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I.I BIOMOLECULAR ORGANIZATION OF CELLS

Living cells are extremely complex, which makes unravelling their emergent behavior
indeed a difficult task. The plethora of molecular interactions that take place within
the micron-sized cellular confinements is truly astonishing. Aside from studying cells
as whole units, in what other ways can we decode their dynamic behavior at the
molecular level? An effective alternative is to use purified cellular components and
understand their behavior through using simplified iz vitro setups. Such a strategy
often also provides better control over the experimental parameters and easier ma-
nipulation of the system compared to in vivo studies. In vitro design of molecular
reactions, particularly within cell-like enclosed confinements, has given rise to the
idea of building synthetic cells.

Using the wealth of information on individual biomolecules, synthetic biologists are
keen on designing and building artificial mimics of natural cells using minimal com-
ponents” '°. While iz vivo genetic engineering and novel biomolecular pathways to
reprogram organisms also fall under the broad umbrella of synthetic biology'® "7, we
specifically focus on the bottom-up creation of cell-like entities from purified as well
as synthetic biomolecules. The idea underlying the construction of synthetic cells is
crucial in obtaining the fundamental knowledge of biological systems with a lucrative
application point-of-view, for example, in the field of molecular biosensing™, meta-
bolic engineering”, and therapeutics, such as tumor suppression® and nanovesicles
for drug delivery'” ** *>*, The scope for synthetic biology remains wide open: it
encompasses entities made from and incorporating naturally occurring biomolecules,
bioinspired synthetic components, as well as entities without clear-cut biological
analogs. From the many different modules some segments like growth, metabolism,
transcription-translation, division, etc. are currently being investigated”” **** with a
key focus on how to control and regulate synthetic cell morphology™. We broadly
divide the chapter in two domains. In the early sections (1.1 and 1.2), we discuss strat-
egies aimed at inducing dynamic structural changes by using three distinct biological
components—membranes, biomolecular condensates, and the cytoskeleton (Figure
1.1). The later sections (1.3 and 1.5) discuss different techniques to generate artificial
compartments for building synthetic cells and its application in bioengineering (sec-
tion 1.4).

Membranes are vital components of cells. In fact, every living cell has a ~5 nm
thin membranous boundary composed of a lipid bilayer with proteins and other
elements embedded in it. In addition, several membrane-bound compartments like
nuclei, mitochondria, chloroplasts, etc. are crucial for intracellular biochemistry and

organization. The amphiphilic nature of lipids, i.e., a hydrophilic headgroup linked
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to hydrophobic tails, is responsible for their self-assembly, driven by hydrophobic
interactions, into three- dimensional vesicular structures®” *%. The self-assembly of
lipids and other natural, as well as synthetic amphiphiles, has been extensively utilized
in bottom-up synthetic biology to form several different kinds of vesicles such as
liposomes, polymersomes, and proteinosomes™.

cytoskeleton

condensates membranes

Figure L.I. Utilizing cytoskeleton-condensate-membrane interactions to shape synthetic
cells.

A schematic expressing the interplay between active cytoskeleton, liquid condensates, and deformable
membranes. Each side gives a representative example of an in vitro reconstitution of the pair in consid-
eration, while the center presents achematic of an in vitro reconstitution of the three elements together.
Appropriate dynamics between these three elements could help in structuring and functionalizing synthetic
cells. Image adapted from the following references- cytoskeleton-condensate ', cytoskeleton-condensate *

and condensate-membrane *

Micron-sized liposomes, also known as Giant Unilamellar Vesicles (GUVs), are par-
ticularly useful and popular scaffolds used for designing synthetic cells. This is mainly
due to their suitable size (>1 pm) for visual inspection, standardized preparation
methods, biocompatibility, ability to integrate transmembrane/membrane-interacting
proteins, semi-permeable nature enabling transmembrane transport, and the low
bending rigidity (~10 - 20 k°T *, where k® is the Boltzmann constant and T is the
temperature) making them suitable for shaping and structuring.

Along with membrane-bound organelles, another layer of sub-compartmentalization
has become evident over the last decade: membraneless organelles”™ *°. Also known
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as biomolecular condensates (and simply referred to as condensates in this chapter),
they are formed as a result of liquid-liquid phase separation (LLPS). LLPS is a conse-
quence of the dissolved macromolecules having a higher affinity for each other than
for solvent molecules. This results in free energy minimization manifested by the
segregation of the involved macromolecules into two phases in equilibrium with each
other: a condensed phase with a high concentration and a dilute phase with a much
lower concentration”. Typically, condensates exhibit liquid-like properties: they form
spherical droplets owing to their interfacial tension, they deform and flow under shear
forces, and they undergo continuous internal diffusive rearrangement”. Numerous
condensates have been found inside cells (nucleolus, Cajal bodies, stress granules,
etc.) and have been identified to play diverse roles, ranging from selective enrichment
of molecules and enhanced reaction kinetics to providing protective environments,
acting as organizational hubs, concentration buffering, and more ***. The ability of
condensates to physically manipulate their local environment primarily through in-
terfacial tension forces (~0.1-100 pN um™) and assist in mechanical work is only just
beginning to be explored *’. These unique properties of the phase-separated structures
could play a particularly useful role in building synthetic cells.

The cytoskeleton, a highly dynamic proteinaceous scaffold, is responsible for cell me-
chanics, cellular motility, cell division, and intracellular transport. The cytoskeleton
consists of three major proteins: actin microfilaments, microtubules, and intermediate
filaments, with septins now being recognized as the fourth component*. The cy-
toskeletal elements, along with their numerous partner proteins, continuously (re)
organize within the cytoplasm and provide a mechanical response against external
forces. Actin and tubulin monomers polymerize at the expense of energy-rich nucleo-
side triphosphates to form polar filaments. Motor proteins (myosin in case of actin;
kinesin and dynein in case of microtubules) migrate along these filaments and give
rise to individual (e.g. cargo transport) or collective (e.g. contractile ring) motion
and intracellular forces*. Septins are involved in a variety of membrane-remodeling
processes, including cell division, cell motility, and cellular compartmentalization41.
Encapsulation of purified cytoskeletal elements inside liposomes has shown substantial
progress in recent years”, and we will discuss them in the context of designing mini-
mal, semi- or fully synthetic machineries capable of inducing dynamic morphologies.

1.2 TWO-WAY INTERACTION FOR DYNAMIC
MORPHOLOGICAL CHANGES

While each of these three elements — cytoskeleton, condensates, and membranes
— is important on its own, the interplay between them is even more vital to the
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functioning of the cell. The interactions between the cytoskeleton and the cell mem-
brane have already been extensively investigated, while the role of condensates in
cytoskeletal and membrane dynamics is rapidly emerging. In the subsections below,
we discuss recent advancements that have led to a better understanding of the dy-
namic interactions between these three biological components. First, we begin with
a closer look at the specific pairs, cytoskeleton-condensate, cytoskeleton-membrane,
and condensate-membrane, followed by discussing the three-way interactions involv-
ing all the components, as illustrated in Figure 1.1. The focus is particularly on the
in vitro reconstitution approach, relevant to the bottom-up creation of synthetic cells.
We will emphasize the impact condensates can have in shaping and structuring such
synthetic cells.

1.2.I Cytoskeleton—condensate interactions

Let us start with the behavior of cytoskeletal polymers in phase-separated environ-
ments, a newly discovered topic that is quickly gaining attention*. Like many
other biomolecules, cytoskeletal proteins also have a tendency to be sequestered
and concentrate inside condensates. What sets them apart, however, is their abil-
ity to undergo polymerization/depolymerization and form hierarchically assembled
structures such as bundles and networks. This can exert internal/interfacial forces
and deform the energetically favorable spherical shape of condensates. Furthermore,
many cytoskeleton-associated regulatory proteins (plectin, tau, and epsin are just a
few examples) contain intrinsically disordered regions® , increasing their propensity
to undergo LLPS. Actin-binding proteins like N-WASP and cortactin (both act as
nucleation promoting factors), for example, have been shown to become enriched
within condensates *’. One of the first in vitro findings on actin-condensate dynam-
ics demonstrated that actin filaments predominantly assembled at the surface of liquid
droplets (Figure 1.2a)’. The condensates were made by the complex coacervation
of polylysine (positively charged) and polyglutamic acid (negatively charged), two
synthetic polypeptides. The spontaneous partitioning of actin at the interface substan-
tially (approximately 50-fold) increased the rate of actin polymerization®. In another
study, pre-formed actin filaments partitioned inside RNA/protein condensates that
were initially isotropic in shape. However, owing to the anisotropic nature of the fila-
ments, this led to the shape transformation of the condensates from spheres to tactoids
(spindle-shaped droplets)®. This happened in a concentration- and size-dependent
manner with deformations observed in droplets of a few hundred nanometers in
diameter. In addition to its interactions with synthetic condensates, actin is also
capable of forming liquid droplets together with naturally occurring actin-binding
proteins, such as filamin, a bundling protein® . Similar to the previous example, the
formed condensates displayed a tactoid shape as a result of the orientational ordering
of actin filaments’. Moreover, the addition of myosin motors to the system resulted
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in a surprising further observation: rod-like myosin clusters migrated to the midplane
of the liquid droplet, leading to active deformation of the tactoids into two identical
spindle-shaped actin liquid droplets joined by myosin puncta (Figure 1.2b). I vitro
reconstitution of postsynaptic densities (protein-dense lamina located beneath the
postsynaptic membrane) from neuronal cells was also shown to form condensates
enriched in cortactin, an actin-binding protein and actin monomers®. This eventually
promoted the formation of actin filaments and bundles, confirming that condensates
can play a role in triggering actin assembly.

8min [ 12 min | 16 min C
—_—

b 0 min
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Figure 1.2: Cytoskeleton-condensate interactions.

(a) Actin partitions and polymerizes on the surface of polylysine/polyglutamic acid condensates with en-
hanced kinetics. (b) Actin filaments (red) and filamin form spindle-shaped condensates. Myosin motors
(white)migrate toward the condensate midplane and promote droplet deformation, ultimately bisecting
the liquid droplet into two equal halves. (c) Tubulin monomers partition inside tau condensates and po-
lymerize in the presence of GTP. The growing microtubules dramatically alter the spherical shape of tau
droplets through a wetting process. (d) Tubulin binding protein TPX2 co-condensates with tubulin and
preferentially localizes on pre-existing microtubules, acting as a nucleating site for branching. (e) FtsZ
monomers partition into polylysine/RNA liquid droplets (green). The rapid GTP-dependent filament turn-
over brings about a variety of condensate transformations such as growth, shrinkage, bending, fusion, and
even division. (f) FtsZ monomers localize at the surface of polylysine/GTP coacervates and eventually
form a network of FtsZ bundles interconnecting the individual condensates. The mechanical properties of
the condensates are altered as seen through their fracture under mechanical stress. (g—i) Sketches depicting
three key cytoskeleton (in blue)-condensate (in green) interactions: sequestration (g), deformations (h), and
organization (i), in terms of providing nucleation or branching points, network formation, etc. All scale bars

5 pm. Images adapted from the following reference 2, b, c%13,d5, e and f.
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Similar to actin, tubulin has also been studied in phase-separated environments, with
dramatic effects on the condensate morphology. One of the first studies of tubulin-
condensate interactions was reported using an evolutionarily conserved BuGZ protein,
which formed condensates iz vitro and concentrated tubulin®. Subsequent in vitro
studies revealed that tubulin monomers readily partitioned inside condensates formed
by tau, a tubulin-binding protein found in neuronal cells. Interestingly, concomitant
with the growth of microtubule bundles, tau droplets severely deformed, wetting
the microtubule surface as the bundles grew in length (Figure 1.2¢)". Likewise,
TPX2 protein, a spindle microtubule regulator, was observed to form liquid droplets
together with tubulin. Notably, these TPX2-tubulin droplets preferentially localized
on pre-existing microtubules, suggesting a mechanism for microtubule branch-
ing (Figure 1.2d)". Parallel examples are also found in prokaryotes, especially in
the case of FtsZ, a tubulin homolog involved in bacterial cell division’" . FtsZ was
shown to partition inside RNA/polylysine condensates. Analogous to the case of tau
condensates, FtsZ polymerization actively deformed the liquid droplets. The rapid
turnover of FtsZ filaments in the presence of a high concentration of GTP notably
led to diverse morphological changes such as growth, shrinkage, bending, fusion, and
division of these hybrid structures (Figure 1.2e) "°. In another study, FtsZ was shown
to partition on the surface of polylysine/GTP condensates. Since FtsZ polymerizes
by hydrolyzing GTD, the condensates functioned as a fuel reservoir and dissolved
over time. A network of FtsZ bundles emerged when GTP was present in a sufficient
quantity, interconnecting the individual condensates. Furthermore, these FtsZ-coated
condensates exhibited solid-like behavior, as they fractured under mechanical pres-
sure, forming flower-like structures (Figure 1.2f)".

All these examples clearly indicate that cytoskeletal biochemistry is not only compat-
ible with LLPS environments, but it further leads to enhanced cytoskeleton capabili-
ties in terms of increased reaction rates and spatiotemporal regulation. Condensates
can thus provide architectural scaffolds and serve as reaction hubs for organizing and
orchestrating the cytoskeletal response, as sketched in (Figure 1.2g-i). Depending
on the physical and chemical nature of the condensates, cytoskeletal partitioning
and activity can be controlled, as evident from the given examples and sketches of
surface localization (Figure 1.2g), shape deformation (Figure 1.2h), and provision of
branching, as well as nucleation points (Figure 1.2i). Interestingly, once cytoskeletal
elements self-assemble into dynamic, micro-sized, self-assembled structures, they can
bring about diverse morphological changes to condensates, forcing them into non-
spherical, stressed configurations. These out-of-equilibrium states could be potentially
useful to form force-generating structures within synthetic cells.
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1.2.2 Cytoskeleton—membrane interactions

Just as the scaffolding beams are necessary to support the tent, the cytoskeletal poly-
mers can be roughly seen as the ‘dynamic beams’ that support the ‘flexible walls’
represented by the cell membrane. To unveil the role of the cytoskeleton in cellular
morphogenesis, understanding the interaction of involved proteins with membranes
is necessary. For this, purified protein systems have been extensively reconstituted
both within and on the outer surface of GUVs, and this section reports the latest
progress in this regard.

Caging multiple cytoskeletal proteins and further coupling them to the membrane
in a natural/synthetic manner is a challenging task. Using natural linkers, i.e., mem-
brane/membrane-interacting proteins, further adds to the complexity, and their use
is not always feasible. Alternatively, synthetic linkers in the form of strong binding
partners, such as streptavidin-biotin and histidine-nickel couplings, are easier tools to
direct proteins onto a membrane. For instance, by doping liposomes with biotinyl-
ated lipids, streptavidin-tagged actin regulatory proteins could be readily recruited
to the outer leaflet of the membrane® . These recruited complexes eventually led
to actin localization at the membrane and subsequent polymerization induced tubes
and spike-like inward protrusions in osmotically deflated ‘floppy’ liposomes™. It
should be noted that the osmotic pressure difference across the liposomal membrane
affects membrane tension: a liposome in a hypertonic environment will be deflated
and will have a lower membrane tension compared to a liposome placed in a hypo-
tonic environment. A recent investigation reinforced the role of membrane tension
in supporting the deformations caused by a membrane-bound actin network. In
non-deflated liposomes, capping protein- (regulator of actin filament elongation)
bound actin filaments induced symmetric dumbbell-shaped deformations, whereas
liposomes did not become deformed in the absence of capping proteinSS. However,
in deflated liposomes, even in the absence of capping proteins, actin filaments alone
induced symmetric dumbbell-shaped deformation to a similar extent as they did in
the presence of capping protein, suggesting that the interplay between membrane
tension and actin network dynamics governs cell shape. In addition to the membrane
tension, the actin coat thickness also influences the extent and the way a vesicle will
deform. In osmotically deflated actin-coated liposomes, the membrane underwent
irreversible buckling or wrinkling, depending on the actin shell thickness (Figure
1.3a)". For thinner actin shells, membrane buckling was predominant, whereas globu-
lar wrinkling was observed in the case of thicker actin shells. An alternate strategy
to direct proteins to a membrane is by tagging them with a polyhistidine moiety
and using nickel-containing lipids (e.g. nickel-nitrilotriacetic acid, Ni-NTA). A fine
example is the recent use of histidine-tagged anilline proteins to reconstitute a mini-
mal actomyosin cortex at the membrane, where sufficient membrane tethering and

GENERAL INTRODUCTION 15




motor activity resulted in bleb-like membrane deformations, reminiscent of the bleb-
bing motility of cells (Figure 1.3b)". Interestingly, blebbing could also be inhibited
either by increasing the density of membrane/cytoskeleton linkers or by reducing
the myosin concentration, highlighting the importance of membrane linkage, as
well as motor activity for inducing membrane deformation. In another recent use of
histidine-nickel coupling, encapsulation of capping proteins with other actin-binding
proteins like profilin, Arp2/3, and the His-tagged VCA domain of NWASP-directed
the protein complex to the lipid membrane. As a consequence of actin polymerization
at the membrane, interesting topological deformations were observed in response to
variations of capping protein concentration: lower concentrations of capping protein-
induced star-like clusters on the membrane while higher concentrations promoted
fission events™ .

a N Wq] Actin-fascir fles |Light-induced di

-

7 =
Membrane localization Local deformation Global deformation

Figure 1.3:Cytoskeleton-membrane interactions.

(a) Actin (green) shell coated on the outer side induces either buckling or wrinkling of osmotically deflated
liposomes (magenta), depending on the actin shell thickness. (b) Actomyosin cortex, anchored to the mem-
brane by anillin through Ni-NTA-His bonding, induces bleb-like deformations only in the presence of
myosin. (c) Liposome exhibiting prominent filopodia-like membrane protrusions, induced by actin-fascin
bundles (left). The spherical shape of the liposome is restored upon actin disassembly induced by light
(right). (d) Encapsulation of microtubule-kinesin system inside liposomes induces filopodia-like mem-
brane deformations. The topological constraints and vesicle deformability lead to dynamic, shape-changing
vesicles, with smaller vesicles (right) deforming more than bigger ones (left). () A microtubule-kinesin
system caged inside liposomes (left) triggered local membrane deformations (right) in response to the ki-
nesin motor activity coupled to the membrane via DNA-based linkers. (f) Septin filaments localize on
liposomes consisting of phosphatidylinositol-4,5-bisphosphate lipids, flattening the membrane locally at
low concentrations (left) and inducing spike-like membrane protrusions uniformly across the liposome sur-
face at high concentrations (right). (g-i) Sketches showing showing the three prominent cytoskeletons (in
blue)-membrane (in red) interactions: localization at the inner leaflet (g), local deformations (h), and global

deformations (i). All scale bars 5 pm. Images adapted from following references at, b%,c'?,d’ e!® and £
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Membrane deformations can also be induced by actin cross-linking and bundling
proteins. As recently demonstrated, fascin-induced actin bundles formed prominent
spiky filopodia-like protrusions in GUVs (Figure 1.3c, left panel)'”. Upon light-
induced disassembly of actin bundles, the spherical conformation of the liposome was
restored within few minutes (Figure 1.3c, right panel). Microtubules have also been
effectively explored in in vitro settings to deform vesicles. Similar to myosin motors
sliding along actin filaments, kinesin motors glide over microtubules to generate active
extensile stresses. Microtubules confined in GUVs, along with ATP-fueled kinesin
motor clusters, demonstrated remarkable active topological dynamicss. The micro-
tubules were adsorbed to the membrane through depletion interactions °, and upon
osmotic deflation, these vesicles showed periodic shape fluctuations characterized by
a change in ellipticity and the formation of filipodia-like protrusions. The extent of
topological deformations was found to be inversely proportional to the vesicle size,
with smaller vesicles showing higher deviation from spherical shape and vice versa
(Figure 1.3d)’. By deviating from the conventional usage of cellular machinery, an
interesting study demonstrated the use of hydrostatic pressure to control the polym-
erization of tubulin encapsulated inside GUVs, leading to membrane deformations in
the absence of motor proteins™. At lower pressure (0.1 MPa), tubulin polymerization
induced prominent outward protrusions. These protrusions shrank rapidly at higher
pressure (60 MPa), making it a reversible process. Lastly, using a totally synthetic
route, DNA was used as an actuator to trigger microtubule-assisted shape changes.
When engaged, the DNA linker transmitted the force generated by the motor to the
membrane, resulting in a local flattening of the liposomal membrane (Figure 1.3¢)'".
Furthermore, this DNA ‘clutch’ could be rendered photosensitive in order to control
the shape-changing behavior through exposure to light.

The fourth cytoskeletal element, septin, is also involved in membrane remodeling
in cells and can bring about structural changes to vesicles through interactions with
specific lipids */, as demonstrated in a recent study. Similar to actin-binding proteins,
the extent of deformation was concentration-dependent: at low concentrations,
septin interactions led to the local flattening of the liposomal membrane indicating
an alteration in the mechanical property of the septin-bound membrane (Figure 1.3f,
right panel). At higher concentrations, septin developed evenly spaced, pronounced
spikelike protrusions across the entire membrane (Figure 1.3 f, right panel)®' .

Based on the above observations, it is evident that cytoskeleton-membrane interactions,
as sketched in (Figure 1.3g-i), are very effective in bringing about active local (Figure
1.3h), as well as global (Figure 1.3i) membrane deformations. A key parameter that
seems to play a crucial role in enhancing cytoskeleton-based morphological changes
is the reduction of the membrane tension of vesicles, often achieved through osmosis.
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Localization of the cytoskeletal filaments to the membrane is naturally facilitated by
specific proteins acting as linkers. However, from the point-of-view of synthetic cells,
a variety of synthetic membrane connectors can be used as replacements for natural
proteins, partly simplifying the design process. Thus, condensates can be interesting
choices to position the two elements in close proximity to each other. The next section
discusses the interactions of condensates with membranes and how condensates can
act as linkers between the cytoskeleton and the membrane.

1.2.3 Condensate—Membrane interactions

The previous two sections have looked at the roles the cytoskeleton can play in phase-
separated and membranous environments to shape synthetic cells, but what about the
interactions between condensates and membranes, where the cytoskeleton is less of a
participant? While relatively less breadth of research has looked at this emerging field,
we expect these interactions to play crucial roles in shaping synthetic cells. This sec-
tion focuses on recent studies on condensates interacting with membranes. Moreover,
we also describe relevant examples where the cytoskeleton is recruited to this hybrid
interface, and the three elements coexist to form a basic structuring unit.

In principle, when a condensation trigger is met, condensates can be expected to be
distributed randomly within confinement. However, many membraneless organelles

3536 ' which has led to a body of recent work that

within cells have designated locations
looks into how this ordering and structure can be guided, and in this particular con-
text, how condensates interact with membranous components of the cel] 43859 60. 61
This primarily uses iz vitro reconstitution of analogs of cellular systems owing to the
complexity of cellular machinery. A recent work explored using a liposomal membrane
as support for condensation?, as depicted in (Figure 1.4a) . To do so, liposomes were
prepared using a mix of lipids involving a small amount of highly negatively charged
lipids (phosphatidylinositol (3,4,5)-triphosphate). Strong electrostatic interactions
between the overall negatively charged membrane and positively charged polyly-
sine/ATP condensates promoted the adhesion of the formed condensates onto the
liposome membrane, which could still migrate along the membrane. More notable,
however, was that cholesterol-tagged RNA/spermine condensates wetted uncharged
membranes’ (Figure 1.4a, left panel), in opposition to the general tendency of the
condensates to maintain their spherical shape; this wetting was due to the interaction
of cholesterol with the membrane. Liposomes with sticky condensate patches were
observed to adhere to each other at these patches (Figure 1.4a, right panel). This hints
toward a possible role of the involved interactions to form multiparticle assemblies.

Such condensate-membrane interactions are certainly not only limited to liposomes,
though: using proteinosomes as the containers, positively charged condensates were
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similarly adsorbed to the negatively charged protein-based membrane® (Figure 1.4b).
The study further showed that modulation of the salt content could additionally have
strong effects on the eventual spatial arrangement of the condensates: added salt de-
sorbed the condensates from the membrane owing to the screening of the electrostatic
interactions, resulting in the desorbed condensates assuming a spherical shape, as
confirmed by fluorescence imaging. An equally promising and interesting result in
this study was that the condensates could be used as chemical reactors, enhancing the
catalytic activity of enzymes once localized and sequestered at the protein-condensate
membrane. The reversible switching of the condensation trigger proves promising
here in that enzymatic or other reactive activity can thus become modulated via
the adsorption and desorption process. Another study, illustrated in (Figure 1.4c),
looked at the interaction between synthetic condensates and chloroplasts to create a
photosynthetic protocell''. Again, using a charge-based attraction between positively
charged condensates and the negatively charged chloroplast membrane, chloroplasts
harvested from plants could be rapidly trapped within the phase separated liquid
droplets. This endocytic step occurs within seconds and is reversible, with the release
of the chloroplasts achievable simply by dissolving the condensate. The photosynthetic
capabilities of the chloroplasts were preserved, thus confirming the biocompatible
nature of these hybrid systems. While not a strictly condensate-membrane interaction
akin to others, this fine example illustrates the use of charge-attraction principles
to localize and trap organelles and other cellular components. A natural progression
from solely looking at the interactions of condensates and membranes alone is the
recruitment and local action of the cytoskeletal elements. One such example is found
in cellular interstitial spaces in vertebrates, known as tight junctions. A recent study
showed that these tight junctions are filled with a variety of proteins that phase
separate and subsequently enrich as well as localize adhesion receptors, transcription
factors, and cytoskeletal adaptor562. This further leads to the recruitment of actin,
providing more rigidity and structure to the cells. This and a few other iz vivo studies,
along with 77 vitro reconstitutions of the involved set-ups, have looked at the interac-
tions of the actin cytoskeleton with membrane-interacting condensates. One such
example is where actin-binding protein complexes, such as N-WASP, NcK, and the
transmembrane protein nephrin, were shown to form condensates at the membrane,
and subsequently promoting the growth of actin at those sites* . The stoichiometric
ratios of the condensate components had a direct effect on the membrane dwelling
time of actin recruitment proteins: the lengthening of their dwelling time increased
their overall activity in recruiting actin to the surface® . A similar study revealed
that a phosphorylated state of the transmembrane LAT protein (linker for activa-
tion of T cells) promoted condensation with adaptor proteins Grb2 and Sosl at the
membrane'®. As can be seen in (Figure 1.4d), these condensates recruited actin,
leading to localized actin polymerization at these condensates and inducing shape
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changes to them, similar to the examples in (Figure 1.4c and e). In the absence of
actin, the shape assumed was more strongly interfacial tension-driven. In general,
condensate-membrane interactions can be grouped under two categories: condensate
attachment to a membrane, as depicted in (Figure 1.4e), and cytoskeletal recruitment
to condensates in order to induce a regulated deformation, as shown in (Figure 1.4f).
These previously illustrated examples, however, only begin to scratch the surface of
the possible interactions between condensates and membranes. Another recent work
has shown that condensate-membrane interactions can, by themselves, induce mem-
brane deformations: a condensate attaching to the inside of a membrane can lead to
invagination®, which is striking considering that deformations in the membrane for
locomotion and endocytosis, for example, are commonly assisted by the cytoskeleton.
This condensation is driven by the LLPS of proteins at the membrane interface, reduc-
ing the interfacial tension and the associated energy cost of membrane deformation.
This is an important finding, as it hints at the role of condensation in performing
mechanical work at membranous interfaces and how the membrane itself is readily
deformable through components apart from the cytoskeleton.
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Figure I.4: Condensate—Membrane interactions.

(a) Cholesterol-RNA/spermine condensates wet at the liposome boundary due to cholesterol-mediated
membrane anchoring, as indicated by the arrow (left panel). Multiple liposomes can be connected to each
other through the condensate patches at the membrane, as indicated by arrows (right panel). (b) Reversible
interaction of condensates with the membranous boundary of proteinosomes, modulated by tuning the
ionic concentration. (c) Negatively charged membranous chloroplasts (green) can become rapidly engulfed
by positively charged condensates (gray sphere), creating a kind of prototype photosynthetic cell. (d) The
recruitment of actin to condensates localized at a membrane leads to anisotropic shape deformation of
condensates, countering the interfacial tension that normally promotes their spherical shape. (e and f) The
condensate (in green)-membrane (in red) interactions can be largely classified as membrane attachment
interactions (e), where the condensates adsorb to the memb rane, and regulated deformations ( f), which
can involve cytoskeleton (in blue) recruitment to induce a shape deformation in the membrane. All scale

bars 5 um. Images adapted from following references a*, b°, ¢'' , and d'*

What applications could these condensate-membrane interactions, both with and
without the involvement of the cytoskeleton, lead toward? We can, first of all, look
at the membrane as a scaffold to build condensate sites, with a useful option of their
reversible dispersal into the cytoplasm. The binary switch-like ability of condensation
can further provide options for tuning and triggering catalytic and enzymatic activity:
this can be incorporated into a feedback loop, much like in living cells, where the reac-
tions become actuated based on the environment. These membrane-bound condensate
sites can additionally act as docking stations to which the cytoskeleton attaches. By
tuning the interfacial properties of the condensates, their eventual distribution on the
membrane wall can additionally be directed, which, once the cytoskeleton is recruited,
can further be tuned to achieve desired and specific shapes and cellular morphology.
These local sites can also prove useful for incorporating membrane-bound organelles
and other elements in desired positions.
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1.3 ON-CHIP MICROFLUIDICS TECHNOLOGY FOR
BIOENGINEERING.

Walking towards the goal of developing a sustainable synthetic cell, we used on-chip
microfluidic platform as our working horse. Working with biological systems is often
challenging particularly due to low sample quantity, hence reducing sample volumes
is of key importance. The state-of-the-art microfluidics technology enables handling
of small fluid volumes (in the range of microliter) and makes use of the predictable
behavior of fluids at low-enough flow rates within microchannels of desired geom-
etries. Microfluidic technology has revolutionized biological analysis tremendously
by downscaling the laboratory-based systems popularly referred to as lab-on-a-chip
devices. These miniaturized systems allow for a substantial reduction of required
reagents as well as the analysis time. For example, a typical microtiter plate (96 wells)
generally requires 50-100 pL of sample per well, whereas a typical water-in-oil drop-
let of 20 um diameter produced using on-chip microfluidic setup corresponds to a
volume of merely ~4 pL (i.e., more than seven orders of magnitude smaller). How do
fluids flowing at smaller length scales and low-enough flow velocities differ from fluid
flows that we experience in daily life, such as stirring black coffee? The main difference
is a predictable laminar flow against an unpredictable turbulent flow, depending on
whether the viscous forces or the inertial forces dominate the system. To determine
which of these forces get an upper hand, one can calculate the Reynolds number (Re
) for a system, which is defined as the ratio of inertial forces to viscous forces.

pvL (1.1)

Here, p is the fluid density, v is the velocity, L is the characteristic linear dimension
of the system, and 1 is the dynamic viscosity. Typically, for Re <2000, viscous forces
dominate, resulting in laminar flow®. Thus, while mixing of an ink drop in water is
a turbulent phenomenon defined by the unpredictable nature of the motion of fluid
as shown in (Figure 1.5a), on the contrary, two water streams meeting each other
in a microfluidic device will simply flow parallel to each other (although they will
mix in a diffusive manner further downstream) (Figure 1.5b). Calculating Re for a
typical microfluidic system makes this clearer. For a water stream flowing through a
microfluidic channel ( = 10? Pa.s, p = 10° kg/m3, v =1 mm/s, L =100 um),
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Re = 0.1, confirming a laminar flow. The laminar nature of the fluid flow, combined
with competing effects of the deformation of the interface by a local shear stress and
the resistance to this deformation by interfacial forces, leads to production of micron-
sized emulsion-based confinements of various nature®.

\ll‘vater Channel boundry

%

Figure 1.5: Turbulence and laminar flow.

(a) An ink drop mixing in water in a turbulent manner. (b) Demonstration of laminar flow in a lab-on-a-
chip device by co-flowing two streams of water (with and without a fluorescent dye) parallel to each other

without mixing.

1.4 CONFINEMENTS FOR APPLICATIONS IN SYNTHETIC
CELL

Under the umbrella of building synthetic cells, various emulsion-based modules
have been established from the standpoint of understanding the fundamentals of life
together with a wide range of industrial applications. For instance, microemulsion-
based confinements have been widely used for applications such as cargos for drug
deliveryGG, vaccine administration®, tissue engineeringGg, food industry69’ 70 as well
as genetic engineering’'. In this thesis, we also aimed to use emulsion-based con-
finements for protein engineering. The following section describes the principles of
laboratory evolution of proteins along with the benefit of using emulsion as in vitro
compartment for protein evolution.

1.4.1 Laboratory evolution of proteins

Darwin’s theory of evolution states that species change over time and the evolved spe-
cies inherit a set of genes from its ancestor’ 2. However, this process of natural evolution
is extremely slow and can take millions of years. Scientists have tried to accelerate this
process using a laboratory-based adaptive evolution approach. To understand this,
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let us assume a bacteria which ideally prefers 37°C as an ideal temperature to grow
and divide. By slightly lowering the incubation temperature of the bacteria to 35°C,
the bacteria is forced to respond and acclimatize to this new environment (Figure
1.6 left panel). Although in principle all the bacteria (the beginning of experiment)
are identical, some bacteria are better than others at coping with this stress of varied
temperature resulting in a mixed population. Selecting for the better coping species,
and repeating the cycle for multiple iterations ultimately leads to an evolved species
of bacteria that has altered its metabolism and adapted to grow at lower temperature
(Figure 1.6, right panel). Nonetheless, one of the drawbacks of this approach for
bacterial evolution is the unpredictability in the nature of change that might occur
during this process. For instance, in the above mentioned example the adaptation of
bacteria to lower temperature could be due to either genetic modifications or meta-
bolic changes or combination of both. Thus the lack of control over the system makes
it difficult to associate the phenotypic behavior to precise changes in bacteria.

Secondly, highly characterized bacteria like E.coli are widely used as a confinement for
evolving protein since they are easy to grow, have a well characterized genome, and
give easy access to standardized protocol for genetic manipulations”. However, their
use is limited and often fail due to cytotoxicity of protein, resistance to antibiotics,
and the risk of bacteria rejecting the external gene in the process of multiple itera-
tions’*. Bypassing the use and only using cellular extract consisting transcription and
translation machinery is beneficial for the purpose of cell free proteomics”.
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. [ at 20°C - /

Figure I1.6: Adaptive laboratory evolution of bacteria.

Schematic depicting an example of adaptive laboratory evolution of bacteria by gradually reducing tem-
perature. Multiple iterations of adapting the bacteria to lower temperature leads to an evolved species which

grows at lOWCl‘ temperature
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Cell-free in vitro directed evolution, is a prominent technique for the engineering
of target proteins using similar principles of natural selection. The process involves
three distinct steps: diversification of gene, selection of desired phenotype, and then
subsequently screening of the positively evolved variant (Figure 1.7). For instance,
when aiming to enhance the catalytic activity of an enzyme, the corresponding gene
is subjected to diversification. This is easily done by introducing random mutations
in the gene and thus generating a library of different genetic variants. Given the chal-
lenges of studying such a huge library as a whole, these gene variants are isolated
individually by compartmentalizing, allowing to examine them individually. To link
the genotype to its respective phenotype, a selection strategy is crucial to differentiate
the better variants from a pool of bad ones. For examples a fluorescence-based strategy
which links the enzymatic activity of protein to expression of fluorescence protein.
The superior activity enzyme is fished out, and the respective genotype is recovered.
Iterating this cycle several times yields a refined enzyme variant exhibiting enhanced
activity compared to the wild-type variant.
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Figure 1.7:

Schematic depicting different steps like genetic diversification, compartmentalization, selection, and screen-

ing of desired variant to achieve protein evolution.
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1.5 MICROFLUIDIC PRODUCTION OF EMULSIONS

The salient features of on-chip microfluidics as described in section 1.3 is highly favor-
able for controlled production of micro-sized emulsions in high throughput fashion.
Additionally, emulsions generated using microfluidics are monodispersed, eliminating
the size-based variation in experiment results. Additionally, emulsions can be designed
to exhibit biocompatibility and their impermeable barrier assist to encapsulate and
retain large molecules like DNA, RNA and proteins. This is an important feature
essential to achieve genotype-to-phenotype linkage. In the following sections, we
discuss plausible different types of emulsions that can be used, the state-of-the-art
methodology to produce them, and finally comparing different types of emulsions
highlighting its advantages and disadvantages.
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Surfactant . ! g
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Figure 1.8: Anatomy of a single emulsion.

(a) Schematic representing surfactant stabilized water-in-oil single emulsion. (b) Production of micron-

sized water-in-oil single emulsion using a microfluidic device with a flow- focusing junction

1.5.I Single emulsion: water-in-oil confinements

Emulsion-based compartments can serve as an excellent model for cells, of which,
single emulsions (hereby simply referred as emulsions) are most frequently used.
Depending on the volume ratio of water to oil and the type of surfactant, either
oil-in-water or water-in-oil emulsions are formed, with the droplet size ranging from
a few nanometers to hundreds of micrometers’®. Since oil-in-water emulsions are
unsuitable to be used as compartments as most of the desired biochemical reactions
require water-based aqueous environment, emulsions in this context refer to water-
in-oil emulsions (Figure 1.8a). To prevent emulsion droplets from fusing, surfactants
are routinely added to the oil and sometimes also to the aqueous phase’’. Emulsions
were initially generated in large numbers using straightforward bulk approaches, i.e.,
by mixing aqueous buffer with oil in presence of surfactants. However, this poorly
controlled process generally resulted in highly polydisperse emulsion populations,
seriously affecting the uniform encapsulation of reagents.
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Despite the polydisperse nature of the emulsions, numerous studies have success-
fully demonstrated complex biochemical assays evolving proteins evolution’® " **!.
Nonetheless, polydispersity tends to hamper downstream screening, as small volumet-
ric deviations can substantially affect the concentration of enzyme-derived products™.
Incremental evolution campaigns will significantly benefit from uniform volumes as
well as constant reagent concentrations and stoichiometry, highlighting the impor-
tance of monodisperse emulsions generated using microfluidics (Figure 1.8b). Highly
monodisperse water-in-oil droplets are generated using on-chip microfluidics. For
example, droplets of 45 pm in diameter, have been produced at a rate of 1-10 kHz 82,
Production rate can be substantially increased by operating multiple parallel produc-
tion channels in a single microfluidic device, or by using a serial droplet-splitting
technique, subsequently resulting in smaller droplets. Frequency up to 1.3 MHz was
achieved by running multiple microfluidic devices in parallel*’. Mechanical splitting
of large droplets into smaller vesicles by introducing splitter array can also increase
the throughput, preferably >1000 droplets/hour 8 The high throughput nature, the
excellent encapsulation, and the feasibility of subsequent gene expression within emul-
sions make this approach a highly suitable platform for laboratory evolution. Yet, one
of the major limitations of these emulsions is their incompatibility for downstream
screening using fluorescence-assisted cell sorting (FACS). This is due to the external
oil phase, which is not suitable for commercial cell-sorting machines.

1.5.2 Double emulsion: water-in-oil-in-water confinement

This limitation of single emulsions can be resolved by using double emulsions. A
typically used double emulsion for biological applications is a surfactant-stabilized
water-in-oil-in-water emulsion, that is, an aqueous droplet containing the gene of
interest along with the IVTT machinery, surrounded by an oil shell, and dispersed in
the outer aqueous phase (Figure 1.9a).
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Figure 1.9:Anatomy of a double emulsion.

(a) Schematic representing surfactant stabilized water-in-oil-in-water double emulsion. (b) Production of
micron-sized water-in-oil-in-water single emulsion using a microfluidic device with two flow- focusing

junction connected via a bridge.
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The presence of this external aqueous phase makes double emulsions compatible with
commercially available droplet-sorting techniques like FACS. Double emulsions can
be made in bulk by further emulsifying water-in-oil single emulsions, with the same
key disadvantage of polydispersity. This limitation can be overcome using a microflu-
idic approach to obtain monodisperse double emulsions with efficient encapsulation
(Figure 1.9b). While double emulsions have their own merit owing to the compat-
ibility with downstream sorting processes, the on-chip production rate is relatively
low but good enough to be used for laboratory evolution campaigns *°. Indeed, double
emulsions produced on-chip have has been successfully applied to screen and evolve

. 86, 8
soluble proteins ***’.

1.5.3 Liposome: semi-permeable membranous confinements

An alternative to emulsions is liposomes, whose boundary is composed of a continu-
ous lipid bilayer. The lipid bilayer in turn is composed of phospholipids, which are
surfactant-like amphiphilic molecules with a hydrophilic head and two hydrophobic
chains, allowing them to self-assemble in aqueous environments to form such 3D
containers (Figure 1.10a).
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Figure I.10: Anatomy of a liposome.

(a) Schematic of liposome depicting self-assembly of lipids to form lipid-bilayer. (b) On-chip generation of

liposomes using octanol-assisted liposome assembly.

Liposomes have gained tremendous interest in the context of building synthetic cells” >’

and they are suitable compartment candidates, especially for membrane proteins. Their
applicability has already been demonstrated by engineering an a-hemolysin variant,
a membrane-bound toxin from Staphylococcus aureus, with enhanced pore-forming
activity™. Liposomes can be produced in various sizes (tens of nm to hundreds of pm
in diameter) and different lamellarities [unilamellar or multilamellar, having a single
or multiple lipid bilayer(s), respectively]. For IVC applications, unilamellar liposomes
of a few micrometers in diameter, also known as giant unilamellar vesicles (GUVs),
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are preferred partly due to the detection limit of FACS measurements. GUVs can
be generated via bulk techniques such as thin film hydration, rehydration of freeze-
dried empty liposome (FDEL), and inverted emulsion transfer®. However, similar
to emulsions, GUVs produced by bulk techniques suffer from polydispersity and an
additional size-based sorting step in FACS is required. Two other drawbacks origi-
nating from bulk liposome production are the formation of multiple compartments
(liposome(s) within a liposome) and multilamellarity.

Multicompartment liposomes tend to trap components between differsssent sub-com-
partments, causing inaccurate evaluation of enzymic activity. They also tend to yield
low protein expression, which is undesirable for laboratory evolution®. Fortunately,
several effective on-chip production techniques have been developed over the years,
which could prove to be very suitable for evolution experiments. Octanol-assisted
liposome assembly is a process akin to bubble-blowing (Figure 1.10b), where the
initially produced double emulsions give rise to unilamellar liposomes within min-
utes’"”*. A similar technique was developed using a glass capillary-based approach and
cell-free, GFP expression was carried out inside the liposomes™. Spatz and coworkers
recently presented another approach, starting with copolymer-stabilized droplets
to generate liposomes, termed droplet-stabilized GUVs™. When combined with a
droplet splitting technique, an impressive production rate of >10° GUVs/min was
reported”. Overall, on-chip GUV production is a promising approach, especially in
terms of sample monodispersity and encapsulation efficiency.

1.6 OUTLINE OF THE THESIS

We are still at the initial stages of the monumental and exciting prospect of building
autonomous, functional synthetic cells. Out of the numerous functional modules that
synthetic biologists are seeking to build in a bottom-up manner, this thesis primarily
aims on creating synthetic three-dimensional space to conduct complex biochemical
reactions.

In Chapter 2 we used bioinspired liquid droplets (biomolecular condensates) com-
prised of synthetic polypeptide (poly-L-lysine) and adenosine triphosphate. These
liquid droplets served as template scaffolds for us to decorate cytoskeleton actin on
the surface. Appropriate tweaking of physiological conditions led to the formation
of actinosomes: three-dimensional, cell-sized confinements with a boundary made
up of polylysine and actin filaments. We further characterized actinosomes and also
demonstrated its biocompatibility by performing complex biochemical reaction like
protein expression.
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In Chapter 3 we used on-chip microfluidic technology to generate micron-sized
liposomes. We provide a detailed protocol highlighting the crucial steps to generate
liposomes including photolithography, microfluidic assembly, and surface functional-
ization. The on-chip technology can efficiently encapsulate and retain phase separating
biomolecules like polylysine and adenosine triphosphate, while small molecules like
proton ions can migrate across the lipid bilayer. Externally changing the pH triggers
homogenous solution of polylysine and adenosine triphosphate in the liposome to
undergo phase transition to form biomolecular condensates.

With the growing interest in deciphering the role of liquid-liquid phase separation in
biological systems, we explored a new direction: ticks. Current knowledge shows that
ticks attach to their hosts for prolonged duration for blood feeding and this attach-
ment of ticks is assisted via cement cone formation. In Chapter 4 we shone light on
how protein phase separation can potentially assist this process of tick adhesion. In the
soup of complex tick saliva, we particularly focused on glycine-rich proteins since it is
one of the most abundant protein families present in the tick saliva. We systematically
characterized and determined both external physiological factors as well as intrinsic
amino acid composition accountable for driving the phase separation.

In Chapter 5 we upgraded our previously described on-chip microfluidic device for
high-throughput generation of biocompatible confinements in the form of water-
in-oil-in-water double emulsions. We used these synthetic confinements to evolve
gene-editing enzyme (Cas9) using cell-free transcription and translation machinery.
To achieve this, we developed multiple gene circuits linking enzyme activity to the
expression of green fluorescence protein, enabling fluorescence-based fishing of posi-
tive variants of the enzyme.

Finally, in Chapter 6 we provide a concluding general discussion summarizing the
results of the chapters above. We further discuss the state-of-the-art in the field and
put a perspective on the shaping synthetic cell using microfluidics.
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ABSTRACT

Engineering synthetic cells has a broad appeal, from understanding living cells to
designing novel biomaterials for therapeutics, biosensing, and hybrid interfaces. A
key prerequisite to creating synthetic cells is a three-dimensional container capable of
orchestrating biochemical reactions. In this chapter, we present an easy and effective
technique to make cell-sized porous containers, coined actinosomes, using the inter-
actions between biomolecular condensates and the actin cytoskeleton. This approach
uses polypeptide/nucleoside triphosphate condensates and localizes actin monomers
on their surface. By triggering actin polymerization and using osmotic gradients, the
condensates are transformed into containers, with the boundary made up of actin
filaments and polylysine polymers. We show that the guanosine triphosphate (GTP)-
to-adenosine triphosphate (ATP) ratio is a crucial parameter for forming actinosomes:
insufficient AT prevents condensate dissolution, while excess AT leads to undesired
crumpling. Permeability studies reveal the porous surface of actinosomes, allowing
small molecules to pass through while restricting bigger macromolecules within the
interior. We show the functionality of actinosomes as bioreactors by carrying out
in vitro protein translation within them. Actinosomes are a handy addition to the
synthetic cell platform, with appealing properties like ease of production, inherent en-
capsulation capacity, and a potentially active surface to trigger signaling cascades and
form multicellular assemblies, conceivably useful for biotechnological applications

Osmotic in vitro
shock translation
Actin
polymerization
Actin-coated Actinosome Cell-free protein
condensate expression
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2.IINTRODUCTION

Cells are highly complex systems consisting of a plethora of interconnected biomo-
lecular networks, and this greatly limits our understanding of how they work. While
deciphering molecular mechanisms in living systems is tedious, the in vitro recon-
stitution assay is an excellent complementary approach to studying specific cellular
modules. In recent years, the bottom-up construction of synthetic cells has received
tremendous attention, where compartmentalization is seen as an essential feature to
mimic nature’s way of organizing reactions and, at the same time, providing a superior
control'. Synthetic cells typically refer to an enclosed three-dimensional structure
capable of performing tasks similar to their biological counterparts. Different types
of synthetic cells have been proposed, which can be broadly classified as membrane-
bound and membraneless confinements™”.

Membrane-bound compartments, built by the self-assembly of amphiphilic mol-
ecules, have been widely used as cell-mimicking prototypes®. This has led to the design
of a wide variety of confinements such as surfactant-stabilized water-in-oil droplets,
liposomes with a lipid bilayer as the boundary, and even completely synthetic contain-
ers such as polymersomes anddendrimersomes™ °. These compartments are capable of
reconstituting various biochemical processes within them and have been exploited
to engineer a wide variety of cellular modules and to advance various applications
like cell-free gene expression”® evolving proteins by directed evolution’, cytoskeleton

12, 13, 14’ cargos for drug deliveryls, and p[‘il’lting

assembly 10,11/ growth and division
artificial tissues'® " In these confinements formed via the hydrophobic effect'® the
membrane usually acts as a physical barrier and restricts passive transport of molecules
across them. This is commonly resolved by incorporating transmembrane proteins
like a-hemolysin, making them selectively permeable'” "”. Additionally, newer strate-
gies have been designed such as proteinosomes, which have a membrane comprising
cross-linked, amphiphilic protein-polymer conjugates™. Unlike the relatively inert
membranes of liposomes and polymersomes, the proteinaceous boundary of proteino-
somes can perform enzymatic reactions’'. Methods to produce the above-mentioned
confinements suffer from various limitations: easy-to-use bulk methods have poor
process control, high polydispersity (variation in the confinement size), and a low
encapsulation efficiency. Employing microfluidic emulsion-based techniques effec-
tively solve these issues, but at the cost of technologically advanced sophisticated and

less-accessible setupszz’ =

Biomolecular condensates, membraneless structures formed via the process of liquid-
liquid separation (LLPS), have emerged as new types of synthetic bioreactors in recent
years ** After their discovery and realization of the prominent role they play in intra-
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cellular biochemistry, they have been heavily exploited also in the realm of synthetic
biology. Some salient features of condensates are their ability to sequester molecules
and their assemblies®, resistant to extreme conditions®, performing biochemical reac-

27,28,2
7282 and exchange

tions with increased reaction rates and enhanced enzyme kinetics
of molecules with their surroundings™. Interestingly, condensates have been explored
as possible scaffolds to form synthetic containers™. For example, complex coacervates
have been forged into multilayered compartments via a surface-templating proce-
dure, albeit producing thick shells and the use of chemical treatments’’. Another
study demonstrated that the condensates formed by glutamic acid-rich leucine zipper
and arginine-rich leucine zipper could be transitioned into hollow vesicles via tem-
perature changes™. Alternatively, coacervate droplets can be coated with amphiphilic
molecules; small unilamellar lipid vesicles were assembled at the interface of RNA/
peptide droplets, transforming them into an RNA encapsulated membrane-bound
confinement”. These studies highlight the potential of condensates as templates to
form novel confinements but also present several limitations such as thick shells, low
membrane permeability, and use of sophisticated protein engineering. If possible,
one would desire a highly biocompatible proteinaceous confinement produced in a
straightforward manner, without the use of complicated setups.

In this chapter, we present a straightforward bottom-up approach to make cell-sized
(2-5 um) confinements with proteins as the building blocks. We start with condensates
made up of a polypeptide (polylysine, polyK) and nucleoside triphosphates (NTDs),
a mixture of adenosine triphosphate (ATP) and guanosine triphosphate (GTP). We
then use actin, the well-known cytoskeletal protein capable of forming filaments, to
structurally modify the condensate droplets. Actin localizes at the condensate inter-
face and rapidly polymerizes into filaments at the expense of a high concentration
of ATP present in condensates. Under the right conditions, this leads to internal
coacervate dissolution, followed by colocalization of polylysine with actin filaments
at the surface, resulting in hollow containers, which we term actinosomes. We show
that the ATP:GTP ratio is crucial in actinosome assembly, and permeability assays
reveal actinosomes as stable, porous containers. Finally, we show the capability of
actinosomes as bioreactors by carrying out iz vitro translation of proteins. We believe
the addition of actinosomes, which can be formed without any use of sophisticated
setups and in a rapid manner, will be highly useful in the field of synthetic cells and to
reconstitute reactions within cell-sized, biocompatible containers.

It is difficult to precisely define a synthetic cell in a single sentence, however, one can
agree that a synthetic cell is a broad idea to create a man-made mimicry of a biological
cell. The bottom-up on-chip approach can immensely help in addressing the complex
biological phenomena, acknowledging the fact that the concept of synthetic cell in
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itself is inherently subjective. For instance, a molecular biologist, who employs cells to
produce proteins would view synthetic cells as protein-producing factories. A medical
practitioner would interpret synthetic cell as an entity to deliver therapeutic molecules
and possibly replace defective cells in humas body with better functional ones. A bio-
physicist, interested in understanding life, may envision synthetic cell to be a minimal
entity that has the capability to self-replicate its components and eventually divide,
thus completing the circle of life.

2.2 RESULTS AND DISCUSSION

2.2.1 Actin interaction with Multicomponent Condensates forms
Actinosomes.

We started with the idea of using membraneless condensates as templates to coat a
biomaterial and subsequently dissolve the inner condensate to form a stable container
(Figure 2.1a) . We aimed to bring about the structural and chemical transformation
of the condensate by coupling a biochemical reaction, ideally carried out by the coated
biomaterial itself. Complex coacervates made up of positively charged polypeptides
(polylysine, polyK; polyarginine, polyR) and negatively charged NTPs (adenosine
triphosphate) are widely used model systems®. With NTPs (ATP and GTP in par-
ticular) also being the common energy currency for a wide variety of biochemical
reactions, we hypothesized that polyK/NTP would be a good starting point for our
experiments. For a fixed amount of polyK (5 mg/mL; molar charge concentration
~34 mM, assuming all lysine residues are charged and available; average molecular
weight per residue 146.19 Da), we determined the optimal concentration of NTPs
to attain maximum partitioning in the coacervate phase (Figure $2.1). For all of the
experiments shown here, unless specified, polyK and total NTP concentrations were
thus kept at 5 mg/mL and 5.4 mM, respectively. Using absorbance-based measure-
ments, we estimated the amount of ATP inside the coacervates to be about 50 mM
(in the absence of actin), i.e., about 250 times more concentrated than the dilute
phase (Figure S§2.1); the ATP concentration in the dilute phase was measured to
be 0.19 + 0.02 mM (see Materials and Methods). Our idea strengthened further
when the addition of actin monomers to the system strongly partitioned them at the
surface of these coacervates (Figure 2.1b,c), similar to the observations made with
other coacervate systems”. Based on fluorescence measurements, we calculated the
partition coeflicient of actin at the interface to be significantly higher (5.3 + 1.3, z =
61) compared to its partitioning inside the coacervate (3.2 + 0.7, 7 = 66). In a similar
manner, the partition coeflicient for polyK inside the coacervate was determined to be
(4.2 £ 0.8, 7 = 62). In addition, we used a salt-deficient buffer, keeping the interfacial
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tension of the coacervate relatively high®®. This also significantly prevented partition-
ing of actin inside the coacervate compared to the surface as we observed that actin
relatively partitioned more inside the coacervates in the presence of salt compared to
the coacervate-water interface (Figure $2.2). Also, the actin present at the coacer-
vate-water interface polymerized into filaments only in the presence of Mg™" ions, as
confirmed by the ATTO-594-phalloidin staining (Figure $2.3). We further measured
the surface potential of the coacervates through {-potential measurements. We found
the coacervates to be positively charged (16.9 + 1.5mV; Figure $2.4), agreeing with
previous observations”. Interestingly, we also noted that the surface charge always
remained positive irrespective of whether the polyK or ATP was in excess, suggesting
accumulation of polyK molecules at the surface. Actin being net negatively charged
at neutral pH was thus thought to assemble on the surface through electrostatic inter-
actions®. Indeed, surface charge measurements of actin-coated condensates showed
significant reduction in the value of the {-potential to 7.8 + 1.1 mV within minutes
(Figure S2.5). Along with individual coated coacervates, we do observe connected
structures of several condensates, which could be attributed to the lowering of the
surface potential.

42 CHAPTER 2



A .. "9\" ATP +GTP
e © o) — |
e /
Homogenous solution Actin-coated condensates Actinosome
b Merge C
1 e

Homogenous

solution

Normalized
Intensity
=)
3

Actin-coated
condensate

Actinosome

Normalized
Intensity
o
(S}

0
0 4 6
Distance (um)
d e 1
Phalloidin Polylysine
Actinosome S
'va £os
st
z
]
0 14

5 10
Distance (um)

Figure 2.1: Condensate-templated actinosome formation.

(a) Schematic demonstrating stepwise addition of reagents to produce actinosomes. (b) Epifluorescence
microscopy images at different stages of actinosome formation. Top: homogeneous mixture of ATTO-
532-labeled actin monomers and FITC-labeled polylysine (labeled fraction 10% w/w). Middle: addition of
the NTP mixture (GTP + ATP) triggers coacervation, resulting in polylysine/NTP coacervates with actin
localized on the surface. Bottom: Mg2+ triggers actin polymerization at the expense of ATP hydrolysis,
ultimately resulting in coacervate dissolution and formation of a shell made up of actin filaments and
polylysine. (c) Line graphs corresponding to the dotted lines in panel (b) showing surface localization of
actin on the condensates with polylysine concentrated in the interior (top) and localization of the actin
and polylysine in actinosomes (bottom). (d) Confocal microscopy images of actinosomes stained with
ATTO-594-labeled phalloidin (blue), which selectively binds to actin filaments; FITC-labeled polylysine
(labeled fraction 10% w/w) is visualized in green. (e) Line graphs corresponding to the dotted lines in panel

(d) showing surface localization of phalloidin-stained actin filaments (blue) along with polylysine (green).

We triggered actin polymerization by adding a hypertonic buffer containing divalent
cations (Mg2+) and KCl. This initiated the ATPase activity of actin, leading to a
rapid hydrolysis of ATP present in the coacervates and formation of actin filaments
on the condensate surface. Phalloidin staining confirmed the formation of actin fila-
ments at the condensate surface (Figure 2.1d,e). Additionally, the osmolarity shock
induced via hypertonic buffer conditions initiated an outward flow of polyK from the
coacervate toward the periphery where actin filaments are localized. To our pleasant
surprise, when using an appropriate ratio of the ATP/GTP mixture, the condensates
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were subsequently converted into micron-sized quasi-spherical confinements within a
matter of minutes. As can be seen from the fluorescence images in Figure 2.1b, actin
and polyK signals completely colocalized at the boundary of the (previously pres-
ent) condensates, while the polyK signal from the lumen was significantly reduced.
We aptly termed these containers actinosomes, where the actin filaments together
with polyK polymers formed the container boundary, confining a hollow lumen. We
observed a higher partition of actin 8.1 + 1.4 (n = 58) at the interface compared
to 4.6 £ 0.7 (n = 61) inside the actinosome. The polyK localization also showed a
similar trend of higher accumulation at the surface (2.9 + 0.4; n = 59) compared to
the interior of the actinosomes (2.0 + 0.3; n = 61). Based on the small increase in the
dilute phase intensity, a finite fraction of polyK was assumed to leave the condensates
altogether. It is important to note that the combination of hyperosmotic shock and
actin polymerization was necessary to form actinosomes. Only hyperosmotic shock
or only actin polymerization resulted in actin-coated condensates but no actinosome
formation (Figure $2.6). The hypertonic conditions likely decreased the interfacial
tension and facilitated outward movement of polyK.

2.2.2 ATP:GTP Ratio is Crucial to Actinosome Formation.

Since ATP hydrolysis is crucial to coacervate dissolution and subsequent actinosome
formation, we studied this further by tuning the ratio of NTPs. We maintained
the total concentration of NTPs (GTP + ATP) constant at 5.4 mM and varied the
amount of GTP from low to high, which we quantified as R = [GTP]/[NTPs]. At
R =0, i.e., when using only ATD, the coacervates immediately transitioned from a
sphere to a collapsed state, resembling a crumpled structure, like a crumpled sheet of
paper (upper panel in Figure 2.2a, Supplementary movie 1). This phenomenon can
be explained as a combination of ATP hydrolysis and colocalization of polyK with
actin together with the osmolarity-induced water efflux leading to the buckling of the
formed structure. We observed this crumpling prominently for R values below 0.6
(Figure 2.2b). In contrast, actinosomes were efficiently formed for R values between
0.7 and 0.8 (Figure S2.7). As can be seen in the middle panel in (Figure 2.2a),
the polylysine fluorescence rapidly decreased from the lumen and colocalized at the
interface along with actin (Supplementary movie 2). Thus, sufficient ATP was pres-
ent for actin polymerization at the surface, but at the same time, the inert GTP pool
maintained enough osmolarity (~35 mOsm; hydrolyzed ATP possibly contributing
further to the value), preventing complete crumpling and resulting in an actinosome
with a wrinkled surface. The observed outward flow of polyK toward the periphery
was likely promoted by the osmolarity shock induced via the hypertonic buffer. The
lack of a coacervate interior, judged by the lack of polyK fluorescence in the lumen
but rather its colocalization with actin, strongly suggests the presence of a non-phase-
separated aqueous lumen. A z-stack of the actinosome makes this clearer, showing
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colocalization of actin and polyK across the entire structure and showing actin- as well
as polyK-depleted lumen (Supplementary movie 3). Owing to the slight crumpling
of the shell due to osmotic effects, the formed actinosomes were not perfectly spheri-
cal but were quite irregular in shape. We calculated the average size of actinosomes, by
approximating them as ellipses, to be 2.4+0.6 pm(major axis + standard deviation; 7
= 107;Figure 2.2c). We measured the eccentricity (major axis/minor axis) to quantify

their spherical nature. A value of 1.2 + 0.1 shows that actinosomes remained reason-
ably spherical (Figure 2.2d).

We observed that not all of the actin-coated condensates converted into coacervates,
possibly due to heterogeneity of the actin coating, subsequent inhomogeneous polym-
erization, and thus different degrees of osmotic shock between different condensates.
The actinosome yield (number of actinosomes obtained/total number of actinosomes
and actin-condensate structures) was determined to be ~0.7 (actinosomes, 7 = 198;
actin-coated coacervates, 7z = 88). We also observed that the actinosomes tend to form
clusters, i.e., two or more actinosomes sticking to each other (structures containing
actin-coated condensates were excluded for analysis). Quantitative analysis showed
that about 25% of the actinosomes remained in the individual isolated state, whereas
the remaining 75% tended to form clusters of 2-5 actinosomes (Figure $2.8). At
R values above 0.9, we observed a mixed population of both actinosomes and co-
acervates coated with actin (Figure 2.2b). At R = 1, we observed only actin-coated
condensates (lower panel in Figure 2.2a; Supplementary movie 4). With not enough
ATP to bring about actin polymerization and coacervate dissolution, these coacervates
remained stable and did not show any morphological changes over time. Thus, the
ratio of GTP to ATP is crucial to actinosome formation.
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Figure 2.2: Actinosome formation depends on the ratio of NTPs present in thecondensates.

(a) Time-lapse images showing the actin-condensate dynamics at different R (=[GTP]/([GTP] + [ATP]))
values. Low R values result in completely crumpled structures, intermediate values form cell-sized tino-
somes, while higher R values result in stable actin-coated condensates. The inhomogeneous distribution of
the actin signal on the actinosome surface is probably due to varying degrees of local actin polymerization.
(b) Representative fluorescence images showing three key types of structures formed over the entire range of
R. Actinosomes are obtained only within a narrow range (0.7 < R < 0.8). Lower values (R < 0.6) result in
crumpled structures, while higher values (R = 0.9) lack enough ATP and form stable actin-coated conden-
sates. (c) Frequency histogram showing the size distribution of actinosomes, with a mean size (major axis)
of 2.4 + 0.6 um (n =107). (d) Frequency histogram showing the ratio of the major axis to the minor axis;
the mean value of 1.2 + 0.1 suggests that actinosomes tend to attain a roughly spherical morphology (n =

107). Images were acquired in epifluorescence microscopy.

We also checked the effect of the nature of the polypeptide on actinosome formation,
where we used poly-L-arginine (polyR) to form the coacervates. While we obtained
actin-coated condensates, we did not see complete crumpling when using only ATP
or a container formation when using a mix of ATP and GTP; this trend continued
even after doubling the salt concentrations (Figure $2.9). This is possibly due to the
significantly higher (100-fold) viscosity and surface tension (5.8-fold) of the polyR-
containing droplets as compared to polyK-containing ones”, potentially preventing
the rapid exchange of material across the interface and insufficient ATP diffusion to
the surface.
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2.2.3 Actinosomes Are Hollow and Porous Containers.

A mesh of polylysine and actin filaments comprises the actinosome surface. To
characterize the surface permeability, we tested the diffusion-driven influx of dextran
molecules of a variety of sizes into the actinosome lumen. We incubated premade ac-
tinosomes (R = 0.8) with FITC-labeled dextran solution (concentration kept constant
at 4 uM for all of the experiments) of different molecular weights (M), viz., 3-5, 20,
70, and 150 kDa corresponding to the diameter of gyration (D) values of 3.81-4.52,
7.18, 10.90 and 14.05 nm, respectively40 (Figure 2.3a). The low-molecular-weight
dextran molecules (3-5 kDa) immediately t,, corresponding to approximately within
a minute after addition of dextran) permeated inside the actinosomes (Figure 2.3b).
On the contrary, actinosomes were not permeable to any of the higher-molecular-
weight dextran molecules (>20 kDa) for the entire duration of 60 min. Figure 2.3b
shows the exclusion of 20 kDa dextran molecules from actinosomes, while (Figure
$2.10)shows images corresponding to dextran assays corresponding to 70 and 150
kDa. To characterize the permeability, we measured the FITCdextran signal inside
(linside) and outside (Lpyssige) actinosomes and calculated the normalized intensity as (
linside = loutsige)! loutsize- We analyzed this for images taken immediately (¢,,) as well as
after one hour (ts). The positive normalized intensity for 5 kDa (¢,: 0.12 + 0.07,
=19; tg,: 0.23 + 0.13, # = 20) dextran indicates influx of dextran inside actinosomes
(Figure 2.3c). On the contrary, negative normalized intensity for 20 kDa (t,,: -0.58 +
0.11, 7 =23; tgp: -0.58 £ 0.07, n = 24), 70 kDa (ty,: -0.63 + 0.07, 7 = 24; tgo: -0.57 +
0.06, 7 = 30), and 150 kDa ( t,,: -0.67+ 0.08, 7 = 25; tgo: -0.58 £0.04, 7 = 35) clearly
indicates exclusion of dextran inside the actinosomes. Based on the above analysis, we
conclude that actinosomes are porous containers with a pore size of ~5 nm and defi-
nitely below 7 nm (Figure 2.3a,b). After determining the pore size of actinosomes,
we moved our attention to the topological characterization of actinosomes. For this,
we performed scanning electron microscopy (SEM) on actinosomes to visualize the
detailed surface morphology. We dried and sputtered samples of actinosomes (R =
0.74), crumpled condensates (R = 0.55), and actin-coated condensates (R = 0.92) for
visualization (see Material and Method for details). The actinosome surface revealed a
rough shell (Figure 2.3d) in which submicron-sized pores on the order of 0.02-0.05
pm in diameter were visible (Figure 2.3e), supporting the previously described per-
meable interface allowing migration of molecules across the rigid shell. In addition
to this, visualizing a broken actinosome revealed a hollowness in the interior of the
actinosome (Figure $2.11a,b). The shells appeared rigid, given that they survived the
vacuum-drying process. On the other hand, the surface of polylysine/NTP coacervates
(R =0.92) with actin localized on the surface was relatively smooth and did not show
any of the above-mentioned features (Figure $2.11¢). At high ATP concentration (R
= 0.55), crumpled structures were observed (Figure 82.11d), corroborating with the
fluorescence images obtained before.
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Figure 2.3: Actinosomes are porous and permeable to small molecules.

(a) Diameter of gyration (Dg) of dextran molecules as a function of their molecular weights (M). The red
line follows the equation Dg = 2.64 xM"*. (b) Confocal images showing the permeability of actinosomes
(R = 0.7) to dextran molecules of different sizes, immediately (%) and 1 h (t*°) after incubation. Low-molec-
ular-weight dextran (3-5 kDa) readily diffuses inside actinosomes, whereas high-molecular-weight dextran
(20 kDa) is excluded from the actinosome. (c) Graph showing the normalized intensity (Iinsiae= loutsiae)/
Loutsige of FITC-dextran at t° (red) and t° (blue). Positive values indicate dextran diffusion into the actino-
somes, while negative values indicate impermeability to dextran. Error bars indicate standard deviations. (d)
Scanning electron microscopy images of actinosomes (R = 0.7) appear as slightly crumpled spheres, similar
to fluorescence images. (e) A zoom-in reveals a rough, unstructured, porous surface. Several sub-pm-sized

pores are clearly visible and indicated with arrows. Error bars indicate standard deviations.
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2.2.4 Actinosomes Efficiently Encapsulate Biomolecules and Carry Out
Complex Biochemical Reactions.

With the intention to confine molecules within the containers, we encapsulated RNA,
given its central importance in the cellular metabolism, and added it to the starting
mixture of polyK and actin. We found that fluorescently (Cy5) labeled RNA (a 20-
mer polyU) could be efficiently encapsulated inside the actinosomes (Figure 2.4a).
The partition coeflicient of RNA was 4.0 + 1.0 (7 = 10) in the lumen of actinosomes
and higher 7.0 + 1.3 (» = 10) near the inner surface of actinosomes. This can be
further seen by plotting a line profile of the fluorescent intensity across the actinosome
showing colocalization of RNA and the polylysine signal (Figure 2.4b). This is likely
due to the electrostatic interaction between negatively charged RNA and positively
charged polyK polymers, leading to a nonhomogeneous RNA distribution. We did
not see any appreciable leakage of RNA fluorescence outside the actinosomes over
a course of more than an hour. One of the trademark properties of coacervates is
their ability to selectively sequester biomolecules*’ within them, often up to orders
of magnitude higher than the surroundings” Coacervates also provide a distinct
microenvironment that can differ from the dilute phase like the concentration of
metal ions (such as Mg?")* Thus, condensate droplets acting as the initial scaffolds
for actinosomes provide an excellent opportunity to preload the actinosomes with
components of interest. We tested this strategy by sequestering a cell-free protein
translation machinery (rabbit reticulocyte lysate) along with singlestranded, capped,
and tailed mRNA encoding the enhanced green fluorescence protein (EGFP) in-
side the coacervate droplets (Figure 2.4c). This was done by adding the necessary
components to the initial mixture prior to condensate formation. Upon subsequent
actinosome formation, based on our pore size measurements, we expected the large
biomolecules involved in the cell-free expression machinery to remain encapsulated
within actinosomes. We then incubated the actinosomes at 29 °C and monitored the
GFP expression in real time(Figure 2.4d, Supplementary Movie 5). As can be seen,
fluorescence in the GFP channel steadily increased over the course of an hour, with
the protein expression evident as early as in the first few attribute the quick matura-
tion of GFP protein to the usage of an EGFP-mRNA construct and the cell-free
translation machinery®. The protein expression taking place inside the actinosomes
also suggests that the RNA is localized on the inner surface of the actinosomes
(Figure 2.4a) and not on the outer one because otherwise the expressed proteins
would have simply diffused away. Actinosomes encapsulating the 77 vitro translation
machinery without the GFP-encoding mRNA showed no signal in the GFP channel
over a similar time course (Figure 2.4e). The GFP expression was further analyzed by
measuring the fluorescence signal intensity inside the actinosomes. A steady increase
in intensity (7 = 11) was observed for the first 20 min, which later plateaued (Figure
2.4f). Actinosomes without the GFP-encoding mRNA but still carrying the in vitro
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translation machinery showed no increase in the signal intensity intensity (7 = 6). The
ease of encapsulating a complex machinery without needing any sophisticated setup
and conducting biochemical reactions makes actinosomes suitable bioreactors.
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Figure 2.4: Actinosomes as protein-producing bioreactors.

(a) Encapsulation of Cy5-labeled RNA (1.25 mM, polyU 20-mer) encapsulated inside the actinosomes. (b)
Line graph corresponding to the dotted line in panel (a) showing the localization of polyU-RNA (solid line,
blue) near the actinosome border. Actin (dotted line, red) and polylysine (dashed line, green) profiles are
also shown. (c) Schematic illustrating actinosomes encapsulating an in vitro translation machinery along
with GFP-mRNA (left). Upon incubation, GFP-mRNA inside the actinosomes produces active GFP pro-
tein that remains encapsulated. (d) Expression of GFP inside actinosomes by encapsulation of GFP-encod-
ing mRNA and a cell- free in vitro translation machinery (IVT). As can be seen, GFP fluorescence (green)
increases over the course of an hour inside actinosomes, while the background remains dark, indicating the
protein expression is carried out predominantly inside the containers. (e) Negative control (no GFP-mRNA
but translation machinery is still present) showing no increase in fluorescence over the same duration. (f)
Analysis of GFP expression inside actinosomes (n = 11) showed an initial steep increase before gradually
reaching a plateau over the course of an hour. Analysis of actinosomes (n = 6) lacking GFP-encoding RNA
but with encapsulated IVT had a significantly lower and a relatively constant signal intensity over the same
period. We note that the t = 0 min corresponds to roughly 5 min after the reaction had started; the delay is
caused due to technical limitations like adjusting the focus and selecting an optimal field-of-view. Error bars

indicate standard deviations. Images were acquired in epifluorescence microscopy.
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2.3 CONCLUSION

In this chapter, we have presented actinosomes: three-dimensional, cell-sized confine-
ments with a boundary made up of polylysine polymers and actin filaments (Figure
2.5). The unstructured and porous proteinaceous shell provides a stable boundary,
allowing biochemical reactions to take place inside the container. Actinosomes are
quick and easy to make, especially compared to other containers such as liposomes and
proteinosomes, which are currently used to form synthetic cells. Furthermore, the use
of condensates as templates helps in encapsulation of a wide variety of biomolecules
owing to their intrinsic ability to get sequestered in the condensate phase. The current
extensive use of microfluidic techniques to generate highly monodispersed contain-
ers and achieve efficient encapsulation also adds a significant amount of complexity
to the production techniques * **. An easy and robust process to produce micro-
confinements can thus be useful for specific purposes, especially in resource-limited
conditions. We have shown that actinosomes are relatively straightforward to produce
and can carry out complex biochemical reactions. While they might not be suitable
for certain cellular features like growth and division, they are certainly appealing to
be used as chemical nano-factories and for studying the effect of confinement on
biochemical processes. With regard to monodispersed samples, actinosomes were
found to be surprisingly uniform in size (average major axis: 2.4 + 0.6 um). We think
this is due to nucleation, and subsequently coacervation, taking place homogenously
throughout the solution and the droplets getting immediately stabilized by actin,
further preventing their coalescence and leading to a fairly homogeneous size distribu-
tion. Changing the relative concentrations of principal components, especially actin,
might allow further tuning of the size. With regard to its limitations, we do note that
not all of the molecules can be naturally sequestered in condensates*®*. Also, within
actinosomes, small molecules are prone to diffusing across the boundary over time.
Additionally, based on the coacervate species, the partition coefficient can vary rang-
ing from ~1 to >100, suggesting not all biomolecules concentrate equally®. Finally,
actinosomes have a tendency to form clusters and sometimes aggregate, which needs
to be tackled to make them more suitable for systematic biological applications.

We propose the following mechanism for actinosome formation. We begin with an
initial homogeneous solution of actin, polylysine, and other biomolecules that one
wishes to sequester inside actinosomes. Upon addition of the NTP mixture (ATP +
GTP) to the solution, complex coacervation is induced between polylysine and NTDs,
forming coacervate droplets. Actin preferentially decorates the surface of the con-
densates, aided partially by the electrostatic interactions between the net negatively
charged actin protein and positively charged condensates and the viscous nature of
the coacervate due to the absence of salt. Other biomolecules present (ones that are
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to be encapsulated inside) are likely to get partitioned inside, or alternatively at the
surface of, the condensate. It is important to note that at this point, actin stays in the
monomeric form as there are no Mg’" ions present in the system, which are essential
for polymerization. Addition of a salt-containing buffer (Mg** and KCI) triggers rapid
actin polymerization at the expense of the ATP that is highly concentrated (~50 mM)
in the condensates. Conversion of ATP into ADP and Pi (inorganic phosphate) leads
to dynamic changes in the coacervate composition. However, polylysine polymers
cannot readily diffuse outside and remain entangled within actin filaments to form an
unstructured shell at the interface. This process continues until a majority of the poly-
lysine is colocalized with the actin at the surface. This eventually leads to dissolution
of the original condensate droplet to ultimately form a microcontainer, comprising an
aqueous lumen surrounded by a proteinaceous shell.

We observe that the addition of a monovalent salt (KCl) plays an important role in
actinosome formation. It weakens the electrostatic attractions between the coacervate
components and possibly facilitates ATP consumption by actin. Furthermore, addi-
tion of KCI presents a hyperosmotic shock that seems to result in a water flux out of
the forming actinosomes and induces an outward movement of polylysine molecules,
allowing them to get entangled with actin filaments. This logic is consistent with
the different scenarios we observe as we change R. In the case of a low-enough GTP
content (R < 0.6), the hyperosmotic shock (Ac ~200 mosm;AP =AcRT = 0.5 MPa)
is too strong, resulting in significant loss of the water content from the condensate,
eventually resulting in a crumpled state lacking structural integrity. At intermediate
GTP contents (R = 0.7-0.8), while there is eflux of water, the NTP concentra-
tion (~50 mM) is enough to sustain the osmotic pressure difference until the salt
equilibrates. At high GTP contents (R > 0.9), there are no significant morphological
changes as the actin does not polymerize readily due to lack of enough ATP and
thus condensate components do not really change. Thus, actin polymerization at the
expense of ATP inside the condensates in combination with salt flux together drives
actinosome formation.

In conclusion, actinosomes are a novel addition as synthetic cell containers with
useful properties. They are easy to produce and require only basic lab equipment
and commercially available proteins (Figure 2.5a). They have a porous membrane,
with a pore size of ~5 nm, allowing easy transport of small biomolecules but retain-
ing larger biomolecules (Figure 2.5b). As a result, they can efliciently encapsulate
macromolecules, especially negatively charged polymers like RNA (Figure 2.5c).
They can further carry out biochemical reactions by simply adding all of the required
components in the initial mixture. We demonstrated this by encapsulating the entire
translation machinery, which consists of complex biomolecules including enzymes
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and tRNA molecules (Figure 2.5d). Lastly, actin-based membranes present interest-
ing opportunities to functionalize these containers (Figure 2.5e). For example, actin
can interact with numerous actin-binding proteins to initiate specific reactions at the
interface. This can be used in forming communicative networks within a popula-
tion or even physically connect the containers to form multicomponent, tissue-like
structures. Such functionalities together with their highly biocompatible nature may
allow actinosomes to interact with living cells and form hybrid interfaces. Further
systematic research in these directions will reveal the true potential of these protein-
aceous confinements and their use as scaffolds for synthetic cells.
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Figure 2.5: Salient feature of actinosomes.

Actinosomes are synthetic confinements with a boundary made of polyK and actin filaments. Several prop-
erties make them potentially useful containers for synthetic cell research. (a) They are easy to produce with-
out the need for any sophisticated setups. (b) They have a permeable surface allowing small biomolecules to
pass through. (c) They can efficiently encapsulate biomolecules owing to the inherent sequestration capacity
of condensates. (d) They have the capacity to act as bioreactors to conduct complex reactions like protein
translation. (e) The actin-based boundary opens up the possibility of having an interactive membrane for

recruiting other proteins, designing signaling cascades, and forming multicellular assemblies.
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2.4 MATERIALS AND METHODS

2.4.1 Chemicals and Proteins.

Unlabeled poly-L-lysine (molecular weight (MW) 15-30 kDa) and fluorescently
labeled FITCpoly-L-lysine (MW 15-30 kDa) were purchased from Sigma-Aldrich.
Individual nucleotides (ATP and GTP) were purchased from Thermo Scientific. Cy5-
labeled polylysine (MW 25 kDa) was purchased from Nanocs Inc. Actin (rabbit skeletal
muscle a actin), fluorescently labeled ATT0 532-actin (rabbit skeletal muscle a actin),
and ATTO 594-actin were purchased from HYPERMOL in the form of lyophilized
powders. The composition of the reconstitution buffer to dissolve actin monomers
was 2 mM Tris (pH 8.0), 0.4 mM ATD, 0.1 mM CaCl?, and 0.01mMdithiothereitol.
The end composition of the actin polymerization buffer was 0.01 Mimidazole pH 7.4,
0.1M KCl, and 2 mM MgCI’. Fluorescently labeled ATTO-594-phalloidin was pur-
chased from HYPERMOL (Cat. No. C8815-01). For permeability experiments, we
used various FITC-labeled dextran solutions: MW 3-5 kDa (Sigma, Cat. No. FD4;
mol FITC/mol glucose = 0.001-0.02), FITC-labeled dextran MW 20 kDa (Sigma,
Cat. No. FD20S; mol FITC/mol glucose = 0.003-0.02), FITC-labeled dextranA/W
70 kDa (Sigma, Cat. No. 46945; mol FITC/mol glucose = 0.004), and FITC-labeled
dextran MW 150 kDa (Sigma, Cat. No. 46946; mol FITC/mol glucose = 0.004)
to actinosome. Polyvinyl alcohol (PVA), molecular weight 30,000-70,000, 87-90%
hydrolyzed, was purchased from Sigma-Aldrich.

2.4.2 Actinosome synthesis.

The process of making actinosomes can be summed up in three distinct steps: (1)
preparing the actin-polylysine mixture; (2) forming coacervates with coated actin; (3)
and actin polymerization and coacervate dissolution. Step 1: Monomeric actin and
polylysine were reconstituted in the actin reconstitution buffer, with final concentra-
tions of 3 pMand 5.05 mg/mlL, respectively. The pH 8 of the buffer is crucial for
monomeric actin stability. Additionally, it keeps the polylysine polymers positively
charged. For microscopic visualization, the sample was doped with 10% fluorescently
labeled actin (0.3 pM) and 1% FITC-poly-L-lysine (0.05 mg/mL). Step 2: To trigger
coacervation, 5 mM NTP mixture (e.g., 1.25 mM GTP and 3.75 mM ATP) was added
to the solution and gently pipetted to mix thoroughly. Step 3: To make actinosomes,
actin polymerization buffer was added to the actin-coated coacervate solution. The
sample was vortexed briefly to ensure sufficient mixing, followed by a short spin (1000
rpm for 5-10 s) to remove any large aggregates. The last step significantly increased
the yield of separated (not connected in clusters) actinosomes.

54 CHAPTER 2



2.4.3 (-Potential Measurements.

The net surface charge of the coacervate was determined by measuring the {-potential
at 25 °C using the Malvern Zetasizer Nano instrument. The sample was diluted 1:20
and gently mixed prior to measurements. The {-potential for each sample was deter-
mined by taking the average measurement of three independent samples, where each
measurement is the average of five readings from the same sample.

2.4.4 ATP Concentration Measurements.

To determine the NTP concentration required to obtain the maximum amount of
the condensate phase for a given polylysine concentration, we prepared buffered
solutions (2mMTris (pH 7.4), 100mMKCI, and 2 mM MgCl2) containing different
concentrations of ATP (from 1.25 to 25 mM) while keeping the polylysine concen-
tration constant at 5 mg/mL. The solution was incubated at room temperature for
15 min to equilibrate. The condensed phase was separated from the dilute phase by
centrifugation at 10,000 rpm for 5 min. The concentration of the free ATP in the
dilute phase was evaluated by measuring its absorbance at 259 nm using the molar ex-
tinction coefficient of ATP (15,400 M 'cm™") using UV-vis absorption spectroscopy
(NanoDrop2000/2000c spectrophotometer, Thermo Scientific). The concentration of
ATP inside the coacervates was calculated as equation 2.1, where Cgense and Cgiyte are
the ATP concentration in dense and dilute phases, respectively, and f'is the volume
fraction of the dilute phase. Concentration in the dilute phase, Cgiyee, was measured
by absorbance as stated above. The fraction of the dilute phase, f; was estimated to be
0.9 by carefully removing the supernatant after centrifugation without disturbing the
dense phase. For example, from a 40 pL sample, we estimated 36 pL to be the dilute
phase.

2.1
c _c— Cdiliutef/ @l
dense 1— f:

2.4.5 Fluorescence Microscopy.

The samples were imaged on a Nikon-Ti2-Eclipse inverted fluorescence microscope,
equipped with a pE-300ultra illumination system, using a Nikon Plan Apo 100x/1.45
NA oil objective. FITC-polyK and GFP expressions were detected using a 482/35
nm excitation filter and a 536/40nm emission filter (Semrock). Actin-ATTO-532
was detected using a 543/22 nm excitation filter and a 593/40 nm emission filter
(Semrock). Actin-ATTO-594 was detected using a 628/40-25 nm excitation filter
and a 692/40-25 nm emission filter (Semrock). The samples were illuminated at
2-5% laser intensity, and time-lapse images were acquired using a Prime BSI Express
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sCMOS camera. Exposure time was usually 10-20 ms except for GFP visualization,
when it was increased to 50-100 ms. The dextran influx assay was visualized using
a confocal microscopy setup using laser of wavelengths 488, 561, and 640 nm for
FITC-dextran, ATTO-594-labeled actin, and Cy5- labeled polylysine, respectively.
For the phalloidin assay, actinosome (R = 0.8) was incubated for 1 h with 5 pL of
phalloidin (stock prepared using manufacturer’s protocol) and was visualized using a
confocal microscopy setup 488 and 561 nm for FITC-labeled polylysine and ATTO-
594-labeled phalloidin, respectively.

2.4.6 Microscopy Setup.

Samples were visualized in small chambers made of poly(dimethylsiloxane) (PDMS)
and glass slides (Figure $2.13). The device was fabricated as follows. PDMS and the
curing agent were mixed at a mass ratio of 10:1, and the air bubbles trapped during
mixing were removed by desiccating in a vacuum desiccator. The mixture was poured
on a silicon wafer (75 mm in diameter) and cured by baking at 80 °C for 4 h. Holes of
5 mm diameter were punched in the PDMS block using a biopsy punch. The PDMS
and a clean glass slide (#1.5, VWR International) were plasma-treated and bonded
together using a plasma cleaner (Harrick Plasma PDC-32G). To minimize coacervates
wetting the surface, the glass slide was coated with 5% w/v poly(vinyl alcohol) imme-
diately after plasma bonding. The PVA solution was incubated for 10 min in the wells
and discarded. The wells were rinsed with Milli-Q water to remove uncoated PVA.
The devices were baked at incubated 120 °C for 10 min to heat-immobilize the PVA
polymers on the surface. The device was ready to use for microscopic visualization
once cooled down.

2.4.7 SEM Microscopy.

The surface of actinosomes was analyzed by scanning electron microscopy. Actinosomes
were prepared and vacuum-dried at room temperature on electrically conductive car-
bon adhesive discs mounted on a metal stub. The dried samples were sputter-coated
with Tungsten (to obtain a thin film of ~12 nm). The acquired images were taken at
approximately 65,000x-85,000x magnification at 2-3 kV accelerating voltage and 13
pA current.

2.4.8 RNA Expression in Actinosomes.

A capped and tailed messenger RNA (mRNA) template, encoding an enhanced green
fluorescent protein, was synthesized from a linearized double-stranded DNA (Figure
$2.13) using the HiScribe T7 ARCA mRNA kit (New England Biolabs, Ipswich,
MA). The synthesized mRNA was purified using the Monarch RNA cleanup kit (New
England Biolabs, Ipswich, MA), thereby removing the template DNA. GFP-encoding
mRNA (final concentration 50 ng/uL) along with the 37.5% v/v in vitro translation
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machinery Flexi Rabbit Reticulocyte Lysate System (Promega) was added along with
actin and polylysine in step 1, prior to the addition of NTPs. This strategy allows
efhicient encapsulation of GFP-mRNA and translation machinery inside the actino-
somes. Real-time expression of GFP was monitored by incubating actinosomes at 29
°C using the Okolab heating stage.

2.4.9 Image Analysis.

Since the morphology of actinosomes is close to that of a sphere, the size of the
actinosomes was determined by fitting an ellipse using the Fitting Elipse function in
Fiji. The obtained major and minor axes were used to determine the aspect ratio. For
calculating the partition coefficient, the mean fluorescent intensity of actin, polylysine,
or RNA inside or at the surface of the coacervates (lgense) Was measured for several
coacervates, along with the mean fluorescent intensity outside the coacervates (lgiyte)-
The background intensity, lg, was measured outside the sample. The corresponding
partition coefficient was then calculated as equation 2.2

2.2
p — Idense - Ibg ( )
coacervate — "dilute — Ing
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2.7 SUPPLEMENTARY FIGURES
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Figure S2.1: Determining the NTP concentration that leads to optimal coacervation with
polyK.

Amount of ATP partitioned inside the dense phase at constant polylysine concentration of 5 mg/ml. The
maximum partitioning (around 250-fold) was observed for a total ATP concentration above 5.0 mM (n =

3 experimental repeats; error bars indicate standard deviations; see Methods for details).
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100 mM KCI

100 mM KCI
2 mM MgcCl,

Figure $2.2: Presence of KCl in the initial reaction mixture leads to homogenous partitioning of actin in the
coacervates and further inhibits actinosome formation. (a) Coacervate droplets composed of polyK/NTP
(R =0.7) made in presence of KCl sequester the actin within the coacervates, as opposed to its localization
at the interface in absence of KCI (Fig. 1). (b) Triggering actin polymerization by adding MgCl2 does not

result in actinosome formation. Images acquired in epifluorescence microscopy.

Phalloidin

with 100 mM KCI
without MgCl,

with 100 mM KCl
with 2 mM MgCl,

Figure $2.3: Phalloidin staining of actin-coated condensates reveals actin polymerization on the coacervate
surface in presence of Mg2+. (a) Actin-coated coacervate droplets composed of polyK/NTP (R = 0.7) made
in presence of KCl but witout Mg2+ ions show absence of actin filaments. (b) In presence of both KCI and
Mg2+ ions phalloidin stains the actin filaments polymerized on the surface of coacervates. Image contrast

settings are the same for individual channels. Images acquired in epifluorescence microscopy
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Figure S2.4: Surface charge of polyK/ATP coacervates stays constant over different ATP: polyK ratios.
Zeta potential of the polyK/ATP coacervate droplets was measured over a concentration range of 1.25 —
25 mM, with polyK concentration kept constant at 5 mg/mL. The measurements covered three regimes:
excess polyK (positively charged polymer), charge equivalent state (net neutral), and excess ATP (negatively
charged multivalent molecule). The values stayed relatively constant (16.9 + 1.7 mV) over the entire ATP
concentration range, suggesting a net positive surface charge on the coacervate droplets irrespective of limit-
ing or excess ATP concentrations (n = 3 experimental repeats, with each measurement being an average of
5 individual runs; error bars indicate standard deviations).
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Figure S2.5: Surface charge of polyK/ATP coacervates in presence of actin monomers over
time.

Zeta potential of polyK/ATP coacervate droplets was measured at different time points after the addition
of actin. PolyK, ATP, and actin concentrations were respectively kept at 5 mg/mL, 5.4 mM, and 3 uM re-
spectively; polymerization conditions were used. Immediately after the addition of actin, the surface charge
was clearly lowered (< 10 mV) compared to when actin was absent (16.9 + 1.7 mV; Supplementary Figure
3). This indicates efficient accumulation of actin at the surface. The surface charge was further decreased
to 7.8 + 0.7 mV after 5 minutes and then remained fairly constant over the entire time duration. (n = 3
experimental repeats, with each measurement being an average of 5 individual runs; error bars indicate
standard deviations).
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100 mM Kcl
(no Mg*)

2mM Mgcl,
(Ao Kcl)

Figure $2.6: Only a hyperosmotic shock (without actin polymerization) or only actin polymerization (with-
out hyperosmotic shock) do not form actinosomes. (a) Coacervate droplets composed of polyK/NTP (R
= 0.7) made in presence actin monomers lead to actin-coated condensates but resist coacervate dissolution
and actinosome formation despite KCl-induced hyperosmotic shock. (b) Coacervate droplets composed
of polyK/NTP (R = 0.7) form actin-coated condensates but do not lead to actinosomes after the addition
of Mg”* but without any hyperosmotic shock, despite triggering actin polymerization. Images acquired in

epifluorescence microscopy.

Figure S2.7: Efficient actinosome formation.

Full field-of-view of actinosomes synthesized using actin- coated polylysine/NTP condensates (R = 0.7).

Images acquired in epifluorescence microscopy.
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Figure S2.8: Actinosomes show tendency to cluster together.

Quantitative analysis of actinosomes (n = 198) show the tendency of actinosomes to form clusters of 2-5

units. Approximately 75% of actinosomes are in clustered state.

2 mM Mgcl,
100 mM KCI

4 mM MgCl,
200 mM KCI

c Phalloidin

2 mM Mgcl,
100 mM KCl

Figure S2.9: PolyR/NTP coacervates do not form actinosomes.

Coacervate droplets composed of polyR/NTP (R = 0.7) do not form actinosomes at similar buffer condi-
tions (a) and even after doubling the concentrations of Mg2+ and KCI (b). Phalloidin staining confirms ac-

tin filament formation on the surface of the coacervates (c). Images acquired in epifluorescence microscopy.
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Dextran 70kDa

Dextran 150kDa

Dextran 150kDa

Figure S2.10: Actinosomes are impermeable to high molecular weight dextran.

Confocal images of pre-made actinosomes incubated with high molecular dextran, 70 kDa and 150 kDa
corresponding to the diameter of gyration (Dg) of 5.45 and 7.02 nm respectively, showing the exclusion of
dextran molecules within the actinosome interior. Two time slots are shown: right after the incubation (t0)

and after 60 minutes (t60). Images acquired in confocal microscopy.

1um

Figure S2.1I: Scanning electron microscopy of actinosome at varying NTP ratio.

(a) Actinosome (R= 0.74) revealed a broken surface during the process of vacuum drying. (b) Zoom in
showing a hollowness in actinosome interior. (c) Actin-coated condensates (R =0.92) showing a spheri-
cal morphology and a smooth surface without any pores or structuration. (d) Crumpled actin-polylysine
structure (R= 0.55) because of high ATP concentration present in the condensates. The obtained structure

is comparatively smaller and shows several folded surfaces.
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Figure S2.12: Experimental setup for the visualization of actinosomes.

PDMS block with wells (5 mm diameter) was bonded on a glass coverslip and the resulting well was coated

with polyvinyl alcohol (PVA). (a) A schematic; (b) An actual device with three wells.

[ T7 Promotor

ceacteerractacTiarceaaA NN 2 GACCCAAGCTG GCTAGCGTTTAAACTTAAGCTTGG TACCGAGCTCGGATCCACTAGTCCAGTGTGGTGGAATTCA
GFP encoding

I T A GAGGGCCCGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAG TTGCCAGCCATC TG TTGTTTGECCCTCCCCLGTGECTTCCTIGACCCTGGAAGGTG

CCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAG TAGGTGTCATTCT

Figure S2.13: DNA template used for GFP production.

Template DNA encoding green fluorescent protein (highlighted in green) under the bacterial T7 promotor
(highlighted cyan) that was used for cell-free in vitro synthesis of mRNA.
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2.8 SUPPLEMENTARY MOVIE LEGENDS

The five supplementary movies belonging to this chapter could be found online at
(https://pubs.acs.org/doi/10.1021/acssynbio.2c00290).

Supplementary Movie 1

Time-lapse showing the crumpling of polylysine/ATP condensate (green; R = 0) caused
by a combination of hyperosmotic shock and ATP depletion via actin polymerization
on the surface (red).

Supplementary Movie 2

Time-lapse showing the process of polylysine (green) getting expelled from actin-
coated polylysine/ATP/GTP condensate (R = 0.7) due to hyperosmotic shock (100
mM KClI) to form an actinosome.

Supplementary Movie 3

Z-stack of an actinosome (R = 0.7). The two main components of actinosome, poly-
lysine and actin are colored in green and red respectively.

Supplementary Movie 4

Time lapse showing polylysine/GTP condensate (green; R = 1) coated with actin (red)
remaining stable over time.

Supplementary Movie 5.

Time-lapse showing the expression of GFP protein (green) by encapsulating GFP-
encoding mRNA and 77 vitro translation machinery inside actinosomes (red; R = 0.7).
GFP expression was imaged in real time by incubating the sample at 29°C using a
heating stage mounted on the microscope.
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Chapter 3

On-Chip Octanol-Assisted Liposome
Assembly for Bioengineering

This chapter is based on
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ABSTRACT

Microfluidics is a widely used tool to generate droplets and vesicles of various kinds in
a controlled and high-throughput manner. Liposomes are simplistic cellular mimics
composed of an aqueous interior surrounded by a lipid bilayer; they are valuable in
designing synthetic cells and understanding the fundamentals of biological cells in
an in vitro fashion and are important for applied sciences, such as cargo delivery for
therapeutic applications. This chapter describes a detailed working protocol for an on-
chip microfluidic technique, octanol-assisted liposome assembly (OLA), to produce
monodispersed, micron-sized, biocompatible liposomes. OLA functions similarly to
bubble blowing, where an inner aqueous (IA) phase and a surrounding lipid carrying
1-octanol phase are pinched off by surfactant-containing outer fluid streams. This
readily generates double-emulsion droplets with protruding octanol pockets. As the
lipid bilayer assembles at the droplet interface, the pocket spontaneously detaches
to give rise to a unilamellar liposome that is ready for further manipulation and
experimentation. OLA provides several advantages, such as steady liposome genera-
tion (>10 Hz), efficient encapsulation of biomaterials, and monodispersed liposome
populations, and requires very small sample volumes (-50 pL), which can be crucial
when working with precious biologicals. The study includes details on microfabrica-
tion, soft-lithography, and surface passivation, which are needed to establish OLA
technology in the lab. A proof-of-principle synthetic biology application is also shown
by inducing the formation of biomolecular condensates inside the liposomes via
transmembrane proton flux. It is anticipated that this accompanying video protocol
will facilitate the readers to establish and troubleshoot OLA in their labs.
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3. I INTRODUCTION

All cells have a plasma membrane as their physical boundary, and this membrane
is essentially a scaffold in the form of a lipid bilayer formed by the self-assembly of
amphiphilic lipid molecules. Liposomes are the minimal synthetic counterparts of
biological cells; they have an aqueous lumen surrounded by phospholipids, which
form a lipid bilayer with the hydrophilic head groups facing the aqueous phase and
the hydrophobic tails buried inward. The stability of liposomes is governed by the hy-
drophobic effect, as well as the hydrophilicity between the polar groups, van der Waals
forces between the hydrophobic carbon tails, and the hydrogen bonding between
water molecules and the hydrophilic heads" . Depending on the number of lipid
bilayers, liposomes can be classified into two main categories, namely, unilamellar
vesicles comprising a single bilayer and multilamellar vesicles constructed from mul-
tiple bilayers. Unilamellar vesicles are further classified based on their sizes. Typically
spherical in shape, they can be produced in a variety of sizes, including small unilamel-
lar vesicles (SUV, 30-100 nm diameter), large unilamellar vesicles (LUV, 100-1,000
nm diameter), and finally, giant unilamellar vesicles (GUV, >1,000 nm diameter)* *
. Various techniques have been developed to produce liposomes, and these can be
categorized broadly into bulk techniques’ and microfluidic techniques® . Commonly
practiced bulk techniques include lipid film rehydration, electroformation, inverted
emulsion transfer, and extrusion” ** '°. These techniques are relatively simple and
effective, and these are the prime reasons for their widespread usage in the synthetic
biology community. However, at the same time, they suffer from major drawbacks
with regard to the polydispersity in size, the lack of control over the lamellarity, and
low encapsulation efficiency” "', Techniques like continuous droplet interface crossing
encapsulation (cDICE)" and droplet shooting and size filtration (DSSF)" overcome
these limitations to some extent.

Microfluidic approaches have been rising to prominence over the last decade. Mi-
crofluidic technology provides a controllable environment for manipulating fluid
flows within user-defined microchannels owing to the characteristic laminar flow and
diffusion-dominated mass transfer. The resulting lab-on-a-chip devices offer unique
possibilities for the spatiotemporal control of molecules, with significantly reduced
sample volumes and multiplexing capabilities'. Numerous microfluidic methods
to make liposomes have been developed, including pulsed jetting'’, double emul-
sion templating'® , transient membrane ejection'” , droplet emulsion transfer'® , and
hydrodynamic focusing'’. These techniques produce monodispersed, unilamellar,
cell-sized liposomes with high encapsulation efficiency and high-throughput.
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This chapter details the procedure for octanol-assisted liposome assembly (OLA), an
on-chip microfluidic method based on the hydrodynamic pinch-off and subsequent
solvent dewetting mechanism® (Figure 3.1). One can relate the working of OLA to
a bubble-blowing process. A sixway junction focuses the inner aqueous (IA) phase,
two lipid-carrying organic (LO) streams, and two surfactant containing outer aque-
ous (OA) streams at a single spot. This results in water-in-(lipids + octanol)-in-water
double emulsion droplets. As these droplets flow downstream, interfacial energy
minimization, external shear low, and interaction with the channel walls lead to the
formation of a lipid bilayer at the interface as the solvent pocket becomes detached,
thus forming unilamellar liposomes. Depending on the size of the octanol pockert,
the dewetting process can take tens of seconds to a couple of minutes. At the end
of the exit channel, the less dense octanol droplets float to the surface, whereas the
heavier liposomes (due to a denser encapsulated solution) sink to the bottom of the
visualization chamber ready for experimentation. As a representative experiment, the

Pressure
pump

Reservoir
stand

Innner aqueous

Outer agueous

Lipid-carrying
organic phase

Double emulsion production

5]
Pocket formation and separation 20 pm

Figure 3.1: Schematic showing the assembly and working of OLA.

The pressure controller is connected to the reservoirs containing outer aqueous, lipid-in-octanol, and inner
aqueous solutions. The tubes inserted into the reservoirs are connected to the respective inlets of the OLA
device. Appropriate flows in the three channels lead to the formation of water-in-(lipidin- octanol)-in-water
double emulsions. The formed double emulsions migrate to the exit well, during which the octanol pockets
detach to form liposomes. The formed liposomes are collected at the bottom of the well for visualization

and further experimentation.
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process of liquid-liquid phase separation (LLPS) inside liposomes is demonstrated.
For that, the required components are encapsulated inside liposomes at an acidic pH
that prevents LLPS. By externally triggering a pH change and, thus, a transmembrane
proton flux, phase-separated condensate droplets are formed inside the liposomes.
This highlights the effective encapsulation and manipulation capabilities of the OLA
system.

3.2 DETAILED PROTOCOL FOR LIPOSOME PRODUCTION

3.2.I Fabricating the master wafer.

1. Take a 4 in (10 cm) diameter clean silicon wafer (see Table 3.1). Clean it further
using pressurized air to remove any dust particles.

2. Mount the wafer on a spin coater, and gently dispense ~5 mL of a negative pho-
toresist (see Table 3.1) in the center of the wafer. Try to avoid air bubbles, as they
might interfere with the downstream printing process of the wafer.

3. To obtain a 10 pm thick photoresist layer, spin-coat the wafer at 500 rpm for 30
s with an acceleration of 100 rpm/s for initial spreading, followed by a 60 s spin
at 3,000 rpm with an acceleration of 500 rpm/s. In case a different thickness is
desired, change the spinning parameters according to the manufacturer’s instruc-
tions.

4. Bake the wafer on a heating plate for 2 min at 65 °C and then for 5 min at 95 °C.

5. Once the wafer cools down, mount the wafer in the printing chamber of the
direct-write optical lithography machine (see Table 3.1), and feed the OLA design
(Figure 3.2A, Supplementary Coding File 1 found at doi:10.3791/65032) into
the software.

NOTE: The OLA design essentially consists of two OA channels, two LO channels,
and one IA channel, which merge to form a six-way junction that continues as a
post-production channel and ends up in the experimental well (EW).

6. Print the OLA design(s) on the coated wafer using a UV laser (see Table 3.1) with
a dose of 300 mJ/ cm?2 .

7. Once the design is printed, bake the wafer at 65 °C for 1 min, followed by 95 °C
for 3 min.

8. At this point, ensure that the outline of the printed device appears on the wafer and
is visible to the naked eye. To wash off the uncured photoresist, dip the wafer in
a glass beaker containing the developer solution (see Table 3.1) until the uncured
photoresist is fully removed.
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NOTE: Excess developer treatment can affect the design resolution.

9. Wash the wafer with acetone, isopropanol, and deionized (DI) water in sequence,
and finally, with pressurized air/N2 using a blow gun.

10.Hard-bake the wafer at 150 °C for 30 min to ensure that the printed design is
firmly attached to the wafer surface and does not come off in the downstream
fabrication process. The master wafer is then ready for further use (Figure 3.2B).

Photolithography

Device fabrication

Surface
treatment

Figure 3.2 : Preparation of the OLA chip (photolithography, microfabrication, surface
treatment).

(A) Digital design showing the key features of the OLA design, including three inlets, an outlet, and a six-
way production junction. (B) A schematic of the master wafer showing multiple OLA designs produced
using UV lithography. (C) A PDMS elastomer cast on the master wafer, placed in a well created out of alu-
minum foil, and cured by baking at 70 °C for 2 h. (D) A microfluidic device bonded using oxygen plasma
treatment, where the PDMS block containing the OLA design is attached to a PDMS-coated glass slide.
(E) Surface functionalization of the fabricated chip to make the device partially hydrophilic. This is done by
flowing 5% w/v PVA for 5 min from the outer aqueous channel toward the exit channel. Positive air pres-
sure in the other channels prevents the PVA solution from entering these channels. (F) PVA is removed by
applying a vacuum in the exit channel. The device is baked at 120 °C for 15 min and is then ready to use.
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3.2.2 Preparing the microfluidic device

1. Place the master wafer on a square piece of aluminum, and wrap the aluminum foil
around the wafer, forming a well-like structure (Figure 3.2C).

2. Measure 40 g of polydimethylsiloxane (PDMS) and 4 g of curing agent (10:1,
weight ratio, see Table 3.1) in a 50 mL centrifuge tube, and mix vigorously using
a spatula or a pipette tip for 2-3 min.

3. The vigorous mixing of the PDMS and curing agent traps air bubbles inside the
mixture. Spin the tube at 100 x g for 2-3 min to remove majority of large air
bubbles.

4. Pour approximately 15-20 g of the mixture prepared in step 2.3 over the master
wafer, and de-gas using a desiccator. Save the excess mixture to make PDMS-
coated glass slides (step 3).

5. Incubate the assembly in an oven at 70 °C for at least 2 h. 6. Take the master
wafer out of the oven and let it cool down. To remove the solidified PDMS block,
remove the aluminum foil, and carefully peel off the PDMS block from the edge
of the wafer.

6. Take the master wafer out of the oven and let it cool down. To remove the solidified
PDMS block, remove the aluminum foil, and carefully peel of the PDMS block
from the edge of the wafer.

NOTE: The wafer is fragile and might break, so it is important to do this process
carefully.

7. Once the PDMS block is removed, keep the patterned structure facing upward,
and using a sharp blade or a scalpel, cut individual PDMS blocks, each containing
a single microfluidic device.

8. Place the PDMS block on a dark surface, and adjust the light direction (a table
lamp comes in handy for this) so that the engraved channels are shiny and, as a
result, visible. Make holes in the inlets and the exit channel using biopsy punches
of 0.5 mm and 3 mm diameter (see Table 3.1), respectively.

NOTE: Use a sharp biopsy punch to avoid cracks in the PDMS, which can cause
leakage later. Gently push the biopsy punch through the PDMS block, and ensure
it passes completely through it. To remove the biopsy punch, gently retract it while
rotating it in alternate directions. The PDMS block with the engraved OLA design is
now ready to bind to a PDMS-coated glass slide.

3.2.3 Making the PDMS-coated glass slide

1. Take a transparent glass coverslip, pour approximately 0.5 mL of PDMS (prepared
in excess in step 2.4) onto the center of the glass slide, and spread it across the
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coverslip by gently tilting the glass slide, ensuring total coverage of the glass slide
with PDMS.

2. Mount the glass slide on the spin coater, ensure its centrally placed (so that the
middle of the slide overlaps with the center of the pressure shaft), and spin the glass
slide at 500 rpm for 15 s (at an increment of 100 rpm/s) and then at 1,000 rpm for
30 s (at an increment of 500 rpm/s).

3. Place the PDMS-coated glass slide (coated side facing upward) on a raised platform
like a block of PDMS (1 cm x 1 cm) in a covered Petri dish, and bake it at 70 °C
for 2 h.

3.2.4 Bonding of the microfluidic device

1. Clean the PDMS block (prepared in step 2) by sticking and removing commer-
cially available scotch tape (see Table 3.1) twice. Ensure to keep the cleaned side
facing up until use.

2. Clean the PDMS-coated glass slide with pressurized air/ N2 using a blow gun, and
keep the clean side facing up.

3. Place the PDMS block (engraved channels facing up) and the PDMS-coated glass
slide (coated side facing up) in the vacuum chamber of the plasma cleaner (see
Table 3.1).

4. Switch on the vacuum, and expose the contents to air plasma at a radio frequency
of 12 MHz (RF mode high) for 15 s to activate the surfaces. Oxygen plasma can
be seen in the form of a pinkish hue.

5. Immediately after the plasma treatment, place the PDMS-coated glass slide on a
clean surface with the PDMS side facing upward. Gently place the PDMS block
with the microfluidic pattern now facing toward the PDMS-coated glass slide,
allowing them to bond (Figure 3.2D).

NOTE: Removing the air trapped in the device is crucial to ensure thorough bonding.

6. Bake the bonded devices at 70 °C for 2 h.

3.2.5 Surface functionalization of the microfluidic device

NOTE: Prior to surface functionalization, it is important to calibrate the pressure
pump as per the manufacturer’s protocol (see Table 3.1) and assemble the tubing to
connect it to the microfluidic device.

3.2.5.1 Connecting the microfluidic device to the pressure pumps
1. Connect the pressure-driven flow controller to an external pressure source (up to 6

bars). At least four independent air pressure channels are required: three individual
modules of 0-2 bar, and one module of -0.9-4 bar.

78 CHAPTER 3



2. Calibrate the pressure pump according to the manufacturer’s protocol (see Table
3.1).

3. Cut the tubing (1/16 in OD x 0.02 in ID) into four equal-sized pieces approxi-
mately 20 cm in length.

4. Insert 23 G stainless steel 90° bent connectors (see Table 3.1) at one end of each
piece. This end is later inserted into the three inlets (OA, LO, and IA) of the
microfluidic device and the fourth one is used to remove excess solution (step
5.2.5).

5. Insert the other end of the tubing into the microfluidic reservoir stand, and seal
it using microfluidic fittings, ensuring the tubing is long enough to touch the
bottom of the reservoir (1.5 mL tubes, see Table 3.1). This prevents unwanted air
bubbles from entering the microfluidic device during the PVA treatment/liposome
production.

3.2.5.2 PVA treatment of the exit channel

NOTE: Prior to liposome generation, it is crucial to render the device partially hydro-

philic downstream of the production junction. This is done by treating these channels

with 5% (w/v) polyvinyl alcohol (PVA) solution. The PVA solution is prepared by
dissolving the PVA powder (see Table 3.1) in water at 80 °C for 3 h with constant
stirring using a magnetic stirrer. Filter the solution prior to using it for surface treat-
ment. Immediately after the bonding of the device, the microfluidic channels are
hydrophilic due to the plasma-induced surface activation, and they will gradually
become hydrophobic again. It is recommended to wait for 2 h after the baking (step

4.6) before starting the PVA treatment.

1. Dispense 200 pL of 5% w/v PVA solution into a 1.5 mL tube, and connect it
to the microfluidic reservoir stand. Insert the tubing (the one mentioned in step
5.1.3) such that one end is submerged in the PVA solution and the other end is
connected to the inlet of the OA channel of the microfluidic device. NOTE: A
lower PVA concentration can lead to substandard surface functionalization.

2. Repeat the above step without PVA (empty 1.5 mL tube), and connect it to the LO
and IA channels.

3. Increase the pressure of the OA phase to 100 mbar to flow the PVA solution in the
OA channels. Increase the pressures of the IA and LO phases to 120 mbar in order
to prevent the backflow of PVA solution inside these channels (Figure 3.2E).

NOTE: If needed, adjust the pressures of the individual channels in order to keep the
meniscus steady at the production junction.

4. Flow the PVA solution in this manner for approximately 5 min, ensuring complete
functionalization of the exit channel.
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5. To remove the PVA solution, detach the tubing from the OA inlet, and immedi-
ately increase the pressure in the LO and IA channels to 2 bar. Simultaneously, use
a tubing connected to a negative pressure channel (-900 mbar) remove excess PVA
first from the exit channel and then from the OA inlet (Figure 3.2F).

6. Bake the device at 120 °C for 15 min, and let it cool down before use. The device
can be stored under ambient conditions for at least 1 month.

NOTE: It is recommended to wait for 1 day (at room temperature) before proceeding
with OLA to ensure the untreated PDMS regains its hydrophobicity after the plasma
treatment.

3.2.6 Octanol-assisted Liposome assembly (OLA)

3.2.6.1 Preparing the lipid stock

NOTE: Here, a mixture of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(Liss Rhod PE) lipids (see Table 3.1) are used as an example; users should prepare the

lipid composition they need in a similar manner.

1. Dispense 76 pL of DOPC (25 mg/mL) and 16.6 pL of Liss Rhod PE (1 mg/mL)
into a round-bottom flask using separate glass syringes.

2. Keep the round-bottom flask upright, and use a compressed N2 blow gun to give
a gentle stream of nitrogen to evaporate the chloroform and form a dried lipid film
at the bottom of the flask.

3. Place the flask in the desiccator for at least 2 h under a continuous vacuum to
remove any remaining chloroform.

4. Add 100 pL of ethanol into the round-bottom flask, followed by gentle pipetting
or shaking to ensure the lipids are dissolved to form a 10% (w/v) lipid stock.

NOTE: In case a particular lipid composition is not completely soluble in ethanol,
use an ethanol/chloroform mixture, keeping the volume of chloroform as small as
possible.

5. Pipette the solution into a dark glass vial. Gently flush the vial with nitrogen using
a blow gun to replace the air with an inert atmosphere. Seal the lid with paraffin
film, and store at -20 °C.

NOTE: The stock solution can be used for up to a few months. Each time the vial is
opened, gently replace the air with nitrogen, and reseal with lid with paraffin film.
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3.2.6.2 Preparing solutions for OLA

1. Make stock solutions of the indispensable components: 20 mM dextran (Mw
6,000); 60% (v/v) glycerol; a buffer of choice. In this case, 5x phosphate-buffered
saline (0.68 M NaCl, 13.5 mM KCl, 50 mM Na2HPO4 , 9 mM KH2PO4; pH
7.4) was prepared (see Table 3.1).

NOTE: As pure glycerol is highly viscous, it is recommended to cut out a small piece
at the end of the pipette tip in a slanted manner for effective pipetting.

2. Prepare 100 pL of IA, OA, and exit solution (ES, the desired solution to fill the
EW) samples. For ease of visualization, yellow fluorescent protein (YFP) was added
to the IA solution in this particular case. Check the osmotic balance between the
IA and OA by calculating the osmolarity of the encapsulated components and
adding an appropriate amount of sugar or salt into the OA if needed. This is done
in order to prevent the bursting or shrinking of the liposomes during production.

NOTE: The final compositions of the three phases are as follows:

IA: 15% glycerol, 5 mM dextran (Mw 6,000), 5.4 pM

YFP, 1x PBS

OA: 15% glycerol, 5% F68 surfactant, 1x PBS

ES: 15% glycerol, 1x PBS A lower concentration of F68 surfactant negatively affects
the generation of double emulsions.

3. Prepare 80 pL of the LO phase by pipetting 4 uL of stock lipid into 76 pL of
1-octanol (see Table 3.1). The final concentration of DOPC is 5 mg/mlL.

4. Centrifuge the samples at 700 x g for 60 s to remove any large aggregates before
proceeding with the microfluidic experiments. This prevents any obvious clogging
factors from entering the microfluidic chip.

3.2.6.3 Liposome production

1. Dispense the solutions (IA, LO, OA) into three 1.5 mL tubes, assemble them (as
mentioned in step 5.1), and connect them to the PVA-treated microfluidic chip
(step 5.2.0).

2. Apply a positive pressure on the three channels: ~100 mbar on the IA and LO
channels and ~200 mbar on the OA channel.

NOTE: Since the OA pressure is higher than the others, the OA solution will be the
first to arrive at EW; this is highly recommended.
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3.

4.

Once the OA solution reaches EW, decrease the OA pressure to 100 mbar and
increase the LO to 200 mbar. The LO solution arriving at the production junction
will likely result in air bubbles because of air being displaced from the LO chan-
nels. Once the air bubbles are dispensed into the EW, adjust the LO pressure to
100 mbar. Lastly, increase the IA pressure to 200 mbar, and wait until all the air
in the IA channel is removed. The ideal sequence of arrival at the junction of the
three phases is, thus, OA, LO, and IA.

After removing the air from the three channels, adjust all the channel pressures to
50 mbar and pipette 10 pL of ES into the exit chamber. After pipetting the ES, put
a cover slide on the exit hole to avoid evaporation. In case the LO is pushed back,
gradually increase the LO pressure in 1 mbar increments until it starts to flow to
the junction.

Once all three phases start co-flowing at the junction, ensure double emulsion
production begins, and adjust according to its quality (Figure 3.3A-C). Change
the pressures gradually (steps of 0.1-1 mbar) rather than abruptly unless the pres-
sure is being changed to eliminate an unwanted clog in the channel.

NOTE: The channels to adjust depends on what is happening at the junction. For
example, the IA needs to be decreased if the emulsions are too big; the OA needs to be

increased if double emulsions form but burst instead of getting pinched off; and the

LO needs to be decreased if the octanol pocket is too big.

6.

Check that the double-emulsion droplets low downstream to EW. As they flow,
octanol pockets become more and more prominent and finally get pinched off,
forming liposomes (Figure 3.3DF). Ensure that the post-production channel is
long enough and that the migration of the double emulsions is slow enough for
dewetting.

NOTE: Within minutes after decent production, liposomes and octanol droplets will

exit the postproduction channel and go into the EW. As a result, being less dense

than water, the octanol droplets float to the surface of the ES. Due to the addition

of dextran in the IA, the liposomes are heavier than their surroundings and go to the

bottom of the chamber ready for observation and further manipulation.
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Bright-field [} Lipid channel (Rh-PE) | C Encapsulated protein (YFP)

Figure 3.3: Demonstration of OLA efficiently producing monodispersed double emulsions and eventually
liposomes with excellent encapsulation. (A) A bright-field image showing rapid generation of double-emul-
sion droplets. (B) The fluorescent lipid channel shows the formation of an octanol pocket due to partial
dewetting. The lipid-in-octanol phase contained a mixture of DOPC (5 mg/mL) and Lis Rhod PE at a
1000:1 ratio. (C) The inner aqueous channel showing encapsulation of yellow fluorescent protein (YFP).
The insets in (A-C) show representative zoomed-in views of the respective panels (scale bars = 10 um). (D-

F) Dewetting of the octanol pocket in the exit channel, which forms a liposome.
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3.3 PH INDUCED LLPS IN LIPOSOMES

This study demonstrates the formation of membraneless condensates via the process of
liquid-liquid phase separation (LLPS) inside liposomes as a representative experiment.

3.3.I Sample preparation
The inner aqueous (IA), outer aqueous (OA), exit solution (ES), and feed solution
(ES) are prepared as follows:

IA: 12% glycerol, 5 mM dextran, 150 mM KCI, 5 mg/mL poly- L-lysine (PLL),
0.05 mg/mL poly-L-lysine-FITC labeled (PLLFITC), 8 mM adenosine triphosphate
(ATP), 15 mM citrate-HCI (pH 4)

OA: 12% v/v glycerol, 5% w/v F68, 150 mM KCI, 15 mM citrate-HCI (pH 4)
ES: 12% glycerol, 150 mM KCl, 15 mM citrate-HCI (pH 4)

ES: 12% glycerol, 150 mM KCl, 75 mM Tris-HCl (pH 9)

3.3.2 Condensate formation inside liposomes

A simple assay of pH-sensitive complex coacervation of positively charged poly-L-
lysine (PLL) and negatively charged multivalent adenosine triphosphate (ATP) was
selected to demonstrate the phenomena of LLPS in liposomes. To prevent phase
separation of polylysine and ATP during encapsulation, the pH of the solution was
maintained at 4, at which ATP is neutral. Increasing the pH of the ES by adding FS
(a buffer of pH 9) eventually increased the pH inside the liposomes due to transmem-
brane proton flux, making ATP negatively charged and triggering its phase separation
with positively charged PLL*' (Figure 3. 4A). After about 2 h of liposome generation,
the IA and LO pressures were switched off. The OA channel pressure was kept at 100
mbar to flow the remaining liposomes into the observation chamber slowly. Once all
the liposomes in the channel were recovered in the EW, the pressures were switched
off to stop the flow and prevent the liposomes from moving. The liposomes generated
at a lower pH showed a homogeneous fluorescence (from the encapsulated fluorescent
PLL-FITC) in their lumen (Figure 3. 4B,D). Octanol droplets floating at the surface
were removed by carefully pipetting out 5 pL of solution from the top to prevent
them from affecting further pipetting steps. Subsequently, 10 pL of FS buffer was
added to the EW, which induced phase separation of the encapsulated PLL and ATP.
The homogeneous FITC fluorescence from each liposome gradually transformed into
distinct fluorescent condensate droplets. Eventually, the individual droplets merged
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into one bigger condensate droplet that freely diffused within the liposomes (Figure

3. 4C,E-G).
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Figure 3. 4 : pH-triggered liquid-liquid phase separation of pLL/ATP within liposomes.

(a) Schematic of the pH-dependent transitioning of the homogenous solution of pLL and ATP encapsu-
lated within the liposome (left) to phase-separated pLL/ ATP coacervates (right). The initial acidic environ-
ment in the liposome renders the molecular charge of ATP to be neutral, inhibiting coacervation. When
the pH inside the liposomes equilibrates with the externally applied pH increase, ATP gains a negative
charge, triggering coacervation. (B-C) Line graphs (corresponding to the dotted lines in panels (D) and
(G), respectively) showing the spatial distribution of pLL (green channel) and the membrane (red chan-
nel). (D-G) Time-lapse images showing the formation of pLL/ATP coacervates within the liposomes. The
external addition of a basic buffer raises the pH level inside the liposomes over the course of minutes and

initiates coacervation. t = 0 min refers to the time just before the occurrence of the first coacervation event.

3.4 DISCUSSION

Cellular complexity makes it extremely difficult to understand living cells when studied
as a whole. Reducing the redundancy and interconnectivity of cells by reconstituting
the key components in vitro is necessary to further our understanding of biological
systems and create artificial cellular mimics for biotechnological applications™ ** **,
Liposomes serve as an excellent minimal system to understand cellular phenomena. A
non-exhaustive list of these phenomena includes cytoskeleton dynamics and resulting
membrane deformations *>*°, spatiotemporal regulation of biomolecular condensates
*2% and their interaction with the membrane®, encapsulation of a wide variety of
biomolecules, including cell-free transcription translation systems™ , cell-free lipid
synthesis’ , and evolution of proteins®****. Liposomes have also been widely used as

carriers for drug delivery and have been approved by the Food and Drug Administra-
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tion (FDA) and European Medicines Agency (EMA) for clinical usage'' . Liposomes
and lipid-based nanoparticles are used as carriers for drug delivery, including mRNA
vaccines like the recent COVID-19 vaccine™.

This chapter describes a detailed protocol on photolithography, microfluidic assembly,
and surface functionalization to perform the OLA technique in order to generate on-
chip liposomes (Figure 3.1 and Figure 3.3). The liposomes produced using OLA are
monodispersed (coefficient of variation: 4%-11% of the mean) and in the biological
cell-sized range (typically between 5-50 um in diameter), and they can be tuned using
appropriate flow velocities of the inner and outer aqueous channels™. For example,
the liposome population seen in Figure 3.1 has a size distribution of 23.3 um +
1.8 pm (7 = 50). With typical production rates of 10-30 Hz, the formed liposomes
are unilamellar, as was previously confirmed by inserting a single bilayer-specific
transmembrane protein, alpha-hemolysin®, into the membrane, as well as by using
the dithionate-bleaching assay’’. OLA is also compatible with a wide variety of lipid
compositions, offering the user flexibility in the choice of lipids. Importantly, the
initially used lipid composition is reflected in the final liposome composition®. Being
a relatively new technology, there is further scope for improving OLA. For instance,
surface functionalization using PVA is crucial but tedious to perform. An easier and
simpler way to surface-functionalize the device would significantly reduce the chip
fabrication time as well as chip-to-chip variability. Pluronic F68 surfactant is an im-
portant component in the outer aqueous phase to initially stabilize the double emul-
sions; nonetheless, its usage can be restrictive in certain cases. Replacing Pluronic F68
with a more biocompatible surfactant or complete surfactant removal may improve
the versatility of the system. During the migration of generated double emulsions in
the exit channel, they can burst due to shear. Upgrading the OLA design to improve
the double emulsion stability and octanol pocket separation could, thus, increase the
throughput. Nonetheless, OLA has several advantages, which mainly include the
efficient encapsulation, monodispersed and unilamellar liposomes, and controlled
on-chip experimentation. OLA has been employed and adapted in a diverse range of
studies, including growth and division of liposomes™, studying the process of liquid-
liquid phase separation®” and its interaction with the membrane®, and understanding
bacterial growth bioproduct formation in liposomes™ . OLA-based high-throughput
assays are also being used to understand ion transport across the membrane*' and
drug permeability across the lipid bilayer”, as a drug delivery system for therapeutic

# and as a tool to

purposes“, to study the effect of antimicrobials on membrane
encapsulate liquid crystals*44 . In addition to the wide range of applications of OLA
technology, modified versions of OLA suited for particular purposes are being devel-
oped“’ 46,4748, 499,50 " Oyerall, considering the pros and cons, we strongly believe that

OLA is a versatile platform for synthetic biology.
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Name Company Catalog Number Comments

1-Octanol Sigma-Aldnch No. 297887

1.5 mL tubes Fisher scientific 10451043 Eppendorf 3810X Polypropylene

microcentrifuge tubes

ATP Sigma-Aldrich No, A2383

Biopsy punch Darwin microfiudics PT-T983-05 0.5 mm and 3 mm diameter

Citrate-base Sigma-Aldnich No. 71405

Dextran Sigma-Aldrich No. 31388 Mr=6,000

Direct-write optical lithography Durham Magneto Optics Lid MicroWriter ML3 Baby selup and software

machine

DOPC lipid Avanti SKU:B50375C

FE8 Sigma-Aldrich No. 24040032

Glass cover slip Coming #1, 24 x 40 mm

Glycerol Sigma-Aldrich No. G2025

Hydrachloric acid Thermo Scientific Acros No. 124630010

Liss Rhod PE lipid Avanti SKU:810150C

Parafilm Sigma-Aldrich No. P7793

Photoresist Micro resist technology GmbH EpoCore 10

Photoresist developer micro resist technology GmbH mr-Dev 600

Plasma cleaner Harrick plasma PDC-32G

Polydimethylsiloxane Dow Sylgard 184 PDMS and curing agent

Poly-L-lysine Sigma-Aldrich No. PT890

Poly-L-lysine~FITC Labeled Sigma-Aldrich No. P3543

Palyvinyl alcohol Sigma-Aldnch no. PB136 molecular weight 30,000-70,000,

87%-—90% hydrolyzed

Pressure controller Elveflow OBK1 Mk3+ Flow controller

Scotch tape Magic Tape Invisible Matt Tape

Silicon wafer Silicon Materials 0620R 16002

Spin coater Laurell Technologies Corporation Model WS-650MZ-23NPP

Stainless Steel 90° Bent PDMS Darwin microfiuidics PN-BEN-23G

Couplers.

Tris-base Sigma-Aldrich MNo. 252853

Tygon tubing Darwin microfiuidics 116" OD x 0.02" ID

UV laser 365 nm wavelength
Table 3.1:

List of chemicals, materials and machinery used in the production along with supplier details and catalogue

number.
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Chapter 4

Phase Separation and Ageing
of Glycine-Rich Protein from Tick
Adhesive

This chapter is based on




ABSTRACT

Hard ticks feed on their host for multiple days. To ensure firm attachment, they
secrete protein-rich saliva that eventually forms a solid cement cone. The underlying
mechanism of this liquid-to-solid transition is not yet understood. This study focuses
on the phase transitions of a disordered glycine-rich protein (GRP) that is prominent
in tick saliva. We show that GRP undergoes liquid-liquid phase separation via simple
coacervation to form biomolecular condensates in salty environments. Cation—m and
T— T interactions mediated by periodically placed phenylalanine, tyrosine, and arginine
residues are the primary driving forces that promote phase separation. Interestingly,
GRP condensates exhibit ageing by undergoing liquid-to-gel transition over time and
exhibit adhesive properties. Lastly, we provide evidence for protein-rich condensates
in natural tick saliva. Our findings provide a starting point to gain insights into the
bioadhesion of ticks, develop novel tick control strategies, and towards biomedical
applications such as tissue sealants.
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4.I INTRODUCTION

Biological adhesives are sticky materials used by a wide variety of organisms for dif-
ferent purposes such as attachment, prey capture, locomotion, building, and defense’.
The range of species that can produce bioadhesives is diverse, from bacterial biofilms
and slimy garden slugs to stickleback nests and sticky spiderwebs’. Many animals use
protein-based adhesives: sandcastle worms build reef-like mounds’, mussels attach

: . 8,9, 10
via proteinaceous threads™’

and velvet worms eject adhesive slime to entangle their
preylz. While some bioadhesives have been studied in considerable details, knowledge
on adhesive mechanisms of many others is significantly lacking. One of the unex-
plored and unique bioadhesives is produced by ticks, a widespread parasite of public

health and economic importance' .

Ticks are arthropods that feed on their host by sucking blood over a prolonged period,
usually multiple days in the case of hard ticks". Importantly, the prolonged contact
and transfer of saliva from the tick to the host can lead to pathogen transmission,
which can result in infectious diseases in both humans and animals worldwide, no-
table examples being Lyme borreliosis in humans, and babesiosis, anaplasmosis, and
heartwater in bovine species '°, . To feed successfully, ticks first need to securely
attach to the host skin, which they do so in two stages: an initial mechanical attach-
ment, followed by bioadhesive production known as the cement cone'® (Figure 1a).
The mechanical attachment is achieved using the mouthparts which consist of two
palps that perform sensory functions, a pair of extendable chelicerae to cut into the
host tissue, and a hypostome that acts as a channel for blood as well as to penetrate the
18

outermost layer of the epidermis'®, * (Figure $4.1). Once the hypostome has passed
through the first skin layer, saliva is secreted from the salivary glands. This milky-
white proteinaceous fluid has adhesive properties and undergoes a liquid-to-solid
transition once exposed to air, therefore bearing the name cement'®, *’, *'. A cement
cone, resembling a wedge-shaped anchor, is formed around the incision site of the tick
which strengthens attachment to the host and facilitates long feeding periodslg, 2021
Adhesive production is commonly associated with hard ticks, belonging to the family
Ixodidae, allowing them to remain attached to their host for up to 10 days. Thereafter,
feeding begins with the formation of small blood pools, followed by intermittent ejec-
tion of saliva'®, >, For hydration purposes, tick saliva is also highly hygroscopic and
salt-rich which helps to absorb moisture from air’2. However, the mechanism as well
as the identity of the key salivary components that are responsible for the formation

of such a strong bioadhesive remains unknown.

The cement cone is protein-rich, containing tick peptides and proteins, host proteins,
id; 18, 22,2 . . . .
as well as non-peptidic molecules, exosomes, etc. ’. Biochemical and bioinfor-
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matic analyses have revealed that glycine-rich proteins (GRPs) are abundant in tick
saliva®™ *?* ¥ For example, a recent study found that 19% of the identified protein
sequences from the cement cone belonged to GRPs, and the expression of GRPs sig-
nificantly increased during blood feeding®. GRPs have been associated with various
physiological functions including providing strength, insolubility and stabilization
to the cement cone'®, but the mechanism by which GRPs facilitate these functions
remains unknown. Glycine-rich regions are known to be commonly present in intrin-
sically disordered proteins (IDPs) since they can prevent protein folding due to their
small size and high degree of freedom™.

The cement cone is protein-rich, containing tick peptides and proteins, host pro-

18,2223 Biochemical and

teins, as well as non-peptidic molecules, exosomes, etc.
bioinformatic analyses have revealed that glycine-rich proteins (GRPs) are abundant
in tick saliva™ > >* %, For example, a recent study found that 19% of the identi-
fied protein sequences from the cement cone belonged to GRPs, and the expression
of GRPs significantly increased during blood feeding”*. GRPs have been associated
with various physiological functions including providing strength, insolubility and
stabilization to the cement cone'®, but the mechanism by which GRP:s facilitate these
functions remains unknown. Glycine-rich regions are known to be commonly present
in intrinsically disordered proteins (IDPs) since they can prevent protein folding due
to their small size and high degree of freedom™. Since IDPs do not have a native
state, they usually lack secondary structures and can therefore undergo large-scale
conformational changes®. IDPs have been associated with liquid-liquid phase separa-
tion (LLPS) and the formation of biomolecular condensates because of their capacity
to establish multiple interactions with neighbouring molecules due to their mul-
tivalency’'. LLPS manifested via coacervation is driven by the interactions between
multivalent biomolecules such as proteins and nucleic acids, resulting in polymer-rich
droplets that are in equilibrium with a polymer-depleted phase®. Coacervates can
be simple (single component) or complex (multicomponent) and have been found
to play crucial roles in diverse cellular functions™ ** >, While usually liquid-like,
coacervates have been shown to undergo liquid-to-solid transition'> ¥ %> % This
strong link between IDPs, LLPS, and liquid-to-solid transition prompted our atten-
tion to study the possible role of tick GRPs in cement cone formation. Recently, LLPS
has indeed been shown to play a role in bioadhesion via liquid-to-solid transition’.
Various aquatic and terrestrial organisms like mussels, sandcastle worm, spiders, and
velvet worms have been shown to utilize LLPS to produce strong adhesives under
specific environmental triggers such as cross-linking, pH changes, and evapora-
tion” > 10:12:3% 414283 "y e deposited into the host skin, tick saliva is also subjected to
various biological triggers: increased local concentrations of salt and salivary proteins,
likely aided by evaporation-induced water loss during the secretion, together with a
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22,27,

significant temperature rise and a pH drop™ * . Interestingly, all these triggers are

known to induce LLPS of proteins** .

In this study, we provide the first experimental evidence that a tick GRP present in the
saliva of Ixodes scapularis (Uniprot: Q4PME3) undergoes LLPS in the form of simple
coacervation and forms GRP-rich condensates. Instead of protein extraction from
the cement cone, which is very difficult due to the insolubility of cement cones and

>4 we use solid-phase peptide

the harsh conditions required to isolate the proteins
synthesis (SPPS) and native chemical ligation (NCL) to synthesize GRP, allowing us
to investigate its biochemical properties under controlled i7 vitro conditions. Through
structure prediction analysis, we show that GRP is predominantly a disordered protein
and has a high propensity of undergoing LLPS. Using a combination of fluorescence
microscopy and microfluidics, we demonstrate that GRP undergoes evaporation- and
salt-induced LLPS, resulting in simple coacervates, mediated primarily by cation—m
and 7— 7 interactions, with a characteristic fluid-like behaviour. We further show that
these condensates age over time to form solid-like aggregates and exhibit adhesive
properties. Finally, we show evidence for the presence of protein-rich condensates
in natural saliva from the closely related Zxodes ricinus tick. In conclusion, our work
illustrates the ability of tick GRP to undergo liquid-to-solid transition through LLPS.
These findings can shed further light on the poorly studied cement cone forma-
tion and may partly explain the role of GRPs in the saliva in the form of providing
necessary adhesive properties for a successful attachment to the host. The obtained
knowledge may become relevant for exploring chemicals that hinder tick attachment,
consequently aiding the prevention and management of tick-associated diseases. Con-
sidering the close interactions of the cement cone with biological tissues, the findings
may also prove useful for biotechnological applications, such as medical sealants.

4.2 RESULTS AND DISCUSSION

We selected one of the well-identified as well as amenable to chemical synthesis GRPs
present in tick saliva (Figure 4.1a), simply known as GRP (Uniprot: Q4PME3)
and refer to it as such here onwards. GRP is a relatively short protein containing 96
amino acid residues. The first 19 N-terminal amino acids (sequence: 'MNRMFV-
LAATLALVGMVFA") constitute the signal peptide necessary for its translocation.
The remaining 77 amino acids constitute the mature GRP sequence (20-96) and
we refer to it as tick-GRP77 here onwards (to simplify things, amino acid locations
within tick-GRP77 are renumbered, i.e., Ist position refers to the 20th amino acid
from GRP and 77th is the 96th one). As the name suggests, tick-GRP77 is rich in
glycine residues (=26%) with most of them located in the middle of the sequence
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(13-63). Further sequence composition analysis by PSIPRED* revealed a large
fraction of other non-polar (*44%; mainly alanine and proline) and polar (=36%;
mainly glutamic acid, arginine, and glutamine) amino acids. In comparison, the frac-
tion of hydrophobic (=7%; valine and isoleucine) and aromatic (=9%; tyrosine and
phenylalanine) residues was relatively small (Figure 4.1b). We also checked the GRP
structure via Alphafold”, an algorithm capable of computationally predicting protein
structures. Indeed, the GRP sequence showed two distinct regions (Figure 4.1c):
The N-terminus of GRP, corresponding to the signal peptide, shows an a-helical
conformation. However, the remaining sequence (corresponding to tick-GRP77)
gave a very low prediction score, hinting at a lack of any kind of secondary structure.
IUPred3 algorithm 8 which predicts IDRs, also determined the entire tick-GRP77
to be completely disordered using long disorder mode (score above 0.5 throughout
the sequence) while the short disorder mode predicted prominent disorder at both
the termini (Figure 4.1d). Multiple other algorithms also predicted the tick-GRP77
amino acid sequence to be primarily disordered (Figure $4.2). We further evaluated
the sequence using CIDER®, which plots the fraction of negatively charged versus
positively charged residues. Based on this, proteins can be grouped into five different
regions according to the diagram of states (Figure $4.3). The tick-GRP77 sequence
falls in the region of weak polyampholytes and polyelectrolytes, similar to many well-
characterized phase-separating IDR-containing proteins like FUS™ and viral nucleo-
capsid’'. Cumulatively, our bioinformatic analysis indicated a strong inclination for
tick-GRP77 to undergo LLPS.
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Figure 4.1: Glycine-rich protein (GRP) present in the tick saliva is intrinsically disordered and shows a
high propensity for LLPS. (a) Schematic representation showing the consequence of a tick bite. The tick
inserts its hypostome into the host epidermis and secretes a protein-rich saliva, abundant in glycine-rich
proteins (GRPs). The saliva undergoes liquid-to-solid transition forming a hard cement cone, allowing the
tick to feed on the host over several days and facilitating pathogen transmission (the shown “bull’s eye”
rash is typical in case of Borrelia infection). (b) Amino acid composition of tick-GRP77 shows a high pro-
portion of non-polar amino acids (44%, out of which 26% are glycine). (c) AlphaFold correctly predicts
the N-terminal signal peptide of GRP as an a-helix, while the rest of the sequence (tick-GRP77) remains
unstructured, indicating a disordered region. (d) [UPred3 long disorder mode (red line) scores the entire
tick-GRP77 sequence above 0.5, while short disorder score (blue line) shows prominent disorder near the

termini, overall indicating tick-GRP77 as a highly disordered protein.

4.2.1 Tick-GRP77 undergoes liquid-liquid phase separation via simple
coacervation

Upon confirming the disordered nature of tick-GRP77 via structure prediction analy-
sis, we proceeded with gathering experimental evidence for its LLPS behavior. We
synthesized tick-GRP77 via SPPS and NCL (see Materials and Methods for details).
Since the secretion of tick saliva locally enriches its components in the host tissue,
aided by water loss through evaporation, we mimicked this via a straightforward
droplet evaporation assay (Figure 4.2a). We deposited a small sessile droplet (2 pL)
of buffered tick-GRP77 solution (16-500 uM) on a glass slide and let it evaporate
at ambient temperature. The non-uniform evaporation of the droplet led to what is
commonly known as the coffee-ring effect’, concentrating tick-GRP77 at the droplet
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boundary. Briefly, higher evaporation rate at the air-water-glass triple contact point
(the droplet boundary) results in fluid flow towards the boundary to replenish the de-
pleting liquid, bringing along the tick-GRP77 molecules, increasing their concentra-
tion at the boundary. For better visualization, we added 5 mol% fluorescently labelled
tick-GRP, OG488-GRP77 (fluorescent label: Oregon Green 488; see Materials and
Methods for details), to the sample. Figure 4.2b shows a time-lapse, near the droplet
boundary, of a 32 uM tick-GRP77 solution in phosphate buffer saline (PBS; 137 mM
NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4 , pH 7.4) evaporating
over time, while Figure 4.2¢ shows the same time-lapse in fluorescence. The droplet
initially spread over the hydrophilic glass slide and after approximately 30 seconds, an
outer boundary was pinned due to the rough glass surface.

A rapid non-homogenous distribution of tick-GRP77 due to the coffee-ring effect
was evident in fluorescence imaging, along with intense fluorescence intensity in the
region between the contact line and the droplet boundary, indicating a high local
concentration of the protein (Figure 4.2c). We defined ti as the time interval between
droplet deposition and contact line pinning. Interestingly, within a minute after the
contact line was established (t= 15 min), we observed the sudden appearance of
numerous micron-sized droplets near the contact line (Figure 4.2b-right), hinting at
LLPS of tick-GRP77 by surpassing the critical concentration. The GRP-rich nature
of these droplets was evident from the corresponding fluorescence images (Figure
4.2c-right). Repeating the evaporation assay on a surface-passivated glass slide with
5% w/v polyvinyl alcohol (PVA; see Materials and Methods for details) gave a clearer
picture of micron-sized, spherical tick-GRP77 condensates (Figure 4.2d).

The region between the contact line and droplet boundary is an inverted phase, where
the continuous phase is the protein-rich condensed phase, interspersed with dilute
phase droplets. This likely happens because this very thin region rapidly accumulates
a high-volume fraction of the protein, and has been observed for other evaporating
condensate samples™. Further confirmation of this dense continuous phase comes
from the fact that we observed fusion of tick-GRP77 condensates with the inverted
phase, and a closer look also revealed GRP-depleted dilute phase droplets (Figure
$4.4), similar to earlier reportsS3.
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Figure 4.2: Tick-GRP77 undergoes liquid-liquid phase separation via simple coacervation to form liquid-
like condensates. (a) Schematic of the droplet evaporation assay, where a droplet of a buffered tick-GRP77
solution is allowed to evaporate at room temperature, continuously increasing the protein concentration
at the droplet boundary. (b-c) Evaporation of a 2 pL tick-GRP77 droplet leads to the formation of spheri-
cal condensates near the contact line (ti ~ 15 min) and the condensate formation rapidly spreads inward.
Bright-field images are shown in (b), with corresponding fluorescence images in (c). The latter also revealed
a saturated GRP region between the droplet boundary and the contact line. (d) Evaporation of tick-GRP77
on a surface-passivated glass slide showing numerous spherical tick-GRP77 condensates. Starting concen-
tration of tick-GRP77 was 32 uM in PBS (pH 7.4) for all the experiments. In case of fluorescence imaging,
the samples were doped with 5 mol% OG488-GRP77.

As coacervation is a concentration-dependent process, one would expect the time
until the onset of coacervation to be dependent on the initial protein concentration.
Indeed, increasing the initial protein concentration from 16 to 128 pM gradually
decreased the time required for the onset of coacervation from 12.7 + 0.7 (mean
+ standard deviation) min to 7.5 + 0.9 min, at constant initial salt concentration
(PBS, pH 7.4; Figure $4.5). To further validate the tick-GRP77-specific nature of the
formed condensates, we performed several negative controls (Figure $4.6): Evapora-
tion of tick-GRP77 solubilized in 140 mM NaCl led to similar condensate formation,
suggesting lack of salt-bridging between cationic amino acids and phosphates as the
key driving force for phase separation. However, tick-GRP77 solubilized in pure
water did not lead to the formation of condensates, suggesting a clear role of salts
in promoting phase separation of tick-GRP77, probably through charge screening
and allowing favorable intermolecular interactions to take place. Using bovine serum
albumin (a globular protein without any disordered regions) in PBS buffer did not
form any condensates but only salt crystals. Similarly, evaporation of only buffer solu-
tion (PBS at pH 7.4) did not result in any kind of LLPS behavior.
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One of the hallmark properties of condensates is their ability to form spherical
droplets which eventually coalesce and relax into a bigger droplet. This is due to the
surface energy minimization and the rapid reorganization of molecular interactions
within the liquid droplet® **. We readily observed numerous fusion events between
tick-GRP77 condensates upon physical contact with each other, followed by their
relaxation into a bigger spherical condensate (Figure 4.3a). Tracking the aspect ratio
(major to minor axis ratio) of the fusing droplets showed an exponential relaxation
to a sphere”™ *. Figure 4.3b shows a typical example of the evolution of aspect ratio
with a fitted exponential decay A = 1 + 1.15e ***; R = 0.99, giving a relaxation coef-
ficient T = 3s (n = 16). Following the relation t=l(n/y), where l is the average radius
of the fusing droplets, 77 is the viscosity of the droplet, and y is the surface tension, a
plot of T against [ gave us an inverse capillary velocity (7/y) of 0.92 s/um (Figure 4.3¢
s n=16; R = 0.47; see Materials and Methods for details), implying micrometer-sized
tick-GRP77 condensates behaved like liquid on a timescale longer than a second™.

n
—=092s/pm .
¥

Figure 4.3:

(a) Two similar-sized condensates coalescing and relaxing into a bigger condensate over a time span of a
few seconds. (b) A typical example showing the change in the aspect ratio as a function of time during a
fusion event. The blue line shows an exponential decay fit (R2 = 0.99), giving the fusion timescale, T = 3 s.
(c) A linear fit for the decay time (T ) against the characteristic length scale (I ) for several fusion events (n
= 16) gives the inverse capillary velocity 7y of 0.92 s/um (R2 = 0.47). (d) phase-separated solution eventu-
ally dries out forming salt crystals. However, rehydration of the dried sample with pure water completely
resolubilizes the salt crystals as well as the condensates. Evaporation of the resolubilized sample again leads
to LLPS demonstrating the reversibility of the phase separation process. Starting concentration of tick-
GRP77 was 32 uM in PBS (pH 7.4) for all the experiments. In case of fluorescence imaging, the samples
were doped with 5 mol% OG488-GRP77.
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Another key property of LLPS is its reversible nature, at least over short time scales.
We checked this by repeating the above-mentioned droplet evaporation assay (32 uM
GRP in PBS, pH 7.4) but then immediately rehydrating the sample to see its effect
on the condensates. As expected, we observed the formation of GRP condensates and
after complete evaporation, the sample crystalized due to the presence of salts (Figure
4.3d). However, upon rehydrating the crystalized sample with 2 pL of pure water,
we immediately observed complete re-solubilization not only of the crystals but also
of the GRP condensates. This clearly demonstrated the reversible nature of the LLPS
process. Upon the second evaporation cycle, GRP condensates reformed in a similar
manner. In conclusion, tick-GRP77 was observed to undergo simple coacervation and
form viscous liquid droplets.

4.2.2 Phase separation of tick-GRP77 is driven primarily by cation-pi and
pi-pi interactions.

To identify the protein regions responsible for phase separation and the underlying in-
termolecular interactions, we experimented with two distinct fractions of tick-GRP77:
a 32-amino acid-long N-terminus (20-51) and the remaining 45-amino acid-long
C-terminus (52-96), as depicted in Figure 4.4a. Both fractions are predicted to be
disordered (Figure 4.1d) and have comparable glycine contents, 9 residues (28%)
and 11 residues (24%) respectively. One clear difference is that the N-terminus is
rich in acidic amino acids, giving it a net negative charge of -3.4 at pH 7.4. On the
contrary, the C-terminus is relatively rich in basic amino acid residues giving it a
net positive charge of 2.5 at pH 7.4 (Figure 4.4b). Conducting droplet evaporation
assays for both fractions under identical conditions (50 uM solutions in PBS, pH 7.4)
revealed a significant difference between the onset time of coacervation for the two
termini. The N-terminus showed a similar timescale as tick-GRP77 with respect to
the onset of coacervation, with a t;= 13 minutes (condensates at £ = 14 min are shown
in Figure 4.4c). On the other hand, the C-terminus underwent phase separation
immediately without formation of a contact line (condensates at # = 4 min are shown
in Figure 4.4d). C-terminus condensates showed a tendency to wet the untreated
glass surface (Figure 4.4d) but passivating the surface with 5% w/v PVA clarified the
formation of spherical condensates, with OG488-GRP77 (5 mol%) readily partition-
ing within them (Figure 4.4e). Despite having equal number of cationic amino acids,
the tendency of these two fractions to coacervate is drastically different under same
salt concentrations. This indicates salt-bridging between phosphate ions and cationic
amino acids to not be a dominant mechanism for coacervation.

Apart from electrostatic interactions, m-7, cation-1, hydrophobic, and hydrogen
bonding also play important roles in the formation of condensates’'. Figure 4.4a
shows that the N-terminus contains four cationic (three lysine (K) and one arginine
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Figure 4.4: Cation-n and - interactions are the key drivers of phase separation of tick-GRP77. (a) Four
distinct fractions of GRP77: N-terminus (1-32), C-terminus (33—77), C-terminus mutant without aro-
matic amino acids (4 FY mutant), and C-terminus mutant without arginine residues (4 R mutant). They
all have a similar glycine content but varying basic (green), acidic (red) and aromatic (blue) amino acid resi-
dues. (b) Net charge per residue as a function of amino acid position for the two termini. The N-terminus is
strongly negatively charged while the C-terminus is moderately positively charged. (c) Droplet evaporation
assay of the N-terminus leads to phase separation and formation of micron-sized condensates on a similar
time scale as that of GRP77 (ti ~ 13 min). (d) Droplet evaporation assay of the C-terminus leads to much
quicker phase separation (ti ~ 3 min). The formed condensates readily wet the glass surface (e) Performing
an evaporation assay on PVA-passivated glass slide prevented surface wetting leading to the formation of
spherical C-terminus condensates. OG488-GRP77 (5 mol%) readily partitioned in the condensates. (f)
Droplet evaporation assay of the 4 FY mutant did not lead to phase separation at early time point (t = 4
min) but weak phase separation was observed later (ti+1.6 min) (ti =~ 7 min for AFY mutant). (g) Droplet
evaporation assay of the 4 R mutant did not lead to phase separation at early timepoint (t = 4 min) and only
very weak phase separation was observed at ti +3.6 minutes (ti = 7 min for AR mutant). Starting peptide

concentrations were 50 UM for all the panels. All the experiments were performed in PBS, pH 7.4.

(R)) and two aromatic (one tyrosine (Y) and one phenylalanine (F)) residues. On
the other hand, the C-terminus contains four cationic (all R) and five aromatic (four
F and one Y) residues. Thus, the C-terminus can form extensive cation-7r interac-
tions compared to the N-terminus. Furthermore, the aromatic amino acids in the
C-terminus are interspersed and separated by small groups of non-aromatic units
which can be compared to the spacer-and-sticker model and capable of forming
n-m interactions’’. The five aromatic residues are fairly well-spaced and such equally
spaced aromatic residues have been proposed to form liquid condensates™®. Previous
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reports also suggest that simple coacervation is more favorable if the protein contains
relatively hydrophobic stickers and polar spacers™, which indeed seems to be the case
for the C-terminus with multiple serine, asparagine, and glutamine residues. Finally,
arginine-glycine domains have been reported to form cation-m interactions with
phenylalanine and thus promote LLPS®* ', To test if aromatic amino acids (F and Y)
play an active role in driving phase separation, we synthesized a mutant variant of the
C-terminus by replacing F and Y (AFY mutant) with a non-polar amino acid alanine
(A), keeping the length of the terminus same as that of wild type. Evaporation of 2
pL sessile droplet of AFY mutant (50 pM in PBS) showed no phase separation after
4 minutes as observed for the wild type (Figure 4.4f) and only weak phase separation
was observed thereafter (t;= 7 minutes, condensates at t; + 1.6 minutes are shown in
Figure 4.4f). Increasing the initial concentration to 100 uM marginally reduced ¢;
to 6.5 minutes and led to normal phase separation (Figure $4.7a). This suggests that
the aromatic amino acids capable of forming n—n interactions are crucial to induce
phase separation of C-terminus but nonetheless not strictly necessary at high protein
concentrations.

On the other hand, arginine (prominent in the C-terminus) has been proven to be
relatively more hydrophobic than lysine (prominent in the N-terminus) due to the
presence of m-electron-rich guanidium group which allows them to form m-m bonds
along with cation-m bonds*. To test the importance of arginine in promoting phase
separation, we replaced R residues in the C-terminus with A (AR mutant). Similar
to the AFY mutant, evaporation of 2 pL sessile droplet of 50 uM of AR mutant
showed no sign of phase separation after 4 minutes (Figure 4.4g) and very weak
phase separation was observed subsequently (t= 7 minutes, condensates at t+ 3.6
minutes are shown in Figure 4.4g). Even after increasing the initial concentration to
100 uM, ti was reduced to 4.8 minutes, but formation of condensates was negligible
(Figure $4.7b). This indicates that R plays an even more important role driving GRP
phase separation through cation—m interactions with F and Y. Together, AFY and
AR mutants clearly indicate that lack of these amino acids significantly weakens the
phase separation process. Comparing the two mutants, it is evident that presence of
both aromatic amino acids (F and Y) and arginine (R) are needed for optimum phase
separation, and cation- interactions, assisted by m— interactions are the dominant
forces in driving phase separation of tick-GRP77.

We further carried out chemical disruption experiments to probe the role of hydrogen
bonding and hydrophobic interactions in the coacervation process. We first tested the
role of hydrogen bonding using urea, which efficiently forms hydrogen bonds with
the amide moieties”. We used the droplet evaporation assay for both termini (50 pM
in PBS at pH 7.4) and added 2 M urea solution (0.3 pL to = 1 pL droplet, so final
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urea concentration =~ 0.5 M) as soon as the condensates were formed. Microscopic
visualization showed both N- and C-terminus condensates immediately dissolved
upon urea addition (Figure S4.8a), indicating an active participation of hydrogen
bonding between the peptide backbone of GRP as well as amino acid residues such
as histidine and tyrosine®’. To check the role of hydrophobic forces in driving LLPS,
we exposed N- and C-terminus condensates (50 uM solutions in PBS at pH 7.4) to
1,6-hexanediol (1,6-HD) which is widely used to dissolve liquid condensates, likely
by disrupting the hydrophobic protein-protein interactions®. We again utilized the
droplet evaporation assay and 1,6-HD was added as soon as the condensates formed.
We observed that N-terminus condensates dissolved already after addition of 0.5%
w/v 1,6-HD (0.3 puL 1,6-HD added to = 1 pL droplet, so final 1,6-HD concentra-
tion = 15 mM), while C-terminus condensates remained unaffected until 1.5% w/v
1,6-HD (final 1,6-HD concentration = 40 mM) and dissolved completely only at 5%
w/v (final 1,6-HD concentration =140 mM) (Figure $4.8b). These results suggest
that along with cation-n, additional hydrophobic interactions like n-n also actively
participate in the LLPS of C-terminus and thus requires more 1,6-HD to disrupt
sufficient interactions.

Based on these independent investigations of N- and C-termini, mutant studies,

, 58, 59, 62, 64, 6
57, 58,59 > we conclude

chemical disruption experiments, and previous studies
that both cation-7 interactions and m-m stacking involving aromatic amino acids
and arginine residues are important for the phase transitioning of tick-GRP77. The
observed delay in the initiation of coacervation for the N-terminus, compared to
wild type C-terminus, can be attributed to the lack of these interactions as well as the
electrostatic repulsion between negatively charged amino acid residues. One can thus
look at the C-terminus side of tick-GRP77 as the key promoter of LLPS while the
N-terminus side acting as a regulator due to its high solubility and charge repulsion

delaying the LLPS process.

4.2.3 Tick-GRP77 forms liquid condensates in presence of phosphate
salts.

Tick saliva is salty and hygroscopic which helps ticks to absorb moisture to stay
hydrated®. Additionally, tick saliva also contains enzymes like apyrase®” and acid
phosphatase, which can increase local phosphate concentration through adenosine tri-
phosphate (ATP) degradation. Studies have reported that kosmotropic ions (HPO42-
, SO42-, etc.) facilitate LLPS by having strong bonding interactions with water
molecules, thereby decreasing protein solubility, and promoting phase separation®® *’,
Given our previous observation that pure GRP solution did not undergo LLPS and to
test the effect of kosmotropic salts on tick-GRP77 phase transition, we chose disodium

hydrogen phosphate (Na2HPO4) salt, mimicking the potential inorganic phosphate
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build-up at the site of the cement cone. Indeed, addition of 1 M Na2HPO4 to 63
UM and 125 pM tick-GRP77 solutions led to instant coacervation. We tested several
different GRP concentrations and incubation times up to several hours to obtain a
phase diagram (Figure 4.5a, Figure $4.9b). As can be seen, a short incubation time of
1.5 hours at room temperature (22 °C) was enough to form condensates also at much
lower concentrations of 16 uM and 31 uM. Concentrations below 16 uM did not
result in condensation even after 5.5 hours, and at lower Na2HPO4 concentrations
(0.5 M), we did not observe immediate condensation, but only after several hours of
incubation and at high GRP concentrations (>63 uM) (Figure $4.9a). While these
phosphate concentrations needed to induce LLPS might seem too high to be biologi-
cally relevant, it should be noted that our iz vitro experiments are conducted in highly
dilute environments and at relatively low GRP concentrations (-100 uM). The tick
saliva is expected to contain high amount of GRPs and is a crowded environment due
to the presence of other biomolecules. We mimicked such a crowded environment,
which is known to promote phase separation, by the addition of polyethylene glycol
(PEG) molecules. We observed instant phase separation at much lower concentrations
of phosphates in crowded conditions (Figure 4.5b). For example, 5% w/v PEG (8
kDa) led to instant LLPS of 125 pM GRP77 in presence of 0.5 M phosphate, while
further increasing the PEG concentration to 7.5% w/v reduced the critical phosphate
concentration for phase separation to 0.25 M, a realistic salt concentration range.

a b
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Figure 4.5: Tick-GRP77 forms condensates in presence of phosphate salts.

(a) A phase diagram showing LLPS behavior of tick-GRP77 in presence of 1 M Na2HPO4 as a function
of protein concentration and incubation time. The red region indicates the condensation regime: 263
UM tick-GRP77 resulted in instant coacervation, whereas for lower concentrations, phase separation was
observed after 1.5 h incubation at room temperature. (b) A phase diagram demonstrating that addition of

crowding agents (PEG, 8 kDa) drastically lowers the critical salt concentration required for the onset of

LLPS of 125 pMtick-GRP77.
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To further clarify the instant nature of the coacervation, we performed flow-focusing
experiments using microfluidic devices. A key feature of microfluidic systems is their
laminar flow”® owing to the low Reynolds number”', allowing strictly diffusion-based
mixing between the co-flowing fluid streams. We used a lab-on-a-chip flow-focusing
device, allowing the GRP and salt streams to meet and co-flow together without mix-
ing (see Materials and Methods for details; Figure $4.10). GRP solution (63 pM
in pure water; 5 mol% OG488-GRP77) was injected in the inner aqueous channel
and 2 M Na2HPO4 solution was injected in outer aqueous channels, forming two
sharp tick-GRP77-Na2HPO4 interfaces at the junction (Figure 4.6a; top left). We
observed immediate formation of tick-GRP77 condensate droplets at the interface,
which adhered to the channel walls and continuously increased in their size as more
and more condensate phase got accumulated (Figure 4.6a; fluorescence panels).
A line profile perpendicular to the interface shows two clear fluorescence intensity
peaks at the interfaces, clarifying the salt-induced condensation (Figure 4.6b). The
liquid nature of these condensates became more evident further down the channel
(approximately 500 pm downstream of the junction) where the condensate droplets
wetting the channel walls were deformed by the fluid flow into tear-shaped droplets
(Figure 4.6¢). This made it clear that the formed structures are not protein aggregates
or precipitates, but phase separated liquid droplets.
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4.2.4 Tick-GRP77 condensates undergo liquid-to-gel transition.
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Figure 4.6: Microfluidic evaluation of tick-GRP77

(a) Left top: Bright-field image showing a flow-focusing junction of the microfluidic device. The inner
stream containing 63 UM tick-GRP77 in pure water is focused by two streams of 2 M Na2HPOA4. As the
three streams flow side-by-side, GRP condensates are observed to form exclusively at the GRP-salt inter-
face. The condensates wet the channel wall and become bigger over time.(b) A fluorescence intensity plot
(corresponding to the dotted line in c) show the intensity profile across the interface of GRP-salt streams.
(c) GRP condensates stuck to the channel walls downstream of the junction are deformed into tear-shaped

droplets because of the fluid flow, indica ing their liquid-like nature.

Natural tick saliva eventually undergoes a liquid-to-solid phase transition to form a
hard cement cone. We observed several instances in our experiments which indicate
that LLPS may be an intermediate stage in this transition. Conducting the droplet
evaporation assay using high initial tick-GRP77 concentration (initial concentration
500 uM in PBS, pH 7.4) on a hydrophobic glass slide not only led to condensate
formation, but the formed condensates fused together to form network-like structures
(Figure 4.7a). A time-lapse showing an example of a fiber formation leading to an
interconnected network of tick-GRP77 condensates can be seen in Figure 4.7b.
On similar lines, a network composed of stretched sheets and fibers adhering to a
PVA-coated glass surface was obtained during an evaporation experiment, as shown
in Figure 4.7c. These examples point to the transition of liquid condensates into
viscoelastic gel-like networks on solid surfaces.
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Figure 4.7: GRP condensates form viscoelastic networks and solid-like aggregates

(a)Droplet evaporation assay of a concentrated tick-GRP77 solution (500 pM in PBS, pH 7.4) resulted
in the formation of condensate fibers, leading to interconnected gel-like networks. (b) Time-lapse showing
the assembly of the condensates into fiber-like structures. Two such events are indicated by black arrows.
(c) Fluorescence image of an interconnected stretched network formed during evaporation assay of tick-
GRP77 (32 uM in 5-times concentrated PBS, pH 7.4) on a PVA-passivated glass slide. (d) Incubating
tick-GRP77 solution (125 pM) in 1 M Na2HPO4 for 5.5 hours at room temperature formed stable con-
densate clusters, with complete arrest of coalescence. The zoom-in shows individual condensates physically

connected to each other without undergoing fusion.

More solid-like structures were observed during salt-induced coacervation when us-
ing a high concentration of GRP77 (125 uM) over longer incubation times (5.5
hours). Here, the coalescence of the condensates was clearly arrested, resulting in
stable grape-like clusters (Figure 4.7d). To verify the solidification or the ageing of
GRP condensates over time, we performed fluorescence recovery after photobleaching
(FRAP) experiments (125 uM tick-GRP77 in 1 M Na2HPO4). A comparative FRAP
study was conducted on freshly prepared condensates (0.5 hours after preparation;
Figure 4.8a top) and older samples (18 hours of incubation; Figure 4.8a bottom).
We photobleached a small region within the condensates (see Material and Methods
for details) and recorded the recovery of the fluorescent intensities. We quantified
the fluorescence recovery over time for both freshly prepared (z = 6) and aged (n
= 4) samples which revealed two important findings (Figure 4.8b). First, the post-
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bleaching fluorescence intensity did not show full recovery in both the cases which
shows the arrested motion of GRP molecules within condensates already in early
stages and their apparent viscoelastic behavior.

Secondly, fresh samples showed much more recovery (= 49%) compared the fluo-
rescence recovery of aged samples shows further reduction in the fraction of mobile
phase over time and the transformation from liquid to a solid-like state. We fitted the
normalized intensity I(t) with an exponential function, I(t) = A(1 - /", where A and
7 indicate the amplitude of recovery and the relaxation time,respectively’® ”. For the
fresh sample, we obtained a relaxation time, Tfresn = 160 s, with the diffusion coefficient
of OG488-GRP (D) in the order of ~2.2 x 19'3p,m2/s (see Material and Methods
for details). Using Stokes-Einstein relation "~ a | where kT is the thermal energy
scale, 77 is the droplet viscosity, and R is the hydrodynamic radius of OG488-GRP77
(~2.5 nm for an unfolded 7.8 kDa protein’), we estimated the condensate viscosity to
be ~42 Pa.s. Plugging the value into the inverse capillary velocity 7/y led to the estima-
tion of the interfacial tension, y ~46 uN/m, similar to the very low values reported
for macromolecular liquids’ as well as protein condensates’. Thus, microscopic and
FRAP analysis together demonstrated tick-GRP77 condensates to be highly viscous
liquids with ultralow interfacial tension, capable of forming viscoelastic networks and
exhibiting ageing over the course of a few hours. This liquid-to-gel transition is highly
relevant to the tick cement cone formation that also takes place over several hours'®.

We further explored whether GRP77 condensates exhibited adhesive properties. For
this, we carried out force measurements on air-dried GRP77 condensates (induced
in presence of 1 M Na2HPO4) using a JPK ForceRobot 300 AFM designed for
force spectroscopy (see Materials and Methods for details). The AFM tip was first
approached towards the surface followed by retraction (as sketched in Figure 4.8c),
and the subsequent force-distance (FD) curves were measured (Figure 4.8d). In case
of an adhesive substrate, tip retraction will lead to an adhesive force, allowing the
work of adhesion (W,q4;) to be measured from the area under the curve of the retracted
ED curves (7 = 3). The inset in Figure 4.8d shows the FD curves on a bare silicon sub-
strate (7 = 3). The non-adhesive silicon substrate gave us a base value of Wegy, = 7.34 x
10"%]. On the other hand, Wy, for the tick-GRP77-coated surface was measured to
be 4.39 x 10™], nearly four orders of magnitude higher. These measurements clearly
indicate the highly adhesive nature of GRP77 condensates, which could be playing a

crucial role in tick adhesion.

PHASE SEPARATION AND AGEING OF GLYCINE-RICH PROTEIN FROM TICK ADHESIVE 111




Fresh sample

z' ‘”i -« 05h
2 - 18h
308
=
t; +180s ti +350s Bpm Tos
Qo
Aged sample - 04
S
T 02
£
=
200
¢  mmm 0 100 200 300 400
fi +3505 3 pum Time (s)
40
c Photodiode d
detector f—
0
. 7 Cantilever z
. =
2 v 40
2
n . o
T Dried tick-GRP77 =
condensates -80 o
Dﬁ:hnm(:m?
| 20
00 02 04 06 08 10 1.2

Distance (um)

Figure 4.8: Viscous GPR77 condensates exhibit adhesive nature

(a) Time-lapse showing the fluorescence recovery of GRP condensates (125 pM) for fresh (0.5 h; n = 6) and
older (18h; n = 4) samples. The condensates were formed in presence of 1 M Na2HPO4 salt. (b) Fluores-
cence recovery curve showing that the freshly formed condensates have a higher fraction of the mobile phase
compared to matured GRP condensates. The solid line shows exponential fit to the dataset (R2 = 0.99).
Samples in ¢, d, and e were doped with 5 mol% OG488-GRP. (c) Schematic of adhesion measurements
showing the force spectroscopy set up. (d) The approach (red) and retract (blue) force-distance curves for
the surface coated with GRP condensates formed in the presence of 1 M Na2HPO4 (n = 3). The work of
adhesion is calculated from the area under the curve which gives nearly four magnitudes higher work of
adhesion than a bare silicon substrate (n = 3). The inset shows approach and retract force-distance curves for
non-adhesive silicon substrate acting as negative control. The dotted curves show individual datasets, while

the error bars indicate standard deviations.

4.2.5 Natural tick saliva shows evidence of protein-rich biomolecular
condensates

All the above-mentioned in vitro experiments indicated a strong phase separation
tendency of tick-GRP77, which encouraged us to further investigate if natural tick
saliva exhibits similar phase separating behavior. We collected ticks (Ixodes ricinus)
from their natural habitat, dissected adult females, isolated the salivary glands, and
extracted their contents (Figure 4.9a ; see Materials and Methods and Figure S4.11
for details). A denaturing SDS-PAGE analysis of the extract showed multiple protein
bands, as expected, in the 10-100 KDa range (Figure S4.12). An important factor

112 CHAPTER 4



to note here is that the ticks we collected were not blood-fed and thus likely have a
lower expression of GRPs compared to blood-fed ticks”. Additionally, it has been
reported that ticks species with long hypostome like Ixodes ricinus have lower level
of cement production”, and thus likely lower expression of GRPs”. Nonetheless,
microscopic visualization of multiple salivary gland extracts (3 out of 5 extractions)
revealed numerous micron-sized spherical droplets (Figure 4.9b). We also recorded
a droplet fusion event indicating their liquid nature (Figure 4.9c). We ruled out the
possibility of these droplets being lipid or fat droplets by confirming that GRP has
no affinity to partition inside oil-in-water emulsions and prefers to stay in the aque-
ous phase (Figure $4.13). Moreover, subjecting the tick salivary extract to high salt
concentration (0.75 M Na2HPO4, pH 7.4) led to fiber-like structures (Figure 4.9e).
When we doped the samples with fluorescently labelled OG488-GRP (6 uM), we
observed strong partitioning of OG488-GRP (2 out of 3 samples) in these droplets/
fibers, hinting at their protein-rich nature (Figure 4.9d, e).

We would like to note that these experiments indicate the general likelihood of
GRP-rich condensates in the saliva and not particularly tick-GRP77. To emphasize
this point, we compared tick-GRP77 with 20 different GRPs identified in the tick
saliva across 9 different species (Z scapularis, L. ricinus, A. variegatum, R. zambeziensis,
H. longicornis, R. pulchellus, H. rufipes, D. pulchellus, and A. americanum), with the
molecular weights ranging between 7-88 kDa (Table 4.1). Interestingly, in addition
to the high glycine content, the amino acid composition and patterning of these
GRPs show striking resemblance as that of GRP77. The aromatic amino acid residues
remain prominent (minimum 9% and as high as 20%) and these aromatic residues are
also interspersed periodically (typically every 3 to 10 amino acids) by non-aromatic
units such as glycine and proline. Thus, the GRP77 condensate mechanism that we
have shown here could be a more generic path to achieve homogenous-to-coacervate-
to-solid transition.
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Figure 4.9: Salivary gland extracts from ticks hint at the presence of protein-rich phase- separated droplets.
(a) Schematic showing the extraction of the salivary gland from a non- blood-fed tick (Ixodes ricinus). The
collected supernatant was used in the following experiments. (b) Bright-field visualization of the superna-
tant showing numerous micron-sized spherical droplets. (c) Fusion of two droplets, indicating their liquid
nature. (d) Spiking the supernatant with fluorescently labelled GRP77 (OG488-GRP77) readily led to its
partitioning inside the phase-separated droplets indicating their protein-rich nature. (¢) Fluorescence image
showing fiber-like structures observed in the supernatant in presence of 0.75 M Na2HPO4 with OG488-

GRP77 showing strong partitioning in these structures.

4.3 CONCLUSION

We have demonstrated that the glycine-rich protein (GRP; Uniprot: Q4PME3)
present in tick saliva undergoes liquid-liquid phase separation and exhibits ageing
behavior to form gel-like adhesive structures. We showed that GRP condensates form
via simple coacervation, and they become solid-like over a time frame of a few hours.
Considering that tick cement deposition and solidification is a slow processzo, our
results suggest a plausible role of GRPs in the cement cone formation, namely to
induce liquid-liquid and subsequent liquid-to-solid phase transition, a vital process
in the attachment of ticks to their host. We further show that the phase separation of
tick GRP is induced via multiple weak intermolecular interactions. Particularly, regu-
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larly spaced aromatic (phenylalanine and tyrosine) and arginine residues separated by
glycine-rich regions promote cation-m and 7 interactions, leading to coacervation.
Additionally, hydrogen bonding and hydrophobic interactions, especially given the
glycine-rich backbone, also play a significant role’.

GRPs are also found in adhesive proteins from various other organisms such as mus-
sels, sandcastle worms, and velvet worm, and the change in the material property of
their bioadhesives, like liquid-to-solid transition, is crucial for their survival” 1@ 404276,
For instance, the slime proteins of velvet worm undergo LLPS to form sticky fibers”,
while the mussel foot proteins form condensates that undergo liquid-to-solid transi-
tion driven by hydrogen bonding’®. Thus, understanding the phase transitions of GRPs
may reveal possible common unifying principles in bioadhesive proteins functioning
in distinct environments across diverse animal species’’. Additionally, it will be in-
teresting to explore the role of pH and temperature on the phase transition behavior
of tick GRPs. Given that secretory proteins are prone to extensive post-translational
modifications (for example, reported a-gal modifications reported in tick salivary pro-
teins”” and phosphorylation during tick blood feeding® *') their impact in also worth
investigating. Also worth studying is the possibility of cross-linking in tick GRPs, as
the tick saliva harbors essential enzymes (phenol oxidases) that convert hydroxylated
tyrosine (DOPA) into DOPA-quinone, which interacts (including covalent cross-
linking) with other amino acids, and could assist in the hardening process, as shown
in the case of other bioadhesives ' *. Finally, given the fact that ticks detach from
the host post blood—feeding26’ 8 2 dissolution mechanism of the hardened cement
cone will also be worth investigating.

Given their adhesive nature, tick GRPs could potentially be used for the development
of medical sealants like tissue glues because of their biodegradable and biocompatible
properties””. The role of GRPs in host adhesion may provide insights to manage ticks
and tick-borne pathogens, a major problem worldwide, and particularly in developing
regions in tropical regions, especially due to the lack of sustainable control methods®.
Developing chemicals that can interfere with the phase transition of tick GRPs and
thus inhibit cement cone formation may provide an effective solution. Anti-tick vac-
cines are a promising tick control strategy with the potential to provide long-term
protection® ® % ¥ Characterization of GRPs have shown they are immunogenic,
play a role in host’s immune system evasion, and are required for successful tick at-
tachment, making them promising anti-tick candidates® *. Also, condensates have a
high potential to be effective drug delivery systems owing to their rapid and aqueous
self-assembly, possibility of targeting, and enhanced bioactivity of the cargo™. Thus,
testing the potential of GRP-based condensates as anti-tick vaccine agents could be
another outcome of this research.
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4.4 MATERIALS AND METHODS

4.4.1 Materials

Chemicals — sodium chloride, potassium chloride, disodium hydrogen phosphate
and dihydrogen sodium phosphate, Tris-base, PVA (polyvinyl alcohol, 87-90%
hydrolyzed, average MW 30-70 kDa), bovine serum albumin, B-mercaptoethanol
was purchased from Sigma-Aldrich. Eucalyptus oil (W246680) was purchased from
Sigma-Aldrich while food-grade sunflower oil was from Reddy®. Precision Plus Pro-
tein dual xtra prestained protein marker, Mini-Protean Tricine Precast Gels 16.5%
and 10x Tris/Glycine/SDS buffer were purchased from Bio-Rad. Coverslips #1 24 mm
x 60 mm were purchased from Corning®. Sylgard™ 184 silicone elastomer and curing
agent were purchased from Dow. Silicon wafer was bought from Silicon Materials.
Photoresist (EpoCore 10) and photoresist developer (mr-Dev 600) were purchased
from micro resist technology GmbH. Microfluidic accessories like tygon tubing
1/16" ODx 0.02" ID and stainless steel 90° bent PDMS coupler were purchased from
Darwin Microfluidics.

4.4.2 GRP Synthesis and fluorescent labelling

Two different solid-phase peptide synthesis (SPPS) methods were used in this study.
Boc-based SPPS was used for experiments in Fig. 2, 3c-f, 4a, 4c-e, 5a-f, Supplemen-
tary Figures 4, 6, 7a, 8,9, 12, 14, 16, 17, 18, 20a, 21 and 22a. Fmoc-based SPPS was
used for experiments in Fig. 3g, 4b, 5h and Supplementary Figures 5, 7b, 13, 15, 19,
20b and 22b.

4.4.3 Boc-based SPPS

The N- (H2N-APAEEAKPAE AGDEKKDVEG RIGYGGPGFG GG-MPAL) and
C- (H2N-AFGSGFNRGG SFGVGAHGNQ YGQGGFEIQP GRQQPSCVRQ
HPNLR-OH) terminal peptide fragments of the protein were synthesized on 0.10
mmol scale. 0.18 g of resin was used for both syntheses, with 4-(Hydroxymethyl)
phenylacetamidomethyl (PAM) polystyrene resin with preloaded leucine (Leu) and
arginine (Arg) or the N- and C-terminal peptide fragments, respectively. The first
alanine residue (Ala) of the C-terminal peptide fragment sequence was replaced by a
cysteine residue (Cys) (A33C mutation) for NCL. Each amino acid was activated with
0.5 M 2-(6-Chloro-1-H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluo-
rophosphate (HCTU) in N,/V-dimethylformamide (DMF) and N,/V-Diisopropyle-
thylamine (DIPEA) before coupling. The coupling time for all amino acids was 10
minutes, except for serine (Ser), threonine (Thr), Arg, and asparagine (Asn) for which
the coupling time was 20 minutes. For glycine (Gly), the coupling time was also
set to 20 minutes for the N-terminal peptide fragment, whereas 10 minutes double
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couplings done for the C-terminal peptide fragment. After each coupling, the resin
was washed with DMF, then treated with Trifluoroacetic acid (TFA) two times for 1
minute, and washed again with DMFE After glutamine (Gln) coupling (C-terminal
peptide fragment synthesis), the resin was washed with DCM as well before and
after TFA treatment to prevent intramolecular pyrrolidone formation. For thioester
synthesis at the N-terminal peptide fragment, 3-mercaptopropionic acid (MPA) was
coupled via a Leu residue and subsequent trityl group-deprotection was performed
with a 95%/2.5%/2.5% TFA/Triisopropylsilane (TIS)/H2O mixture. The N- and
C-terminal peptide fragments (495 mg and 440 mg, respectively) were deprotected
and cleaved from the solid-phase by anhydrous hydrogen fluoride (HF) treatment
for 1h at 0°C using 4% v/v p-cresol as scavenger. The peptides were precipitated in
ice-cold diethyl ether, dissolved in a MeCN/H2O mixture containing 0.1% TFA, and
lyophilized.

Native chemical ligation (NCL)

NCL of the unprotected synthetic peptide segments was performed as follows: 0.1 M
TRIS buffer, pH 8, containing 6 M Gnd-HCl was added to dry peptides yielding ap-
proximately 10 mg/mL of peptide fragments. Subsequently, 1% v/v benzylmercaptan
and thiophenol were added. The ligation reaction was performed in a heating block
at 37 °C and the mixture was vortexed periodically to equilibrate the thiol additives.
Reaction progress was analyzed with UPLC-MS. After the reaction was complete,
thiophenol was removed by diethylether extraction of the reaction mixture (3 x).

Desulfurization

Desulfurization was directly performed after the native chemical ligation reaction in
order to convert the first Cys residue of the C-terminal peptide fragment into an Ala
residue and thus to obtain the original GRP sequence. Desulfurization buffer was
prepared by dissolving tris(2-carboxyethyl) phosphine (TCEP; 250 mM) in 5 mL 0.1
M TRIS buffer, pH 8, containing 6 M Gnd-HCI. The pH of the desulfurization
buffer was adjusted by adding solid NaOH until it reached pH 7. Then, reduced
L-glutathione (GSH; 40 mM) was added to 1 mL of this desulfurization buffer. 250
uL of this solution were added to the reaction mixture and VA-044 (6.25 mM) was
added. The reaction was performed at 37°C and reaction progress was monitored
using UPLC-MS until the product was observed. Analytical HPLC was performed
to purify GRP by using a C18 column (150 mm x 4.6 mm) connected to a Prostar
HPLC (Varian).

Acm deprotection
To remove the acetamidomethyl (Acm) protecting group of the cysteine residue in the
C-terminal peptide fragment, the peptide was dissolved at a 2 mM concentration in
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0.1 M TRIS, pH 7.25, containing 6 M Gnd-HCI. Then, 10 eq. Pd-CI2 were added
and the deprotection progress at 37 °C was monitored using UPLC-MS. After reac-
tion completion, the formed Pd-complex was reduced with 20 mM DTT for 1 hour
at 37 °C. Subsequently, the reaction mixture was purified on a C4 column (Vydac,
150 mm x 4.6 mm) with an appropriate gradient on the analytical HPLC system as
described above.

4.4.4 Fmoc-based SPPS

Peptides (amine fragment: GENR GGSFGVGAHG NQYGQGGFEIQPGRQQP-
SCV RQHPNLR and ester fragment: APAEEAKPAE AGDEKKDVEG RIGYGGP-
GFG GGAFGS-Ocam-L) were synthesized via Fmoc-SPPS on a microwave assisted
peptide synthesizer (CEM liberty lite) using a Rink-amide resin with DIC/Oxyma
chemisty. The carboxyamidomethyl (Cam) ester was introduced by incubating the
resin with 2 eq91. Fmoc glycolic acid, 2 eq. (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HBTU), 2 eq. OxymaPure and 4 eq. DIPEA
for 45 min at room temperature. After fluorenylmethoxycarbonyl (Fmoc) deprotec-
tion of the glycolic acid, the ester bond was formed by incubation of 4 eq. Ser, 0.4
mM 4-Dimethylaminopyridine (DMAP) and 6 eq. NV,N'-Diisopropylcarbodiimide
(DIC) to the resin for 45 min at room temperature. After completion, the peptides
were cleaved from the resin (95% TFA; 2.5% TIS; 2.5% H20O) and purified us-
ing RP-HPLC on a C18 column (XBridge C18 5 um OBD 30x100 mm). Finally,
the product was lyophilized (Christ alpha 2-4 LSCbasic) and checked for purity via
HPLC/MS (Agilent 1100, LC-MSD SL)

Ligation

Peptides were dissolved in Tricine buffer (200 mM, pH 8.3, 4 mM TCEP) to a
concentration of 1 mM ester fragment, 2 mM amine fragment and 20 pM omnili-
gase-17*. The reaction was performed at room temperature for 4 hours and followed
via RP-HPLC/MS (Agilent 1100, LC-MSD SL) using an MeCN/H2O gradient on a
C-18 column (Phenomenex 5pum EVO C18 100 A 150 x 4.6 mm). After completion
of the ligation, the product was purified by preparative HPLC (Waters 2545, 2998,
Aquity QDA) using a H2O/MeCN gradient on a C18 column (XBridge C18 5 um
OBD 30x100 mm). Finally, the product was lyophilized (Christ alpha 2-4 LSCbasic)
and checked for purity via HPLC/MS (Agilent 1100, LC-MSD SL). Protein mass was
verified using mass spectrometry (Figure $4.14-19) and the purity was checked using
HPLC (Figure $S4.20-22).

4.4.5 In vitro experimentation and microscopic visualization

Stock solution of tick-GRP77 was made in MilliQ water. Unless specified, all the
evaporation experiments were performed in phosphate buffer saline (10 mM Phos-
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phate buffer, 2.7 mM KCI, and 137 mM NaCl at pH 7.4). A 2 pl droplet of protein
solution was transferred on a coverslip (24 mm x 40 mm, Corning™ #1.5) and
mounted on Nikon-Ti2-Eclipse inverted fluorescence microscope equipped with pE-
300ultra illumination system. For all the experiments, droplets were visualized using
either Nikon Plan Apo 100x (numerical aperture, NA 1.45) oil objective or Nikon
Plan Fluor 40x (NA 1.30) oil objective. For fluorescent visualization, the sample was
doped with 5 mol% of OG488-GRP and excited via 482/35 nm excitation filter, 505
nm dichroic mirror and the emitted light was collected through 536/40 nm emission
filter (Semrock). The samples were typically excited using 2-5% laser intensity and
time-lapse images were acquired at exposure of 5-20 ms using a Prime BSI Express
sCMOS camera. Confocal microscopy for visualizing the inverted phase and oil-in-
water emulsions was recorded using Nikon C2 laser scanning confocal microscope,
equipped with a 60x (NA 1.40) oil immersion objective. The sample was doped with
5 mol% OG488-GRP and was imaged using 488 nm excitation laser with excitation
filter 525/50, equipped with 560 nm LP dichroic mirror and 585/65 nm emission
filter. We minimized the illumination intensity (1-2% of 15 mW) to prevent bleach-
ing of the sample.

4.4.6 Surface functionalization of coverslips

Wherever required, coverslips were coated with 5% w/v solution of polyvinyl alcohol
(molecular weight 30 -70 kDa, 87 — 90 % hydrolyzed) as described previously™.
Briefly, the coverslip was plasma treated for 30 seconds at 12 MHz (RF mode high)
using a plasma cleaner (Harrick plasma PDC-32G). A 10 pL drop of PVA solution
was pipetted out in the center of the glass slide and allowed to rest for 5 min fol-
lowed by gently removing of PVA by tilting the glass slide. To remove free PVA, the
coverslip was gently washed with milli Q water. The glass slide was baked at 70 °C for
2 hours and stored at room temperature in a clean environment. To make the glass
slide hydrophobic, ~20 pL of (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane
was taken in a glass vial and placed in the desiccator along with glass slides. The set up
was left under partial vacuum for ~12 h to render the glass slides hydrophobic.

4.4.7 Droplet fusion experiments

A 2 pL sessile drop of tick-GRP solution (32 pM with 5% mol fraction of OG488-
GRP; dissolved in PBS pH 7.4) was allowed to evaporate on a PVA-passivated glass
slide. Droplet fusion events were recorded using 40x oil objective at time interval of
250 ms (exposure time of 10 ms) on Nikon Ti2 Eclipse fluorescence microscope. The
aspect ratio of the fusing droplets was determined using Fiji (Image ]) by appropriately
thresholding and binarizing the images, and then fitting the droplet boundaries with
an ellipse to calculate the aspect ratio 4 = minoras, where major and minor axes are the
long and short axes of the ellipse respectively. For analysis of fusing condensates, the
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change in aspect ratio with respect to time was plotted and the data was fit to the
function of the form 4=1+W, - e~ ; where t is the time, T is the characteristic relaxation
time, and A, is the initial aspect ratio. Using the relation *=1/ where [ is the average
diameter of the droplets, 7 is the viscosity and y is the surface tension, the inverse
capillary Velocityn/y was calculated™.

4.4.8 Microfabrication

The master wafer was prepared according to the previously described UV lithography
method” and the protocol was adjusted to attain the channel height of 20 um. To
prepare the microfluidic device, polydimethylsiloxane (PDMS) and curing agent
(SYLGARD™184 elastomer) were mixed in 10:1 weight ratio. The mixture was poured
on the master, degassed using vacuum desiccator followed by baking at 70 “C for 4
hours. The hardened PDMS block was carefully removed, and inlets and outlet holes
were punched using a biopsy punch of diameter 0.5 mm (Darwin microfluidics).
The PDMS block was then bonded on a glass coverslip (Corning® #1) using a plasma
cleaner (Harrick Plasma PDC-32G). The bonded device was baked at 80 °C for
two hours and stored at room temperature. Elveflow pressure controller OB1-MK3
was used to flow GRP and salt solutions 2 M Na2HPO4 (10 mM Tris-Cl, pH 7).
Microfluidic reservoir XXS (Darwin microfluidics LVF-KPT-XXS) was used to load
low volume (10 pL) GRP sample. The fluid flow was maintained at constant pressure
of 100 mbar and 20 mbar for the inner aqueous (GRP solution) and outer aqueous
(Na2HPO#4 solution) channels respectively.

4.4.9 Fluorescence recovery after Photobleaching

FRAP experiments were performed on Leica SP8-SMD microscope and 63x (NA
1.2) water objective. For bleaching, the region of interest (ROI) of approximately 1.5
pum length and 0.5 pm breadth was selected inside the condensates of approximately
5 pum in diameter. The ROI was bleached using 100% laser intensity for 2 seconds
and recovery of the bleached area was recorded for every 5 seconds for approximately
6 minutes. Intensity of the bleached area was normahzed using the equation, f(t) =

o -mintiomesy, where Loorrece = €(t) *I(t), and C(t) = R(t) Here, R(¢) and /(#) indicate the
fluorescence intensity of the reference droplet at time 7 and the original fluorescence
intensity of the bleached region at time # respectively; min(lomes) indicates the
minimum value of I Which is obtained right after the sample is bleached67. The
normalized intensity was fitted using the function f(® =401~ ¢) where A and 7 indicate
the amplitude of recovery and the relaxation time, respectlvely The apparent diffu-
sion coefficient (Dgy,p) was calculated using the formula™ %) where ‘® is the half- hfe
fluorescence recovery and w? is the area of the bleached cross section. The half-life &)

e
was calculated using the formula ‘& ="®@7,
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4.4.10 Adhesion measurements using force spectroscopy

Force-distance measurements were performed on JPK ForceRobot 300, an AFM spe-
cifically designed for force spectroscopy. Silicon wafer was used as a substrate and the
aqueous sample containing GRP condensates was drop-casted on the wafer and was
allowed to dry for 1 hour. Force spectroscopy was carried out using SCANASYST-AIR
silicon-nitride tips with spring constant 0.4 N/m and average tip radius of 2 nm.
The obtained data were further analyzed using processing software — JPK SPM Data
Processing.

4.4.11 Salivary gland extraction

For tick collection, we selected the Veluwe region in the Netherlands in the months
of June and July, when ticks “quest” by climbing up grass and low-lying vegetation
and waiting for a potential host to pass by, which they will grab and climb on to.
We collected ticks belonging to the species Ixodes ricinus at different life stages —
nymphs, adult males, and adult females, from the grass and small shrubs by using a
tick-dragging method as previously described”. The adult female salivary glands of

the Ixodidae groups consists of type I, IT and IIT acini cells* *°

among which the type
I1 acini cells are associated with cement formation”*. Female ticks were dissected to
isolate their salivary glands according to a previously described protocol”’, with the
exception that the ticks were not blood-fed before. Salivary glands were resuspended
in 100 pL milliQ water and their contents were extracted by mechanically disrupting
the glands via sonication at 45 kHz for 5 minutes, followed by debris segregation via
centrifugation at 13,000 g for 10 minutes. The supernatant was collected in a fresh

tube and used for experimentation.
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4.8 SUPPLEMENTARY FIGURES

Ventral view
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Figure S4.1: Anatomy of tick mouth parts.

Electron microscopy of tick mouth parts visualized from theventral side.

PHASE SEPARATION AND AGEING OF GLYCINE-RICH PROTEIN FROM TICK ADHESIVE 123



Score

Score

Score

g
]
()
W
0.2 i
DisEMBL
0.0 L M L 2 L M M
1] w0 b1 ao &0 50 [=11] m
1.0
0.8 \-—V\—W\J\(_—F\
E 05
8 _________________
w1 a4
2 ODiNPred
a0 " M M i M i
(1] i 2 30 40 a0 af T

Amino acid position

Figure S4.2: Disorder prediction in tick-GRP77.

Multiple software predict tick-GRP77 to be highly disordered or at least have prominent disordered re-
gions. DisoPred' predicts that the N-terminus has a high disorder and ProDos’ suggests both N-terminus
and C-terminus as disordered regions. Espritz* , DisEMBL® and ODiNPred"" predict entire tick-GRP77 to
be completely disordered.
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Diagram of states
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Janus sequences:
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Figure §4.3:Tick-GRP77 falls in the same region within the diagram of states as many well-characterized
condensate-forming proteins. Diagram of states indicating tick-GRP77 as weak polyampholytes and poly-
electrolytes and falls in close vicinity of FUS, tau, nucleocapsid protein, and a-synuclein, all of which are

known to phase separate.

Figure S4.4: The region between the droplet boundary and the contact line is a tick-GRP77-
rich condensate phase.

(a) Bright-field (left) and corresponding fluorescence image (right) showing the tick-GRP77-rich nature of
this region (32 pM starting concentration). (b) An example of tick-GRP77 condensate fusing with the con-
tinuous tick-GRP77-rich phase. (c) Confocal microscopy showing tick- GRP77-depleted aqueous droplets
within the inverted phase formed by evaporation assay (125 pM starting concentration). In all cases, tick-
GRP77 was present in PBS (pH 7.4) and 5 mol% OG488-GRP77 was added for fluorescence visualization.
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Figure S4.5: Onset of coacervation is influenced by the starting tick-GRP77 concentration.

The time required for the onset of coacervation is steadily reduced as the initial tick-GRP77 concentration
is increased. The values were recorded during droplet evaporation assay in PBS (pH 7.4).

DrctpEEtI"-
boundary *

"

boundary 5= SR ; Droplet
"'-. o . .

o boundary

Droplet
+ boundary
"4

A Crystal

A F B : e
Crystal * o ; formation
formation

Figure S4.6: The formed condensates are specific to tick-GRP77 and need salts for their formation. (a)
Evaporation of tick-GRP77 (32 uM) in presence of 140 mM NaCl resulted in the formation of conden-
sates. (b) On the contrary, evaporation of tick-GRP77 (32 pM) dissolved in pure water did not lead to phase
separation. (c) Evaporation of globular protein solution, bovine serum albumin (127 pM in PBS, pH 7.4)
eventually led to the formation of salt crystals without any phase separation. (d) Similarly, just a PBS solu-
tion (pH 7.4) did not form condensates but salt crystals.
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Figure S4.7: Evaporation of 100 ®M C-terminus mutants results in delayed coacervation.

(a) Higher initial concentration of AFY mutant showed slightly faster initiation of coacervation (ti = 6.5
min) and proceeded with appreciable coacervation. (b) Higher initial concentration of AR mutant acceler-
ated the initiation of coacervation (ti ~ 4.8 min) but only negligible amount of coacervates appeared near

the contact line over time. The starting concentration of all the samples was 100 pM in PBS.
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Figure S4.8: Hydrogen bonding and hydrophobic interactions are involved in phase separation of tick-
GRP77. a) Both N- and C-terminus condensates formed via droplet evaporation assay dissolved upon addi-
tion of urea (~0.5 M final concentration) indicating active role of hydrogen bonding in LLPS formation. (b)
N-terminus condensates formed via evaporation dissolved upon addition of 0.5% w/v 1,6-HD (=15 mM
final concentration). On the contrary, C-terminus condensates remained unaffected in presence of 1.5%
w/v 1,6-HD (=40 mM final concentration), and completely dissolved only at 5% w/v 1,6-HD (=140 mM
final concentration), indicating a prominent role of hydrophobic interactions compared to N-terminus

condensates. Starting concentrations for both termini were 50 pM in PBS (pH 7.4) for all the experiments
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Figure $4.9: Tick-GRP77 coacervation phase diagram as a function of protein concentration and incuba-
tion time in Na2HPO4 solution. (a) Incubation of tick-GRP77 (2-125 pM) at 0.5 M Na2HPO4 did not
lead to instant condensate formation. At 63 pM and above, condensates formed after 5.5 hour of incuba-
tion. (b) On the contrary, presence of 1 M Na2HPO4 led to instant coacervation of tick-GRP77 at 63 pM
and above. Incubation for 1.5 hours also led coacervation down till 16 pM tick-GRP77.
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Figure S4.10: Microfluidic device used in flow-focusing experiments.

Bright-field images showing PDMS-based lab-on-a-chip device with a zoom-in showing the flow-focusing

junction.
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Figure S4 II:

(a) Location of tick collection in the Netherlands. (b) Ticks of species Ixodes ricinus at different life stages
were collected.
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Figure S4.12: Protein gel electrophoresis of tick salivary gland extract and tick-GRP77.

(a) Denaturing SDS-PAGE of the tick salivary gland extract (middle lane) isolated from a single adult fe-
male Ixodes Ricinus show proteins of varying molecular weights ranging from 10 kDa to 100 kDa. Some
prominent bands were observed, such as one corresponding to 20 kDa protein marker (first lane). Synthetic
tick-GRP77 (last lane) showed intense single band between 10 kDa and 15 kDa. (b) Protein signal inten-
sity plot versus protein migration distance showing single band intensity of synthetic tick-GRP77 (green)
whereas tick salivary gland extract (magenta) shows maximum signal intensity at 20 kDa in addition to
low signal dispersed between 100 kDa and 10 kDa. Protein marker (dotted line) intensities were used as
reference.
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Figure S4.13: Tick-GRP77 does not partition in hydrophobic oil-in-water emulsions.

(a) OG488-GRP did not partition in sunflower oil droplets. (b) OG488-GRP also did not partition in
eucalyptus oil droplets but showed some preference to remain at the oil-water interface. In both the panels,
the line graphs correspond to the dotted lines and show the exclusion of OG488-GRP from the oil droplets.
In all cases, the final concentration of 2 pM of OG488-GRP77 was added visualization.
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Figure S4.14: Mass analysis of tick-GRP77 synthesized by using Boc-based SPPS.

(a) ESI-MS spectrum of tick-GRP77. (b) The observed deconvoluted mass (7855.34 Da, [M+H]+) cor-
responds with the calculated monoisotopic mass (7853.74 Da). The deconvoluted mass corresponding to
7798.38 Da indicates a glycine residue deletion (- 57 Da) and the deconvoluted mass at 7740.32 Da is
an aspartic acid residue deletion (- 115 Da). The 7912.42 Da mass could indicate a metal ion (+ 57 Da)
chelated to the polypeptide
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Figure S4.15: Mass analysis of tick-GRP77 synthesized by using Fmoc-based SPPS.

(a) ESI-MS spectrum of tick-GRP77. (b) The deconvoluted mass (7854.00 Da, [M+H]+) corresponds with
the calculated monoisotopic mass (7853.74 Da) for tick-GRP77.
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Figure S4.16: Mass analysis of the N-terminus of tick-GRP77.

(a) ESI-MS spectrum of N-terminus of tick-GRP77. (b) The deconvoluted mass (3317.89 Da, [M+H]+)

corresponds with the calculated monoisotopic mass (3316.87) for the N-terminus.
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Figure S4.17: Mass analysis of the C-terminus of tick-GRP77.

(a) ESI-MS spectrum of C-terminus of tick-GRP77. (b) The deconvoluted mass (5192.68 Da, [M+H]+)

correspondsa with the calculated monoisotopic mass (5191.23) for the C-terminus.
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Figure S4.18: Mass analysis of the AFY mutated C-terminus.

(a) ESI-MS spectrum of the AFY mutant (b) Deconvoluted and calculated monoisotopic mass of [M+H]+
for the AFY mutant were 4361.50 Da and 4361.11 Da respectively. 4290.44 Da corresponds to an alanine
residue deletion in the AFY mutant. 4233.45 Da corresponds to a glutamine residue deletion in the AFY

mutant.
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Figure S4.19: Mass analysis of the AR mutated C-terminus.

(a) ESI-MS spectrum of the AR mutant (b) Deconvoluted and calculated monoisotopic mass of [M+H]+

for the AR mutant were 4417.18 Da and 4417.01 Da respectively
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Figure S4.20: HPLC chromatograms of tick-GRP77.

(a) High-performance liquid chromatography trace of the purified tick-GRP77 synthesized using Boc-
based SPPS (220 nm). The retention time of the protein is approximately 6 minutes. (b) High-performance
liquid chromatography of the purified tick- GRP77 synthesized using Fmoc-based SPPS (220 nm). The
retention time of the protein is approximately 3 minutes. The difference in retention time is due to the fact
that different gradients have been used. The peak at 0.5 min is the injection peak.
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Figure S4.21: HPLC chromatograms of the N- and C-terminus of tick-GRP77.
(a) HPLC analysis of the purified N-terminus synthesized using Boc-based SPPS (220 nm). (b) HPLC

analysis of the C-terminus synthesized using Boc-based SPPS (220 nm). The peak at 0.5 min is the injec-
tion peak.
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Figure S4.22: HPLC chromatograms of two C-terminus mutants.

(a) HPLC analysis of the purified C- terminus AFY mutant synthesized using Boc-based SPPS (220 nm).
(b) HPLC analysis of C-terminus AR mutant synthesized using Fmoc-based SPPS (220 nm). The peak at

0.5 min is the injection peak.

PHASE SEPARATION AND AGEING OF GLYCINE-RICH PROTEIN FROM TICK ADHESIVE 135



Accession X Total glycine and
number / Species E;zloa::izl?;; aromatic amino acid
Uniprot ID (%)
tick-GRP77 Ixodes scapularis 9,09 35,06
EEC15720.1 Ixodes scapularis 20,84 59,73
EEC15718.1 Ixodes scapularis 20,00 58,57
EEC15723.1 Ixodes scapularis 22,53 60,62
BK007705.1 Amblyomma variegatum 12,87 49,13
A0A224YEQ4 | Rhipicephalus zambeziensis 17,49 52,46
BK007224.1 Amblyomma variegatum 4,55 37,85
EEC14470.1 Ixodes scapularis 9,17 41,28
BK007640.1 Amblyomma variegatum 17,22 48,11
BAF36727.1 Haemaphysalis longicornis 5,29 35,45
L7M5V3 Rhipicephalus pulchellus 10,71 39,28
EEC14464.1 Ixodes scapularis 14,79 40,88
A0A224YEQ4 | Rhipicephalus zambeziensis 15,64 41,71
L7LRH1 Rhipicephalus pulchellus 12,68 37,75
HP429186.1 Hyalomma rufipes 12,55 21,45
L7MMF9 Dermacentor pulchellus 10,34 33,49
A0A034WU73 Rhipicephalus microplus 9,38 31,26
JAG92718.1 Amblyomma americanum 10,65 31,21
JAA73102.1 Ixodes Ricinus 5,98 37,45
JAA73588.1 Ixodes Ricinus 12,42 26,2
JAA73244.1 Ixodes Ricinus 17,38 36,23
Table 4.1:

Comparison of glycine and aromatic amino acid composition in glycine richproteins form different species
of ticks.
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Chapter 5

Cell-free screening of CRISPR-Cas
activity by microfluidics-assisted in
Vvifro compartmentalization




ABSTRACT

CRISPR-Cas systems are an immune mechanism of prokaryotic cells that have been
adapted to a powerful genome-editing tool. On the other hand, the applicability of
native CRISPR-Cas nucleases can be restricted by several constraints. Protein engi-
neering through rational design and directed evolution have presented a variety of
synthetic variants with altered properties circumventing many existing constraints.
Commonly, directed evolution of CRISPR-Cas systems is combined with in vive
selection schemes which however can suffer from transformation bottlenecks, cell
toxicity and selection pressure escapees. I vitro compartmentalization abolishes the
need of living cells in favour of cell-free gene expression inside artificial compart-
ments and has been successfully applied for endonuclease evolution. This chapter
demonstrates the activity of CRISPR-Cas systems using cell-free transcription and
translation extract and prototyping fluorescence-based gene circuits to allow screening
of CRISRP-Cas activity. Using high-throughput on-chip microfluidics technology,
we produced water-in-oil-in-water double emulsions and used it as synthetic iz vitro
compartments to link CRISPR-Cas system to fluorescent GFP expression. Using
these micro-confinements, we demonstrated fluorescence-based screening for target
sgRNA genotypes in a model compartment population using fluorescence-activated
cell sorter and retraced phenotype-to-genotype linkage.
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5.I INTRODUCTION

CRISPR-Cas system is an adaptive immune response in prokaryotic cells, defending
against viral infections and other mobile genetic elements"*. CRISPR-Cas consists of
two main components, namely the Cas-effector protein and a guide RNA (gRNA) that
form a ribonucleoprotein (RNP) complex’. This RNP complex proceeds to interrogate
large double stranded DNA sequences to find a 20-30nt long target sequences (also
called protospacers) for base complementarity with the variable part of the gRNA*”.
Prerequisite for initiating the formation of the heteroduplex between gRNA and tar-
get DNA strand is the presence of a 3-8nt long sequence, named protospacer adjacent
motif (PAM), at the 5’ or 3’-end of the protospacer, depending on the CRISPR-Cas
system®”. After formation of an R-loop structure (formation by the gRNA/target
DNA heteroduplex and displacement of the non-target strand), specific cleavage of
both DNA strands is catalysed by the nuclease domains of the Cas-effector® °. The
ease of programming target sequence cleavage in a variety of host organisms has set
CRISPR-Cas systems as a versatile platform in the field of genome engineering, gene

. . . . 8,9, 10
therapy, strain engineering, and diagnostics®” .

The ease of programmable target sequence cleavage by CRISPR-Cas systems has had
huge impact in the field of genetic engineering'" '*. Yet, naturally occurring Cas-
effector variants often fail in certain applications, leaving room for innovation and im-
provement of Cas applicability. Some well-known constraints of native CRISPR-Cas
systems are low specificity (high off-target interference), requirement of specific PAM
motifs, and low nuclease activity under certain physiological conditions". Protein
engineering of Cas-effectors has produced a variety of synthetic variants with new

properties such as altered PAM compatibility, increased specificity and/or activ-
. 14,1516
ity .

Synthetic variants of Cas-effector can be rational when the tertiary structure is avail-
able or alternatively can be engineered through random mutagenesis'” '*. Random
mutagenesis is commonly performed in combination with an iz vive selection system
in microorganisms such as Escherichia coli, yeast or mammalian cells!® 15161920 P
ever, in vivo selection systems can suffer from low gene expression, transformation

B 21,22
bottlenecks and host genome mutations™ .

In vitro compartmentalization (IVC) eliminates the use of living cells in favour of
cell-free, gene expression inside synthetic compartments™ **. TVC has been success-
fully applied for selection of endonucleases and other nucleic acid-interacting protein
variants™ *** **, Genotype-to-phenotype linkage is ensured by including the target
sequence in the nucleic acid fragment that also encodes the protein of interest. In

MICROFLUIDICS-BASED SCREENING OF CRISPR ACTIVITY 145




the case of endonucleases, the link was based on the ligation of an adaptor sequence
to the cohesive ends found in the cleaved dsDNA products. These adaptor sequence
subsequently served as a primer binding site for subsequent PCR reaction, amplify-
ing only the genotypes that encoded active enzymes™ *’. CRISPR-Cas systems can
have multiple cleavage patterns and therefore different cohesive ends can be produced
from one Cas-effector, thus complicating the design of adaptor sequencesal’ 2 Also
deactivated Cas-effector can still interfere with target sequences and they have adapted
to valuable tools for gene expression regulation® ***°. We envisioned to adapt the
classic IVC approach to a high throughput screening scheme based on fluorescence
level alterations, omitting the need of an adaptor sequence.

Our adaptation is based in the generation of monodisperse water-in-oil-in water
emulsions with on-chip microfluidics devices and their subsequent screening with

)*. On-chip microfluidics technology allows

a fluorescent activated cell sorter (FACs
manipulation of fluids at the micrometre scale allowing the generation of highly
monodisperse compartments at high speeds”’. Uniform compartment size ensures
homogenous encapsulation of biomolecules, making it easy to compare gene activity
to fluorescence intensity’’. The double emulsion nature of the compartments sets
them compatible with common cell sorting equipment and abolishes the need for
complex microfluidics devices™ . However, double emulsions are prone to deforma-
tion under shear®! and can also rupture in an osmotic imbalance environment*2. Thus,
downstream calibration is still necessary for the screening procedure by the cell sorter.
Brower KK et. al. developed sdDE-FACS (single droplet Double Emulsion-FACS)
and extensively optimized instrument settings (laser, flow rate, and drop delays) for
commercially available cell sorters, enabling droplet recovery up to 70%*.

In this study, we set out to develop an IVC platform that allows cell-free and high-
throughput screening of CRISPR-Cas activity based in alterations in fluorescence
levels. We tested and prototyped genetic circuits that connect CRISPR-Cas activity
to fluorescence intensity. We proceeded to engulf the genetic components of the gene
circuits along with a cell-free transcription translation (TXTL) extract into water-
in-oil-in-water confinements to observe the expected fluorescence relation between
the tested conditions. Next, we demonstrate fluorescence-activated screening of the
artificial compartments and enrichment of the target genotype from a model droplet
population using a cell sorting device. Having demonstrated phenotype-to-genotype
linkage and target sequence enrichment, the described iz vitro screening strategy may
provide the basis for future screening of complex CRISPR-Cas gene libraries.
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5.2 RESULTS AND DISCUSSION

5.2.I On-chip encapsulation of cell-free TXTL extract in double
emulsions

To generate micron-sized water-in-oil-in-water double emulsions (DEs), we fabricated
PDMS-based microfluidic devices with two consecutive flow-focusing junctions con-
nected by a resistance loop (Figure 5.1a). A horizontal channel designated to carry
the inner contents of the DEs, and hereafter referred to as inner aqueous channel,
feeds into the first flow-focusing junction formed by two perpendicular oil channels
carrying the continuous oil phase (Figure 5.1a; Figure S5.1). The exit of the first
junction is strategically designed as a single loop which effectively increases the length
of the channel providing enough resistance to optimize the pressures in inner aqueous
and oil channels during production. The resulting single emulsions (SEs) are then
directed to the second junction, where perpendicular channels facilitate the pinching
off of the SEs by a surfactant-containing outer aqueous phase, forming DEs (Figure
5.1a). A snapshot of the formation of double emulsions is shown in Figure §5.3. The
generated DEs flow through the exit channel and are collected via the exit hole and
stored in a glass vial. Prior to the production of DEs, the microfluidic devices undergo
surface passivation to make the exit channel hydrophilic (details in Material and
Methods; Figure §5.2). This prevents the oil phase wetting the microfluidic channels.

To assess the encapsulation and retention of small molecules, 10 pM of fluorescein
isothiocyanate (FITC) fluorescent dye dissolved in PBS was used as the inner aque-
ous phase. The produced DEs efficiently encapsulated and retained the FITC dye
for >24 hours (Figure 5.1b) indicating retention of small molecules. For a typical
experiment, the DEs were produced with an average diameter of 37.6 + 1.8 pm (V
= 1875; coeflicient of variation = 4.6%) (Figure 5.1c¢) and with a throughput of
around 500 Hz, producing >10° droplets in an hour. After characterizing the stability,
encapsulation, retention, and monodisperse nature of the DEs, we further tested its
biocompatibility. We produced DEs with inner aqueous phase consisting of cell-free
transcription and translation (TXTL) machinery along with 1 nM of green fluores-
cent protein (GFP) encoding plasmid (Figure 5.1d). While TXTL is a complex cell
extract with the precise osmolarity not known, 1% Tween-20 surfactant in PBS pH
7.4 in the outer aqueous phase resulted in stable DEs. Upon incubation at 30°C for
16 hours, the DEs showed bright fluorescence intensity (1044 + 217; mean + standard
deviation; V = 412) indicating successful transcription and translation of the GFP
protein (Figure 5.1e-f; Figure §5.4). Under identical imaging conditions, a negative
control (no GFP plasmid but only TXTL) showed negligible fluorescence intensity.
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Two-tailed significance test also confirmed significant different between two samples
with p value < 0.001.
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Figure 5.1: On-chip controlled generation of TXTL-compatible double emulsions.

(a) A schematic depicting the two-junction flow-focussing device for high-throughput production of dou-
ble emulsions. The initial flow-focussing junction generates water-in-oil single emulsions, with the inner
aqueous phase depicted in green and the oil phase in yellow. Subsequently, the second junction generates
water-in-oil-in-water double emulsions. The water/oil interface of both the inner aqueous core and outer
aqueous continuous medium are stabilized via surfactants. (b) Demonstration of encapsulation and reten-
tion of small molecules, such as fluoresceine isothiocyanate (FITC), within the double emulsions stored for
24 hours. (c) The size characterization of the generated double emulsions reveals monodisperse confine-
ments, with a diameter measuring 37.6 + 1.8 pm (mean + standard deviation; N = 1875). (d) Schematic
depicting encapsulation of cell-free transcription and translation machinery along with green fluorescent
protein (GFP) encoding plasmids in double emulsions, and the expression of GFP protein upon incubating
at 30°C for over 16 hours. (e) Fluorescent microscopy images showing successful in vitro cell-free expres-
sion and retention of GFP protein within the double emulsions Images acquired post 16 hour incubation
at 30°C. (f) Quantitative analysis of average fluorescence signal intensity in double emulsions encapsulating
GFP plasmids (N = 412) showed significantly higher intensity than in the absence of GFP plasmid (while
retaining cell-free transcription and translation machinery (N = 156) with a p-value < 0.001. Error bars

represent standard deviations among the fluorescence measured in different compartments.
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5.2.2 CRISPR-Cas activity in double emulsions

Robust activity of CRISPR-Cas systems has previously been demonstrated with the
Escherichia coli cell-free extract commonly referred to as transcription and translation
mix (TXTL)*. TXTL drives efficient cell-free expression with the E. coli endogenous
RNA polymerase and sigma-70 (670) factors®. We tested four known 670 promot-
ers driving deGFP expression in the cell-free extract (Figure $5.10). As expected,
we observed detectable but varying protein expression between the 670 promoters,
whereas no deGFP expression was detected when using the T7 promoter (Figure
§5.10). Next, we tested the activity of CRISPR-Cas systems in TXTL. We tried three
different CRISPR nucleases for three different spacers on the deGFP expression cas-
sette: the Type II-A SpCas9 nuclease from Streptococcus pyogenes, the Type 11-C Ther-
moCas9 nuclease from Geobacillus thermodenitrificans T12 and the miniature, Type
V-F AsCas12f] nuclease from Acidobacillus sulfuroxidans (Figure $5.11). All three
nucleases demonstrated robust guided repression of deGFP expression for all tested
target positions (Figure $5.11). In this section, we detail the genotype-to-phenotype
linkage strategy using SpCas9 as a model protein.

In this approach, SpCas9 in presence of targeting sgRNA cleaves the deGFP-encoding
gene resulting in lower amount of deGFP (Figure 5.2a). While in presence of non-
targeting sgRNA, the SpCas9 is unable to find desired site on the deGFP plasmid
hence no nuclease activity occurs (Figure 5.2b). We validated this gene circuit by
monitoring fluorescence intensity in the plate reader. The measurements showed
gradual increase in fluorescence intensity in presence of non-targeting sgRNA (NT)
(Figure 5.2¢), while targeting sgRNA actively inhibited the expression of deGFP. Ad-
ditionally, we tested three different targeting sites (Sp3, Sp6 and Sp9) on the deGFP
encoding plasmid and all of them showed similar deGFP expression profile (Figure
5.2¢). After confirming robust activity of SpCas9 in TXTL in bulk measurements, we
proceeded to compartmentalize the cell-free expression reaction mix for the SpCas9
nuclease in DEs.

Similar to bulk measurements, we observed notably lower fluorescence in compart-
ments engulfing a targeting spacer sequence than in compartments engulfing a
non-targeting (N'T) spacer sequence (Figure 5.2d,e; Figure S5.5). The time required
for gene expression, ribonucleoprotein complex formation and eventually target
interference explains the observed fluorescence (indicating deGFP expression) during
the initial stages of the cell-free expression reaction. This results in lower but yet
detectable levels of fluorescence even in the case of a non-targeting spacer (Figure
5.2d,e; Figure S5.5). Background-corrected fluorescence intensity revealed that the
DEs containing gene circuit with non-targeting sgRNA displayed a signal intensity of
approximately 609 + 111 (V= 66 ) (Figure 5.2¢). In contrast, when targeting guide
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RNA (sgRNA9) was present, the fluorescence intensity measured 339 + 70 (IV = 57).
The two populations were found to be statistically significant (p-value < 0.001, see
Materials and Methods for details). These results demonstrate differentiation between
different sgRNA using this gene circuit.
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Figure 5.2: Guided regulation of protein expression by CRISPR-Cas systems inside double emulsions. (a)
Guided DNA-interference by CRISPR-Cas systems on a deGFP encoding DNA template results in de-
creased fluorescence levels. (b) Schematic representation of the molecular mechanisms behind fluorescence
level alterations due to CRISPR-Cas guided DNA interference. (c) Kinetic measurements of deGFP(uUM)
concentration in presence of 1nM: pP70a_deGFP, 3nM: p]J23108_Cas and 1nM: pJ23119_sgRNA. Three
target sites in the deGFP expression cassette are shown. Circles represent the PAM sequence and straight
lines the spacer sequence. Error bars represent the SD from three repetitions. (d) Microscopy images of dou-
ble emulsions encapsulating cell-free extract supplemented with 1nM: pP70a_deGFE, 3nM: p]J23108_Sp-
Cas9 and 1nM pJ23119_sgRNA 9 or InM pJ23119_sgRNA NT. Images acquired post 16 hour incubation
at 30°C. (e) Quantitative analysis shows that the average fluorescence intensity of GFP in presence of gene
circuit with non-targeting sgRNA (NT) (N = 66) is significantly higher compared to gene circuit consisting
of targeting sgRNA (Sp9) (N = 57) with a p-value <0.001.

Next, we sought to investigate the differentiation between a synthetic variant and
a wild-type variant. (Figure 5.3a). We chose to compare the wild type SpCas9,
wtSpCas9, that requires for 3°-NGG PAM, with the nearly PAM-less SPRYCas9, a
synthetic variant for targeting protospacers with the non-canonical, 3°-YAC, PAM*
(Figure 5.3b). Three protospacers, flanked by the 3’-YAC PAM motif, were tested
in cell-free TXTL reactions supplemented with plasmid vectors encoding either for
wtSpCas9 or SPRYCas9 (Figure 5.3b). Expectedly, wtSpCas9 failed to interfere with
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the non-canonical PAM targets, which resulted in no fluorescence alteration when
compared with a non-targeting spacer (Figure 5.3¢c). On the other hand, SPRYCas9
successfully interfered with the non-canonical PAM
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Figure 5.3: PAM recognition in TXTL.

(a) Guided DNA-interference by CRISPR-Cas systems on a deGFP encoding DNA template results in
decreased fluorescence levels. (b) Schematic representation of the molecular mechanisms behind fluores-
cence level alterations due to PAM-identification by CRISPR-Cas. (c) Kinetics measurements of deGFP
concentration is presence of 1nM: pP70a_deGFP, 3nM: p]J23108_Cas (wtSpCas9 or SPRYCas9) and
InM: pJ23119_sgRNA. Three target sites for non-canonical PAMs in the deGFP expression cassette are
shown. Circles represent the PAM sequence and straight lines the spacer sequence. Error bars represent the
SD from three repetitions. (d) Microscopy photographs of double emulsions encapsulating cell free ex-
tract supplemented with 1nM: pP70a_deGFP, 3nM: p]23108_SpCas9 or pJ23108_SPRYCas9 and 1nM:
pJ23119_sgRNA Sp3 or 1nM: pJ23119_sgRNA NT. Images acquired post 16 hours incubation at 30°C.
(¢) Quantitative analysis shows that the average fluorescence intensity of GFP within double emulsion
droplets showed significantly high fluorescence in case of gene circuit consisting of SpCas9 (N = 197) com-
pared to the gene circuit consisting of SpRYCas9 (N = 359) with a p-value <0.001.

targets, in all three cases and resulted in reduced deGFP concentration (Figure 5.3c).
We the proceeded by creating DEs engulfing either wtSpCas9 or SPRYCas9 along
with the non-canonical PAM targeting spacer Sp3 (Figure 5.3d; Figure $5.6). Verify-
ing our previous observations, compartments that encapsulated SPRYCas9 plasmid
vectors demonstrated significantly lower fluorescence than those engulfing wtSpCas9
plasmid vectors (Figure 5.3d,e; Figure $5.6). Analysing the fluorescent intensities
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in the DEs under identical imaging conditions revealed a signal intensity for SpCas9
around 490 + 91 (N= 197) (Figure 5.3e). The signal intensity for the SpRYCas9
variant was noted to be 269 + 75 (IV = 359) Figure 5.3¢). The two populations were
found to be statistically significant (p-value < 0.001). This concludes the versatile
nature of this gene circuit to link genotype-to-phenotype.

5.2.3 Linking CRISPR-Cas activity to increased deGFP expression in TXTL

Despite the inherent advantages of directly targeting the GFP gene, some notable
concerns persist. The stochastic nature of biomolecule encapsulation DEs introduce a
potential challenge, wherein the failure to encapsulate essential biomolecules in DEs
may affect GFP expression. This circumstance could be misjudged as enzyme-assisted
gene cleavage, leading to a false positive interpretation. Moreover, the irreversible
nature of SpCas9-mediated cleavage of the GFP gene rules out the possibility of
recovering the GFP plasmid.

To surmount this limitation, we investigated an alternative approach by linking the
deGFP expression to SpCas9 through the integration of a repressor. In this novel
gene circuit, deGFP expression is governed by the repressor ¢l protein which binds
to P70a promotor on the deGFP plasmid and thus supresses deGFP protein expres-
sion (Figure 5.4a). Now instead of deGFP, the SpCas9 is directed to target the cl
gene in such a way that in presence of targeting sgRNA, SpCas9 cleaves the ¢l gene,
consequently enabling uninterrupted expression of deGFP and resulting in high
fluorescence (Figure 5.4a,b). In contrast, in the presence of non-targeting sgRNA,
SpCas9 fails to cleavage the cl gene, leading to active cl-based suppression of deGFP,
resulting in the loss of fluorescence (Figure 5.4b). A degradation tag, ssrA was geneti-
cally fused with the ¢l protein so that enough time was provided for the formation
of nucleoprotein complex. Guided repression of the cl-ssrA expression resulted in
higher deGFP concentration for all three tested targeting sites when compared to a
non-targeting sgRNA (Figure 5.4c). We proceeded to compartmentalize the cell-free
extract supplemented with SpCas9 plasmid vectors and the non-targeting sgRNA
or the cl-ssrA targeting spacer (Sp3). As expected, compartments encapsulating the
targeting sgRNA exhibited higher fluorescence than compartments encapsulating the
non-targeting spacer (Figure 5.4d,e; Figure S5.7). Microscopically measuring the
fluorescence intensity of these DEs after 16 hours, under identical conditions, showed
that DEs in presence of NT sgRNA showed an average fluorescent intensity of 105
+ 24 (N = 723). On the contrary, average fluorescence intensity of the droplets in
presence of targeting sgRNA Sp3 was 423 + 119 (N = 921).

Finally, we optimized the repression cascade to increase the fluorescence gain ratio. We
substituted the P70a_promoter which drove cI-ssrA expression with the equal strong
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but constitutively active J23119 promoter (Figure S5.10; Figure S§5.12). Stronger
repression from the J23119_cl-ssrA resulted in higher fluorescence gain when inter-
ference was guided with SpCas9 and a targeting sgRNA (Figure S5.13).
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Figure 5.4: Indirect linkage of CRISPR-Cas activity with increased fluorescence.

(a) Guided DNA-cleavage by CRISPR-Cas systems of the cI_sstA prevents transcriptional repression of
P70a promoter resulting in increased fluorescence levels. (b) Schematic representation of the molecular
mechanisms behind increase in the fluorescence levels due CRISPR-Cas guided DNA interference on
the cI_sstA gene. (c) Kinetics measurements of deGFP concentration is presence of 1nM:pP70a_deGFP,
1nM:pP70a_cl-ssrA, 3nM:pJ23108_Cas and 1nM: pJ23119_sgRNA. Three target sites in the cI_ssrA ex-
pression cassette are shown. Circles represent the PAM sequence and straight lines the spacer sequence.
Error bars represent the SD from three repetitions. (d) Microscopy photographs of double emulsions en-
capsulating cell free extract supplemented with 1nM: pP70a_deGFP, 1nM: pP70a_cl-sstA 3nM: pJ23108_
SpCas9 and 1nM: pJ23119_sgRNA Sp3 or InM: pJ23119_sgRNA NT. Images acquired post 16 hour
incubation at 30°C. (e) Quantitative measurement of the average fluorescence intensity within the double
emulsions showed significantly lower expression of GFP in gene circuit consisting of non- targeting sgRNA

(NT) (N = 723) compared to gene circuit with targeting sgRNA (Sp3) (N = 921) with a p-value <0.001.
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5.2.4 Genotype enrichment from a model droplet population using a
commercial cell sorter

In the previous sections, we showed that in each CRISPR/Cas gene circuit the geno-
type had a significant effect on the phenotype confirmed using both qualitative and
quantitative analysis. But could we retrace the genotype from phenotype? For this we
used the commercially available fluorescence activated cell sorter (FACS). (Since DEs
are larger and more deformable than cells* significant optimization of FACS settings
was required (details in Material and Methods). To show proof-of-principle retrac-
ing of genotype from phenotype, we generated two DE populations encapsulating
cell-free extract supplemented with wtSpCas9 and either (i) a non-targeting spacer
vector or (ii) the targeting spacer (Sp9) vector as shown in Figure 5.2c. Separate
microfluidic chips were used for DE generation to prevent cross contamination of
sgRNAs. Both the emulsions were incubated overnight for the cell-free expression to
take place and were mixed in a 1:1 volume ratio prior analysing using FACS (Figure
5.5a). Size-based analysis of approximately 15000 events (each event corresponds to
a sample passing through the detector) using forward scattering width (FCS-W) and
backward scattering area (BSC-A) (Figure 5.5b) showed that approximately 48%
(N=7318) of the population was in the high FSC-W region (500 < FSC-W < 2000)
and high BSC-A region (10’ < BSC-A < 10). We observed a broad distribution of
fluorescence intensity ranging from 10”to 10°. However, two distinct peaks of higher
(H) and lower (L) fluorescence could be gated and sorted accordingly (Figure 5.5¢).
The double emulsion samples before and after sorting were imaged using fluorescence
microscopy. The pre-sort mixture microscopically showed droplets of varying fluores-
cence intensity visually (Figure 5.5d) and quantitative analysis also showed a broad
distribution of the signal intensities (Figure 5.5¢). Similarly, microscopic examina-
tion of the DE populations post-sorting showed double emulsions in Gate-H having
a relatively higher fluorescence intensity compared to double emulsions in Gate-L
(Figure 5.5d; Figure S5.8). This was further confirmed by analysing the fluorescence
intensity of the recovered DEs. Double emulsions in Gate-H (79 + 21; IV = 248) were
slightly more fluorescent as compared to that for Gate-L (63 + 17; N= 233) with a
significant p-value < 0.001) (Figure 5.5f).

The sorted H and L compartment double emulsions and unsorted mixed model
population were next submitted to PCR for amplification of the sgRNA expression
cassettes. After verification of correct amplicon size, amplicons were cleaned and
concentrated and submitted for sanger sequencing. Subsequent alignment with the
in-silico maps of the sgRNA plasmid vectors revealed spacer genotype enrichment
according to fluorescent intensity (Figure 5.5g), validating retracing of the genotype
from phenotype.
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Figure 5.5: Retracing phenotype to genotype using fluorescence-assisted sorting of double emulsions. (a)
Schematics illustrating the process of fluorescence-assisted sorting of double emulsions (b) Size-based analy-
sis of the mixed double emulsion population. The input sample comprised two distinct double emulsions:
the first with SpCas9, GFP, and targeting sgRNA, and the second with gene circuit SpCas9, GFP, and non-
targeting sgRNA. Approximately 48% (N = 7318) of the total population (N = 15000) exhibited high for-
ward scattering (500 < FSC- W < 2000) and backward scattering (105 < BSC-A < 107). (c) Analysis of the
entire population based on GFP-associated fluorescence intensity revealed two distinct peaks between 103
and 105. Gate-L was designated for the low fluorescence intensity population, while Gate-H was assigned
to the high fluorescence intensity population. (d) Microscopic imaging of the pre- sorting droplet popula-
tion using bright-field and fluorescence channels. Fluorescent images showcase recovered double emulsions
post-sorted in Gate-H and Gate-L. Images acquired post 16 hour incubation at 30°C followed by 4 hour
storage at 25°C (e) Histogram depicting the fluorescence intensity within measured within pre-sorted dou-
ble emulsion droplets ranging between 200 and 800 a.u. (f) Normalized signal intensity measured in the
double emulsion droplets in Gate-H and Gate-L, indicating 79 + 21 (mean + standard deviation : N = 248)
and 63 + 17 (mean + standard deviation : N= 233) respectively, with p-value < 0.001 indicating significant
different between the two populations. (g) Pre-sort: Alignment of sequenced amplicon of pre-sorted sample
vs target spacer 9 sequence. Gate L: Alignment of sequenced amplicon of Gate L sorted sample versus target
spacer 9 sequence. Gate H: Alignment of sequenced amplicon of Gate H sorted sample versus target spacer
9 sequence. The sorted and recovered and double emulsion droplets showed sgRNA genes corresponding

to targeting and non-targeting population in Gate-L and Gate-H respectively.
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5.3 CONCLUSION

The demand for precision genome editing is important particularly in the field of
gene therapy, requiring efficient and accurate CRISPR/Cas editing systems. While
directed evolution is an important tool to engineer proteins the traditional use of cells
to evolve protein often fails due to varied gene expression levels, loss of gene in the
iteration process, transformation bottleneck, and gene toxicity. In this chapter, we
aimed to tackle this problem by using synthetic confinements along with cell-free ex-
tract to express the CRISPR/Cas system and link the enzymatic activity to fluorescent
GFP. We developed an on-chip microfluidic device to generate water-in-oil-in-water
double emulsions, serving as artificial cell-like confinements. Owing to the two junc-
tion flow-focus design, the double emulsions generation is a single-step process while
maintaining its encapsulation efficiency, along with high production rate (up to 500

Hz).

To establish genotype-to-phenotype link we used fluorescence-based assay, present-
ing two distinct strategies connecting CRISPR/Cas system to regulate GFP protein
expression. In the direct approach, Cas9 targeted and cleaved GFP encoding gene,
leading to reduced GFP production and thus resulting in lower fluorescence of double
emulsion. This strategy is versatile, and we demonstrated screening of both sgRNA
and different variant of Cas9-like SpRYCas9. On the contrary, the indirect approach
involved introducing a repressor to inhibit GFP production, with Cas9 targeting the
repressor. Correct sgRNA enabled Cas9 to cleave the repressor, facilitating uninter-
rupted GFP expression and resulting in increased fluorescence of the double emul-
sion droplets. We believe these strategies hold potential in evolving new variants of

CRISPR/Cas system with higher specificity and activity.

The chapter further demonstrated the fluorescence-based screening of double emul-
sions using commercially available FACS. By creating a model population with
distinct double emulsions containing either targeting or non-targeting sgRNA, we
successfully sorted double emulsions based on varying fluorescence intensity, from
low to high. The genotype corresponding to each phenotype was accurately retraced.
In conclusion, this chapter outlines a straightforward procedure for creating artificial
cell-like confinement through on-chip microfluidics, details methodologies linking
CRISPR/Cas9 activity to GFP production, and illustrates fluorescence-based sorting
of double emulsions.
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5.4 MATERIALS AND METHODS

5.4.I Microfluidic chip fabrication.

The master wafer was prepared using previously described UV lithography® and the
protocol was adjusted at attain for channel height of 20 pm. as described in previous
study. To prepare the microfluidic devices, polydimethylsiloxane (PDMS; SYLGAR-
D™184 elastomer) and curing agent were mixed in 10:1 weight ratio. The mixture
was poured on the master, degassed using vacuum desiccator and baked at 70°C for
4 hours. The hardened PDMS block was carefully removed and inlet and exit holes
were punched using a biopsy punch of 1.2 mm diameter (PT-T983-05, Darwin
Microfluidics). The PDMS block was then bonded to PDMS-coated glass slide (1mm
thickness, Corning 2947-75x25) and incubated at 80°C for 2 hours. To produce
water-in-oil-in-water DEs the outer aqueous and exit channels were passivated by
flowing 5 % w/v polyvinylalcohol (Sigma-Aldrich P8136) solution making these
channels hydrophilic. The device is then baked at 120 °C for 15 minutes and stored
at room temperature in a dry place. The device was rested for at least 12 hours before
using to generate double emulsion. To flow the fluid through the microfluidic channel
PTFE tubing (LVF-KTU-15, Darwin microfluidic) was connected to microfluidic
reservoir XS (LVE-KPT-4XS, Darwin microfluidics). The fluid flow was controlled
using pressure controller OBK1 Mk3+ (Elveflow).

5.4.2 Fluid Composition.

The inner aqueous consisted of 1 nM of deGFP encoding plasmid, 1 nM of spacer
guide RNA encoding plasmid, 3 nM of Cas encoding plasmid, and TXTL mixture
according to manufacturer's protocol. The oil phase consisted of HFE-7500 with 2%
w/w Floursurf-C (EU-FSC-V10-2%-HFE7500, Darwin microfluidics). The outer
aqueous consisted of PBS pH7.4 with 1% Tween-20.

5.4.3 Microscopic visualization of droplets.

All the microscopic images were acquired using Nikon-Ti2-Eclipse inverted fluo-
rescence microscope equipped with pE-300ultra illumination system. The droplets
were visualized using Nikon CFI Plan Fluor 10x Objective. The fluorescence of green
fluorescence protein was observed using 482/35 nm excitation filter, 505 nm dichroic
mirror and the emitted light was collected through 536/40 nm emission filter (Sem-
rock). The bright field images were captured at 10 ms exposure while the fluorescent
images were captured by varying the exposure between 0.2-1 s using a Prime BSI
Express sSCMOS camera.
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5.4.4 Image analysis.

All the fluorescence intensity of GFP within the droplets were analyzed using Fiji
Image 1.5.2. For each experiment the images were acquired at identical conditions
and stacked together prior adjusting the brightness and contrast. For analysis, the
background-corrected signal intensity was used which is calculated as the difference
between the fluorescence intensity within the double emulsions and the background
intensity (fluorescence signal intensity outside the DEs).

5.4.5 Statistical analysis.

The background-corrected fluorescence intensities difference between two distinct
double emulsion populations was determined using a two-tailed significance test
indicated.

5.4.6 Fluorescence assisted cell sorting.

Prior to sorting, the double emulsions were diluted in 1:5 v/v ratio in PBS. The
fluorescence-based sorting was performed using Sony sorter SH800 (Sony Biotech-
nologies) using a 130 pm sorting chip. The sorting conditions were optimized accord-
ing to previously described study ** along with manufacturer’s manual.

5.4.7 deGFP Purification and fluorescence-intensity standard curve.

deGFP gene was fused with a C-terminal 6x His-tag in a pET28b vector. The pET28b-
deGFP vector was transformed into chemical competent E. coli BL21 (DE3) cells®.
A single colony of cells was inoculated into LB-media until ODgo approximately
0.5. Recombinant deGFP expression was induced by 0.5 mM IPTG, over 16 hours
at 20 C. Cell pellet was resuspended in binding and wash buffer (50 mM NaH,PO,
300 mM NaCl, 20 mM imidazole, pH = 8.0), complemented with protease inhibi-
tors (Roche complete, EDTA-free Protease Inhibitor Cocktail). Cells were lysed by a
Q500 Sonicator, at 30% power through consecutive run and pause rounds of 1 s and
2 s, respectively, over 15 minutes. Cell lysate was filtered using 0.22 pm filters and
applied to a Histrap HP (GE Lifesciences) nickel column. After sample application,
the column was washed with 5x column volumes of binding and wash buffer. The
bound protein was eluted with elution buffer (50 mM NaH,POy, 300 mM NaCl, 500
mM imidazole, pH = 8.0) and a fraction of 1ml was collected and analysed by SDS-
PAGE gel electrophoresis. Fractions were pulled together and dialyzed in 500 mL
buffer of 20 mM Tris-HCL, pH = 8.0, overnight at 4C using a dialysis tube (Sigma
Aldrich #D0505-100FT). The dialyzed protein solution was used for anion exchange
chromatography using HiTrap Q HP column. Bound protein was eluted into 1 mL
fractions by applying a gradient of elution buffer (20 mM Tris-HCL, NaCl 1M, pH =
8.0) up to 50%. Eluted fractions were analysed in SDS-PAGE gel and pulled together
accordingly (Figure $5.9a). deGFP protein was quantified at 280 nm (Ext. coef-
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ficient = 20525 M'cm™, MW:26.454 kDa) with three technical replicates. deGFP
protein was diluted accordingly in PBS 1X and fluorescence intensity was measured in
a biotek synergy Neo2 plate reader at excitation and emission of 485 nm and 528 nm
respectively, and a standard curve was prepared as shown in Figure §5.9b.

5.4.8 Fluorescence kinetic measurements in TXTL

Cell-free TXTL extract was provided under the commercial name myTXTL Sigma
70 Master Mix Kit by Arbor Biosciences. myTXTL reactions were assembled ac-
cording to manufacturer’s instructions and as described previously™’. Plasmid vectors
were purified using the Zymoclean midiprep kit (#D4200) and further cleaned and
concentrated using Zymoclean Clean and Concentrator (#D4013) according to
manufacturer’s instructions. In short, pCas was used at 3 nM, pTarget at 1 nM and
pQUIDE at 1 nM. When expression was driven by linear templates, GamS$ protein
(ArborBiosciences #501024) was added at 10 uM.

Each 12 pL reaction was split in two wells of a PP, V-bottom plate 96 well plate
(greiner BIO-ONE, 651201) for two technical replicates (5.5 pL per replicate). Fluo-
rescence (Ex = 485 nm, Em = 528 nm) was monitored on a biotek synergy Neo2 plate
reader for 16 hours at 30°C with point measurements being taken every 3 minutes.
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5.7 SUPPLEMENTARY FIGURES

Figure S5.1: Dimensions of the two-junction microfluidic device used for production of
double emulsions.

Junction 1 consists of horizontal inner aqueous channel (40 pm width) intercepted by perpendicular oil
channels (40 pm width each) resulting in a loop of slightly larger opening of 50 pm width designed to hold
single emulsions. Junction 2 consists of single emulsion containing horizontal loop (50 pm) intercepted by
perpendicular outer aqueous channels (60 pm) leading to cone shaped exit channel. All the channels are

approximately 20 pm in height.
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Figure S5.2: Surface functionalization of the microfluidic device.

(a) Schematic depicting the hydrophobic channels (grey) and hydrophilic channel (blue) post surface func-
tionalization. (b) To make the device post junction 2 hydrophilic, 5% w/v polyvinyl alcohol (PVA) solution
is flown through the outer aqueous channel and exiting via the exit channel. Positive air pressure is main-

tained in the inner aqueous and oil channels to prevent the back flow of PVA in the loop.
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Figure S5.3: Microfluidic production of double emulsion.

(a) Production of water-in-oil- in-water single emulsion at Junction 1 formed by flowing FITC-containing
PBS through the surfactant-containing oil phase. The formed single emulsion travels to the second junction
via the loop. (b) Production of water-in-oil-in-water double emulsion by pinching- off the single emulsion

by perpendicular current of surfactant-containing aqueous phase.

Figure S5.4: Cell-free expression of deGFP in double emulsions.

Double emulsions encapsulating deGFP encoding plasmid along with TXTL mixture. Merged image of
bright-field and fluorescence channels showing expression of deGFP within the double
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a Non-targeting sgRNA (NT)

Figure S5.5: Double emulsions consisting of CRISPR-Cas9 gene circuit which directly tar-
gets deGFP encoding plasmid.

(a) Microscopic images of double emulsions in bright-field, and bright-field and fluorescence merged chan-
nels showing SpCas9- linked deGFP expression in presence of (a) Non-targeting sgRNA (NT) and (b)
deGFP repression in presence of targeting sgRNA9.
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a SpCas9/Sp3

b SpRYCas9/Sp3

Figure S5.6: Double emulsions consisting of CRISPR-Cas9 encoding gene circuit in pres-
ence of targeting sgRNA.

(a) Microscopic images of double emulsions in bright- field and bright-field and fluorescence merged chan-
nels showing SpCas9-linked deGFP repression in presence of targeting sgRNA (Sp3). (b) Bright-field and
bright-field and fluorescent merged images of gene circuit encoding SpRYCas9 along with targeting sgRNA
(Sp3) repressing deGFP.
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a2  Non-targeting sgRNA (NT)

b Targeting sgRNA (Sp3)

Figure S5.7: Double emulsions consisting of CRISPR-Cas9 gene circuits along with deGFP,
cl-ssrA gene, and sgRNA construct.

(a) In presence of non-targeting sgRNA (NT), the microscopic images of double emulsions in bright-field
and bright-field and fluorescence merged channel showed repression of deGFP modulated via SpCas9-
linked expression of cl-sstA. (b) In presence of targeting sgRNA (Sp3), the SpCas9 complex inhibited cl-
sstA repressor allowing uninterrupted expression of deGFP.
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a Gate-H

b GateL

Figure $5.8: FACS-based sorting of mixed double emulsion population consisting of CRISPR-Cas9 gene
circuit along with deGFP-encoding plasmid and either targeting or non-targeting sgRNA. Microscopic
images of double emulsions in bright-field and merged channels post-sorting in (a) Gate-H and (b) Gate-L.
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Figure S5.9: deGFP purification and calibration curves.

a) SDS-PAGE gel loaded with 9.5 pg protein enriched for deGFP-his. Lane 2 was chosen for regression
analysis. b) Fluorescence-based standard curve of deGFP.

MICROFLUIDICS-BASED SCREENING OF CRISPR ACTIVITY 165



Figure S5.10: Varying promoter strength in TXTL.
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(a) Gene transcription in TXTL is driven only by the E. coli endogenous 70 factor. (b) Kinetics measure-
ments of deGFP concentration in presence of 1nM: pP70_deGFP or 1nM: pT7_deGFP as negative con-

trol. Error bars represent the SD from three repetitions.
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Figure S5.11: Guided regulation of protein expression by CRISPR-Cas systems in TXTL.

(a) Guided DNA-cleavage by CRISPR-Cas systems prevents protein expression due to DNA- degrada-
tion. (b) Kinetics measurements of deGFP(uM) concentration is presence of 1nM: pP70a_deGFP, 3nM:
pJ23108_Cas and 1nM: pJ23119_sgRNA. Target sites for three different CRISPR-Cas systems in the de-
GFP expression cassette were designed. Circles represent the PAM sequence and straight lines the spacer
sequence. (c) Kinetics measurements of deGFP(UM) concentration is presence of 1nM: pP70a_deGFP,
3nM: pJ23108_Cas12fand 1nM: pJ23119_sgRNA. (d) Kinetics measurements of deGFP(uM) concentra-
tion is presence of 1nM: pP70a_deGFP, 3nM: pJ23108_ThermoCas9 and 1nM: pJ23119_sgRNA. Error

bars represent the SD from three repetitions.
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Figure 5S.12: Promoter negative regulation in TXTL.

1
18

cI protein dimers bind to the operator sites of the P70a promoter and obstruct interaction with 670 factors

thus preventing transcription. B) Kinetics measurements of deGFP(uM) concentration in presence of 1nM:
pP70a_deGFP and 1nM: pP70a_cI-ssrA or 1nM: pJ23119_clI-sstA. Error bars represent the SD from three

repetitions.
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Figure §5.13: Repression cascade of protein expression only based on CRISPR-Cas systems results in high-

er fluorescence-gain ratio. A) Guided DNA-cleavage by CRISPR-Cas systems of the cI_ssrA preventing

transcriptional repression of P70a promoter and target sites of SpCas9 in the cI_sstA genes. B) Kinetics
measurements of deGFP concentration is presence of 1nM:pP70a_deGFE 3nM: pJ23108_SpCas9 and
1nM:pJ23119_sgRNA. Error bars represent the SD from three repetitions.
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Chapter 6

General Discussion




In this thesis, we initially discussed our approach to designing a synthetic cell by lever-
aging the potential of biomolecular condensates. Furthermore, we explored on-chip
microfluidic technology to create cell-sized confinements with high encapsulation
capacity. On-chip technology has a wide range of applications, and in this thesis,
we presented two distinct examples that highlight its role in both understanding
fundamentals of complex biological phenomena and its application in biotechnol-
ogy. Firstly, we demonstrated an on-chip production of monodispersed liposomes
and encapsulated synthetic bioinspired polymers along with natural biomolecules.
We then demonstrated pH-induced activation of membraneless confinements within
these liposomes, taking one more step closer towards building a synthetic cell. We
further developed and fabricated microfluidic devices to generate water-in-oil-in-
water double emulsions in a high-throughput fashion. By encapsulating complex gene
circuits along with cell-free transcription and translation machinery, we showcased
Cas9 (a nuclease enzyme)-regulated expression and suppression of green fluorescent
protein, establishing a connection between the functionality of enzyme to fluores-
cence emission. In addition to this, we also improved our understanding of how
protein-rich condensates can potentially assist the process of tick clinging on the host.
Using a model glycine-rich protein from tick saliva, we systematically discussed the
physiological conditions as well as the role of specific amino acids leading to phase
separation. In this final chapter, we summarise the recent advancement in synthetic
cells, with a particular focus from the point-of-view of biomolecular condensates.
We discuss advantages of on-chip techniques for confinement creation together with
technological limitations and further ideas for improvements. In the final section,
we highlight some of our important findings on the role of biomolecular condensate
in tick-host interaction and discuss strategies to enhance our understanding of the
underlying mechanism. Finally, we conclude by providing an aerial view on applica-
tions of biomolecular condensates.

6.I CONTRIBUTION OF THIS THESIS TOWARDS
DEVELOPING SYNTHETIC CELLS AND UNDERSTANDING
BIOMOLECULAR CONDENSATES.

We are still at the initial stages of the monumental and exciting prospect of building
autonomous, functional synthetic cells. Out of the numerous functional modules
that synthetic biologists are seeking to build in a bottom-up manner, this thesis has
focused, in general, on the shaping and structuring of synthetic cells and with specific
emphasis on creating membrane-bound and membraneless confinements. Looking
back at the thesis, we contributed in multiple ways towards designing of synthetic cell.
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1)

2)

3)

4)

Building a synthetic cell requires confining biomolecules to conduct biochemical
reactions. In Chapter 2, we successfully demonstrated development of biomolecu-
lar condensates to form a proteinaceous confinement which we named as actino-
somes. Some salient features of actinosomes include micron-sized confinement,
ease of production, efficient encapsulation and retention of biomolecules, pore
size of 5 nm and capability to perform complex biochemical reactions like protein
expression.

In Chapter 3, we discussed a detailed protocol explaining microfluidics-based
Octanol-assisted Liposome Assembly (OLA) to generate liposomes. The lipid
bilayer of liposomes makes them resemble the cellular membrane in its minimal
form and its semipermeable nature enables diffusion of smaller molecules across
the membrane. By encapsulating condensate-forming synthetic material (like
poly-L-lysine and adenosine triphosphate), we demonstrated that external addi-
tion of buffer initiates the process of liquid-liquid phase separation (LLPS) inside
the liposome.

Liposomes serve as an excellent cell-mimicking confinement, especially to un-
derstand the role of membrane-interacting biomolecules. Nonetheless, they are
fragile and difhicult to handle, thus limiting their application. On the contrary,
double emulsions are robust and can serve as an equally capable confinement to
perform complex biochemical assays. In Chapter 5, we developed an on-chip
high-throughput platform to generate double emulsions (production rate of 500
Hz). We used them as iz vizro confinements to express complex gene circuits us-
ing cell-free transcription and translation machinery. We subsequently linked the
enzymatic activity of Cas9 protein (a DNA cleaving enzyme) to the expression of
green fluorescent protein (GFP), serving as a crucial link to bring about protein
evolution. Using cell sorter, we also separated double emulsions based on the
amount of GFP produced.

Exploring our curiosity to understand disordered proteins, in Chapter 4, we
characterized glycine-rich proteins from ticks and determined the physiological
conditions together with amino acids compositions that promote liquid-liquid
phase separation behavior in these proteins. Our experiments showed the liquid-
like nature of phase separated droplets and the transition into a gel-like state upon
aging. These findings are the first report that highlight a possible mechanism on
how ticks adhere to their host.

6.1.I Our approach towards shaping synthetic cells.

It is difficult to precisely define a synthetic cell in a single sentence, however, one can

agree that a synthetic cell is a broad idea to create a man-made mimicry of a biological

cell. The bottom-up on-chip approach can immensely help in addressing complex

biological phenomena, acknowledging the fact that the concept of a synthetic cell in
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itself is inherently subjective. For instance, a molecular biologist, who employs cells to
produce proteins would view synthetic cells as protein-producing factories. A medical
practitioner would interpret a synthetic cell as an entity to deliver therapeutic mol-
ecules and possibly replace defective cells in the human body with better functional
ones. A biophysicist, interested in understanding life, may envision a synthetic cell
to be a minimal entity that has the capability to self-replicate its components and
eventually divide, thus completing the circle of life.

In this thesis, we have illustrated different methods to confine biomolecules in a
micron-sized space and subsequently demonstrated a cascade of complex biochemical
reactions within these confinements. This being shown, we can take inspiration from
living cells to build an autonomous, self-dividing entity. Broadly, cellular division
has two main segments, duplication of the genetic material followed by division to
create daughter cells. During this process, the membrane also undergoes essential
morphological changes reorganizing cellular content’. Prior to cell division, the
membrane deforms giving rise to a dumbbell-shaped structure segregating cellular
contents in these lobes. Furthermore, various cell types perform different functions,
and these functions directly result from the characteristics of their membrane. While
neuron cells are long and designed to transmit signals, intestinal cell membranes have
microvilli to absorb nutrients. These examples suggest that structuring membranes is
an important consideration for building a synthetic cell. 7z vitro studies have manipu-
lated liposomes and demonstrated replication of genetic material’, lipid synthesis®,
growth of membrane’ as well as mechanical division of liposomes®. The bottleneck is
to combine all these modules in a single unit to achieve an autonomous self-dividing
entity. This gap could possibly be reduced by further reorganizing the membrane,
particularly by inducing membrane deformations. One way to achieve this could be
the use of multiple biomolecular assemblies. Using biomolecular condensates can
spatiotemporally organize the cellular environment by regulating cellular kinetics
and localizing proteins by sequestering them. Secondly, cytoskeleton proteins like
actin and myosin motors could actively deform the membrane by exerting mechanical
force. Directing biomolecular condensates to the membrane along with the collective

effort of cytoskeleton could potentially bring morphological changes in liposomes
(Figure 6.1).

The recent discovery of biomolecular condensates has opened up new directions
toward achieving and guiding cellular organization. Previous reports, as discussed in
Chapter 1, suggest that biomolecular condensates have a direct effect on the cytoskel-
etal self-assembly within the cellular interior and at the membrane. In corroboration,
our findings in in Chapter 2 also provide further evidence that biomolecular con-
densates can spatiotemporally localize the actin cytoskeleton at the interface. Recent
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study demonstrated phosphorylated membrane proteins LAT (linker for activation
of T cell) along with binding partners undergo phase separation and actively recruit
Arp2/3 actin protein and induce polymerization’. Since it is difficult to always use
naturally occurring protein-based biomolecular condensates, various synthetic models
inspired from biopolymers have been developed. Complex coacervates are frequently
used models for synthetic biomolecular condensates made using negatively charged
nucleoside triphosphate/RNA along with positively charged polylysine/polyarginine®.
Unlike multiple components required for complex coacervation, elastin-like-polypep-
tide (ELP) can undergo simple phase separation triggered via pH, temperature and
salt’. Additionally, recent reports have provided extensive temperature responsive'
and pH-responsive'' ELP libraries.

The surface-active nature of biomolecular condensates allows them to actively interact
with the lipid membrane of liposomes > '* ™. Thus, condensates can be used as a
sticky material to localize proteins at the membrane. It is important to note that
lipid-lipid phase separation of membrane lipids is a different phenomenon which can
spatially segregate molecules at the membrane along with creating an asymmetry in
the membrane itself'> '°. Condensates can localize at membrane while maintaining

lipid homogeneity.
Lipid bilayer
Membrane
) /F:rce
Condensate
/Force
Actin
Myosin
Cytoskeleton
Figure 6.1:

Schematic depicting in vitro reconstituted minimal system to understand cellular morphogenesis via the
interplay between cytoskeleton (actomyosin cortex), condensates (synthetic coacervates) and membrane

(composed of lipid bilayer).
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Additionally, the dominant surface forces in condensates can also contribute to mem-
brane morphogenesis'’. The material and mechanical properties of condensates are
hidden in their viscoelastic behavior and interfacial interactions, which can lead to a
net mechanical output on the surrounding components. A recent study demonstrated
that external addition of biomolecular condensates composed of synthetic charged
polymers led to active interaction with the outer leaflet of the lipid bilayer, resulting
in membrane deformations in liposomes'®. These charged biomolecular condensates
could also penetrate the lipid bilayer of the liposome'. Additionally, naturally oc-
curring biomolecular condensates like glycinin condensates also bring morphological
deformations in vesicles™. These reports suggest that biomolecular condensates could
thus themselves perform mechanical work on soft interfaces. Livings cells are ex-
tremely crowded in nature, and even in such crowded environment, cells are capable
of segregating biochemical reactions in different regions. Thus, taking into account
the effect of a crowded environment is crucial in building a synthetic cell. While the
use of molecular crowders can mimic the viscous environment of the cell, creating
sub-compartments within such environment remains unexplored. Synthetic biomo-
lecular condensates serve as an excellent model system to create sub-compartments
within liposomes. One slight drawback of using biomolecular condensates is their
natural tendency to coalesce which eventually leads them to sink at the bottom of
the liposome. Regulating their coalescence behavior would help to further assist the
spatial organization within liposomes. But how do we achieve this? One strategy could
be to use segregative phase separation to spatially organize biomolecular condensates.
A simple example of segregative phase separation is that of polyethylene glycol (PEG)
and dextran, which under certain concentrations segregate to form two distinct
phases, a PEG-rich phase and a dextran-rich phase (Figure 6.2a). A preliminary study
showed that a phase separated dextran phase localized at the membrane of liposomes
led to budding-like membrane deformations (Figure 6.2b)'. Employing this strategy
could assist in both spatiotemporal regulation of condensates together with controlled
membrane deformation.

In the rapidly changing interdisciplinary field of synthetic biology, newer methodolo-

22 and DNA nanotechnology™, are playing increasingly im-

gies, like microfluidics
portant roles. The encapsulation efficiency and overall control over vesicle production
can be significantly improved using newly developed microfluidic techniques™ *. At
the same time, tuning of key physical parameters proves highly beneficial to moderate
shape changes in vesicles. One of the most important parameters seems to be the
membrane tension which can be easily controlled externally by the addition of buffer.
For instance, addition of hypertonic buffer (higher concentration of solute) drives

efflux of water from the vesicle reducing the membrane tension, resulting in a floppy
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membrane. This greatly facilitates membrane deformation by cytoskeletal forces, and
we expect to see extensive use of this strategy in the future.

002008

Dextran %

b

Figure 6.2: Segregative phase separation-induced morphological change.

(a) Schematic depicting membrane (blue) deformations induced via segregative phase separation of poly-
ethylene glycol (grey) and dextran (yellow)within a liposome. (b) Time-lapse showing membrane (magenta)
deformations induced via phase separated dextran-rich droplet (green). Scale bar, 10 pm. Figure adapted
from WU Su et. al'.

Research in shaping synthetic cells could be a stepping-stone towards the develop-
ment of emerging materials for biotechnological applications. One such application
could be for the development of synthetic tissue, where the cytoskeleton along with
biomolecular condensates could organize multicellular systems. Additionally, tuning
the physicochemical parameters could further impact material properties and thus
help in designing specific synthetic tissues. The versatile nature of the minimalist
bottom-up approach could further extend its application in therapeutics, diagnostics
and developing novel vaccine platforms.

6.1.2 Advantage of using on-chip technology in synthetic cell research.

Bulk techniques to create confinements are particularly popular among scientists, ow-
ing to their technical simplicity. This comes at the expense of compromised encapsula-
tion, varying confinement size, lack of experimental control which eventually affects
experimental reproducibility. These drawbacks can be resolved by using an on-chip
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microfluidic platform. In Chapter 3 and Chapter 5, we showed a glimpse of how
a microfluidic-based approach can have higher control over confinement creation.
Other salient features like high-throughput production, monodispersity, and efficient
encapsulation results in increased reproducibility of the assay. These are vital assets for
both fundamental understanding of biological phenomena and in biotechnological
applications.

6.1.3 Limitations and improvements in on-chip microfluidic technology.

Through our research in this thesis, we have realized that the bottleneck of PDMS-
based microfluidics setup, especially in the context of generating vesicles, is the surface
functionalization of microfluidic channels. Prior to the generation of double emulsions
or liposomes, the microfluidic channels need to undergo surface passivation, so that
the microfluidic channels for generation of water-in-oil emulsions are hydrophobic
whereas channels for water-in-oil-in-water double emulsions are hydrophilic. Failure
to achieve such a hybrid device immensely impacts the process of vesicle production.
In this thesis, we used polyvinyl alcohol to hydrophilize the channels. While this pro-
cess is technically challenging, further simplification of this process would immensely
increase the assay reproducibility along with saving user’s time.

a b
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Figure 6.3: Microscopic image of microfluidic traps for double emulsions.

(a) Bright field image of U-shaped traps holding double-emulsions. (b) Fluorescent image showing encap-
sulation of fluorescently labelled elastin-like-polypeptides within double emulsions. (c) Merged image of

bright-field and fluorescence images.

Water-in-oil-in-water double emulsions are robust in nature allowing both recovery
and long-term storage. However, long-term continuous observation of double emul-
sions under a microscope using mere a glass slide is difficult particularly due to flow
induced by sample evaporation. A simple practical solution would be to fabricate a

180 CHAPTER 6



microfluidic chamber consisting of a U-shaped barrier that could trap and hold these
double emulsions as shown in (Figure 6.3a) Additionally, these traps are treated with
polyvinyl alcohol to prevent bursting of double emulsions. Retention of biomolecules
(uorescent protein in this case) within double emulsions as shown in (Figure 6.3bc)
confirms this. This setup could be further used to manipulate double emulsions by

flowing buffers of different kinds.

Unlike double emulsions, the fragile nature of liposomes already makes them difficult
to recover and store. Despite the advantages of using OLA to generate liposomes,
external manipulation is performed at the exit hole. This setup has one major disad-
vantage that addition of even a small volume of liquid creates enough flow for lipo-
somes to move out of focus, hindering the image acquisition process. Furthermore,
recovering liposomes out of the chip is also a tedious process. These drawbacks urge
an upgrade of the existing OLA design with a sophisticated collection chamber which
could further ease the imaging of liposomes.

6.2 ADVANTAGE OF ON-CHIP PROTEIN EVOLUTION.

Traditionally speaking, bacterial cells are a popular choice for protein engineering.
But, factors like the risk of antibiotic resistance, rejection of genes, and cellular toxic-
ity often limit its usage. Despite cells being easy to handle, the phenotypic cell-to-cell
variability also hampers the reproducibility of the assay. The use of synthetic emulsion-
based confinements along with cell-free expression systems outweigh these drawbacks.
Bulk techniques to generate emulsions are undesired due to confinement size variation
and low encapsulation efficiency. On-chip microfluidic technology overcomes these
limitations owing to its features like high-throughput, uniform size distribution and
ease of manipulation, thus benefiting protein evolution assays.

6.2.1 Overcoming on-chip limitations for protein evolution.

While microfluidics in its true sense is an engineering field, its increasing application in
facilitating life-science research is capturing the attention among the community™* .
One obvious and major disadvantage of the current state of microfluidic technol-
ogy is its restriction to specialized laboratories and the need of specialized personnel.
Decentralization of on-chip technology to make it easily accessible to users will boost
the process of protein evolution. One such example is that of paper-based microfluidic
(a sub-division of microfluidics to understand fluid flow in porous materials) which
have led to the development of lateral flow assays. This technology is now widely
used in developing rapid, low-cost sensing of molecules®® including development of

diagnostic tests like hormone-based pregnancy® and antibody-based COVID-19
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tests”’. Similarly, standardization and commercialization of microfluidic setups by
building a user-friendly economic microfluidic emulsion generation would provide
higher accessibility to non-specialized users and positively impact assay consistency.

Fluorescence-based retracing of a desired phenotype to its genetic origin (phenotype-
to-genotype) is a commonly used strategy in double emulsions. Due to commercially
available fluorescence-activated cell sorters (FACS), fluorescence-based assays have
become the norm for sorting double emulsions. Nevertheless, the system is primarily
designed for cell sorting. Using FACS to sort double emulsions requires additional
optimization and yet it often results in a lower yield of recovered double emulsions.
Simplifying the sophisticated FACS and its upgrading to optimize the sorting of
double emulsions will streamline the downstream processing. Since it is not possible
to always use a fluorescence-based screening method, the need to further explore and
develop fluorescence-free screening techniques such as on-chip absorbance-assisted
droplet sorting is of prime importance’.

6.2.2 Unresolved queries in in vitro protein evolution

Currently, the genotype-to-phenotype linkage confers a strict rule of a single gene per
confinement. Assuming a Poisson distribution, this implies that the majority of the
containers are left empty, leading to a wastage of precious resources. One option could
be to aim for multiple genes per droplet (in the order of 10 to 100) which reduces
wastage, while being aware that this might come at the cost of performing multiple
iterations. Additionally, a single copy of gene is often insufficient to bring about the
desired genotype-to-phenotype linkage. Clonal amplification of genes within an
emulsion by using droplet polymerase chain reaction will positively benefit the assay.

Secondly, the cycle of laboratory evolution is a multistep process, with each step
requiring a specialized equipment. This also requires extensive human intervention
and skilled personnel limiting its usage to a few laboratories. Can this process be
standardized and made more accessible? An idea would be to make next generation
chips with integrated modules like emulsion generation, droplet incubation chamber,
and sorting module. Further integrating high-throughput and accurate sequencing
modules like nanopore sequencing’ will truly make directed evolution a single step
sample-in-result-out technique. Apart from currently preferred confinements (single
emulsions, double emulsions, and liposomes), other synthetic confinements like
polymersomes and actinosomes could perhaps also be useful for laboratory evolution.
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6.3. IMPACT OF TICKS ON GLOBAL HEALTHCARE.

Vector-borne diseases are increasing globally, accounting for around 17% of all in-
fectious diseases. Additionally, global warming extend favorable seasons for vector
breading and thus extend the disease transmission period. Mosquitoes are the source
of most vector-borne diseases, and a recent survey reported that an additional 4.7 bil-
lion people may be at the risk of malaria and dengue by 2070, Similarly, tick-borne
diseases like Lyme disease and tick-borne encephalitis are caused by transmitting bac-
teria of Borrelia species and tick-borne encephalitic virus, respectively34’ % Similar to
mosquito borne diseases, tick-borne Lyme disease is also a growing burden on public
healthcare®. In corroboration to this, the national survey of the Netherlands showed
a 4-fold increase in the cases of Lyme disease from the year 1994 to 2021 (Figure
6.4). While the prevalence of Lyme disease increases everywhere in the Netherlands,
the northeastern provinces of Drenthe and Groningen seem to be particularly affected
compared to other western and southern provinces. Although the exact reason of
this rise remains unknown, these data urge the need to understand the fundamental
process of tick-host interaction. This will assist in implementing appropriate measures
to manage and prevent the spread of tick-borne diseases. In Chapter 4, we reported
our findings on tick-host interactions and the following section discusses a roadmap
for future investigations.
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Figure 6.4:

Epidemiological survey reporting number of cases (per 100000 people) with erythema migrans, an early

symptoms of Lyme disease. (Image source from tekenradar.nl RIVM)

6.3.I Future landscape of biomolecular condensate investigations in ticks

Protein phase separation is gaining interest in biology owing to its diverse role in
regulating cellular functions. On the other hand, research exploring its role apart from
cellular regulation has just began. In this thesis, we characterized the LLPS behavior of
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intrinsically disordered glycine-rich protein (hereby referred to as GRP77), a secretory
protein in tick saliva highlighting its role in host adhesion. Since glycine-rich proteins
form one of the largest family of proteins found in tick saliva, we used GRP77 as a
model protein. We are aware that this does not accurately resemble the complex tick
salivary composition. While using tick saliva seems to be a reasonable approach, the
complication to extract tick-saliva along with sample-to-sample variability makes this
an unviable approach. A good compromise would be to gradually increase the com-
plexity like investigating different GRPs from the large family. One particular protein
of interest would be 64D, especially due to its tendency to elicit an immune response in
the host. Reports suggest that administration of a host with recombinant 64P is highly
effective against adult ticks and the anti-64P antibodies target the tick-feeding site
impairing attachment and also cross react with the tick midgut”’. Future investigation
combining GRP77 and 64P will offer new insights in tick adhesion and may lead
to a potential solution in developing an efficient anti-tick vaccine strategy. We also
showed that physical parameters like salt highly affect the process of GRP77 LLPS; at
the same time, other physiological factors like temperature and pH could also affect
this process. Interestingly, the N-terminus of GRP77 is concentrated with charged
amino acids like glutamic acid, aspartic acid and lysine whereas basic amino acids
like arginine are interspersed in the C-terminus. This distribution of charged amino
acids also urges the need to explore the effect of pH. Since we used chemically syn-
thesized GRP77, the effect of post-translation modification is not taken into account,
however these modifications can also influence GRP77 LLPS. Multiple reports on a

139, 4 . . . .
I’* %% suggest that stickers interspersed with nonpolar amino

sticker and spacer mode
acids intermolecularly interact to form protein droplets. In corroboration with this
model, GRP77 also exhibits similar patterns (Figure 6.5a). Our results also showed
that cation-pi interactions are the driving force of GRP77 LLPS (Figure 6.5b). We
further demonstrated that ageing of condensates changes their material properties,
making them more gel-like. Wu Xi et al. has attributed the liquid-to-gel transition

. . ot
to aromatic amino acids

, but further investigation is required to verify if similar
phenomena take place in GRP77 LLPS. Spectroscopic observations have reported
that proteins in biomolecular condensates can further order themselves into a B-sheet

% On the other hand, there is still a clear gap in explaining this

conformation
ordering within biomolecular condensates. Additionally, it will be interesting to see if
the process of liquid-to-solid transitioning of biomolecular condensates can be slowed
down, reversed of perhaps even prevented? This question is particularly relevant and
in corroboration with ticks, especially since the mechanisms of tick detachment post
blood-feeding is still unknown. One hypothesis suggests that post-feeding, ticks se-
crete protease-rich saliva which partially dissolves the cement cone™, thus facilitating
tick detachment but concrete experimental evidence supporting this hypothesis is still

lacking.
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Figure 6.5: Molecular interaction in biomolecular condensates.

(a) Mllustration of simplified schematic of GRP77 where yellow, green, and blue spheres are nonpolar, basic,
and aromatic amino acids respectively. (b) Schematic showing GRP77 intermolecular cation-pi interaction

of basic and aromatic amino acids.

6.4 EMERGING APPLICATIONS IN BIOMOLECULAR
CONDENSATES.

Therapeutics

Biomolecular condensates are increasingly gaining attention in understanding cellular
functions. Importantly, their dysfunction has been linked to pathological conditions
including neurodegenerative disorders, viral infections and cancer®. Despite this
being a young field, synthetic biomolecular condensates are gaining interest in thera-
peutics. The intrinsic property of biomolecular condensates to selectively sequester
molecules can be of vital importance to sequester and deliver drugs. Several chemo-
therapeutic agents like Cisplatin and Mitoxantrone have been identified to partition
into transcriptional condensates influencing their condensate phase behavior. This
phenomenon is gaining attention especially among pharmaceutical industries®. In
2019, Bayer invested $100 million in Boston and Dresden-based condensate-focused
therapeutics company, Dewpoint therapeutics”. Additionally, a proof-of-principle
study also showed that synthetic biomolecular condensates can suppress aggregation
of proteins associated with neurodegenerative disorder®, suggesting biomolecular
condensates would play a prominent role in therapeutics.
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Adhesive material

Although ageing-associated hardening of biomolecular condensates in cells is regarded
as a negative effect in cellular biochemistry, the same process proves to be a crucial phe-
nomenon for certain organisms. For example, condensate-based glue helps sandcastle
worms to build reef *’, phase separating mussel foot protein assists mussel adhesion to
a substrate > and spider silk-inspired proteins phase separate to form thick fiber-like
structures’'. This liquid-to-solid transitioning of biomolecular condensates can be of
key importance to develop biomolecular condensate-based adhesive materials.

Emerging sustainable materials

With growing concerns of rapid consumption of limited natural resources, the need
to improve and innovate novel sustainable materials is at the peak. Inspired from
biological soft matter including biomolecular condensates, van Lange, et al. have
prototyped coacervate-based recyclable and sustainable materials exhibiting similar
material properties to covalently cross-linked plastics™. Similarly, harvesting the mate-
rial properties of biomolecular condensates can have various applications in designing
emerging materials. For instance, droplets formed via phase-separation of chitosan
(naturally occurring polysaccharide) along with hyaluronic acid (fluid in eyes and
joints) have been shown to be possible candidates as a bio-based ink for 3D printing”.
Focused on recycling the biowaste, a study has reported the use of pH-induced phase
separation of keratin, isolated from waste wool, to make synthetic fibers™>°. Another
example of complex coacervate composed of naturally occurring polymers (chitosan
and cellulose) is for developing filtration membranes to separate oil droplets from
oil-in-water emulsions*.

6.5 SOCIETAL RELEVANCE OF THE FINDINGS FROM THE
THESIS.

With advancement in technology, modern science is able to reveal the basic operating
principles of life. While scientists have extensively explored the fundamental under-
standing of cells, the basis of complex life, we still lack the primary understanding
of how the molecular soup involved in cellular interactions operate in a collective
manner. This thesis approached the use of bottom-up technology to understand life in
a minimalist way. Employing microfluidics in Chapter 3 and Chapter 5 we showed
that we can synthetically create membrane bound cell-like micron-sized confine-
ments. These studies demonstrated the use of microfluidics to encapsulate and retain
biomolecules in a membrane-bound confined space. Secondly, in Chapter 2 we made
the use of the intrinsic property of synthetic membraneless organelles to sequester
biomolecules, eliminating the need of sophisticated setups. We subsequently trans-
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formed these synthetic membranelles organelles into a hollow, shell-like confinement,
which we termed actinosomes and employed them for cell-free protein production.
Although these findings just scratch the surface of designing a synthetic cell, this path
will assist the development of unprecedented new applications in many areas such
as medicine, food, biomaterials, and sustainable energy as discussed in the previous
section. Finally, in Chapter 4, we explored and investigated the role of tick salivary
glycine-rich protein in host adhesion via cement cone formation. Our findings are
the first report suggesting a possible mechanism of tick cement cone formation via
the process of liquid-liquid phase separation, assembling nanometer-sized individual
proteins, into micron-scale sticky structures. Through our systematic assessment, we
determined the important physiological conditions and molecular patterns that drive
this process. These findings serve as a starting point for researchers to further inves-
tigate in chemical or natural compounds that could prevent tick adhesion together
with creating a general protocol to prevent tick bites with possible implication in
developing anti-tick vaccination strategies.

GENERAL DISCUSSION 187




REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Su W-C, Ho JC, Gettel DL, Rowland AT, Keating CD, Parikh AN. Kinetic control of shape
deformations and membrane phase separation inside giant vesicles. Nature Chemistry 2023z 1-9.
Heald R, Cohen-Fix O. Morphology and function of membrane-bound organelles. Current
opinion in cell biology 2014, 26: 79-86.

Van Nies P, Westerlaken I, Blanken D, Salas M, Mencia M, Danelon C. Self-replication of DNA
by its encoded proteins in liposome-based synthetic cells. Nazure communications 2018, 9(1):
1583.

Blanken D, Foschepoth D, Serrio AC, Danelon C. Genetically controlled membrane synthesis
in liposomes. Nature communications 2020, 11(1): 4317.

Deshpande S, Wunnava S, Hueting D, Dekker C. Membrane tension-mediated growth of
liposomes. Small 2019, 15(38): 1902898.

Deshpande S, Spoelstra WK, Van Doorn M, Kerssemakers J, Dekker C. Mechanical division of
cell-sized liposomes. ACS nano 2018, 12(3): 2560-2568.

SuX, Ditlev JA, Hui E, Xing W, Banjade S, Okrut J, e /. Phase separation of signaling molecules
promotes T cell receptor signal transduction. Science 2016, 352(6285): 595-599.

Yewdall NA, André AA, Lu T, Spruijt E. Coacervates as models of membraneless organelles.
Current Opinion in Colloid & Interface Science 2021, 52: 101416.

MacEwan SR, Chilkoti A. Elastin-like polypeptides: Biomedical applications of tunable biopoly-
mers. Peptide Science: Original Research on Biomolecules 2010, 94(1): 60-77.

Simon JR, Carroll NJ, Rubinstein M, Chilkoti A, Lépez GP. Programming molecular self-
assembly of intrinsically disordered proteins containing sequences of low complexity. Nature
chemistry 2017, 9(6): 509-515.

de Haas RJ, Ganar KA, Deshpande S, de Vries R. pH-Responsive Elastin-Like Polypeptide
Designer Condensates. ACS applied materials & interfaces 2023, 15(38): 45336-45344.

Last MG, Deshpande S, Dekker C. pH-controlled coacervate—membrane interactions within
liposomes. ACS nano 2020, 14(4): 4487-4498.

Love C, Steinkiihler ], Gonzales DT, Yandrapalli N, Robinson T, Dimova R, ¢t al. Reversible
pH-responsive coacervate formation in lipid vesicles activates dormant enzymatic reactions.
Angewandte Chemie 2020, 132(15): 6006-6013.

Deng NN, Huck WT. Microfluidic formation of monodisperse coacervate organelles in lipo-
somes. Angewandte Chemie 2017, 129(33): 9868-9872.

Kobayashi M, Noguchi H, Sato G, Watanabe C, Fujiwara K, Yanagisawa M. Phase-Separated
Giant Liposomes for Stable Elevation of a-Hemolysin Concentration in Lipid Membranes.
Langmuir 2023, 39(32): 11481-11489.

Dreher Y, Jahnke K, Bobkova E, Spatz JP, Gépfrich K. Division and regrowth of phase-separated
giant unilamellar vesicles. Angewandte Chemie International Edition 2021, 60(19): 10661-10669.
Bergeron-Sandoval L-P, Michnick SW. Mechanics, structure and function of biopolymer con-
densates. Journal of molecular biology 2018, 430(23): 4754-4761.

Lu T, Liese S, Schoenmakers L, Weber CA, Suzuki H, Huck WT, ¢# a/. Endocytosis of coacer-
vates into liposomes. Journal of the American Chemical Society 2022, 144(30): 13451-13455.

Lu T, Hu X, van Haren MH, Spruijt E, Huck WT. Structure-Property Relationships Governing
Membrane-Penetrating Behaviour of Complex Coacervates. Small 2023: 2303138.

Mangiarotti A, Chen N, Zhao Z, Lipowsky R, Dimova R. Wetting and complex remodeling of
membranes by biomolecular condensates. Nature Communications 2023, 14(1): 2809.

188

CHAPTER 6



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ferry MS, Razinkov IA, Hasty J. Microfluidics for synthetic biology: from design to execution.
Methods in enzymology, vol. 497. Elsevier, 2011, pp 295-372.

Gach PC, Iwai K, Kim PW, Hillson NJ, Singh AK. Droplet microfluidics for synthetic biology.
Lab on a Chip 2017, 17(20): 3388-3400.

Gopfrich K, Platzman I, Spatz JP. Mastering complexity: towards bottom-up construction of
multifunctional eukaryotic synthetic cells. Trends in biotechnology 2018, 36(9): 938-951.

Shang L, Cheng Y, Zhao Y. Emerging droplet microfluidics. Chemical reviews 2017, 117(12):
7964-8040.

Deshpande S, Brandenburg E Lau A, Last MG, Spoelstra WK, Reese L, ez al. Spatiotemporal
control of coacervate formation within liposomes. Nazture communications 2019, 10(1): 1800.
Convery N, Gadegaard N. 30 years of microfluidics. Micro and Nano Engineering 2019, 2: 76-
91.

Sackmann EK, Fulton AL, Beebe DJ. The present and future role of microfluidics in biomedical
research. Nature 2014, 507(7491): 181-189.

Toley BJ, Das D, Ganar KA, Kaur N, Meena M, Rath D, ez 2/. Multidimensional paper networks:
a new generation of low-cost pump-free microfluidic devices. Journal of the Indian Institute of
Science 2018, 98(2): 103-136.

Khelifa L, Hu Y, Jiang N, Yetisen AK. Lateral flow assays for hormone detection. Lab on a Chip
2022, 22(13): 2451-2475.

Budd J, Miller BS, Weckman NE, Cherkaoui D, Huang D, Decruz AT, ¢t al. Lateral flow test
engineering and lessons learned from COVID-19. Nature Reviews Bioengineering 2023, 1(1):
13-31.

Duncombe TA, Ponti A, Seebeck FP, Dittrich PS. UV-Vis spectra-activated droplet sorting for
label-free chemical identification and collection of droplets. Analytical Chemistry 2021, 93(38):
13008-13013.

Branton D, Deamer DW, Marziali A, Bayley H, Benner SA, Butler T, et a/. The potential and
challenges of nanopore sequencing. Nature biotechnology 2008, 26(10): 1146-1153.
Colén-Gonzélez FJ, Sewe MO, Tompkins AM, Sjédin H, Casallas A, Rocklév ], et al. Projecting
the risk of mosquito-borne diseases in a warmer and more populated world: a multi-model,
multi-scenario intercomparison modelling study. 7be Lancet Planetary Health 2021, 5(7): e404-
e414.

Rochlin I, Toledo A. Emerging tick-borne pathogens of public health importance: a mini-review.
Journal of medical microbiology 2020, 69(6): 781.

Madison-Antenucci S, Kramer LD, Gebhardt LL, Kauffman E. Emerging tick-borne diseases.
Clinical microbiology reviews 2020, 33(2): 10.1128/cmr. 00083-00018.

Lippi CA, Ryan SJ, White AL, Gaff HD, Carlson CJ. Trends and opportunities in tick-borne
disease geography. Journal of medical entomology 2021, 58(6): 2021-2029.

Trimnell AR, Hails RS, Nuttall PA. Dual action ectoparasite vaccine targeting ‘exposed’and
‘concealed’antigens. Vaccine 2002, 20(29-30): 3560-3568.

Wang J, Choi J-M, Holehouse AS, Lee HO, Zhang X, Jahnel M, ez al. A molecular grammar
governing the driving forces for phase separation of prion-like RNA binding proteins. Ce//2018,
174(3): 688-699. e616.

Martin EW, Holehouse AS, Peran I, Farag M, Incicco JJ, Bremer A, ¢t al. Valence and pat-
terning of aromatic residues determine the phase behavior of prion-like domains. Science 2020,
367(6478): 694-699.

Abbas M, Lipinski WP, Nakashima KK, Huck WT, Spruijt E. A short peptide synthon for
liquid-liquid phase separation. Nature Chemistry 2021, 13(11): 1046-1054.

GENERAL DISCUSSION 189




41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Wu X, Sun'Y, Yu J, Miserez A. Tuning the viscoelastic properties of peptide coacervates by single
amino acid mutations and salt kosmotropicity. Communications Chemistry 2024, 7(1): 5.

Peran I, Mittag T. Molecular structure in biomolecular condensates. Current opinion in structural
biology 2020, 60: 17-26.

Shen Y, Chen A, Wang W, Shen Y, Ruggeri FS, Aime S, ¢z al. The liquid-to-solid transition of
FUS is promoted by the condensate surface. Proceedings of the National Academy of Sciences 2023,
120(33): €2301366120.

Suppan J, Engel B, Marchetti-Deschmann M, Niirnberger S. Tick attachment cement—reviewing
the mysteries of a biological skin plug system. Biological Reviews 2018, 93(2): 1056-1076.
Mitrea DM, Mittasch M, Gomes BE, Klein IA, Murcko MA. Modulating biomolecular conden-
sates: a novel approach to drug discovery. Nature Reviews Drug Discovery 2022, 21(11): 841-862.
Klein IA, Boija A, Afeyan LK, Hawken SW, Fan M, Dall’Agnese A, ez al. Partitioning of cancer
therapeutics in nuclear condensates. Science 2020, 368(6497): 1386-1392.

Marx V. Cell biology befriends soft matter physics. Nature Methods 2020, 17(6): 567-570.
Lipinski WP, Visser BS, Robu I, Fakhree MA, Lindhoud S, Claessens MM, ez a/. Biomolecular
condensates can both accelerate and suppress aggregation of a-synuclein. Science advances 2022,
8(48): eabq6495.

Stewart R], Wang CS, Song IT, Jones JP. The role of coacervation and phase transitions in the
sandcastle worm adhesive system. Advances in colloid and interface science 2017, 239: 88-96.
Guo Q, Zou G, Qian X, Chen S, Gao H, Yu ]J. Hydrogen-bonds mediate liquid-liquid phase
separation of mussel derived adhesive peptides. Nazure Communications 2022, 13(1): 5771.
Mohammadi P, Beaune Gg, Stokke BT, Timonen JV, Linder MB. Self-coacervation of a silk-like
protein and its use as an adhesive for cellulosic materials. ACS macro letters 2018, 7(9): 1120-
1125.

van Lange SG, Te Brake DW, Portale G, Palanisamy A, Sprakel J, van der Gucht J. Moderated
ionic bonding for water-free recyclable polyelectrolyte complex materials. Science Advances 2024,
10(2): eadi3606.

Khoonkari M, Es Sayed J, Oggioni M, Amirsadeghi A, Dijkstra P, Parisi D, et a/. Bioinspired
Processing: Complex Coacervates as Versatile Inks for 3D Bioprinting. Advanced Materials 2023:
2210769.

Sun J, Monreal Santiago G, Yan F, Zhou W, Rudolf B, Portale G, ez a/. Bioinspired Processing of
Keratin into Upcycled Fibers through pH-Induced Coacervation. ACS Sustainable Chemistry ¢
Engineering 2023, 11(5): 1985-1994.

Sun J, Monreal Santiago G, Zhou W, Portale G, Kamperman M. Water-processable, stretch-
able, and ion-conducting coacervate fibers from keratin associations with polyelectrolytes. ACS
Sustainable Chemistry & Engineering 2022, 10(48): 15968-15977.

Li L, Baig MI, de Vos WM, Lindhoud S. Preparation of Sodium Carboxymethyl Cellulose—Chi-
tosan Complex Membranes through Sustainable Aqueous Phase Separation. ACS Applied Polymer
Materials 2023, 5(3): 1810-1818.

190

CHAPTER 6



GENERAL DISCUSSION 191






Summary




Even the simplest forms of life exhibit remarkable complexity. Cells, the basic units
of life, function by organizing their chaotic interior into discrete confinements. These
compartments can be broadly categorized into two distinct classes. The first class
consists of membrane-bound organelles like mitochondria and nucleus composed
of a physical boundary in the form of a lipid membrane. The second class includes
membraneless confinements, like the nucleolus and P-granules, formed via the
process of liquid-liquid phase separation (LLPS). In this thesis, we have developed
various cellular mimics inspired by membrane-bound and membraneless organelles
and explored tactics for structuring synthetic cells.

In Chapter 2, we developed an easy technique to produce protein-based, cell-sized,
porous confinements. Using a complex coacervate composed of positively charged
polylysine and negatively charged nucleoside triphosphate as a synthetic model for
membraneless organelles, we localized actin monomers on the surface of the coacer-
vate. Polymerizing the actin monomers along with osmotic gradients, the coacervate
transformed into a hollow micron-sized container, with the surface composed of a
mesh of actin filaments and polylysine; we named such a container actinosome. The
formed actinosomes are micron-sized confinements with a porous surface allowing
diffusion of small molecules (< 5 nm diameter) across the surface while retaining
larger molecules within their interior. Additionally, the intrinsic property of coacer-
vates to sequester biomolecules allowed us to easily encapsulate complex biomolecules
like RNA along with cell-free translation machinery. Finally, we demonstrated that
actinosomes are biocompatible, and as an example, we expressed green-fluorescence
protein (GFP) within them. This easy and affordable technique to make biocompat-
ible confinements can have wide applications in the field of bioengineering.

In Chapter 3, we detailed the protocol on using microfluidic-based Octanol-assisted
Liposome Assembly (OLA) for generation of liposomes in a controlled and high-
throughput manner. In a simplistic view, cells can be seen as aqueous confinements
bound by a membrane. OLA-produced liposomes represent this simplistic model of
cells architected with a membrane composed of a lipid bilayer. Liposomes produced
using OLA are monodispersed, micron-sized, with efficient encapsulation capacity,
and require very small sample volumes (~50 pL), beneficial when working with
crucial biologicals. We further demonstrated the formation of a complex coacervate
composed of polylysine and adenosine triphosphate within liposomes, thus creating a
model membraneless organelle within membrane-bound confinements. This serves as
a starting point in building and architecting a synthetic cell.

In Chapter 5, we designed an on-chip microfluidic platform for high-throughput

and robust production of micron-sized double emulsion-based confinements, which
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are much more stable than liposomes and thus suitable for specific applications. The
fabricated microfluidic chip consisted of two flow-focusing junctions that generate
monodispersed water-in-oil-in-water double emulsions in a high-throughput fashion
(production rate up to 10° double emulsions per hour). The surfactant-stabilized
oil layer keeps the double emulsions stable for long durations (up to weeks) while
preventing leakage of biomolecules. To test their biocompatibility, we encapsulated
cell-free transcription and translation machinery along with GFP-encoding gene and
demonstrated cell-free expression of GFP within double emulsions. We used these
double emulsions as iz vitro confinements to carry out directed protein evolution
experiments. We first linked the gene-editing CRISPR-Cas9 system with GFP expres-
sion. Using this fluorescence-based assay, we demonstrated novel iz vitro strategies to
link the genotype to the phenotype, a prerequisite for laboratory protein evolution.
Using commercially available fluorescence-assisted cell sorter, we sorted the double
emulsions based on varying fluorescence and successfully retraced the genotype from
the phenotype. This study provides a framework to conduct fluorescence-based in
vitro protein evolution studies.

With growing interest in understanding the role of intrinsically disordered proteins
in cell biology, in Chapter 4, we investigated one such secretory protein from ticks,
known as the glycine-rich protein (GRP77), in order to identify its role in tick ad-
hesion to the host. During the process of blood feeding, ticks adhere to their host
for long duration (up to weeks), for which a firm attachment to the host is needed.
This attachment is supported by the formation of cement cone which is a complex
mixture including proteins from the glycine-rich protein family. We demonstrated
two mechanisms—evaporation and kosmotropic salt-induced—that drives LLPS
of GRP77. Further dissecting the intermolecular forces involved in this process, we
noted heterogenous distribution of amino acids in the GRP77 sequence, where the N-
terminus region is rich in basic and acidic amino acids while the C-terminus is rich in
aromatic and cationic amino acids. Systematic investigation of these termini showed
that cation— interactions between arginine and aromatic amino acids (tyrosine and
phenylalanine) is the primary driving force for GRP77 phase separation. We further
used microfluidics to deform GRP77 droplets by flow-induced shear, confirming
their liquid-like nature. Importantly, we showed that GRP77 droplets age over time,
drastically altering their material properties and undergo a liquid-to-gel transition.
Force adhesion measurements also revealed that GRP77 droplets are adhesive in na-
ture. Lastly, we extracted salivary glands from ticks of species /. ricinus and provided
evidence for protein-rich condensates in natural tick saliva. This study is the first
report describing a possible mechanism for the formation of tick cement cone and
thus acts as a starting point to gain insights into the development of novel tick-control
strategies along with vaccine development.
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with me. Aai, Sunita Ganar, only one person can offer unconditional love and that is
you. The amount of promotions you rejected to be able to provide to me and Sonu is
unimaginable. Thanks for spoiling me a little, I refuse to grow and will always be your
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from here on. Thanks for being the supportive sister I needed. Your are the real glue of
Ganar family who keeps everyone together. I wish you all the best with raising Oshin.
Sonu and Pankaj, this is the first trip for you to visit me and I hope this is just the
beginning and more adventure times are awaiting
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without your presence. Kaka, whenever I come I will make sure there is always a new
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OVERVIEW OF COMPLETED TRAINING AND SUPERVISION
ACTIVITIES

Discipline-specific activities

Han-sur-Lesse Winterschool, PCC Wageningen University, Han-sur-Lesse (BE),
2020

Dutch Biophysics conference, NWO, Veldhoven (NL), 2020

Dutch Biophysics conference, NWO, Veldhoven (NL), 2021

Designing functional biomolecular assemblies: Beyond biology, EMBO, Bled
(SL), 2021

Synthetic cell international conference, European synthetic cell initiative, Hague
(NL), 2022 ¥

Dutch Biophysics conference, NWO, Veldhoven (NL), 2022
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Wickiewicz University, Poznan (PL), 2023 #

Dutch Biophysics conference, NWO, Veldhoven (NL), 2023 %

Physics of Life, NWO, Amsterdam (NL), 2023 #
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Data viissualization workshop, The Data Vision Lab, Wageningen (NL), 2022
Scanning electron microscope training, WUR, Wageningen (NL), 2022
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Preparation of research proposal, PCC WUR, Wageningen, 2020
Weekly group meetings, PCC WUR, Wageningen, 2019-2023
Journal club, EmBioSys group meetings, PCC WUR, Wageningen, 2019-2023

T Poster presentation

% Oral presentation
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