiz¢ atlikta naudojant Siuos parametrus: didinimas -
10x, filtras - FITC, stiprinimas - 1, suzadinimui naudotas 20 % mélynos
$viesos Saltinio intensyvumas, o iSlaikymas keitési priklausomai nuo analizés
etapo.

Mikrokapsulés ir laseliai su E. coli MG1655 mikrokolonijomis buvo
nudazyti 1x SYBR Green I dazu ir analizuojami epifluorescenciniu
mikroskopu kaip aprasyta auk$c¢iau. Mikrokapsulés su E. coli DHS5a
mikrokolonijomis buvo 10 min. dazomos su 0,5 pg/ml Nile Red dazu
(Invitrogen, kat. nr. N1142), du kartus praplautos lasteliy plovimo buferiniu
tirpalu ir analizuotos epifluorescenciniu mikroskopu naudojant Siuos
parametrus: didinimas - 10x, filtras - TXRED, stiprinimas - 1, iSlaikymas -
100 ms, 40 % zalios Sviesos Saltinio suzadinimo intensyvumas. Antrasis
mikroskopijos etapas atliktas po lizés (1 lentelé, salyga Nr. 3) be papildomo
dazymo Nile Red dazu ir naudojant tuos pacius parametrus. Atlieckant PHB
kiekio normalizavimg, mikrokapsulés buvo pakartotinai nudazytos Nile Red
ir SYBR Green I dazais. Mikroskopin¢ analizé¢ atlikta naudojant Siuos
parametrus: didinimas - 10x, filtrai - FITC ir TXRED, stiprinimas - 1,
iSlaikymas - 10 ms FITC filtrui ir 40 ms TXRED filtrui, atitinkamai 20 % ir
40 % mélynos ir zalios §viesos 3altinio intensyvumas suzadinimui. Sviesaus
lauko ir fluorescencijos vaizdai buvo registruojami mikroskopu Nikon Eclipse
Ti ir Nikon Digital Sight DS-U3 kamera.
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Duomeny analizé

Pirminé mikroskopijos duomeny analizé atlikta Fiji programine jranga.
Sviesaus lauko mikroskopijos nuotraukose buvo apvestos mikrokapsulés,
hidrogelinés sferos ir laseliai. Gautos kaukés buvo panaudotos fluorescencijos
vaizdams segmentuoti ir iSgauti vidutinj fluorescencjos intensyvuma. Antriné
duomeny analiz¢ atlikta naudojant R (v. 3.5.3) ir R studio (v. 1.1.463).

ZMA mikrokapsuliy i§vystymas ir taikymas

Mikrokapsuliy generavimas ir lgsteliy inkapsuliavimas

Lasteliy izoliavimas ZMA mikrokapsulése atliktas naudojant Onyx
prietaisg (DG) ir mikroskysciy lusta su 40 pm gylio ir 40 pm plocio kanalais.
Naudoti tékmés greiGiai: 250 pl/val. - 3 % (m/V) ZMA tirpalui (Sigma-
Aldrich), 100 pl/val. - 15 % (m/V) dekstrano tirpalui (Sigma-Aldrich, kat. nr.
D5251) su lastelémis ir 700 pl/val. - laseliy stabilizavimo alyvai. NB4 ir
PKVL izoliavimas atliktas naudojant 30 pm gylio ir 20 um
ploc¢io mikroskysciy lustg. Naudoti tekmés greiciai: 125 pl/val. - 3 % (m/V)
ZMA tirpalui, 50 pl/val. - 15 % (m/V) dekstrano tirpalui su Igstelémis ir 700-
800 pl/val. - laseliy stabilizavimo alyvai. Lasteliy skiedimas buvo pasirinktas
toks, kad daugumoje mikrokapsuliy biity 0 arba 1 lastelé (lambda verté ~0,1).
Inkapsuliacijos buvo atlickamos kambario temperattroje iki 30 min. Emulsija
buvo renkama j 1,5 ml meégintuvélj, pripildyta 200 pl mineralinés alyvos.
ATPS laSeliai buvo paversti mikrokapsulémis per du etapus. IS pradziy laseliai
15-30 min. buvo inkubuojami 4 °C temperatiiroje, kad ZMA apvalkalas
sukietéty. Tarpinés mikrokapsulés buvo isskirtos i§ alyvos fazés naudojant
emulsijos ardymo reagentg ir lasteliy plovimo buferinj tirpalg. Tarpiniy
mikrokapsuliy suspensija 5 min. buvo inkubuojama kambario temperatiiroje,
tada sumaisyta su 0,1 % (m/V) LAP ir 20 sek. veikiama mazos energijos
405 nm LED prietaisu. Tesiant procediras lede, mikrokapsulés buvo du kartus
praplautos lgsteliy plovimo buferiniame tirpale. Po Sio etapo seké lgsteliy lizé
arba lgsteliy fiksavimas etanolyje (Zr. toliau).

Lgsteliy fiksavimas etanolyje

Mikrokapsulés su izoliuotomis Igstelémis buvo suspenduotos 70 % (V/V)
atSaldyto etanolio tirpale ir laikomos -20 °C temperatiroje iki sekanciy
analizés etapy. Prie§ analiz¢ mégintuvélis su mikrokapsulémis buvo
inkubuojamas ant ledo 5 min. ir mikrokapsulés centrifuguojamos 2 min.
2000g greiciu 4 °C temperatiiroje. Pasalinus etanolj, mikrokapsulés buvo
praplautos 1 ml rehidratacijos buferiniame tirpale, kurio sudétis: 3x SSC
(Invitrogen, kat. nr. 15557044), 0,04 % BSA, 1 mM DTT ir 0,2 U/ul RNaziy
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slopiklio RiboLock (TFS, kat. nr. EO0381). Po Sio etapo seké lasteliy lizé
nejoniniu detergentu (Zr. toliau).

Lgsteliy lizavimas

Izoliuoty lasteliy lizavimas, taikant grieztas salygas, buvo atliktas
mikrokapsules suspenduojant 1 ml GeneJET lizés buferiniame tirpale (TFS,
kat. nr. K0732), papildytu 40 mM DTT. Mikrokapsulés buvo praplautos
GeneJET lizés buferiniame tirpale 3 kartus ir tarp plovimy inkubuojant nuo 1
iki 5 min. Po lizés mikrokapsulés buvo 5 kartus praplautos plovimo buferiniu
tirpalu (10 mM Tris-HCI [pH 7,5] ir 0,1 % (V/V) Triton X-100). Tarp atskiry
etapy mikrokapsuliy centrifugavimas atliktas 2000g greiciu 2 min. 4 °C
temperatiiroje.

Lasteliy lizé Svelniomis salygomis buvo atlikta mikrokapsules
suspenduojant 1 ml buferinio tirpalo, kurio sudétis: 10 mM Tris-HCI [pH 7,5],
0,6 % (V/V) IGEPAL CA-630 (Sigma-Aldrich, kat. nr. [8896-50ML), 40 mM
DTT ir 10 mM EDTA. Mikrokapsulés buvo 15 min. inkubuojamos kambario
temperattiroje ir 3 kartus praplautos plovimo buferiniu tirpalu. Tarp atskiry
etapy mikrokapsuliy centrifugavimas atliktas 2000g grei¢iu 2 min. 4 °C
temperatiiroje.

Genominés DNR paSalinimas

Genominé¢ DNR buvo pasalinta 200 pul DNazés | reakcijos miSinyje,
kuriame buvo 100 pl mikrokapsuliy suspensijos, 0,05 U/ul DNazés I (TFS,
kat. nr. K2981), 0,2 U/ul RNaziy slopiklio RiboLock ir 1x DNazés I buferinio
tirpalo su MgCl,. Mikrokapsulés buvo inkubuojamos 37 °C temperatiiroje
20 min. Po to papildomai jdéti SU DNazeés I fermento ir 10 min. inkubuota
37 °C temperatiiroje. Mikrokapsulés po gDNR pasalinimo buvo 3-5 kartus
praplautos plovimo buferiniu tirpalu.

Atvirk$tiné transkripcija (AT)

kDNR sintezé buvo atlieckama 200 pl Maxima H Minus AT reakcijos
miSinyje, turin¢iame 100 pl mikrokapsuliy suspensijos, 5 pM oligo(dT)a:
pradmens (IDT), 0,5 mM dNTP misinio, 5 U/ul Maxima H Minus atvirkstinés
transkriptazés (TFS, kat. nr. EP0751), 0,2 U/ul RiboLock RNaziy slopiklio ir
1x AT buferinio tirpalo. Reakcija buvo atliekama 50 °C temperattiroje 60 min.
Kas 20 min. mikrokapsulés buvo iSmaiSomos jas pipetuojant. Po kDNR
sintezés AT fermentas buvo inaktyvuojamas karsc¢iu (85 °C/5 min.) ir
mikrokapsulés praplautos 3 kartus plovimo buferiniu tirpalu.

Norint detektuoti retus transkriptus (pvz., PML-RARa.), 2,5 pM oligo(dT)2:
pradmens buvo sumaiSoma su 2,5 uM atsitiktiniais heksamerais (TFS, kat. nr.
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SO142). kDNR sintezé buvo inicijuojama reakcijos miSinj inkubuojant
10 min. kambario temperattroje ir tuomet perkeliant j 50 °C temperatiirg
60 min.

Daugybiné PGR

PGR buvo atlickama 100 pl reakcijos miSinyje, kuriame buvo ~50 pl
mikrokapsuliy suspensijos, 0,5 uM tiesioginio ir 0,5 uM atvirkstinio pradmens
(2 lentelé) ir 1x Phire Tissue Direct PGR miSinio (TFS, kat. nr. F170L). kDNR
padauginimas buvo vykdomas naudojant $ig ciklinimo programa: 98 °C
(5 min.), 98 °C (5 sek.)/64 °C (5 sek.)/72 °C (20 sek.) 30 cikly, 72 °C (1 min.).
Po PGR mikrokapsulés 15 min. 37 °C temperatiiroje buvo inkubuojamos su
100 U egzonukleazes I (NEB, kat. nr. M0293L) ir 3 kartus praplautos plovimo
buferiniu tirpalu.

Norint detektuoti retus transkriptus, padauginimas buvo atliktas dviem
etapais: pirmiausia naudojant 10 cikly, o po to 30 cikly. Po pirmojo
padauginimo etapo mikrokapsulés buvo praplautos plovimo buferiniu tirpalu.
Po antrojo PGR etapo mikrokapsulés 15 min. 37 °C temperatiiroje buvo
inkubuojamos su 100 U egzonukleazés 1 ir 3 kartus praplautos plovimo
buferiniu tirpalu.

2 lentelé. PGR pradmeny sekos.

Pavadinimas Seka (5'—3") .Prf)dukto
ilgis

555-YAP-tiesioginis Alexa Fluor 555-CCCTCGTTTTGCCATGAACC 584 bp

YAP-atvirkstinis CCAGTGTTCCAAGGTCCACA

488-PTPRC-tiesioginis Alexa Fluor 488-ACATTGCTGCACAAGGTCCCAG 532 bp

PTPRC-atvirkstinis AACCATCAGGCATCTCTGTCGC

647-ACTB-tiesioginis Alexa Fluor 647-ATTCCTATGTGGGCGACGA 607 bp

ACTB-atvirkstinis AATGGTGATGACCTGGCCG

647-B2M-tiesioginis Alexa Fluor 647-AGCAGCATCATGGAGGTTTGA 513 bp

B2M-atvirkstinis CCAGATTAACCACAACCATGCC

647-TBP-tiesioginis Alexa Fluor 647-GCGCAAGGGTTTCTGGTTTG 539 bp

TBP-atvirkstinis TTTGCAGCTGCGGTACAATC

555-PML-RARo-tiesioginis | Alexa Fluor 555-AGCGCGACTACGAGGAGAT 688 bp

PML-RARao-atvirkstinis CTGCTGCTCTGGGTCTCAAT

546-BCR-ABL-tiesioginis Alexa Fluor 546-GAAGTGTTTCAGAAGCTTCTCC 417bp

BCR-ABL-atvirkstinis GTTTGGGCTTCACACCATTCC

Branduoliy daZymas po AT-PGR

Po AT-PGR mikrokapsulés buvo perkeltos j plovimo buferinj tirpala su
300 nM 4',6-diamidino-2-fenilindolo dihidrochloridu-DAPI (Invitrogen, kat.
nr. D1306) ir 10 min. inkubuotos tamsoje ant ledo. Po to mikrokapsulés buvo
3 kartus praplautos plovimo buferiniu tirpalu ir naudotos tolimesnei
mikroskopinei analizei ar t¢kmés citometrijai.
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Mikroskopiné analizé

Mikrokapsuliy suspensija (~10-15 pl) buvo perkelta ant standartinio
hemocitometro ir tuomet Sviesaus lauko ir fluorescencijos vaizdai buvo
registruojami mikroskopu Nikon Eclipse Ti-E ir Nikon DS-Qi2 kamera.
Naudoti fluorescencijos filtrai: DAPI, GFP, RFP ir Cy5. Kiekvieno
eksperimento metu naudoti vienodi parametrai: iSlaikymas - 400 ms,
stiprinimas - 1,0. Mikroskopo objektyvas buvo CFI Plan Fluor 10x (N.A. 0,30,
16,0 mm).

Tékmeés citometrija

Mikrokapsulés buvo du kartus praplautos plovimo buferiniu tirpalu ir
praleistos per 100 um dydzio sietelj (Corning, kat. nr. 431752). Tékmés
citometrija buvo atlikta dviem instrumentais: Partec CyFlow Space ir BD
FACSAria III. Mikrokapsuliy analizei be branduoliy buvo naudotas Partec
CyFlow Space, o mikrokapsuléms su branduoliu - BD FACSAria IIL
Mikrokapsuliy populiacija buvo aptikta analizuojant priekinés ir Soninés
Sviesos iSbarstymg. Siekiant atskirti mikrokapsules su branduoliu, buvo
fiksuojamas signalo aukstis DAPI kanale. Visais kitais atvejais fiksuotas
signalo plotas.

Tékmeés citometrijos duomeny analizé

Tékmeés citometrijos duomenys buvo analizuojami ir vizualizuojami
naudojant FCS Express 7 programing jrangg (versija 7.12.0005). Rezultatai,
gauti su Partec CyFlow Space prietaisu, buvo analizuojami taikat Sig
strategija: 1) mikrokapsuliy identifikavimas pagal priekinj ir Soninj $viesos
iSbarstyma, 2) ACTB teigiamy mikrokapsuliy skirstymas pagal Alexa Fluor
647 ir Sonings sklaidos signalg, 3) mikrokapsuliy su PTPRC ir YAP zymenimis
analizé pagal Alexa Fluor 488 (PTPRC) ir Alexa Fluor 555 (YAP) signalus.

Rezultatai, gauti su BD FACSAria III prietaisu, buvo analizuojami taikant
kiek kitokia strategija: 1) mikrokapsuliy su izoliuotomis lastelémis
identifikavimas pagal Alexa Fluor 488 (PTPRC) signalo plotg ir DAPI signalo
aukstj, 2) PML-RARa teigiamy jvykiy identifikavimas pagal Alexa Fluor 488
(PTPRC) ir Alexa Fluor 555 signalus (PML-RAR0,).

Jautrumas, specifiSkumas ir teigiama/neigiama prognozavimo vertés

Mikrokapsulés, kuriose yra branduolys ir kurios yra teigiamos vienam i
zymeny (ACTB, B2M, TBP, PTPRC, YAP), buvo vertinamos kaip teisingai
teigiamos (TT). Mikrokapsulés, kuriose nebuvo branduoliy ir kurios nerodé
fluorescencijos, buvo laikomos teisingai neigiamomis (TN). Klaidingai
teigiamos (KT) buvo mikrokapsulés, kuriose nebuvo branduoliy, bet kurios
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turéjo fluorescencinj signalg vienam i§ Zymeny. Klaidingai neigiamos (KN)
buvo mikrokapsulés su branduoliais, kuriose nei vienas pasirinktas Zymuo
nerod¢ detektuojamo fluorescencijos signalo. Statistiniy charakteristiky
skaiCiavimas:

Jautrumas = ((TT)/((TT+) KN))x100 %;

Specifiskumas = ((TN)/((TN+) KT))x100 %;

PPV = ((TT)/((TT+) KT))x100%;

NPV = ((TN)/((TN+) KN))x100%.

Pavieniy lasteliu RNR sekoskaita

Zinduoliy lgsteliy izoliavimas ir paruoSimas barkodavimui

K-562 ir NIH-3T3 lasteliy izoliavimas vienodu santykiu j ZMA
mikrokapsules buvo atliktas remiantis auks$ciau pateikta metodika. Lasteliy
skiedimas buvo pasirinktas toks, kad daugumoje mikrokapsuliy buty 0 arba 1
lastelé (lambda verté ~0,1). Izoliuotoms Igsteléms buvo taikytos grieztos lizés
salygos chaotropiniais reagentais ir gDNR paSalinimas remiantis auksciau
pateikta metodika. Po gDNR paSalinimo mikrokapsulés buvo 2 kartus
praplautos plovimo buferiniu tirpalu ir praleistos per 100 um dydZio sietel;.
Pries barkodavimo etapg mikrokapsulés buvo 3 kartus praplautos 1x Maxima
H Minus AT reakcijos buferiniu tirpalu, papildytu 0,6 % Igepal CA-630.

Bakterijy izoliavimas ir paruoSimas barkodavimui

E. coli MG1655 ir B. subtilis 23857 izoliavimas ZMA mikrokapsulése
buvo atliekamas naudojant Onyx prietaisg ir mikroskysc¢iy lustg su 20 um
gylio ir 20 pm plocio kanalais. Naudoti tekmeés greiciai: 50 pl/val. - 3 % (m/V)
ZMA tirpalui, 20 pl/val. - 15 % (m/V) dekstrano tirpalui su lastelémis ir
400 pl/val. - laseliy stabilizavimo alyvai. Lasteliy skiedimas buvo pasirinktas
toks, kad daugumoje mikrokapsuliy biity O arba 1 lastelé (lambda verté ~0,1).
Inkapsuliavimas buvo atlickamas kambario temperatiiroje ~1 valanda.
Emulsija buvo renkama j 1,5 ml mégintuvélj, pripildyta 200 pl mineralinés
alyvos. ATPS laseliy polimerizacija buvo atlikta taikant auk$ciau apraSyta
metodikg. Po inkapsuliavimo mikrokapsulés buvo suspenduotos 2 ml LB
terpés ir 30 °C temperatiroje inkubuotos 30 min. Po inkubacijos
mikrokapsulés buvo surinktos j 1,5 ml mégintuvélj centrifuguojant 1000g
greiCiu 2 min. 4 °C temperatiiroje.

Mikrokapsulés buvo praplautos 1 ml buferinio tirpalo, kurio sudétis 10 mM
Tris-HCI, pH [7,5], 100 mM NaCl, 1 mM EDTA ir 0,1 % Triton X-100.
Pasalinus supernatantg, mikrokapsulés buvo perkeltos i 1 ml lizavimo tirpala,
kurio sudétis buvo: 10 mM Tris-HCI, pH [7,5], 100 mM NaCl, 1 mM EDTA,
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0,1 % Triton X-100 ir 50 U/ul lizocimo (Lucigen, kat. nr. R1810M). Po
15 min. inkubavimo kambario temperatiiroje supernatantas buvo pasalintas ir
mikrokapsulés buvo perkeltos i 1 ml GeneJET lizés buferinj tirpala, turintj
40 mM DTT, ir inkubuotos 5 min. kambario temperatiiroje. Po lizés
mikrokapsules buvo praplautos 4-5 kartus plovimo buferiniu tirpalu. Tarp
atskiry etapy ir praplovimy mikrokapsulés buvo nusukamos 1000-2000g
greiciu 2 min. 4 °C temperattroje. Mikrokapsulés buvo suspenduotos Saltame
70 % etanolyje ir laikomos -20 °C temperatiiroje iki kity analizés etapy.

Norint rehidratuoti fiksuotas lgsteles, mégintuvelis su mikrokapsulémis
buvo perkeltas ant ledo ir 5 min. inkubuotas. Etanolis buvo pasalintas
centrifuguojant mikrokapsules 2000g greic¢iu 2 min. 4 °C temperatiiroje ir 3
kartus praplaunant plovimo buferiniu tirpalu. Kitame etape buvo atliktas
gDNR pasalinimas taikant anksc¢iau apraSyta metodika. Po gDNR pasalinimo
mikrokapsulés buvo 3-5 kartus praplautos plovimo buferiniu tirpalu ir
perkeltos i poliadenilinimo reakcija.

RNR poliadenilinimas buvo atlickamas 200 ul poly(A) polimerazés
reakcijos miSinyje (NEB, kat. nr. MO0276L), kuriame buvo 100 pl
mikrokapsuliy suspensijos, | mM ATP, 0,4 U/ul E. coli poly(A) polimerazés
ir 1x reakcijos buferinio tirpalo, ir inkubuojant 37 °C temperatiiroje 30 min.
Kas 15 min. mikrokapsulés buvo iSmaiSomos jas pipetuojant. Po RNR
poliadenilinimo mikrokapsulés buvo 2 kartus praplautos plovimo buferiniu
tirpalu ir perleistos per 70 um sietelj (Corning, kat. nr. 431751). Pries
barkodavimo etapa mikrokapsulés buvo 3 kartus praplautos 1x Maxima H
Minus AT reakcijos buferiniu tirpalu, papildytu 0,6 % Igepal CA-630.

Atvirkstinés transkripcijos misinio paruoSimas

Vienai barkodavimo reakcijai su zinduoliy Igstelémis atlikti buvo paruosta
150 pl AT reakcijos miSinio, sudaryto i§ 25 uM TSO (IDT) (3 lentelé¢), 1 mM
dNTP miSinio, 20 U/ul Maxima H Minus AT fermento, 4 U/ul RiboLock
RNaziy slopiklio, 0,6 % Igepal CA-630 ir 1x AT buferinio tirpalo.
Inkapsuliavimo metu AT miSiniui Saldyti buvo naudojama ledu uzpildyta
pirstiné (86).

Vienai barkodavimo reakcijai su bakterijomis atlikti buvo paruosta 150 pl
AT reakcijos miSinio, sudaryto i§ 1,5 uM TSO, 0,75 mM dNTP miSinio,
15 U/pl Maxima H Minus AT fermento, 3 U/ul RiboLock RNaziy slopiklio,
0,45 % Igepal CA-630 ir 1x AT buferinio tirpalo. Inkapsuliavimo metu AT
misiniui Saldyti buvo naudojama ledu uzpildyta pirsStiné.
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3 lentelé. Sekoskaitos eksperimentuose naudotos DNR oligonukleotidy sekos.
Zvaigzduté zymi tiofosfating modifikacija.

Pavadinimas | Seka (5'—3")

Atvirkstiné transkripcija ir matricos perjungimas

TSO | AAGCAGTGGTATCAACGCAGAGTACATrGrGrG

kDNR padauginimas

PGR1-p5 TACGGCGACCACCGAGATC

PGR1-tso AAGCAGTGGTATCAACGCAGAG

Adapteriy ligavimas

Ligavimo 5Phos-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3ddC

adapteris SAmMC6-GCTCTTCCGATCT

Indeksavimas ir galutinis bibliotekos padauginimas

P5 indeksas AATGATACGGCGACCACCGAGATCTACAC

P7 indeksas 6 CAAGCAGAAGACGGCATACGAGATCAGTGGGTGACTGGAGTTCAG
ACGTG*T

P7 indeksas 7 CAAGCAGAAGACGGCATACGAGATGTTGTCGTGACTGGAGTTCAG
ACGTG*T

P7 indeksas 8 CAAGCAGAAGACGGCATACGAGATTGACAAGTGACTGGAGTTCAG
ACGTG*T

P7 indeksas 13 CAAGCAGAAGACGGCATACGAGATACTCTAGTGACTGGAGTTCAG
ACGTG*T

P7 indeksas 14 CAAGCAGAAGACGGCATACGAGATCGAGATGTGACTGGAGTTCAG
ACGTG*T

P7 indeksas 15 CAAGCAGAAGACGGCATACGAGATGAGTCCGTGACTGGAGTTCAG
ACGTG*T

Pavieniy lgsteliy RNR barkodavimas

Barkoduojantys rutuliukai (86) buvo gauti i§ Droplet Genomics. Pries§
barkodavimo etapg hidrogeliai buvo 3 kartus praplauti 1x Maxima H Minus
AT reakcijos buferiniu tirpalu, papildytu 0,6 % Igepal CA-630. Barkodavimo
eiga ir mikroskysciy lusto dizainas buvo perimti i§ ankstesniy darby (86).
Naudoti skysCiy tékmés grei€iai su zinduoliy lastelémis: 250 pl/val. - AT
misinys, 100 pl/val. - barkoduojantys rutuliukai, 100 pl/val. - mikrokapsulés
ir 400 pl/val. - laselius stabilizuojanti alyva. Naudoti skysciy tekmés greiciai
su bakterijjomis: 200 pl/val. - AT miSinys, 40 pl/val. - barkoduojantys
rutuliukai, 10 pl/val. - mikrokapsulés ir 500 pl/val. - laselius stabilizuojanti
alyva. Emulsija buvo renkama lede, i 1,5 ml mégintuvélj, pripildyta 200 pl
mineralinés alyvos. Po inkapsuliacijos mégintuvélis su emulsija buvo
apSviestas UV lempa 7 min., kad bty nukabinti barkoduojantys pradmenys.
Emulsija buvo i$dalinta j PGR mégintuvélius po ~3000 lasteliy. AT reakcija
vykdyta 42 °C temperatiiroje 60 min., po kurios seké fermento inaktyvavimas
(85 °C/5 min.). Po AT etapo emulsija buvo suardyta ir reakcijos produktas
praskiestas iki 100 pl su 1x AT buferiniu tirpalu. | praskiestag AT produkta
buvo jdétas 1 ul dekstranazés (Sigma-Aldrich, kat. nr. D0443-50ML) ir
inkubuota 5 min. 37 °C temperatiiroje. Po veikimo dekstranaze mikrokapsuliy
apvalkalas buvo istirpintas jdedant 1 pl 20 mg/ml proteinazés K ir inkubuojant
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10 min. 37 °C temperatiiroje. Hidrogeliniai rutuliukai buvo pasalinti
perleidziant AT produkta per Zymo Spin-IC kolonéle (Zymo, kat. nr. C1004-
250) ir centrifuguojant 1000g greiciu 5 min.

kDNR gryninimas ir padauginimas

kDNR molekulés buvo 2 kartus i§valytos su 0,8x AMPure magnetiniais
rutuliukais (Beckman Coulter, kat. nr. A63880) ir eliucija atlikta su 20 pl
vandens. kDNR padauginimas buvo atliktas 50 pl reakcijos miSinyje, kurj
sudaré 20 pl barkoduotos kDNR, 0,5 uM tiesioginio ir 0,5 uM atvirkstinio
pradmens (3 lentelé, kDNR padauginimas) ir 1x Kapa HiFi 2X Ready Mix
(KAPA, kat. nr. KK2602). Méginiai buvo ciklinami naudojant §ig programa:
98 °C (3 min.), 98 °C (15 sek.)/67 °C (20 sek.)/72 °C (1 min.) 13 cikly
meéginiams su zinduoliy lgstelémis ir 24 ciklai méginiams su bakterijomis ir
72 °C (1 min.). Po PGR padauginta DNR buvo 2 kartus iSvalyta su 0,6x
AMPure magnetiniais rutuliukais ir eliucija atlikta su 20 pl vandens.

Bibliotekos fragmentavimas ir adapteriy ligavimas

DNR fragmentavimas buvo atlieckamas 17,5 ul reakcijos miSinyje, kurj
sudaré ~50 ng padaugintos DNR, 1,75 pl NEBNext Ultra FS reakcijos
buferinio tirpalo (NEB, kat. nr. E7805S), 0,5 ul NEBNext Ultra FS fermenty
miginio ir vandens iki 17,5 pl galutinio tirio. Zinduoliy Iasteliy biblioteka
buvo fragmentuojama 8 min. 37 °C temperatiiroje, o bakterijy - 6 min. 37 °C
temperattiroje, po kuriy seké¢ 30 min. inkubacija 65 °C temperatiiroje. Po
fragmentavimo atlikta dviguba dydzio atranka (0,6x-0,8x AMPure).
Pirmiausia buvo jpilta 92,5 ul vandens, tada 66 pl AMPure magnetiniy daleliy.
Buvo paimta 160 pl tirpalo be daleliy ir jis papildytas 20 pul AMPure
magnetinémis dalelémis. Po to atliktas jprastas gryninimo procesas. DNR
eliucija atlikta 17,5 pl vandens ir perkelta j ligavimo reakcija.

Adapterio ligavimas atliktas 34,25 pl reakcijos miSinyje, kurj sudaré
17,5 ul fragmentuotos DNR, 15 pul NEBNext Ultra II Ligation Master Mix,
0,5 Wl NEBNext Ultra II Ligation Master Enhancer ir 1,25 pl 1,5 uM adapterio
(3 lentelé). Ligavimas buvo atlickamas 20 °C temperatiiroje 15 min. Po
ligavimo bendras tiiris buvo padidintas iki 100 pl jpilant vandens ir atliktas
gryninimas su 0,8x AMPure. Eliucija atlikta 40 pl vandens.

Galutinis bibliotekos padauginimas ir indeksavimas

Indeksavimo PGR buvo atlickama 50 pl reakcijos misinyje, kurj sudaré
20 pl DNR produkto po ligavimo, 0,5 pM indeksavimui skirto P5 ir 0,5 pM
P7 PGR pradmens (3 lentelé) ir 1x Kapa HiFi 2X Ready Mix. Méginiai buvo
ciklinami naudojant $ig programa: 95 °C (3 min.), 98 °C (20 sek.)/54 °C
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(30 sek.)/72 °C (20 sek.) 11 cikly ir 72 °C (1 min.). Po PGR atlikta dviguba
dydzio atranka (0,6x-0,8x AMPure). Eliucija buvo atlikta 14 pl vandens.
Bibliotekos kokybé buvo patikrinta naudojant Agilent BioAnalyzer HS DNR
lusta (Agilent, kat. nr. 5067-4626).

Sekoskaita ir duomeny analizé

Zinduoliy lasteliy biblioteky sekoskaita atlikta naudojant NextSeq
Illumina instrumentg ir NextSeq 500/550 High Output Kit v2.5 (75 ciklai)
reagenty rinkinj (Illumina, kat. nr. 20024906). Naudoti §ie nuskaitymo ilgiai:
pirmas nuskaitymas - 16 cikly, antras nuskaitymas - 62 ciklai, i5 nuskaitymas
- 8 ciklai, 17 nuskaitymas - 6 ciklai. Bakterijy Igsteliy biblioteky sekoskaita
atlikta naudojant MiSeq Illumina instrumentg ir [llumina MiSeq Reagent Kit
v3 (150 cikly) reagenty rinkinj (Illumina, kat. nr. MS-102-3001). Naudoti Sie
nuskaitymo ilgiai: pirmas nuskaitymas - 16 cikly, antras nuskaitymas - 134
ciklai, i5 nuskaitymas - 8 ciklai, i7 nuskaitymas - 6 ciklai. Lasteliy x geny
matricoms gauti buvo naudojamas ,,solo-in-drops‘‘ programy paketas
(https://github.com/jsimonas/solo-in-drops). Antriné analiz¢ atlikta naudojant
Scanpy programy pakets.

REZULTATAI IR JU APTARIMAS
PEGDA mikrokapsuliy iSvystymas ir taikymas

PEGDA mikrokapsuliy paruoSimas

Polimerai, formuojantys vandening¢ dvifazing sistemg (ATPS) — PEGDA ir
dekstranas, buvo inkapsuliuoti ~1700 laseliy per sekunde¢ grei¢iu naudojant
20 pm aukscio mikroskysc¢iy lusta (1 pav., A). Norint pasiekti tinkamag
balansg tarp mikrokapsuliy monodispersiSkumo, tinkamo centravimo ir
mechaninio stabilumo, buvo pasirinkta kompozicija, sudaryta i§ ilgesnio
(MM 8k) ir trumpesnio (MM 575) PEGDA polimery miSinio ir dekstrano
(MM ~500k). Ilgesnis PEGDA buvo reikalingas efektyviam faziy
atsiskyrimui, o trumpesnis PEGDA buvo pridétas siekiant uztikrinti apvalkalo
standuma ir mikrokapsuliy mechaninj stabiluma, padidinant kryzminio
susiuvimo daznj (194). Po ATPS laseliy susidarymo PEGDA ir dekstrano
fazés atsiskyreé, suformuodamos skysta apvalkala, praturtinta PEGDA, ir
skysta viding dalj, praturtintg dekstranu (1 pav., B). Naudojant FITC zyméta
dekstrang (MM ~500k), apskaiCiuota, kad, pasiekus pusiausvyra, ATPS
laSeliy viding dalj sudaré¢ ~9,6 % (m/V) dekstrano. Esant panasiam PEGDA
pasiskirstymui, apvalkalg turéty sudaryti ~11 % (m/V) PEGDA. Norint skysta
PEGDA apvalkalg paversti hidrogeliu (1 pav., C), ATPS laseliai buvo
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veikiami 365 arba 405 nm Sviesa, esant fotoiniciatoriui. Gautos mikrokapsulés
buvo iSgrynintos i$ alyvos ir toliau naudojamos pavieniy Igsteliy tyrimuose.

PEGDA fazeé
AL\ v| Alyva Generavimas Surinkimas © 00
= S Colonekelole
; 00 00 O 0.7 0O W{)ngp
A ~
4| Alyva : V'J 7Nt
Dekstrano faze
Emulsija Selektyviai pralaidZios mikrokapsulés .
= Skystas ° ]
B C o[ e o] D |
{ ‘/vndus ° s
/ \ 2., 3
Qs f i AN c 3
7 i F K 3
A ) * i O ‘ ’ - ‘
@ ( / y‘:f:\n J,:;',"'/ s g | [
P Reagenty mainai Apvalkalas. um  Vidus, pm Mikrokap., um

1 pav. Selektyviai pralaidziy mikrokapsuliy paruoSimas naudojant vandening
dvifazing sistema, sudaryta i§ PEGDA ir dekstrano. (A) ATPS laSeliy generavimas
naudojant bendros tékmés mikroskys¢iy lusta. (B) Vandeniniy faziy atsiskyrimas
laSeliuose, kuomet susidaro dekstranu praturtintas vidus ir PEGDA praturtintas
apvalkalas. (C) Mikrokapsulés, kuriose PEGDA sudar¢ tvirtg hidrogelinj apvalkala, o
dekstrano fazé — pusiau skysta viding dalj. (D) Histogramos, gautos i$ >100 matavimy,
rodo apvalkalo storj (3,56 + 0,48 um), vidinj (30,2 + 0,6 pm) ir bendra mikrokapsulés
skersmenj (37,3 = 0,7 um). Skalé — 50 um.

v —

pagrindu buvo netolygus apvalkalo formavimasis. Pastebéta, jog naudojant
didelés molekulinés masés PEGDA polimerus (pvz., 10k, 20k) arba didinant
PEGDA (MM 8k) koncentracijg, mikrokapsulés vidin¢ dalis migruoja link
alyvos. To pasekoje po polimerizacijos gaunamos netaisyklingos formos ir
itrikusios dalelés, kurios buvo stebétos ir ankstesniuose darbuose (187).
Kadangi mikrokapsulés apvalkalo vientisumas priklauso nuo dekstrano ir
PEGDA faziy centravimo, buvo iskelta prielaida, kad dél dekstrano ir PEGDA
faziy tankiy neatitikimo vidiné dalis nuséda dar iki jvykstant apvalkalo
polimerizacijai. Siekiant tai patikrinti, buvo paruosti du vandeniniy dvifaziniy
sistemy bandiniai, i§ kuriy pirmasis tur¢jo 3 % (m/V), o antrasis 6 % (m/V)
ilgesniojo PEGDA (MM 8k) polimero. Trumpesniojo PEGDA (MM 575) ir
dekstrano koncentracijos iSliko nepakitusios, atitinkamai 3 % (V/V)

5,5 % (m/V). Atlikus atsiskyrusiy faziy tankiy matavimus, nustatyta, jog
didesnis tankiy skirtumas atsiranda kuomet PEGDA (MM 8k) koncentracija
buvo padidinta nuo 3 % (m/V) iki 6 % (m/V) (2 pav., A). Kaip ir tikétasi,
mikrokapsuliy, susidariusiy i§ ATPS, kuriy tankiai nebuvo suderinti, strukttira
buvo netinkama ir vidiné dalis nebuvo islaikoma (2 pav., B). Remiantis §iais
rezultatais, galima teigti, jog, sumazinus tankiy skirtumus tarp PEGDA ir
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dekstrano faziy, buvo galima paruosti tinkamai centruotas mikrokapsules
(2 pav., C), kas yra biitina savyb¢ siekiant efektyviai izoliuoti Igsteles ir atlikti
Jvairius tyrimus.
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2 pav. Dviejy vandeniniy faziy tankiy skirtumy poveikis mikrokapsuliy centravimui.

(A) Staciakampé¢ diagrama, rodanti PEGDA (apvalkalo) ir dekstrano (vidinés dalies)
faziy tankj po faziy atsiskyrimo. Diagramos sudarytos i§ 25 kiekvieno méginio
matavimy. (B) Mikrokapsulés, paruostos naudojant 6 % (m/V) PEGDA (MM 8k) ir
3% (V/V) PEGDA (MM 575) polimery miSinj. (C) Mikrokapsulés, paruostos
naudojant 3 % (m/V) PEGDA (MM 8k) ir 3 % (V/V) PEGDA (MM 575) polimery
misinj. Skalé¢ — 50 um.

Pavieniy Escherichia coli 1asteliu genomu padauginimas

Sukiirus PEGDA mikrokapsuliy paruos$imo protokola, kitas zingsnis buvo
ivertinti, ar §i sistema gali biiti naudojama pavieniy bakterijy nukleoriigsciy
analizei atlikti. Tuo tikslu buvo pasirinktas pavieniy E. coli genomy
padauginimas (angl. single-genome amplification — SGA) taikant padauginima
daugybiniu nustimimu (angl., multiple displacement amplification — MDA),
kurj katalizuoja phi29 DNR polimeraze. Palyginimui E. coli lastelés taip pat
buvo izoliuotos ] kitas dvi mikroskysciy sistemas — vandens laselius alyvoje
bei hidrogelinius rutuliukus (3 pav., A). Pavienés E. coli lastelés buvo
izoliuotos ~20 pikolitry (pl) tiirio laseliuose kartu su reagentais reikalingais
lizés/SGA reakcijai, hidrogeliniy mikrosfery ir mikrokapsuliy paruoSimui.
Pavieniy genomy padauginimas mikrokapsulése ir hidrogeliniuose
rutuliukuose buvo atliktas dviem etapais. Pirmiausia izoliuotos lastelés buvo
lizuotos ir, praplovus hidrogelines daleles, perkeltos ] mégintuvélj su DNR
padauginimo reagentais. Tuo tarpu, laSeliuose Sie du etapai buvo sujungti |
vieng reakcija lasteles patalpinant j vandens laselius kartu su lizés ir MDA
reagentais. Pazymétina, kad laboratorijoje buvo optimizuotos lizés salygos,
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uztikrinancios veiksminga E. coli suardyma, kuris suderinamas su po to
sekanciais fermentiniais etapais.

>

Pries§ lize Po lizés

Laseliai

Hidrogelinés
sferos

Lizés reagentai

Buferinis tirpalas

123
©
=)
1723
aQ
©
x
]
S
X Z
= Lizés reagentai
B = Lagelai - C o + m Laselia
Q m Hidrogelinés sferos ! ‘a’ | W Hidrog. sferos
= ) - 1 )
Q (.05 —| ™ Mikiokapsulés | % 30 i | m Mikrokapsulés
< = }
N R
L - T n
N . . - G 281
1
S 020 - f : i £
z i 2 5
S ik & 26 - -
£ ' ) H ) :
e Lo i = I
® 015 1 | : £ -~
2 i : g 244 [
: : g2 H
~< 55% T o T
=2 sumazéjimas ! (0] :
£ 010 @ 227
k=) v ! g - . T
2 T =) L=
o w20 -
T T T T T T T 1
(O (O] o 9 Teigiami Neigiami
N g N3 ] kompartmentai kompartmentai
w = w = 0 =
28 28 28
o fon o

3 pav. E. coli izoliavimo ir genomy padauginimo efektyvumo palyginimas vandens
laselivose, PEGDA hidrogelinése sferose ir PEGDA mikrokapsulése. (A) Schemos ir
mikroskopinés analizés nuotraukos, vaizduojanCios kiekvieng i§ sistemy prie§
bakterijy lizavima, po lizavimo ir po DNR padauginimo. (B) Lambda verciy
matavimai po E. coli inkapsuliavimo ir lizés. Sta¢iakampés diagramos sudarytos
iSanalizavus >450 kompartmenty kiekviename méginyje. (C) StaCiakampés
diagramos rodo fluorescencijos intensyvuma teigiamuose ir neigiamuose (tuséiuose
kompartmentuose po SGA. Staciakampés diagramos sudarytos iSmatavus 558 laseliy,
511 hidrogeliniy rutuliuky ir 491 mikrokapsuliy fluorescencija. Skalé — 50 pm.

Po inkapsuliavimo E. coli lastelés kiekviename i§ reakcijos formaty buvo
pasiskirsciusios pagal Puasono skirstinj, o lambda reiksmé sieké 0,17 ir 0,18

135



atitinkamai laseliams ir rutuliukams. Mikrokapsuliy atveju E. coli lasteliy
daznis buvo Siek tiek didesnis ir lambda reik§meé sieké 0,23. Nedidelj lambda
vertés padidéjimag galima paaiSkinti klampiu didelés molekulinés masés
dekstranu, kuris inkapsuliavimo metu sumazino lasteliy sedimentacijg ir dél
to didesnis lgsteliy skaicius pateko j laselius. Nors bakterijy inkapsuliavimo i
laSelius, hidrogelinius rutuliukus ir mikrokapsules rezultatai buvo palyginti
panasiis (lambda reikSmés buvo panasios), atlikus lgsteliy lizavimg, buvo
pastebéti reikSmingi skirtumai (3 pav., B). Vandens laseliuose teigiamy
reakcijy skaiCius iSliko panaSus prie§ lasteliy lizavimg ir po jo, taciau
hidrogeliniuose rutuliukuose buvo prarasta ~55 % izoliuoty lasteliy genetinés
medziagos. Mikrokapsuliy atveju lgsteliy genetinés medziagos praradimas
sudaré ~15 %. Mikroskopin¢ analizé¢ parodé, kad tokj zZymy sumazejima
hidrogeliniuose rutuliukuose galima paaiskinti lasteliy polinkiu lokalizuotis
tarp hidrogelio ir alyvos faziy (3 pav., A), kuris buvo stebétas ir ankstesniuose
darbuose (34,35). Tuo tarpu, mikrokapsuliy hidrogelinis apvalkalas uztikrino,
kad didzioji dalis lasteliy ir jy genetiné medziaga likty ilaikyta po lizavimo.

Fluorescencijos matavimai po pavieniy genomy padauginimo parod¢, kad
SGA reakcija buvo efektyvesné mikrokapsulése nei hidrogeliniuose
rutulivkuose ar laselivose (3 pav., C). Didesné SGA reakcijos iSeiga
mikrokapsulése, palyginus su hidrogeliniais rutuliukais, gali buti susijusi su
skystu mikrokapsulés vidumi, kuris netrukdo phi29 DNR polimerazei
sintetinti ilgyg DNR molekuliy (>10 kb). Tuo tarpu, hidrogeliniuose
rutuliukuose naujai sintetinamos DNR molekulés jsiterpia j hidrogelio tinklelj
ir yra fiziSkai apribotos, kas gali daryti jtakg DNR padauginimo efektyvumui.
Sig prielaidg patvirtina tai, kad SGA reakcijos iseiga laseliuose buvo ~2 kartus
didesné¢ nei hidrogeliniuose rutuliukuose. Lyginant DNR padauginimo
efektyvuma mikrokapsulése ir laseliuvose, PEGDA mikrokapsulése
padaugintos DNR kiekis buvo didesnis. Tai galima paaiSkinti nepertraukiamu
reakcijos komponenty (dNTP, oligonukleotidy ir DNR polimerazés)
papildymu per pusiau pralaidzia mikrokapsulés membrang. Tuo tarpu,
laSeliuose reakcijos komponenty kiekis yra fiksuotas ir apribotas laselio turiu
(195). Taciau neatmetama galimybé¢, jog efektyvesnis DNR padauginimas
jvyko dél grieztesniy lizavimo salygy taikyty mikrokapsulése, kas galéjo turéti
jtakos gDNR prieinamumui.

Gramteigiamy bakteriju lizavimas ir SGA efektyvumas

Gramteigiamoms bakterijoms lizuoti paprastai reikia grieztesniy lizés
salygy (196), kurios gali arba slopinti, arba buti nesuderinamos su po to
sekanciais fermentiniais etapais. Todé¢l tikétasi, kad SGA reakcijos
efektyvumo skirtumai taikant sglygas, tinkancias laseliy formatui, ir taikant
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salygas, suderinamas su mikrokapsulémis, bus dar ryskesni. Siekiant tai
jvertinti, Rhodococcus rhodochrous PY11 ir Streptococcus mutans UA159
bakterijos buvo atskirai izoliuotos | PEGDA mikrokapsules, iSdalintos
lygiomis dalimis j atskirus mégintuvélius, i§ kuriy kiekvienai taikytos
skirtingos lizés ir SGA salygos, pateiktos 4 lenteléje. Siame eksperimente
taikytas lizés ir SGA salygas galima suskirstyti | tris grupes: vieno, dviejy ir
trijy zingsniy. Atliekant vieno zingsnio reakcija, lizés ir MDA reagentai buvo
jneSami vienu metu. Dviejy zingsniy reakcijose lizés ir MDA etapai buvo
atskirti mikrokapsules praplaunant neutraliame buferiniame tirpale.
Analogiskai, lizés ir MDA etapai buvo atskirti trijy zingsniy reakcijose.
Taciau Siuo atveju lizés etapas buvo kompleksiskesnis ir turéjo dvi lizavimo
stadijas. Kiekvienai taikytai sglygai buvo jvertintas jvykusiy genomy
padauginimo reakcijy skaicius. I SeSiy tikrinty salygy daugiausia teigiamy
reakcijy gauta taikant trijy zingsniy strategija su dviem lizés etapais (lizocimo
inicijuota lizé 37 °C temperatiiroje 30 min. ir po to sekantis inkubavimas su
proteinaze K ir NDS 50 °C temperattroje 30 min.): 84 % su S. mutans ir 99 %
su R. rhodochrous bakterijomis (4 lentelé, salyga nr. 5). Antroje vietoje
efektyviausiai veiké Sarming liz€ ir NDS (salyga nr. 6). Tai leido iSgauti 33 %
teigiamy reakcijy su S. mutans ir 48 % su R. rhodochrous. Pazymétina, kad
bakterijy lizavimas veikiant Sarmu placiai naudojamas tiriant aplinkos
méginius (57). PEGDA mikrokapsuliy suderinamumas su Siomis grieztomis
lizés salygomis galéty suteikti daug privalumy pavieniy lasteliy genomikos
tyrimuose. Palyginimui, taikant vieno zingsnio lizés-SGA metodg laseliuose
ir mikrokapsulése (kontroliné salyga ir salyga nr. 1) gauta tik 25 % teigiamy
reakcijy su S. mutans ir 4-8 % teigiamy reakcijy su R. rhodochrous. Sie
rezultatai patvirtino, kad PEGDA mikrokapsulés yra tinkamos analizuojant
pavieniy mikroorganizmy geneting medziaga, kadangi reagentai reikalingi
efektyviam bakterijy suardymui neturi jtakos mikrokapsuliy stabilumui ir yra
pasalinami prie§ mikrokapsuliy perkélimg | MDA reakcijos miSinj. Kaip
parodyta sekanciame skyrelyje, PEGDA mikrokapsuliy panaudojimas gali
bti iSpléstas atlickant bakterijy kultivavima.
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4 lentelé. R. rhodochrous PY11 ir S. mutans UA159 bakterijy lizés salygos ir SGA
reakcijos efektyvumas. Po MDA mikrokapsulés buvo nudazytos SYBR Green I dazu
ir analizuotos epifluorescenciniu mikroskopu. Kiekvienai tiriamai salygai buvo

iSanalizuota >600 mikrokapsuliy ir laseliy.

Salyga | Lizé-SGA Pirmas Zingsnis VA ntra's :l“ rectas Reakeijos
Zingsnis Zingsnis efektyvumas
. 50 U/ul lizocimo, o
Vieno 0,1% (V/V) Triton X-100, , ' 25% (Strep.)
Kontr. zingsnio s Netaikytas Netaikytas
lageliuose 1 MDA reakcijos 8% (Rhod.)
miginys. 12 val./30 °C. ’ :
. 50 U/ul lizocimo, o
Vieno 0,1% (V/V) Triton X-100, , ' 25% (Strep.)
1. zingsnio s Netaikytas Netaikytas
mikrokap 1 MDA reakcijos 4% (Rhod.)
i misinys. 12 val./30 °C. )
50 U/ul lizocimo, Mikrokap.
Dviejy 0,1% (V/V) Triton X-100, praplautos ir 26% (Strep.)
2. zingsniy 1 mM EDTA, 10 mM perkeltos j 1x Netaikytas
mikrokap. | Tris-HCI [pH 7,5, 25 °C]. MDA miSinj. 3% (Rhod.)
30 min./37 °C. 12 val./30 °C.
50 U/ul lizocimo,
0,1% (V/V) Triton X-100, Mikrokap.
Dviejy 1 mM EDTA, 200 pg/ml praplautos ir 20% (Strep.)
3. zingsniy proteinazés K, 10 mM perkeltos j 1x Netaikytas
mikrokap. | Tris-HCI [pH 7,5, 25 °C]. MDA miSinj. 58% (Rhod.)
30 min./37°C ir 12 val./30 °C
30 min./50°C.
50 U/ul lizocimo, Panildymas Mikrokap.
Trijy 0,1% (V/V) Triton X-100, 5 g’o Y ol praplautos ir 15% (Strep.)
4. zingsniy 1 mM EDTA, 10 mM roteinigzés K perkeltos j 1x
mikrokap. | Tris-HCI [pH 7,5, 25 °C]. gO min/50 °C. MDA miSinj. 57% (Rhod.)
30 min./37 °C. ) ) 12 val./30 °C.
50 U/ul lizocimo, 23§51dy7;is Mikrokap.
Trijy 0,1% (V/V) Triton X-100, LB praplautos ir 84% (Strep.)
proteinazés K
5. zingsniy 1 mM EDTA, 10 mM i 1% (m/V) perkeltos j 1x
mikrokap. | Tris-HCI [pH 7.5, 25 °C]. NODS MDA miSinj. 99% (Rhod.)
30 min. /37 °C. - e o 12 val./30 °C.
30 min./50 °C.
Mikrokap.
- . o
‘];)VICJI:} 0,5 M NaOH ir 1% (m/V) praplaut0§ ir ) 33% (Strep.)
6. zingsniy NDS. 5 min/21 °C perkeltos | 1x Netaikytas
mikrokap. ’ i MDA misinj. 48% (Rhod.)
12 val./30 °C.

Bakterijy kultivavimas ir fenotipiné analizé

Be genomy padauginimo ir analizés, sistema, leidzianti fenotipiskai

analizuoti pavienes bakterijas, biity vertinga atlickant jvairesnius
mikrobiologinius tyrimus. Mikroorganizmy fenotipinei analizei atlikti daznai
prireikia bakterijy kultivavimo, geny raiskos indukcijos ir po to sekancios
metabolity analizés. Visy §iy etapy jgyvendinimas vandens laseliuose yra
didelis i8Stikis. Tuo tarpu, selektyviai pralaidzios mikrokapsulés leidzia
suderinti didelj analizés nasuma kartu su keliy etapy analizés metodais. Sioje
dalyje mikrokapsuliy panaudojimas parodytas atlickant bakterijy metabolito
polihidroksibutirato (PHB) sintez¢ ir nustatymg izogeninése kolonijose,

kilusiose i$ pavieniy izoliuoty E. coli lasteliy.
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Siekiant jvertinti, ar PEGDA mikrokapsulés gali buiti naudojamos pavieniy
bakterijy kultivavimui, E. coli MG1655 lastelés buvo izoliuotos ir
mikrokapsulés perkeltos j auginimo lékstele su LB mitybine terpe (4 pav., A).
Palyginimui £. coli MG1655 lastelés buvo izoliuotos vandens laseliuose su
LB mitybine terpe (4 pav., B). Abicjose sistemose Iastelés buvo
kultivuojamos 4 valandas 37 °C temperattiroje. Remiantis rezultatais, gautais
atlikus pavieniy genomy padauginimg, buvo tikimasi, jog nepertraukiamas
mitybiniy medziagy patekimas per hidrogelinj apvalkalg uztikrins ilgesnj
lasteliy augimg iki kol visa mikrokapsulés vidin¢ dalis bus uzpildyta
bakterijomis. Tuo tarpu, laSelivose galutinj lasteliy skaiciy riboty laselio
viduje esancios mitybinés medziagos. Atlikus mikroskoping analizg, $§i
prielaida buvo patvirtinta: mikrokapsulése pavienés bakterijos iSaugo i
mikrokolonijas, kuriose Igsteliy skaicius siek¢ ~90, o laSeliuose
mikrokolonijas sudaré ~30 lasteliy (4 pav., C).
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4 pav. E. coli MG1655 mikrokolonijy formavimosi PEGDA mikrokapsulése ir
laSeliuose palyginimas. Kair¢je: mikrokapsuliy (A) ir laseliy (B) eksperimentinés
schemos. Viduryje: mikroskopinés analizés nuotraukos, kuriose matomas bakterijy
augimas mikrokapsulése (A) ir laselivose (B) inkubuojant 37 °C temperatiiroje
4 valandas. Zalios rodyklés rodo pavienes bakterijas i§ karto po izoliavimo.
Fluorescenciniai vaizdai gauti po dazymo SYBR Green I dazu. (C) Staciakampés
diagramos rodo bakterijy skaiciy po 4 valandy auginimo mikrokapsulése ir laseliuose.
Staciakampés diagramos sudarytos iSmatavus 20 laseliy ir 30 mikrokapsuliy.
Skalé — 50 pm.

Patvirtinus, jog E. coli gali buti kultivuojamos PEGDA mikrokapsulése,
sekanCiame etape mikrokapsulés buvo panaudotos bakterijy, sintetinanciy
biodegraduojama plastika — polihidroksibutirata (PHB) (198-200),
identifikavimui. Tuo tikslu E. coli DH5a lastelés buvo transformuotos su
pBHR68 vektoriumi, turinCiu PHB sintezés genus (phaC, phaA ir phaB)
(201). Transformuotos bakterijos buvo izoliuotos | PEGDA mikrokapsules,
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6 valandas kultivuotos ir tada PHB sintezé buvo indukuota pridedant
izopropil-p-D-1-tiogalaktopiranozido (IPTG). Po 8 valandy inkubavimo su
IPTG PHB susidarymas buvo patikrintas gyvose lastelése naudojant Nile Red
daza, kuris, remiantis literatiros duomenimis, nudazo PHB granules (202)
(5 pav., A). Atlikus dazyma ir mikroskopin¢ analize, buvo pastebéta, kad Nile
Red, budamas lipofilinis dazas, taip pat jungiasi prie lastelés membranos. Dél
Sios priezasties tiek teigiami, tiek neigiami méginiai turéjo auksta
fluorescencijos signala, kuris neleido patikimai identifikuoti PHB
sintetinanciy bakterijy (5 pav., B). Siekiant sumazinti §j nespecifinj
fluorescencijos signala, mikrokapsulés su iSaugintomis mikrokolonijomis
buvo perkeltos i lizavimo miSinj, turintj lizocimo, proteinazés K ir nejoninio
detergento, ir analizuotos pakartotinai. Sis papildomas etapas padidino
fluorescencinio signalo skirtuma tarp teigiamy ir neigiamy klony apie 10 karty
(5 pav., C).
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5 pav. PHB sintetinanciy mikrokolonijy detekcija taikant dazyma Nile Red. (A) PHB
sintetinan¢ios mikrokolonijos ir (B) neigiama kontrolé buvo analizuotos pries ir po
lasteliy lizés. (C) Staciakampés diagramos rodo santykinj PHB kiekj remiantis
fluorescencijos signalo intensyvumu gyvose ir lizuotose mikrokolonijose.
Staciakampés diagramos sudarytos iSmatavus >100 mikrokapsuliy kickvienai salygai.
Skalé — 50 pm.

Ivertinus, jog PHB sintetinancias bakterijas galima atskirti nuo neigiamy
klony, kitas zingsnis buvo nustatyti, kurios mikrokolonijos PHB sintez¢ vykdo
efektyviausiai. Kuomet atsizvelgiama tik j rezultatus, gautus po daZymo su
Nile Red, iskyla rizika klaidingam jvertinimui, nes sparCiausiai augantys
klonai gali uzgozti léCiau augancius, taciau turincius didesnj PHB sintezés
potencialg. Siekiant iSvengti §io netikslumo, lizuotoms mikrokolonijoms buvo
taikytas dazymas tiek su Nile Red, tieck su SYBR Green L. Sis dvigubas
dazymas leido normalizuoti PHB sintezés lygj pagal bakterijy skaiciy (6 pav.)
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6 pav. PHB kiekio normalizavimas mikrokapsulése. (A) PHB sintetinancios
mikrokolonijos ir (B) neigiama kontrol¢ (NK) buvo analizuotos po lasteliy lizés ir
dazymo Nile Red ir SYBR Green I dazais. (C) Staciakampés diagramos rodo
normalizuotus teigiamy (geltona spalva) ir neigiamy (zalia spalva) klony PHB
sintezés lygius. PHB kiekiui normalizuoti naudotas Nile Red ir SYBR Green I
fluorescencijos santykis. Sta¢iakampés diagramos sudarytos iSmatavus 107 teigiamas
ir 78 neigiamas mikrokolonijas Skal¢ — 50 um.

Rezultatai, gauti atlickant Igsteliy nukleorfig¢iy padauginima ir
kultivavima, patvirtino, jog PEGDA mikrokapsulés yra tinkama ir patogi
sistema kompleksinei pavieniy bakterijy analizei atlikti. Sekantis etapas buvo
iSplésti mikrokapsuliy taikymus analizuojant Zinduoliy lgsteles bei taikant
kitas molekulinés biologijos metodikas. Kaip parodyta sekanciuose
skyreliuose, tai buvo pasiekta suktirus naujg mikrokapsuliy sistema.

Zelatinos metakrilato mikrokapsuliy i§vystymas ir taikymas

Zelatinos metakrilato mikrokapsuliy paruoimas

Mikrokapsulés, turin¢ios Zelatinos metakrilato (ZMA) apvalkala, buvo
ruoSiamos inkapsuliuojant Zelatinos metakrilato ir dekstrano (MM ~500k)
tirpalus ir formuojant vandeninius dvifazinius laSelius (zr. medziagas ir
metodus). Kaip ir su PEGDA mikrokapsulémis, Igstelés atitinkama
koncentracija buvo suspenduojamos dekstrano fazé¢je (7 pav., A). Po laseliy
susiformavimo ZMA ir dekstrano fazés atsiskyré, sudarydamos skysta
apvalkala, praturtintg ZMA, ir skysta vidine dalj, praturtinta dekstranu
(7 pav., B). Norint paversti laSelius mikrokapsulémis, selektyviai pralaidus
apvalkalas buvo formuojamas dviem etapais. Pirmiausia skystas apvalkalo
sluoksnis buvo sukietintas atSaldant laselius 4 °C temperatiiroje 30 minuciy.
Po $io etapo tarpinés mikrokapsulés buvo iSgrynintos i§ emulsijos ir perkeltos
1 buferinj tirpala, kur atliktas cheminis kryzminis susiuvimas veikiant 405 nm
bangos ilgio $viesai ir fotoiniciatoriui. Sis dviejy etapy polimerizacijos
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protokolas uztikrino stabiliy, vienodo dydzio ir centruoty mikrokapsuliy
paruosima. (7 pav., C).

Zelatinos
A metakrilatas

Generavimas Surinkimas
Lastelé -
Dekstranas
B C
© Skystas Hidrogelinis
o Lastele  @Pvalkalas [ 4 &oi5mag ) apvalkalas
2. Foto- .
polimerizacija

Or - » ° Skystas vidus

Skystas vidus Alyva Y/ u VERELG

7 pav. ZMA mikrokapsuliy generavimas ir lIgsteliy izoliavimas. (A) Lasteliy
suspensija inkapsuliuojama i vandeninius dvifazinius laSelius, sudarytus i§ skystos
vidinés dalies, praturtintos dekstranu, ir skysto apvalkalo, praturtinto ZMA (B).
Surinkty laseliy skystas apvalkalas paverciamas selektyviai pralaidzia membrana
taikant dviejy zingsniy polimerizacija. Pirmiausia, atSaldant emulsija, skystas
apvalkalas paverciamas hidrogeliu, po kurio seka cheminis kryzminis susiuvimas
vykdant fotopolimerizacija (C). Skal¢ — 100 pum.

Lasteliy tipu identifikavimas taikant AT-PGR

Siekiant jvertinti ZMA mikrokapsuliy tinkamumga pavieniy Zinduoliy
lasteliy tyrimuose, buvo pasirinkta atlikti atvirkStinés transkripcijos
polimerazés grandining reakcija (AT-PGR), kurios produktas leisty
identifikuoti pavienes lgsteles pagal pasirinkty zymeny raiska. Tuo tikslu
vienodu santykiu buvo sumaiSytos K-562 ir HEK293 lastelés ir inkapsuliuotos
remiantis Puasono statistika taip, kad kiekvienoje mikrokapsuléje vidutiniskai
patekty ne daugiau kaip viena Igstele. Palyginimui atskirai buvo
inkapsuliuotos K-562 ir HEK293 Igstelés. [zoliuotos lgstelés buvo lizuojamos
perkeliant mikrokapsules j chaotropinj buferinj tirpala, po kurio seke
mikrokapsuliy praplovimai ir gDNR paSalinimas veikiant DNaze I. Tokiu
biidu buvo gautos mikrokapsulés su idgryninta RNR i§ pavieniy lasteliy. Sis
méginio paruo§imo buidas buvo pasirinktas dél keliy priezasciy. Visy pirma,
veiksminga lagsteliy lizé yra labai svarbi norint efektyviai iSgauti
nukleoriigstis. Antra, gDNR paSalinimas padidina AT-PGR signalo
specifiSkuma, nes uzkerta kelig gDNR padauginimui. Trecia, mikrokapsuliy
praplovimas po lizés yra bitinas siekiant paSalinti lizés reagentus bei
slopiklius, esancius lasteliy lizate (91,94,113,205,2006).
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Mikrokapsulés su iSgryninta visumine RNR buvo perkeltos j AT reakcijos
miSinj, kuriame iRNR molekulés buvo paverstos kopijine DNR (kDNR).
Siekiant identifikuoti Igsteles pagal jy geny raiskos profilj, mikrokapsulés po
AT buvo perkeltos | daugybinés PGR miSinj, turintj pradmenis specifiskus
lasteliy tipo ir universaliems zymenis. K-562 Iasteléms buvo pasirinktas
PTPRC zymuo (angl., protein tyrosine phosphatase receptor type C), o
HEK293 Iasteléms — YAP zymuo (angl., Yes-associated protein 1). Beta-
aktinas (ACTB) buvo pasirinktas kaip universalus Zzymuo, kurio raiSka
blidinga abiem lgsteliy linijjoms. PGR tiesioginiy pradmeny 5'-galas buvo
pazymétas fluorescencinémis Zymeémis, kuriy emisija jvyksta ties skirtingais
bangos ilgiais: Alexa Fluor 488 (PTPRC pradmuo), Alexa Fluor 555 (YAP
pradmuo) ir Alexa Fluor 647 (ACTB pradmuo). PGR etapo metu zyméti
oligonukleotidai difunduoja i§ pagrindinio tirpalo j mikrokapsulés vidy ir,
jvykus prisilydimui prie specifinio DNR regionio, yra jtraukiami j PGR
produktus. (8 pav.). Tokiu biidu pagal fluorescencijos signalg galima
identifikuoti 1§ pavieniy lgsteliy padaugintus Zymenis. Atsizvelgiant i}
skirtingg PTPRC ir YAP raiskg ir universalia ACTB raiska, buvo tikimasi
mikrokapsules su K-562 lastelémis identifikuoti pagal PTPRC ir ACTB
signalg (Zydra spalva), o HEK293 — pagal YAP ir ACTB signalg (purpuriné
spalva). Mikroskopiné analizé patvirtino, jog K-562 ir HEK293 lastelés, i$
tiesy, gali biiti identifikuojamos pagal padauginty Zymeny fluorescencijos
profili (8 pav., B ir C).

Gauti rezultatai patvirtino, kad ZMA mikrokapsulés yra tinkamos pavieniy
lasteliy izoliavimui ir analizei atliekant AT-PGR, kas leidzia identifikuoti
lasteliy tipus pagal pasirinkty Zymeny raiSka. Be to, kaip parodyta kitame
skyrelyje, Sios mikrokapsulés yra suderinamos su tékmés citometrija, kas
leidzia paspartinti didelés apimties daleliy analizg.
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8 pav. Lasteliy tipy identifikavimas atlickant AT-PGR mikrokapsulése.
(A) Eksperimento schema. K-562 ir HEK293 Iasteliy miSinys izoliuojamas
mikrokapsulése ir atlickamas vieno Zymens arba keliy Zymeny (daugybiné) AT-PGR.
Pasirinkty zymeny padauginimui naudojami fluorescencine Zzyme pazyméti
pradmenys specifiski PTPRC, YAP ir ACTB. Po AT-PGR jvertinama mikrokapsuliy
fluorescencija. (B) Mikroskopijos nuotraukos po AT-PGR, kuomet buvo padaugintas
vienas i§ zymeny: PTPRC (zalia spalva), YAP (raudona spalva) ir ACTB (mélyna
spalva). (C) Mikroskopijos nuotraukos po daugybinés AT-PGR, kai vienu metu buvo
atlickamas dviejy arba trijy zymeny padauginimas: PTPRC ir ACTB (zydra spalva),
YAP ir ACTB (purpuriné spalva), PTPRC, YAP ir ACTB (zydra ir purpuriné spalvos).
Skalé — 100 pum.
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Mikrokapsuliy po AT-PGR analizé tékmés citometrija

Mikroskopija yra patogus ir tikslus btidas analizuoti mikrokapsules po AT-
PGR. Taciau tais atvejais, kai reikia iSanalizuoti didelj mikrokapsuliy skaiciy
(>10 000), sis budas tampa nepraktiskas. Dél Sios priezasties buvo siekiama
jvertinti, ar t¢kmeés citometrija gali buti naudojama kaip alternatyvus biidas
mikrokapsuliy analizei. Tuo tikslu mikrokapsulés su K-562 lgstelémis,
HEK?293 lgstelémis ir jy misiniu buvo analizuotos Partec CyFlow Space
tékmés citometru (9 pav.). Vieno eksperimento metu buvo iSanalizuota iki
30 000 mikrokapsuliy, tac¢iau galutinis mikrokapsuliy skaicius néra ribojamas
ir gali biti padidintas. Atliekant tékmés citometrija, mikrokapsulés buvo
identifikuojamos pagal priekinés ir Soninés sklaidos grafikg, kur buvo
stebimas lokalizuotas matavimy/daleliy Zidinys. Pasirinkta mikrokapsuliy
populiacija toliau buvo analizuojama pagal Alexa Fluor 647 fluorescencijos ir
Soninés sklaidos grafikg, kas leido identifikuoti ACTB teigiamas
mikrokapsules.  Galiausiai, ACTB teigiamos mikrokapsulés buvo
analizuojamos pagal Alexa Fluor 488 ir Alexa Fluor 555 fluorescencijg, kas
leido identifikuoti PTPRC ir YAP teigiamas populiacijas ir nustatyti pradinj
meéginj sudarancias lgsteles.

5 lenteléje pateikti rezultatai rodo, kad tékmes citometrijos ir
mikroskopijos rezultatai yra labai panaSts. Mikrokapsulés su K-562
lastelémis buvo teigiamos pagal PTPRC signala: 3,19 % buvo gauti atliekant
mikroskoping analiz¢ ir 3,63 % - naudojant tekmés citometrija. Mikrokapsulés
su HEK?293 lgstelémis buvo teigiamos pagal YAP signala: 4,84 % buvo gauti
atliekant mikroskopine analizg ir 5,46 % — naudojant tékmés citometrija, kas
atitiko teorinj lgsteliy daznj mikrokapsulése (~5-6 %). Mikrokapsulés su
K-562 ir HEK293 lgsteliy miSiniu buvo teigiamos arba pagal PTPRC, arba
YAP signalg. Dviejy skirtingy lasteliy izoliavimo | t3 pacig mikrokapsule
jvykiai buvo reti (0,02-0,15 %) ir atitiko Puasono skirstinj. Svarbu paminéti,
jog 99,07 % PTPRC teigiamy mikrokapsuliy buvo teigiami ACTB signalui
meéginyje su K-562 lgstelémis, o0 94,57 % YAP teigiamy mikrokapsuliy buvo
teigiami ACTB signalui méginyje su HEK293 Igstelémis. Sie rezultatai
patvirtino, jog izoliuoty lasteliy identifikavimas galimas naudojant lgstelés
tipui specifiniy bei universaliy Zymeny raiSkos kombinacijg.
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9 pav. Mikrokapsuliy po AT-PGR analizé t¢kmes citometrija. Tékmés citometrijos
duomeny grafikuose pavaizduoti trys mikrokapsuliy méginiai: K-562 ir HEK293
lasteliy miSinys (A), K-562 lastelés (B) ir HEK293 lastelés (C). Mikrokapsulés buvo
identifikuotos pagal priekinés ir Soninés sklaidos signala. Tuomet pasirinkta
populiacija buvo suskirstyta pagal ACTB zymens raiska ir galiausiai pagal PTPRC ir
YAP Zymeny raiska. Procentai rodo dalj nuo visy mikrokapsuliy skaiciaus.

5 lentelé. AT-PGR rezultaty palyginimas naudojant tékmés citometrijg ir

mikroskopija.
YAP,
Matavimy YAP ir PTPRC ir YAP ir >
Meégi ACTB YAP PTPR PTPRCii
IS | kaitius c ACTB c ACTB PTPRC Cir
ACTB
Mikroskopija
285 3 3 90 90 2 2
K-562 2822
(10.1%) (0.11%) (0.11%) (3.19%) (3.19%) (0.07%) (0.07%)
272 103 102 0 0 0 0
HEK293 2128
(12.78%) (4.84%) (4.79%) (0.0%) (0.0%) (0.0%) (0.0%)
K-562 ir 2006 361 69 68 36 36 3 3
HEK293 (18.0%) (3.44%) (3.39%) (1.79%) (1.79%) (0.15%) (0.15%)
Tékmés citometrija
2565 84 18 858 850 1 1
K-562 23628
(10.86%) (0.36%) (0.08%) (3.63%) (3.60%) (<0.01%) (<0.01%)
2800 1069 1011 1 1 6 6
HEK293 19574
(14.30%) (5.46%) (5.17%) (<0.01%) (<0.01%) (0.03%) (0.03%)
K-562 ir 31061 5881 940 863 524 516 6 5
HEK293 (18.93%) (3.03%) (2.78%) (1.69%) (1.66%) (0.02%) (0.02%)
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Tiek tekmes citometrija, tieck mikroskopiné analizé parode, kad yra trecia
teigiamy mikrokapsuliy populiacija, kurios fluorescencinis signalas atitinka
ACTB Zymenj, bet nedetektuojami nei PTPRC, nei YAP signalai. ACTB
teigiamy jvykiy skaicius (5 lentelé, 3 stulpelis) buvo mazdaug 3 kartus
didesnis nei YAP (4 stulpelis) ar PTPRC (6 stulpelis) ijvykiy skaiCius.
Atsizvelgiant | didelj ACTB teigiamy mikrokapsuliy skai¢iy, kuris virSija
izoliuoty lasteliy skaiCiy, buvo padaryta prielaida, kad $ie klaidingai teigiami
jvykiai gal¢jo atsirasti dél laisvai plaukiojanc¢iy iRNR molekuliy, kuriy buvo
pradinéje Igsteliy suspensijoje (pries izoliavimg) dél iSankstinés lgsteliy lizés.
Sie pastebéjimai sutampa su ankstesniais tyrimais, rodanciais, jog atliekant
pavieniy lasteliy AT-PGR laseliuose, teigiamy laSeliy skaiCius yra didesnis
nei izoliuoty lgsteliy kiekis (112,207). Be to, kaip labiausiai tikétinas $iy
jvykiy Saltinis buvo jvardintos iRNR molekulés, atsiradusios d¢l nedidelio
kiekio besilizuojanciy lgsteliy méginio paruosimo ir inkapsuliavimo metu
(114). Klaidingai teigiamy jvykiy atsiradimas daznai yra neiSvengiamas
atliekant nukleortigs¢iy padauginima. Dél Sios priezasties buvo svarbu rasti
biidg, kaip tokius jvykius aptikti, kad biity i§laikomas analizés tikslumas. Kaip
parodyta sekanc¢iame skyrelyje, norint atskirti teisingai teigiamus ir klaidingai
teigiamus jvykius, reikéjo jvesti papildoma Zymenj, nepriklausantj nuo
lastelés geny raiskos aktyvumo.

Teisingai teigiamy ir klaidingai teigiamy jvykiuy atskyrimas

Tikslus fluorescuojanciy mikrokapsuliy atskyrimas, kuriose buvo izoliuota
lastelé (teisingai teigiami jvykiai), nuo mikrokapsuliy, j kurias pateko
nelgsteliné iRNR (klaidingai teigiami jvykiai), gali buti sudétingas, kadangi
fluorescencinio signalo intensyvumo tarp Siy jvykiy gali biiti nejmanoma
atskirti. Pavyzdziui, 8 pav. C dalyje pateikti rezultatai rodo, kad atskirti
mikrokapsules, kuriose buvo izoliuotos Igstelés, nuo mikrokapsuliy, kuriose
buvo izoliuotos nelgstelinés iRNR, gali buti itin sunku ir netikslu. Siekiant
i§spresti §i analitinj trikuma, praeitame skyrelyje pristatytas daugybinés AT-
PGR mikrokapsulése metodas buvo modifikuotas pakeiciant lasteliy ardymo
salygas. Buvo padaryta prielaida, kad, taikant Svelnias lizés salygas, lasteliy
branduoliai turéty iSlaikyti savo kompaktiska struktiirg visy analizés etapy
metu ir juos bty galima panaudoti kaip papildoma zymenj identifikuojant
mikrokapsules su izoliuotomis lgstelémis.

Norint jvertinti Sios strategijos tinkamumg, K-562 ir HEK293 lasteliy
misinys buvo izoliuotas mikrokapsulése, fiksuotas atSaldytame etanolyje ir
lastelés permeabilizuotos naudojant nejoninj detergenta (zr. medziagas ir
metodus). Po Siy etapy seké daugybiné AT-PGR taikant tokias pat salygas
kaip nurodyta praeitame skyrelyje. Mikroskopiné analizé parode, kad,
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naudojant Svelnias lizés salygas, 1gsteliy branduoliai po AT-PGR islaiké savo
strukttirg bei turéjo aiskiai identifikuojama fluorescencijos signala visuose
kanaluose (Alexa Fluor 647 (ACTB), Alexa Fluor 488 (PTPRC) ir Alexa Fluor
555 (YAP)) galimai dél nespecifinio PGR pradmeny jsisavinimo (10 pav., B).
Taip pat, branduoliy fluorescencijos signalg buvo galima sustiprinti naudojant
mélynai fluorescuojantj DAPI daza, kas buvo svarbu analizuojant nedidelio
dydzio periferinio kraujo vienbranduoles lasteles (PKVL). Tuo tarpu, PGR
produkty fluorescencija buvo tolygiai pasiskirsciusi visame mikrokapsulés
vidinés dalies tiryje. Taigi, mikrokapsulés fluorescencijos profilio matavimas
suteiké paprastg biida nustatyti mikrokapsules su lgstelémis ir atskirti jas nuo
mikrokapsuliy, kuriose buvo padauginta nelgstelin¢ iRNR. (10 pav., C).

Lasteliy suspensija (] Lastelés mikrokapsulése &> Nuskaitymas =
“Altipolastele 1 R
: ® : Lasteliy [ ] Daugybine T I
' Nelasteline izoliavimas ! AT-PGR i o ] ®
: il i ' S ! ]
iBtipolastele 1| | » » oo
! H \ / . / i ~ \&/
H e) H \\ /4 H ° \ / P ) ] \ /
D S \’/ ®) i F L1 \/ [ ey SN 4
Méginys Izoliuotos Padaugintos
Sviesus lastelés nukleoragstys
laukas ~ Branduolys  ACTB Sulieta C
® N V‘X\ Lastele Branduolys
o
©
el (5
x \\ I \
)/;\ ; — \

w Nelgsteline iRNR Tuscia mikrokapsule

B 44
]

Branduolys Nenustatyta HEK293

e
A

10 pav. Teisingai teigiamy ir klaidingai teigiamy jvykiy nustatymas po AT-PGR. (A)
Eksperimentiné schema, vaizduojanti méginio, sudaryto i§ lgsteliy ir laisvai
plaukiojanc¢iy iRNR molekuliy, izoliavima j mikrokapsules ir po to sekantj
nukleorig§¢iy padauginima AT-PGR. (B) Reprezentatyviis mikrokapsuliy
mikroskopijos vaizdai po daugybinés AT-PGR, padauginant ACTB, PTPRC ir YAP
zymenis. (C) Trimaciai mikrokapsuliy fluorescencijos profiliai Alexa Fluor 647
(ACTB) kanale, atitinkantys lastel¢ su PGR produktu, vien tik branduolj, padauginta
aplinkos iRNR ir tus¢ig mikrokapsulg. Spalvos atitinka pikseliy intensyvuma.

Pasinaudojant §ia analitine savybe, méginyje su izoliuotomis K-562 ir
HEK?293 lIgstelémis buvo jvertintas nelgstelinés iRNR kiekis naudojant tris
atskaitos genus: ACTB, beta-2-mikroglobuling (B2M) ir TBP (angl., TATA -
box binding protein). Kadangi méginio paruo§imo metu neiSvengiamai bent
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labai maza dalis Igsteliy lizuojasi ir jy iRNR patenka j lasteliy suspensija, buvo
tikimasi, kad gausiausi transkriptai lastel¢je sudarys ir didziausig klaidingai
teigiamy mikrokapsuliy kiekj. Kaip ir tikétasi, ACTB, budamas gausiausias i$
trijy pasirinkty transkripty, turéjo 16 % klaidingai teigiamy mikrokapsuliy,
taCiau §is skaicius sumazejo iki 0,8 % naudojant 7BP. Remiantis literatiros
duomenimis, 7BP ekspresuojamas ~10 kopijy vienoje lgstel¢je (208). Realaus
laiko PGR rezultatai parodé¢, jog TBP turi ~60 karty mazesnj raiSkos lygi
palyginti su ACTB genu.

Turint galimybe nustatyti ir kiekybiskai jvertinti teisingai/klaidingai
teigiamus jvykius ir teisingai/klaidingai neigiamus jvykius, buvo galima
apskaiciuoti daugybinés AT-PGR mikrokapsulése statistines charakteristikas.
Apskaiciuota, kad su HEK293 lasteléemis ACTB detekcijos jautrumas buvo
98,65 %, o YAP — 92,57 %. Analizuojant K-562 lasteles, ACTB detekcijos
jautrumas buvo 98,37 %, o PTPRC — 71,74 %. Specifiskumas tarp skirtingy
lgsteliy ir Zzymeny sieké 97,71-99,93 %. Lasteliy tipui biidingy Zymeny — YAP
ir PTPRC — teigiamos prognozavimo vertés buvo atitinkamai 98,56 % ir
99,25 %. Neigiamos prognozavimo vertés taip pat buvo labai aukstos:
atitinkamai 99,60 % ir 98,23 %. Taciau verta pazyméti, kad Sios vertés néra
fiksuotos ir priklauso nuo méginio kokybeés, lasteliy tipo ir fiziologinés
biisenos bei Zymeny pasirinkimo.

Leukemijos lasteliy atskyrimas nuo PKVL

Siekiant jvertinti sukurtos mikrokapsuliy technologijos potencialg
diagnostikoje, buvo atlikta pirminiy zmogaus lasteliy analizé. Tuo tikslu
mikrokapsulése buvo izoliuotos atSildytos periferinio kraujo vienbranduolés
lastelés (PKVL) ir atliktas AT-PGR siekiant nustatyti dazniausiai naudojama
kraujo lasteliy Zymenj PTPRC (taip pat zinomg kaip CD45). Atsizvelgiant |
tai, kad PKVL yra teigiamos PTPRC Zymeniui (informacija pateikta ATCC),
buvo tikimasi, kad daugiau kaip 95 % mikrokapsuliy su branduoliu bus
stebétas teigiamas PTPRC signalas. Taciau mikroskopiné analizé parodé, kad
tik 77,2 % izoliuoty Iasteliy buvo teigiamos pagal PTPRC Zymen,].
Analizuojant PKVL pagal B2M Zymenj, buvo gautas panasus detekcijos lygis
(74,6 %). Sie rezultatai labai tiksliai atitiko lasteliy gyvybingumo duomenis
(~77 %), kurie buvo gauti dazant lasteles pries izoliacijg tripano méliu. Tai
leido prieiti prie i§vados, jog PKVL Zymeny detekcija koreliavo su lasteliy
gyvybingumu.

Patvirtinus, jog AT-PGR mikrokapsulése yra tinkama PKVL analizei,
kitame etape Sios lgstelés buvo analizuotos kartu su timinés promielocitinés
leukemijos lagstelémis (NB4). NB4 lasteliy aptikimui ir atskyrimui nuo PKVL
buvo pasirinktas PML-RAR & Zymuo. Rezultatai, pateikti 11 pav., patvirtino,
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jog NB4 Iastelés buvo detektuojamos ir jy skaicius analizuojamame méginyje
nuosekliai mazéjo dididant praskiedimg su PKVL. Sie rezultatai buvo stebéti
atliekant analize mikroskopu (A) bei tékmés citometru (B). Taciau buvo
pastebéta, jog nustatyty NB4 lasteliy dalis buvo ~2 kartus mazesné nei
teorinés prognozes. Siekiant geriau suprasti §] neatitikimg, PML-RAR«
raiSkos lygis NB4 Igstelése buvo kiekybiskai jvertintas naudojant realaus laiko
PGR. Sis eksperimentas parodé, kad PML-RARq raiska yra ~200 karty
mazesné nei PTPRC, o tai reiSkia, kad vidutiniskai vienai lastelei tenka
maziau nei | PML-RAR« transkripto kopija. Remiantis Siais rezultatais,
galima daryti prielaida, kad ne visos NB4 lgstelés tam tikru metu turi PML-
RAR« transkriptus, taip paaiskinant stebétus rezultatus. Siame kontekste verta
paminéti, kad analizuojant K-562 Iasteléms budinga leukemijos zymenj BCR-
ABL, kurio raiska siekia ~40 kopijy vienoje lastelé¢je (216), detekcijos
jautrumas sieké 98,6 %.
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11 pav. Uminés promielocitinés leukemijos Igsteliy (NB4) ir periferinio kraujo
vienbranduoliy lgsteliy (PKVL) RNR citometrija. (A) Mikroskopinés analizés ir (B)
tekmeés citometrijos rezultatai. Pavieniy lasteliy daugybiné AT-PGR buvo atlikta
siekiant identifikuoti PKVL ir NB4 pagal PTPRC (CD45) ir PML-RARo zZymeny
raiSka. PKVL nustatytos pagal PTPRC Zzymens teigiama signala, o NB4 Iastelés —
pagal PTPRC ir PML-RARo teigiamy signaly persidengima. Procentais pateikta PML-
RARo teigiamy jvykiy dalis nuo visy izoliuoty lasteliy, turinciy teigiamg PTPRC
zymens signala. Sklaidos grafikai rodo 500 (A) ir ~4000 (B) lasteliy kiekviename i§
meéginiy.
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Pavieniy lasteliu RNR sekoskaita

Transkriptominés analizés strategija

Kaip parodyta ankstesniuose skyreliuose, ZMA mikrokapsulés uztikrina
efektyvy zinduoliy lasteliy izoliavimg ir iRNR paruosima pries fermentiniy
reakcijy atlikimg. Taip pat, Zelatininis apvalkalas uztikrina greitg ir patogy
mikrokapsuliy iStirpinimg ir analités iSskyrima taikant Svelnias salygas.
Remiantis Siomis savybémis, buvo tikimasi, kad Siame darbe sukurtos
mikrokapsulés galéty suteikti pranaSumg prie§ jau esamus pavieniy lasteliy
RNR sekoskaitos metodus, kuriuose lgsteliy lizé ir iRNR barkodavimas
atvirks$tinés transkripcijos metu atliekamas tame paciame reakcijos misinyje,
kas gali sudaryti neoptimalias salygas.

Siekiant jvertinti mikrokapsuliy panaudojimg RNR sekoskaitoje, buvo
igyvendinta eksperimentiné strategija, pateikta 12 pav. Kaip ir atliekant AT-
PGR, pavienés lastelés buvo izoliuotos mikrokapsulése, lizuotos
chaotropiniais reagentais, po kurio seké gDNR Salinimas veikiant DNaze I
(12 pav., A).

A ISgryninta
. W, Lasteliy ) i‘j\ Lizeir gODNR - // iIRNR
. ), izoliavimas %)\ pasalinimas
\ ' e 3 I B
) . 1 g # ’.‘) » oo
® . \, Reagentai / ~
\\:::ﬁ::":// o Mikrokapsulés
Reagentai su RNR
B Alyva
4 N Barkoduojantys l -
hidrogeliai —
4 Emulsijos
AT —~ - surinkimas
reagentai — ' ( ) > ( ) »
amk
Mikrokapsulés A
yva
Barkody
Adaptt UMI
L AAAA kDNR sintezé nukabinimas (UV)
Bﬁrkpdas M
CwonR L = e
iRNR

iRNR barkodavimas

12 pav. Pavieniy Igsteliy iRNR sekoskaita panaudojant ZMA mikrokapsules.
(A) Pavieniy lasteliy izoliavimas ir iRNR gryninimas. (B) Mikrokapsuliy
patalpinimas ] laselius kartu su barkoduojanciais hidrogeliais bei atvirkstinés
transkripcijos reagentais. Po barkoduojanciy pradmeny nukabinimo oligonukleotidai
pereina per mikrokapsulés apvalkalg ir inicijuoja KDNR sintezés procesa.
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Mikrokapsulés, turinCios iSgrynintg iRNR, buvo barkoduojamos pasitelkiant
inDrops platforma (2,86). Tuo tikslu mikrokapsulés buvo patalpintos j laselius
kartu su genetinius barkodus neSanciais hidrogeliniais rutuliukais bei
atvirks$tinés transkripcijos reagentais. D¢l selektyvaus apvalkalo pralaidumo
tiek atvirkstinés transkripcijos reagentai, tieck barkoduojantys pradmenys
patenka j mikrokapsulés vidy ir yra jtraukiamj j KkDNR sinteze¢ mikrokapsulés
viduje (12 pav., B). Po Sio etapo kDNR molekulés buvo iSgrynintos i$
mikrokapsuliy ir naudojamos bibliotekos paruosimui bei sekoskaitai (Zr.
medZziagas ir metodus).

Zinduoliy lasteliy transkriptominé analizé

Siekiant validuoti mikrokapsulémis paremta viso transkriptomo analizg,
pirmiesiems bandymams buvo pasirinktos kultiirinés Zinduoliy Igstelés.
Pasirinktas Igsteliy miSinys turéjo vienoda kiekj peliy NIH-3T3 ir zmogaus
K- 562 lasteliy. Mikrokapsulés, turinCios pavieniy lasteliy iRNR, buvo
patalpintos j laselius, kuriuose buvo atliktas iRNR genetinis barkodavimas ja
veréiant j kKDNR biblioteka. Sis metodas buvo pavadintas ,,CapDrop®.
Paraleliai pavieniy lasteliy barkodavimas buvo atliktas papildant atvirkstinés
transkripcijos misinj kolagenaze A, kuri tirpina Zelatinos apvalkala, kas
galimai galéty pagerinti iRNR barkodavimo efektyvuma. Sis metodo variantas
buvo pavadintas ,,CapDrop + ColA*. Transkriptomikos duomeny palyginimui
taip pat buvo jtrauktas standartinis inDrops protokolas, kurio metu laseliuose
vietoje mikrokapsuliy yra patalpinamos lastelés.

Palyginamoji analizé parod¢, kad pavieniy lasteliy lizavimas ir RNR
gryninimas prie$ barkodavimg padidina nustatyty geny ir unikaliy transkripty
skai¢iy lasteléje apie 1,5 karto (6 lentelé). Sie rezultatai gali biiti paaiskinami
tuo, jog grieztesnés lasteliy ardymo salygos uztikrina geresnj iRNR
prieinamumg fermentams. Taip pat, mikrokapsuliy praplovimas po lizavimo
gali paSalinti tam tikrus vidulgstelinius slopiklius (pvz., RNazes). Verta
pastebéti, jog mikrokapsuliy iStirpinimas AT reakcijos metu neturéjo
pastebimos jtakos iRNR molekuliy barkodavimui. Tai leidzia daryti iSvada,
jog AT efektyvumas laselyje ir mikrokapsulés viduje buvo panasis.

6 lentelé. Unikaliy transkripty ir geny skaiCiaus palyginimas taikant tris iRNR
barkodavimo strategijas: CapDrop, CapDrop + ColA ir inDrops. Visuose méginiuose
buvo pasiektas panasus sekoskaitos jsotinimo laipsnis (0.336-0.386).

Méginys legi‘::: t Tﬁ:;l,:::;tq Geny vidurkis Geny mediana
CapDrop 12012 11659 2953 2882
CapDrop + ColA 12157 11678 3011 2920
inDrops 7637 7000 2051 1988
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Antrasis CapDrop ir inDrops metody vertinimo aspektas buvo
barkodavimo specifiskumo analizé. Lastelé, kurioje daugiau kaip 80 % visy
nuskaityty seky atitiko Zmogaus transkriptoma, buvo priskirta K-562 Igstelei,
o lastelé, kurioje daugiau kaip 80 % visy nuskaityty seky atitiko pelés
transkriptoma, buvo priskirta NIH-3T3 lastelei. Lik¢ jvykiai buvo
klasifikuojami kaip sumaisyti, nes juose buvo didelé dalis seky, priklausanciy
abiem lgsteliy linijoms. CapDrop ir inDrops parodé panasy dviejy skirtingy
lasteliy barkodavimo tuo paciu barkodu jvykiy skaiciy: atitinkamai 8,12 % ir
6,52 % (13 pav., A). Taip pat, pavieniy lgsteliy transkriptomo duomeny
projekcija netiesingje erdvéje (UMAP) parodé homogeniska pasiskirstyma per
visas matomas populiacijas (nepriklausomai nuo taikyto metodo) patvirtinant,
jog néra Zenkliy skirtumy tarp lyginamy metody (CapDrop, CapDrop + ColA
ir inDrops) (13 pav., B ir C). Taigi, mikrokapsuliy pagrindu veikianti iRNR
sekoskaita yra tinkamas metodas pavieniy Zinduoliy Igsteliy transkriptominei
analizei atlikti. Kitame Sio darbo etape $i sistema buvo pritaikyta pavieniy
mikroorganizmy analizei.
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13 pav. Pavieniy K-562 and NIH-3T3 lasteliy iRNR sekoskaitos rezultaty
palyginimas. (A) Sklaidos grafikai, rodantys lasteliy priskyrima konkreciam tipui
naudojant tris iRNR barkodavimo metodus: CapDrop, CapDrop + ColA ir inDrops.
(B) UMAP grafikas, kuriame pavaizduoti pavieniy lasteliy transkriptomy, gauty i§
trijy taikyty metodiky, pasiskirstymas tarp suformuoty klasteriy. (C) UMAP grafikai,
kuriuose pavaizduotas zmogaus ir pelés transkriptomy pasiskirstymas tarp klasteriy.
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Bakterijy transkriptominé analizé

Palyginti su Zinduoliy lgsteliy RNR sekoskaita, analogiski tyrimai su
bakterijomis iSliecka daug didesniu isSukiu dél mazo RNR kiekio, iRNR
poliadenilinimo nebuvimo bei sudétingo bakterijy lizavimo. Dél $iy priezasc¢iy
12 pav. pateikta strategija nebuvo pilnai tinkama ir reikéjo jvesti tam tikrus
pakeitimus. Visy pirma, buvo atliktas dviejy etapy bakterijy lizavimas,
kuomet po lizocimo inicijuotos lizés seké veikimas chaotropiniais reagentais
(zr. medziagas ir metodus). Antra, siekiant sugauti RNR molekules per
barkoduojancio pradmens poli(dT) seka, mikrokapsulés su visumine
igryninta RNR buvo perkeltos j poliadenilinimo reakcijos miginj. Sis
papildomas etapas leido pasiekti, jog visos RNR molekulés, jskaitant ir
ribosoming RNR, 3'-gale bty pazymétos poliA uodega.

Pirminio eksperimento atlikimui, E. coli MG1655 ir B. subtilis 23857 buvo
sumaiSytos vienodu santykiu ir inkapsuliuotos atitinkamu skiedimu taip, kad
kiekvienoje mikrokapsuléje vidutiniskai biity ne daugiau kaip viena lastelé.
Palyginimui, E. coli MG1655 ir B. subtilis 23857 lastelés buvo inkapsuliuotos
atskirai. Izoliuotos Igstelés buvo sulizuotos, jy genominé DNR pasalinta, o
RNR poliadenilinta. Mikrokapsulés su poliadenilintomis RNR molekulémis
buvo perkeltos j inDrops sistema, kur buvo atliktas RNR barkodavimas
(zr. medziagas ir metodus). I$ kiekvieno meéginio buvo uzbarkoduota ~3000
lasteliy.

Visy pirma, po sekoskaitos buvo jvertintas RNR barkodavimo
specifiSkumas. Analogiskai kaip ir analizuojant Zinduoliy lasteliy sekoskaitos
duomenis, bakteriné Igstelé, kurioje daugiau kaip 80 % visy nuskaityty seky
atitiko E. coli transkriptoma, buvo priskirta E. coli lastelei, o lastele, kurioje
daugiau kaip 80 % visy nuskaityty seky atitiko B. subtilis transkriptoma, buvo
priskirta B. subtilis lastelei. Like jvykiai buvo klasifikuojami kaip sumaisyti.
Analizés rezultatai parode, jog 92 % barkody buvo priskirti vienai konkreciai
bakterijy rusiai, o lik¢ 8 % turéjo sumaiSytus bakterijy transkriptomus
(14 pav., A, pirmasis sklaidos grafikas). Verta pastebéti, jog méginys,
kuriame E. coli ir B. subtilis buvo izoliuotos nepriklausomai ir mikrokapsulés
buvo apjungtos prie§ RNR barkodavima, turéjo labai panasy kiekj sumaiSyty
transkriptomy (8,5 %) (14 pav., A, antrasis sklaidos grafikas). Sie rezultatai
leidzia daryti prielaida, jog sumaisyti transkriptomai atsirado ne dél E. coli ir
B. subtilis izoliavimo kartu vienoje mikrokapsul¢je ar lgsteliy tarpusavio
sgveikos dar pries jvykstant izoliacijai. Nepriklausoma E. coli ir B. subtilis
analiz¢ (B) parodé, kad priskyrimas atitinkamoms raG$ims buvo labai
specifiSskas, o B. subtilis méginyje pasitaiké tik keli neatitikimai: 0,2 %
barkody buvo priskirta E. coli, ir 0,6 % - abiem bakterijy risims. Remiantis
Siais rezultatais, biity galima teigti, kad dauguma sumaiSyty transkriptomy

154



galima paaiskinti limituota barkody jvairove (147 456) ir (arba) keliy teigiamy
mikrokapsuliy patekimu j vieng laselj.

Norint jvertinti UMI kiekio pasiskirstyma, buvo pasirinktas meéginys,
kuriame E. coli ir B. subtilis lastelés buvo inkapsuliuotos vienu metu
(14 pav., A, pirmasis sklaidos grafikas). Pasirinkus slenkstine verte daugiau
nei 100 UMI (C), buvo nubraizyti visuminés RNR (D), TRNR (E) ir iRNR (F)
kiekio pasiskirstymai. Kaip ir tikétasi, daugiau kaip 80 % UMI sudaré rRNR
sekos.

Sekoskaitos duomenys, kuriuose dominuoja rRNR, yra nepageidaujami ir
rRNR turi biti bent dalinai paSalinta tam, kad buty galima efektyviau
analizuoti iRNR ir i§gauti biologiskai svarbig informacija. Dél Sios priezasties
yra svarbu uztikrinti, kad kuo mazesnis rRNR kiekis dalyvauty bibliotekos
paruosSime ir pereity j sekoskaitos etapg. Viename i$ neseniai publikuoty darby
buvo panaudoti blokuojantys pradmenys, kurie, specifiskai prisijungdamai
prie 5S, 16S ir 23S rRNR molekuliy, blokuoja rRNR poliadenilinimg ir po to
sekant] jy padauginimg (217). Taip pat, RNR sugavimo efektyvumui didele
jtaka daro matricos perjungimas (angl., template-switching) atvirkstinés
transkripcijos metu. Yra zinoma, kad matricos perjungimas yra palankus RNR
molekuléms, turin¢ioms 5'-galing 7-metilguanilato (m7G) kepuréle, kuri yra
eukarioty, bet ne prokarioty iRNR molekulése (218). PrieSingai, prokarioty
iRNR molekulés turi 5'-galine trifosfato grupe, kuri gali biiti modifikuota j
m7G kepuréle panaudojant fermentinius metodus (Vaccinia virus Capping
Enzyme) (218). Dar viena galima strategija — antrosios grandinés sintezé
panaudojant atsitiktinius pradmenis, pazymétus universalia seka (219). Tokiu
bidu tos iRNR molekulés, kurios buvo transkribuotos, bet matricos
perjungimas nebuvo efektyvus, nebiity pametamos ir dalyvauty kituose
bibliotekos paruosimo etapuose. Taigi, yra tikimasi, jog, jtraukus rRNR
pasalinimo etapa bei efektyvesng iRNR sugavimo strategijg, bus reikSmingai
pagerinta pavieniy bakterijy iRNR sekoskaitos kokybé, kas yra esminis
reikalavimas pereinant prie §ios sistemos taikymo.
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14 pav. Pavieniy E. coli MG1655 ir B. subtilis 23857 lasteliy RNR sekoskaita
panaudojant ZMA mikrokapsules. Sklaidos grafikai vaizduoja bakterijy susimai§ymo
jvykius analizuojant bakterijy misinj (A) ir kiekvieng bakterijy raisj atskirai (B). (C)
Meéginio su kartu izoliuvotomis E. coli ir B. subtilis grafikas, kuris vaizduoja UMI
kiekio pasiskirstyma tarp barkody (barkodai isrikiuoti pagal UMI skaiciy). Lastelés,
turin¢ios >100 UMI, buvo atrinktos ir toliau analizuotos vertinant visuminés RNR
(D), rRNR (E) ir iRNR (F) pasiskirstyma tarp individualiy lasteliy.
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Rezultaty aptarimas

Daugiapakopés reakcijos yra itin daznai sutinkamos jvairiuose
molekulinés biologijos metoduose, kuomet reagentai yra jdedami ar
pasalinami tam tikrame analizés etape. Tai ypac¢ aktualu vykdant
nukleoriigs¢iy analize, kuomet prie§ jy padauginimg atliekamas lasteliy
lizavimas ir nukleoriigs¢iy gryninimas. Taciau tokia analizés eiga, kuomet
sistemoms. D¢l Sios priezasties didzioji dalis sukurty laseliy sistemy ir
aplikacijy remiasi vieno etapo reakcijomis, kuomet visi reagentai, skirti
analizei atlikti, yra jtraukiami vienu metu lIgsteliy inkapsuliacijos pradzioje.
Nors ir yra technologiniy sprendimy, kaip atlikti sudétingas daugiapakopes
reakcijas laseliy formate, jie reikalauja itin specializuoty Ziniy ir patirties, kas
apriboja jy platesnj taikyma.

Siame darbe buvo siekiama sukurti paprasta ir praktiska sprendima,
leidziantj atlikti didelio naSumo pavieniy lasteliy nukleoriig§¢iy analize, kuri
biity suderinama su jvairiais molekulinés biologijos protokolais. Tai buvo
pasiekta suktirus selektyviai pralaidzias mikrokapsules. Mikrokapsuliy
veikimas pagristas gan paprastu principu: pavienés lastelés izoliuojamos i
vandeninius dvifazinius laSelius, turincius skystg vidine dalj ir jg apgaubiantj
skysta apvalkalg. Esant tam tikram stimului (Saldymui ir (arba)
fotopolimerizacijai), skystas apvalkalas paverciamas elastingu hidrogeliu.
Hidrogelinis apvalkalas veikia kaip selektyviai pralaidi membrana: i§laikomos
lgstelés ir didelés molekulinés masés nukleortigstys, o fermentai ir kiti analizei
reikalingi komponentai patenka difuzijos biidu j mikrokapsulés vidy ir i jos.
Tokiu btudu daugiapakopés reakcijos gali biuiti atlieckamos perkeliant
mikrokapsules i§ vieno reakcijos miSinio j kitg. Biologinis suderinamumas,
termostabilumas, cheminis stabilumas jvairiuose buferiniuose tirpaluose ir
tirpikliuose, monodispersiSkumas ir selektyvus pralaidumas — pagrindinés
mikrokapsuliy savybés, kurios, kaip parodyta Siame darbe, atveria naujas
galimybes pavieniy lasteliy tyrimuose.

Nors dar iki $io darbo pradzios ir jo metu buvo paskelbta keletas metody
mikrokapsuliy  paruoSimui (33,39-43,189,190), taciau tokiy daleliy
pritaikymas pavieniy lasteliy analizei daugelyje darby nebuvo nagrin¢jamas ir
pagrinde démesys buvo skiriamas fundamentiniams fizikiniams ir
cheminiams tyrimams (42,43,189,190). Tuo tarpu, sistemos, skirtos pavieniy
lasteliy analizei, pasizyméjo sudétingu ir neefektyviu mikrokapsuliy
formavimu, kas apribojo jy platesnj taikyma (33,40). Siame kontekste alginato
pagrindu sukurtos mikrokapsulés yra viena i§ efektyviausiy sistemy, nors ir
apribotos taikymais Igsteliy kultivavime (39).
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Siame darbe pristatomos dvi hidrogeliniy mikrokapsuliy sistemos,
turin¢ios PEGDA ir ZMA hidrogelinius apvalkalus. Abiem atvejais apvalkalai
apgaubia viding dekstrano fazg, kurioje yra izoliuotos lgstelés ir vyksta
reakcijos. Sios dvi mikrokapsuliy sistemos turi daug bendry bruozy. Visy
pirma, PEGDA ir ZMA mikrokapsuliy apvalkalai uztikrina, kad izoliuotos
lastelés ir DNR molekulés (=570 bp PEGDA ir >300 bp ZMA
mikrokapsulése) biity patikimai iSlaikomos. Tuo tarpu, mazesnés molekulés
(pvz., fermentai, oligonukleotidai) gali laisvai judéti per hidrogelinj apvalkala.
Taip pat, abi sistemos pasizymi geru stabilumu atliekant jvairias laboratorines
procediiras, pavyzdziui, pipetavima, vorteksavima, centrifugavima, Saldyma
ar kaitinimg PGR metu. Vis délto, dél skirtingos apvalkalo sudéties Sios dvi
sistemos turi esminiy skirtumy. Buvo pastebéta, jog PEGDA mikrokapsuliy
iSorinis skersmuo ribojamas iki 40-60 pum, o didesniy tinkamai centruoty
mikrokapsuliy paruosimas tampa sudétingas. Tuo tarpu, ZMA mikrokapsuliy
skersmuo gali siekti 150-200 um, islaikant itin gera centravima tarp vidingés ir
iSorinés daliy. Kitas svarbus skirtumas yra susijes su lasteliy i§laikymu. ZMA
mikrokapsulése lastelés lokalizuojasi dekstrano fazéje, o PEGDA
mikrokapsulése lgstelés pasiskirsto tarp PEGDA ir dekstrano faziy, todél yra
tinkamos tik mazesniy lgsteliy analizei. Galiausiai, vienas i§ svarbiausiy
skirtumy yra mikrokapsuliy suardymas. PEGDA mikrokapsules galima
iStirpinti  didelés koncentracijos Sarminiame tirpale ir esant aukStai
temperatiirai. Tuo tarpu, ZMA mikrokapsules galima suardyti $velniomis
salygomis naudojant tripsing arba kolagenaze. Atsizvelgiant i Siuos skirtumus,
biity galima teigti, jog PEGDA mikrokapsulés yra tinkamos bakterijy analizei,
o ZMA mikrokapsulés yra universalesné sistema, tinkanti jvairiy tipy
lgsteléms izoliuoti ir analizuoti.

Siekiant jvertinti ir pademonstruoti mikrokapsuliy privalumus jvairiuose
biologiniuose tyrimuose, buvo iSbandytos keturios pavieniy lasteliy analizés
kryptys - pavieniy genomy padauginimas, daugybin¢é AT-PGR, RNR
sekoskaita ir lasteliy kultivavimas. Pirmoje Sio darbo dalyje PEGDA
mikrokapsulés buvo panaudotos gramteigiamy ir gramneigiamy bakterijy
izoliavimui, lizavimui ir pavieniy genomy padauginimui. Analizuojant
R. rhodochrous ir S. mutans, buvo pastebéta, jog efektyvus genomy
padauginimas buvo pasiektas taikant dviejy etapy lizés protokola, kuomet po
lizocimo inicijuotos lizés seké veikimas proteinaze K ir NDS. Neabejotinai,
tokios grieztos lizés salygos yra nesuderinamos su laseliy sistemomis, kadangi
Sie du lizés komponentai privalo biiti pilnai pasSalinami pries vykdant DNR
padauginima, taCiau reagenty paSalinimas i§ laseliy yra nejmanomas. Tuo
tarpu, hidrogelinés sferos, i§ principo, tikty tokiai analizei atlikti. Taciau
hidrogeliniai rutuliukai neefektyviai iSlaiko izoliuotas bakterijas ir paprastai
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turi mazesng DNR iSeiga po MDA reakcijos, kas apriboja jy praktinj
pritaikyma. D¢l Siy priezas¢iy PEGDA mikrokapsulés yra tinkamesnés
pavieniy genomy padauginimui, ypac tais atvejais, kai analizuojami sunkiai
lizuojami mikroorganizmai. Naudojant PEGDA mikrokapsules, taip pat buvo
pademonstruota, jog E. coli lastelés mikrokapsulése islaiko savo fiziologinj
aktyvumg ir gali buti iSaugintos j izogenines mikrokolonijas tolimesnei
fenotipinei analizei. Mikrokapsulémis pagrista fenotipiné atranka galima, kai
tikslinés molekulés arba islieka bakterijose, arba dél savo dydzio sulaikomos
mikrokapsulés viduje, kaip buvo PHB granuliy atveju (220). Kai kuriais
atvejais gali prireikti iSauginty mikrokolonijy iSskyrimo i§ mikrokapsuliy ir jy
panaudojimo tolimesnei analizei (155). Taciau gyvy lasteliy iSskyrimas i§
PEGDA mikrokapsuliy yra nejmanomas, kadangi S§iy mikrokapsuliy
apvalkalas gali biiti iStirpinamas tik veikiant didelés koncentracijos Sarminiu
tirpalu.

Kitame Sio darbo etape buvo pristatyta alternatyvi mikrokapsuliy sistema,
sudaryta i§ ZMA hidrogelinio apvalkalo. Sios mikrokapsulés buvo pritaikytos
zmogaus leukemijos lgsteliy, embrioniniy inksty lasteliy ir periferinio kraujo
vienbranduoliy lgsteliy (PKVL) analizei atliekant daugybing AT-PGR, kurios
metu, naudojant fluorescencine zyme zymétus pradmenis, buvo padauginami
pasirinkti Igstelés Zymenys. Pries atlickant analizg, buvo tikimasi, jog grieztos
lizés salygos, po kuriy seka gDNR pasalinimas, uztikrins didZiausig analizés
efektyvuma, atsizvelgiant tiek j signalo specifiskuma, tiek | intensyvuma.
Nors ir buvo gautas aiSkiai detektuojamas fluorescencijos signalas, kuris
specifiSkas  analizuojamam méginiui, ta¢iau buvo pastebéta, kad
mikrokapsulés su lastelémis ir mikrokapsulés su nelgsteline iRNR turéjo labai
panasy fluorescencijos signala. Sie rezultatai aiskiai parodé, kad remiantis tik
vienu padaugintu Zymeniu, izoliuoty lasteliy detekcija yra netiksli. Sj analizés
netikslumg galima i$spresti vienu metu padauginat du Zymenis (pvz., vieng
universaly ir vieng specifinj atitinkamoms lasteléms), kuomet dviejy Zymeny
signaly persidengimas biity vertinamas kaip atéjes i$ lastelés, o ne i§ laisvai
plaukiojan¢ios iRNR. Siame darbe buvo pasiiilyta alternatyvi strategija, kuri
remiasi branduoliy strukttiros iSlaikymu taikant Svelnias lizavimo salygas ir jy
panaudojimu kaip papildomu Zymeniu identifikuoti izoliuotas lasteles jau
jvykus AT-PGR. Sis paprastas ir patogus bidas leido atskirti teisingai
teigiamus jvykius (mikrokapsulés su lastelémis) nuo klaidingai teigiamy
(mikrokapsulés su padauginta nelgsteline iRNR) ir tuo paciu jvertinti kuriamo
metodo statistines charakteristikas.

Mikrokapsulése atliktos pavieniy lasteliy daugybinés AT-PGR
specifiskumas buvo itin aukstas (99,12 £ 0,89 %) su visais Siame darbe
naudotais zymenimis ir lasteliy linijomis. Tuo tarpu, jautrumas svyravo nuo
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71 iki 98 %, priklausomai nuo zymens ir Igsteliy tipo. Taip pat, buvo jvertinta,
jog, pasirinkus atskaitos genus, kuriy raiSka yra maza arba vidutino lygio (10-
40 kopijy lasteléje), klaidingai teigiamy jvykiy skaicius gali buti sumazinamas
iki ~0,8 %, taciau iSlaikant aukstg analizés jautrumg (97,54 %). Transkriptus,
kuriy raiska yra tin maza (pvz., 1 kopija lgstel¢je), taip pat buvo galima aptikti
atlickant AT-PGR mikrokapsulése. Taciau neatmetama, kad yra reikalingi
papildomi optimizavimo etapai siekiant didesnio jautrumo, i§ kuriy vienas
galety biti tiksliniy AT pradmeny parinkimas (221).

Kitas svarbus ZMA mikrokapsuliy privalumas — galimybé iSgryninti
nukleorfigstis taikant jvairius lizavimo metodus, kas yra esminis etapas
pereinant prie nukleortigs¢iy padauginimo. Taip pat, mikrokapsuliy
suderinamumas su Saldymu bei alkoholiais suteikia galimybe saugoti
izoliuotus méginius ilgesniam laikotarpiui. D¢l galimybés lengvai keisti
mikrokapsuliy turinj bet kuriame protokolo etape mikrokapsulés galéty buti
vertingos taikymuose, kur atlickami pasikartojantys etapai, pavyzdZziui,
fluorescenciné in situ hibridizacija (222).

Siame darbe mikrokapsuliy analizé po AT-PGR buvo atlikta naudojant tick
tekmés citometrija, tick fluorescencing mikroskopijg. Tais atvejais, kai laikas
yra ribojantis veiksnys ir reikia iSanalizuoti didelj mikrokapsuliy skaiciy
(n>10 000), tekmés citometrija yra tinkamesnis pasirinkimas. Kita vertus,
mikroskopijos rezultatus yra lengviau interpretuoti, ypa¢ metodo kiirimo
pradzioje. Nors Siame darbe netaikyta, tikétina, jog tekmés citometrija, turinti
vaizdinimo funkcija, galéty buti tinkamiausias sprendimas mikrokapsuliy
analizei po AT-PGR ir ypac tais atvejais, kai j analiz¢ jtraukiama ir branduoliy
detekcija.

Siame darbe iSvystyta pavieniy lasteliy daugybine AT-PGR
mikrokapsulése biity galima pritaikyti jvairiems tikslams. PavyzdZziui,
nustatant geny izoformas (223), skirtingai iSreikStus klinikinés svarbos
zymenis (224) arba aptinkant genetines aberacijas (214,215,225,226). Taip
pat, biity galima kiekybiSkai jvertinti somatiniy mutacijy pasiskirstymg ir
daznumga vézj lemianciy geny grupéje, kas biity naudinga vézio diagnostikai
(227-229). Daugybiné persidengianti AT-PGR mikrokapsulése taip pat galéty
bauti taikoma B ir T lasteliy natyviy receptoriy sekoskaitai
(12,91,113,205,206,230,231).

ZMA mikrokapsuliy taikymas neapsiriboja vien tik AT-PGR. Kaip
parodyta paskutinéje Sio darbo dalyje, pavieniy lasteliy RNR molekulés gali
biti barkoduojamos ir sekvenuojamos iSgaunant viso transkriptomo
informacija. Eksperimentin¢ strategija, naudojant mikrokapsules, skiriasi nuo
Siuo metu placiai naudojamy laSeliy RNR sekoskaitos platformy (2,98),
kuriose lasteliy lizés ir atvirkStinés transkripcijos etapai atlieckami kartu
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viename reakcijos miSinyje, iSkylant rizikai turéti neoptimalias analizés
salygas. Tai patvirtina ir Siame darbe gauti rezultatai, kuomet, naudojant
mikrokapsules, buvo nustatyta mazdaug 1,5 karto daugiau geny ir unikaliy
transkripty. Mikrokapsulés taip pat leido atlikti pavieniy bakterijy RNR
sekoskaitg. Nors pirminiai sekoskaitos rezultatai parodé¢ gan pavirSutiniska
transkriptomo profiliavima, galimybé jgyvendinti bakterijy transkriptominés
analizés protokola yra reikSmingas zingsnis j priekj link naujo metodo
iSvystymo (232). Tikimasi, kad rRNR pasalinimas (217) ir efektyvesnis iRNR
sugavimas ir padauginimas (218,219) galéty reikSmingai pagerinti duomeny
kokybe. Taip pat, ZMA mikrokapsulés suteikia galimybe kultivuoti pavienes
bakterijas ir suformuoti izogenines mikrokolonijas. Kaip parodyta
ankstesniuose darbuose (29,30), izogeniniy mikrokolonijy RNR sekoskaita
uztikrino pakankamg RNR kiekj ir reikSmingai padidino detektuojamy
unikaliy transkripty (UMI) skaic¢iy. Taip pat, svarbu paminéti, jog
mikrokapsuliy su RNR barkodavimas galimas ne tik laSeliuose, taciau ir
taikant kombinatorinj indeksavima (233,234).

Apibendrinant, bty galima teigti, kad Sioje daktaro disertacijoje pristatyta
selektyviai pralaidziy mikrokapsuliy koncepcija suteikia pagrindg
tolimesniems pavieniy Igsteliy tyrimams, kurie remiasi nukleoriig§¢iy analize
bei lasteliy kultivavimu. Dél nesudétingo mikrokapsuliy paruos$imo ir
patogaus jy naudojimo yra tikimasi, kad $i sistema ras pritaikymg ir tose

v v —

Siol nebuvo taikytos.
ISvados

1. Panaudojant vandenin¢ dvifazing sistema, sudaryta i§ PEGDA ir
dekstrano, buvo iSvystytos selektyviai pralaidzios mikrokapsulés.

2. Nustatyta, kad PEGDA mikrokapsulés efektyviai iSlaiko bakterines
lasteles bei leidzia atlikti genomy padauginima, kultivavimg ir
metabolinio aktyvumo jvertinimg.

3. D¢l zinduoliy Igsteliy lokalizacijos tarp iSorinés ir vidinés faziy PEGDA
mikrokapsulése, §iy lasteliy izoliavimas ir analizé tampa nepraktiski ir
neefektyvis.

4. Vandeniné dvifaziné sistema, sudaryta i§ ZMA ir dekstrano, gali biiti
naudojama kaip alternatyvi selektyviai pralaidziy mikrokapsuliy
kompozicija.

5. Mikrokapsulés, turin¢ios ZMA apvalkala, pasizymi efektyviu Zinduoliy
lasteliy ir nukleortigsciy (=300 bp) islaikymu, stabilumu bei biologiniu
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suderinamumu, todél Sios mikrokapsulés yra tinkamos nukleortigsciy
analizei i§ pavieniy zinduoliy Igsteliy.

Pavieniy Iasteliy AT-PGR atlikimas ZMA mikrokapsulése yra tikslus ir
jautrus metodas pavieniy lasteliy analizei pagal tikslinius Zymenis.
ZMA mikrokapsulés leido sukurti nauja metoda, skirta pavieniy
zinduoliy Igsteliy ir bakterijy viso transkriptomo analizei atlikti.
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SUPPLEMENTARY MATERIAL

Table S1. The Ct values of the marker genes determined by bulk RT-qPCR.

The Ct values of marker genes
Sample  “qorB | B2M TBP PTPRC | YAP PML- BCR-
RARa ABL
K-562 16.74 + 18.07 £ 22.80+ 2295+ No Not 21.76 =
0.13 0.03 0.02 0.03 signal tested 0.06
HEK293 15.58 + 18.15+ 21.54+ 34.01 + 21.26+ Not Not
0.08 0.11 0.11 0.34 0.14 tested tested
NB-4 15.16 + 16.27 + 2287+ 21.58+ Not 29.26 + No
0.19 0.06 0.10 0.03 tested 0.23 signal
PBMC 20.47 £+ 19.00 + 29.62 + 2251+ Not No Not
0.07 0.05 0.22 0.13 tested signal tested
NTC No No No No No No No
signal signal signal signal signal signal signal
A
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Figure S1. RNA and cDNA leakage test. (A) Experimental scheme. Purified total
RNA (2 pg) from a mixture of HEK293:K-562 cells is added to the RT reaction
mixture (V = 200 ul) supplemented with ~200.000 blank (empty) microcapsules.
After cDNA synthesis, the microcapsules were washed to remove unretained RNA
and cDNA molecules, and transferred to PCR reaction mixture to amplify YAP,
PTPRC and ACTB targets. In the presence of RNA or cDNA uptake the microcapsules
will show increased fluorescence, in the absence of leakage the microcapsules will
remain blank (non-fluorescent). (B) The fluorescence histograms for PTPRC, YAP
and ACTB markers were constructed by measuring the fluorescence of post-RT-PCR
microcapsules (n ~1000) following the experiments scheme indicated in panel A.



Bright-field ACTB PTPRC YAP ~ Merged
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Figure S2. Microcapsule-based single-cell RT-PCR following harsh lysis and gDNA
depletion. Microcapsules were subjected to multiplex RT-PCR targeting ACTB (blue),
PTPRC (green), and YAP (red). From top to bottom microcapsules comprised: a
mixture of K-562 and HEK293 cells (1* row), K-562 cells alone (2™ row), HEK293
cells alone (3" row), no RT enzyme control (4™ row), no template control (5" row)
The digital images from left to right indicate: bright field, Alexa Fluor 647
fluorescence for ACTB marker (blue), Alexa Fluor 488 fluorescence for PTPRC
marker (green), Alexa Fluor 555 fluorescence for Y4 P marker (red) and merged image
where bright field and fluorescence photographs are superimposed. Scale bars,

100 pm.
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Figure S3. Flow cytometry of microcapsules following single-cell RT-PCR. The flow
cytometry analysis of microcapsules prepared with a mixture of K-562 and HEK293
cells (top row), K-562 cells (2" row), HEK293 cells (3" row), no RT enzyme control
(4" row) and no template control (5" row). The microcapsules were first gated based
on forward and side scatter (Microcapsule gate), expression of ACTB marker (Actin
gate), and then the expression of PTPRC and YAP markers was recorded (Cell marker
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gate). Due to the emission overlap of Alexa Fluor 488 and Alexa Fluor 555 dyes and
the imperfect compensation process, the PTPRC-positive population showed an
increased fluorescence in the Alexa Fluor 555 channel. The percentages indicate the
total events (n ~100.000).

Bnght fle\d ACTB PTPRC Merged
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Figure S4. Microcapsule-based single-cell RT-PCR following cell preservation and
mild lysis. Microcapsules were subjected to multiplex RT-PCR targeting ACTB
(blue), PTPRC (green), and YAP (red). From top to bottom microcapsules comprised:
a mixture of K-562 and HEK293 cells (1* row), K-562 cells alone (2" row), HEK293
cells alone (3" row), no RT enzyme control (4™ row). The digital images from left to
right indicate: bright field, Alexa Fluor 647 fluorescence for ACTB marker (blue),
Alexa Fluor 488 fluorescence for PTPRC marker (green), Alexa Fluor 555
fluorescence for YAP marker (red), and merged image where bright field and
fluorescence photographs are superimposed. Scale bars, 100 um.
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